WO 03/ 054953 PCT/ US02/ 37760 SHAPED NANOCRYSTAL PARTI CLES AND METHODS FOR
MAKI NG THE SAME CROSS- REFERENCES TO RELATED APPLI CATIONS 5 [0001] This

appl i catiwo a®sdvased on U. S. Provisional Patent Applicati ®@TNG02/37760

60/ 335, 435, filed on Novenber 30, 2001. This U S. Provisional Patent
Application is herein incorporated by reference inits entirety for all
pur poses. STATEMENT AS TO RI GHTS TO | NVENTI ONS MADE UNDER 10 FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT [0002] The_invention described an

clai med her eSHAREDMNANQCGRYSTAL PARIJCLESANUMIEEHOPS W@Bm ted

St ates Departnent of Energy under_co éﬁ N&M% ACO3- 76SF000- 98 bet ween
the United States Depart nent I\Eé ) gents of the University of
California. The governnment has certain rights to the invention. 15
BACKGROUND OF THE | NVENTI ON [0003] The ability to systematically nanipul ate
the shapes of inor g%'ﬁr(g gﬁ R'I%“f) ABPRIMSTRYGeal of nodern
materials chemstry ape and size o i’norganr ¢ nanocrystal particles
control their wdely varyl ng el ectrical and optical properties. One 20
means of[0aeH]i evi ngTlsbapsgicatior rsdlasédsort HiSoBgividitwenl BsenbApplictiat No. t enpl ate to

exanp! 0,64 58- rm@‘%ﬂﬁﬁ%ﬁheﬁ@ L Bty Se Bfommsiore] Reeat Kep Rafon Bojeseis
epi taxy 195!01 tal ﬁc&&%fe?erfcgﬁ?lts dntirEy 8t all %L%;Qé@s.h’ 202:1-7  (1999)). Pyram dal

"dots" are there I's strain ween the grow ng crystallite and
t he epitaxial substrate, as in the growh of InAs on GaAs (Leon et al.

o0 ence, 2011908, el SRR ORI B AR S Pl

par tiipcl es have al sgppgren 19 Sp@Ns@ﬁmm@Emh@mempmﬂmqw d-solid
growth nmechani smin which a solid rod grows out of a supersaturated

dropl et has been used to create one-di nensional materials (Hu et al
Account s[0083] Cheni Ed inResisardskerited andslaiasi ierggoyas magdedn pag WhEaRe dsisi ed t o

the gro | 3 / ; q
medi gm (sppgﬁﬂéx{ﬁ@ %{%d%)wém en%a/g%?e??gﬁ%{’ L@Ei ?‘ﬁ%@}@%#ﬁ%ﬁ@ﬁ obt au!
Sci ence, 9@28etwddy/the hidd @%&Q)?arlﬁlwﬂ%ﬂ EMhEY endThesRegaap of thatabeysityalf
particles are useful, it would be desirable if  nanocrystal particles wth

ot her sHagdeminullee gwvermrensdas gestai 1ehts o B HIVERHGY i n furt her
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BACKGROUND OF THE INVENTION

[0003] The ability to systematically manipulate the shapes of inorganic nanocrystal
particles remains a goal of modern materials chemistry. The shape and size of inorganic
nanocrystal particles control their widely varying electrical and optical properties. One
20  means of achieving shape control is through the use of a static template to enhance the
growth rate of one crystallographic face over another. For example, two-dimensional films
are obtained when there is favorable epitaxy on a substrate (Cho, J. Cryst., Growth, 202:1-7
(1999)). Pyramidal “dots™ are obtained if there is strain between the growing crystallite and
the epitaxial substrate, as in the growth of InAs on GaAs (Leon et al., Science, 267:1966-~
25 1968 (1995)) and Ge on Si (Liu et al., Phys. Rev. Lett., 84:1958-1961 (2000)).
[0004] Anisotropic inorganic nanocrystal particles have also been grown in liquid
media. The vapor-liquid-solid growth mechanism in which a solid rod grows out of a
supersaturated droplet has been used to create one-dimensional materials (Hu et al., Accounts

of Chemical Research, 32:435-445 (1999)), and has been applied to the growth of (insoluble)



5 detail bel ow, conpl ex shaped nanocrystal particles such as tetrapods have
a nunber of features that nmake them nore desirabl e than nanocrystal rods
or spher ewofoons®esre applications. O her advantages of comgiTassosbeped
nanocrystal particles are described bel ow. SUMVARY OF THE | NVENTI ON [ 0006]

Enbodi nents of the invention are directed to shgg?ed nanocryg{tg{a par{i cles
and  10nanerdtlsdr afligridmrding rapenctrnoeesce: A10: batlr | Add 99 phEolpesial
nanocryst. pag-t.j £€ branched (e.g., in the formof tetrapods), or
can be ’?Cﬁ%%cﬁéfééirﬂlofwggg?@%ps or arrows. [0007] One enbodi ment of the

i nventi poosp di r echandletanisatrppio aeswrystal partivias grausehidnio eropst be dgsaebleel e, t he
process conprising:. (a)._ providing a re having a.first _ cryst structure
in a soP‘EROF’a’ﬁJEa?H CJ(eB)W“Ihd)rﬂﬁ‘?rﬁga%ﬁg Cavlﬁn%ég?%‘?ﬂ]i' rf% ‘F’I’l{)l?ﬁ ?’I?éalﬁ%(flgaéﬁﬁ]{ﬁrng a
secand 43, Ghae8 nhRod i8a1 Skt dsQlch ¥R JUsAGe RatOBEYSH al

par ?‘?cl ééglgpr%lré?@%%rﬁ%l%% oﬁ% InV sgs% ?onducst o?, Groﬁl?o ISI I -e\}/ sem conductor, a
met al , featlired thettmale themenoraldesicbleath@r pactystal/rodss pplewetive @R i ncl udi ng at

I [ el . el - d f
Lhe. or oBRPIERRPs QG G a0 78@ b1 amoleiat st TRBO0R) LANOLTIET LEABSCRRICSH t he

invention is directed to a process for formng 20 sem conductor
nanocrystal particles conpSUNVNARY UHE DHEANVENEION onduct or nanocr yst al
particle precursors into a mxture of surfactants capable of pronoting the
grow h of tetrapod shaped sem conductor pano | rmng

¢ &rytal I|;,articaﬁs; : dfé)
tet rapot0098hped sEmbodinarnis of the HyisBben ae diregsd 19 513824 WOSTYEIPEHENS 884 t he
nanogry tigl: J I ! , -V
ey Gon iiaiop PrghBFE RER GRS PhPIRs. Yhe BRIRSE SRR pofdcfisgh bt
seni congtmtitsd (egc it dienfyrratof keterpdd)ne oan dbem thie feine nfieardaor aitarowast one
G oup VI elenment selected fromthe gr.ou onsi.sting of O,.S, . Te, and Po.
[0009] Mher enfBSi mpgnt Of eI AYAUHPR 1fe§?e&ﬁ?8@?%cﬁsi%ff8nﬂléﬂg&crystaI
parti cl Sk bagné by i Sk hetihs 6 iéteivsadd at | east
an ari n%ﬁé%lhgh?%égﬁ géégsépgﬁblﬁgr\l}?r@‘%@glgg{)gnd Ogr l;gila st ru?t, ure, wherein
t he nanetuotsiedh apelutivn) addbhforingmsansar@raxtqnding 3o demgaze havieg 8sccotfoup 111-V

sem conductor, a netal, dielectric mater.li r -
ser’rilgonG{Yéfag?tr‘imtji‘&rledlaﬁﬁggoﬁ'}tfope‘gg?re@ﬁge %ﬁf}’sﬁ’lﬁ paerl%(eﬂr?é&r?g pglhégs %tb r(%ﬂéja:[svt one

G oup Viedl-eA@®Ror, SEMEBCEY sbiintihgog b eupalce tizlcstrlngatefial) or SGrdup, IIAAd Po. 2
WD 03/ 054953 PCT/ US02 37760 [0010] Another enbodi nent 8f the. i.nvention is
di r ect edemisondustariotivding ahlsestypse SiroupH efanaqné apd afp3sE PRY r%ilpc\%lr gemgRt | east a
first ar xt endi fromt he. : ast a second armextending
fromthé%@?‘i,ﬁo t@?g%uptc}ggs@téﬁégg(%@lﬁ%%f %?drrﬂé&a branch with respect to tﬁe
first 10008 Another embodiment of the invention is directed to a process for forming

2

20  semiconductor nanocrystal particles comprising: introducing semiconductor nanocrystal
particle precursors into a mixture of surfactants capable of promoting the growth of tetrapod
shaped semiconductor nanocrystal particles; and forming tetrapod shaped semiconductor
nanocrystal particles, wherein each of the nanocrystal particles comprises a Group IV
semiconductor, Group III-V selﬁiconductor, a metal, a dielectric material, or a Group II-VI

25  semiconductor including at least one Group II element and at least one Group VI element
selected from the group consisting of O, S, Te, and Po.

[0009] Another embodiment of the invention is directed to a nanocrystal particle
comprising: a core having a first crystal structure; and at least an arm extending from the core
having a second crystal structure, wherein the nanocrystal particle comprises a Group IV

30  semiconductor, Group -V semiconductor, a metal, a dielectric material, or a Group II-VI

semiconductor including at least one Group II element and at least one Group VI element

selected from the group consisting of O, S, Te, and Po.



arm and wherein the nanocrystal particle conprises a Goup IV

sem conductor, Goup I1l-V 5 sem conductor, a netal, a dielectric material,
or a G ouwolBaoM9ssem conductor including at | east one G @ap/usb2girenent and
at | east one Goup VI elenent selected fromthe group consisting of 0, S
Te, and Po. [0011] Another enbodi nent of the invention is directed to a

t et r apo0ddlaped Ancther gebalimpairdfithd mversivpris diregjed @ ahraeched iamerrystdli r st

crystal structure a first e ndi n the o econd,arm

ol ol BT SHPPIEnE g ehrS st St ikt A Rendine R ool SR8 5L
ar m ext gRdinch dif P MNRe EQeSwhHBRI1BE SechbR®arth Fo¥ins aR&ACGVitH Fspétt tpthd fik@ur t h
arns have a second crysta1 structure, wherein the first crystal structure

i s di ffameand wharein the nenewidal nartjcle edmptises 8 Cupen [\asemishedusiern, Grap LI

Cem onauraraRtclgr bt TlorRfe Rl p Groar e bttt ac ¥

sem congugionk GkSup Neletkind @nd@ht Ib&ashe Gﬁﬁlp@’pélﬁnéﬂt seleemmtonamt gadup east one
Goup VI elenent selected fromthe. G oup consisting of 0, S, Te, and Po.

[0012] ¢emsishag obRbddTerend Pef the invention is directed to a nanocrystal

part ! cl @Ogghpt he A%otrﬁ' er}*rgc?q' %eﬁ)tpot(tfle £ drﬁ{o@qgvdlr%?&{@e{"ﬁ fr étir ystal

particl ri ses sem con conduct or, a

met al , ﬁa@b@sﬁ%&ﬂ@le%ﬁ@ﬁsﬂg a %re&naﬁhgupﬁrttlcﬁﬂtal%&u&am a(‘msttmmthetndmlgudl ng
at Ieast one Goup Il elenment and at Ieast one G oup ﬁrrent sel ected

fr ol t hEomrtbeporehageand agn sxterdimgfromghe gorg; pHur 3@@11%{}6% &P ¥ ment  of
the inventl fcﬂrﬁl%nﬂ'e&ﬁeﬁ%i&% ftoqn ﬁw%% SR fhel RETRBnd SHAPSHATERALLNHRL 2l

particles conpri si sém conductor precursors and a m xture of
sur f act mantes secorfdoorpstal shokctute, mheranm the(ﬂr}t drpatatistrgctmenis differtiat! thpathe sedosd i n

t he solution, 25 V\,herel n t.he nanocrystal .particl.es e in the. form of
t ear dr oF¥sial SECTEGHRnd Fereih SediaRosT al Wé'i‘fg?: FQrapiages ﬁZﬁIPPB Egs?e‘@t?ﬁ’ﬁ?hfc%%r a

G oup | # rI'IICV %%ﬂﬁuct@ QuRetdl! 4 ddlcR rﬁﬁ@ﬁlélc&oi Gr&h IWI%Emtc%thc%xeCt ric

teria [-VI "sem conduct or i ncl udi ng | east one G oup I
eI elfent mahxdlr@t at ﬂ@amnedﬁmu@ibclpmhmt aaldabieast oge IC&QMIBHI ﬁlemmt $edectgdoingm the

consi st of Q, nd 30 [0014] Anot her enbodi nent of the

i nvent i gﬁoq\pscoﬂﬁlﬁté‘cgc%f(ﬁt%ﬁe ﬂfgf%vol tai c device conprising: a nanocrystal
particl pogeperi si AdoRer&hBodiMehitE tRe fivEssifonGE Wirbabd ol d ttiobifyetal pateicledd | east
an armextending fromthe core having a second crystal structure. 3 WO

03/ 054968 fpETA u@odzrpp; pr aoarrpwoYBireinibe haoceiisby cogtprisefea GFRE®AV] on i s
R e e LI
20  semiconductor including at least one Group II element and at least one Group VI element
selected from the Group consisting of O, S, Te, and Po. |
[0013] Another embodiment of the invention is directed to a process for forming
shaped nanocrystal particles comprising: (a) mixing semiconductor precursors and a mixture
of surfactants to form a solution; and (b) forming nanocrystal particles in the solution,
25  wherein the nanocrystal particles are in the form of teardrops or arrows, and wherein the
nanocrystal particles comprise a Group IV semiconductor, Group III-V semiconductor, a
metal, a dielectric material, or a Group II-VI semiconductor including at least one Group II
element and at least one Group VI element selected from the Group consisting of O, S, Te,
and Po.
30 [0014] Another embodiment of the invention is directed to a photovoltaic device
comprising: a nanocrystal particle comprising a core having a first crystatl structure, and

at least an arm extending from the core having a second crystal structure.



structure, a first armextending fromthe core, a second arm extending from
the core, a third armextending fromthe core, and a fourth arm extendi ng
fromthe woreg/os4aherein the first, 5 second, third, and fowmrcTlusazsgehave a
Ze]?]?nd crystal structure, and wherein the first crystal structure is
ifferent than the second crystal structure. [001 These aci d, ot her

enbodi mE¥H8] of t hénoHige pmpedimeptoifhe BVeRRn s rﬁhrﬁerﬁg lﬂeﬁ‘ PE@P&&FaIC $%w. BRI EF

CiTo. t ot YR (UBTAI rT & e e R Somp S ocky BEAREE ERERAT 01 2

for a seffictweos fitsehrmapoesding dvhmihe corpasaibhé aan axterdigg iom thetcodti & thardent

di ameters. [0019] .FIG 2(b mb | ab i
R R G SRl e i g RS L i R
| engt hs oo 1nq [{B0E Uhafb&th %@s)ha?t@ QWS SRR hGtulel htBihérkinORe @fst 8ryls@ r apod

according to an _ enbodinent of the invention. [0021] FIG 3(b) shows a
schemat strudtire usdiffeténs thapfthasdspadhetystdl statctwipod according to an enbodi ment

of the invention. [.0022] EIG ). sho a.schematic il. r At qan .
"nor gant@I8Enar | rabeead g og g ahis S GrtRe® M ALk B 10055
FIGS. 4¢ghwA(c) show schematic 3-dinensional illustrations of how a
branched ht ((atrapod is formed. [0024] FIG 5 shows a transm ssion el ectron
m crograp TEM of nanocryst al articles made usin 0% HPA in TOPO.
Ar r ow shaped nanodrystaBRbé? EWQFOWED%W]@&@] FI Gs. 6(a)-6(e)
sho;lv transm ssion el ectron mcrographs (TEMs) of nanocrystal particles
progycedogisi ng 60 pi@! £RGER b M}Af Highidi@sad ut i on TEM (HRTEM

i mages i%om)the stagessof garA%WF{zuéé?rom FI% 6(b))1§pencil to (FIG 6(c))
narrow [@018pw to FEGR(affluys quiserablt opicad bagpeptianaspodira B alsepesrafitetapeds | n

FI G 6(5),_ a pi ne-tlree haped nﬁ%%w&%tal i s al so shown | ooki ng down the
[ﬁOl] df AUBE COMPYEP “1%Hg® g put BMEKL act eri zati on shows that each
shape ofipi@nocr ystead. 1) RIEHTHabR oy it abddrbton sHR6ird Rtta sbhes ofabedpeds f acet s
of the arro ar e@?ﬁe (a(}l) faces. A(f%\}\o 83/ 6%49115%’%&/ USOSZI 370760 I1[60026]
FIG 7 $hong campardbivensidaatterselprtesireatleagthshowi ng the rel ationship

bet yeen éﬂ%li}ﬁ \gu ;;[ ﬁt&g}@ﬂ %xlﬁgagscﬁ!er%thceillﬁgt%{ﬁ)tnuorf%%travp%rdta%&;[rging%(? aﬁA‘BAB

St a I N
embodiment of the invention.

[0021] FIG. 3(b) shows a schematic illustration of a branched tetrapod according to
an embodiment of the invention.
[0022] FIG. 3(c) shows a schematic illustration of an inorganic dendrimer acco;ding
20  to an embodiment of the invention.
[0023] FIGS. 4(a)-4(c) show schematic 3-dimensional illustrations of how a branched
tetrapod is formed.
[0024] FIG. 5 shows a transmission electron micro graph (TEM) of nanocrystal
particles made using 60% HPA in TOPO. Arrow-shaped nanocrystal particles are shown.
25  [0025] FIGS. 6(a)-6(¢) show transmission electron micrographs (TEMs) of
nanocrystal particles produced using 60 mole % HPA (FIG. 6(a)). High resolution TEM
(HRTEM) images show the stages of growth from (FIG. 6(b)) pencil to (FIG. 6(c)) narrow
arrow to (FIG. 6(d)) pine-tree shaped nanocrystal particles. In FIG. 6(e), a pine-tree shaped
nanocrystal is also shown looking down the [001] direction (or long axis). HRTEM
30 characterization shows that each shape of nanocrystal is predominately wurtzite, and that the

angled facets of the arrows are the (101) faces.



ABCABC st acking. The (111) face of zinc blende and the (001) face of
wurtzite both have planes alternately conposed of Cd and Se atons. The two
struct ur ewoas®s496s ated by a stacking 5 fault. [0027] FI GBCTA(Sa)/3B6€) show
transm ssion el ectron mcrographs (TEMs) of (FIG 8(a)) typical teardrop
shaped nanocrystal particles. A high resolution TEM (HRTEM. i ma FI G
8(b)) dRGH the vﬁlﬁf 7ishews p 2fipgnsionsd reprgsentation shaygp. &}eég%a‘?%‘ﬂlgﬁet%’%%ed.
FIG 8( : HRTEM BERRABAB MHAT: Rhil in@BleAdélhds! Onal

i nj ect itg%@ﬁ%v\\égargdr g)lmnﬁﬂgl&lrilé@%%_ng%sf ﬁwt gl@e(c%%l) ands_( 00 flacelg. 'Ie'he center of
this paptabe disckindCritd @Mdeftdosiihdbleddeand tBO28I1) FhdsDf vafreite Dot havbow hi gh

resolution transm ssion electron m croscg{pe (HRTEM i mages of tetrapod
nanocr yares aliemately exspospdpf Od and Seaipgsa Tihg pve sfrugtutes aproglated s adeice
nanQcry, ﬁl@l particle, |ooking down the [001] direction of one arm Lattice
spacin &onfirmthat all four arns are of the wurtzite structure. FIG

9(b) sﬁouﬁ]a Ej et lrFBILHSd80a5~8'(¢)®h%\lva&ngh'fs@i?heﬁcgbmwiiaggmlphs (PENs)odf (BHB. bTherﬁ
are zinc blende | ayers near the ends of the . origina t he branches
are wurf(@ teiegl ttffﬂrééﬁéh@eéélﬁilwyﬁ@lﬂa%@es[ GAOQ’@]Q‘ rPS\% UOPC)’FI‘;@@D&ME%%

nodel i it s”&fé%\ } ick f nces

bet wee?fhﬁgﬁ?aé@?&/gﬁg%ge S?rgg%g. h’fc ﬁ%ﬂﬁ%ﬁfﬁe][a?égﬁ%% E&afl%)drr'sg?%):ve only
one dangibiveg HRINEM intigk @f @ natideeyst00&hich atier, anGalditiomabinjeetien shoveegra@itigdn ng

20 bonds that need to be passivated. t[do_OBO] FIG 11 shows a 2-di nensi onal
r eplile s dnitlathied A0 Hreodi(AQL x facess tliha centeeofghisparticds isgitscblerdedn fifuetBic. i s t he zinc

bl ende cture,_w Lte . arng i . 3 four (111)
equi val @héﬁf aces.FI%#’ ggw:ab;( Sélﬁ&/&%%’h Wsﬁla%%g?%%&g?ﬁﬁ (e:%?n%r}b&f(l)cﬁ?gcgﬁet he page

t owar dS(Hﬂ‘EM?ﬁH es of &tﬁa?@@ﬁzlnoﬁh@tal bartisleeWSIG. ren)sshoss iaappiesleetrapor

m cr ogr aphs EMs) of CdTe tetraf(),ods grown under various reacti.on

condi t i sbaped Cd¥smnopystal patiskolpekmngewartheoPPd] deeqtiopadone 5n-abtE8° f r om t he

same synt hesi s ] Lvel Yaraf S
carri e&pgﬂpg%forglﬁ@%gggdgp%gl} @%{‘g{)&%: %; ) Qgﬁdtﬂ%f Bj?tI Go P% erié/nﬂt%& / ODPA
ratipos thit Qas@*ﬂﬁmﬂié@%rowﬁig §100333chRirfs. Théreshrewimcdldndpilaers povwterenis phipe
diffraction (XRD) of a CdTe tetrapod .sanple (pon-vertical line with
peaks) . origieal gmk andihe PagicBenars Wurd e rSPEietSEaCP’élgafF‘@BS' shown (vertical

lines). [O%ZMD 03/ 0?1%95% sﬁ% UPARhAd ARQel TN LER rReRtFithehire
demonstrating the differences between the (001) and (OOi) faces. On the (001) face, Cd

atoms have only one dangling bond, while on the (OOi) face, Cd atoms have three dangling

20  bonds that need to be passivated.
[0030] FIG. 11 shows a 2-dimensional representation showing the structure of a
tetrapod. The nuclei is the zinc blende structure, with wurtzite arms growing out of each of
the four (111) equivalent faces. Three are shown, with the fourth coming out of the page
towards the reader.

25  [0031] FIG. 12 shows transmission electron micrographs (TEMs) of CdTe tetrapods
grown under various reaction conditions.
[0032] FIG. 13 shows TEMs of CdTe tetrapods extracted from the same synthesis at 1
and at 5 minutes, respectively, for two syntheses carried out at the same Cd/Te ratio (5: 1), but
at two different Cd/ODPA ratios (1:2 and 1:5).

30  [0033] FIG. 14 shows a typical powder X-ray diffraction (XRD) of a CdTe tetrapod
sample (non-vertical line with peaks). The bulk XRD pattern of CdTe wurtzite is also shown

(vertical lines).



[0034] In enbodinments of the invention, the shapes of coll oidal

sem conduct or nanocrystal particles can be systematically varied using the
t her mal dwooaps®ssi on of organonetallic precursors in a reT/usOXsUEE Of
surfactants. The hot m xture of surfactants may 5 conprise, for exanple,

trioctyl phosphi ne oxi de (TOP Fs.gﬁ p@t onic acid. As in the
growth of spherical CdSe nan(?_i? &ﬁﬁ %%ﬂc{&m hot trioctyl phosphine
oxi de, the surfactants dynam cally adsorb to the growing crystallites,

al I owi ngoes4pns t o IRdahbadigheatdBMEECinvedtton, tHeGhadswstalldidali seynicohii@oenabl es
the growmng crystallites to anneal, resulting_ in good crystallinity, while

suppr es SARRSTYHH PREIces 38 be gutiematically vRoeBEIng s thamebdeconos il particl e

growt h g . of
The " nan S OFRRIL SRods Y BDEhodhid BELP L facu il ATt St AU TRAC
concént cainpfise, féi exlaoylsynrisusdphasphitie pkidat(TORO) @ad wa hikyighoegtiong it uAsin and
smal | nanocrystal particles can dissolvye at the expense of |arger ones.

Such sl &% Feui of PhraraliCsits nanospytal paEiciesdn bet BrcyirhesrpnePXide s ar ti cl e
: ( . _ .
shape ( 'suﬁactm#t?&yﬂ%ﬁﬂ@ﬁ{%ﬁ%@?bttﬁ gﬁeé %ﬁ%?lh&% ﬂ%vﬂh%%to’nﬁ 18 al@¥%nd fdfract

m nim zes surface area noner concentration,
rel ati vdordiigl eryetatizstyb dthiesmablek éheggrowitty arpttallitesfio dinfeb resitifgdogsodan | ead

to ani sotr%@i'ic shapes. Using control m%.chanisrrs such as this, the present
i nvent oY SHEMEYa ™ WH@RIP%I@@EQ‘%‘? PEERSANY™ t he controll ed formation of

nanggryd@s) par t i @udsroftbd RardoslystPphtticleens WHhOMn RPShPSH PiBBeREFactors0036] As
used herein, "nanocrystal particles" can refer to crystalline particles

t hat 20 Fonoxamnle, thagroveh enadlie oé i nano¢rysiel partaelesermhe controledh estdg ther sone
enbodi nents of the ,ijaventj,on, the nanocrystal rt.i.cl es. have .t or
mor e di Heontheorrarae AUSY mindRRT . R RnER I ROl
br anchegafehptilpaktledih disbes abihe @kpRE of Rir G Bhes. 3 d|0%e Blosvtl Eoriditons

i nvention can have arns that have aspect ratios greater than about 1. In

ot her el ithrelormatiamel asnhsriesd Ratigleshappdet thanangerygiabnaricles want tafemm 5,
and,kn . . t.C1: 1 e ar ns
oy e FEAS SRR AL AL P AR i S ittt
enbodi meglhtive differentst treneesn the growtk xaepbdiatiffeteat faagrahnieddtoanisotrepiasihpes.our
arnms, the_ core can have a di aneter from about 3 to abqut 4 nanoneters, and

each ar MsiRggPIHQlmeshanisgt FchAs this MeAFEIFnt MVEHORSIRN SHMORHHLC SWTISIBEY  and
crer, O S SIS0 o TAPYE L8y S L
di mensi ¢e@36]1 n enbodised hewinf‘narveryistal paticles’ canrefmamoystplinglpartiplestthatl es may
e SO, CLB a0 O ROV 8 e, 0 RaLun e o002 The Panger ot
ggtni Eg' iijré\gelélﬁi&%rtgé:ﬁ%noc%w Shitieles Gty Ha¥b bbo oPRErd BaRANLAAhaPLe RAE tHaBSbo@nd
100 nanometers. For example, the branched nanocrystal particles according to some
embodiments of the invention can have arms that have aspect ratios greater than about 1. In
other embodiments, the arms can have aspect ratios greater than about 5, and in some cases,
25  greater than about 10, etc. The widths of the arms may be less than about 200, 100, and even
50 nanometers in some embodiments. For instance, in an exemplary tetrapod with a core and
four arms, the core can have a diameter from about 3 to about 4 nanometers, and each arm
can have a length of from about 4 to about 50, 100, 200, 500, and even greater than about
1000 nanometers. Of course, the tetrapods and other nanocrystal particles described herein
30 can have other suitable dimensions. In embodiments of the invention, the nanocrystal
particles may be single crystalline or polycrystalline in nature.

[0037] The nanocrystal particles according to embodiments of the invention can have

unique optical, electrical, magnetic, catalytic, and mechanical properties, and can be used in a



WO 03/ 054953 PCT/ US02/ 37760 nunber of suitable end applications. They can
be used, for exanple, as fillers in conposite materials, as catalysts, as
functi onavoaBes®at s in optical devices, as functional el ePemtE02/87760

phot ovol tai ¢ devices (e.g., solar cells), as functional elenents in

el ectrical, deyice etc. .[0038].]. Branched nanocrystal...particles.5 [0039]
Snowf | dkwEbes pEsyiaple sndiagplieationy s ‘?saf@PEr@dnﬁﬁ"Pﬁosétehi gh
degr ee Qf:hrR@NENLRGystsT BEAREAREN EREATs 18 BEMCA UYSES), 8s fulicGbitl ERn@haWAN far
fromequilibrium “at high supersaturation levels of water. Higher levels
of conpptevoltazrdesizentean, s cglonanncizmahelemysts an sleetxigalrdaxites ofegi ons of
different tenperature and partial pressure of water as they fall, changing

the rel atihye gro r at,e ft i ent crystall ographic facets. 10
[ 0040] @Ibkg snovwvf'ggrgg?heé 00 |r?r§%1?dsahﬁ)‘$ést he invention can exhibit

pol ytypism or the existence of two or nore crystal structures in

di f fser efoo3glomai nsSfwildkes s@refaniilysteahmpleRowHiohpd sriidda forbredewithl ohighd t o

produce_branched i norgani c napostructures . in control l.ed.. way....Fr.equently,
pol yt ypiegrastfpeanghing. gm’&rbéal%? g RFSAOK chstal lsfdi%‘f ,gf%vzlil éeﬁ(%fcgn B‘éﬁ}l&é‘ﬂfﬁe f or
br anchi ng. | Dhe 1l | ; e are
Few ex e L o L B e o

st r uct usmesy. cryitels experienat sagidns wi diffarpit éempdratunmahd] partial gregewaioh water @s  of

different c¢rystal .facets of a sqlid as .a f.unctjon of tinme. .However, new
met hodsthf%?al%f;]é%’&“% GF%BVWPWBH@E%@?%‘&HQ%# ‘frp'ﬁtﬁlé%greﬁﬁﬁ 35851 - cont rol | ed
Si ZgS apd40F hapresL {8 sHow1NRR S odiOstS of fHeSkvontioR dart 85Ik pOIyBisAL ok @ S

that cah be adapted to formunique nanocrystal particles. [ 0041] The
t ool s cemistbeceldédio dumongctyktel ftoctraies iordi¢rentdoseainseidhe prang ¢1ostas to pronote

the stafiljty of certaj hase over .anot her .an he f i;on of
one cr ?lé{‘ypéﬁh%aélat%?\/eéﬁpbl%ﬁggﬂlg Pce%?ﬁa%‘*beaé%?f %mgn%%o\?ﬁg%g%etrstlﬁﬁi‘:‘%‘[@%dgener ate
artificia). FRALEAR BolyBPRSIFudaired Bired édinmeetiyerl ficel, Whitksis destdblerfanches
and interconnections. [0042] Polytypismis generally prevalent in_open,

t et r ahetendhing. borevasenonabmagrescogisdRoramic s8ysih gEV B clharerara W sramle®loup

[V, 115V and .| |.- VI ni of.S. . e | i I
one % ypl¥ sPREISHE AT RN Dot fhb RGeS PTRES RO, oI 42 071 Y
bui | di nghobliatks geieh adteedryktferent gyskicheds of ngdid @nducamrdfsiect. dlowererof al |
chairs (cubic or zinc bl ende case) or are m xtur.es g‘; chai EP? and boats

( hexagoh@ msthag i?rzﬁfﬁléamgd%@}??mffﬁé“%ﬁffﬁt"é P&Wc?kﬁé&lﬁbw eonfolifdistres andyi ffer
only b ys}%lpg% %é‘s?,%ﬂ%s,r}s ) %ﬁﬁis,%ﬁ%ﬂp&g gfoi(flf@e 391s et Thn h@G@IpPdb oM usidheé C

crystal e material's are atom y identical to the (0001) facets
of the hewagetahpamsiclesct ure. These identical facets allow a nanocrystal

pathd c! [e00t4?] start The7 tools can be used during the formation of nanocrystal particles to promote

the stability of a certain phase over another and hence the formation of one crystal phase over

another. This creates a new opportunity to generate artificial inorganic nanostructures with

delibelrately designed branches and interconnections.

[0042] Polytypism is generally prevalent in open, tetrahedrally bonded structures such
25  asthose occurring in the Group IV, III-V and II-VI semiconductors. In those

semiconductors, there is only one type of chemical bond with local tetrahedral geometry.

The tetrahedral building blocks are arranged in puckered rings, are comprised either of all

chairs (cubic or zinc blende case) or are mixtures of chairs and boats (hexagonal or wurtzite

case). The cubic and hexagonal structures differ only by their second nearest neighbor. The
30 ' +{111} facets of the cubic crystal of these materials are atomically identical to the +(0001)

facets of the hexagonal structure. These identical facets allow a nanocrystal particle to start



WO 03/ 054953 PCT/ US02/ 37760 growing with one type of crystal structure
(e.g., a cubic crystal structure) and then transition to forma second
type of cwoaBab49siructure (e.g., a hexagonal crystal struecaresp2/3776043]
Wil e the nanocrystal particles of enbodinents of the invention can have
any suitahle r’ggt erial, CdTe.is ‘-“1p rticul rI s |h§bl e canﬂlggatt esuot erial

for conBioBYP@Y B8R MRS crysial phpctutedege @ ¢ture) apd n
appr opr z ite structures.
The ene?ogffﬁaﬁ‘%?ée%ntg%é %ﬁ{r&ﬁ%ﬁsh@?ﬁ%@ﬁé&e n%g&gggﬁ?v\gfytsgmt ein he bul kK can be

| ar ger {0043] 10 meWlpkrthanamctystal phdicles of embv@h@ntSqu tlyy invergionpan hpvnany

structure such iL.ch rarely show i,Ssm

cont r ast™ ah% tﬁ’f‘%l’ Qd?‘éﬁﬁ a@a@f@ﬂg{%;t@%le g’ﬁatgém(tﬂg}ig?ﬁfs 02}{% e%%%ﬁ?hl%ﬁ nost

i ndiscr irﬁlsri@B&JaMsé thiskR4tBris as as aﬂh‘@pﬂizﬁe aﬂer%;a @irfiyent® beividen iz8R0Rerdk 200! Y a
fewneV. In CdTe, this value is about 7 neV/atom offerlngqthe possibility

to cont mrtzmstmoptpcs rﬂhnﬁr@rga@ffmncer bet@gaezing hlendemdwensiss aitheprlscture s
t bI th
![ grr{)leP Zb%f tﬁDr\A];O ptef:’: %tomggogl %%emgss)é\;\“niﬁ% yoc% %egn &?Ltslgfucléﬁ{l&ﬁ&ﬁggulckg i on

occurs Bf) Gdre, 61LDLO), @\ﬂﬂdil&feljabl&&@polmismthlmghasm moésaichgionesthutiucess nay
favor the growth of a hexagonal .crystal structure. In 15 enbodi nents of the

i nvent i 8ifh %Sﬂ@seﬁﬁér%@ apwehmfé@%&%@ﬁd@rmbeﬁh&}h@*@@y&ﬁ%ﬁn Ei¥&Ctures in a
particu e n
15rrli=3 /a?gfﬁﬁré%%% t% % mng\/?dttgén%sa%u@t %lt%%gg\{é/%gﬁggl Efﬁﬁ% Jft}fr%es can be
creat edpoa{sﬂﬁﬂ‘@]to Eomtrd]:(ﬂ%g/tﬁ:nsinomdre eagiigt dniCall’s, the bublher}gtad)santmtmﬁ i§ he
nanocrystal .particle kes place at te re er than
about ZW@I?%YI@F‘?é a%%fg%meé’tex%goélﬁ ‘Eréigfblft atig %F?é&‘ %H%ﬁlﬁﬁlr ation
and/ or %ﬁﬁﬁpﬁleor?&u@sﬁﬂﬁ&ﬁ%ﬁ’ﬂéatfoﬂ%cﬂ% HBRabiclerystd1PRadeNvear owt h of
a hexagongl wurtzite structure can be favored over a cubic zinc bl ende
st ruct utlmugh ptdcessmgnumdrtmtne athytfatr thhgroptioofsbénagonad mtaésm@sfenély vary
dependi n artlcula nmat er . al ced These su fac

ol bul E9valEeel bty bedites e BRSSPt R i d gt vl WA R a ¢
t he C- ayhSicOfar BAKAAPRPreBABBLIYSthal 2BAEV /a€dn@Jess EhdrS1 Sthéatont ak ﬂd@@than 10

considerably 25 reducés the growh rate of these facets, which have no
equi val mﬂV/atnmméh@imﬂsdm@rsmqtuﬁeécanhmerﬁatedn the presence of phosphonic

aci d, yst al cI e uch n eate
zi nc bl z‘%@ and gFg % %le%taﬁélg’g%: eg% &g{gﬁh?haﬂ&%ﬁ% % ﬁl?%e\r}g%tsor S
denonst pake at High f&lﬁi{e@ﬁu&b od.g, gbeatehaﬁmabomtm%wgrfoycem and;rortaea bl Ishaped
nanocrystal particles based upon this schene. 30 [0045]

enmb8Qi mEmnemep EREERIEIifg andipaiin 1@@68@5@? He Sa'afa&@{l@aafd?m%l@teé é% aﬁntﬂ‘& al | ow
for t he H%tf' egxégonglr Jata d%sstt p@é&'ﬁ%' f@%r@&‘ﬁ@ed‘aa‘scu%f’ctilﬁcpﬁ’lgﬁde QhRAds

trlpods ranc lnorganlc dendrimers. Processing
condi ti ¢inss walershwdatijtiube pd)ces’sngethmperadlremay vary depending upon the particular

material produced.) These surfactant molecules are known to selectively stabilize the facets
perpendicular to the c-axis of hexagonal nanocrystal particles. This stabilization considerably

25  reduces the growth rate of these facets, which have no equivalent in the cubic structure.

Thus, in the presence of phosphonic acid, nanocrystal particles such as CdTe nanocrystal
particles nucleate zinc blende and grow in the wurtzite phase. Here, the present inventors
demonstrate the reproducible synthesis, in high yield, of tetrapod shaped nanocrystal particles
based upon this scheme.

30 [0045] In some embodiments, processing conditions can be adjusted or selected to
allow for the formation of nanocrystal particles such as tetrapods, bipods, tripods, branched
tetrapods, and inorganic dendrimers. Processing conditions can be adjusted or selected to
favor the growth of one crystal structure over another to grow cores or arms as desired. For

example, for compound semiconductors such as CdSe and CdTe, low reaction temperatures

8



favor the growth of one crystal structure over another to grow cores or
arns as desired. For exanple, for conmpound sem conductors such as CdSe and
CdTe, | owpaawos49eh tenperatures 8 WO 03/ 054953 PCT/ US02/ 3PCasot/aner t he
formation of a cubic crystal structure, while higher reaction tenperatures
favor the formation of a hexagonal crystal structure, Low non

concentaver therformatipgrofiarrabicoi el HHCtugs. While higher Fsagien femperaiues, faé(or Wi1e
hi gh f Ifo |
M on TR, SERGEMOAN BDRal' @Y rd o BIoRBRELLbrREniParioR FABP Rl ofthatRn

arane suc se can be manipulated to favor the growth
5 of oREachscalstad btiutine hily Bighamatoner coentretcnsgier thy foeedomef ondi ti ons

can be selected sqo that they are fav bIet the.f f‘ e utBIC
cryst all eé%ﬁoéa]ﬁY%ﬁW@urW%m?tﬁ@fugﬁ?ﬁ £5¢ 38, ﬁﬂ%@?ﬁcg& 5 av?’h&y Ee
faver a%!fg %glygﬂaf nfu]%ﬁg@f) é%vrhngfhepW%blecgﬁb%@ingadoﬂﬂﬁﬁ)hyGérkllﬁe%‘eleoéﬁi sowi | | be

expl ai ne usi ng such mef pol ytypic nanocrystal
parti clies tiegrrdévofabiatedhe mpﬁom&]‘ a mm@clryatpb@rg ﬁtﬁlpfé@l‘enzﬂp@@f P@I gnbearticle

10 di t t d h
2 71 ne Atustreo Gt ey aa Arapifp e rpphdhy Sl Gt ANy Rrlctis. AT B2
wur t zi Rﬁll@e@xﬁrﬂfr%}lg &ﬁtﬁﬂbelowﬁﬁhg sﬂ&(lﬂéthbcﬁkﬁl olySypieharioonised pwitictes thebe ( 0001

) facet 16 t he expl oded view of one arm 14(a) illustrates the
i denti dedmedat ure of the (111) zinc blende (ZB) and (0001 ) wirtzite (V)

fac ts he corg e a 155 V. £ ecul es
er dBery bihireod EeRd Flios A FARERG0 frbraR ORI AGk IR,

S uggeS ti8¢kntiBn i @olvindH FeG( f afid Kdsar Zlﬁcybleﬁ)dﬁ aore W whthcfotis: firlé } Shoevenl 8 O&Célr ed) to

inhibit growh on these facets. Hi gh-resolution TEM anal ysi s vvoul_d further

cl ar i f yrojeetirphapertziaf artchb4H(a)y Bi)nLA(E)s d4(Atkat intermispiedivitl Beieti08L Dons

bet th he t d 0 T

or ancndacchd ol b2 3 Bstirofen et & GRERR A T by A BaaaiinodTe
bramhedg’iiﬂ%‘ﬁ& ¥RAAL (A9 hlacl ooy GRARI(NS) B6kks Hpﬂl@rcbl%landﬁﬁé a@anpl e, the

particle conpri e Sem c as conpound sem conduct ors.
Suitsabl @spcetvElR UPIthspReiic acid wedlendesi Memduv@y bingl tb |tha/late$@rfa@e@m@ﬁ1b@ Fufii@)s

d h Mg T Te.. SIS, SIS Bas,
oo,  Dbtor s sHkesiodiTe e, (OGIaRy. Lo Ges TEWBWITIYRS ot her
sui tabllgh@gpa@don%ﬁgge &»gy%%meédlﬁﬁmﬁ%n A\jaunyvddw fiitRelacionthechares such

as &As InP, I nSb and Al Sb. The use
of G ourf thi/cuariadasat dheretaioh orsnigtenshetwieandhe §am91¥§@ﬁnﬁr9§/thﬁlt%t8lpl§é

feasi bl e under certain iti ther e . dihcl es may
conpri s047] di eI {t]i“?l’(ghrfg‘{kgrqng%‘ir&mmbﬁ P@OCQ%%QBERQH% af)% %}gc material that
ca 820ex hidpiit hé?@ih}’tth)é Bkaﬁﬁhecﬁﬂifﬁ)crﬁﬁll phigicRyalhyasmipéise My m@eriahgEorAuampld, Pt, Co
and others may al so exhibit a/typl sm and can

the particles may comprise semlcon uctors such as compound semiconductors. Suitable

compound semiconductors include Group 1I-V1 semiconducting compounds such as MgS,

MgSe, MgTe, CaS, CaSe, CaTe, StS, SrSe, SrTe, BaS, BaSe, BaTe, ZnS, ZnSe, ZnTe, CdS,

CdSe, CdTe, HgS, HgSe, and HgTe. Other suitable compound semiconductors include

25  Group III-V semiconductors such as GaAs, GaP, GaAs-P, GaSb, InAs, InP, InSb, AlAs, AlP,

and AlSb. The use of Group IV semiconductors such as germanium or silicon may also be

feasible under certain conditions. In other embodiments, the particles may comprise a

dielectric material such as SiC, SiN or any other material that can exhibit polytypism. Some

metals such as Fe, Ni, Cu, Ag, Au, Pd, Pt, Co and others may also exhibit polytypism and can

30  be used in embodiments of the invention.



30 be used in enbodi nents of the invention. 9 WO 03/054953 PCT/ US02/ 37760
[0048] A. Methods For Form ng Branched Nanocrystal Particles [0049]
Enbodi mrerv® 0afos498% i nvention include nethods of form ng bramalsezi37760
nanocrystal particles. In one enbodi ment, the nmethod conprises formng a
core having a first crystal structure in_a sol uti}%g@%}The core may have a

cubi ¢ dPYdflal st rAvcMatleods & og FormingiBsanahed Napeayslely P£) or any other

suitable crystal structure. Then, one or nore arnms can form fromthe core,

si mul t gggas! y OrErﬁﬁ&d{ﬁfghfs%lfi;We inVEIBioA RS udB il o ofrhRbaRincBEy, St al
structures” than the core. If a tetrapod is forned, the tetrapod may have

first, mecaystal faniicles. andefeoibotimengrthe metwdivomiprifesaforainggoivas hainse al

structure extending fromthe core. [0050] The e rs. used to
formt Stb"rréiﬁﬁe:lﬁg‘a? Halfott @EOé’I' r"‘tc’['eclin%%11&“’1.6(?l %‘tgge‘ﬁiﬂgfnﬁ Cgﬁ%[[a%) i %al}dgr
nangc I Ysibide sRabtitelofant BthlestiRbRIystdRrEONR. eMHeadbnERitiSoretahes cq emr sor s
used to synthesizé the nanocrystal ﬁ)al’tl cles include Goup II, _IIl, 1V, V,

and/ or fwbm tesrire shdutansougly et saquentinllyFdhe axases hayqdisierad prvstat Srisfurehe
i nventi

compourtia S ehindne Lorved i RESEHAR, Blraflhhs hE% RESeiphlpofic LR iButh -

Pr eCur SgmsC&h ifhi 418X g6XD uiystal stilinak eg@ndiag Mongthercesaur sor and at | east 15
one precursor containing a G oup VI elenent, or E\%p:)recursor1 contlai ni ng both
a G oupl00F0land a Tl tynps of prequssasnusedte fsanibe benshed RERRYHH! PAHE!SShvent i on,

, N | h . . . q
cerConirterEhn TR Banad iRl R M0, S R Bkl R o

cont ai {)Blﬂglré?orﬁlwdﬁo Isiyhthediesmbe hanugysidl phedds incled pGeopriE diL, 86N aindiaig/Ta

G oup V elenent, or a precursor containing bot hf ﬁ Groutﬁ 11 and %toGr oup V
el enent SeniEQPERCODPIERBIFHTSa EPT E’Faé%ﬁPéBregl,bog’g'?q“gsc‘? ARe mventiof. sHPRRISTan be
found iﬂanggsﬁtgfg%rgéﬁ%%hﬁﬁdfi% 2808V IathpBuRP fnfidbndul bR 28n be the rBRJiGAL S are

herein inc yre ence'in their entirety for all purposes.
[0051] pibdeatotpt ladt ole peavinsonchrttiving pdiovp Ysimatal gantaiiigedseaFser fpd pideast

synt hesized, a Goup.lll precuyrsor, such _as el enental ; any

conﬁounﬁfl%ﬁ‘f“é?%cﬁ’@tag“@ 66%01119 W clsmepf, 8%%?%68\‘1{50%%05]@112@ gg% @a‘il‘ ?‘fo@lalll £ ?& Pnil

sal t, ofrd Vi elgdbdt. 08 ofher e@bodintialsidAehe i@verion] esHondivoyr Metdkystar bon

trialkyls) can be reacted directly with an arseni cb &hosph,or us, . or antinony
&

sour ce partibieahlchmdsigfeGrcptpdé]pHi qngpognd gqrmig@@ptogﬁara kipe rg@célioH @_’mdﬁ"ﬁ ine or
an ol ovliEaanE BrULY epiintis s SRURT R R dhd 5 19 She BB chibontdigabnase &t
GaBr3, Gahp v eRfnbat, ok ABebursdr Cd:daintay(Ude) 8 Gréda( HI yd] a Gaqupuy $lenwant.30ttehe
i ke. Repreésentative arsenic, phosphorus and_sel enb ' %%%gﬁgss' éi}%l fb%e AsH3,
PH320 Segigmplary precursors, surfactants, and solvents can be found in U. ,225,
and 6,306,736. These U.S. Patents are herein incorporated by reference in their entirety for
all purposes.
[0051] If Group III-V semiconductor nanocrystal particles are to be synthesized, a
Group III precursor, such as elemental Ga, In, Al, or any compound containing a Group III
25  precursor, such as a Galll salt, InIII salt, or AlIII salt (e.g., of a halide, or corresponding
metal-carbon trialkyls) can be reacted directly with an arsenic, phosphorus, or antimony
source such as arsine, phosphine, or stibine; an alkyl arsine, phosphine or stibine; or an alkyl
silyl arsine, phosphine or stibine in liquid phase at an elevated temperature. Representative
metal sources include GaCls, GaBrs, Gals, InCls, InBrs, AICls, Ga(Me)s, Ga(Et)3, Ga(Bu)s, or
30  the like. Representative arsenic, phosphorus and selenium sources include AsHs, PHj, SeHs,
AsH, (carbon alkyl), As(carbon alkyl)s, P(carbon alkyl)s, As(Si(carbon alkyl)s)s, P(Si(carbon
alkyl)s)s, Se(Si(carbon alkyl)s)s and the like. Although specific examples of precursors are
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AsH2 (carbon al kyl), As(carbon al kyl)3, P(carbon alkyl)3, As(Si(carbon
al kyl)3)3, P(Si(carbon alkyl)3)3, Se(Si(carbon alkyl)3)3 and the like.
Al t hough wpaaiof4963 exanpl es of precursors are 10 WO 03/ 054963/1RWIs13802/ 37760

plrovi dted, an;t/) Groupdl Il or V elenent and any conpound contai ni ng such an
el enent can be used in enbodiments of the invention. 052] 1f & ['1-WV
seni corpaenaeest apy ksewn/SE ar Visisngné prdany QOIMROURE ¢ %é} ‘leﬁan e{eﬁ&?}t E]’?a be t he

product of ; ﬂ%ﬁwﬁkﬁgﬂf%@&hﬁg at |east one precursor conprising a Goup

Il 5 elenen Hg, or any Goup Il containing nolecule
such agoesaretal , I$@roup Hcm mbmlccmdgemnnmoarysta&pmmbemo bgssnthesitadadicyone

precur sor conpri ou el.ement such

G oup Wakléﬁn@éipm‘iﬁ’(jgﬂ& Eﬂlcg" paning a aerié’Pﬁpre(’g%P]E Cowséneg af}rou aI%g:re? 2I>II ic
CO”BOUgeméHt sfcHPAsSAH IR br Pl%n&adn@'@gu ot ddnéhikehe uidldduleduehant n(eza‘l safd, or Hg)
and a Goup VI elemént (S, Se, or Te). Those of skill in the art can select
t he apprxags, Dsgaaometaﬂrcecmmné and af @ﬁ@h@rwm‘ﬁpbmmﬁlﬂ%ngzéﬁ%é%ﬁ element

sem condugct o r. exa f cur
respect%“g}é c%ﬂ?%o fﬁ@@gﬁdﬁﬁ)ﬁiﬁ@%ﬂ&pﬁg%gﬁhm s agt%algaor)l( eg uszgrfo
form C@gaﬂ@ﬁ{b@éﬁﬁé’ sépolal, bt @h@%wsb@&ﬁﬁlmﬁgeomrae@w@df elem;lt (7a, Gdssdigled in
any liqurd conpatible with e surfactant . m xture es of organic

I i qui dtsanldgc?lwlmlé \Hcﬂl@merlir@a‘iﬁ er $e) vidosa of fidll gﬁﬁhﬁ@rttc,apéﬂﬁ%diqupﬁm i ne,
.g., tribu
d| ssol %%uf?% Oﬁg’ ﬁ% lﬂat p&ma%gh .ﬂéi% rgg%g#rae{s eaga?%)é?%r m t wo

or mreS@T@P%§@{anﬁﬂéslﬂﬂpi&Snsori fb@@ébhvﬁmoﬂilanmg @rcm’p 1 hed GowgnY] demesis use a
surfactant m xture to make the %r)lncon uctor nanocrystal particles. The

surfact@h&caﬁ]bﬁtuﬁ@fbtocfaﬁn@s&I}ar%‘ﬁy% Spoi nt liquid mxture of two or
more reggkive or ?ﬂ%ﬁe@lﬁ%ﬂs‘érﬁaﬁe%&bﬁmﬁ% ﬁg& SompaeolSivithuhesi@facBit t hese

organi ¢ surfactan S capa of pronoting t grow h of branched
sem congixtier Exampies ro‘fst@hlqiaqlmdsaheiude pa@sapaniheolsents insluding wialleylr e can

have a boiling po th
xeip! ephoeHRn Gt Ao i Turorpy sarpdBil: e Frsra e YRS & oup
V precug,spy g%‘nﬁf_%?vérﬁgﬁnﬁ %9%15581%@5@&19&% defrmad ose M e Peeatser salaasr yst al

particles. exanp in sone errbodl ments, the surfactant m xture can
have a [9054] ng poEmﬂ)otbmnmmf thehyenti@oanose & seisAnt FBUCS topo@%}le The

surfactant, m ture C f :
surf act %ﬁ’ﬁl%on ghor é‘i%f’r%)’ Sé"ﬁ ptaﬁg:?eg %‘l(#g t?mg{lﬂl?%ggrrrla% k ng{l Eggﬁgtpfo M
organi Ch%g& hasiudNbf @Rtbranoree6R e OF Aiiiticactin draatiamirfactdnty. dlhefroixtirh of f i f t h,

etc. surfactants could also be used. For
20 these organic surfactants is capable of promoting the growth of branched semiconductor

nanocrystal particles.
[0055] The surfactant mixture can have a boiling point that is high enough so that a
reaction between, for example, the Group II and Group VI precursors, or the Group III and
Group V precursors, can take place to form the desired semiconductor nanocrystal particles.
25  For example, in some embodiments, the surfactant mixture can have a boiling point between
about 200 °C to about 400 °C.
[0056] The surfactant mixture may include any suitable number of different
surfactants. For example, the surfactant mixture may include a first organic surfactant and a
second organic surfactant. Third, fourth, fifth, etc. surfactants could also be used. For
30  example, in some embodiments of the invention, at least one or two of the surfactants can be
selected from the group consisting of a phosphonic acid, trioctylphosphine oxide, an amine,
oleaic acid, and stearic acid. As noted above, the surfactant mixture can be capable of being
heated to a crystal-growing temperature, and can promote the growth of branched

semiconductor nanocrystal particles such as tetrapods.
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30 exanple, in sonme enbodi nents of the invention, at |east one or two of
the surfactants can be selected fromthe group consisting of a phosphonic
aci d, triwotoglopteesphi ne oxi de, an am ne, oleaic acid, anecItEsarsTeaci d. As
not ed above, the surfactant m xture can be capable of being heated to a
crysta rowi ng tenperature, and can _pronote the growh of branched

l -
sem cori@gé?]or nanbig fust %%Ff%ﬁfa?f‘f ncthe surégeéant FUXERPAPEAEPTISCY WO 03/ 054953
PCT/ Usgﬁ{oég}?&gs-c 6&85&% shfGothht c%%ab%' of @ﬁﬁﬁ%diﬁ@s&h@r%ﬁg@@@ﬁﬁ&eﬁbéﬁltll!lf@. may

conprise a phosphorus-contalnihg surtfactant capable of” withstandi ng such
cr yst al Exgmoplesnof suelnfiest phosphsrus-certanphebqud seufadtarfts mstudp higushoriastagiént ai ni ng
l'iquid surfactants, include |igyi urfactants .. such, as, 3-30 I

carbon fF14P W (%@ﬁﬂ‘i}_ FrEso @%B(y?pﬁqsp W@&%h@é’ﬁ#f RB?S;PhE’Fi X §8§Oo?rq{1%§é)er 5
car bon éa.rrtbrcﬁietﬁgkygpﬂﬁgﬂin@%xm&h des , freld phédi)hﬁﬁtokﬁdd%”toﬁmm?é TKE diestor

"TOPO") urfactant may al’so include other surfactants including
nol ecul esfactant mdy algo finaheds aher surfacsanss incuding melegwien Eluding Rosijonat SEPes,

and any ot her grou as..|ong as.they.are stable. l...T. urfactant = . .
mi xt ur es%¢ ﬁSPWg‘T ThoXyHE AHgS: aélﬁ}'éthgﬁg]foge? %Sn]teopg%‘%gggé“ceo%%léor gani ¢

sur f act ms%]my beTgaRaRcanehitaientn heai®h detokd yiphsik sgrfasbntg The sgrondt ur es
and may 10 be capabl e of pronoting the growh of branched sem conduct or

nanocr yetgakic garfadtariteeay trrespablabf heing heatediosmystal govenelempaeiast 2ddpRbl e of

projpting th r.owt h .of br ] QP{Q fﬁl& i cles can
cong}r) i s%g%apﬁﬁlgg,’[g%oﬁﬂ%t?n@otﬁ? %@S\’%}ﬁgf‘éﬁa?‘%?%n Elg%%ttg e %g%g@%?k %rgt@ %%fdi ng such
cryst al pRfRNAINGhE estead dilguidesirfaf @R Apablbief preamidg diggoivth sfibhadtednt may
conprise an organi c-substituted acid, qr cid salt. surfactant

5
cont ai nienycsEsion pRREST YR Pakiclesicgh CRIRAATA aep,]h°,§ HE PRt SR RG AP AR
aci ds. L . Wl | J de nono and di ph hi ni id
hai/i ng mﬁ&g%lﬁé‘%hqﬁ?%%ﬁqé@@ﬁﬁy%{a@%& where R anldpRc?sgrian!g ﬁeag:arr: or
di f f er efo058} 30 caThesecohd brgapiceshsfhetbhtyn Sy @M oy gasigsutisttugrdasys osuch as
al kyl or .aryl groups, and. x is 0-1. In so enbodi pen . th econ
or gbthi cadd, P%ﬁ%&%ﬁ?agﬁﬁﬂ%ﬁ‘lp?@é’hﬁsfg‘p% S&lg]? Bb E&aqwﬂo?ephggsghg%cgnggﬁ%ﬁpﬁlrg% e.g.,
oct adeC%J[idsQ @ﬁﬁbfé’ﬂhﬁgﬁhg-ac{&%ﬁ&h@e SBRO A ¢ '@ﬁ@@'ﬁﬁﬁ@ beifl @dvand thes

preferably a longc engt h phosphonic acid ort chain length
phos phogérera conailaReR g i FOOTh swherolk end By aveghe pamas Ry differeat A-30<qton 0¥ | ess

than or equal. to, about .10 carbon atops. Lo ain |e . S L C acids
are deP’ie?Fé%ﬂé{ts”q%%léoméW% SRR WH%% Filg?'g(%l agﬁlgél' Hul%)sf ng&rgé e-(ri)' gdr%hé(:)r equal
to abouty,dOdifRHROMe 28IV Banid SirRicahesdmstiseshodio@itch alkylehphinpltarid; aci d
is at |least 14 carbon atons |long. An exanple is octyl decyl phosphonic acid

( ODER) . e Eqocadewt phvspheniclacids CdTe, these | ong chain
[0060] The second organic surfactant is preferably a long chain length phosphonic

acid. Short chain length phosphonic acids are defined as those having an alkyl chain length
of less than or equal to about 10 carbon atoms. Long chain length phosphonic acids are
defined as those having an alkyl chain length of greater than or equal to about 10 carbon
25  atoms. In preferred embodiments, the phosphonic acid is at least 14 carbon atoms long. An
example is octyldecylphosphonic acid (ODPA). For materials such as CdTe, these long chain
length phosphonic acids help to promote the growth of hexagonal crystals.
[0061] In embodiments of the invention, a solution of one or more precursors can be
slowly and/or quickly injected into a heated surfactant mixture. Injecting precursors slowly is
30 arelative term that is readily determinable by one having ordinary skill in the art. It can
include adding precursors drop by drop or no faster than 10 drops/sec, 5 drops/sec, 2 drops/
sec, or 1 drop/sec. Injecting precursors quickly is also a relative term readily determinable by

one having ordinary skill in the art. It can include adding precursors at a speed greater than
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| engt h phosphonic acids help to pronote the grow h of hexagonal crystals.

[ 0061] In enbodi nents of the invention, a solution of one or nore

precur sorwoaais4es sl ow y and/or quickly injected into a reatsd2/s1sd act ant
m xture. Injecting precursors slowy is 30 arelative termthat is readily
determ nabl e by one having ordinar%@skill inthe art. It can include adding

pr ecur s0sdrapsiiscndl dropp/sess onb0 fEpps/Eec. thps §XapP g BYRCHEE PrecEIsqFSFigkdeean o
drops/ . [ SEG. . ect | i s also a relative
ter m r GRS BB SR Singe oREhy 0 R ey B B E, e art. Tt oan
i ncl udejoadzli ng prAGuhsionf atecarsspeed by iwatted intdtoe sudf2ctend 19E06 40561d or

PCT/ US02/ 37760 100 dr.ops/sec, 20..dr sec,. or,..10 drops/sec. r .exanpl e,

i nj ect | Y SREEERED P éCkiif}t E'aﬂedl?‘tﬁgf%@éﬁt‘?ﬁﬁke§/ﬁl‘?+’g the t§ faglifF PE S He5 1 o) ng
the preguf; rof@&rféﬂﬂérﬁl‘hﬁbp@% a{)%@h&_ﬂh@wel{t@ﬁ?aﬂmﬁe,sﬁﬁ@amw theHeataeoHiGMitS can

be injected into the surfactant mxture at a cold or |ow tenperature
sol ut i omixturetnat ori maendtabelain ethergreeisors. nAdupstisr attiesstemeezlgmaydegised he

hot 5 m xture of surfactapts dro to econ 2 .

i ¢ a3 eton ittt Firce et Seh Rl st i BERERATAR, |,
Pr ecur sghgth. AT REITi8g Hixfrdis esfnthRied a7 fifst foRypebuites @Hlichassudts in thieect i on
apparatus. The tenperature can be kept constant during the nanocrystal

gr owt h. nukflention ofibeadregystalt ure is maintained at a first tenperature, which

R e e S

t ha eir own Separate uti ons and

t hese didlfi@sRhd HRse difenent somtiondeuiEbaseptataty inj¢ctat meb ihatheatod surfeteng d
surfactant m xture in enbodiments of the invention.

. . | [ [ n. For anple, if CdSe
nanocr yRihregaembefmaensy of the InveRtiqry (fas gxamplegit, @%ag%qryggf H?fq&é‘?f ARt a Se
Precur SRL el d O pflBE s AERAT & Yo ARl GRANRRNIaM bY stgdkAelyaga! nf o a hot

sur fact %FO mxture*to pro ranc e nanocrystal 15 particles. The

separ at gqueptedlyiigictet b adiot sufastanhinixtarettotpraduct rnahed MidSe narocigstadr ef er r ed

as it results in better . contrgl of the reactio whi ch, can all ow a .hi gher
oor Kot BgEclsh. BRestOREAE INASHOR Py Rieavsyart Gt sricit pRen R rirett i Py

per cent ageyof, bh;%f QReds énf tht QQa@f}&n,Iﬂﬁctpéﬁlgdlﬁﬁv 5 BRGEI cdntdBR oTeYan¢REd

depending on the particular material use and the particular type of
nanocr ysamicrystal partickes if desiredi(e.4. na bigher pendeothigaefitaitapeds. nmi nute 20 reaction
time may be suffigcjent, . while |less than or r.e t !

desi rabr@@h ot h eBFf’t‘fE?ﬁir‘F?éﬁf’% %m[eéﬁ%‘[ar)é&%%néeﬁgﬂlgn%% ngﬁgllcarc %‘i gﬁtegl%‘\}ﬁ can
then st opped phiticAlat WichEmah@Hailipanids fbfiged. tIRTPAleaitbodirhent) @l Somirulke
tenperature at whi ch nanocrystal growh occurs. Cessation qf fhe_ _crystal

gr o h reagtitretizic swyphe ey whidpleas thap eHmOrTiGar Aanieiep 812G G Hbi ent

other embodiments.
[0065] Subsequent nanocrystal growth can then stopped by a further reduction of the
temperature to below the temperature at which nanocrystal growth occurs. Cessation of the
crystal growth may be accomplished by rapidly reducing the temperature to ambient

25  temperature or even lower, e.g., to less than 150, 100, 75, 50, or 25 °C or lower, e.g., by
removing the heating mantle that was used as a heat source. The temperature can be reduced
more rapidly if the solution is cooled with a stream of air, cold water, liquid nitrogen, dry ice
or other cooling agent.
[0066] After they are formed, the semiconductor nanocrystal particles can be

30 separated from the liquid medium that is used to form them. In some embodiments, a solvent
such as methanol or acetone is added to the liquid medium containing the semiconductor
nanocrystal particles to precipitate them. For example, CdSe particles are generally not
soluble in polar solvents such as methanol or acetone. Any appropriate solvent can be added

to precipitate the nanocrystal particles from the solution.
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25 tenperature or even lower, e.g., to less than 150, 100, 75, 50, or 25 C
or lower, e.g., by renoving the heating mantle that was used as a heat
source. TWe w®mMss ature can be reduced nore rapidly if tReTasbousi7en i s
cooled with a streamof air, cold water, liquid nitrogen, dry ice or other
cooling agent. [0066] After they are forned, . the sem conductor nanocrystal
parti cl [E@%Zhn be .eggﬁM?qgstglrmﬁgcﬁwglqvp QRCEIRE: ﬁ’ﬁ]pFT‘Fél?lta}t%d Q??@Efyf@{ form
them I|p,RO@Eafe ?ﬂhﬂgﬁ'ﬁto?n 11 18R bY fltsoli3ida N IR SoriBL 8o R A, A28t APRgicin added
to the Tiquid nmediumcontalning the sem conductor nanocrystal particles to
preci pi bausdttt eepardo theeneaoplysial [@aiBdepfomiothes solatien gempensntsy Aftdr sol ubl e in

| | t h th | A I at | t b
hdded  PUPEme MEAPBSRHER AR GE SHRAFAFY APt e PR TR ERHIISO I on. 13 WO
03/ 05498408 fayﬁg@i/c}%z £80theh BOGiOkedstRbcipiffe DRAERMYE e in Rafatgh.es have

precipitated, t preci pitated nanocrystal particles are separated from
t he resf0068] t he sbl atyipénal synthesisrad Gstlisdetraneds., mizxdie of pefgderylnbasphope used t o

separate. (o)l | particle -sol utj After.
centr 1 00 RaPPAlar oy RhPeatdiv Huf CroP OLHR! ARnitR oA R TR R

parti cl ez0 °Jhe 209minake ahy Btsidwipdichied hederarumtihar GO stamgsbsasarprtaei pit at e
or can be dried in a vacuum [0068] In a typical synthesi

t et r apogRution fneaeas apd C@‘@ﬂéﬁﬁe&ﬂxblﬁo%% RbHIAEtyYl RRephimerip ) Sl% ??‘{dﬁgfa;?r‘%ﬁh%s phi ne
ondf s Eisetesids ARG KRty 380 L0kl Bl RTTE oBbenimiith or TP L0 0017 MRS

tg (rj nz vae%ht)ﬁﬁlduiemlydﬁjeeﬁé intblebd soh?tioh'a. g‘m&empéraugrqdlropmmﬁlﬁ "Iﬁ];han(d‘liﬂ:’% is
added, and the 10 tenperature is rther raise o 320.T. ter that,
Te: TOP {EBREBH ?té}flisd(g})uéfthr?égliq}“% MIRKLG @)ﬁ‘ttaljes?ss Ig‘ﬁir_%ﬁyﬁ)tif_lg tﬁ?@’éﬁéaﬁ nto the
sol uti OHbtaiTx@ﬁ (iaﬁ @%H%ﬁa&,%ﬁ 6008 56186 B 12 cSmARH ok Sanid RN, 884 AltolubhSandal ue

t hr oughout t m°nut'e synthesis. The resulting tetrapods are obtained in
hi gh yi ehldrofemnd t hey are sol uble in comon organic solvents, such as

t ol uene chlotoform 15..[0069] I onme e di ts, Jbranched

nanﬁfr ygq%gg] parti ct EEUSHRR° %e’fltét rg[]bcgagé nﬁ’&‘ifrg% pé‘g%? r _laaﬁ\fgﬁﬁpoéitsﬁ%a_ry types
of nanogg ¥&fsnaadtitl %@ﬁty?é&‘%’f RodrO8s]l ki RICE Ss rdds of Bbteer@C AEHhSs occlfs, | S
possible to separate the tetrapods fromthe rods to increase the percentage

of tetr #popessibhe tossegiraterths tetrppeds fion thexadpiodncrgassgheperepntagsofdepgids in

nanocrystal rods,and tetrapods. The tetra i 4 r han
about 19@E9SaBl; %ﬁ‘%‘a @%a%‘&}&onéa% °‘5’6%}§ %g%bﬁ? %(garﬁg%sé‘@”}og%%ogg I ?Iﬁ%rt icles
in the idhiabbd cah@ORBuERRBHANGHLON 190,659 TOR0%eNHI%,i 60RS .80P%, 00%s 96%, bor
separating tetrapods from ot her nanocrystals_are described in theesl?éarrpl es

bel 2. 99% of all particles in the initial sample deperiding on the growth conditions. Process r

separating tetrapods from other nanocrystals are described in the Examples below.
[0070] Because the branched nanocrystal particles according to embodiments of the
invention can be formed in a surfactant mixture, the nanocrystal particles that result may be
functionalized with surfactant molecules. For example, the core, and/or arms of a nanocrystal
25  particle according to embodiments of the invention may be functionalized with any of the
above-mentioned surfactant molecules (e.g., amphiphilic molecules). It is noted that the
arrow and teardrop shaped nanocrystal particles described below could also be functionalized
with surfactant molecules.
[0071] The branched nanocrystal particles according to embodiments of the invention
30  can be formed with arms of any suitable length or diameter. It is possible to control the phase
during nucleation and growth, and to manipulate the growth kinetics of the nanocrystal
particles to enable independent tuning of the arm lengths and diameters. The present

inventors have found that once the basic tetrapod shape is formed, growth of the arms occurs
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[ 0070] Because the branched nanocrystal particles according to enbodi nents
of the invention can be fornmed in a surfactant m xture, the nanocrystal
parti cl eswphaws4sesult nmay be functionalized with surfact aatr/usot/ered es. For
exanple, the core, and/or arnms of a nanocrystal 25 particle according to

enbodi nents_of the invention may be functionalized w any of._ the

above- meepordingtp the cenirqliahic lnpsticanedignisms @T?V“&%?Bh‘?kﬁﬁweh gorn?%’@@fniﬁ'egﬁ f‘Prjt is

noted b 0oy Al @M 2nd,A QLA 80 Soppedanenpysbel particles described
e tuhctiona

bel ow cou al’so Ized W th surfactant nol ecules. [0071] The

br anchegbarapocr ysFat expaiplé, ovidsregmrotodCdile tetraprisgugher{i& Tofatioheesulivient i on

30 can be fornmed with arnsg oé any .suit
om%l (fla

| h di . i
possi bl ©1ger @ Whlle 1eEe st RE* ﬁggﬁ:&%[el%r %f‘r%{jd@#n% %‘ie (lalttr?pé's

mani pul gésﬁlté REmAL QU it DS {16 SrQhthiBR iORRAEA ¥$ iRl cobdédiiatibe of e @nabl e
i ndependent” tuni ng “of the armTengths ang di ameters. The present inventors

have f opredutshgtwhicicie atstrenp aginplex detvegso € hagsephiosphiapicecdd. Heast: higher t he arns

WO .03/ 054953 PCT/ USD2/ 37760. di : |
i ot | ¢ CHERHRP Rep PetBtl b toretronis BF S iahlal tat fatiR o Rl P
Manna ebrAd - On the oifier HeHENhe PRSencd @9 thord gRospAaniO8cid péPEd (loby Zh/doPAexanpl e,

with respect to CdTe tetrapods, higher Cd/Te ratios result in_ |onger arns,
whi | e noatie) filkelysleoreases dled diffysion consjansofthel G prepurserandithgdirwng forag fatdsy opy

5 results..f.romfast gr h nd.th I i-s | i 1 he

con @nt Pé‘ﬁl% % etcﬂ'é"g‘a(lﬁﬁ%lﬁg% gllp 36rE t%\?\ﬁ%lg ogyﬁﬁj?%te g&gat élgﬁljbb? gh%%ggx%‘ger?v\een Cd2+
and phospReRLE tciewtHeMnee arti @reihuesGd/Ide: 4530d emckregiontie suffiaenilphighn t he
ani sotropic growh regi ne | onger, . |eading._.to- I%%er rms, On the other

hand, t Adisgeadiene lessAniARirepipospHith P darge HaperT 08 2 e BReF &S CDPA rati o)
kel Y gFispases Hfads il A Takanh 18fa B S DY REmeaOThANEnSARy dr i vi ng

force for its 10 e crystal, ereby slowing the growth rate
for a gimelvésdhcamatmidoat developntmief the, fourheurtgisverins end & heghdy hemegeiedusues as
|l ong as Cd concentration is sufficiently high.. This.results in |ess

ani g%t r SPYIEOIRsS aropng fhearpwingelPraR o RUgl ¢ o 13115Pwnquél?§§%‘ﬁ?= 9[%87%‘?

Tet rapo%tﬁ%}c@uﬁ% f %oﬂoﬂﬁ:?%é/é&?és AN eHebuidnwaks el hbnbpadus dRtidstiarnes al | y
i nvol veS the si taneous devel opnent of the four wurtzite arns and a

hi ghl y hotmpgssmeaome atrfis eav grovnsubstanialysheiveribargetboiisner ver napsdllsterysngr e.

This inplies, fqr.instance,. a fast and.i,Sotropic su f speci es
from t hé®BRr F?@ed\e\ﬁéﬁf’%ls heg’g’cﬂa ﬁB‘E}gOP%%d?J{I}pSﬁ% a%fbeﬁ%gé%%rgsyr(%g@%ggf soﬁe ar s
can gr oy-siisd AobAkiaY patiels! AUBRIdNENY) @fiSsin@imBVRR bedhe &f didfetencestiauhd i ng

in so-called "tripdds", "bipods" and "“nonopods". Tripods and bipods are
exafpl eshofikagbrainofithe vadaue ayestinthewmeitetrapod. Additionally, mssing arns can

be due t[80'ﬂ£]f Fer e%%%aincr)]crglsqgl particles according to embodiments of the invention can have

a variety of interesting mechanical, electrical, and optical properties. For example, due to
their three dimensional character, tetrapods may be important alternatives to nanocrystal
fibers and rods as additives for mechanical reinforcement of polymers (e.g., polymeric

25  binders including polyethylene, polypropylene, epoxy functional resins, etc.). Tetrapod
shaped nanocrystal particles, for example, can interlock with each other and can serve as a
better reinforcing filler in a composite material (e.g., with a binder), than for example,
nanospheres. The nanocrystal particles can be mixed with the binder using any suitable
mixing apparatus. After the composite material is formed, the composite material can be

30  coated on a substrate, shaped, or further processed in any suitable manner.
[0075] The nanocrystal particles according to embodiments of the invention can also
have unique optical properties. For example, FIGS. 2(a) and 2(b) compare the electronic
absorption spectra for two series of tetrapod samples having different arm lengths and

diameters. In a tetrapod shaped nanocrystal, most of the confinement energy is along the
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20 shrinkage rate of the various arns in the same tetrapod. [0074] The
nanocrystal particles according to enbodi nents of the invention can have a
vari ety oWoioawemesti ng nmechani cal, el ectrical, and opti calpcprusp®s1ioes. For
exanple, due to their three dinensional character, tetrapods may be
inportant alternatives to nanocrystal fibers and rods a d;é#fl ves for
mechani Siametesiohthsrhegaganel gmspdicfapeds haging comparad 6125 ghel udi ng

pol yet hyl.ene..s RRbY Qérﬁamp‘alff&g@ém m&%a&&g&;ﬂ }r@mei@)) Wil §RBe4

shaped nanocrystal partic exa erI ock W th each ot her
and canoftetregodasvith conapiarabe diahretens butrdgfférehﬂ am llemgths eonygowist identiabhlal

de , than.for .exanple, ., n her,es. . The n nogc taI
partl cl %S)Ltaﬁ“%@ Nt ﬂl‘tﬁé’fﬁi‘erﬁr}g‘rleﬂgpﬁﬁ g}?@aag&gg%bsl%e S?Ftﬁ‘bé/ts _
appag at Hacnocxg)fsjéa‘?Ba%ﬁ%o&?&ﬁﬁ%rto%eﬁr@}tﬁﬁ bﬁﬁhdt@vd‘l&[d@é%ce‘s hEX bHoRovoRaRy | al
can be 30 coated on a substrate, shaped, or further processed in any

sui t abl devivasres des[:ﬂﬂezisl}l fbhexatraplco&y@tcaal Vpla2 93, ¢ipedd e s457d Mgt 29, éﬁﬁ%dﬁﬁent s

i cs. - 2PRyiv PopyoBhaares RS P MPsRR Ruehs BEF BB IiPRoFEPRRE

series gin theh baPAfwacHERIbREV IR \IvD @ledirbd (e qt, aﬁramlﬁﬁmtdnectmﬂd andlirgindi@ns. 1 n
a tetrapod shaped nanocrystal, nost of the confinenent energy is along the

15 WO 0BhOBiestecade)0nopubstree to Mrmmathetoveltaicilevisexagonal arns. Tet rapods

i 107 SRERE] o0 haRE MR blpeRlbr Sl BEH sl RTR! s BO Wil SRBiA"! ©
t et r apogsvay F&nﬁﬁgfﬂﬁﬁaﬁl@é encdlilegrridey conthiieddivithh eredo tandnghengtehial sihesal nost

i denti cal % . This independent tunabiljty of the gﬁin%ﬁngt h and
t he ban&dgashpuldsepsiantially sahange thwevscer?éﬁ@@%%Oilre%?&%ae&%ie I's or

other t X%%%o&) IJ?I A Quigl {e‘Pﬂ' ngl enﬁz&ﬁowﬁﬁﬁ%&@s%ﬂ gﬂﬂ&ﬁy ot BleGandioviyces are

descri be exanpl e 2425- 2427, March 29,
2002. Aoriertxdnid @trypg@hatedingad enﬁemmtsmfyhmmvmtmmc ahgtedlanfbaaml cles in a

bi nder: Thi mbi nat | then b d d bet t d
(e 65 BV AT oH RGPS BB BHPTA B Y SF e SRt R i
substr agﬁ)ghfof or mAqthBHgﬁ &ﬁ%é&l}ﬁvgﬁx’[ 6&n d%&bﬂb@@?@hetmm 1sr1ﬁ1ﬁé@ta>bdwmper ty of

atetra self-align on a substrate with one arm always pointing
t owar ds emhedlaieatstofcbhi@mvctmdm inelideveen mére compldssshapegapnaeysiel partigdes hnas

CdTe, tiall a eth ewceef C|e i |y
report eamﬁ9‘%mea S %’F’Bﬁn%)(?l’ B’r‘?é i2lpug ?eaglglfl pEent the §§ e gtgln uggcn%ﬁ%@r yst al
parti cl ggudiide. ?r %zhﬁ‘ﬂﬁ&{ﬂe)brys@aﬂlsﬁ'ﬂ&tﬁﬁ) L b r, tagh m@&qeﬁ@g‘&faﬁbﬂygal Qructure
enbodi nents of the invention are aligned and can 15 provi de for a_nore

uni 20 r e€eg-oWHItzita)cpR SO ARIHTAM Ahe Goam bRV vess didisreat Zioarth cpnditions GIRPE| | es.
ngz\r?]s ‘ ﬁlgfy?c?eﬁ% st GO UReDAMLGnd BihaRGE0r AB5EL RS a tdhaflElyRHal strdchurksS thus

leading to irregular branching. Precise control of temperatures throughout the reaction may
yield sequentially branched “inorganic dendrimers”. This can be illustrated with reference to
FIGS. 3(a)-3(c).
25  [0078] FIG. 3(a) shows a tetrapod 300 according to an embodiment of the invention
looking down one arm of the tetrapod 300. The tetrapod 300 includes a cubic core 102(a)
and four arms with hexagonal crystal structures extending from the cubic core 102(a).
Adjacent arms can form angles of about 109.5 degrees (it has tetrahedral symmetry) in some
embodiments. In FIG. 3(a), three arms 104(a)-104(c) are shown, with the fourth arm of the
30 tetrapod extending toward the reader. As shown, each arm can include a proximate end and a
distal end. For example, the arm 104(a) has an end 104(a)-1 that is proximate to the core
102(a) and an end 104(a)-2 that is distal to the core 102(a).
[0079] In the formation of the tetrapod, the cubic core 102(a) forms and then the

four arms having a hexagonal crystal structure grow from that core 102(a). Processing
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enbodi nents of the invention include even nore conpl ex shaped nanocryst al
particles. In enbodinents of the invention, the initial nucleation event
yi el ds a woros/osdosh a cubic crystal structure (e.g., a zi mcThiSensEeér yst al
structure). Later, arns with a hexagonal crystal structure 20 (e.qg.,

wurtzite) can grow out fromthe core. However, ﬂi fferﬁné‘agr Cith h conditions
can be cprditensean pe adiugler 4o rause Me Ams &R &wfr@ﬁé ¢ 60tRd 23 Obthe s 18 nd
hexagon | -l ead LI ILWA@i-1Lr eci se
cont ol PRty i BLELEBYEE S of B2 HoPrdebl 0P U B PRl o
br anchegrdviding hamigona engtdl peoveihg cdinditionsaranvesuit ih ttapadedtithouthhe efedtence to

FIGS. 3 -3 . .25 [0078] FI 3 h t et d 30 di ng. t
Al OB RN CION RN e e
t et r apodoR}iodsTaiddas h@x%éﬁhl%r?%%egtr%(c%}l restifdn QU t@FdPodM AReAgivagpnal

crystal structures extendi ng f he cubic core 102(a). Adjacent arnms can
f or m anghewn wfthabdbe teto@od exhmopleskel¢wi proesssing cpaditionstanderadiustog)to ferms one

enbodi nents, In.ElG 3(a), three ar 104 -104(c) are shown. wih the
Fourt h S dhersenabi o gt rg- conpe i ne Bl Pileilila ‘ cach
ar m canniiRtd)dfd fighePehipriRureehnabttused t¢lindtied theekmation o ¥anPIvith htxegoasim
104(a) has an end 104(a)-i that is proximte to the core 102(a) and_an end

104( a) - erystshstructures, sthile lower menemereconoentigfiony guidgwer mpsEatyiss pant heoHedt t he
tetrapod, . t.h i : 2 then the four arns having a
hexggongcf lng}l(gestﬁg?&gffar%%?ar%g&é??g\fva?%tg?ﬁt]?ﬁgt core 102(a). Processing 16 WO
03/ 05495080 T/ USORY i3t #H69in raimddint refegingaa FbE. 3(U), wate thetbasicdetsapotl efoamad, t o

o cond et BRSEhE BRSPS CEUne RRRbCFYLPRDS 4 FRevELn 5L S0V e ng -
hexagonah%i ibA biths POGA) ) R %dremorﬁ%&?ﬁ%&e m(t)fat_rtﬁ@egﬁdl Whd T@4¢h)-3 he

need to J ust ‘processing conditions. e present inventors have
denonst bétledrmdiodel)y The axhdi 06(a) 106 intayappedras draubhes. Kexarpoulslancthgst al

growh can resulf in Te tetrapaods. ernatjively., as hown in e CdSe

t et FapoPtERy et gg@ ‘ﬁff?]oeé’é@&"gé'%g?h? i1 QX(@gnleeere ﬁﬁﬂ% &Pt t”’Hor m

branChe?ﬂﬂE‘ioﬁB?jbé@B%@ﬁecﬁt@ﬂ&ﬁd&@@?i ons (e.g., adding nore precursor to a
nt mxt

surf act ure) and higher tenperatures can be used to induce the
formati §0083] ar ns Taiform textargarhat] tettapyd 881 insFiG S(h)s esinitid it¢teapod 38O catbnomer

concent 215 A1 ot PSR 0D B0 MO ARG HNER AL,
referri pgxdodniilatms 3040a)-108EE Theh, BRSir6cdssihg ap@iitibis dagbeRdjusteddslfdrivonal

branches on the tetrapod can be fornmed. For exanple, as shown in FIG 3(b),
add2®i oweates at ths endsogfthe amostQ4(a)cHd(eo Mior Fxasnple, the pesassing EmPORAtES caft bg he

distal ?(pvger%(? %cﬁgftﬁe monomer concentration can be lowered. These conditions, in general,

result in the formation of additional (or second) cubic crystal structure cores 102(b)-102(d) at
the ends of the arms 104(a)-104(c). Once the additional cubic crystal structure cores are
formed, processing conditions can again be adjusted to favor the growth of hexagonal \
25  structure arms. For example, the processing temperature can be raised and/or the monomer
concentration in the solution can be increased to cause arms with hexagonal crystal structures
to form. This process can be repeated as often as desired to form, for example, an inorganic
dendrimer 303. An example of an inorganic dendrimer 303 is shown in FIG. 3(c). Compared
to the tetrapod 300 and the branched tetrapod 301, the inorganic dendrimer 303 is more
30  complex in shape.
[0082] Other schematic, three-dimensional illustrations of how branched tetrapods
can form are in FIGS. 4(a)-4(c). In FIGS. 3(a)-3(c) and 4(a)-4(c), like numerals designate

like elements and the description of common elements need not be repeated.
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of the arm 104(a). The arns 106(a), 106(b) nay appear as branches. As a

result, another 15 tetrapod can format the distal end 104(a)-2 of the arm
104(a). TwWe msmes4953i ng nanocrystal particle nay be a branekedisozsrapod 301.
[0081] To formthe branched tetrapod 301 in FIG 3(b), an initial tetrapod

300 can first be fornmed as shown in Fl 3&%‘3 G owt condm r&?s) w |
favor t H98Bbr mat i B ot(at thewsHekiEporal00a Ry PSPy 1 he
proces Sh{%ﬁ%@?@%&‘%ﬁ Ga@{"bé)?el%@éd%%ttﬁﬁ bk doRés oé@b)cﬂfz?é Btm e %mlﬁ effis t he

arms 10 or exanple, the processing tenperature can be | owered
and/ or bhfpumamoneia lmsroctempcmlt iln ﬁI@act(bbéhd ey 203(a)TREXb), 203 ) of thesord n

gener al result in_t or mat,i o ti qnal cubi cryst al
struct uw@bﬁr@gn%f&%} yshov) Aseh opnit B Wé%éﬁﬂﬁs‘%%@%asm% Once
t he add t gre shOWRBEFI®Y SSi ng
cond?tl gatr?‘égg‘?r?aﬁﬁ ﬁéem%%abnl éﬁ/ Ht%IgH % g(\)/agrey ??iﬁe(ﬁérgv%t h of hexa‘gg)ﬁal 25
structure arns. For exanple, the processing tenperature can be raised

and/ or {0084hononetl. codgms ation in.the solution can.be increased to cause
arnms wWith hexagonal crystal structures to form This process can be

repeate often y [ Gt i mer
305, An U8R o ol SHEF b iR il iof AR Sy Rl sbfiRh LAy
Conpar ede fdrtetihén meéiamdry%hﬁoo@hdeﬂthlﬁehﬂm hedntreducap aeto AGdixturdief i nor gani ¢
dendrinmer 303 is nore 30 mpl ex in_shape. [0082]. O her sch tic,

t hr ee- diswEséanENiQI foym Iat§§¥u|"18%11 @ﬁéloEﬁd aReVF: bhembrieg of spfagtyds ca % grdifhsr e i n
FI Gy 4%@016{%%2%% be nlﬂcgﬁce&gﬁﬁ)l ﬁ%?c?igﬂ R, 4(§Ifc)e thd pieBuRYIBLALIR designate

i ke el the descri 0 n el ements need not be repeated.
17 WO 0O30rBamdahSarPaiik eiSRReMET a&owmﬁﬁa; ndbGysi] prtiskove frmen tepothiB0. As

o' that BURIETPL Eb B Y-HbAeL] SRR PEREIBRE ok g8 Spip Ao dTE of a
basi ¢ t ahkRRAcH ﬂ:ﬁ@treéglgbedhﬁ%cf}%@ﬂ%a@feﬁfsa) 203(b), 203(c) of the core

102(b) are nore clearly shown. As shown in FIG 4(c), arnms 106(a)- 106(b)
f or m on [€086] 5 fac@&aﬁ@Bﬂ(Sa)fp(Q@yrSOfSossolwm&,|Stu§fa0t@m$ ynd pepcassiee aaeitions (98¢ b)

el Pnveeion e s eiinptanistery L e o atoid o R EFRERRTRRA S

exenpl amygITHRs SEMkse rﬁﬁfﬁygﬁ%ﬁe for sd Witli e@eethtiontod atrom-stiapeenaocrystal
surfactants to forma sol ution. As noted above, the m xture of surf(gctants

can be Ipettickesd Hﬁm@vm tp Fosm ArensY-shapash nanocrystal particles. the pRgUakefithg sscep
t f
Process ﬁg[gagcganﬁ ésn]grgf §et{(i Ig?e%fe% tl?arﬁ]dabgﬂtef’o ?fe @Cé(?lm)% %dﬁ@éﬁ%&x?cﬂ@ t’/pﬁz{sed

arrows particles can form
on the total moles of the surfactants in the surfactant mixture (e.g., based on the total moles of

20 the first and second surfactants). Surprisingly and unexpectedly, higher concentrations of the
above described second surfactant can result in arrow-shaped nanocrystal particles.
[0087] In an exemplary embodiment, to form CdSe arrow-shaped nanocrystal
particles, cadmium and selenium precursors are co-dissolved in tri-n-butyl phosphine. This
precursor solution is manually injected into 4 grams of a hot (360 °C) binary surfactant

25  mixture of TOPO and HPA. The amount of HPA is 60 mole % based on the total moles of
TOPO and HPA. Nanocrystal particles form and some of these nanocrystal particles are in
the form of arrows. The arrows are precipitated and separated from other particles as
described in the Examples section below.
[0088] Higher HPA ratios naturally lead to the formation of arrow shaped nanocrystal

30  particles. Without being bound by theory, this can be understood as arising from further

enhancement of the growth rate of the (OOi) face relative to the other faces. In crystal

growth, the fastest growing face is eventually replaced by slower growing faces, and this is
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It is understood that "arrow shaped" nanocrystal particles can include
tree-shaped nanocrystal particles such as pine-tree shaped nanocrystal
parti cl eswO[0B@8BF3 Exanpl es of precursors, solvents, surfaecantssy/3zna
processing conditions (e.g., 15 injection rates, processing tenperatures,
etc.) are described above, and need not be rﬁfeated her ei n of these
may be Bewithabasicasrow shapss (o1, the AHAWE SRFIES. SDdWE) If‘é@édThea{%ﬁr})fé(teél
parti cl

of t he. SEiEA TSP YABR AT PaFeRAgcgr Ga B hah R UG Lo G

mol e % F?g?nggﬁf’erﬂ&y ﬁﬁic(ﬁl Qtl@@@e’i{tua%} r&mﬁceﬁ%ﬂhe 198q@balbitead! fgtiants in

t he sur ant m xture based on the total noles of 20 the first and
second therkissticangigie, these m%mngb@shamwdh@xq@eustémwdlffnrgﬁ@l g@@ﬁbé&i@&@fﬂ ons

nanotry SRR Bu BRE bR BRET RS PELER P [ AR e el R PR R s

arr ow shap @sderﬂﬁﬁ@sawsn@grom@fa&éscdfaﬂ th€ atiet fAGesdrd raaldedbydBAYr sors are
co-dissolved . in tri- phoiphlne This precursor solutiqgn is.manually

i nj ectef?0891o0 4 gUémT)E m@g@sqsﬁempbﬁ tHien af 91f%?€ﬁnﬁé!€t€éﬁftel2150%1%%’d?lé of TOPO
d HPA,_ T P, TOPO
:zd HPApoﬁg)‘r?]%gop@g névltﬁé lﬁlpl gllvélgﬁgofg%ﬁlgﬁg Bgﬁnﬁ ?&{ I;Iglgtp%%c%%tgg@ ﬁgﬁ partl cles

are in afrb® ahotie @ﬁap@dﬁﬂmcrystlﬂq)aﬁtdl@v@zhaihecanmoicpnbabeidsldmeﬁ aﬁqmas)at ed from
other particles, ,as described in the Ex f ection _bel ow, [008@ Hi gher
HPAL at insgeages Witk fimp Wihilethe smowe of 5pdseat dwn@ Feauiss fssrite thederd fRA the

particlg chTt;ﬁﬁgﬁlc%' P&ubR Eﬂ%&)&ﬁd}ﬁ?&é f@@%&ﬁogﬂg@samg 11?6'5' ng

fromfur ance nt 0 e grow ace relative to
the ot hegmf SCRfow, apifd ¥ed)athe rate 8NEowth Bﬁthfef(lé(b BYhodik Qvhrigcdd@at. i Bhevent ual |y
repl aced by slower growing faces, and this is 18 WD 03/054953

PCT/ USO2v@7geiengthe dlﬁ‘@rqmasammrshmvsgthap@@ne s, cap bg withimabaut 2 vl daph F| GS.

(001, 1t Stk 1iERng st Rral o BT b G20 Bl PR BT, "

qui ¢kl y grdvithios tey@adsstl thy niephatedatiylet he (101) equival ent faces. Wthln
the kinetic regine, these variations of shape wl| arise féUSt fro

di f f er et@0981 gr owihe fermagiopof grrevie suggests yaidirgetional groyah-oF ECWO%QSSEt e

rate of , A fjf’lji’]% t he
growt h P a O%g; Ifbflqj\é\ﬁ%iétgﬁie 1{00? ﬁgécr%gﬂa g?gaﬁn%g‘%ﬁﬁ% HPA 6?}%9[9%088%‘ Usi ng
TEM i nn@t&&rpﬂ‘talsmmh&msicaﬂymfmrerﬂh Afsene beert seoe s BliG. 0, fonjegahplonCd atoniss
possible to foll ow the shape evolution as the reaction proceeds. The

per cent agéhaff00 h)aface)haveameaﬁmalmg handewhilapddtaramnucihp0Rl) faer haveitage (whi ch
can _al so can be considered arrows) 10 ingcreases wth tinme whi I&hetz&)%rmunt

of P9ds danglingdeads. it gersagsibakin tlEﬁ‘e@ﬁF@cnée phEPAathe relfiye gipavth rate o

face is much greater than that of the others.

[0091] II1. Teardrops

[0092] Other embodiments of the invention are directed to teardrop-shaped
nanocrystal particles. Teardrop shaped nanocrystal particles can be formed by mixing
25  semiconductor precursors and a mixture of surfactants to form a solution. Examples of
precursors, solvents, surfactants, and processing conditions (e.g., injection rates, processing
temperatures, efc.) are described above, and need not be repeated herein. Any of these may
be suitable for use with the formation of teardrop-shaped nanocrystal particles.
[0093] To form teardrop shaped nanocrystal particles, however, a first amount of one
30  or more semiconductor precursors are injected into a hot surfactant mixture to form a
precursor/surfactant solution. A slow injection rate (1.0 mU/s) results in a drop of the

monomer concentration below the Ostwald ripening limit for some time (e.g., into about 4
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nanocrystal particles presumably grow fromrods to pencils to arrows (and
to a nore specific formof arrow, a pine tree), the rate of growmh of the
(001) facwoios/ommas |y constant. The average |engths of di fricaresar3particl e
shapes at a certain tine can be within about 2% of each other, indicating
that the rate of cgrowth along the c-axis is not affected b}/ t he addi tj onal

15 gr oweldms P spdaciand daixpme); r@%é@é@ﬁ}%}mdémq@luéed thsosegtionEosesiHdg on of
arrows ﬁllégsgﬁﬁt\éat ﬁﬁ%gér{o%hé?g% %cﬁ%@xs idfGIuEX RUAE 8bufFHRe Thid AT oSk
particles do no e |nversro symmetry, neaning the top and bottom faces
of themywaﬁyade@emlﬂg bnthd exatidairiyopdinbpholepy deshisdc &or bemmpls.ghewiariingl G 10,
for exanpl ns . o face have ne dan bond, .while Cd
at ons oHH‘FE’QWQ?Bf?q‘r%‘E%l 1HH9§J°P§I% DM N et ‘g&P{ T@ﬁ AFROERAL i n
the pre r th&r much
ar eat er s 2P o B o b e B P e

enbodi membsdiofentsh €A ranehemdwaip evadlurrgemda@t mirquama Pegsusteepiatd thadaber yst al

particles. Teardro sha ed nanocr sta art Xing .
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sol uti Oﬁrec@smbﬁ:@e SdduRE ELAHIFR S prisOlatee BF §recﬁll361f mbamtﬁm yandtHiy ptﬁﬁtSthb ng

condi tions (evg injection rates, processing nperatures, etc.) are
pa

descr i baghoghs @ﬁhﬂs N@Edommlo“b%spﬁ@préféﬁ s rléleﬁt un;dﬁ&/théffe qqapést@nﬁﬁ%r a pe

o 1621 ol e B B AL P et ooyt

first agptme, mec@rrtﬁamaﬁltwtmremﬁm iinioticed ime Lsoinion (ar teirmpett ed int o
a hot surfactant mixture to forma precursor/surfactant solutjon. A slow
i nj ect i Brecrmerintrodrtion/iglp thesyfactant miuiscgp bginareased FRIHLITEP 2d6Eent r at i on

bel ow tg% %@g%#%&?gg@g "fﬁé%%n(}rﬁér ?%txtahgﬁ 15(&109 agﬁlrlrﬁA&eﬁg@%th‘]anl.g WO

03/ 0549 grans of surtfactant m xtur fter this first
amount ‘additioal slducigfbctibh e rerrtiste ool growtte clse macbasd méh@miosomewmmbmtlpar i od

where no precursor is intro uce to the so utro tine may
var §° deﬁ@ﬁ%ﬁ?ﬁ SgHCVRE P ‘éré‘{a?%%l? a%lbalr%rylsﬁlﬁ eﬁg’sf] 339 e, the
wai ti ngrpt LRt gtﬂéﬁ@&zﬁglyﬁmé@rer&}&@ggﬁgwns of precursors into a hot

S

surfactant m xttre ca as 5 1little a 0 seconds in sone enbodi nents,
and can[0094pr eat ein thexengiiaytentbodimernteoifornteasirop partiolgs.rrehf sl of Atockin

Cur  act BHLOoR REHRI R ed AN BOEHERSIoPs D BRILE 2 odtih BhaOPFT PhrG o

| ntr odugliQRe ok IS mIR! g%%[ta@%aaﬁ?&me&ﬁgu&%dra@b@é b ThO R B ErBhies Of

precursor 1n ion. I'S pol nt nanocrystal particles wll form
| owz@s pesd lowatnofomedcncertration pedrhoten Getwal hepeningofiiht nemscryval particles. An

additional slow injection of 2.0 ml of the same stock is made after one minute. This injection

can take about 4 minutes. After about 20 minutes, after the second injection, the synthesis is
stopped. Teardrop shaped nanocrystal particles are formed after the second injection.
[0095] Teardrop growth illustrates how time varying concentrations can be used to
25  create nanocrystal particles with complex shapes. The unidirectional growth noted in arrow
formation is also a factor in the formation of the teardrops. Here, however, it is possible to
take advantage of a third major effect, namely, that slow growth favors equilibrium, and
round shapes. Teardrop shapes arise when rod like crystals are subsequently grown at low
monomer concentration and slow injection volume. Then, the monomer concentration is
30  abruptly increased to cause the teardrop to elongate. Put another way, rods are first formed
and then they become rounded (e.g., due to ripening), forming the body of the tear. Then,

when the monomer concentration increases, the droplet elongates.

20



10 consi derabl e amount of time, nearly spherical or oblong dots. After a
predeterm ned anount of time, a second anount of the precursors is

i nt roducewoinamsioshe solution (or the rate of precursor i rcrasoezsizen into
the surfactant m xture can be increased relative to a prior precursor

introduction rate). The npnomer concentration | s once.again ipncreased with
an addl4098hal sI BAPTP ApscaliG errmpdesy iembpfi’élﬁ@tsr‘bfl&ﬁﬁ}n&?ﬂﬁ‘?n qc{)?é?rg?ge in the

rmnorrerngﬁgét{t?ﬁﬁ%rgg%imﬁglgshe somewhat spherical or oblong

nanocr yst al es to | ongated portions. The resulting
nanocrystal particles are teardrop shaped. [0094] In an exenpl ary

enbodi mEWO7] t o f oflln Bwamglesp particles, a 1.0 mM of stock solution
including Cd and Se precursors can be injected into 20% HPA in TOPO at 360

C at a[]do?éﬁp()f a%%Wégeénd{f?:&%%%%&ﬁ@ﬁ@%ﬁﬁ can be nmaintained at 328 C.

The hig erature 0 oncentration pronotes Ostwal d

ri pening of the nanocrystal particles. An additional slowinjection of 2.0
mb of t[mogpne st @Emeihglogammtm(cmm%%m nietri-dbusyIphyspleine 60, HeAort ake
about 4 mnutes. After about 20 m nute after the second . injection,_the
synt hes{ 8P %9%@6{?;1@11@&?%#9%%%&6@%%%%xfwém e F@F‘é%é steeed b rined
after t I g ecti [ rd I ): rat h e
varyi ng%gﬁgéé}%?go At ﬁ&ﬁ%ﬁ‘?ﬁzs’?}e@gg g%% ’gﬂ rgé@cgllp ggﬁgﬁ%adﬁ%%r szf%légadr? mflt%’s W th
conpl ex 9s%aped hedyiphesphenit @dhl @it (CEABLIOM O5 %l wieke purtimyed trormAtdrieh. i s al so
a factor in the formation of the teardrops. Here, however, it |S possible

to takéllé@b‘%fﬁfsd’ééd Wﬁreaaqhwmsarﬂir@}as@fﬁ@@t@ldﬁ‘é}h@%‘}seflﬁ‘éf o} HY dit h favors
equip ! Fgﬁﬁ%atigﬂdHeﬁglgﬁ%p‘ﬁGﬁﬁ%éid (-g,?ﬁrs ,PRr is %fas?%%%?ed"f?&ﬂﬂe?ﬂghbéf)ﬁonic

crystal § are subseq y grown oW no entration” and sl ow
i nj ect i dichlonidamecordingno a staedard pooredure §Aodnincek a emali, 18610 BDwptikey Khingi,eas ed

to cause t t ear p to elongate. Put another way, rods are first forned
and theﬁ()'tlg&/‘&b@gg@r)g' rounded (e.g., due to ripening), formng the body of

the teafgopen, %@ﬁﬂaﬁigﬁlaﬁpﬁw&% EADGEN W d PhhdaRE4iR A6 SechhidBed IUHES
el ongates. 20 WO 03/ 054953 PCT/ USSZ/ 37760 [0096] More specific exanpl es of

enbodi meyntiestfoftiS eimuecrystalpactaeieh eadheivoy drskesgleniving hracursprscwere gotdigsolved

f i . . [0097], 111, I 0098] A. hes. f
nanbEry Bitera BB PRobimg o charps e TRy saltiy Cretih) g Safr ahpoC.
tcg '( -Clr% ;Jtzrhé/ E&H@&P%Q&ui@ﬁ%%ﬁ%@%cpﬂ’mmTﬁreﬁ%&&tg{ﬁ{%@&%ﬁﬁ?%gﬂatEdl P18t rem

was vacuumtransferred and stored _ C under argon. Selenium
(Se) (99:co8&)]t wias then-nuanuplly frpegtd, mededrd wia(aG3iHgd, Ortock sramPof a hob@p0 and

hexy! Phospon! Sulth &b hixdte LERBEE AP A% Viest Bl rPHE SRARCHLTHSM A dri ch.

techniques were used in all of the following syntheses.

20 [0101] Various stock solutions were all made in a glove box under Ar. For stock
solution 4 (molar ratio of Cd:Se of 1.4:1), 0.82 g Cd(CH3)3, 1.6 g Se:TBP (20% Se by
weight) and 14.08 g TBP were stirred for 5 minutes and then placed in a refrigerator at
-20 °C. Stock solution B had a ratio of Cd:Se of 1:1 and was made from 0.82 g Cd(CHas)s,
2.27 g Se:TBP (20% Se by weight), and 13.41 g TBP. Stock solution C had a ratio of Cd:Se

25  of1.9:1 and was made from 0.82 g Cd(CH3),, 1.20 g Se:TBP (20% Se by weight), and
14.48 g TBP. These stock solutions were used to create tetrapod, branched tetrapod,

teardrop, and arrow shaped nanocrystal particles.
[0102] 1. Surfactant Ratio Experiments

[0103] For the low HPA concentration experiment, 3.88 g of TOPO and 0.12 g HPA

30  were mixed in a 3-neck flask under Ar, and then heated to 360 °C with constant stirring. This
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Al'l sol vents used were anhydrous, purchased from Al drich and used w thout
any further 10 purification. Hexyl phosphonic acid (C6HL503P or HPA) was

pr epar ed woasioh®gy| phosphoni ¢ dichl oride according to a ®cansar/sy7pr ocedur e
(Andriano. Ka et al., Zhurnal Obshchei Khimi, 40:1565-& (1970)). [0100]

Al'l mani pul atj gns_were performed usi ng{ standard air-free, techni ques. For

the syRHHEE 1§ 3o HEGRY Waiebtanrs§ aby sagles qaneentratigh ml e edips epnsapiigHon
precurs i I . t NP j sul ting
B ook sl a B B gD o RO B e

qui ckl y The imghewbnéemprativh expaiméngsra 0¥ BRA byivgoglo(§8% raglat)atrelustd8.20¢

d I'1y. injected, d i i e | 4
ar ans. ol APQgETe S48 HER Efthealor E\gfiBtenr bR atiima i ToBOHE AR oss
ot hes W ggn&hhiRths éBik‘%d 3R WStotdl %B%WM&T@?@S&{&C@H), @iledshhdr@tseow ng

syntheses. 20 [0101] Various stock solutions were all made in a gl ove box
under AstatedoFos canblof these gxperiments, 2 it of sie¢kosobiftiondd Bes sfectedinto solgicgatg

Cd(CH3) 2, .1. Se. TBR. (,20%, Se, by ., wei ght,) a . T tirred for
5 mut a5tk el efraRimira 28 e @ R Gar e e g il el | 605 ha
a rati oifgéctioh; Jte@actiods ekt stdpedratier 0 @inubbsdy qehetlifdhr2olutidn ithg Se: TBP
(20% Se by weight), and 13.41 g TBP. Stock solution C had a ratio of Cd: Se
25 of 1lduanesdeshexnesents wie tepgsicd thugg tmgy gachy The temesratppidrop gbseseed,y

wei ght) ,..and_ 14 48 TBP. .The c ol Ut i .

tot Pl deRE metskeiret S o 38 R 000 S (RSB S B AR
particl 8gg o CQhRdd oithervids fiaehiant Rati o Experinents [0103] For the | ow HPA
concentration experinment, 3.88 g of TOPO and 0.12 g HPA 30 were mxed in a
3-neck flask under Ar, and then heated to 360 C with, constant stirring.
This 210M8)] 03/ 05293dpedny BEI2IBIE60 mixture is 3% HPA by wei ght and 8% by
nmol ar concentration. The nmedi um concentration experinent was 8% HPA by

wei ght % ol ar 3,68 '

concent &gﬁlléln ex p)eProi fﬁeﬂﬁtt &ﬁrgp %B&eﬂ%&;g%%ﬁ%%gﬁ?d‘%%ggmdn@ﬁgfr 3@51%@?1 tg)geoé AS 20 g
TOPO angyaQ ifgected Mt 204amRL iR TOPO &l360cone arite af i 0 Afl/sOfThERAnpétathtRihar e
given in nolar 5 concentrations (based on the total anount of HPA and TOPO

sur fact &ept)at 328 PEs The highrtwinperatuge andeldw Monomercionednitaties prasxgied Ogiavald, 2.0

m f tock lyti A i nj ted int t .at { f )
ooy ox fReuns S5t oyt oS & adfligna Hob 0t ar o5 ook satutipp o
the i npegid Qfrted HiRr Blﬁélﬁﬁﬁ&é‘.STHY@ hgedtiRnBsds afitgbs. 3PhdWyAtHeES WA stippeEdd Ng

the solution with toluene. These experinments were repeated three tines
each. Thanwtesplerzompietiedhe gdowanigeldon.
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10 during rod experinents was from 360 Cto -300 C and the tenperature was
mai ntai ned at 300 C unless otherwi se stated. [0104] 2. R pening Experi nent
[ 0105] Towbawsis49emr dr op- shaped nanocrystal particles, a 1rP0TmSon8776¢ ock
solution of A was injected into 20% HPA in TOPO at 360 C at a rate of 10
m/s. The tenperature was 15 kept at, 328 C. The high tenperature and | ow
nononer [@Hdent r ai Shape Seleets@ I&%QMIQ? andi ESeGiPIo8f t he nanocryst al
particles. An additional slow injection of 2.0 mM of stock solution A was
started r one -y : LS HE i ggmj ' rse ERRpRY Mdiesize was
st opped [g{)(}ﬁm' nut é)g%éa}tj#tihgrsy%gér%f gﬁcﬁg&%%&v&l ow @nﬂ%?ﬁ 22 8\0 3/ 054953
PCT/ US02h3 FH48), npFifildr s&e sSleaipen Bed apnplicd.cIfl distobutiomef langthPardshepesatason

(Dot h siozeerveihd s IpEITE Toteaure W e JegarLeirin RLou SR aRtef R °°
di st 5i byt ahvQh1 sbRMGhH hStiPME nahaRRSaWaARIclRRIIG¥aitatéd) ETHIO bt@Witag wasocedur e

was useg1 to Separate them Methahol 'was added to the 5 nanocrystal solution

until t hveashethivdeswithimetanol tol remos resishuelTOPOTBR andATRA prdwaniadissel Vi

washed tw ce w.t.h t hanol to.re e i I o was

r edi ssolt&é‘anq' \r?fhl quﬁté%wa%ein%@g% ‘Iréﬁ%?ﬁ/%‘gt%@eﬁ}%?%d%ﬁg@% ‘ngﬁ?ﬁ]d %&g%s. If a
pr eci pi tkBm(ckihARRE tichipainathe(2) kak tamfeded Memvital vial el Siepesciptatentl)  2)

was transferred in another vial and the precipitate ( s _dissolyved in

. ] { 1)
chl or of ovandisshived smehletodernt. 1This seftiemda comained fydepssshipds: hthegassfse of 10
| ong,rods._ (4 ) t ; b i I in
chi §00r dpnt e Ol 8h of RERED Lao B ShrechlRCRIASHIRIILRAMINE | 0 e
amount  afispdpglactdcaic pieaf 4fd thgadditioraof dlGfathampowt iofidodacy)amifio(It-heg for a

tant (2), neth I dd d - W whj | d t ant
o ok 15t pereraen 0, eyt e AR e AR
cent 1l {4964, ANdiaddie ulifk BLALPbLcn Mg ShebyRtloh Wab Ml RRRirdiged and

chl oroformﬁ%gs procedure was repeated 15 obtalning tetrapods and short
rods in thaphcpithieddent dipscdvddintalnene drehiirofooh. (This pibesdarcwestspeatede final

product is filtered throygh a. 0.2um PTFE filter. to r e.any, non- oscal e
et &51 alCbHiPRE (SHABRLs B PBLRN In PR BRPUenERLTEr ToAY P oReaPORs s,
[0109] ape E¥ar\irSaAPRatIRké Ly RAGL0. 056 PRYEAN - @ ARlovbhao hbhinaosspect ra wer e
creat edqug#%{%\gerl Hewl ett Packard 8453 UV-visible diode array spectroneter
equi ppednwtetidls thatipughd iepmesentrp having a resolution of 2.0 rim A snall
anount of sanple ('10 |) was renoved via syringe and diluted to an opti cal

density [8508] 4. Characterization of Samples.
[0109] a. UV-Vis Absorption Spectroscopy
20  [0110] Absorption spectra were created using a Hewlett Packard 8453 UV-visible

diode array spectrometer equipped with a deuterium lamp having a resolution of 2.0 nm. A
small amount of sample (~10 ul) was removed via syringe and diluted to an optical density of
between 0.1 and 0.5 by addition of either toluene or chloroform. The exciton peak in the
absorption spectrum taken immediately after injection is broad and between 600-620 nm. If
25  monitored throughout the growth, the exciton peak blue-shifts to around 560 nm and then
narrows. This happens because upon injection, there is a broad size distribution of rod
lengths. As the rods grow longer, the long axis grows beyond the confinement regime, and
the exciton peak only depends on the short axis (diameter) of the rods. Unlike typical
nanocrystal syntheses where the peak red-shifts as the size increases, the rods blue-shift. As

30  the length increases beyond the confinement regime, the exciton peak is only dependent on
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between 0.1 and 0.5 by addition of either toluene or chloroform The
exciton peak in the absorption spectrumtaken imrediately after injection
i s broad wod3jbstseen 600-620 rim |f 25 nonitored througheatr/usaz3sow h,
the exciton peak blue-shifts to around 560 nm and then narrows. This

happens because upon injection, there js a broad si ze,di,s]g;]' but i OR of rod
| engt hs theshortigiss Jde shedwkiséargern) 16 paallethanthe Sod5 WHHe THEd i?ngh%’t ©
confine regi [ - ends on the short axis
(di amet g%“%ﬁ‘%@?&ﬁ@@ eﬁ%{?lﬁ}?glégb%ﬁgg?ﬁé}%ﬁé&?{g%l synt heses where the
peak red-shifts as the size increases, the rods blue-shift. As 30 the

| engt h i[oKIn¢ases beylaadnibsorcBltiroreMecbscopyi ne, the exciton peak is only
dependent on 23 WD 03/054953 PCT/ US02/ 37760 the short axis. The short

axis (3-4 is Il er. than the r,ods re jnitially |lo exciton
peak bl WL 110 SvereShelHRe it RUBE PRET kR Mefaht ARy e

Trangm $&ki8Ralkt &ikdr rf&”El%t%rP%&B%ob? 3 2dwhiasoBexsles|Labbreory /i Popgy and
structure were neasured by TEM at the 5 National Center. for El ectron

M cr osc@&MO02B tlastrarmisr@spke| Bie mishescerovgs opsrated Figpcasselerating yeltagedtt r on

m cr osc «,1he.nm croscope was er at an accel erating vol tage of

120kV tgamx;[%ﬂ@n%%egpﬁagg%gettgH}ehsg}nggeﬁp| e. [0113] Nanocrystal particles
were depogizjed fr Qnandbﬂg@&aep@abm ivert depbsited ford ditute sbhitiok onfd 4 Srdatm dride phous
carbon supported by 400 nesh cop rids. One drop_of nanoc 10

er | rystal
sol ut i orﬁlmrpf@momhous@anbenéumorf@ﬁﬂewﬂegamhﬁa@eaéﬁé%i OBeidEoRa) ey %8l and
al | d tp..eva e BSH b Aol &QodreRove
excals oD B EHRE Snerd L cBRERa i 45 dLR R B A AR
[0114] Stheusinplealastérewasrdtwitnmathana bs esmvaete sanessfor ganacdanmgpubds hidplaces!
acconpl i shed using, high res(ﬁl ution TEM (HRTEM at 440,000 ti nes
magni f i é&ﬁ!"éﬁfﬂ%@éﬁ%@@rﬁ’%ég bnd 15 nor phol ogi es were neasured at 88, 000
times ”gﬂmf]' cat i afychhil df Bl LAd okROVMRioR oY Stadllink &iulls Gfis SBE&SB1ESed
measur ed at "hi gher magnifications. Average |engths and shape distributions
ver e detusingihigitrebylutonTEM HRTEMD as 44B0Y tramowegeifiartigiardyegesizssandanpl e

Powdar - XFR)o Geier P Pt it BEDP B sh RO L A O g s g i)
det ect oy §1§a%ﬁ{g'b QMeasHEd 8N fIRAREShificdE b @ar?s leaeth@inddhapd diERDRGOAS .
Two- di nensi onal “patterns were angle integrated to obtain the patterns

di spl ayexkre Bterminsd by vewntinges biast J09manecrysialppriiglesper spapleder gatsival at i on
time forpu%lo%gs sanple was at |east 20 m nutes. The 20 range

[0115] c. Powder X-ray Diffraction

20  [0116] Powder X-ray diffraction was performed on a Bruker-AXS D8 general area
detector diffraction system (GADDS), using Co Ka radiation (1.79026 A). Two-dimensional
patterns were angle integrated to obtain the patterns displayed. The instrument resolution is
0.07° in 20 and the accumulation time for each sample was at least 20 minutes. The 20 range
used was from 20°-65° (Q=1.5-4.0 A, Q = (4nsinB)/A) at an Q angle of 15°. XRD

25  samples were prepared by evaporating several drops of a nanocrystal solution on a quartz
plate. Prior to the measurements, the samples were washed with methanol to remove excess
organic material and dried.

[0117] XRD sizing of particles was performed using the Debye-Scherrer equation
(Guinier, A. X-Ray Diffraction In Crystals, Imperfect Crystals, and Amorphous Bodies;
30 Dover: New York, 1994). The (002) peak at Q = 1.8 Al was used to determine the length of

the crystalline domain along the long axis of the rods. Peaks were fit using commercial
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used was from20-65 (Q=1.5- 4.0 A1, Q= (47rsin0)/2) at an 0 angle of
15. XRD 25 sanpl es were prepared by evaporating several drops of a
nanocr ystwb 03054953 on on a quartz plate. Prior to the neavamdrsens®so t he
sanpl es were washed wi th nethanol to rempbve excess organic material and
dried. [0117] XRD si.z of particles was perfo i t he

Debye- SepBwrEe (P ekl | gﬁ?u‘r(ﬂg]ng]p Srussgn* korepgqaltyqag,%g (3[&1% IRSUHMANf o) s,

| nper f e é@ﬁh@ PR usiNe W Yé%fd&d&e‘%l%é«aion The
(002) p%gﬂa%%ﬁi%%agin%g% @gﬁhglguse tgr%une thgsmgngst oF

cryst al ((GomigtpAak R Diffadtiva Th @Jfggstdx|Impe@’e¢tt(éystaétsancbélak@7mes Qotillet, usi ng

commercial 24 W0 0 / JUS02/ 37760 oftware (PeakFit'rM v4)

utilizi r%?"&r &Wégi"gﬁggéﬁetﬂtt ‘?CJ§ e%‘ibegﬁ]é &ﬁte i nstrument broadeni ng was
measyred using bul k LaB6, and then subtract ed using a standard correction
(GQuinier, A. X -Ray Diffraction In Crystals, Inperfect Crystals, and

Anor phoU811ddi es; 5. Reselts New York, 1994) to the Debye-Scherrer equation. 5
[0118] 5. -Results_[0119] . For fixed.inj.ection.conditions, variations of the

TOPQ HP. r This is
TP FPALAN O, DA AT BN SRR g e eGP O ke TS T
[0120] sysmetidally HBﬁtrd)l@Jﬂ%?ﬁdn@&ybtehgiabe AShig ¢4 clsaty seen ﬁmxeémmasqlmmn\?ﬂﬁwre
(nm) (c:a) (molar) ((ym 8%2.0 5.1- 0.8 1:1 20%2.0 21.84.2 5:1 60%2.0
21.7 2imagamFE. 520900 Tebled. 02.1 2:1 20% 1.5 16.4 1.1 2.7:1 20% 2.0
21.84.2 5:1 [0121] Wth no HPA and at | ow concentrations of HPA (less than
100 gg%d]y 15 spherical dots are fornmed. At HPA concentrations of 20%

hlgh as ratio rod growh is strongly favored. Finally, if the HPA
concent redbleb. i s -60% nanocrystal particles shaped

HPA Injection | Length Aspect Ratio

Concentration | Volume | (nm) (c:a)

(molar) (ml)

8% 2.0 5.1+0.8 1:1

20% 2.0 21.8+42 |51

60% 2.0 21.7+£2.0 varies

20% 1.0 13.0x£2.1 |21

20% 1.5 164+1.1 2.7:1

20% 2.0 21.8+42 5:1

[0121] With no HPA and at low concentrations of HPA (less than 10%), roughly

15  spherical dots are formed. At HPA concentrations of 20%, high aspect ratio rod growth is
strongly favored. Finally, if the HPA concentration is ~60%, nanocrystal particles shaped
like arrows are obtained (FIG. 5 and FIG. 6(a)). The inventors observed nanocrystal particles
that looked like narrow arrows (FIG. 5). The time dependence of the shape composition of

the nanocrystal particles and the average lengths is given in Table 2.

20  [0122]
Table 2.
Time (min) | Length (nm) | Rod/Pencil | Arrow
4 21.7x2.0 56% 44%
10 27.4+3.0 37% 63%
30 316+34 35% 65%
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like arrows are obtained (FIG 5 and FIG 6(a)). The inventors observed
nanocrystal particles that |ooked |ike narrow arrows (FIG 5). The tine
dependencwooB/os4983 shape conposition of the nanocrystal pactiusoes7zand t he
?v%ragedllengt hs is given in Table 2. 20 [0122] Table 2. Tinme (mn) Length
n Rod/ Pencil Arrow 4 21,7 2.0 56%44% 10 27 .43.0 37% 63% 30 .31.6

3. 4 350¢BH 25 Wolhseowrytafl asery i@@?‘f ?,@Péﬁ’sta# ps)es Wéea&%mﬁ{ﬁé&}e BiPow

e ) . O .
shape rsiﬁlggﬁ%yﬁg@gmpgés@]% dr{gﬁlaseagagppéﬁla@s aéc_Pg‘aséSTﬁ@ﬁver h$bf thed and

penci | ed nanocr rtic decrease. The average 1engths of the

| ong axileng(axiscax)s) of thehdiffeichf shape ofgtacipdes withip gach saimpde awetwithin @%cef sanpl e

are withi ql 2% of each other. 5 [0124] 6. Teardrops [0125] From FI GS.

8( a) - 8( 5§ch 9tetannears that particle growth occurs sel ectively on one

crystal face of the rods, thus form ng al nost teardrop-shaped particles.

Ther ¢ angRfcepti @nsreapfofAn be seen in FIG 8(c), which shows a particle

with growmth occurring on two faces. Characterizing these cases with HRTEM

reveal ed that they represent nanocrystal particles 10 with | arg}eL}y Zi nc
st

bl ende 40325¢t ur e, Faomdiles: 8(ayS(R, i apserthrigrriitle grath gecurnpglect o} A& Kt

were pur i L gAlLf C f
nanocr y<pa Bk metol bl RARE 0 1RGSR Madcib i) TRl ext @fons
nanocr y gt ain bh&pe i FEG. Sta)) whichcshowis atparttdlywith gaiwikdcewsring ondpodacks.

nanocr yst al rticl en in FIG 9 .. Th I [ fri
it oughteractigetnsbeseicoses il HRUENG ey ot Bt TR CoFobBEtP=hRG SRHEES  and

the g N,y l%iﬁteef?; iiﬁ&{?%gdgéétfuc%%,ea[ YEEt & Poon®RiIaTrshd e, Agegstalonaod

formation, can l'ected out via size/shape selective precipitation
as det aiyep@Ravatzitt peEw sighifftah@y RlotOHi5 thie JODBLMELST the patdciytadsfoshing and
shape, and its solubility. In general, the larger the particle, the |ess
splubletﬁﬂéms&(assuning the sane 20 coating by surfactant). If there is a
m xture of tetrapods with arns as long as the rods, and rods, then the

tetrapods; ghe | es and will precipitate before the rods. [0128]
When peﬂ?ozraélld ng a%?ﬁtﬁéﬁé@s injections into solutions containing tetrapods,

[0127] Another nanocrystal shape that can be consistently obtained is tetrapod

15  nanocrystal particles as seen in FIG. 9(a). There are lattice fringes throughout the crystal,
indicating crystallinity in both the center and the arms. If tetrapods are observed in a
synthesis that leads to rod formation, they can be selected out via size/shape selective
precipitation as detailed above. There is a relationship between a particles size and shape,
and its solubility. In general, the larger the particle, the less soluble it is (assuming the same

20  coating by surfactant). If there is a mixture of tetrapods with arms as long as the rods, and
rods, then the tetrapods are less soluble and will precipitate before the rods.
[0128] When performing additional injections into solutions containing tetrapods,
“dendritic” tetrapods can be formed as seen in FIG. 9(b). Up to three additional “branches”
can be grown off the end of each arm of the original tetrapod.

25 [0129] As noted, tetrapods are single-crystal particles that demonstrate polytypism,
having a tetrahedral zinc blende core and four wurtzite arms. Like the {001} planes of the
wurtzite structure, the {111} planes of the zinc blende structure contain layers alternately

composed of either Cd or Se as can be seen in FIG. 7. Since the presence of HPA selectively

increases the growth rate of the (OOi) face, it follows that the closely related zinc blende
30 {111} faces would also grow quickly in this binary surfactant mixture. The tetrapods are

formed when a CdSe nanocrystal nucleates in the zinc blende structure instead of the wurtzite
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"dendritic" tetrapods can be forned as seen in FIG 9(b). Up to three
addi tional "branches" can be grown off the end of each armof the original
t et rapod. wd33[08029] As noted, tetrapods are single-crystalpcparsnz/gi7es t hat
denonstrate pol ytypism having a tetrahedral zinc blende core and four

wurtzite arns. Like the {001 | apes, of, t wurtzjte.str u t {1
M} ol arseBelre. Vhets et ERteraPebotbe fasnt wh gl Eradd dithleBiayeda
conposed;f pighdetBFe 4kelh imPIRY 1C AR MLeBARe, itherE nfdy be seWACRajd¥F Presence of
HPA sel ectively increases the growh rate of the (001) face, it follows

t hat t heelstoedy gdjnsing thel relative apiamiseofZMnc{blendeMersug sastzite uhelcbiosmedinglie
quickly.in this binary surfactant m xture. The tetrapods are forned when a
cdse nadBErYEt AP HRicl eates in the zinc blende structure instead of the

wurt zi t o1 WO ONI0&RARRD B SHabl) diich /a8 @endritid tehpude, ard pestiucediby pértf@ntindrs
grow out of the four (111) equivalent faces of the tetrahedral zjnc_ bl ende

core as adisionplslew mjectipns af mepemAT Wb BolutigicplEeagy goHanE tehaodsa (oyth

sel ectivel. ' kN ' t i ; n ite
it oi | 1P I 00 haCedeBhE it RTRMA' aRiondl RfecRbE " Hind nitifo Wbl B
as dendritirntAite] #ky apld dsntirmieao grovvsteghtb ¥f therefads Ainoglendelthytisanatacking\faults

i njections of nmononer into .a solution already containi n% tetrapods. G owth
occurs &k e cadakthearmp,aviigh AT SHEHPTMOHIBABWHURIF(HP 1o A MHIB t i on. | f
the gr ”Badaftf%nﬁ)lurbfzirﬁégeé’“witll b&out B chalh, ?‘ﬁﬂtc'aﬂ YE clcari 95N intpie! 91@?, '
there are zinc blende layefs or stacking faults near the end of the arns,
whi ch i swlzersh atdoad poslirsor ohedbioh ivtag beenupdrfqrned pup sempB coadinmmg}etdPods

addi tional "branches" wil| ﬁrow o%ﬁﬂof e%ch ar Thi s can be tfll garl . seen
in FI G WEbjhe MOPREIE canesaanep RIS URyTEEEi U A BEES i F SIHEHO0N a
sanpl e bRy 14RES ARBEEnd G théfetlaP6d AANROMEr concentration was allowed to
decrease thereby ericouraging the formation of zinc blende |ayers at the
end of the tetrapod arns. 15 [0131] B. Synthesis of CdTe tetrapods [0132]
1. N&terDE3Yy [ 013F. SadhesiswioXdTete(r@eb@s (99. 99+ %, Tellurium (Te) (99.8 %
200 mesh), and tri-n-octyl phosphine oxide (C24H510P or TOPO 99 % were
pur chas ﬂ%omAl dllr,i h, .n- QOctadecyl phosphonic acid (CL8H3903P or QODPA, 99
% was 3 13¥ased f @’?]fa 20 Laboratories, Inc. Trioctyl phosphine (TOP)
(90 %9 was purchased from Fluka. Al solvents used were anhydrous,

pur chasq@i133jom Al drddekiumaddeERIDMD9.boHvo)amyliriing () (P8 04,1 208tmeh), and 0134]

2. Synthesis of CdTe Tetrapods [0135] All mani pul ati ons were perforned
usi ng Sttgﬁﬁg(ptmlphpqphmee@n@qe&%ﬁﬁ P or PO, 99 %) were purchased from Aldrich. »-

Octadecylphosphonic acid (C18H3903P or ODPA, 99 %) was purchased from Oryza
20  Laboratories, Inc. Trioctylphosphine (TOP) (90 %) was purchased from Fluka. All solvents
used were anhydrous, purchased from Aldrich, and used without any further purification.

[0134] 2. Synthesis of CdTe Tetrapods

[0135] All manipulations were performed using standard air-free techniques. The
Cd/Te molar ratio was varied from 1:1 to 5:1, and the Cd/ODPA molar ratio was varied from
25  1:2to 1:5. The Te precursor solution was prepared by dissolving tellurium powder in TOP
(concentration of Te 10 wt.%). The mixture was stirred for 30 minutes at 250 °C then cooled
and centrifuged to remove any remaining insoluble particles. In a typical synthesis of CdTe
tetrapods, a mixture of ODPA, TOPO, and CdO was degassed at 120 °C for 20 minutes in a
50 ml three-neck flask connected to a Liebig condenser. It was heated slowly under Ar until
30  the CdO decomposed and the solution turned clear and colorless. Next, 1.5 g of trioctyl
phosphine (TOP) was added and the temperature was further raised to 320 °C. After that, the
Te:TOP precursor solution was injected quickly. The temperature dropped to 315 °C and was
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Cd/ Te nolar ratio was varied from1:1 to 5:1, and the Cdl ODPA nolar ratio
was varied from 25 1:2 to 1:5. The Te precursor solution was prepared by
di ssol vi mgotoalos49s3 um powder in TOP (concentration of Te 1@Cmtus¥y/377éhe

m xture was stirred for 30 m nutes at 250 C then cooled and centrifuged to
renove any renai ning insoluble part

| of Cd
t et r apoBintzingd st this gakye toppphout Yn %IS Oﬁgn%@e Id‘gegg §t8¥%t$%6%@1f18?65 ;-8
f 1 n
m nut €Sy RerdvimdinBhel M Afa e dnd H@%&gﬁ%&ﬁ%@ ot fe Adcpbbdligondensesn |t

was hea y under unt i | deconposed and the sol ution
turned ¢ BEAC, 8ndl mbhriridess. tolNend werk .aBdgyl tofthe flaske and theslispsptimway TOP) was

dded d the t furth 320 C.. Af
Te ToP FRRRITeS0P B B Wi FHRET AR sirypToshe e bRl ey (o
315 £ a%}gr\@aﬁlta‘tg ?he\QQnQ g@éﬁﬁﬁcl@gﬁéﬁ%ﬁgﬁﬁen WB dildad tteﬂhealﬁspbmcm Val ue

t hrough e synt hesi synt heses were stopped after 5 m nué
r enovi nthig Wey,tp@‘emmmgcm’amipeta‘amomw Cdmbepghonatsl corplemsas praggutedas pHer cool ing

the solution nh u Leuagddegd -to the flask,
and ther‘?ﬁ?%vﬁég&’leéﬂp%@ar%& ﬂ’gr%?cé?l?ée 'X'? %I%acﬁsst r coe;/}ﬁ @He m ni mum anount of
anhydr oysy ﬂé@%h@@@ hwithbBBan IR e eﬁn&flﬁ@thﬁrsﬁpérnatbﬁt thetfirel pmnmﬂaseswl

particles after centrifugation, was added to th 6(?]]“Bery 0 s vvay

pot ent i aﬂortldon;bhfe@fb’b@t afilgesuding GETigtrppRsis rYYFé‘?l’éqa il spipblsin erH§ E\'\IF

Af t r m)ln pernatant, the precipitate was re- dlssolvedtvvlcein
t ol ﬁ@ne ﬁlﬂﬁ) Oli)tro “"*%gu tated with nmethanol. After renoving the supernatant,
the final precipitate was stored in the drybox. Al resulting CdTe
tetrapo@ei36er e Bed@hatasteaiabtidn ef Samsled yeTitansraission Fectroo MisrascaroliHN)

tol uene. [0136] 3.a@NaVackNHsamtibaSpedtroSeoml es by Transni ssion El ectron
M croscopy (TEM and UV-Vis Absorption Spectroscopy. [0137] The structure

and si zgo@fyjt he Cdhe shadtofd dtside df@l[dd?@'l‘@ﬁaﬂbéfy@tahpﬁﬂureedfevd measiEM vidt t he
UC Berkel ey El ectron M croscope Lab, a FEI. Tecnhai éﬁgg‘?tron .m cr oscope

15 was (538 Afithe UG BeiksleydBeaikon Miseossoradlah, afrﬂéﬁ?&%%l HELFHFSEPCof 100
"lg evaaléll'll?:é "# %%c?s%n?r; %g@g\/ﬁérﬁgd Qtfanteﬁgel h?@ﬁ e F 1908, BBHNatdf the
e

syringe Iask every mnute and

m xed i @ﬁé;gx@whmh@ws dfahdi8ithesdNe sﬁhlallthﬁt dﬁhesampla(rs@ emlperas odved diay box
and wash once with nethanol. The precipitated nanocrys@ilp%} artl cles were

r e- di ssoyuegs from tly ﬂ@keevm:rnu@mmdtr@@eql ARy diRus (IRt i UGISVEC 4 nm
thick 20 fi ! 490 pPR N ERARRBH crgthids . One
drop of Wﬁ?ﬁS‘E?"‘@é"ttﬁF |on |n n%fgl%g%erhﬁ/gm%epos gnto thcerggrl d and
evapor atpaliclddWreyé ge- @1@&9{/@1 1maﬂlu3peamdrc&pommde&0m dlslulllesdlumlsn ogtoea 3-4 nm thick
Hewl ett - Packard 8453 UV-visible (88 ag S ec roge srr equi bpe
20  film of amorphous carbon supported y4 mesh copp S op ol na crystal
solution in toluene was deposited onto the grid and evaporated. UV-Vis absorption spectra

were measured using a Hewlett-Packard 8453 UV-visible diode array spectrometer equipped

with a deuterium lamp having a resolution of 1.0 nm.
[0138] 4. Table of syntheses

25  [0139] Table 4 shows reagent amounts in CdTe tetrapod syntheses. (In order to

compensate for losses during injection, the recorded amount of Te:TOP slightly exceeds the

one corresponding to the cited Cd/Te ratio.)
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with a deuterium/lanp having a resolution of 1.0 nm [0138] 4. Table of
synt heses 25 [0139] Table 4 shows reagent ampunts in CdTe tetrapod
synt heseswo(oBsossier to conpensate for | osses during inj @criusaz/317he
recorded anmount of Te: TOP slightly exceeds the one corresponding to the
cited Ci/T ratio.) 28 WD 03/054953 PCT/ US02/ 37760 [0140] Table 4 Cd/ Te
nol ar 91111213151 TOPO [g] 3.83 3.469 3.19 3.19 1:2 ODPA [d]
0.27 0. 53519481 0.81 CdO [g] 0.051 0.102 0.153 0.153 .2 Te:TOP [g] 0.540
054005400_3_5_0__MLQ]_31_3__3_20_3_19_3_19_FQMO 27 0.80 0.81
0.81 A4 1.3 CdO[g] 0.035 0.102 0.102 0. 32 moikeaid OP [g] 0.400 0.540 0.400
0.240*) TOPO [g] 3.544 2.67 2.6512.65 1:4 ODPA pg] 0.4%5 1.33 1.35 1.35
CdO [g] 0.035 0.10Z Owddg 0. 102 T TOP {g§ 0.400y 0. 54030 400 0. 240*) O.
100 g TOP addi tional I 3pph By ect ed. §y[ 0141)5,Beyond sgontrolygpf the phase
during nucl eati on!and, E‘, manj,pul atipn, of  the growh, kinetics enabl es
e arm

i ndependent tun; ng of e Ierb%)hs an(§15451| amef er's FI(% 12 shows a
series of transi SSIQQ—QFS@(—PQQ—FH—GP@S@QQ;—(—IEN&—!—Q@Q@-S—OQ—(—ypI cal CdTe
tetrapods of various’Felyths and*Hspect Patios,>711ustPating the influence

of the main groi h,pd?Bfiters on%%hape. fhe pré)§ént i n¥éht ors found t hat
once the basic & etrap@éisshape i s P8r med, %§* owmt hoP® of tH& arns occurs
according to t contT@Pdigdbl e ki me®i ¢ nmechani sne4previ 0e8?y observed for
nanor ods. [014 In ttheodTe tetrapod synttheses,2sshe CdlFe rati o was vari ed

from1:1 to 5:1, s ODPAIEl 0.456 1.33 1.35 135
" cdolg) 0.035 0.102 0.102 0.102
Te:TOP [g] 0.400 0.540 0.400 0.240"

0.100 g TOP additionally injected.

5 [0141] Beyond control of the phase during nucleation and growth, manipulation of
the growth kinetics enables independent tuning of the arm lengths and diameters. FIG. 12
shows a series of transmission electron microscopy (TEM) images of typical CdTe tetrapods-
of various lengths and aspect ratios, illustrating the influence of the main growth parameters
on shape. The present inventors found that once the basic tetrapod shape is formed, growth

10  of the arms occurs according to the controllable kinetic mechanisms previously observed for
nanorods.
[0142] In the CdTe tetrapod syntheses, the Cd/Te ratio was varied from 1:1 to 5:1,
and the Cd/ODPA ratio was varied from 1:2 to 1:5 (the Cd/OPDA ratio was 1:2 and was at
maximum in order for the CdO to decompose completely). An increase in the Cd/Te ratio

15  leads to tetrapods with longer arms, whereas higher Cd/ODPA ratios result in larger arm
diameters. In all the experiments, the amount of Te:TOP solution injected was adjusted with
respect to the Cd/Te ratio. Also, the amount of ODPA added varied depending on the
Cd/OPDA ratio. The total amount of TOPO + ODPA was always equal to 4 grams. For the
syntheses done at Cd/ODPA ratio of 1:2, the amount of CdO initially dissolved in the

20 TOPO/ODPA mixture was 51 mg (1:1 Cd/Te), 102 mg (2:1 Cd/Te), and 153 mg (for both 3:1
and 5:1 Cd/Te), respectively. For the syntheses done at Cd/ODPA ratios of 1:3 and 1:5, the
amounts of CdO initially dissolved in the TOPO/ODPA mixture are 35 mg (1:1 Cd/Te) and
102 mg (for 2:1, 3:1 and 5:1 Cd/Te), respectively. Avoiding a large temperature drop after

the injection of the Te:TOP solution is desirable to ensure both a faster recovery of the
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and the Cd/ ODPA ratio was varied from1:2 to 1:5 (the Cd/OPDA ratio was 1:2
and was at maximumin order for the CdO to deconpose conpletely). An

i ncrease wWp Bloeo€xlJTe ratio 15 | eads to tetrapods w th | orgerusar/sweo wher eas
hi gher Cd/ ODPA ratios result in larger arm dianeters. In all the

experinments, the anmoynt of Te; T oJution injecte justed. wit
r especttheignal ggu F%&M?%.th%ﬂ@nﬁﬁ% %??B‘Hﬁfn%‘ﬁe @Eﬁ\\f\{a};\%ﬁgﬂ&@%ﬁnﬁy% endi ng
on the reﬁg@i&aﬁi}g{,@th.rﬁgmgnggﬂ(ﬁ{ioﬁnount of TOPO + ODPA was al ways equal to

4 grans. syntheses done at Cd/CDPA ratio of 1:2, the anount of CdO
i nitial[0§43li ssol vaduitiertchesedOeibOROMEDERetivaly aesrolled gBawihrpppaard inGle Te) , 102

ng (2:1_Cd/ Te), .and. 153 for, both 3:1. and,.5: 1. Cd/ I res tively. For
t he _synstlﬁg‘%% Equ{’e‘)féftr@?/r‘lgféyﬁnfl&% PESBTOPY: FoYHepIge. I[nﬁﬁeIG. ellrgr’o(gn % of CdO

i i t5 al deia g SRANQEN FrBmithE sk $NRA, 40 1Xdndr £ 5aniauip, 8¥petively,@of the) and 102
mg (for 2:1, 3:1 and 5:1 CdJTaql’é respectively. Avoiding a |arge tenperature
drop af $ymtheseshrariied e it b same Gl ematirdpmt abiwa didsrans CAEIPP ABREOS; Heensur e

cau || BT Bt B e ot R st el B ] R REO B ¢ It AR

honogengijdeyo@Rhen' tBe t@tbetirdtioni dfmafontdieis hegic t Tiefacagehwing msost f@tkdy] A
further consequence of the kinetically controlled growh appears in the
shape edwingithispespd issthe apowdthiskighest Fierfacia shergpi Eloyeysh WiFRieme. In FI G
13,,CdTe t r | §; ; drgt 5

i T o CorPel Bl By B 8RS Anis 08 | e B ML R e R T e
rati o, hwfand, at WehdiLf €aODPALdddDRA te@spgods greawrefor Sanipates thavd disthatly cases,
most of the anisotropic growh takes place in the first mnute after

i nj ect i wupdsshendst Fbe dissalatien of the sndef #rparendhe(G09 1n)ifaeet) mereases g logalowi ng
nost qui ckl during..thi erind,l i . i ] i al
ener gy, TPBUBTS e R RE B ke BRrSI stk b Ep i Sehush B EE T
al so t hgt en® drttiad ardisarithss &l s Rlnoit Bgpaként $i thefsamplel grstvance Jovedr (hsyh (1: 2)

Cd/ ODPA ratio, the tetrapods grown for 5 m nut eg have distinctl r ounded
endsS TRE/QRRA sitin, swe slpwenarosi rae delaysthaQsiwald ppeens yosime &g §°n Hdieekes
the |l oc nomne C i | f cat at
its exp@%éé‘f‘)r esu {(?ﬁlgq @ﬁ‘tyrg g&ﬁg&l p? lg!td%ggy gﬂﬁ? ﬁglnggcgég) Thi sﬁeetft?terg[g@s not
appar enganigle {rive-weatigdl Eing mitwpealts) a Thobelk XRDDattdh «Ed)dDbRurtzateiinglss simyen

[0144] Braninghohis 01 pkaneRTRY SRIRRHe HPIS JEAH (h P AR ROP -4 Te
Let ! aPoge 15 Bl Eed aRtliiY Blohi 48 ¢ biiOEr e tlirpBakimis, The bul k XRD pattern of

CdTe wrtzite is also s . (vertical lines). The 002 peak is very narrow
and20vor f0146} ense Thatermbendetpeessipma kdiidhdze een efiploped ksreiarteused@ai n al ong

the c a’%(elrlis 81‘ désggpttlc?r} andnot of {irr}gtation, and there is no intention in the use of such terms

and expressions of excluding equivalents of the features shown and described, or portions
thereof, it being recognized that various modifications are possible within the scope of the
invention claimed. Moreover, any one or more features of any embodiment of the invention
25  may be combined with any one or more other features of any other embodiment of the
invention, without departing from the scope of the invention.
[0146] All patents, patent applications, and publications mentioned above are herein
incorporated by reference in their entirety for all purposes. None of the patents, patent
applications, and publications mentioned above are admitted to be prior art.
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20 [0145] The terns and expressions which have been enpl oyed herein are
used as terns of description and not of limtation, and there is no

i nt enti orwor3bmszse of such ternms and expressi ons of exelcadisay37760

equi val ents of the features shown and described, or portions thereof, it
bei ng recogni zed that various nodifications are possible within the scope
of the W d. Mbreover, any one or nore features of any
enbodi ment of the invention 25 may be conbined with any one or nore other

f eatiures of any of her ' 0f ot i rG8le. the dis daRisideng from
t he 1scope of the %'nvenfgirﬂé)én&ls 014gafn§|ﬁnﬁgg%rgﬁttﬁg?drggt’ent i)f::tdﬁplsi cgit%?lons% and
publ2 cati ons nent(apnedprabiing acae hevieg a firitrerysta siractote iby sobftienedisle in their
entirety for all rposes. None of the tents tent _appli Lons, and
publ3 cati ons nent‘l%gned%é’%we&ﬁﬁ r{ggiﬁorpgh%c‘éorgﬁingpggrs?&o%g(g%%&lm

03/ Q54933,cRikd (RO 26RASRO WHAT IS CLAIMED ISt 1 1. A process of formng a
nanocrystal particle, the process conprising: 2 (a)_providing a core
havisng a first crybemsin the naecuyseal partiglesemprisena Gagup @/pﬁeél}lc?léﬁuﬁ‘%gG%Parm

ext endi romthe core havi a.se r : N :

col gt 1 o Veseerdin S iantih 6 ARy BT FRRaE ot 2Ry f S iHEb Uk Pyt fing
semconguedsPbne GrRPAT clemleht and 8 e CaiRWIOUP V] ofentait adlected fom the raup
material, or a Goup IlI-VI sem conductor including 7 at |east one Goup II
el erfent cansisting of @a8t Tonad Beoup VI el ement sel ected fromthe group 8
consisting of 0, S, Te, and Po. 1 2. The process of claim1l wherein the arm
IS a]tf' rst arm agd m?ﬁ@#f&cé?%f c?airﬁrl%l?e?éinft% 5iRels LCAIPIrhS 88d whele@f fHenNg at
| east a second arm extending fromthe core in the solution, wherein 4 the
secand prooedsdertiidieompeisssd crystal structure. 1 3. The process of claiml
wherein the armis a.first arm and wherei.n t.he .2 process f h .
conptises: 3 fornfHg g atﬁ%""ég? S%?OE%&B’?.&”S’P‘?%P%?&%@Fﬁgr"flPﬁﬁ %%%{{Otélo%lerleﬁn t he
sol uf i 0fe RGIISIR hat iR SREGPHadbtags the second crystal structure; 5
formng at lTeast a third arméextending fromthe core in the solution,
wherein 6 the third armhas the second crystal structure; and 7 formng at

| east a fourth arf ext Bhdpregessrasislaing whereinjthe pre iseolist #15m andWbetsitthe

2 process further comprises:

forming at least a second arm extending from the core in the solution, wherein
the second arm has the second crystal structure;

forming at least a third arm extending from the core in the solution, wherein
the third arm has the second crystal structure; and

forming at least a fourth arm extending from the core in the solution, wherein

0 N2 N W B~ W

the fourth arm has the second crystal structure.

—

4, The process of claim 3 wherein the first, second, third, and fourth arms

2 are formed substantially simultaneously.

1 5. The process of claim 3 wherein the first, second, third, and fourth arms

2 are formed at different times.

1 6. The process of claim 3 wherein the first, second, third, and fourth arms

2 have substantially the same lengths.

1 7. The process of claim 3 wherein the first, second, third, and fourth arms

2 have different lengths.
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8 the fourth armhas the second crystal structure. 1 4. The process of
claim3 wherein the first, second, third, and fourth arns 2 are forned
subst ant iwblog/0sdonsil t aneously. 1 5. The process of cl ai m 3pairarsez/sr7she
first, second, third, and fourth arms 2 are forned at different times. 1
6. The process of claim3 wherein the first, second, third, and fourth arns
2 have substantially the sanme |engths. 7, ‘ll;he roceﬁs of ,.claim3 erein
the First, secondd thi Ade PEGsEsT Splaim hvhgreunths aguochysis @aticle s &igenpods1 wo
03/ 054953 PCT/ US02/ 37760 1 8. The process of claim1l wherein the
nanogrystal partigle i 13 pfRROPHhIaiml1 WherbhethB oA ReftDktrkdtaleTs 4 cubigr ei n the
first crystal structure is a cubic 2 crystal structure, and the second
crys?al cystalistrunterej andthé escagd nnistat stystare ise hexagomal crystal sgucttige pr ocess of
claiml further conprising: 2 formng second, third and fourth armns
extending fromthe,core,to faorm .3 1etrapod shaped nanocrystal particle.
1 1111 The processﬁgf cl gleﬂ%e%%ﬁé?lﬁl#ﬁlg{hgf‘%@@mé First arm and wherein
the 22 process fuféighg SR, tERE an@fu@thiErng eRtebdia Midnathecord tofeinng . f r om t he
core, wherein the second armhas 4 the second crystal structure, and
wher 2i ntattapod phaped aprpesesid martistsrs are formed substantially 5

simul taneously. 1 12. The process of claim1l wherein the core and the arm
conpyise a Goup I i . i

wher[ei n the core é%'d tt@yg?%%fgﬁ%ﬁngyhﬁéﬁge %Hgs %ﬁgbﬁg?% %P@{ue?#lglgeants.
1 142 Tieocpssafether coinprisas:m 1 wherein the core and the armare forned using

2 a mxture of surfactants, er ei he m xt.ure of .surfactants conprises at
| east two sel ect e&@%ﬁﬁ?% a&P&ﬁ%nélgﬁsf&?hﬁgcof)?’ ng’r‘?reélil Iseﬁcﬁ](ﬁlsabwgfﬁsc aci d,
an al kyk,hesphdPiig fkbre, 30d 3HeWin 1 RBOMRAREEMIRKNE @re RANSd KibstaBRASPI ne,

an al kyl amne, and a carboxylic acid. 1 15. The process of claim1l wherein

t he Gor einmgdtaaedustyst core, and the armis a 2 first armthat includes a
proxi mate end proximate to the first core and a distal end distal to the 3

firsy core, and whereigthe process f HihaRE GRBE #Q%he arm comprise a Group

2  II-V semiconductor.

1 13.  The process of claim 1 wherein the core and the arm are formed using

2  amixture of surfactants.

14. The process of claim 1 wherein the core and the arm are formed using
a mixture of surfactants, wherein the mixture of surfactants comprises at least two selected

from the group consisting of an alkyl phosphonic acid, an alkyl phosphinic acid, an alkyl

BSW N -

phosphine oxide, an alkyl phosphine, an alkyl amine, and a carboxylic acid.

15.  The process of claim 1 wherein the core is a first core, and the arm is a
first arm that includes a proximate end proximate to the first core and a distal end distal to the
first core, and wherein the process further comprises:

(d) forming a second core at the distal end of the first arm; and

[ T -~ S S

(e) forming additional arms extending from the second core.

16.  The process of claim 1 wherein the core and the first arm are formed in
2 ahot surfactant mixture wherein precursors used for forming the nanocrystal particle are

3 injected sequentially into the hot surfactant mixture.
1 17. A mnanocrystal particle made by the process of claim 1.
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4 (d) formng a second core at the distal end of the first arm and 5 (e)
formng additional arnms extending fromthe second core. 1 16. The process
of cl ai mwowhes®sn the core and the first ann are forned iPRT/UB0A31T64
surfactant m xture wherein precursors used for form ng the nanocrystal
particle are 3 injected sequentially into the hot surfactant m xture. 1 17.

A nanocrystal particle nade by the process of claim1l. 32 WO 03/054953
PCT/1US02/ 37760 1 18$. AAM@«%MCQWC@@QW@S%F&?rfiaélp?rgst@h%afﬂ%é%g?(?g{liﬁ
particle of claim17. 1 19. A process for fornm ng sem conductor
nanogcrystal partighes 2\ coRLd 5 Rimink deRhERMUGLPHaRRsCOPEEleer nanocrystal

particle precursors intoa mxture ofT 4 surfactants ‘capabl e of pronoting
t he Yr ovdrhpding:et r apod shaped sem conductor nanocrystal 5 particles; and 6

forn ng tetrapod shaped sem conduct or nanqcrystal particl.es, 7. rein each
of the nanocryst a}m’iﬁ’ﬁl'lflpg PEBIces ‘?rst@E‘O‘ﬁy%:l&ﬁgqu@p%cgrgﬂﬁs6%%&%?%, °G oup
L1 -) SeietentUGhWle ofpFBRicing the SlohR6F fetrfpdtBdtapé@demitbndactor abibctystdVl 9

sem conductor including at | east one Goup Il elenent and at |east one
G oup Vpatkkspmd 10 selected fromthe group consisting of 0, S, Te, and

Po. 20. The progess of .claim 19.wherei h em r nanocrystal 2
part?cles have sh OF}HE“%{?FFBP?‘L%H%BG%F%WE% G{Oéﬁ @ﬁ%?éﬁg%%geg’ 1 21. The
process of clai m §@emieefRhbItRenRobESHabRrtcIas ompriseod Greab it o the 2
m xture at a tenperature between about 20 C to about 3 C. 1 22._The

. . 60
pr oc®s s sghicendiiciar1Gravpd ey semirongpciern, p ssid, adiglerhicaBalgdddol hoepupdL Vio
heatgd m xt ur f - - ' ' t Lately
o ¢ neieb el RGP oY RO o BAER LB B GRRRS EaBRER P Y
t he1@r ecele@ed Somrtke griup@dtisigithg ot S, e, ardl Freat ed mi xture of surfactants by
adding different precursors together into the mxture of 3 surfactants. 1

24. The process of claim 19 wherein. the nanocpystal rticles conprise a 2
Goup I11-V or a &oup TIPQWPC%Séﬁf Elﬁlrli’aﬂlgf”&’fs¥elri{%§?mﬁ?§8‘b91%rcléa§*80rgftggI aim 19

wher gi n } i elected fromthe gro
COI’]SIESt P%@ﬁgﬁhﬁﬁlﬁp&q{% 265 Band1R8%4trdPBE shabeS. group

phosphonitc acid, an al kyl' phosphinic acid, an
1 21.  The process of claim 19 wherein the precursors are introduced into the

2 mixture at a temperature between about 20 °C to about 360 °C.

1 22.  The process of claim 19 wherein the precursors are introduced into the
2 heated mixture of surfactants by adding different precursors separately into the mixture of

3  surfactants.

1 23.  The process of claim 19 wherein the precursors are introduced into the
2 heated mixture of surfactants by adding different precursors together into the mixture of

3  surfactants.

1 24.  The process of claim 19 wherein the nanocrystal particles comprise a

2 Group III-V or a Group II-VI semiconductor.

1 25.  The process of claim 19 wherein the mixture comprises at least one
2 selected from the group consisting an alkyl phosphonic acid, an alkyl phosphinic acid, an

3 alkyl phosphine oxide, an alkyl phosphine, an alkyl amine, and a carboxylic acid.

1 26." A nanocrystal particle made by the process of claim 19.
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3 al kyl phosphi ne oxi de, an al kyl phosphine, an al kyl am ne, and a
carboxylic acid. 1 26., A nanocrystal particle nade by the process of claim
19. 33 Woo03/0884953 PCT/ US02/ 37760 1 27. A nanocrystal pamtisot/a7760
conprising: 2 a core having a first crystal structure; and 3 at |east an
arm extending fromthe core having a second crystal structure, 4 wherein
the panocrystal particle conprises a Goup |V semconductor, Goup 5 11I-V
sem tonductor, a fétal A %anﬁf”é’ls@i??l’?lﬁer?ﬁ?’@ml&g or a Goup 11-Vi

sem £onduct or inc ﬁﬁ% Il element and at |east one
Grou% VI el enent égﬁfee(r:}%ed%a?%rrﬁt b%%u%%ggnm sting of 0, S, Te, and Po.
1 28 The nanocr ystlabstpantmekendingdtom the2drodesimng nseched erryﬁhal grumture,r st arm

and 2 wherein the, nanogrystal rticle further Ses:. ast a
secohd arm ext end Mgy %WH%CTX%%W%%C%@&?& aaﬁcrﬂ}lnﬁg\é SWBIC‘PH% tt% §E%‘ﬁ’nd
cryssal 181V sighibbiiuctbr Z@mefab% DBt ik al RRRIGSUS TIOVT Sdricohdiétomiedl@difg t he
armis a first arm and 2 wherein the nanocrystal particle further

conpl i | sebleasy one GrauwsH ekensant andiatdeart eng eradipnyl dlerpentsplecied fom thgerawcond arm
havi t he. 14 s?ﬁ)ogd a)ﬁ%tlﬁol structure; and 5 at least a third arm

ext e d| ﬁ%ﬂsfﬁig% 2 e bPE s third arm having the second 6 crystal
structure. 1 30. The nanocrystal particle of claim27 wherein the armis a
first arm and 228her ghe nhierysdgarticsd éff clgiar2? whereinuht ben icofipt amegand3 at
| east a second arm ext endi n% fromthe core, the second armhaving the 4
secohd efhgeiyihepepereysiplarticle furthe YMBLIeHi r d ar m ext ending from the core,
the third arm hav t st a
four%h arm extendlh{l‘%a%t:%ﬁ]t gi?fgloerxgeng{%s&[?{éurt Olrl‘grthng 8ﬂgmthﬁg;lge@gnd 8
crysd al saondctystagstnict®®. The nanocrystal particle of claim27 further
conpri si ng anphi phi lic 2 nolecules bound to the surfaces of the arm 1 32

Th t al t f cl i third
and Fourth arms egPenailig PG NEESIE! By S REPRE RERTery At b o
i's ayt etyRRMPthe nanocrystal particle further comprises:

3 at least a second arm extending from the core, the second arm having the

4  second crystal structure; and

5 at least a third arm extending from the core, the third arm having the second
6  crystal structure.

30. The nanocrystal particle of claim 27 wherein the arm is a first arm, and
wherein the nanocrystal particle further comprises:

at least a second arm extending from the core, the second arm having the
second crystal structure;

at least a third arm extending from the core, the third arm having the second
crystal structure; and

at least a fourth arm extending from the core, the fourth arm having the second

o0 N N U kAW N

crystal structure.

—

31.  The nanocrystal particle of claim 27 further comprising amphiphilic

2 molecules bound to the surfaces of the arm.

1 32. The nanocrystal particle of claim 27 further comprising second, third,
2 and fourth arms extending from the core, wherein the nanocrystal particle is a tetrapod

3  shaped nanocrystal particle.
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3 shaped nanocrystal particle. 34 WO 03/ 054953 PCT/ US02/ 37760 1 33. The
nanocrystal particle of claim27 wherein the core and the arm 2 conprise a
conpound wemBosndictor. 1 34. The nanocrystal particl e of pciraiSoe/2emher ei n
the core is a first core, 2 and wherein the armis a first armthat has a
proxi mate end proximate the first core and a 3 distal end distal to the

first core, and reipn the particle further conprises:. 4 a cond core at
the Wistal end o:‘l@fhe Ep? E‘t‘mgﬂ#aallﬁﬂ‘%ﬁ{fcﬂétc?ad’ﬂaﬁc]@ mzﬁ? ‘é?‘fﬁiaﬂéﬁl%anfﬂr om t he
second EHhiseh cdrpolfi€ sanresdutdral particle of claim 27 wherein the first
crystal structure” 2 is a zinc-blende crystal structure, and the second

crystal structure is a wirtzite crystal 3 structure. 1 36. The nanocrystal
particle of claind47 whbe apnpcrystal partislefslamd Taweerain thoceredhs HEbGere3 t o

abou; 4 _nanpneters. _and t : t t 100 3
nan t%‘?’cg‘yﬁ?e’?%e ?’%%gsn%ﬁ%& éri%yhsg thgfﬁaﬁgar r?%ﬁg%a?%@{dc‘frg?ﬁr%@%ﬁl\%h%?te@%t eélcor e and
t he ar miisil e Pikiab® thd Tiest cdrel8nd wh@biatthy partisiedurdiearicompeioespr i si ng t he
nanocrystal particle of claim27. 1 39. A_branched anoq%i)%%al rticle
conptising: 2 a caseond cage at dhadistal qqdr@@%ﬁ’fﬁ%‘%’t%‘ﬁ’d?‘ﬂ’@“‘f YRIEGHE and 4
at |gas extending fromthe core, wherein the second arm forns
a ;brgﬂ%ﬁﬁgmg%ﬁgggé%éct to the first arm and 6 wherein the nanocrystal
particle conprises a Goup |V sem conductor, Goup 7 Il1-V sem conductor,
a metal, a dielecBfic Mhtesi@iystapadicterafighaiml 2\ Wherein the gl crystal pimedtudi ng 8

P ot ¢ ni nerpieotE e Ca ARG broog. herecn ST ral By B b b *

nanogr yghakgparticle of claim39 further conprising: 2 a third arm
extending fromthe core, and a fourth armextending fromthe core, 3
wherein the first, second, third, and fourth arns, and the core forma
tetrhpod. 35 WO 036054388 npErryssd pediciesef claim 27 wherein the core has a diameter

2 from about 3 to about 4 nanometers and the arm has a length of from about 4 to about 100

3  nanometers.

1 37.  The nanocrystal particle of claim 27 wherein the core and the arm

N

comprise CdTe.
1 38. A photovoltaic device comprising the nanocrystal particle of claim 27.

39. A branched nanocrystal particle comprising:

a core;

at least a first arm extending from the core; and

at least a second arm extending from the core, wherein the second arm forms a
branch with respect to the first arm, and

wherein the nanocrystal particle comprises a Group IV semiconductor, Group
ITI-V semiconductor, a metal, a dielectric material, or a Group II-VI semiconductor including

at least one Group II element and at least one Group VI element selected from the group

O 0 1 & »n b W N =

consisting of O, S, Te, and Po.

[y

40. The branched nanocrystal particle of claim 39 further comprising:
2 a third arm extending from the core, and a fourth arm extending from the core,

3 wherein the first, second, third, and fourth arms, and the core form a tetrapod.
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1 41. The branched nanocrystal particle of claim39 wherein the core is a 2
first core, and wherein the first armincludes a proximte end proxinate to
the firstwomesassl a 3 distal end distal to the first corer/od3vberein

t he branched nanocrystal particle further 4 conprises: 5 a second core at

t he dijfstalfend 01;] the first nanocrystal particle; and 6 additional arns
extending fromthe second core. 1 42. The branched ngcrystal particle of
cl ai]m_ 39 further #bnpr i8¢ hgnghednaggerysiak pastclsg Qewggg@pa%%ﬁ*@cp Bfe core,
the % : .rﬁltsggtgr@] afl wih EnIRE ARY ar;i:ﬁ Mclubed 3 _royﬁﬁatléreﬁ@?%@@m%@@ﬁ{é/ﬁ%?éor@éﬁd acle
of claim39 wherein tﬁe core has a 2 gl aneter of about 3 run to about 4
nm Zanddishbee dismbiothefird keref andswhernin tbebonchedmanodrastel partide fgthgrh f r om
abo_u%n4 nmto about 100 nm 1 44. The branched nanocrystal particle of

cl aim 3PTWECET n the nanocrystal 2 particle conprises CdTe. 1 45. The
branched nanocrys} alcopalhbietd: eistel HABf 3% Mﬁﬁﬁo@g&sﬁ@p@t@i&%;ﬁﬁtﬁ a 2 first
crystal structure and wherein the first and second arns have a second
crystal struct ur eadditionpd arThextending fiew thasrsend/eeral particle of claim 39
}/vherel n ;he corg has a 2 zinc blende crystal structure and wherein the

irsf and secon s rtzi - : o A

t et r];pod shaped ng%'ocrggggfa%f)ar ‘%@Fé%%%ﬁ@%ﬁé%aﬁé%g%é%ﬁ Cﬁ%@ﬁ%&‘gg first
cryst al sifactigt totsculd atabhddsib ties corexheficht mgn for dim dehencame; 4 a second arm
extending fromthe core; 5 a third armextending fromthe core; and 6 a

fourth arm ext endi f th , Wh i he fi , , ird,
7 Folirth arm havéda sdBREREhSRRPoRHALRTNE OF Soihap ST AR AT yar al
strust uﬁﬁtﬂe?er%}f%%ﬁt?{%?'ﬁ&%u? Bens 8RO W ety Sichlof Blef 6t dHdSecorR AR hale yherei n

c
the nanocrysta e conprises a Goup IV sem conductor, Goup 11
-3 sEmrgthcﬁmdg(about,4mnm®abdutlaOdmel ectric material, or a Goup I1-VI
sem conduct or including 36 WO 03/054953 PCT/ US02/ 37760 11 at |east one

O L et R A AR fanGE YR il 878 36 ARt el RbL S 0P

12 consi sting of
2 particle comprises CdTe.

1 45, The branched nanocrystal particle of claim 39 wherein the core has a

2 first crystal structure and wherein the first and second arms have a second crystal structure.

1 46.  The branched nanocrystal particle of claim 39 wherein the core has a
2 zinc blende crystal structure and wherein the first and second arms have a wurtzite crystal

3  structure.

47. A tetrapod shaped nanocrystal particle comprising:

1

2 a core having a first crystal structure;

3 a first arm extending from the core;

4 a second arm extending from the core;

5 a third arm extending from the core; and

6 a fourth arm extending from the core, wherein the first, second, third, and

7  fourth arms have a second crystal structure,

8 wherein the first crystal structure is different than the second crystal structure,

9 and
10 wherein the nanocrystal particle comprises a Group IV semiconductor, Group
11 III-V semiconductor, a metal, a dielectric material, or a Group 1I-VI semiconductor including
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1 48. The tetrapod shaped nanocrystal particle of claima47 wherein the 2
tetrapod shaped nanocrystal conprises a conpound sem conductor. 1 49. The
t et rapod wbapesionanocrystal particle of claim47 wherein taa/usa2/swse apod
shaped nanocrystal conprises CdTe. 1 50. The tetrapod shaped nanocryst al

particle of claim47 wherein the core 2 has a dianmeter from a%?ut 3 to
abolit 4atlgess eae GreumB¢lapeat andatilerst pre Grouplcdementspiertgd fomythedmpR  + h anns

each, ha | of. _f about 4 to about 100 nanoneters. 1 51. The

t et %poég%%gﬁlgg@%j;r%fg?yﬁago' particle of claim47 wherein first 2 crystal
structure is a cubic crystal structure and the second crystal structure is
a hekagonal 3 cry8t al Thereiripod ehaptd HanocTystal pettickpoitlaiapewhergindbe yst al

partjcle of&ilai r’r2147 vvhereii n first 2 cr Séal str(rcgl%re is a zinc bl ende
cryst al teiapod sRAPED BRRP L YrLAl SRRUBHEFS & SpetPan ¥'9% a wurtzite 3 crystal

EPHEPTE
structure. 1 53. The tetrapod shaped nanocrystal particle of claim47
whergin first 2 cyyst alThstéikipbdsRaped ndndorital Pagitlieoftalyiat 41 whtreincther e and

t he second crystal structure is a wirtzite 3 crystal structure. 1 54. The
t et r apotetpag sthpad neeroystiaicoparisesctElcof cl aim 47 conprising a 2 netal. 1
55. The tetrapod shaped nanocrystal particle of claim47 further 2
conpyising a surfagtan i

seco%d, third, or %ﬁ burmgqé&g)?hs%éb%a@g[.}(sc%fl%élygﬁ%z%%ﬁagﬁgiégvlﬂﬁrgaﬂoﬂg;é%rteal
par t 2 cl @aod dehrienibim wher 8ito abart 4 mhom2tetsdrmdfwhestin tiseish decand; third, amld
fourth arnms has an aspect rati reat er than ut 1.0. 1 57. The tetrapod
shapéd Htheapsearh Bayed ](?P@ﬁ(?f %th‘? g t%ﬂ@“éiﬁ&?ﬂ’é’qq?‘?@t, 2 second,
third, and fourth arnms each have substantially the sanme length. 37 WO

03/ 0p4953 PCT/ US024 3776 tdirpBd shafel bR dtadligartidy bLeaig0nPivheicidfirs? t he
tetrapod shaped nanocrystal particle of claim47. 1 59. A nanocrystal

par t 2 cl erystul timectfireris a aubie arydtad ptrenturgrand fhresscondrasysplstiugiare 3 aheragangkt al

part#cl e comF)ri stes a Goup IV sem conductor, Goup Ill-V sem conductor, a 3
met af, STHHALPEEEHSc naterial, or a Group I1-VI seniconductor including at
| east one G oup Il 4 elenent and at | east one Goup VI elenment selected

fromthe G oup congistiTie tekapdd sBapedanocrystal particle of claim 47 wherein first
2 crystal structure is a zinc blende crystal structure and the second crystal structure is a wurtzite

3 crystal structure.

1 53.  The tetrapod shaped nanocrystal particle of claim 47 wherein first
2 crystal structure is a zinc blende crystal structure and the second crystal structure is a wurtzite

3 crystal structure.

1 54.  The tetrapod shaped nanocrystal particle of claim 47 comprising a

2 metal.

1 55.  The tetrapod shaped nanocrystal particle of claim 47 further

2 comprising a surfactant molecule bound to at least one of the first, second, third, or fourth

3  arms.

1 56.  The tetrapod shaped nanocrystal particle of claim 47 wherein each of

2 the first, second, third, and fourth arms has an aspect ratio greater than about 1.0.

1 57.  The tetrapod shaped nanocrystal particle of claim 47 wherein the first,

2 second, third, and fourth arms each have substantially the same length.
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5 and Po. 1 60. The nanocrystal particle of claimb59 wherein the

nanocrystal particle 2 conprises CdTe. 1 61. The nanocrystal particle of
cl ai m 59 whas®s4953 he nanocrystal particle 2 conprises a @®CoUm0/81760/ or a
Goup I1-VI sem conductor. 1 62. A process for form ng shaped nanocryst al
particles conprising: 2 (a) m xing sem conductor precursors and a m xture

of surfactants to fornA ﬁ a sol.utiaon; and.4 (b) form ng nanocrystal
partlicles in the ¥ol utf&RooEORie AEYIHF $97RP crystal particles are in the

form of tear dr opsyQfeabb@nmedthocfy st Bkicl dftmimarocr ystal particl es
conprise a Goup IV se conguctor, Goup Il1l1-V 7 sem conductor, a netal, a

dielectric material, or a Goup Il-VI sem conductor including at A 8 |east
onelGoup Il el enEht ahdaaecryselpartisheinghe fpma teardsoraft ALETRBIEHISIRSN t he

Goup 9 consisting.of 0, .S Te, a Po. ] . [ m 62
V\,heléei nnatnﬂ‘éryﬁti"‘t?ad'ﬁ%le S?mgﬂﬁsa?c@é?ﬁ? 29 & S%b%‘ﬁ%gg"zmamg“pgﬁggg%?‘ﬁg&gg %@%@and an

al kyl phasphamiQle@sé thatephg ok Grbhie [IaV kydnibestbn imlulihglat IsasypeaGerupdl t han
about 30 nmol % based on the total anpunt_ of sur(LJactant .. 1 64 'rlﬁﬁ process
of @ ai eleBentveng meleastione Grpwy VprlsEIsRbIRlEC edcrom ftae Group SopsisingHify ’Sreaci d. 38
WO (%3/ 0%@ 03 PCT/ US02/ 37760 1 65. The process of claim62 wherein (a)

m Xi“ng rises: .2 (a) introducing a first anmount of the sem conductor
precursors into the 3 solution; 4 (b) waiting for a predetern ned anount
of tiime; and thens® (cThé mnoorysei patialesdchird Sarhentin dlie nanecrystd pastielgct or
precursors intg the 6 solution, 7 wherein the nanocrystal particles are in
t he & or sAnEIiseeGAdfops. 1 66. The process of claim62 wherein the
nanocrystal particles are in the 2 formof arrows. 1 67. The process of

claiym 62 wherein ghe sem ﬁé}i@)@g{sia@‘parﬁbl@w&mﬁ$9 Whet€lfli¢ Sanoary@abpyrtitle, G oup
11, Goup IV, Goup V, or a Goup VI elenment. 1 68. The process of claim
62 \ther eimprises & Gireupfll-yuerf agraantls Va serpiconaucter.

62. A process for forming shaped nanocrystal particles comprising:

(a) mixing semiconductor precursors and a mixture of surfactants to form
a solution; and

(b) forming nanocrystal particles in the solution,

wherein the nanocrystal particles are in the form of teardrops or arrows, and
wherein the nanocrystal particles comprise a Group IV semiconductor, Group III-V
semiconductor, a metal, a dielectric material, or a Group II-VI semiconductor including at

least one Group II element and at least one Group VI element selected from the Group

O 0 3 & »n K~ W N

consisting of O, S, Te, and Po.

—

63.  The process of claim 62 wherein the mixture of surfactants comprises a
2 phosphine oxide and an alkylphosphonic acid, wherein the alkylphosphonic acid is greater

3 than about 30 mol %, based on the total amount of surfactant.

1 64.  The process of claim 63 wherein the alkylphosphonic acid is
2 hexylphosphonic acid.
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2 first surfactant conprising a phosphine oxide and a second surfactant. 1
69. A photovol taic device conprising: 2 a nanocrystal particle conprising a
core haviwg oa/0f4955t crystal structure, and 3 at |east anrpamruSexs®Endi ng
fromthe core having a second crystal structure. 1 70. The photovoltaic
device of claim®69 wheretn the armis a first arm and 2 wherein the
nanocrystal particle further conprises: 3 at | east a second arm extendi ng
fromthe core, thé5sec@heprrcesshdviaiy @heherdingaooixdngeopspriges:structure. 1 71.
The photovol taic E vi ce  of claig% 9 mhefg%§ the.arg1is aefi&Ft'irQQ and 2
wher®i n the nanoc asstafnt?éil?'“flflgla THL QR O R SPIeQuIncOT eqUESOI IO W€ ond ar m
ext endi ggufigem t he core, the second arm having the 4 second crystal

structure; and 5 at least a third armextending fromthe core, the third
arm#avi ng the sefnd weitingyfor apredetersingd amory ofing3 204493 PCT/ US02/ 37760

2 h h iC. ice of clai LD .| '
and > 2 wher oi n ¢ bl nanberyue e dsrr Rt MR Ffish o By e ™

secomd aslieéxtending fromthe core, the second armhaving the 4 second
crystal structure; 5 at least a third armextending fromthe core, the
third arm havi ng Mheresehismgnomysphpertiglessre tethg frm ghfgardrops. | east a fourth
armextending fromthe core, the fourth armhaving the second 8 crystal
strugcture. 1 73. ep i VA : i iSi ng
anpht phi 1 2 mobSoul aae B SR lnthehoplslah phiiees SYTRIA

phot dvoldrai ¢f ewisce of claim 69 further conprising second, third, 2 and
fourth arns extending fromthe core, wherein the nanocrystal particle is a

t et d 3 shaped t al icle. 1 75. The .ph | taic devi f
clai 169 wher ol n Bho oONE PHRESI G L2 WEGR T SEEORYSBRIIS8I conduct or
1 76; Themphet PERubat, GReY N eGRup SlaGrRR el Gldipthel&hés. is a first core,

2 and wherein the armis a first armthat has a proxi mte end proxinate the

first core and a _ . oo
1 68.  The process of claim 62 wherein mixture of surfactants comprises a

2 first surfactant comprising a phosphine oxide and a second surfactant.

1 69. A photovoltaic device comprising:
2 ' a nanocrystal particle comprising a core having a first crystal structure, and

at least an arm extending from the core having a second crystal structure.

1 70.  The photovoltaic device of claim 69 wherein the arm is a first arm, and
2 wherein the nanocrystal particle further comprises:

3 at least a second arm extending from the core, the second arm having the

4  second crystal structure.

1 71. The photovoltaic device of claim 69 wherein the arm is a first arm, and
2 wherein the nanocrystal particle further comprises:

3 at least a second arm extending from the core, the second arm having the

4  second crystal structure; and

5 at least a third arm extending from the core, the third arm having the second

6  crystal structure.
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3 distal end distal to the first core, and wherein the particle further
conprises: 4 a second core at the distal end of the first arm and

addi ti onawoans49ext ending 5 fromthe second core. 1 77. Paa/yshosme®l t aic
device of claim69 wherein the first crystal structure 2 is a zinc-blende
crystal structure, and the second crystal structure is a wrtzite crystal 3

structure. 1 78. The photovoltai¢ deyice of claim®69 wherein the core has a
di afleter 2 from &bout The pptayritsic ‘%Vﬂﬁfrﬂip @rgsg‘?él%elflﬁlée PhAsHAE S AR b of

from ab : ﬁ@tﬁ .1 79. The phot ovol taic device of
cl airEm 6§H\&Aﬁgfehrté?ﬁlgﬁ%§%%?%macn the ar rﬁSs'corrpri se CdTe or CdSe. 40 WO

03/ @54953 PCT/ USO@/18%7 68ecohd 36m cXteadiph dtony thetcai s thbesgorel m kgvangitheo f urt her
conprising at least a pair 2 of electrodes, and a binder between the pair
of & ectsCOMRSYSHEISIH®t he nanocrystal particle is 3 in the binder. 1 81.
A phptovol tai c deyiiggt ¢ MR irsl SGendn@ib@lihap&d, BbapRTaoRaciysEateapdr ticl e
conprising, a core having a first crystal 3 structure, a first arm

ext endi ogystel smctine amdr e, a second armextending fromthe core, a third 4
armextending from.th or and.a fou i 5
wherein the fi rst‘jlt 18?%3&%‘}@1%@5&%%@%?é%rtﬁi%ggéégﬁ%\%%%ﬁ 8?%@& 6
strupt Upgstapiifhcrvherein the first crystal structure is different than the
second crystal structure. 1 82. The photovoltaic device of claim8l
wherein the tetrapod shaped 2 nanocgrystal conprjses a conmpound .. ...
semkonductor. 1 83. TREC phopsléi¢ dg\acerRhAlE® %"‘Etﬁﬁli‘iﬂnﬂ“ Foarpiifie
tetrapod ises CdTe or CdSe. 1 84. The
phot%voHozél%g%gg\(}}l%deg&gﬁgg#%%%ﬂggﬁﬁ?%?her conprising at least a pair 2 of

el ectrodes, and a binder between the pair of electrodes, wherein the
nanotrystal parti @e i Thephotovoltec Béwickeof claim 69 further comprising second, third,

2 and fourth arms extending from the core, wherein the nanocrystal particle is a tetrapod

3 shaped nanocrystal particle.

1 75.  The photovoltaic device of claim 69 wherein the core and the arm

2 comprise a compound semiconductor.

76.  The photovoltaic device of claim 69 wherein the core is a first core,
and wherein the arm is a first arm that has a proximate end proximate the first core and a
distal end distal to the first core, and wherein the particle further comprises:

a second core at the distal end of the first arm and additional arms extending

[ T -~ UL B &

from the second core.

—

77.  The photovoltaic device of claim 69 wherein the first crystal structure
2 isazinc-blende crystal structure, and the second crystal structure is a wurtzite crystal

3 structure.

1 78.  The photovoltaic device of claim 69 wherein the core has a diameter
2 from about 3 to about 4 nanometers and the arm has a length of from about 4 to about 100

3  nanometers.

1 79. The photovoltaic device of claim 69 wherein the core and the arm

2 comprise CdTe or CdSe.

40



N N R W N e

—

WO 03/054953 PCT/US02/37760

80.  The photovoltaic device of claim 69 further comprising at least a pair
of electrodes, and a binder between the pair of electrodes, wherein the nanocrystal particle is

in the binder.

81. A photovoltaic device comprising:

a tetrapod shaped nanocrystal particle comprising, a core having a first crystal
structure, a first arm extending from the core, a second arm extending from the core, a third
arm extending from the core, and a fourth arm extending from the core,

wherein the first, second, third, and fourth arms have a second crystal
structure, and

wherein the first crystal structure is different than the second crystal structure.

82.  The photovoltaic device of claim 81 wherein the tetrapod shaped

nanocrystal comprises a compound semiconductor.

83.  The photovoltaic device of claim 81 wherein the tetrapod shaped

nanocrystal comprises CdTe or CdSe.

84.  The photovoltaic device of claim 81 further comprising at least a pair
of electrodes, and a binder between the pair of electrodes, wherein the nanocrystal particle is

in the binder.
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