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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), and other itens that require illum nation. Accordingly,
t he brightness of the |ight- emttln device is one inportant feature of the
device. Also, |ow opdHGi DEVICE INGL Ges can inprove the

viability of producing _emn SSI ve _devices. 15 Light-emtting devices can

rel ease photons in reng ONBLC QRM@&&I 8 conponent of the
device. Em ssion can be stinulated by applying a voltage across the active
conmponent (e. TECHNIGARFIEDDuUN nescent conponent) of the device. The

el ectrol um nescent conponent can be a polymer, such as a conjugated organic
pol yner or a [bé preesnt inventivinelatys &l light emittng devivesincludiiget i es or | ayers of
organiic 20 nol | es cally, the em ssion can occur by radiative

reco Ing?rp{gﬁmﬁlpogﬁanog;% ed charge between | ayers of a device. The emtted

and an oni <o) @"ﬁbﬁr@ﬂ@?ﬁd@%ﬁb@éﬁﬂ HORDERELBIMERT colare moter

(cd/n2) or po he em ssi. and ot her physi cal
characteristi @@ Qﬁd ﬁ%’é’&&ﬂ% %ay%a&zﬁ C%M%Pgﬂf m§n¥%go%%q%€§r onic structure
(e.g., eGragNGIDR-9808941 Erompihe Natibnal Béienc® Fatidationt he bri ghtness, range of
color, efficiency, operating voltage, and operating half-1lives of
l'i ght-em tti nBAGCKGROIENDan vary based on the structure of the device. WO
03/ 084292 PCTI US03109619 SUMVARY

10 Light-emitting devices can be used, for example, in displays (e.g., flat-panel

displays), screens (e.g., computer screens), 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.



In general, a light emtting device includes a plurality of sem conductor
nanocrystals. Sem conductor nanocrystals consist of 1-10 nm di aneter

i norganic  sem conductor particles decorated with a |ayer of organic

| i gands. %ﬁaﬁo @ro 5 di nensi onal sem conductor structures show strong
guantum c B#&fAt effects that can be harnessed in deBEHHPRPIHSt t om up
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 ymeri Cg Wgarrpl e, a small nolecule. The light emtting 10 device
can include a | ectrode proximate to a surface of the |ayer. A second

I h ef. .. o) h
otond T ayer oK e SRinioe g TR A B o AlESaRERE. Core and ' zns

shel I . |ﬂax@ﬁ@sﬁﬁpﬁﬁhmoﬁddctc@hhn@f@stﬂlﬂdﬁﬂsﬁ&r\fﬂqeﬂnﬂ&bﬂh@&ﬁmréahfcst el ectrode, a
first electrode, a second el ectrode

|l ayer including a in.a
opposed f%‘“??@u‘%?rr@mi@‘gg Pﬁ&a@aa}wra %W&PBWO&@@WEDMUM or
Nanocs y s il ehsilihat BASiEshdasloV iR trBshbiv'sibng G thieltect$@aond el ectrode.

The el ectrodes can be arranged to apply a voI t age %ﬁop across the layer. In
anot her eandwdiamessed imdasigaingtbottoy-upcohemisal apptoaches tacthatk eomplansporting | ayer

Pt anspor L efbsph{sHinraiion o Bpial psfetish bR 4 Aae M B ifhtrc: o second
el ectr Odﬂlealhﬁcﬂ:fbgﬁﬂk {Theilight @nmitting deviee tanincludea Iaja& o@‘h@ﬁhﬁﬂﬁl‘lier ansporting

| ayer, a pl ural of sem conducto nanocr osed between the first
el ect r odBBERF %Ef&me%%g@ﬁx@fa@fe’ %ﬂﬂﬁ[ham %17'3 ‘5 FBHIRRBt ween the first

el ecyg Od&eﬁé%aﬁ ﬂﬁ:lu’il%ﬁcﬁi‘ﬁ eRlcB6dd ;S}Qﬂma@ﬁa@ﬁ:%lébﬁﬂm leiy%i/ A se@dbe a hol e

bl ocking | ayer, an electron blocking |ayer, or a hole and el ectron 25
bl ocki nglayesycan combas thei layski Agerandelecteds dga be nroeq;mtatsxthwqcnnd et r st

| ectrodgy, t t hod of
ﬁaﬁﬁf ;gturl ng g&ﬁu&ﬁlﬁ&g 7 %tlglﬁctgaﬁgé\% c(g&ie?lcg a%gs ﬁ%%gggl t?ngea (r:atﬁ x to form
I d t al f t
a layer, dep OIS]E ng I Secof%g(a%w%gb@g&q‘%h%ﬁug@?gq%? als over a firs

el ectrode, an ectrode over t Ity of ao
sem condirciudingredna nmttgastaeﬂrst eltrode, a second electrode opposed to the first

15 electrode and a plurality of semiconductor nanocrystals disposed between the first

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, 2 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.



WO 03/084292 PCT/ US03/ 09619 En yet another aspect, a nethod of generating
|l i ght includes providing a device including a first electrode, a second

el ectrode, a layer including a matrix, and a plurality of sem conduct or
nanocryst% "stﬁﬁ sed between the first electrode and the second el ectrode,
and appl yi'h ‘5 ght-generati ng potential across the firBETEFBOP¢8de 5 and
the second el ectrode. The matrix can be non-polyneric. A non-polyneric

mat erial can have a nolecular weight |less than 2,000. The plurality of

sem conduct or nanocrystals can be a substantially nonodi sperse popul ation

of sem condu tals .ha ul 10Ny 10 The | ayer
can be a hole ra%“sﬁ%?#%&?‘&y@? {’]Té" “dev ﬁ%ht ﬁiu eﬁg L‘f@“ hde¥i%Ect 1 on

t r anspor inchdingayfrit el@todd, € edcoad clattenls) Nldydravidinga Melr, AMldcki ng | ayer, a

hol e and _ el ectfr on, bl cki ng | ayer, .or conbi natiops thereof between the first

el ect r odRluEaty 9fifemioes ‘lé?tqu%%taﬂﬁ digposer hetweepithe finsilectzode end thy devi ce can
have an gxbsi & tro@lé‘aaﬂa é g@ﬁgﬁ%@fﬁﬁwﬂs@tﬁm‘ﬁ?ﬁ%ﬁ%greater t han

0.2% greater than O. 3 greater t .6% at a
cur r eht wrthesepomielﬁctrmmnﬂ or greater than 1.0% at a current density of 1
mdV cn2. The light emtting device can have a device |um nance of greater

t han 1000 cﬁhmamcuebmmomcamandimmamﬂ&anme@nt density of 125

mA cn2. Th Vi ce ef i enc of .1.2.cd/ A For
exanpl e, ipﬁgul AV glgtl %Mg @gvéﬂhg e@r‘ﬁogg‘lw %Yéﬂ%faﬁlbc?f 570 nm and
can hav ea subistahtiallyi riérvdisperbepdpul ation bmemlafndﬁ’ﬁoﬂmnodﬂ?aaly,loehfbr@th@lﬁ hundr eds of

devices is 1(g;t)lwater than 90% Narrow size distribution, high quality
nanocrys?%ﬂ .y gh fI uor escence effl ciency are first prepared using

previ ously es@] Ilshe |lté‘§raturemg u%? and us d as eihe bui | di ng

bl ock%. See © gpnspgrting JFicessm malgdean qFon 25 8706,
B. O Dabpgiipértigl I@Er aﬂele&fh\ﬁ%locﬁi‘@’[hyeg a]l&r%? bloél&ig h%@hol@ﬂﬁh of which is
i ncor por at ed by réference in its entirety. The gani c, surface-passivating

| i gands elpfémnttmqklr@émwgéanbmamnamwofbewmmﬁ@g@@d@nﬂﬁhepm ar sol vents

and in thg % &ﬁ | ayer can include greater than 0.001 % greater than
0.01 % greate gn .1% greater than 1% greater than 5% greater than

10% greater fARbypAKiifY device can have an external quantum efficiency of greater
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/cm?, 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, cach 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



30 greater than 90% by vol unme sem conduct or nanocrystals. A layer can be a
nonol ayer 3 WD 03/084292 PCT/ US03/ 09619 of sem conductor nanocrystals.
Each of the plurality of sem conductor nanocrystals includes a first
sem condu%(gé?&%#g?ri al . Each first sem conductor material can be overcoated
with a safg of ferent second seniconductor material. PabHSE{0pgp
sem conductor filmhas a first band gap and each second sem conduct or
material has a 5 second band gap. The second band gap can be | arger than the
first band gap. Each nanocrystal -can have a dianeter of |ess than about 10
nanonet e rall r | .nav nodi.sper se
i st i bgh mieepoRefzhdytedly, pBpRabRR of RbREeR PRBGSHERT' T o
em t t i nginclendéscefrsbsesiebnductorangel.C Eqohi frst ssinfcondWitorvaitedhl cah ear t by a wi de
range of a ogkﬁations, incﬁgding flat .10 panel displays, Advantageously,

T

0 .
the em s&Y St Rame ot different SqcppytsemicAndpctarmateriple Each Wt udi ng
hanocr ys§e?di§0nﬁﬁ&m3§hﬂ MRA%NY Hai®pidp zﬁmﬁ%ﬂﬁi s‘&goﬂd"s%m%oh&fétéfﬁﬁaat&{al hixg, device.

Col | oi dal sem conduct or nanocrystals exhibit size dependent optical

prope¥ t i weonttkand gap.t Thangcendhand sapcesnbe targeribandth¢ st band®ap. Badhssi on col ors of
CdSe napo s [ I ' y ﬁh% lag their size.
Their em sgll%n sh%ge(r:]% erﬁgﬁl?ae%]o@ggo seag\%v&nlgsng%%&@ﬁ’sg? gﬁ [ ?Pg%ﬂdt hs, which
can be |mmsciybtals cabhaven monbdispaskdistribmionfofaizedel | of ZnS around CdSe cores
results in overcoated nanocrystals that are highly stable, |um nescent and
can be di sperTHete has been anipereadingintppest it lightethittingdenices bakbkae f eat ures enhance

the feasibil.ity of. usi nanocrystal.s as t m.ttin terial in |ight
eni tt i ng®gEYvf .nabomﬁa%é?‘fip@ﬁft%ya 3&)‘@83‘? %ﬁ?ﬁ%?ﬁ F"%B’%@\Eﬂaées i ncl udi ng
Nanogg y spalepdigflaysN Advahtasdot sty U aRRGeN reqiRhelEd thCREht epritBRepared in a
controlled fabricati on process environment which can enhance device

i f et i medevigss inclpding napesrysspls ancbedpnedayigiout shanging e seyctyre of e nanocryst al s
can al | oy.fp | : @[r%h ' . usi ng them 25
Q her fegétvt%&etsqoug@jafe)gceﬁsl%&gﬁﬁ a v%%szgées 0 i ?ﬁée)&lpﬁl\%eﬁf%tﬁgw |1 be apparent
from t hprogeties dysttp stmongnpiavtusarionfisemenhefféctso iihelepissicni aotors GESSRI PTI ON OF

DRAW NGSnanocrystals can vary from blue to red sitply by changing their size. Their emission

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 disislays tobe
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 1 is a schematic drawing depicting a light-emtting device. FIGS. 2A-G
are schematic drawi ngs depicting light-emtting device structures. 4 WO

03/ 084292 PCT/US03/09619 FIG 3 is a graph depicting an el ectrol um nescence
spectrum crystal light emtting device. FIG 4A-B are a graphs

depi ct i ngqg(fzta&le/!rﬂgggtyl2 quantum efficiency and current- vol t a§ETHPEYQ6¥o
nanocrystal light emtting devices. 5 FIG 5 is a graph depicting

phot ol um nescence spectra of single conponent filmnms, a host:guest

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

di am ne: nano | vice | .hset. of FI 2. FIG 6 1is a
graph depi ct fﬂ;}%‘}s%?slpar%é%l{& %ﬁ%ﬂggle@e ma%cgrééregsﬁ]eéﬁﬁ%%féa%a&%rggalof FIG 2. 10
DETAI LEDighEsaiRtinTdevideA | i ght emitting device can include two | ayers
separating two el ectrodes of the device. The material of one |ayer can be

chosen based K. 4A& mratagraphk depiethigl exteynal quantmaeffipienty fal cagrentor t he hol e
transporting layer M) . The.gaterial,of the other |ayer can be chosen based
on the r?ﬁ’é@g?w%&%%?wvgﬁ@gﬁrﬁwcﬁectrons, or the electron 15
transporting t (ET The eleciron transporti lLayer typically includes
an eqpect r ol Lﬁﬁgwﬂ%?éﬁ@gviﬂ%tﬂf%?%ﬂa@ﬁ%@%fg%fﬁl%émwﬁa ectrode

i nj ects fMels©shost:passt N;wmqﬁeaym,mw-ﬁewlphéﬂy,qb—gnebmwl)u,aﬂs porting layer,
while the other electrode injects electrons into the €lectron transporting
| ayer. THamingjnapqeeystah filmacand e davicetn BigdnsebefdGn.grate toward the oppositely
charged el ectrode. Wen an_el ectron and hole 20 |ocalize on the sane

nol ecul e, an 8% isgnerprh depichng a prpnossd cugrgy levsbdipgam afshedgvice of  ght . A | i ght

em ttingg@eywi ce 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

| ayejp 4 i n  copTARtENDESEREPTIAN’ 3. and a second el ectrode 5 in contact
with the second layer 4. 25 First layer 3 can be a hole transporting |ayer

and second | ay Gehtbnfifing Rvisdcal ifQhd R0 15%?&“5&19&5&:1&%' tRbdesdr lecast one
| ayer can be non-polyneric. Aternativel'y, a separate

device. The material of one layer can be chosen based on the material’s ability to

transport holes, or the hole transporting layer (HTL). The material of the other layer

can be chosen 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 fransporting 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 electron and hole

20 localize on the same molecule, an exciton is formed, which can rec;)mbine 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  First 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. Each electrode can contact a power supply to provide a

5



em ssive layer (not shown in FIG 1) can be included between the hole
transporting |ayer and the electron transporting |ayer. One of the

el ectrodes of the structure is in contact with a substrate 1. Each

el ectrode act a power supply to provide a 5 WD 03/084292

PCTI US03/ (3@%%&9@5 tage across the structure. Electrol unPAEEEEHREIcan be
produced by the em ssive | ayer of the heterostructure when a voltage of
proper polarity is applied across the heterostructure. First |ayer 3 can
include a plurality of sem conductor nano crystals, for exanple, a .
subst anty +IDRSEH SREfSE %]ﬁ%f-h Adigkqatively, 5 a
separ at ehglr#és(m ve as}glr cér{ﬂl nc:lu e tﬁeL’p urgq |§l§%§#§nthanoc$s§/‘%?al s. A layer
t hat i nleyerdd sherhmtroostrystines vehenarvoliagesofipropet pylanity df appliedaaosgshenl s. The

substrate can be o or, tran rent...The substyate can be, rigid or
f1 exi bl el?etefﬂi‘gx%ﬁlﬁ%w’%ﬁayﬁ%\?’ncaﬁén E‘%@tﬂqﬁabﬁﬁ?m&?n 1OF panoerystals; rgt el ectrode
can be, foemm@l@mhestanﬁamﬂbnm@ersw%ﬁﬂmdmh@:cfyafaﬁ.cw'fwna@@a?yptor, such as

an indiumtin oxide 10 (I TO | ayer. her first electrode materials can
i ncl We YEPRIatpAmisryURYer cap Bsludethe plusality pheangeryetels. dudpyrs thati t ani um nitri de,

or pol yaﬂ%@%ﬁ@%@@?ﬁ%ﬁ%@@@ﬁ%@?ﬁﬁﬁﬂsfOr exanple, a | ow work

function n-1njecting, netal, such as A,

Ba, Yb, Ca, arﬂéshia%meﬁh%%géeqm}bﬁ&gﬁsr%%ésuﬂgﬁa@cmﬁ gy si | ver all oy

(My: Ag) . The second el ectro suc :Ag, can be covered with an opaque
15 pr ot efiedible. Whe substraty ean befpdastie,raetylioe glass. | Bhedirstelecigdd em berfor ecti ng t he

cat hode C l.C.axidat] o or | at i.vel.: i n |layer of
substant%’%#pg/c’ﬁ Hﬁ&)@%gﬁ}%ﬁ{ﬁ@ﬁ@%@g glm?% t:tec’F’eSl(J:‘ r%?em%‘g%ﬁk%voéumg t hi ckness of
abouto 50QTOMGyér: dthertfirst4fRGodngsitrialitan indlide galliei indfusetin ogide,Hnece a t hi ckness

of about. 50 Angstrons to abpout 1000 Angstlons. he separate em ssive |ayer
can havel4IUpHiig Ride ditapium pitde, 8’0’"%(?@@"%0 eF‘E?"%éﬁct 86'”2??&??95“0%. The
second |éééﬁ:[_}glé}§'1b\h%ﬂc ﬁn&tfﬂn((g.gsf&%s hn 20QN), HELtORIHEAREEmE@], sAut 1000

Angstrons. The second el ectrode can have a thickness of about 50 Angstrons

to great @Ak BanYaloue lithooe-alyaum ey (LTdd), er emegussivm-silvspdlloyi ng | ayer (ETL)
ol ecul AR T sclBid ddbiradd Suctl T MEAS Ran TR Sbckod i P ol PO Y e Ll
conph®x. pletectiesantsl layers foeexapipid, adayepbkg faprdiectiag the cathode layer

from atmospheric oxidation, or a relatively thin layer of substantially fransparent ITO.

The first 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 Angsiroms fo 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



metal conpl ex of 8-hydroxyquinoline. The netal conplex of 8-hydroxyquinoline
can be an alum num gallium indium zinc or magnesi um conpl ex, for

exanpl e, alum numtris(8-hydroxyquinoline) (A g3). OQher classes of

materi al s TL can include netal thioxinoid conpounds oxadlazole

met al chel“}q](gzogﬁt rE azol es, 30 sexithiophene derivatives, WP%PZI ; and
styryl ant hr acene derlvatlves. The hole 6 WD 03/084292 PCT/USO3/09619
transporting |l ayer can include an organic cbronophore. The organic
chronmophore can be a phenyl am ne, such as, for exanple,

N, N- di ph I&%}ﬁﬁy hﬂ)Ff’o ,anm ne (TPD).
The HTL can mc%lla?e a pdgﬁ/c;%]ﬁll ne dh}mﬁ%)hamyr@rhgpgﬁﬂa po yghﬁﬂenyl ene
vi nyl ene?mhﬁcﬁmylmmmrﬁonamb Bl MrdiphenyleNNbis(Bry ani ne or

Car bazol RV RERARLL FohSEbEd ARHRE (Aol fhet P Rindbton 1 benei di ne. The

| ayers cpayhﬂhﬁbemslypmblempwlﬁpﬁehm@e ﬁﬁyl@ﬁ&) @Epér@tt@l@f}i:ﬁﬁbdas by spin

coating, dip.coating,. vapor ;i)om tion, er thin filmdeposition

met hofls, ArPRIatic (Exiasy, A eé’éPP’éﬂ‘é“ ‘@éﬁ“ﬁ’é‘a’é‘éﬁm%‘&es ahtiti¥Ped, or evaporat ed
ont o t hecg¥RBRAM 1 B’i‘%ﬁ:eﬁf(lf(%ﬁﬁyoﬁﬁd bhsh RN NONLRYShvIbEDRR. ot h of the

el ectrodes can be patterned. Thé electrodes of the device can be connected

to a voltage mﬁ?&s%@&ﬁ&ﬁﬂe&aﬁLh’urfzﬁ@ﬂﬂbﬁ‘etdf\ﬂ%&%l&&%-spﬁpon appl i cation
of the voltage ght is generated fromthe device. Wen the el ectron and

hol e | ocegating @G%tlnﬁ:ﬁ@ﬁ@fﬁpwmﬂﬂeﬁﬁ atherdhin ddm d@mnona@ethnds The eni ssi on
wavel engi iy, Tél@cn%ﬁ? aﬂ%cﬂecﬂc%ﬁ &e@%ﬁt&@%@ ”%eﬁo the band gap
onf I ne tor

of the quantumc sem cond d gap is a function
of the surfaeeofthbb@cﬂaymcﬂpsbabothhﬁtheebwmcbhsadimpattgmsdraTﬂe di anmeters can

have properties er.medi te bet | ecul ar ;and- bul k fornms of matter.
For exa @%%%‘b??%‘?%ﬁfém Bﬁ%@&ct\é\ﬁﬁ’s"eﬁ%ﬁﬁqﬁ chy eﬂ‘ﬁﬁ?ﬁ’ﬁ’él s having snal |
di anet er sor@astivepathivialys. QUpeH apiliéddiot oNfhe vonEye] light idxhbrated €ropl @6t ron and hol e
in all three dinensions, which |eads to an increase in the effective band

gap of t A¥iSPat erial wit h decreasing crystallite size. Consequently, both
the opti cal orption and I Qn of nanocrystal.s.shift to the blue, or
to hi gher en%ﬁ%g‘,e%@mﬁ"%éﬁ fﬁa&#ﬁga&@%@rﬁéﬁ%gﬂwe%@g tan

15 emission wavelength. The emission has a frequency that corresponds to the band gap
of the quantum confined semiconductor material. The band gap is a function of the

)

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 ci'ystallite size.
Consequently, both the optical absoxption 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%
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The em ssion fromthe nanocrystal can be a narrow Gaussi an em ssion band 25
that can be tuned through the conpl ete wavel ength range of the ultraviolet,
visible, or infrared regions of the spectrumby varying the size of the
nanocryst% Gif"ﬁﬁ 9%0rrposition of the nanocrystal, or both. For exanple, CdSe
can be tuncq Phe visible region and InAs can be tuneBCT/HSEKE61ONf r ar ed
region. The narrow size distribution of a popul ation of nanocrystals can
result in emssion of light in a narrow 30 spectral range. The popul ation
can be nonodi sperse and can exhibit less than a 15% 7 WD 03/084292
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em ssion quantum efficiencies such as greater than 10% 20% 30% 400/ o, 50%
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L1 -1 V- VI 20%,8008 40ts 50%) 60%,00p%, bt 80%- V conpounds, for exanple, ZnS, ZnSe,
ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, AIN, AP, AlAs, Al Sh, GaN &P,
GaAs, GaSb, Crtiegemicofdvictdribiminhgthe nanoeHBtalsidaiinchide, GréhphH,VIT1Sb, PbS, PbSe,
PbTe, or mxtures, th of . Met hods of epari ng nodi rse sem conduct or
nanocrys‘i“&l‘@“?%%ﬂ‘a’é‘% WBP&’&&WP%&&&%‘H@W# “Piﬁ'ggnts, such as

di me§y | cdnRfh T Gréup TV ESbnkgdufds2 GRGHp ITICPRéotpadhdNGraip IV 8WivT This pernits
di screte nucleation and results in the control'led growth of macroscopic

quant i t i exsapsingsaptierops IaNEY qompeunds; fob axasde, Al Hla?nbn Céf. nanocrystal s
are descgj I [ . W6 el NCOT por at ed
by ref ergg%)egﬁldﬁg’?{%s?gg?%@?wgﬁ) ﬁe‘%ﬁﬁ%%@%’%ﬁﬁu@faﬁ’%’ng ddn%ﬁ’ocr ysf al 20

i s a col IniN, dult, ngksplatSh, TNy TES TLACHISboPls; Pbe, Poiléy oo anixtnses kheraofipi dl y i nj ecti ng

an M donor and an X donor into a hot coordinating solvent. The injection
produces a  Methods of preparing monodisperse semiconductor nanocrystals include

15  pyrolysis of organometallic reagents, such as dimethyl cadmium, injected into a hof,
coordinating solvent. 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 injecting 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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nucl eus that can be grown in a controlled manner to forma nanocrystal. The
reaction mxture can be gently heated to grow and anneal the nanocrystal.
Both the average size and the size distribution of the nanocrystals in a
sanpl e aqu(gS: ndent on the 25 growh tenperature. The grow h tenperature
necessary ain steady growth increases with incrBaEUNM§03618r age
crystal size. The nanocrystal is a nenber of a population of nanocrystals.
As a result of the discrete nucleation and controlled growh, the

popul ati on of nanocrystal s obtained has a narrow, nonodi sper se distribution
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can be r %]?feq% 519{5} addi ng nore M donor or X donor,
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Z oY magnes ﬂe@ﬁ%ﬁm"éﬁrﬁ%@%@g@gﬁﬂ%ﬂ el Rmontl o} e X

zi nc, magnesi um nercury, ium The X
donor | selememaipoetaid Mispa&hmmfzmcaaagnemgmy\mﬁwtyhdufdhdm;(gamum forma materi al

or o pni BARTCOHAR ShEX eordd B kB sats ofsgenre hegfidfui ) 1o "

chal coge@lfﬁﬁnamawfmgﬁnhth%rgeﬁmammmtmau thd X(dohdnika pnictide. Suitable
X donors include_dioxygen, . bi s(trl nethylsily ) sel eni_de ﬁq( T\B) 2Se) ,

frialkyl 0119!?@ SFRISROnOE o1l acpictide gmwua%mph%MQ halcemenidmpmis(siydl eni de
TOP I nﬁ%g | phosphi ne
gel I uﬁfl) des cé%%‘%?%él %@@%hﬁogﬁrﬁﬁeﬁﬁ?‘g ri s‘?l hé'(l%) 8r P
hexapr opddnotrisgihdes diexygenrhis{rintedhyisilyl)deletid M), S¢e),3rialkyl phosphine
bi s(trinethylsil ]l ur.i Te tri.nethyl sil sul fide
(Tﬁ/S) 25Fle “i‘* %1%53&‘“8 @E?Fﬁ’ﬁ’@'\f%?f?fd)&g@gé og (it F‘fﬁyﬁ’i‘iﬁ%ﬁﬂ ghosphi ne)
sul fl( de a(eT@ﬁ)(TBiastla))amm I dlﬁh% 'EelTlﬁmﬂs stch a{trisroetRiph mﬁr%&ile télﬁml(m)lae g., NHélCI )
tris(tripet Si osphi de I’IStI’IrTEt Si ar seni de
((TVB) 3/@E f’%& °ft1|lq¥‘§1(1‘f’$¥ ¢ m é’é’f%)( s TVS) 38%) 'h certain
enboed rreﬁ&@mmahﬂsﬁmawde TV PR) biste RN AAR )SRGADIEMSFD), a trialkyl
phosphine sulfide such as (tri-n-octylphosphine) sulfide (TOPS), an ammonium salt
such as an ammonium halide (e.g., NH,Cl), tris(trimethylsilyl) phosphide ((TMS)sP),
tris(trimethylsilyl) arsenide ((TMS);As), or tris(trimethylsilyl) antimonide
((TMS):Sb). 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

a0 grade TOPO can be used. '



20 within the sane nol ecule. A coordinating solvent can help control the
growm h of the nanocrystal. The coordinating solvent is a conpound having a
donor lone pair that, for exanple, has a |one electron pair available to
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and CdTe.400heh 0200 Gyt HSHaf QITé TR hflochktal BE% dididderd] lebothad A popul ation
of nanocrystals has average dianeters in the range of 15 Ato 125 A The
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si ze di stypkhution. The nanocrystal can be a sphere, rod, disk, or other
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nanocrystal Céafle handoRfelat U Bt £REALRDY b Bodiftion' P ncAME nathighae M 1S cadm um
zinc, magnesium nercury, alumnum g lum 1ndiufy thalTTum or mxtures
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Phosphor Ugye 2 SetyMial ca e B ore OF a BeditiidiStor material. The nanocrystal can

16  include a core having the formula MX, where M is cadmium, zinc, magnesium,
mercury, aluminum, gallium, indium, thalliurn, 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 OI-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, AP, 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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thereof . The core can have an overcoating on a surface of the core. The
overcoating 20 can be a sem conductor material having a conposition
different fromthe conposition of the core. The overcoat of a sem conduct or
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pyri di ne/ hexa n chlorof or nd net.hanol... The sizersel ected nanocryst al
popul at i %We@aﬂ%ﬁgv\?%(% Sor%?ngpa"{sh]élﬁnﬁggf%wﬁ%? 5?"[ on from nean di aneter,
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than a 15% rms deviation from mean diameter, preferably 10% rms deviation or less,

15  and more preferably 5% rms deviation or less.

The outer surface of the nanocrystal 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 nanocrystal 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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The outer surface of the nanocrystal can include a |ayer of conpounds
derived fromthe coordinating solvent used during the growth process. The
surface can be nodified by repeated exposure to an excess of a conpeting
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capped nan \gglp%@g can be treated 20 with a coordi nating PSF@%PH’Q?‘?@orrpound,
such as pyrldlne to produce crystallites which disperse readily in
pyri di ne, nmethanol, and aronmatics but no |onger, disperse in aliphatic

sol vents. Such a surface exchange process can be carried out with any
conpound capabl e of coordinating to or bondlng with the outer surface of the
nanocrystal, including, for exanple, _%g% thIO|S am nes and
phosphat es. The 25 nanocrystal can be\e o/short chain pol ymers whi ch
exhibit an affinity for the surface and ch tékminate in a noi ety havi ng

an af fi nivhyrefnk is@, 365 5SMANAN1, P, 3, AoSPRICR Ak FES hétTess Badlref S Ri ty | nproves
t he st abl I | ty of the susBenS| on and _ di scour ages fl occul ation of the

nanocr ysPa rﬁ%%»tséf oﬁigroi%f@@%r@%ﬁhﬂ@éﬂ i#dly S Ppatent

6, 251, 30 | ] ﬁ? X so More

speci fi c% Fé\%yd?ﬂé)’ %o t&?&ﬁ%gﬂdl ga canrsﬁéil\%bt?F‘\2 %%Fﬁgﬁ%ll WO 03/ 084292
PCT/ US03bptifikBy cdﬂtaijﬂng\ahbasmm doubke bdnd, 3t teastmne éryde boridsorlat l@st ahe 4 or 5 such
t hat k- t t S, S 50, . oe=0,. N, N=O P,
Ptz1 " g l'ggm’éa“az%ﬁ @%ﬁ%&eﬁy&o%m %?r?ﬁg ?}ngt"ﬁ%!t eroaryl, or a
strai ght “&hohéaﬂﬁbﬁ?bg?aﬂﬂﬂ QN ANRARA! Qpﬁalléft@l T audakymyaidxyl 64191 ai ni ng at

| east one doubl e bond, | east one tri bond, or. Ieast one doubl e
bond anda@He Plttpr‘I‘Bé?n%cﬁﬁd CY%IH@Cﬂy%I'ﬁﬁeéi@hﬂﬂﬁ‘ }@F?&?OH"IB@M@)W tptgrearyly substituted

h , hyd |
\Iflma][ o, Ong%?ngﬁ?n% %ﬁo? anoelk% éta?ogl 68. a.l@ég% ?YEWH‘E rnlgiﬁhcgtkle:’))é)éy0| )C/)a[ E;?/
aryl 10 hehpdroearlyin chamfn@ll‘-tgl dpvbwwbmﬂm«@by <Cl-4-Sa,I RYRYx YW@ pE9)-0O-.CL.
oKy car gt Rl SNEH RS, oG BRI B RRa | o 1Y
- N( Ra) - CofR® MdRD) mdepe@i@ﬂ@)rs@drog&( RRyL alkaﬁyl,-alﬁg@r,mx and each of Ra and

Rb, independent]y, dr oge al kyl, al kenyl , alkynyl, al koxy,
hydr oxyl WFYMWHFI’E{?’FYX P%ﬁ IkyI

An aryl group 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
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in the ri |,nstance furyl, pyiridyl, pyrrolyl, phenanthryl. A suitable
coordinat?ﬁgopﬁggkd can be purchased comercially or preﬁ&?@@mﬁvﬁﬂbrdinary
synthetic organic techni ques, for exanple, as described in J. March, 20
Advanced Organic Chemistry , which is incorporated by reference inits
entirety. Layers including nanocrystals can be forned by redi spersing the

powder Lconduct or _nan stal s described. above.in.a solvent system and
drop casgg%?p‘fl 't C%%Prc{vh(geqﬁ%WS%rc%P%%@%%\lWﬂ%QPWEThe sol vent
syst em f qualily 6fthe a5sialgruciePeNHls naidciyialsC Befihaad ofiaIapcilsy postiblehe out er
surface of the_nanpcrekgt_al, i.e., 25 whether or not the nanocrystal is

e )
readi |y @nspeartclediam EW@VWIW@;#B%WM‘T%@WW lepgtbstothenesk are dried in
an inert Pﬁhﬁr 0 %Fa%&er Quard St}%l Qlshre Sl i ed wunder
vacuum ?%tptc)g y?&lp&é{hfei ns agogu#orng; one%u‘fb)eg%rat eeg%%gﬁé,m ssion el ectron
m cr o§cohynshiigEign elentropmuiviosepiy f eatimatad dronakoayt diffrastiorsdateysimy dpe, and
di stribution . of, t nanocryst opul ation. wder - difforaction 12 WO
037 08429 S RRBIH s B BTG it R P BBt T8 e 1V T iR OR G ot e
i nf or mat ispgetramgar di ng the type and quality of the crystal structure of the
nanocrystals. Estimates of size are also possible since particle dianeter
is inver SF| y Fﬁﬂ @gﬁlﬁle, uéna:ciybﬁls%éaﬁBydiqﬁ@ﬂ&nsN,N‘eﬁ%iehyl-NM%fsa@-geak }NI dL h.
For exanple, the diameter of the nanocrystal can be neasured directly by 5
transmi s U IRNeRE-(b h-highep 'é&p‘gmﬁ'ﬂneéﬁﬁ)rﬁ’@gﬁ‘ (p hole transport Qganic act i on” dat a
usi NG  Yyer, ARG Gield MHEARGBRLRl enBAB AR, A UisPbriidn Giuddfy st i mated from
the W/ Vi ge%bsopgtflgn spectrur%ﬁ{eFor gxarrpl e nsgnoc]rlystadlillgg can be di spersed

in a N, Nnamficpistatsin ai N betsnbyr cﬁmmhgntplﬂlerp}$t)vebnpooncoqdngm@s9rvm1 4' -diani ne
(Tomr oo hdhobdaifloal, APGRYG :0h0 R fumbd: drdtifibie il iy Y1 & ¢, 20 e[ © e

i ght emtting-device. spersion In € nanocrystals in a HTL not
only cir aanceystad ldylwe Theldidpersiinyof paocrystatsdan formmnancins esiweardoledube nanocr yst al

solTds. QUL (AR £ i LSMaS pLE RSl B LISl e O el

15  into the low lying nanocrystal valence energy levels and avoid the reabsorption of the

nanocrystal emission. Nanocrystals capped with, for example, TOPO, 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) (Algs)

20 followed by the metal electrode layers are then deposited via thermal evaporation.
The device is grown in a controlled (oxygen-free and moisture-free) environment,
preventing the quenching of luminescent efficiency during the fabrication process.
The TPD is the HTL while the Alq; 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 would otherwise
quench the radiative recombination. Device structures are shown 111 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 (¢BL), can be introduced in the structure as shown, for example, in

FIGS. 2C-G. A blocking layer can include 3-(4-biphenylyl)-4-phenyl-5-tert-
13 ’
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Al B and the
a ligand covalently attached to the nanocrystal, which then emits at its characteristic

p-

frequency. Once electrons and holes are successfully injected into the nanocrystal,
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 emiiting 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 tum-on
voltage is about 6V for a current density of 0.1 mA/cm?.

The performance of organic light emitting devices can be itiiproved 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 ef al., Appl. Phys. Lett. 78, 1622 (2001),
Yamasaki ef al., Appl. Phys. Lett. 76, 1243 (2000), Dirr e 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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to netal electrode layers in order to bl ock any hole carriers going into the
Al ga |layer. This can prohibit any Al ga em ssion and i nprove the spectral
purity. Two pathways to nanocrystal emission can be realized. Charge can be
directly ﬁ&y? gﬁg into the nanocrystals fromthe host matrix, resulting in
exciton formation and photon enmission. Alternatively, aﬁCEQ@ﬂW@ﬁﬂhay be
created in the organic host matrix 15 and transferred via Forster or Dexter
energy transfer directly to the nanocrystal or via a ligand coval entiy
attached to the nanocrystal, which then emts at its characteristic
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(FWHM  ofystem is unmatched by any class of organic chromophores. A monodisperse

population of nanocrystals will emit light spanning a narrow range of wavelengths. A
device including more than one size of nanocrystal can emit light in more than one
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
panocrystals 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 (x) of the nanocrystal is much shorter (t ~ 10 ns) thana
typical phosphor (1 > 0.5 ps), enabling nanocrystal-light emitting devices to operate

30 efficiently even at high current density.
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| ess than 40 nm See, for exanple, Dabbousi et al., J. Phys. Chem 101, 9463
(1997), 10 which is incorporated by reference in its entirety. The narrow
FWHM of nanocrystals can result in saturated color em ssion. This can |ead
to efficigg ogm%rystal -light emtting devices even in the red and bl ue
parts of theé spetctrum since in nanocrystal emitting deVCE&$0HBWhot ons are
lost to infrared and UV em ssion. The broadly tunable, saturated col or

em ssion over the entire visible spectrumof a single material 15 systemis
unmat ched by any cl ass of organic chronophores. A nonodi sperse popul ation
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phosphor withja wavgleggthof 1&Humni ng nanocrystal -1ight emitting devices to
operate so efficiently even at_high current density. 15 WO 03/084292
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solutions, which can be prepared by the synthetic technique of Murray, et al., J. Am.

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

emission spectra that peak at 562 pm, 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 1 to 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.
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| i ght of wavel engt hs between 1200 and 2500 nm for exanple between 1300 and
1600 nu. More specifically, a device including an HTL of TPD, -4 mm

di aneter PbSe nanocrystals with a capping |layer of oleic acid, and an ETL
of AlLQB ¢ ] ight 1o with a wavel ength of 1550 nm Electrically punped
mol ecul ar a\Jg(r)ggﬂr)lﬂlt“%:ﬂzstruct ures including sem conductor naR6EUPEYYFY can form
organic light emtting devices that exhibit efficient electrolum nescence.
A drawing of a light emtting device is shown in FIG 2A along wth A
schematic drawi ng of a core-shell type nanocrystal passivated with 15 tr
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organic matrix. A typical nanocrystal-light emitting device emission is shown in FIG.
3. The dashed lines show the decomposition of the spectrum into an Alq; component
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 Alq; 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
25  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/em’. At 125 mA/em?, 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

17



devi ce mani pul ation during growth is perforned in a dry nitrogen
environnent, with 5 noisture and oxygen content of |ess than 5 ppm Al
measurenents are done in air. The choice of organic host for the
nanocrystq*ﬁo&au#;nited by material deposition nmethods. CdSe nanocrystals
are typically ar ﬁnged into thin filnms by spin- casting PEHUSENE on. Wil e
spin-casting is possible for nolecular organics, and typical for polyner
organics, it limts the available organic matrix naterials to those 10 t hat
are highly soluble in solvents such as tol uene, hexanes and chl or of orm
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between the Alg; and TPD:nanocrystal 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 fo 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

25 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 optitnum 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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external quantum efficiency was above 1.0% between 0.1 and 1.0 mA/ cn®.

Devi ce yields over hundreds of devices are greater than 90% indicating a
robust material system5 The spectrum and efficiency of nanocrystal-1ight
emtting qgﬁbgﬁﬁ!%trongly depends on nanocrystal concentration in the TPD
matrix. For | #8ncentrations of nanocrystals the devi RETASHUPYr s
simlar to an undoped structure, and at extrenely high nanocrystal
concentrations a norphol ogy change in the nanocrystal doped |ayer is
observed that | eads to poor device performance and | ow yields. The thickness
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thin filnms, and so el ectrolum nescence from device structures were anal yzed.

FI G 1% stheilsTPRand Algs gre ppgsible sites). The emission spectrum of such a device
clearly shows that the nanocrystals still emit (35% of total emission is due 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

20 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 ?mjssion 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

25  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 devige of FIG. 2B.
Where possible, values are taken from ulfraviolet photoelectron spectroscopy (UPS)
measurements. See, for example, Hill et al., . 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 Alqs and
19



WO 03/ 084292 PCTI US03/ 09619 absorption and phot ol um nescence of neat filns
of Alg3, TPD, and nanocrystals, along with a nanocrystal doped TPD film
(TPD: nanocrystal) spun fromthe sane solution that was used in the device
shown in E gwggg?ngbsor ption neasurenments indicated that nanocrystals make
up only 5% by vof e of the 400 A films. This 5 correspoREEUE®/860ayer t hat
is 20 A thick, which is not possible since the nanocrystals thenselves are
50 Ain diameter including the overcoating and organic caps. Thus, the
nanocrystals nay not be arranged into a conplete |dyer, and can play a
limted ' | eR:. r |y phase
segr egat&gé ﬁ. @bﬁ%ﬁ@%&%@ﬁﬁ%ﬁt ﬁgin E%mﬁ?lﬁg&%ﬁjgzﬁé%éf%&ge%q I?éfw. th a simlar
st r uct urentaot privasrily imothel TPDFhdst mafix2dnd doeitraiwpoitedaowadsl thel jomaion50 A of TPD

deposi t by, t.her mal evapor.at.i.on between th n | r t he Alg3 was
pr epar egﬂ‘q xﬁlagvgchﬁygy T of e %WP%B?O"HBPIE&PQ%B@PF %ﬁﬁﬁ qjﬁg'g?)ved fromthe
TPD.  The@d196£Alq, hnPMAR BffotryshaRiredtitth ifdleddfs R¥fped 9Be WRIRGaRahAad W thin one
Forster energy transfer radius (--40 A) of the Alg3 interface. By adding

this e oas this beferojunationa| Foy chatg s g barziar tedwoler eat ed on

hi's %0 e ¥oed agasthis betoroiunationa | Foy thess chatged manasyystalsahe baraiar todioly eat ed
organic oD ?ﬁﬂ h em ssion
spectrun%ﬁl)e%&%%ﬁmgﬁdew ?:-{é?e@g%#g&sﬁ%o\%s& a %ﬁ%ﬁdr%"ﬁ%%?g als still emt
(35% of ¢xeitahs form e8 themancoryhtids, bnd cananbseqyattlyirecombireuradiativelieVilee) . There is
possi bl RSt IAdCE 3riicees W S Brehehef S e e b alcr ystal s fn the
ot her deyblkeuled, corifibiithig td R eMidsiva AL HEMS HowtvaOTPBt e in 20 the different
devi ce structures. Photol um nescence spectra are consistent with energy

t r and¥ ercleptelppinesgenss v sat ebserved imdlis deidee stuelize, indirgting SubexclipRsssi on woul d
take pl agg .l FRed BE TERRRENRE 6%@@&%&5&%&&%? RSfRNT I n nanocrystal

em ssion I's consistent wth a Forst er radius of 30 A for
nanocr ystuauradiagtivaly. are 10% quantumefficient in solid state. This solid

state quantum efficiency of was 25 deternmined for a neat film of
nanocryst al s Fhe chatge &rappingimaehenist dligws fortiexreationicd exeitonsen thehe ZnS

over coat | ' S : p. energy | evel
di agram #%?c@%ﬁ&h@@cceaﬁ %ﬁs@.}léﬂy gﬁh tg;ogd %%55%1‘1'%? gﬁtgglsﬁéeg, aglfogdt aken from

ul trgevi olhich pdaytrevebtbiierto emitpehbtons Seq Yor(dxkbple, Kemsa ke Chem. Bes, f or

exanpl e, , 48 bhe 108y, whivh is thamporited By rekorencs 1o s Srtizery Thisoa £ direst

contrast to organic fluorescent lumophores where only one in four eleciricaliy

generated excitons can recombine radiatively. See, for example, Baldo ef 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 1=30%}, it bas 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

26  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 c;ptimize charge injection balance in nanocrystal-light emitting

30  devices, or to eliminate charge injection excitons as a possibility.
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30 incorporated by reference in its entirety. Nanocrystal |evels shown are
fromcal cul ated values. Electrons can be injected fromthe My cathode into
the Alga and 19 WO 03/084292 PCT/ US03109619 are transported to the

het er oj un%(g?%mﬁ'&m | arly, holes can be injected fromthe ITO contact
primarily into the TPD host matrix, and are transported PEWHPE#9IAe
junction. The relative energy alignnment of the | owest unoccupi ed nol ecul ar
orbital (LUMO Ilevels of Alga and the nanocrystals results in electrons
trapped at the nanocrystals that 5 are |ocated near this heterojunction.
For these ch nanocrysials the rrier to hole inection fromthe TPD is
greatly redu?@g%&%@iﬁgé{mocﬁgﬂ%m@ﬁﬁ?m RG4St or m on the
nanocr y Yeaignificantlly difforeptihas tHoesfl oyganRCliphlo bmtitifipdbvades. VERY . The spectrumin

FIG 3 indicates,that_a fraction of excitons are formed on the Al ga
mol ecul @é?omﬁi%hﬁm%u&@w%hﬂm%ﬁwafw 3linghtIn cppdggstlser, TPD 10

el ect 1 olu5ikd) SSRGS olfAfic Hght Qﬂﬁﬁfg‘ﬂéﬁcéﬁeﬁlﬁh?w FDeflceh6h Wi, | ndi cating

that excitons that are formed on TPD either undergo energy transfer to
Al ga,5 orl0f aow althongh eminsiondif seme/pdlymery and phosphprescentpplenylesmabani sm al | ows for

o gt - £ aha s bV 28 Ao PN SR E Bhiptle, 1AL L ABRERR. e To ot
a phot orLettSe®,578 (2002 atid KewonKel., Cherd) Mat. 11, 3309 (1995 ¥ach cfRhichd869 (1997),

which is incorporated by reference_in its entirety.- This is in direct
cont r astMtAEPAREARY Eclerenisyin i eptretyy HOpRYRTe® aind thesofasss BRe in four

el ectri ' '%f@gh ' y. See, for
exarrpl.e?ﬁ%%%ﬁgyﬁg@%m%@g%%?%ﬁ&%g%), Wh?%:Eihéﬁloaisi5 i ncor porated by

r ef ettenqueparationgnéperification. Fheyilhrational stmictir@of serisally Aleviblentganisat |inits to

t he qua f1.Cl . tce Ukl iz] o S the emtting
cont or o. DB Achpf Sibad BRI iklion bl DARERINGERALS, 8 | CCence

ef fi ci erfoyexampld, Temaeyécds J. PhyS Chem. Atl0AaS(200@)y whith isinteperatedpprt ed that an
exciton | pcated ,on h ed nanocr yst IS, not |ike radi atively

r ecombi TECTCNER MR 1S GHHITG %S@?‘e% ﬁ°€$°&ﬂ:°ﬂ%@5ywega, 63, 205316-1
(2001), iwbrgeiic hﬁ;o%érsia[)?&rmﬁ}ilﬁt@%e RihotRisRI §ie6tPostdpy shows tHat thet y. Fol | owi ng an

Auger reconbi nation process, e energy of the éxciton is given to the
secotd diedamegntab FadiY dinewidth ple nenpesystglat srom temperature is 14 nm. See,

for example, Empedocles et al., Phys. Rev. Lett. 77, 3873 (1996), which is

incorporated by reference in its entirety. It is the combination of spectral diffusion

and size distribution of nanocrystals in a sample that yields further Tine bro adening.
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
nm. 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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which could lead to the ejection of the second el ectron fromthe nanocrystal
or its non-radiative reconbination. To achieve high external quantum
efficiencies it is therefore necessary to optim ze charge injection bal ance
in nanocr%a}lﬁsﬁgght emtting 30 devices, or to elimnate _charge injection
excitons as a possibility. 20 WO 03/084292 PCT/ US03/ 0968€U§A% 1 ndanent al

limts of nanocrystal-light emtting device performance can be significantly
different than those of organic light emtting devices. The
nanocrystal -l1ight emtting devices have an em ssion FWHM of 31 nm 1In

contr ast; ' i i ELL [ ces have a FVWHM of
bet ween %r%xﬁ:gfe fggpdﬁ%gﬁ{gq%?h%ggﬁ@%%t%rﬁ%&‘%&)’ﬁ'&gggﬁe‘yﬁers and

phos phorfesdmmntatililmitchak aet heas attsdwdwn t o be as narrow as 26 urn FWHM See, for
exanple, Liu et at, Appl. Phys. Lett. 79, 578 (2001), and Kwong et at,
Chem WMat. 11Ahi3hc#iciaedipht sasttingdeviednitiizes molepwlanorgariathinifilms asef er ence in
its entifrety. .However, in.all of thes a the fundagental |imt on
bandwi dt%eﬁ%gmggmﬁ%@ﬁuﬁéﬂé)wwgﬁdgﬁ%g%%@gﬁyﬁ ai?)i'{%prepar ation and
puri fg calinvephordsd) eThébddevideo foptesérit at@Enty-Eivelold iprovahbnt il lventhdabeht Or gani cs
typically generates broad_ single nmoplecul e enmi ssiQn spectra _at room

t enper atRAVEr eisiency pysr pesviapslyaerorigdamecrystal-ight emjttinpdgwcescfig A 104,

1(2000), e ies v ated g Bk irety. The sanme is

not truemgﬂatglﬁlgf?ﬁ%ﬁ%@@%ﬁ%ﬁ’%t%%ﬁ%g%&?%%}ﬂggnmh%ﬁﬂgﬁ%cr ystal, for which

si ngl e reanoonystals.alt isgieartthas shedipyit efdanice phrformahes HeE nbiiyed beenrreached;WHM | i newi dt h

of a nang stal. at m. t .S, 14 n Se f ex. | e, Enpedocl es
{859} o o RO ETREE b ikin e by o it

et at, V. I'S” "1hcorporated by reference
in ii6 eethnidiey forlgendratinigl®nogeitonsly dispersdd filme of nalocsthlsus brganicand si ze

di stribution o nocrystals in a s l e that yields, further _ line
broadgniﬁ_@mces(%ﬁ‘g@&f’%ﬁ%ﬁfﬁ’l? ?1@“@1_ Hp@gﬁﬁwﬁ%ﬂ&g?%ﬁ‘@&iggg% asize

di stri butrbffonQF LigiQditter® ¥oat drb tetBindISibAHTORPRR ARG 6F the BAt new techni ques
i N nanocr yst_al@gf)_r eparation and processing could |ead to nanocrystal-Iight

e tti ngorgani¢ e inprganiglightmnittingdewess. as narrow as 25 nm This true col or
saturation woul d be ideal for nany applications where efficient production
of nar r owbandOthprgmbadimentsare within the prape ptthe fallowingclaimsat i on of a hi gh

| um Igl%escent efficiency red light emtting device can require both high

ext efhal
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25 quantum efficiency as well as narrowband em ssion, to prevent the bul k of
em ssion fromoccurring in the infrared. The deep trap em ssion that is
typi cal of nanocrystals could be problematic in achieving this goal, but
the devices reported here already show less than 1% of their total power
emtted ipp infrared. This deep trap em ssion saturates at very |ow
current densities. See, for exanple, Kuno et al., 3. 30 Chem Phys. 106,
9869 (1997). The spectral FWHM reported here is already an 21 WO 03/084292
PCT/ US03/ p9619, .i nprovenent .over conventional organic light emtting

devi ces, and yedigrhEniy MRt has not been attained. A high
efficiency |ioghtireBletdrddfdd device utilizes nolecular organic thin filns as
the electrical transport medi um and i norganic CdSe(ZnS) nanocrystals as the
5 | unophor es. Theksdragepareeslayepresionte ta thevBrst gleétradss f ol d i nprovenent in

| um nescent power efficiency over previqusly reported nanocrystal-1light
enmtting devi cd¥C @ecm‘éﬁaﬂﬁp?ﬁ@g&ﬁ?gﬁ?&@yﬁfssi on is shown to be carrier
reconbi nati on gelkbifon RARPEENS IBkSbetveerd the HoRAFankPeHing Nt Al the 9codl@Vi Ce
performance has not yet been reached, both in quantum éfficiency and in

col or satelecitadenwhd@emghopreend elsétrotsvis ampipsi té mtrodoce eledirong irethefetactrgener at i ng
honogeneous| rgi spersed.filnms of nanocrystals in organic matrices should
make poss‘ir"fﬂséo [ Bifler range of material hybrids, enabling the creation
of light em ttengetiRauddge hacknal aghaality b s@nReAdIctorganbdristslt Alsposkd the art
organic and inorganic light emtting devices. Qher enbodinments are within

t he scopebatveerhe fissticlaairade addhesccond sleptrode, whpin the plurplitytf emi tting devi ce
conprising; .a first electrode;..a hole transportjng layer oxiqmate to the
Frrot of oo Sndt Bt nEERTER aiPrdt Pubh SRR PR SRR ode: Can

el ectr on fbasEfRRie pRGuladyebf RativariclhfaltehRaly ’iIB RA L Agvihidsteih and the

second
diameter of less than 15% and the layer including a plurality of semiconductor

nanocrystals 1s distinct from the electron transporting layer.

2, The device of claim 1, wherein the matrix is non-polymeric.
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

includes more than one substantially monodisperse population of semiconductor

nanocrystals.

5. The device of claim 1, wherein the plurality of semiconductor nanocrystals emit

light of a wavelength between 300 nm and 400 nm.

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

light of a wavelength between 400 nm and 700 nm.

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

light of a wavelength between 700 nm and 1100 nm.

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

light of a wavelength between 1100 nm and 2500 nm.
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el ectrode, wherein the second electrode is arranged to introduce el ectrons
in the electron transporting layer; and a layer including a matrix and a
plurality of sem conductor nanocrystals di sposed between the first

el ectrode and the second el ectrode, wherein the plurality of seniconductor

nanocrystgls ig, 9 SRE ¥eShibn™, W rdTR el ply f'%df@&%%%ﬁﬁuc%%ﬁérﬁ%is% M ation

nonodi sperse popu ation of sém conducto nocrysta

in di amrelight oft waskengthani 2560mang grduger] ayer i ncI uding a plurality of

sem conductor nanocrystals is distinct fromthe electron transporting

| ayer. 2. The device of claim1l, wherein the matrix is non-polymeric. 3. The

devi ce of 1@l ai Thd dewidtesfRildimt NevHERdi bachi sl dof@Scta PSRl inefideg®phore. 4.
The device of claim1, wherein the plurality of sem conductor nanocrystals

i ncl udes erordinatingligang o hesusface af thy sppiteadunsemasogyal at i on of

sem conductor nanocrystals. 5. The device of claim1l, wherein the plurality
of sem conduct or nanocrystals emt I|ight of a wavel ength bet ween 300 nm and
400 nm 611.TheThedéwe diclamailwherenhdwe epborditaging ligarad hasythoformshi conduct or
nanocrystals emt |ight of a wavel ength between 400 nmand 700 nm 7. The
device of claim1, wherein the plur aV sdm conduct or nanocrystals emt
i ght of a wavel ength between 700 nm'a 150 nm 8. The device of claiml,
wherein the plurality of semiconductor kv@nocrydtals enmit |ight of a

wavel engt h between 1100 nm and 2500 nm 23 9. The device of claim1l, wherein
the plurality of sem conductor nanocrystals emt |ight of a wavel ength of
2500 nm or gr ewhencin K 3.2, $ive Sdand ws o, &l4abrrh such Wine kgl 1§ nehlshs emeronduct or

nanocryst d 0Qr ( I e-surface of the

sem condu%t%pnﬁaﬁg@’&/@hﬁ% gef%j E%&g’e}% _Zj]%\‘ %?‘?9’10 wherein the

coordi nating | b@ﬁmﬁ\hﬂﬁimhﬁdd‘p@ﬁd@ﬂkl@ 1s‘£rytkhe1’droér5}] Wﬁ@rsﬁh@hd(oﬂtﬁm%he@@h 5, and
nis 1, 2, 3,4or55uchthatkn|s notlessthanzero Xis 0, S, S=0

S, Se, ggifqparlp@n oha@ orpionpycrontginingat Jkgsione double bond, at least one tnple
bond, or at least one double bond and one triple bond, the hydrocarbon chain being
optionally substituted with one or more C;.4 alkyl, C, 4 alkenyl, C,.4 alkynyl, C,4 alkoxy,
hydroxyl, halo, amino, nitro, cyano, Cs.s cycloalkyl, 3-5 membered heterocycloalkyl,
aryl, heteroaryl, C,_4 alkylcarbonyloxy, C;.4 alkyloxycarbonyl, C;.4 alkylcarbonyl, or
formyl and the hydrocarbon chain being optionally interrupted by -O-, -S-, -N(R%)-, -
N(R®)-C(0)-0-,

-0-C(0)-N(R?)-, -N(R")-C(0)-N(R")-, -0-C(0)-O-, -P(R*)-, or -P(O)R™-; and
each of R*and R, independently, is hydrogen, alkyl, alkenyl, alkynyl, alkoxy,
hydroxylalkyl, hydroxyl, or haloalkyl.

12. The device of claim 1, wherein the layer including a matrix is a hole transporting

layer.

13, The device of claim 12, further comprising an electron transporting layer between

the hole transporting layer and the second electrode.

14.  The device of claim 13, further comprising an electron blocking layer between the

hole transporting layer and the electron transporting layer.
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each of Y and L, independently, is aryl, heteroaryl, or a straight or

branched C2-12 hydrocarbon chain optionally containing at |east one double
bond, at |east one triple bond, or at |east one double bond and one triple
bond, the hydrocarbon chain being optionally substituted with one or nore

Cl 4 al ky Cc2 P k.4 : am no,
o oybio, - B Bty S, PP omptdnda AU Bk g WEH Hicen 1 fole

het er oar ytranspdrtihg ddyey hodithe @iectron yranpbrtthgahyat| oxycar bonyl, Cl_4

al kyl carbonyl, or fornyl and the hydrocarbon chain being optionally
interrupted by -0-, -5-, -N(Ra)-, - N(Rb)-C(O-0-, -OC(O-NRa)-,

- N(Ra) - C( .- N('Ri9 devicebfQ{dn 13, furthRt Behprisi@d a hble @hd BRtron BEkiagddyedf Ra and
Rb, independently, is hydrogen, alkyl, alkenyl, alkynyl, alkoxy,

hydr oxy| abgtyeen the delpdyanspaesting layeandthe elegtromsansgesingdayst- cl ai m 1, wherein
the layer including a matrix is a hole transporting |layer. 13. The device
of claim12, further conprising an electron transporting |ayer between the
hol e transport Thgdévaseerf cdmuh I, nchesrn tedemicontvddenanddrystilseodyvise at lodst cl ai m
13, further conprisin n el.ectron bl ocking,| I, bet t

t r anspor t PHyMPS{R Sekﬁ%d?FPé“ g?%’é?‘%??“?’ﬁﬁﬁ%ﬁ@ﬁﬁ@*a@%ﬁé%@ ggse’%%devi ce of
clai m 13, Hhyrtiiss, HARPANS] AP A1001ASH] 0ok P, AaNer GRSh WesR, ke 1he e
transporting |layer and the efectron transporting |ayer. 16. The device of

cl ai m 13, InfAsy Irtbdyy TEGAEP; BliAsgTEbhBb% Rbdd, alddRiliecon bl ocki ng | ayer between the
hol e transporting |ayer and the electron transporting |ayer. 17. The device
of claim1, wherein the sem conductor nanocrystals conprise at |east one
mat eri al $&| ecThadéviamfichemgl 7o wherimnthe sémivgnddctadnEnodtySels funiee cogfise CdSe,
CdTe, HgS, HgSe,. H%Te, AN, A1P, Al As, AISh, GaN, . fayg %As, GaSh, GaSe,

I NN, | nP, a0 PYEA0Ating,aRe OYTRpating SOMPIINAS africaf onpEgtc CCtethHOPHRREIO¥B.  The

devi ce of ol alifly §7nyhaise! iy IR e ESORAME! AsNABOL AIAMIN AR heks cOTP | se

an overcoat I ng e overcoatlng conpri'sing a mater | s€l ect ed
from the 4iShyBaN;GnBj 6bAngGash, ZnSe, [ANSEP, ke [nSBd $IN,CATR, TOASEISHESS, HySe,
HgTe, Al 1P, AlAs, AlSb, GaN, GaP, GaAs, GaSb, GaSe, InN, InP, InAs,

I nSb, TI Né’b@“mldﬁﬂl%, TISb, PbS,

19. A light emitting device comprising;

a hole transporting layer in contact with 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

a layer including a matrix and a plurality of semiconductor nanocrystals disposed
between the first electrode and the second electrode, wherein the plurality of
semiconductor nanocrystals is dispersed in the matrix and includes a substantially
monodisperse population of semiconductor nanocrystals with an rms deviation in
diameter of less than 15% and the layer including a plurality of semiconductor

nanocrystals is distinct from the electron transporting layer.
20.  The device of claim 19, further comprising a layer that includes a matrix.

21.  The device of claim 20, wherein the matrix includes an organic chromophore.
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PbSe, and PbTe. 19. A light emtting device conprising: a hole transporting
| ayer in contact wwth a first electrode arranged to introduce holes in the
hol e transporting | ayer; an electron transporting layer in contact with a
second el ectrode arranged to introduce electrons in the electron
transporting | - n tr. ngd. ty of

sem cond i{' ?%eﬁ%%?c;egci é&gl?éekgg%@ éﬂglh %et%rr]n%]réhg }a g‘?lngllug‘l:gfjgr %%e and the
second egpﬂylmed@matm@rel n the pI urality of sem conductor nanocrystals is
di sperse n the matrix and includes a substantially nonodisperse

popul ati on of sem conductor nanocrystals with an rns deviation in dianeter
of less than 1pfe grsce dTRIdiARYVIS, %Bﬁiﬂh‘ﬁb?ﬁw@lit?'o@Eéhicbﬁd&for%ﬁﬁ&&?ﬂ%ﬂb‘ﬁ or
nanocrystals is distinct fromthe electron transporting |ayer. 20. The

devi ce of ingludgsmoe:, thinencsabstanigllyi eommglispetsapepulather of seolicductar mat ri x. 21.
The device of claim 20, wherein the matrix includes an organi c chronophore.
25 22. Thé? n&&v’?‘@g of claim 19, wherein the hole transporting |ayer includes
a non- polynmeri c matri x. 23. The device of claim19, wherein the pI urality
of sem co uct nanocryst al i ncl udes rmre t han, on substantl

monodi spe% ]b‘iﬁka’t“iecﬂf i S OGRS Bhura HYR &SP %tc’le&noerﬁ%a %ﬁl ce of
claim 19, h%%ﬁgl@ﬂﬂl&ﬁ Rlberdlch o ofn seMogeypgduct or nanocrystals emt |ight of
a wavel eng et ween nm and 400 nm 25. The device of claim 19, wherein
the plurality of sem conduct or nanocrystals emt |ight of a wavel ength

of iﬁﬁ”cé‘%’% ot S et 12, afPRr B pRFly LSO Rl En 1

1100 nm tofhevﬁelehg:tﬁb@fw&ha{)(mﬂ;ﬁandemrrﬁmn the plurality of sem conductor
nanocrystals emt |ight of a wavel ength between 1100 nm and 2500 nm 28.

The device of claim19, wherein the plurality of sem conductor nanocrystals
emt |ighg of TRe NAN®! diNlim 10f whelth MBpRIral%ty dAE&hiconductor nanocrystals emit

light of a wavelength between 700 nm and 1100 nm.

27.  The device of claim 19, wherein the plurality of semiconductor nanocrystals emit

light of a wavelength between 1100 nm and 2500 nm.

28. The device of claim 19, wherein the plurality of semiconductor nanocrystals emit

light of a wavelength of 2500 nm or greater.

29.  The device of claim 19, wherein each semiconductor nanocrystal includes a

coordinating ligand on the surface of the semiconductor nanocrystal.

30.  The device of claim 29, wherein the coordinating ligand has the formula

(pits )

whereink is 2,3 or 5, and nis 1, 2, 3, 4 or 5 such that k-n is not less than zero;

X is O, 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;.j»
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 C.4 alkyl, C,.4 alkenyl, C,4 alkynyl, C,.4 alkoxy,

26



29. The device of claim 19, wherein each sem conductor nanocrystal includes
a coordinating ligand on the surface of the sem conductor nanocrystal. 30.
The device of claim?29, wherein the coordinating ligand has the formula Y
+L )n k-n wherein kis 2, 3 or 5 and nis 1, 2, 3, 4 or 5 such that k- n is

Qgt OI eZZCW& er{Eﬁ)d aélhé ng% P{%ﬂ%;& ﬁ%mlﬁﬁ%-@e:%ﬂéér}'g%r yt%OCECIOEKgf r ai ight or

branched &2t héterdaydl Gp.aﬁlhyl@anbbﬁylﬁxﬁmI1I4Q[l@|ld)§yc§1©6ﬁﬁl ngkgltcaﬂbaﬁﬁ; oione doubl e
bond, at |east one triple bond, or at |east one doub ond and one triple

bond, the wdm@éhﬁbndreﬁﬁbﬁn ehaihbeng gptiqnaly ijersunsed by e dSwi¥R bne or nore
Cl-4 al ky ESJ% 6 ré kenyl, C24 al kynyl, C _4 al koxy, 26 hydroxyl, hal o,
am no, F é ):\ 3-5 cycl oal kyl, 3-5 nenbered heterocycl oal kyl, aryl,

het er oar ylo C@D)_N(RF)KVNQRT)HL‘(QWW) TLOIOPOKY PORYS @ BRIOHR?) Shrkd al kyl car bony! ,

or fornmyl and the rocgr bon chain being optionally interrupted by -0-,

-S-, -N(Ra)- eaCM@iiB) ang By, igrdependontly .y hNénggn, alkyN@tenylcaliyny apxy,

-OC(O) and each of Re and Rb, independently, is
hydr ogenoﬁyqr&{}flmgr Egﬂ'{q&yl S%aﬁ%@%ﬂ al koxy, hydroxyl al kyl, hydroxyl, or

hal oal kyl . 31. The deV| ce of claim19, further conprising an el ectron

bIocking yer ween e.trans ortln and t ctro
Cransporthy | Bervispt chim 1ot BB e Mye G piRdine BierredFie e noi
bl ocki ng hnﬂh’%"anﬁﬁhﬂ%%yér%d'ﬂ@&ectﬂoh%%rﬁﬁ@ﬁ tayer and the el ect ron

9
transporting | ayer. . The device of claim1l further conprising a hole

and el ectron bIocklng | ayer between the hole transporting |layer and the

el ectron 43 anspgl id/G dffq/ ﬁﬁlntheorﬂﬁvgl aﬁ&e%@ek [gjigYer"ME@e{Eh@hélﬂﬁ?rom he

sem conduct'or nanocrysta rprise at one na el ect

gr oup conmm;pon’niygdxiyeZaﬁlchreﬁetroitrIﬁspoﬁd@,laﬁﬂSe, CdTe, HgS, HgSe, HgTe, AILN,
AP, AlAs, Al Sb, GaN, GaP, GaAs, GaShb, GaSe, InN, InP, InAs, |InSb, TIN,
TIP, TIAs, T1Sb, PbS, PbSe, and PbTe. 35. The device of claim19, wherein

the semi cagiductid dévideasiicYfitnal 9 fufrthiet B@hpemPs hole andvleower Bakinpdayet he

overcoati n%w onprising at | east one material selected fromthe group
een the hole transporting layer and the electron transporting layer.

34.  The device of claim 19, wherein the semiconductor nanocrystals comprise at least
one material selected from the group consisting of ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe,
HgS, HgSe, HgTe, AIN, AlP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, GaSe, InN, InP,
InAs, InSb, TIN, TIP, TlAs, TISb, PbS, PbSe, and PbTe.

35.  The device of claim 19, 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, HgTe, AIN, AlP, AlAs,
AlSbh, GaN, GaP, GaAs, GaSb, GaSe, InN, InP, InAs, InSb, TIN, TIP, TlAs, TISb, PbS,
PbSe, and PbTe.

36. 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
introduce electrons in the electron transporting layer;

a layer including a matrix and a plurality of semiconductor nanocrystals disposed

between the first electrode and the second electrode, wherein the plurality of
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consi sting of ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, AIN, AlP,
Al As, Al Sh, GaN, Gap, GaAs, GaSb, &Se, InN, InP, InAs, InSb, TIN TIP,
T1As, TISh, PbS, PbSe, and PbTe. 36. A light emtting device conprising: a
hol e transporting |layer proximate to a first el ectrode arranged to introduce
holes in e le tran rti.ng layer.. .an el.ectron.transperting. | ayer

pr oxi mat e S%Iglcgﬁguecg(gnn gfrg%% lrS (IJS(:I%S%CF %legﬁaé% r{l%tnxiami ?%C&lﬁie ag g%%"rtlgﬁg in the

el ectron ticiodRpEke pepul@itdrcf samlcaiuctoriahogls avithedn ins @Rthtignmt ural ity of
sem conduct or nanocrystals di sposed between the first electrode and the

second el diameseref loghhagi 13% ard e davar includsig prlusiity ebssaieensiiciotnocrystal's is
di spersed | ?cﬁ'gs?almt({i%}ﬁc?ﬁgm' RELIUAES t?zrn%ﬂgn?i%grﬁ Al ronodisperse
popul ati on of Semnt conduct of nanhockyst al s& Wi N °r'is deviation in diameter

of less than 15%oekidgldier beween thedirsticldigrode Phdithalsbdond@lectedé.conduct or
nanocrystals is distinct fromthe electron transporting |layer; and a
bl ocking | ayer between the first el ectrode and the second el ectrode. 37. The

devi ce of 3t ai Hhadevicaricdaim 10 @heregrioe hlpckingdayer ds ahelsblockingdryssgan ayer, an
el ectron i - . ocking layer. 38. The

devi ce of Qgﬁg{%ﬂn@g%lﬁ%/\ﬁg?ré%a?%lgghﬁgg' &‘gﬂ%@@gﬁ}’g{. n contact with the first
el ectrode or the second el ectrode. 39. The device of claim 36, wherein the

Cubstant | 471 TSRS Qim B0 SRR R Brod B iR MR LI Rt < a0

The devi cgle@fodeloritiiB s36end1&dtRIde. t he plurality of sem conductor nanocrystals
emt light of a wavel ength between 300 nm and 400 nm 41. The device of

claim 36, wherein the plurality of sem conductor nanocrystals emt |ight of

a vavel e“?é h b?@é"@@?ce“cﬁ(&éﬂm ) néRth {Pl%thﬂ%htywEeIHr%}éf;%ﬁtt&zﬁaﬁg&&ém%61 wher ei n

the plurality of sem conductof nanocrystals”emt vel ength
bet ween 70@ludes mock thid)Onasubstdstiallfheontelspese pbpdh@omvBEmivdndoeton t he

plurality of sem1 conductor nanocrystals emt
nanocrystals.

40.  The device of claim 36, wherein the plurality of semiconductor nanocrystals emit

light of a wavelength between 300 nm and 400 nm.

41.  The device of claim 36, wherein the plurality of semiconductor nanocrystals emit

light of a wavelength between 400 nm and 700 nm.

42.  The device of claim 36, wherein the plurality of semiconductor nanocrystals emit

light of a wavelength between 700 nm and 1100 nm.

43,  The device of claim 36, wherein the plurality of semiconductor nanocrystals emit

light of a wavelength between 1100 nm and 2500 nm.

44,  The device of claim 36, wherein the plurality of semiconductor nanocrystals emit

light of a wavelength of 2500 nm or greater.

45.  The device of claim 36, wherein the hole transporting layer includes TPD, the
electron transporting layer includes Alqs, and the blocking layer includes TAZ and is

disposed between the semiconductor nanocrystals and the electron transporting layer.
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| ight of a wavel ength between 1100 nm and 2500 nm 44. The device of claim
36, wherein the plurality of sem conductor nanocrystals emt |ight of a
wavel engt h of 2500 nm or greater. 45. The device of claim 36, wherein the
hol e transporting | ayer includes TPD, the electron transporting |ayer

i ncl udes g3, I i . .S disposed between
the sem CL({;%riduc‘f‘g{ll P\%J]ng%%rgﬁg‘%@%aé]%ﬁglﬁemgﬁéggg glﬁg?égﬁ}s}%gé'ti ng | ayer. 28 46.
A met hod of magdypbgiting aild@r thchidfy a iy 40dc: plemligeofseffidondigtg:  depositing a
| ayer including a matrix and a plurality of sem conductor nanocrystals over
a first ehaeempsyls ovigha fiest glectede whersin thy phirakilymf somigaadustorianedysialsal s i s
di spersed;i fLLX. ] i | Sper se popul ation
of sem C%I'S 15%: gplﬁ?lealﬁllg%lrx ;ﬁag&ﬁ é+@94/ﬁgtq %ﬁ%ﬁa@@?é@o\%%@b%ﬁe ﬁ@rﬁh gﬁg)r?rle?er of | ess

than 15% seaticbriduael Aghcergetowith ah et dodssnviardidn@cidfUues|thdny1 39%; S@m conduct or
nanocrystals, wherein an electron transporting |ayer is proximte to the
second el ect r oblacing Agesnd elacode pieer thaplpralifeeipgmigpndugsprnanoptyytats
sem condu . i .St : t r ] ng
ayer a7 R REER BhSdrind S CRlodh TG IR ot ALTRRIGN Y g
The et hothe ¢yee Irrludinkta pohgitebfsehlicondattor ¥arocdglstatkeis dasinoy fadnitiee lbgt@mophor e.
49. The nethod of claim46, wherein providing the plurality of sem conductor
nanocrystﬁ?@??ﬁﬁ@g&@@- selecting a substantially nonodi sperse popul ati on of
sem conductor nanocrystals to select a wavelength of light to be emtted by
t he device. 50. The nethod of claim46, wherein providing the plurality of
sem condu¢t.or Thameothodof alagm Bhcwiefein thematiy ingompelymerign one substantial ly
nonodi sperse popul ati on of sem conductor nanocrystals to select nore than
one wavel ength of light to be emtted by the device. 51. The nethod of
cl ai m 46, 4&her Ehaxmethol of elaing dagwitdrein thametixyistlates ancdrgales claromopberdi nat i ng
| i gand on the surface of the sem conductor nanocrystal. 52. The nethod of
claim51, wherein the coordinating ligand has the formula Yec+L )n k-n
V\ﬂer ei n kd49.s 2Th&3methol of 8latin B6] whekeingrodding tied ploraditie &f dehfitonductot s not | ess
t han zero;

nanocrystals includes selecting a substantially monodisperse population of semiconductor

nanocrystals to select a wavelength of light to be emitted by the device.

50.  The method of claim 46, wherein providing the plurality of semiconductor
nanocrystals includes selecting more than one substantially monodisperse population of
semiconductor nanocrystals to select more than one wavelength of light to be emitted by

the device.

51.  The method of claim 46, wherein each semiconductor nanocrystal includes a

coordinating ligand on the surface of the semiconductor nanocrystal.

52.  The method of claim 51, wherein the coordinating ligand has the formula

(et ),

whereinkis 2,3 or 5, andnis 1, 2, 3, 4 or 5 such that k-n is not less than zero;

Xis 0, §, 5=0, 80, 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 Cy.1»
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

29



Xis 0, S S=0 S2, Se, Se=O, N, N=O, P, P=O As, or As=0Q each of Y and L,
i ndependently, is aryl, heteroaryl, or a straight or branched C2_12

hydr ocarbon chain optionally containing at | east one doubl e bond, at |east
one triple bond, or at |east one double bond and one triple bond, the

eyt coobhee RuEB it BRE hORBH < MRy R ORI T

nitro, Cyhiy’tﬁoxﬁﬂlﬁo caytﬁh@aildwlc a, T3 @E‘}m&ilﬁ hatiaeabaed ﬁ@tbfb)éiycloalﬁylw
heteroaryl, Cl 4 al kyl carbon oxy, Cl _4 yI oxycar bonyl

al kyl car by hefraryl Grnglkyls Otlﬂéxmf%im@éla’rl%@ﬁar@ﬁa}’ nCbedl hglcmbpnﬂnan ly

I— EE eR;; u gz %?mg(%(ﬁhe hy%O&rE)‘I)M gﬂﬂn bW%?% ﬁ@allﬁn@%t?%)?(g and eggi *of Wand Rb,

[ ndependeN(R%C(og Olydr ogen, aI kyI al kenyl , al kynyl al koxy, hydroxyl al kyl,
hydroxyl, or 23 hod of cIa wher ei n depositing the

matrix toQ &(99 MR&VGN(RH&@%R }'OTQrICtﬁ@) -B- hé’(% )ta P&n%(&iﬂ% hagnd ayer 54. The
nmet hod of cl ai Cﬁ%ﬁ E%Ctﬁe Je&lﬁ&’ﬂghg(ﬁgg gamn gﬁ(é’f‘gl ? sporting
e ¢trode.

| ayer between rainsp |ng é sec 55. The

met hod of hydratyialkdl, hfdrokyigor ledeadkylsi ng dep05| t| ng an el ectron bl ocking | ayer
between the hole transporting |ayer and the electron transporting |ayer. 56.
The net hod of claimb54, further conprising depositing a hole bl ocking | ayer

bet ween t e hofge ﬁl%ﬁ)@ﬂlb@l‘:hhﬁ%'@M@tém&l@ﬁosﬁh@g Bk acdief forANSR@rtihdieddsayer . 57.
The nethod of claimb54, further conprising depositing a hole and el ectron

bl ocki ng foaméng tleqlevrenspotimgHayes. transporting layer and the el ectron
transporting layer. 58. The nmethod of claim46, wherein the sem conductor
nanocrystals conprise at |east one material selected fromthe group

consi sti nfd.of ThSmethoSef clanié}, GdBer GdfeisingCiPesititiy$) electBm tradgpertindl N, ALP,
Al As, Al Sp, %N, Gag{_e qa GaSh,. GaSe, |nN, r]P | nNAs, I'nSb, TIN, T1P,

Tl As, TI SBYerPisgveqpjaphols tansmprane laser apddheseeprsticlsttradeai m 58, wherein the
sem conduct or nanocrystals further conprise an overcoating, the overcoating
conprising at | east one material selected from the group consisting of ZnS,
ZnSe, ZnTe- Cd&he mgthed ofgham Sgfgrth p{g@@lprp@g@epmupg an electron blocking layer

between the hole transporting layer and the electron transporting layer.

56.  The method of claim 54, further comprising depositing a hole blocking layer
between the hole transporting layer and the electron transporting layer.

57.  The method of claim 54, further comprising depositing a hole and electron
blocking layer between the hole transporting layer and the electron transporting layer.

58.  The method of claim 46, wherein the semiconductor nanocrystals comprise 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, TlAs, TISb, PbS, PbSe, and PbTe.

59. The method of claim 58, 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, HgTe, AIN,
AlP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, GaSe, InN, InP, InAs, InSb, TIN, TIP, TlAs,
TISb, PbS, PbSe, and PbTe.
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AlP, Al As, Al Sh, GaN, GaP, GaAs, GaSh, GaSe, InN, InP, InAs, InSh, TIN, T1P,
TIAs, TISb, PbS, PbSe, and PbTe. 30 60. A nethod of generating |ight
conprising: providing a device including a first electrode, a second

el ectrode, a layer including a matrix and a plurality of sem conductor

nanocryst ahs di,S Nt first electrode and the second el ectrode,
and an el g@:‘troﬁ\ @?@ﬁ%&“ﬁﬁ%‘%& gtrcoﬁlﬁé)r%gnr%te to the second el ectrode,

wherein the pl proaidiiya dévisehichdiBuclier cloaneel ¥y sdcohd clecrstiespeiyged in  the
matri x and includes a substantially nonaodi sperse pogul,ati on of sem conduct or
nanocr yst IC8dipa hmakix and arlyiality ofrfemicograsiet ranoestssisnorehbeBo6NE t he

Layer 1 ncldieRbudie Mlatheldeba ecRGIT SRMANGLATNAMEINES Bl Abfidistd not fr om
the el ectron transporting layer;, —ahd applying a Iight®generating potenti al

across t hehefsecsid ebdceotie oneréinahd fleratigcehdmi@ndeétoofitocHitalsibdispeisaba of
claim 60, wherein the matrix i s non-polynmeric. 62. The method of claim 60,

wher ei n t B maffix jand ingdydgsl a substangialiy Rlogodinpesseopstpglasion of semirprduetrhod of cl ai m
60, wher ej i di ice dne i ot i al-
oA R RGBS SRUL 19 g SUIRANITR

nonodi sper on of “Sen con Nnanocrys

wavel engt blugdlity bffdmitenduetog ansrcagseds aredistihbefror tioee@fonataksporfig lawber ei n
provi ding the device includes selecting nore than one substantially
nnnodispeﬁ@% popul ati on of sem conductor nanocrystals to select nore than

one wavel engt h N g : T, I 0, wherein
light is gener% el&llngn%? f%hgg%%\?%ﬁ%ﬂg%%&%&cﬁ%?%eeﬁ t%@%%ﬁéﬁ 44%86%1% 66. The
met hod of elettadde. 60, wherein light is generated with a wavel ength of between
400 nm and 700 nm 67. The method of claim®60, wherein light is generated

wi th a wavel ength of between 700 nm and 1100 nm 68. The nethod of claim

ggbo\Aher egn | i ghé nicthodTRIah &M, Whedinkhvaaah-eRMoh-poiyrh@isveen 1100 nm and
nm

62.  The method of claim 60, wherein the matrix includes an organic chromophore.

63.  The method of claim 60, wherein providing the device includes selecting a
substantially monodisperse population of semiconductor nanocrystals to select the

wavelength of light to be generated.

64. The method of claim 60, wherein providing the device includes selecting more
than one substantially monodisperse population of semiconductor nanocrystals to select

more than one wavelength of light to be generated.

65.  The method of claim 60, wherein light is generated with a wavelength of between
300 nm and 400 nm.

66. The method of claim 60, wherein light is generated with a wavelength of between
400 nm and 700 nm.

67.  The method of claim 60, wherein light is generated with a wavelength of between
700 nm and 1100 nm.

68. The method of claim 60, wherein light is generated with a wavelength of between
1100 nm and 2500 nm.

31



31 69. The nethod of claim60, wherein light is generated with a wavel ength
of 2500 nm or greater. 70. The nethod of claim 60, wherein each

sem conduct or nanocrystal includes a coordinating Iigand on the surface of
t he sem conduct or nanocrystal. 71. The nethod of claim 70, wherein the

ang n 1o &7, TEERIOC IR 18, M b S mebihe e AR et Brory? >
S=0 SQ2, oiSgeat&e=0, N, N=O, P, P=O As, or As=Q each of Y and L,

i ndependently, is aryl, heteroaryl, or a straight or branched C2_12
hydr ocarbon chain optionally containing at | east one double bond, at |east

one triplm. bomge methodlof LRAR 60 ONEeridbaLiesdatBshbtr ARty ckystAlif1RRd, the
hydr ocarbon chain being optionally substituted with one or nore Cl4 al kyl,

C24 al kensggordigating ligaid oqthe surfage af thoggmiconguptenaghocristblo, anino, nitro,
cyano, C3.5 cycloal kyl, 3-5 nenbered heterocycl oal kyl, aryl, heteroaryl,
Cl4 al kyl carbonyl oxy, C, 4 al kyl oxycar bonyl, Cl4 al kyl carbonyl, or fornyl
and t he hyHdr ochdmathotaf plabei7Ogwhptindhatdoydinatire ligantidds the fefayla- S-, - N(Ra) -,
- N(Ra)-(Q-0-, -OC(O-NRa)-, -N(Ra)-(O-NRo)-, -OCOQ-0, -P(Ra)-, or
-P(O (Ra)-; and each of Ra and Rb, {i denttlly, is hydrogen, alkyl,

al kenyl , al kynyl, al koxy, hydroxyhal'kyl”} \hydr/oxyl, or hal oal kyl. 72. The
met hod of claim60, wherein the layer ikagluding a matrix is a hole

transporting \l;vﬁéérg{?'k it 3}\%? JRARY, 9734 o"’}isnéuzg{ha‘f"ﬂfﬁr i?in?)t BEsot)%x?Eé}g- the

devi ce i ncl udes evi-cé"whérern "the €l ectron (ransporting rayer 1s

di sposed bet weEris D8, $60080,, 8k £Sd=NAE N0, 1, IPe () Alseor Agamsporting | ayer. 74,
The nmethod of claim 73, wherein providing the device includes a device with
an el ectron btasbief Yopnddyendapendaaty, is BevlHstasoaryh s p streighipor bagnehediha izt he

o ot £ SLABSA0N U B BfecaPule L5 DS Do il
bond, or at least one double bond and one triple bond, the hydrocarbon chain being
optionally substituted with one or more C4 alkyl, C,.4 alkenyl, C,.4 alkynyl, C;_4 alkoxy,
hydroxyl, halo, amino, nitro, cyano, Cs_s cycloalkyl, 3-5 membered heterocycloalkyl,
aryl, heteroaryl, C4 alkylcarbonyloxy, C,.4 alkyloxycarbonyl, C,4 alkylcarbonyl, or
formyl and the hydrocarbon chain being optionally interrupted by -O-, -S-, -N(R%)-, -
N(R%-C(0)-0-,

-0-C(0)-N(R?)-, -N(R*)-C(0)-N(R®)-, -O-C(0)-O-, -P(R)-, or -P(O)(R?)-; and
each of R*and R”, independently, is hydrogen, alkyl, alkenyl, alkynyl, alkoxy,
hydroxylalkyl, hydroxyl, or haloalkyl.

72.  The method of claim 60, wherein the layer including a matrix is a hole transporting

layer.

73.  The method of claim 72, wherein providing the device includes a device wherein
the electron transporting layer is disposed between the second electrode and the hole

transporting layer.

74.  The method of claim 73, wherein providing the device includes a device with an
electron blocking layer between the hole transporting layer and the electron transporting

layer.
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hol e bl ocki ng | ayer between the hole transporting |ayer and the el ectron
transporting layer. 76. The nethod of claim 73, wherein providing the

device includes a device with a hole and el ectron bl ocking | ayer between
the hole transporting layer and the electron transporting layer. 77. The

et hod of 61 ai 60 pheliel tﬁgewﬁgr%]'enc peGLqne BAROS {nmh?s'% @9@@@%3 at

| east one nateri a ect et frbm group “consi s ZnTe,
CdS, CdSeholeGibbkingHgser belgen tinghale trédsyortthbRayohlad® thefﬁleﬂ&on@‘ﬁhls podiy GaAs,
Gash, GaSe InN, InP, InAs, InSb, TIN, T1P, TIAs, TISb, PbS, PbSe, and
PbTe. 78.l1aFRe nethod of claim 77, wherein the sem conduct or nanocrystal s
further conprise an overcoating, the overcoating conprising at |east one
material selected from the group consisting of ZnS, ZnSe, ZnTe, CdS, CdSe,
CdTe, HgS76.HgSdhe pglhwd ofthim 73| Rherinfmovidingshe demipe iBaldeGadeyviccCa®ha GaSe,

I nN, I nP, I.NnAs nSb, . TIN, TIP,. T1As b, PbS. PbSe, a PbTe. 79. The
et hod of BRFanheRETORRIEPRPE et perft e %tfﬁfﬁsgﬁmm% S8t w8 E SBO ed by 't he
sem condughgy oﬂafgque\fst als. 80. The nethod of claim60, wherein light is
gener at ed vvlth a full wwdth at half max of 40 nmor |ess. 81. The nethod of
claim60, wherein light is generated with a full width at half max of 30 nm

or less. §2. Thge H}%ﬁb@%f%fauﬁ'@' Whﬁ@m tﬁ@?érﬁfc@ndﬂc%tnahécr ﬂ@%&h@ﬂsé’mt h an

external quantum efficiency of 1% or greater, out 1% 83. The

nmet hod of laa‘stainmnmmamaeﬁedlﬁbnght grmlp@enmtatgerf Zm'St Zn&e] ZaleeCdd) Cdfieant um
e o

efficiency o 30041,k Are 38N, AlP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, GaSe, InN,

InP, InAs, InSb, TIN, TIP, TlAs, TISb, PbS, PbSe, and PbTe.

78. The method of claim 77, 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, HgTe, AIN,
AlP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, GaSe, InN, InP, InAs, InSb, TIN, TIP, TlAs,
TISb, PbS, PbSe, and PbTe.

79.  The method of claim 60, wherein at least 10% of light emitted is emitted by the

semiconductor nanocrystals.

80.  The method of claim 60, wherein light is generated with a full width at half max

of 40 nm or less.

81. The method of claim 60, wherein light is generated with a full width at half max

of 30 nm or less.

82.  The method of claim 60, wherein light is generated with an external quantum

efficiency of 0.1% or greater, up to about 1%.

83.  The method of claim 60, wherein light is generated with an external quantum
efficiency of about 1.0%.
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