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
nedi gm (sppgﬁﬂéx{ﬁ@ %{%d%)wém en%a/g%?e??gﬁ%{’ L@Ei ?‘ﬁ%@}@%#ﬁ%ﬁ@ﬁ bt au
Sci ence, 9@28etwddy/the hidd @w&@%})arﬁﬁﬂ%ﬂmﬂh@ endThsRegaap of thalad/eystyalf
particles are useful, it would be desirable if  nanocrystal particles wth

ot her sHagdeminullee gwvermrensdas gestai 1ehts o B HIVERHGY i n furt her
15

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. [00071 One enbodi nment of the

i nventi poosp di r echandletanisatrppio aes®rystal partivias grausehidnio eropst bd dgsaebleel e, t he
process conprising:. (a)._ providing a re having a.first _ cryst structure
in a soP‘EROF’a’ﬁJEa?H CJ(eB)Wl‘ihd)rﬂﬁ‘?rﬁga%ﬁg Caﬁﬂﬁr\%ég?%‘?ﬂ]i' r{% W’l{)l?ﬁ ?’Wéal?:%(flélatjﬁﬁ]{ﬁrng a
second &éai%éﬁél;v?korﬁgﬂéy %ﬁﬁfeﬁ nhfodrii@al pattitlds@ieh MeHBdlshAge RanOBEYSH al
particle conprises Godp IV sem conductor, Goup Ill-V sem conductor, a
met al , featlired thettmalke themenoraldesicbleath@r pactystal/rodss pplesetive @RS i ncl udi ng at

I [ el . el - d f
Lhe. or oBRPIERRPs (G G 10788 b1 amolei st IRBO0RT LANOLTIET LEABSCRRICSt e

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 ﬁnaagf! 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.
[00091 Mher enfBSi mpgnt Of eI AYAUHPR 1fe§?e&ﬁ?8@?%cﬁsi%ff8nﬂléﬂg&crystaI
particl I-Si 6 bagné by ; Sk hetihs 6 iéteivsadd at | east
an ari n%ﬁé%lhgh?%égﬁ géégsépgﬁblﬁgr\l}?r@‘%@glgg{)gnd crystla s.tru?t’ ure, wherein
t he nanetuotsiedh apelutivn) addbhforingmsansar@raxtqnding 3o demgaze havieg 8sccotfoup 111-V

sem conductor, a netal, dielectri nat eri r -
ser’rilgonG{Yéfag?tr‘imtji‘&rledlaﬁ}?ggoﬁ'}tfope‘gg?relélﬁge %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
WO 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 fromthe,. : ast a second armextending
fromthé%@?‘i,ﬁo t@?g%uptc}ggs@téﬁégg(%@lﬁ%%f %?drrﬂé&a branch with respect to tﬁe
first [0008] 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 IEIl-V 5 sem conductor, a netal, a dielectric

mat er i al ,woro3as4@s»up 11-VI sem conductor including at | east/usaz3Goup ||
el ement and at | east one Goup VI elenent selected fromthe group
consisting of 0, S, Te, and Po. [00111 Anot her enbodi ment of the invention

is dire@ogd] to a Aﬁomamdbmmpmbf thmmmcntymtladlrgawd tocaleran@m:lmammtala core
haV|ngaf|rst cr.ystal ructure; f|r ext m t he, core;
s e ok R NBE R PR B et e R R B 1 CRRERE Cor .
and a f oWl Liefifl B5haRdEse, \F/ﬁ&@inttﬁgséé@ﬁ@arrﬂ\/f&ﬁﬁlarbrhﬁtﬁ wikh ﬁas%e& ac@edistt hi rd,
and fourth arms — have a second crystal structure, wherein the first crystal

st r uct uaren, iaad witkredr Bnmaneeystelpartide eomaprises ¢ Srawp BY serpicopductarn@ramdleY n” t he

Cem onauraraRtclgr bt TlorRfe Rl p Groar e bttt ac ¥

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

[ 00121 gemsishag obRbddTerend Pef the invention is directed to a nanocrystal

part ! cl @Ogghpt he A%otrﬁ' erkgc?q' %eﬁ)tpot(%fle £ drﬁ{o@qgvdlr%?&{@e{"ﬁ fr &f ystal

particl ri ses sem con conduct or, a

met al , ﬁa@b@sﬁ%&ﬂ@le%ﬁ@ﬁsﬂg a %re&naﬁhglaﬁﬁréﬂcrﬂtalgﬁu&am a(‘mstlmmthdndmlgudl ng
at Ieast one Goup H elenent and at | east one G oup el e sel ected

fr ol t homrtbeiporehageand agn exterdingfromghe gorg:; *Pﬁﬂrd[aé@ll%{}efsélﬁk& %1?1 1&1%%}. ment of
the inventl f&%rﬁl%nﬂ'e&ﬁeﬁ%i&% ﬁoqn 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"n‘g?: FQrapiages BZ%PPB Egs?e‘&?ﬁ’ﬁ?hf‘%%r a

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

teria [ -VI' "sem conduct or i ncl udi ng | east one Group H
eI erfent mahxdlr@t at ﬂ@amnedﬁmu@ibdpmhmt aatl ahrienst oge IC&QMIBHI ﬁlemmt $edectgdoingm the

consi st of Q, nd 30 [00141 Anot her enbodi nent of the

i nvent i gﬁoq\pscoﬂﬁlﬁté‘lgc%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 tesodzrpp; pr aoarrpyoYBarcinibe haocsiisba cogtprisefea GFRE®AV] on i s
directed t.o

nanocr y%efrlgForbdélg{] foc r\éalggﬂpf F%Teul\‘/fl C(?ucmgbyg{ agi/ |n (g%le%n% ﬁa@ g(rjoﬁs *t%]%‘a{} -V

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 crystél structure, and

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



structure, a first armextending fromthe core, a second ann extending from
the core, a third armextending fromthe core, and a fourth arm extendi ng
fromthe worogjosaaherein the first, 5 second, third, and fowcthusaryswehave a
second crystal structure, and wherein the fi rst crystal structure is

different than the second crystal structure. 001&1 These @nd ther
enbodi mEMM 8] of thénPWéﬁmb%nﬁﬂbo the Bventiendsidirestsd fhephefeyaliaic dyicow, BRI EF

DESCRI P of a
CdTe t epr’rgg_éééfg'[ 0 F ;wuﬂa}@ xé’%%éa}%ﬁée relscﬂg ca H%‘ﬁ@%?%ﬁt g}é@, ?E)ect ra
for a sefructsepd ﬁtsehmpmlsdmgu &voimite corpasabhé aam ﬁxﬂeeqhgg tiom thetcoxd & tlardent

di t 91 FIG 2(b nb t |, ab t { f
Ser o5, OF FUFRURE ST s PRy EORAF SIS TR o bl g
| engs hs gechnq [1H0E Oﬂid%@th Qm(séﬁavé BQWSNA cByh FBhdterel hAdwheRin BB i cAystagt r apod

according to an nbodi ment of the invention. [00211 FIG 3(b) shows a
schemat stmuqtlhﬂeusduf@mnbﬁlaoﬁllasmpad\cﬂyetdl sterctipod according to an enbodi nent

chemat rding |
nor gant®18Enar mIheaerth R oo R e E e arserhEs H BEhBURN [Gooss

FIGS. 4¢ahw4(c) show schematic 3-dinensional illustrati ons of how a
branched tetrapod is forned. [0024] FIG 5 shows a transm ssion el ectron
m crograph (TEM of nanocryst al arti cI es made u5| 0% HPA in TOPO.

Ar r ow shaped nanodrystaBRbé? BIQN & ] FIGS. 6(a)-6(e)
show transm ssion el ectron m crographs (TEMs) of nanocr ystal particles

pr ogrce ng 60 I R ution TEM (HRTEM
|maggs i%di\?\)the sfg%efsa Igf fgl&/ﬁﬁ%rom%g%&gggﬁﬁﬁnml to (FIG 6(c))
narrow [@18}v t o ( FIG 2(@) showspmnsenble eptusdhap@dptmmpccty@foala spagstafd¢tepods n FI G

6(e), a_pine-tree shape so shown | ooki ng down the [001]
directi Qﬁ“{l%FOmBﬁf@bg qenﬂrh%fg %géli?ﬁ‘é IQ@F{?H zation shows that each shape
of nanog@o@i Pﬁﬂ? TEWseénXeﬁﬁlee tit ab@ngkididectid for AL téagRls of
the arr re the ) faces 03/ 054953 PCT/ US02/ 37760 [00261 FIG

7 shows havifig domupmbbmam digpetessehitaiffeentdergihisnng t he rel ati onshi p bet ween
t h e&g\u i@}iﬁhgnd ﬁ&%(b 5 S r})(%% asstc gnglgt'ijg 1 ustratV\lﬂolﬁto%latteetraq%a aé?dar‘ginﬁtt@%' ng while

Zl 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 according
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 (00 1) 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. [00271 FI GBCTA(Sa)/3B6€) show
transm ssion el ectron mcrographs (TEMs) of (FIG 8(a)) typical teardrop

h d t al ticl A hi.gh | ut TEM FI G
8(b)) dAGHN tho %uﬁp I ehevss itﬂemems'éoet R el g shanine Heve ah e e ke oo,
FIG 8(fd wﬁﬁ EMq és AVHARRCHAABAB stdity whilfin@PleAdthdsi onal

oWe gr OWE R “on

i nj ectl on oth the (001) and (00 1) faces. The center

of thi spAp@RBICCAtEckiiSs. ZT}tts:(1@t)9ﬁ6@ofﬂn@t>1reﬁ@é stidahe E(ﬁnaaéceﬁifaﬁtrtz&é@bﬂﬂtdv): show
hi gh resol ution transm ssion el ectron m croscope (HRTEM .inages

t et r apqdansaaliengistyatonpased ef €4 and-Pexntogsa)Ths hyastracthxes |a€?a’lelaﬁ“é1tttya%)ﬁadﬂ% aped

gnolgrystal particle, |ooking down the [001] direction of one arm
Lat paci ngs confirmthat all four arns are of the wrtzite structure.
Fl G 9([op2ghows aFIGE Ba)Sie) Kok hahshisiohchothe migogmiphy (BiMs)df (BHEh ar m

There are zinc blende |ayers near the ends of the ori and t he

br anc he%@éﬁié’lwb teazqron SWH“JH ngpersysialperi Cifij fapighgesol @Wégé@a(gﬁrl%ﬁ%

atom c r RIDH [ t

differ e(nces (Bgts\}}vegétiaisn'S r?%%f)%&héé é%&%&%qggsa% tcehq t hegﬁ%}g%) Pfu?icggé) at ons
have orshyweagIRIBEM 1Irr[lt(ge bﬁldanominyslta:‘} which Iaﬁex(ﬂfhdﬂ)ttdrmbmgectidnahmgrhafﬁeom hr ee

dangling 20 bonds that need to be passivated. [00301 FIG 11 shows a
2- dilnerixitiothel (00 Hrmd <0t feresn Tohomtarofithis patticleismine Wende insERstESod. The

nucl ei he z Luct.ur.e ut of each
B L O

com ng @ TENT) hﬂ@ge@@g%trapb@ﬂa{ddﬁystampaﬁtleﬁéeﬂ(} 2fa) MoBs]a thpiCal téi?ap@ﬂoms
transm ssi on eI ectron mcrog ra{; (TEMB) of CdTe tetr N?gpods own under

vari ou§h|ap<?ﬂ:€€1$mn@@ﬂﬁtstaﬂ pargicle] 91812$ dPW@thQ@()é]té\K%C“PE OBf YT atpge r apods

extracted fromt Mkt y, for
fuo. oyriteeccutyf BB PUEERLS obhhe vasE sPhorpro iRt 8 SERRPELHIEL
di ffser embt Kad HERAey @bivdsy duik o esohchrih: Hhere3de mﬁmden@ermeas ﬁmmdaofttnpi cal

powder X-ray diffraction (XRD) of a CdTe tetra npl e (non-vertical
| i ne wierigipiaksy andrive %@“&GWD“WF%P’W W&rf?;l?ste is al so shown

(verticgipef nes). ch.\t\@593&9%21%%15555/&15%?@%9% PETAL ERCRESCRI PTI ON
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).



[00341 In enbodi nents of the invention, the shapes of coll oi dal

sem conduct or nanocrystal particles can be systematically varied using the
t hennal 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 PREIces38 be gutiematically vRoeBEsing s thamebdeconositips el particl e
wt h , . ¢
The " nan rnOFRRI SRods W BPE Lot BE L facu il ARty AU TREe ©

concént kcainptise, féi exhowleyumatEphasphitie pkidat(TORO) @ad wakikyiphpeptiong: @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 Heontheorraraie AUSY mindRRT . R FeR R R 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 enbedised hewinf‘narveryistal paticles’ canrefmamoystplinglpartiplestthatl es may
e ShOL8, ChYB B O RO YLt 8 e, b0 BBl 00211 e 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. ..[00381_1. Branched nanocrystal..particles.5 [00391
Snowf | dkwEbes pEsyiaple sdiagplieationy i ‘?saf@PEr@dnﬁﬁ"Pﬁosétehi gh
degree rﬁfn-_e RN AystsT AE ARCARE lReheals i BRMCA U¥FbS, 8s fulicortl bRn@h@vMkh far
&m equi l'ibrium at high supersaturation |evels of water. Higher levels of
conpl exphiojovattasalewven(ahesodareallsgas Bnivnet glsmants ieslgelriceldayicesfions 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

[ 00401 @Ibkg snowfvf' gﬁ%‘%‘,’he? 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
artificiya). FRALEAR BolfBPRSIFudaired Bired édinmeetiyerl ficel, Whitksis destdblerfanches
and interconnections. [00421 Pol ytypismis general |y prevalent in_open,

t et r ahetendhing. borevasenonabmagrescogisdRoramic s8ysigh gEV B clharerara W sramle®loup

IV, d115V and .l .-V ] orS.. . em | s onl
onelgt yp@eSngf‘}l:er% fgg}rﬁ}e}og n%ﬁ\%%&ﬁaﬁ d(’)fz)gpjt?bel{: ?gﬁﬁ r %I 4fqg};ée:rg %ﬁ@%&fe%h%ﬁ?ﬁ%’gﬁedr al 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 bys%ap@gt qu,%ﬁ&%s,r}s ,‘aﬁ{s,%a%tmg gfo;(’lf@e 13015 tHat £ad bé AEHS B0l Gnighib! 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’rgt 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 enerogffﬁaﬁ‘%?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 i,.Gh rarel show i,Ssm
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favor the growth of a hexagonal .crystal structure. In 15 enbodi nents of the

i nvent i 8ifh %Sﬂ@seﬁﬁér%@ QFCfUFérI%‘Pﬁ'E@%ﬁ%@ﬁe]dllﬁ‘lp@‘ihé}]i‘?s%%lt%ﬁn Ei¥&Ctures in a
particu e n
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nanocryst al pa ticle pl.ace at_hi ture er than
about 29@“11%“% rm%f@}’?eatﬁﬂ? Bie hexagonal gry ggli gf tgﬁteﬁﬁ’g‘?@r’r&ﬁé H&A@ﬁht ration
and/ or %ﬁﬁ)@d 'ﬁ]%r?im@srﬁﬂﬁ&?‘%ﬁ’ﬂéatfoﬂ%cﬁ% ABER8bicterystd1Phadehgyear owt h of
a hexagongl wurtzite structure can be favored over a cubic zinc bl ende
st r uct utheugh ptdcessmgnumdrtmemytfhm‘r thmgoprtboéahwmgomaé mtaétsmfésferrély vary

din artrcula mat er . al ced These su fac

o1 EBof Sl el e deRi e re J Rl AR e o
t he c- aﬁhﬁlcﬁ’lfar hRteRa PRPreBABRLIYSthal 2BAEV iafdre Jess thdrS1 Sthébiong 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 ng§ % %Jr?%taﬁélg’g%: eg% &g{gﬁh?haﬂ&%ﬁ% % ﬁl?%e\r}g%tsor S
denonst pake at High feelwe@ﬁuféb d.&., speateh eBinShout2o0i°GHoy CaTe), andrortaea bl Ishaped
nanocrystal particles based upon this schene. 30 [00451 In

enmb8Qi mEmnemep EREERIEIifg andipaiin 1@@68@5@? He Sa'afa&@{l@aafd?m%l@reé db 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
anns as desired. For exanple, for conpound sem conductors such as CdSe and
CdTe, | owpaawos49eh tenperatures 8 WO 03/ 054953 PCT/ US02/ 3PCasot/aner t he
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favor the fon--nation of a hexagonal crystal structure. Low npnongr
concentavar iherfermatipsrofiarraibicorieiel SHMCtuEs, W4iLlg lbgher E‘W%%ien&’ﬁ%‘éf?g?aé(?f ile

2![ rgEC " (?ngn%'r %?Qﬁ?)ga;[rgéﬁglic ﬂsﬁ%lfssﬂ'%{ rd N&vi HoRBinbLEbiREntfatione XASPRR! foshiatinal

arare suc ese can be nmanipulated to favor the growth
5 of 0REaeHdS Alstas biiuting] @hily Righanatonesr cofentraticusgier thy Sewstiomel £ ondi ti ons

can be selected sqo that they are favorable t% the.for f‘i 0 9.2 cutBic
cryst alheé%ﬁoéa]ﬁY%ﬁUP@u?eF%?m?tﬁ‘@fugé?ﬁ £5¢ 38, ﬁﬂ%@?ﬁcg& Oafév?%&ﬁ Sare”
faver a%lfgn% gly%ﬂgfsgﬁ%{%gfw&%efhehmaﬁbmc M3 bdtn AIbRdHORY BB Eselech sowi | | be

expl ai ne ow, using such r_ref ods, pol ytypic nanocryst al
part i cltles tiegrardfavofabtaedhe kBmpooa6fla utiecrysiebebrs apestren dhearther ensarticl e

10 ding t: mbodi. f the. tion | i 1,and h
225 e g0 dust ey vl p tog Bfenal §FlicyRflel of ML Bl a8TC oS
‘4’“; tzi Rﬁu%ref%ﬂfréh in %%ﬁﬂ)felo%éﬁﬁhg s%&(ﬂéthbcﬁ@boiy@y;ﬁ@ﬁdﬁoﬂ@k&iﬂ pavtictes thaebe ( 000

facet 16. In , the exploded view of one arm 14(a) illustrates
t he | ddotmelal nature of the (111) zinc blende (ZB) and (000 1 ) wrtzite

( f of the core.,and the ar : ' . ' i d
rro%écuﬁﬁ@ﬁ6 sel éﬁei%i?g?glg}tﬁpﬁ%n?%ocpfggﬂ P lgiegﬁpﬁgélgy@ tE)Sfant e a?{:irréH tordhe

14( a) - Sfhlion &SsheWAdB FIG] bid hdver Aih@bleadd ove 12 Inathi foyr = frllly faoets Féaeaths are
shown covered) to inhibit growth on these facets. H gh-resolutigon TEM

anal ysisojectitlgh #urtziteearmcl 4(p), Ag(OhkH(chapel) thsft it teamizatsd wikubeeP08hd t he

| ati i tat] bet th i . 7
o TS Bl BB R o O T e bR Bre 40T
detail DENE) fing bilEALIAB AT (G Or¥aiale (W) fEliest IBYoRAMRIS amaly

materi a exanp cles na nprise sem conductors such as
conpoundsgeehivel pnPhisphssic aGdinaeduies kbomjrotinely dewi to dhdlaterarfacathef thelarngy oup

I1-VI sem conducting conpoun such as.MS, e, T CaS CaTe,

SrS, Sridéa)-Bi(dh as sé%estsgpsét,heg'sﬁée, &%%fmt%@éyt‘%’ﬁ%ﬁ%%?@&@g R, HgS,

HgSe, aiﬂﬂibh‘%&vth%nhcﬁésesﬂ%été%@%Wmﬂrﬁ%@ﬁ%ﬂd Surilee beiey 35 sEiup
as As, (@A & As-

I1'1-V sem conductors suc 1P, , GaSb, InAs, InP, InSh,
Al As, Abfithe cubicnillGis. andlie redaive briGntetipns| betwest tho Heias grss eLis tefEapgds mani um

o o W™ Bl S G R B aR phi e
2y O B gl A oty m e i i)
can the particles may comprise semiconductors such as compound semiconductors. itable

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
[ 00481 A. Methods For Forrning Branched Nanocrystal Particles [00491
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}?g@usl y %Iﬂﬁ&ﬂiﬁ%ﬂfsio@?ﬂé’invéfﬁr%n%dﬁdé’&ﬁbfthb@é’@f ©ihfenemcnhedyst al

struct than the core. |If a tetrapod is fonned, the tetrapod may have
first, macaystal fanticles. Iarmhefeobotimentrthe metwdisomiprisessfornelgdaivas haryse al

structure extending fromthe core. [00501 The e rs,used to
formt Stb"rréiﬁﬁe:lﬁg‘b‘_? Halfott @EOé’I' r"‘tc’['eclin%%l%awiecfl %‘tgge‘ﬁiﬂgfnﬁ Cgﬁ%[[a%) i %al}dgr

nangc I Ysikie srB@itd) ok 68y bhePSuifaBlerRehtal lstusiore TIRAOSH e MiGre atthecarpfoeur 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

compourts S eRindne Lorved i RETEh AR Blrae ERH RaBinal bl St

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
certConirterEhn BRI, Bana fitdyfried DR YERE, Bn R R

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] prod@atolipt lehdt Nins ericasndontigningaraony 3t mptabegrtdiningpreguesor gndat least

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 £ ?& Pnin

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 oviEaanE BrURLY cpiintis s SRURT IR dhd 5 19 She BebEchibontdigalnase &t
GaBr3, Gad v eRfrbat, ok ABeburddk €d:daintay(Ude) 8 Gréda( HI yd] a Gaguply 3lenuant.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. 0521 1f & ['1-WV
seni corpaenaeest apy ksewn/SE ar Visisngné prdany QOIMROURE ¢ %é} ‘leﬁane 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 conduct o r-exa f
respect%“g}é c%ﬂ?%o fﬁg&éngd%d\(lﬁz)ﬁa%aﬁmfp%%gmfemn s agt%algaor)l( egcﬂgzgrfo
forin C&gﬁqoﬂ?éwﬁé M&hﬁémﬂabiaﬁife@ﬁrso{ &ﬁfasmngroethm@mupsbelsmmy(meca; ssidgved in
any liqurd compatible with the 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@@ébﬂlvﬁmoﬂilanmg @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 congixgirer Examples of st@hlqiaqmdsaheiude pa@saganih eolsents 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 theyentiO@n'use & SUIISEART migigre © migobe1 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
crystal -grow ng tenperature, and can pronote the growth of branched

sem cori@gé?]or nanbes §ist syrfastant indhe sur&eiant BUXTUER MARERMEPTISed WO 03/ 054953
PCT/ Usgﬁ{o%z}?&gs c 85&% shicthht’ Shabis'bf @ﬁﬁﬁﬁ{dlﬁg'sdch%ry%‘tﬁlfg@@&/ﬁﬁtterﬂbéﬁltll!lf@ may
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L S el o PR L P SRR,
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mol ecul esfactant mdy algo finotieds @her Sug”a@aqu inchnding melegules insluging fuaghiongk groups

aci ds ot er ps. .as s the ] The S
surfact%‘ﬁﬁ ﬁ?ﬁ’l‘rl??’ecaﬁ ylﬁ@?‘&ﬁréngagg8%‘ﬁﬁgr8 é%\%s @né &a?t el‘{%gé%he second

or gani CEO%SS]f act anthdpyfRent aRaltctaf indd@idkebont e¢atio seriyshnt! The evdond
tenperatures and may 10 be capabl e of promoting the growth of branched

sem conehgetioswrzntiang myast e capable pEPeng hW@* oreapital: gTPW@%@@B%W?deH
t.ant f t
nantir yaY SpiE A plyrBen L AR of B Ol B Ry BB RO Y

capabl epre@dratyii | the bevodi mjguﬁilmhfaaamsdaphblg bbpﬂong)tﬂng nipegratviit eSbraf@@891 The
second organi ¢ surfactant nmay_ conprise an qrgani c-substitute aC|

aci d sasemisendugior amO%ﬁﬁ%laﬁaﬁlcﬂfé CB%G%IEH’B?'%F’WE rgg Corftainl ptan Cﬁ’h%@ﬁhom c
and pho C acids may include mono and

di phgspﬁf‘glﬂggt%édllﬁéu%ﬁ crﬁltﬂlt@m’ﬁé ene GR or mila R R yH( , ) POOH, where R and
R are [des9pane oThekdchad ergan& sﬁﬁ‘aciamtbmry (dmpnsepn@frmnabaybstam asih 9on)
organi c grou uch as al kyl ar S,

riobhi ned Sl REoGaL G B Otsah B iorsa eI abSshadis gh ppginis
phosphopligs aglitible p’ﬁgsﬁmﬂw actds tni’ﬂﬂﬁd’lhd@ﬁi@ﬁ@ R ‘Ph@@hﬁnc hQ@SRNiddes econd

organic surfactant is preferably a Iong chain I'ength phosphonic acjd

Short cpaienl femgtlaRPRGEpHBODEL aduedsRan R4 etei the sarae of ¢idsrenk 31v¥0regrben (¥ky |

chai n | engt f Ies han or equ ghain

| engt h B’f‘?g@%ﬂéig? OLg3MC B8 Sélﬁfl %alllb( f"%r %1 r}gs g%&j%?ié;ﬂ h]ﬁal h length
of gr eaEﬁBo&lﬁféﬂtSOﬂhe%gé{ﬁﬁ'd JrQarfdQittacthflt €orhixas 8330 @ﬂl’ﬁon dlkylphesptonicheid,
enbodi ment's, the’ phosphonic acid is at l'east 14 carbon atons |ong. An

exadPl eeigs OotadWYélehgﬂpbhmsiahldm c acid (ODPA). For materials such as CdTe,
these | ﬂﬂ)%Of hain 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.

[ 00611 I n 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
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ter m r GRS BB SR Singe oREhy 0 R ey B B E, e art. Tt oan
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PCT/ US02/ 37760 100 dr.ops/sec, 20..dr see,. or .10 drops/sec. r .exanpl e,
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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 OC
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. [00661 After they are forned, . the sem conductor nanocrystal
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preci pi bausdttt eepardo theeneaoplysial [@aiBdepfomiothes solatien gempensntsy Aftdr sol ubl e in

| | t h th | A I at | t b
ded  tetiligien Heanacfiansan de soerars spar e st PPORREASC PG on. 13 WO
03/ 05498408 fayﬁg@i/c}%z £80theh BOGibte Y stRbcipiffe 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 RaPPAtar oY RhPeatliv Huf CroP OLHR! ARnitR ot R TR AR

parti cl ez °Jhe 20minare eny sistdwlypited chés Aamtil HerCd@ dstomgdesamdnheci pi tat e
or can be dried in a vacuum [00681 In a typical synthesi

t et r apogRution fnealeas apd colerlade NApHospROAIC!Y] RBPPhmerip L) Islﬁ ??‘{dﬁgfa;?r‘%ﬁh%s phi ne
onaf s Elsetesdids ARG KRt 350 [0Rhel Baf TS eoBbenibtit oFTE 20 /€8y T o

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 cImARH ok Sanid IR, 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.[ 00691 | one_e di ts, Jbranched

nanﬁfr ygq%gg] part i ct EENSTRACGL® téili’rﬁlbcg’&é nﬁ’&‘ifrg% pé‘g%? r _laaﬁ\fgﬁﬁpoéitsﬁ%a_ry types
of nanogg ¥&fsnaadtitl %@ﬁty?é&%'f RAcErOHS] i RICE s rdds of Bptfer&C ABihss occts, | 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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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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can be 30 coated on a substrate, shaped, or further processed in any

sui t abl devivasres des[:ﬁﬂezism 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
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descri be exanpl e 2425- 2427, March 29,
2002. Aoriert¥dnid @trypg@hatedingad enﬁedmmatsmfyhmmvemqmaawahgmdaihd particles in

a binder.-.This conbi ngtion an then hed bet trod
Ce 15 Ripvidedin pareradreameaE st draandorhy JEenas ara Pl aptsiey *°°
substr agﬁ)ghfof or mAqthBHgﬁ &ﬁ%é&l}ﬁvgﬁx’[ 6&n d%&bﬂb@@?@&etmm 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?:sL ¢ ﬁlgfylc?eﬁ% staBiE ARG IR0 HihnaREE0r ABECiddIRSaidhaflElyRial strdcturks 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/osiosh a cubic crystal structure (e.~., a zi RcThiSensEér yst al
structure). Later, arns with a hexagonal crystal structure 20 (e.qg.,

wurtzite) can grow out fromthe core. However, differenf growth conditions
can be cprditensean pe adiugler 4o rause Me Ams &R g&%g?lﬁég? 6%&52@ Oaﬁie@a%lﬁ 8ang
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 [00781 FI 3 h t et d 30 di ng. t
erbodi MRUSFORAETE FUBRETEN A3 6 R IR BRI B S RE LOP A SOLM988. The
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 th
Fourt h S dhersenabi o gt rg- conpe i ne Bl Pileilila ‘ cach
ar m canniiRtd)dfd highePehipaiRureehnattused t¢tindtied theekmation of¥anPivith htxugoaslim
104(a) has an end 104(a)-1 that is proximate to the core 102(a) and_an end

104( a) - erystshstructures, sthile lower menemereconoentigfiony guidower mpsEatyiss pant heoredst t he
tetrapod, . t:h ' : 2 then the four anus having a
hexggongcf lng}l(gestﬁg?&gffar%%?ar%g&é??g\fva?%tg?ﬁt]?ﬁgt core 102(a). Processing 16 WO
03/ 0549580 T/ USORY i3t H9in raimddint refegingaa FbE. 3(U), wate thetbasicdetsapotl efoamad, t o

grow fromthe core 102(a) or the an-as y_ inherently formfro gi ven
set of AddPRal Sranchesn Bk fsHswed cay e%ﬂlﬁgg-ng Qs BV el 1 ovi di ng

hexagonaaaifby afths PQH, 1060 A Ml Bofaet fivttote 102(h A tAPARAI whd {\PHi)-2 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 A1t FUPS B R D B0 MO ARy IE AL,
referri Agxdodniilatms 3040a)-108EE Theh, BRSir6cdssihg ap@iitibis dagbeedjusteddslfdrivonal

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 ann 104(a). The anns 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.
[00811 To formthe branched tetrapod 301 in FIG 3(b), an initial tetrapod

300 can first be fornmed as shown in Fl 3(a). Gowh conditio will
favor t HO88br nat i BHO of(a} hewsdgEgodai00a 0&%&?(‘33)’@:136& yn1 m,d'?@he

proces Sh{bgf 5%%2‘!(’%?9@5 Gé}pbé)?el%@éd%%ttﬁg bk doRés O%@I%)gﬂﬁ?@ Btm e %’f%ﬁ cffis t he

arnms 10 or exanple, the processing nperature can be | owered
and/ or bhfburamonefia esitcetnapdt o 1Gad(bhehd fanes 203 (2)TREXb), RHRE) of thesord n

gener al result in the formation of. {tiqnal (or cubi ¢ crystal
Str uct ul @2y rEdnars sl shovH) Asehowhin Eiud (S W@%g(aﬁé%%@%%fgyn PBNRT) . ance
the addigl o5 SUZ'F S t2bnIS i GlHE 0RR)-866(BS Sre showRAREFIGIMOEsSI Ng
cond?ti gatr?s carga); inoﬁe aalj?ursl ed to fav(grythe(ﬁér owt h of hexa‘gg)ﬁal 25
structure anns. For exanple, the processing tenperature can be raised
and/ or {0084hononell. codgwws ation in the solution can.be increased to cause
arnms wWith hexagonal crystal structures to form This process can be

repeate often ' to f . . X y [ Gt i mer
505, an W8kl o oft AT Fisb SR S i hiof SR SnorB AR A e

Conpar ed@e firhelihén hiebxanslary3@ibaiderithgreburans bedntreducap o AGlixturdref i nor gani c
dendrinmer 303 is nore 30 compl ex in_ shape. [00820}§Q her sc%'

t hr ee- dwSieangTal orm iRy litian; Svidiotd MeVF HheMEREE o Syraghyrsca % i Here in
FI Gy 4%%2(3:%{%&%3’:%% Bl iﬁk@ce@&ﬁﬁ %1% ﬁ%?c’ﬁ@ﬂ R Aok thd picBudbitBhdkie desi gnate

i ke el the descrip co n el ements” need not be repeated.
17 WO 03uadafSarPGiik biS02EBéT atrowF MapaiindaoGysta] pirtislks v formdn tapolii®no. As

0.t hat [5BIGEPELIER JrEyY-sossed) PHBEAR DREIea et Bk AR Soardrdir SR of
a basi Cg%ﬁ%e@@ﬁ&x aslgin&lie slﬂaﬁ)sa naﬂ&?ysta@f»@ﬁig?e@ﬂ a), 203(b), 203(c) of the

core 1 are nore clear shown. As shown in FIG 4(c), arns
106( a) - 10Beb) f or Hxempldsef Bracarsers, KOBEUY, spyctants eng PEacessjng emdifionse. g ns

106(a)-106(b) are shown in FIG, 4(c),. 84! r her
onbod i Eabraeh TP anE Fopporipitbiepats ddciibed apg & AR Rerd REBe rgal@h DL
formed. HERiIANARKEIMBLS MaPB®ad bRy Yor ugd with! feqoEnaion dfairoadstapet havooryatal

m xture of surfactants to forma solution. As noted above, the m';%ure of

sur f act gattislesafloisvhnto fma arfev-3imppd aenncawsial Perislecthe AMOBALRLLR SEPAY ai |
o SRS R PGPSO g o a0 go i
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[0308813 Exanpl es of precursors, solvents, surfa®ecantssy/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 SR But BRE bR BTET IR PERER P [ AR e el B PR R s

arrows E@ewerﬂﬁﬁ@sardﬁn@grommdwscdf%ﬂ th€ aghet faesad raeldedbymaiBA)Nr sors are
co-dissolved . in tri- phosfphl ne. This precursor solution is_.manually

i nj ectef?0891o0 4 gUémT)E mae@sc{%mple@tﬁeﬁeﬁ 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 Exanples section beI OW, ]ﬁ,00881 Hi gher
HPALQ at insEeases With fimp Whilethe gmopal of 5pdreat dwn@ Fegurss sseide thederd fA the

particlg chTt;ﬁﬁgﬁlc%' ) Eﬂ%&)&ﬁd}ﬁ?&é f@@%&ﬁogﬁg%gmgsﬁéﬂm ng

froler ance nt 0 e grow ace relative to
t he ot hegmf §cRfow, lapifd ired)athe ratt 8NERdWth Bﬁthfef(lé(b BYhodik Qvhrigcdiatat. 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.

(00 1) e, SRR e gl BN oifbs HiReRl BTG E S Bl T el

qui q:t(lygrdv&thloat@é/ﬂﬂés@the/nﬁ@pfﬁfaegaﬂwlet 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
(00 1) fawe mms4smrly constant. The average | engths of dipicrarsens77particle
shapes at a certain time can be within about 2% of each other, indicating

that the rate of cgrowth along the c-axis is not affected b}/ the aqdi tj onal
15 gr oweldms P spdaciand daixpme); r@%é@é@ﬁ}%}mdémq@luéed thsoseationEogests #it i on

of arr opg, éHQ%ﬁ%@ D L h9ﬁ?écu&69i§‘1£'trodﬂa€d Ren8 9o abn, CHRR i ystal
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of themywaﬁyade@emlﬂg bmther exacﬁadrﬂ;opdnérpholegy deshsdc For bermmpls gbawiaitingl G 10,
for exanpl at ons (00 face have. o i bond, while Cd

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

particles. Teardro sha ed nanocr sta art Xing .
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condi tions (evg injection rates, processing nperatures, etc.) are
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o 1621 ol e B B Lo e dphometysihon,

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 BLSoR REDRIPREE AN BOELETSIOPs b PORIVLEI® 3 hodtih BhLOPET PATG & of

| ntr odugliQRe ot 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.
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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 e of ab 10Q. M/ h I e can be maintained at 328
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after t I g ecti [ rd I ): rat h e
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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
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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 PhhdaRF4iR A6 SechhidBed IUHES
el ongates. 20 WO 03/ 054953 PCT/ USSZ/ 37760 [00961 More specific exanpl es of

enbodi meyntiestfoftGiS eimuecrystalpactaeied eadheivoy drskesgleniting hracursprscwere gotdigsolved

f i . . [00971 111. I 0098] A hes. f
nanbery Sttar BBt piebime A deoies R TRYT ST SoreeB ) S TR vt °C-
tcg '( -Clr% ;Jtzrhé/ h&%@%@&m@ﬁ%ﬁ%@%@ﬁomTﬁpeﬂ&%towdevig&bgag%gﬂatted P18t rem

was vacuumtransferred and stored at -35" nder argon. Sel enium
(Se) (99:co8&)]t wias then-noantuplly frpegtd, mededrd wia(aG3iHgd, Ortock sramPof 2 hob@p0 and

hexyl PhosPRonl Sufth Gl Ohixdte LRGP A0ATPA. Liitdss WRleRwnRYSERASHY Jbhom Al drich.

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]
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the syRHHEE 1§ 3o HEGRY Waiebtanrs§ aby sagles qaneentratigh ml e edips epnsapiigHon
precurs i I . t NP j sul ting
B ook Sl g B i o o B e s

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

d | Iy injected, d [ [ e 4
ar e of VBT 1586 PR Bienestot A aBr S TR 5 TRBSE AT ess
ot hes W ggn&hhiRths éBik‘%d 3R WEtotd] 8/BNAIBITI AVBRE TOPE surfaciht), @ledsRhdritseowi ng
synt heses. 20 [01011 Various stock solutions were all made in a gl ove box

under AstatedoFos sastilof thesk gxpeiments, 2 mut of se¢losoditiondd was gfectediinto solgigpatg

Cd(CH3) 2, .1. Se. TBR. (,20%, Se, by ., wei ght,) a . T tirred for
5"t mut a5etk ook 2f Wl 2 Rt G 268 g inlestBelup 1 [ ons
had a r aijeqiodf Thdr&tiohs Werk clMaferBdinuf3 ByQuRclinthe SbiRYidn with 27 ¢

Se: TBP g)O% Se by weight), and 13.41 g TBP. Stock solution C had a ratio of
Cd: Se 2%olugne; ThgSelexpsiimeats we eepepisthiloee Bmegyeach digiemperatype dropebsasred 2096
Se i ght and. 14 48 g TBP.. Jhes tHCk Lyt i e . reate
Cot P pogeris ki AR s Groht g RS 3L R G S & Ol o
particl 85 o CQhRld othernids iaehiant Rati o Experinents [01031 For the | ow HPA
concentration experinment, 3.8 8 g of TOPO and 0. 12 g BPA 30 were m xed 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 ratystit oS \ & addlignal Hob 0t ar o5 hoRlok 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.

22



10 during rod experinents was from360 '"Cto -300 'C and the tenperature
was mai ntained at 300 'C unless otherwi se stated. [01041 2. Ri pening
Exper i merwo[0308B8F3 To form t eardrop-shaped nanocrystal par tcalese2/3aed. 0 ml
of stock solution of A was injected into 20% HPA in TOPO at 360 'C at a
rate of 10 m/s. The tenperature was. 15 kePDt .at 328 'C. The high

t enper al®#] and | dwSheponelectiwdisnlutian e IFedMAiO8 ostwal d  ri pening of the
nanocrystal particles. An additional slowinjection of 2.0 m of stock

sol uti Or[%l()bli] was Skghledle %géseQH%cﬁbéﬁli%veWﬁed fbfsdidRfselsabled (FOth bilzes -
The synthesrs was stoppe mnutes after conpleting the slowinjection.
22 WD 03h05H:RBR nBaElhiBGR/e3ER6Hon Wod gplied. [fehdigtabaiaoreet lengthDrrbiiapes was and

Preci pi t at | 01071 When t th descrj bed i el
PreciPl LS00, [OLOL Mhon, Lhc, Sy Nea e oet! 425 AMENSL080 015 0 o
appl sed -nah&er%tﬂg,%hﬂi'oﬁ WhitiPthe %&n&&f@%@ﬁ@[& aﬂ'ﬁ@@%é%@(ﬁ Tigb peicismie wie

followi ng procedure was used to separate them t hanol was added to the 5
nanacr y stashedsiotict with meathdniol torremosin tisidpet BOPRaTBP @nd SIRA pngyatrediseelvedin Thi s

precipitate . shed twi ce.w t hanol . tg.r - i T TBP
and HPA @H&nmli‘ \éﬁpté%rbwgse%erﬁ?qfﬁ”g?&;foggggﬁ 1 ?‘sﬂs? ﬁ%ﬁﬁg{ﬁé ﬁgsagggdrrﬁ% fgf%%ged f or
30 i nutREom! Jf tRe WRE Bidiupaingtanl(2) &R eanseral intdnetheboial and 1k prdvipitaiea(l) t he
super nat ant _(2? was transferred in another vial and the prﬁéi pitate (1)
was di sswsvigolvad enstdersfennm Thiprelutien () corainey thedpnggsheadst Rethesakedt rods.
In e gase qaf S : ) : ifi tate was
sol 0B TR sfb 6wt B orfed s M R pRiph BRARE koW pThlord PR BRI i ¢ 1 on
of a smalispensiBiitidcamt cibatefist theradiiti¢rlof 2smajl droourd of dodeeylapriee (Ip2 mgiey 2 To

t he supernatant (2), nethanol was %ded dro m ile und L cgnstant
agi t at | dPOMgRIPPIEHE. ot the swrerlente) Betaol v PrEtewas e
centrif itath {6k B | | h Rab eHedQRAtriPiged and

chl or of g’r% ﬁ%@@%}tgﬁﬁf;(‘%{ég@?gél&géﬂr)ée%)engﬁﬁld%qglgtsg?ﬁiong’ t et rapods gand short
rods in thaphcpithieddent dipscdvddintelnene drehiirofooh. (This pibesdercwestspeatede final

product is filtered throygh a. 0.2urn PTFE fjlter.to renpve,.an
non-lRantainiag teEapads %I}dsslf‘gﬂa{?dsrﬁn@ar?h f}g’sf.‘ﬂuég 91p’[t6tf0§] &29F@ﬁ3¥%‘6 BrT™ ation
of Sanplgs fina1 AL isHiltdedt rsuARSRIRE POFEINRS 6 REEARY\NTE dohBkdéktaldbsor pti on
spectra were created using a Hew ett Packard 8453 UV-visible diode array
spect r onpsteriale that ppgd baiprésent. deut eri um | anp having a resolution of 2.0 rim
A small amount of sanple (-10 ~LI) was renoved via syringe and diluted to

an opti clza!wé;]enSI t y4.o(f3haracterization 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 J%l@m fts Z\Ef’gﬂcrtyﬁtﬁtﬂﬁe’ﬁf’épel?%ﬁ%y ?ﬁ%ﬁ@é‘e R né%%js%l] heﬁ%foﬁ@\ftlﬁgr}e

Trangm Wti@ﬁal@e%@ér@@[‘ﬂ%t%rpﬁﬁ&ﬁ%ob? 3 PAvNasoBEXsles|Labbreory /i Popegy 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 dridke phous
carbon supported by 400 nesh cop rids. One drop_of nanocrystal. 10

er , r :
sol ut i orﬁlmrpf@momhous@anbenéumorf@ﬁﬂewﬂegamhﬁa@eaéﬁé%i OBeidEoRa) ey g8l and
al | d tp..eva e BSH b Aol &QodreRove
excals s il BPEHRL Snert s HRTRL R A e B B e
[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 detusingihightrebylution TEMHRTEMD as 44B0W tianomegeifightiony sk taregesizosapd sanpl e

Powdar Ty Eiet PR o DD B S TRt P R s bt i
det ect ongid §1§a%ﬁ{g'b QMraSHEd i GIEARRShificdfibig mréé,@qeﬁ@dé aid @apé disFHRAGN) .
Two- di nensi onal “patterns were angle integrated to obtain the patterns

di spl ayexkre Btterminsd by wewntingss &asit J09manecrysalpertiles pey samaletfaestaestisall 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 kl, Q= (47rsin0)/X) at an 0 angle of
15'. XRD 25 sanples 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 with nethanol to rempve excess organic material and
dried. [01171 XRD siz of particles was perfor usi t he

Debye- Sepbwarer(Peakliaf | aﬁ?u‘r(ﬂg]ng]p @auss}!%n korenizigs ltefagggtﬂ rﬁ’l%ﬁnﬁ%etnél s,

| nper f e %fﬁﬁhﬁ; HR¥RE usiie W Yé%fd&d&e‘%l%é«aion The
(002) p%%(ﬁ%%ﬁi%%la%n%&%e@&%@@l@g e?mg)l}le th eumgi%gts of )

cryst al ((GomigpAak 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 Lal 36, and then subtract ed using a standard correction
(Guinier, AL X-Ray Diffraction In Crystals, Inpelfect dystals, and
Anor phoU811ddi es; 5. Reselts New York, 1994) to the Debye-Scherrer equation. 5
[01181 5. Results_[01191. For fixed.inj.ection.conditions, variations of the

TOPQ HP I This is
TP AR O, DA AT B SRR P pgep e O ke TS T
[0120] sysmetidally HBﬁtrd)l@Jﬂ%?ﬁan&ybtahgiabe AShig ¢4 clsaty seen ﬁmxeémmasqlmmn\?ﬂﬁwre
(m) (c:a) (nolar) 80 2.0 5.1- 0.8 1:1 20%2.0 21.8:L 4.2 5:1 60%
2021?magem1€/1é}ﬁeﬂ§112@’91210130 2.1 2:1 20%1.516.4 1.1 2.7:1 20%
2.0 21.8 4.2 5:1 [01211 Wth no HPA and at | ow concentrations of HPA (I|ess
thaqoloﬁl agioughly 15 spherical dots are formed. At HPA concentrations of
20% Jpect 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 51+0.8 1:1
20% 2.0 21.8+4.2 5:1
60% 2.0 217+£2.0 varies
20% 1.0 13.0+2.1 2:1
20% 1.5 164+ 1.1 2.7:1
20% 2.0 21.84+4.2 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 the
?ver?ge gengt hs is given in Table 2. 20 [01221 Table 2. Tinme (mn) Length
nrn) Rod/Pencil Arrow 4 21.7 .0 56% 44% 10 27.4+3.0 37% 63% 31.6
3. 4 350¢BH 25 Wolhsemwrgtal asery é@@?‘; BanpsEystal gasisles TEAFH iR %8}6 aﬁ?ﬁ%w

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 [01241 6. Teardrops [0125] From FI GS.

8( a) - 8~5§ch 9thetannears 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 ;i
nanocr y<pa Bebidr o8 bl RARE 0 1 R Madcib oo TR e & gine
nanocr y gt ain bh&pe i FEG. Sta)) whichcshowis atparttdlywith gaiwtkdcewsringondapodacks.

nanocr yst al rticl en in FIG 9 .. Th I [ fri
it oughSteratigetngseseicoses il HIRTENG ey S B TR CoFobBEtP=hRG SREES  and

th - . : i
e 16”.”3%@ l%iﬁteef?; ilﬁ&{?%gdgéétfuc%%,ea[ ¥GEt] & PeoniBTrshd BR)L Arasstalothhod

fonnati 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
tetrapod. wda3[080291 As noted, tetrapods are single-crystalpcparsnz/gi7es t hat
denonstrate pol ytypism having a tetrahedral zinc blende core and four

wurtzite arns. like the f 00 1 apes .of wurizjte structur the {1
Mh ol arseBelre. Vhets v ampetet b oune faist L s iplspbges e igletifeard
conposed;f pighdetBFe 4kelh imPIRS 1C AR MLcBARe, itherE nfdy be seWALRajdE Presence of
BPA selectively increases the growh rate of the (00 1) face, it follows

t hat t heelstbedy gdjnsting thel relative apiamiseofZMnc{blendeMersug sastzite uhelcblioswedinglie
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 ONI6&RARRD B EHabl) diich /a8 @endritid tehpude, ard Pestiucedby 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 IO haCedeBhE it RTRMA' aiondl AfecRbE"Hind nitino Wbl B
as dendritirntAite] #ky apld dsntirmieao grovvsteghtb ¥f therefads Ainoglendelthytisanatacking\faults

i njections of nmononer into .a solution already containi tetrapods. G owth

, n
occurs ek the cadastherrmpeviigh ARIsHEHPTPOHIE JBRIR P%‘b%é’i‘axﬂ“‘r}‘ tion. If
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 [01311 B. Synthesis of CdTe tetrapods [01321
1. N&terDE3Yy [ 013F. SadhesiswioXdTete(r@eb@s (99. 99+ %, Tellurium (Te) (99.8 %
200 nmesh), and tri-n-octyl phosphine oxide (C24H5 1 OP or TOPO, 99 % were
purchaa;ﬂlizaomAl ri]ﬁh Nn- QOct adecyl phosphonic acid (C 1 8H3903P or CDPA,
99 % rchased F@Fha]éryza 20 Laboratories, Inc. Trioctyl phosphine
(TOP) (90 %9 was purchased from Fluka. Al solvents used were anhydrous,
pur chasq@i133jom Al dTddekiumaddeERIDMD9.bouvo)amyliritint () (P8 P4, 208tmeh), and 0134]
2. Synthesis of CdTe Tetrapods &01351 Al'l mani pul ati ons were perfornmed

usi ng Sttgﬁﬁg(ptmlphpqphmee@n@qe&%ﬁﬁ P orfliP O, 99 %) were purchased from Aldrich. n-

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 Cd/ ODPA nolar ratio
was varied from 25 1:2 to 1:5. The Te precursor solution was prepared by
di ssol vi ngotoalob4953 um powder in TOP (concent ration of Te 1@CEIUSHY/377d¢he
mxture was stirred for 30 minutes at 250 ' C then cooled and centrifuged

to renove any renmining insoluble parti.cl n atypica Si.s f CdTe
t et r apoBintained atithis yalye tiopghout dyseynthags- 03@%@6‘%?8 %t%t&p%ffdy%ﬁ% SF 20
m nut es f ﬁ)p&ﬁ b fpka AdepRbaiondesaasn |t
was heaP%%Hgti \/ﬁo%l%ﬁ%fﬁgeﬁaﬁﬁéﬁdlﬂ}%%&td (ﬁ%édecorrposed andnf%:ceﬂ sol utll1 on
turned @ BHEAC,and mbhrdryidess. tolend wert. aBdeyl tofthe ﬂaskcmdthe;ﬁhipﬁ}tﬁmfh‘éa% TOP) was

added and the t emmper aj ur e s further rai 0.320 h

Te: TCP Brsderreddp ggobrrtf{rb’lﬁ‘ﬁ‘ Wﬂ“&&?@@%ﬁ?ﬁ rtbhydpfgﬁé n%eﬁla er éﬁ}?ﬁeagér %Sﬁgeg to

315 5C ?d"u;% c‘ﬁﬁﬁa‘te e MWRoO34 ?ﬁﬁ@lef §Hldr\oRR3A16R, Wzﬁwdddb@tcﬂ&fé didpeisiirs ual ue
o) e

through synt hesi s. synt heses were stopped after 5 m nué
r enovi nthig Wey,tp@‘emmmgcm’amipeta‘amomw Cdmbepghonatsl corplemsas praggutedas pHer cool ing

the solution added to the flask,
and ther‘?ﬁ?%vﬁég&’leéhp%%hmt Phgr%?cé}?l g %{%{eadégs trl‘pég g fﬁqéllﬁe M ni num anount of
anhydr oysy ﬂé@%h@@@ hyithWR BB AndIA A ftes eﬁn&flﬁ@thﬁrsﬁpérnatbﬁt thetfirml 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 p e-matant, 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
tetrapogel3eer e Bed@hatasteaiabtidn ef Samsled yeTitansraission Fectroo MisrascarolHN)

tol uene. [01361 3. @NaVackNHsamtibaSpedtroSeoml es by Transni ssion El ectron

M croscopy (TEM and UV-Vis Absorption Spectroscopy. [01371 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 eeval uaeffe r;f}) eﬂggc%%e%ég%géérﬁgd %aﬁ&@el@%ﬁ%&@éﬁé\ge & 1908V, BIBEMatof the

ringe flask every mnute and

m xed i @ﬁeggx@ﬁ'm’ﬁh@t‘tt% dfahdi8ithesdNe sﬁhlallthﬁt sfthe sanhpslaisd. & mlpeyas tentdved 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 UGISVEE 4 ni n
thick 20 fi r fRARRGEcrIEthds. One
drop of Wﬁ?ﬁS‘E?"‘@é"ttﬁF |on |n H%Fl%gﬁ‘e‘hﬁg“%eggg gnto th cerggrl d and
evapor atp@ﬂxclédﬁéréftéid@&ﬂ%(ph tolmm@mitdeposmdrfmmrddwﬂrsehhtma|ong> @34 nm thick
Hewl ett - Packard 8453 UV-visible (88 ag S ec roge srr clu ppe

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 nmm. [0138] 4. Tabl e 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
nmol ar 91]11213151 TOPO [g] 3.83 3.469 3.19 3.19 1:2 ODPA [d]
.27 0. 53110481 0.81 CdO [g] 0.051 0.102 0.153 0.153 .2 Te:TOP [g] 0.540
. 540 0.540 03_53__5_@Q_[QJ_§J3_3_20_3_19_3_19_%LQJ_0 27 0.80 0.81
.81 5 1:3 CdO [g] 0.035 0.102 0.102 0. 18iZreméMt 22 Te: TOP [g] 0.400 0.540
.400 0.240*) TOPO[g] 3.544 2.6712.65 2:165 1:510DPA [g9] 0.456 1.33 1.3~
.35 CdO [g] 0.035 0.4RP. 102 0. 182 TeisbP [ 9J3.10. 400 G.540 0. 400 0. 240%*)
100 g TOP addltlor@dpné] injecteg,; 5 [0d411 Beygnd contgpl of the phase
during nucl eati on!and, pwt h, manjpul atipp, of the grOV\M;3 ki netics enabl es
i ndependent tun; ng of trﬁl rml engl, hs an(gi I a 12 shows a
series of transi ssi ypi cal CdTe
tetrapods, of wari ou@Pﬁ’@hgt hs and”aspecttati 0s?i | lustrating the

i nfl uence of the ngi PHrBM h parafBters %6h sharﬁé81 The Pfksent inventors
found t hat onc&the basist tetrapdd®»shapeti's for Ad, gr oWth

orooOO

8 Te:TOP [g] 0.400 0.540 0.400 0.240"
3 TOPO [g] 3.544 2,67 2.65 2.65
- ODPA [g] 0.456 1.33 1.35 1.35

CdO [g] 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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10 of the arnms occurs according to the controll able kinetic nechanisns

previ ously observed for nanorods. [01421 In the CdTe tetrapod syntheses,
t he Cd/ Tewoasiostosms varied froml1l: 1 to 5: 1, and the CdPODRAIZ/ETH® Was
varied from1l:2 to 1:5 (the Cd/OPDA ratio was 1:2 and was at maximumin

der f th O.to d | et el A ip th /T t
15 | cadbeme eatl aaaﬁgoﬁé’q%"ﬁ%ﬁ@% T R T S

resul t Jj.n.Jiakia8ly 85 M AABLEEBtodgn all the experinments, the anmount of
Te: TOP seg’i ua(lglon njfegtrec? was ad jlcl)JSst ed with respect to the Cd/ Te rati o.

Al so, t[8¢43inount AffuiiBRAcastdechoeaf I@d{lﬂl@;ﬁeﬂﬂpm@rﬁhdgﬁéwh@wp@m thati o. The

total a unt f. TOP wa uaI synt heses
done at® 1%?‘{?8“@008;@@'0“5@ ?ﬂ%ﬁ?ﬁp e’lg}ﬂq? aﬂlsqlg 3| <0l ved in the
20 EOPQE c/as @ki%&d%é&fr&ﬁﬁh@iaﬂi@sﬁﬂlesﬁ £/ kR at 5B, rePedtiEly, Fe) twand 153 ng
(for both 1 and 5:1 Cd/Te), respectlveléx., For the s(%/nt heses done at

@

Cd/ ODPAsym&EBQﬁscameleLB abthe sams Cof Freratiarnint Svodifierrot CAHQPRAITHIN &S0l ved i n

t he TOPQ CDP, t are 3 5 :1 and
51 Cdlf clogparérbc‘ie TTB)% g/agF%? mo&v%f ﬁa].l(él%%tr%p gg{o-l;ﬁl)l tﬁ{@ggltaé%étggﬂgt(ﬂﬁ%tfjaﬁe
i nj ect i @fecBbn,tWigen ke d6Rchigationl dirl\nmnfbeﬁsmagﬂ éTHeCfaémgt:themg@md‘st quitklyt er
recovery of the 29 WD 03/054953 PCT/ US02/ 37760 thermal equil |hbr| um bet ween

t he fla u«nrerthlsmﬁeoqi éscthr Age withithehighest Hterfaprad energio HonEy ety W
epfpdugi %n% orﬁ%}nleF gl%é)k B s%&gistdlé?)ntﬁe oﬁQﬂﬁ?’g‘(mﬁs GidEdiie ﬂggnggguence of

the me%lca yco pears 1nt ape evolution of

t et r apoghstabey atigigh l@EZﬁGd&)D]M)patm g{e(mtrzlipotdegrovm folr 5 rﬁh@es h3ye dsfiretly
tetrapods extracted fromthe sanme synthesis, at 1 and at 5 m nutes,

r espect fonadled erfdsr Thadisselytierheltas codpf anearmpiibe 00 Ndaeshiacrsasesdhe l9edlo, but

diff f h
ani sotr BreRg e b FAE e RpRLFATETERY 8 APhle ASEne FE®, (1€

t he Conﬁeeﬁds&iﬂt@élarﬁ{s MROETRICE isi ot Bpgifent T thefsample growmiang lovasi(1:qui ckly
during this period is the one with the highest .interfacial %ﬁglg%renHomever

whelf t h@d/:QD A HeEn sHae ﬁlewebgromslh e%iielawb% Ospwpld ripgping regdmgt Bt t hat
Start s iS5p! Vi n0glrslauat oiBStARAS by Ml olch ARISHCERAY @iifba t ne

t et rapots own for m nu stinc rounde
di ssol ugdngile @font-\l’@tlaihdiné)ivualpeaks)] ChébulkQORD pajtedad€tdl elwmtwasedsdé Bleowmocal
nmononer concentration, allowi ng the | ateral facet fsﬂilto S ex ense,

resul t i frc Feighd The P07 Peakds VEp DEREW AnAENOre fitensg eﬁB‘fakébﬁ%ﬁué in
the sa fﬁegﬁtﬁﬂ&gﬁ }égwﬁ thele Mis ofithe tHPORAhAt | 0, Si nce sl ower growth

rate de ays t ening reginme to longer tines. [0144] FIG 14

sho¥®s a[@gf] cal menXanéyxrdes‘qunamhldrha(VXR@n afiplay@hiTereinare agsdds
terms of description and not of limitation, 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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sanpl e (non-vertical line with peaks). The bulk XRD pattern of CdTe
wurtzite is also showmn (vertical lines). The 002 peak is very narrow and
nore i nt eweesbhens3 t he ot her peaks because of the extendeacaarsa2/sr7ad ong t he
c axis of the tetrapod arns. 20 [01451 The terns and expressions which have
been enpl oyed herein are used as tenns of description and not of

limit at VARAT SnETAMED IS no intention in the use of such ternms and
expressi ons of excluding equivalents of the features shown and descri bed,

or Rortions therpof, ALrGRLOGH HRAAIH HAHokN! pitadlauS pididdordiishis ar e
possi ble within the scope of the 1nvention clained. Ngreover, any one or
nmore@ features of @hy epdowidingemeorehating aifinstenystal streguredy aselutio d with

any one or nore ofher features of any.other enbodinment of t j.avention,
wi t Fout departing®ro OF’F?Blgs%’oaﬁ@%‘?e e ?Wéﬁet?°5ﬁ.ila‘[16§?léicoﬂpl%r3|’osgatlents,
pat ent gRRbIE Al heRSImtigNd publications mentioned above are herein

i ncorporated by reference in their entirety for all purposes. None of the
pateénts, patent —whpleindhe nanpsrysta gaisigh qomnrisens Gaet H\osreicamygordrwup

& e e o or Bhurac giteclft RRlsPaC R A ol MY o el inlihe

CoONPr i SiiNeast orfe GAuPHI éir@hivhdaat CakLodRavionp VA eldniait selegtsd fbmsthe gripre in a
solution; and 3 ébg form ng an armextending fromthe core having a second
crysk al congisgng aEQupeld.ang Ke- sol ution, 5 wherein the nanocrystal particle
conprises a Goup IV sem conductor, Goup 6 Ill-V sem conductor, a netal,
a diglectric mtesial ’Tgé 1%01%8%'1’Qlah&'l\a/he?ﬁmtﬁ@ﬁﬁj&'ﬁta%rs! 061, WAl Rleretn Bk | east
one Goup Il elenent an Bt Teast one G oup VI elenent selected fromthe
group Sproasifstthesgombries: S, Te, and Po. 1 2. The process of claim1l wherein

the armis a first arm and wherein the rocess fur.ther r i3
form ng at |east PrEERDHdoasH W@QP‘éﬁﬁ?ﬁ’@telﬂﬁagﬁoﬁé&%&%@ 1?&% %Og&% @?Io%}]n
wherei NncAeldiR #EIRShARshddgsthigusdeond crystal structure. 1 3. The
process of claim1 wherein the an-nis a first arm and wherein the 2

process further conprises: 3 formng at |east a second arm extendi n& from
the Lore in the sdl uti @he prisesseifislaim 1t weersindhe armaisa Fakamhend ¥ Py st al

St Lth u{)r%;cess further comprises:

3 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

4

5

6  the third arm has the second crystal structure; and

7 forming at least a fourth arm extending from the core in the solution, wherein
8

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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5 formng at least a third armextending fromthe core in the solution,
wherein 6 the third armhas the second crystal structure; and 7 form ng at
| east a fworoBhsesi n extending fromthe core in the sol uti @ar/ushzssEsm 8 t he
fourth armhas the second crystal structure. 1 4. The process of claim3
wherein the first, second, third, and fourth arns 2 are forned
substantially sinmultaneously. 1 5. The roceis of claim3. wherein th

first, second, thPrd, ahaPresEet e chiis! whergieihp ganaegysigl pafticteis @RonaPREs. 1
6. The process of claim3 wherein the first, second, third, and fourth arns
2 haye substantiably th¢c$88Rsd SRSt wherbin thBirdcPERS StrRétufelidh Buicwher ei n
the first, second, third, and fourth arns 2 have different |lengths. 31 WD
03/ 054956/sRCIHWBOR/ BiABO secoBd cifistal pirusters $s @hexaiganahcrysidh sire¢turet he

nanocrystal particle is a nonopod. 1 9. The process of claim1l wherein the
first crystal strygture,is a cubigc .2 t al ructure, and the second
crysial structurelflﬁ‘s a%ﬁgfé%cgﬁsa?flCg%lg}ls][cmse??oﬁ W& 1 10. The process of
claim 1 further cespiihsbdt@nd,2hir@end RGrHeeBdxtehding Groanthefcory tb o BB
extending fromthe core to forma 3 tetrapod shaped nanocrystal particle.
1 113 Trarappsleapsd sanasretahpartigher ein the arin is a first arm and wherein
the 2 process farther conprises: 3 formng a second armextending fromthe
core; wherein the 1§?Coﬂe§E%EeE'sa§fclaﬁmth heRGOMM agfﬂsgﬁ filst Sfch Ul WifereiR Bt
wherein the first and second arnms are tforned substantially 5

si mu2t apewasd furthdr cbaprifbe process of claim 1l wherein the core and the arm

conprise a Goup 2 Ill-V sem conductor.. 1 13. The.process of claim1
vvher\gei n the core g?fgll?%é_sﬁ‘?oﬁ‘?%efiépéﬂé‘&f{%?ﬁﬁcoﬁe@’l—%{?‘?ﬁ}eesefﬁcfndsmlgét ants.
1 144 The &E&Y@é?st?lfstﬁkﬁl'répaﬁdmﬁfeﬁ’ﬁ thetfist @rs8coHating aredfornad SubsRhiiBg; usi ng

2 a mxture of surfactants, wherein the m xture of surfactants conprises at
| easp twomdkneatssd 3 fromthe group consisting of an al kyl phosphonic acid,
an al kyl phosphinic acid, an al kyl 4 phosphine oxide, an allcyl phosphine,

an aﬁ Kyl am ne, aqg. a C[%re%%( elssiJ §t cefzg;lirndl wherein the core and the 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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1 15. The process of claim1 wherein the core is a first core, and the arm
isa 2 first armthat includes a proximate end proximte to the first core
and a di swelosesdssli stal to the 3 first core, and wherei n PCAIPL/BTTEE S
farther conprises: 4 (d) form ng a second core at the distal end of the
first arm and 5 (e) formng additional arns extending fromthe second
core. 1 16. The process of claim1l wherein the core and the fi rStir;?E? are

formed in 2 a hol8sur Aadioseroltrioderics ComprEna Mereprysiakparlelg of gl ni ng
t he nanocrystal particle are 3 injected sequentially into the hot

surfactant mxturey 1 PRI AlerRASHdLSh EndRRE/sBY phifiRleRr OCess of
claimi 32 Wo 0373%‘549%%%?%%02/ 3P0 1 18, A phot S Pl i o
conp i scogptidieg:nanocrystal particle of claim17. 1 19. A process for
form ng sem conduct or, nanocrystal particl 2 ¢ rising: ingr i ng
semtonduct or nanBEROPLERE Sﬁﬁ%ﬁ?‘?qcé&&aggﬁygglrwcﬁ%reﬁmﬁf)’gtnﬁt%ea ncl)#xugg of

sur f act apkRHAR@ABLS e BF pRINTRIL tR gloReh B RWaPbDdhap&d §erfeshdvbrRP Atnocrystal
sem conduct or na ocrys?al 5 particles; and 6 form ng tetrapod shaped

sem Tongartitles; amdnocrystal particles, 7 wherein each of the nanocrystal

partjicles conprises a u 8 sem.con [ sem conductor, a
netal, a dielect r?‘%}“f%%’?‘iaﬁ?‘! X%Pecgse@%%&%)%%?mcgsg%%aﬁ%k uctor including
at |-past one G oURhkleiRb&MRITihARhodtystabpdticleoriprinep a \Groap Evient 10
selected fromthe &roup consisting of 0, S, Te, and Po. .1 20, Th [Ocess

of c8 ai semigondistas; Graupd ¥ srmisnadieqier a mehdce Qigkﬁﬁﬂc matgrgl P13 @_E"“H e Is hapes
conpg 1 St %‘8%%6311%90@%961&?1%1% gﬁ%g%%ﬁé%‘?éu%% e?e%nen]_ B RIOEESS: @ or‘f%l W drhehtwher ein

f
the pred rsarein 'nto t m xture at a tenperature between
abouy 2@el¥ed fomhne grodpQonsistitl X0, STTe, prddess of claim 19 wherein the
precursors are introduced into the 2 heated m xture of surfactants by

addi ng different precursors separately into.the mxture of 3 surfactants. 1
23. frhe process o#0cl aimel@omgPéF IWK%W&F@% 8?@1C§Flgu(it?ﬁl?agaﬁlré'§t8fii nto the

’ he@% ﬁgamci%"s%\?e %{apgslwn?@mfgﬁm@ahea%}a@edgﬁépfe@r ent precursors together

into m xture surfactants. 1 24. The process of claim 19 wherein
t he nanocrystal particles conprise a ) . )
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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2 Goup IIINor a Goup Il-VI sem conductor. 1 25. The process of claim19
wherein the m xture conprises at |east one 2 selected fromthe group

consi st i mnyoan/0ad49ky | phosphoni ¢ acid, an al kyl phosphi ni c &cirdisozsr76¢8 al kyl
phosphi ne oxi de, an al kyl phosphine, an allcyl amne, and a carboxylic
acid. 1 26., A nanocrystal particle made by the process of claim19. 33 WO
03/ 054953 PCT/ US02/ 37760 1 27._ A nanocrystal particle conprising: 2 a core
havihg a first cryétal APaQenvsiebpatiflg coMprisingast an arm extendi ng from t he
corey) having a sec mhearein the nanocrystal particle
corrgzri ses a Groupgiag/reg{e%&nﬁ{cggdn%f:%%p%ﬁrgh%e’wggl I'1-V sem conductor, a netal,
a dizl ectric nat erflahst anmarm eendingftonViheserd lnynp rcseoond enyktabtistngturg, at | east
one oup Il el enent anq at | east. one G oup.Vl ene sel ec eg f{}omthe

gr ou%? consi st i nghgFeiptheganqerystalparggle o S FREOHRND PRI BartT® e of
cl ai s 2T IWNeSbohdub®r 2] Metad adliblbEtsit nfidial, a9 GréupMIEY Ebdicbduandlydhal -
particle further coaprl ses: 3 at least a second armextending fromthe

cor ef t heleas oon Erenpl skemiang anthat leapt gecErripcY hdement selegied dios the gpoip The
nano&ry%t al.stiﬁarg'pcée of I&%i m 27 wherein the armis a first arm and 2
wher ei n“UhERESCr srtrg’fl § rticle further conprises: 3 at |east a second arm
extending fromthe core, the second arm having the 4 second crystal
strugcture; and 5 38. | eqhk nanddaydtal partivlextt daici 2Dwhereim thberm o &first fren,tandr d
arm having the second 6 cr%stal structure. 1 30. The nanocrystal. particle
of c? ai mbhsreinhemanerry el nertisle Surther pemEPrisgsiy and 2 wherein the nanocryst al
partici e farther GORRAISESina il o R Pork BRLM RTALEACRM RikihS 0 { he
core, the second armhaving the second crystal structure; 5 at |least a
third asenoad et sgudtnirem t he core, the third arm having the second 6
crystal structure; and 7 at least a fourth armextending fromthe core, the

o 21 N0 e GBS Lo BEHTL B 15 BRPSS XL

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.

1 30. The nanocrystal particle of claim 27 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;

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

6  crystal structure; and

7 at least a fourth arm extending from the core, the fourth arm having the second
8  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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2 nmol ecul es bound to the surfaces of the arm 1 32. The nanocryst al
particle of claim27 further conprising second, third, 2 and fourth arns
ext endi ngwbDross4988 core, wherein the nanocrystal particlepPc3/sor/gtrs@apod 3
shaped nanocrystal particle. 34 WO 03/ 054953 PCT/ US02/ 37760 1 33. The
nanocrystal particle of claim27 wherein the core and the arm2 conprise a

d sem condygtor, 1 34. T tal particle of claim 27 wherei
The bore 1o a 11148 coPbenasesRit pORE | e 2 rensns Freto SR ot hos o

proxj mat &G AloMPorRY Sethidendicicit core and a 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 armand additional arns extendi ng 5 fromthe
secohd core. 1 3534TheThanatacysta partiskerafictaia 2 wherainthe qorgaes B1hCfle fi r st

crystal siructur 2 tS LNCx e Cr: cond
crystal a‘%‘#‘?’ﬁ%?ﬁrtge ey av\ﬁrrsf é’:ﬂfgl%%:?%gatpar&%%st%ntﬁr E#lgﬁéﬂélﬁ%éﬁ E%}?Ké&%léﬁ%cr yst al
par t3 cl gis@f erd @ktal DAhwiiest ebr, bltbwhat® thaparticdi fankdreomp2isés:om about 3 to
about 4 nanoneters and the arm has a | ength of fromﬁadgout 4 to about 100 3

nancheters. 1 37. 2 FeONA&Acat fla distal gndrafithy drsprm Hongh & S¥ IS or e

and f he i.se CdTe. 1 38. A photovoltaic device conprising the
nano%:rygr a%%gerct%?g}aéllebf claim27. 1 39. A branched nanocrystal particle
conprising: 2 a core; 3 at least a first armextending fromthe core; and 4
at |kast a second3ar m &kt emdicngstdl partictehef ctamel7 whereisi the fins crsebaiducivns f or ns

a 5 branch with respect to the first a 6. wherein_.the n crystal
par t cl B &Ry fegg‘%c Et@af%ﬂ’ﬁ?‘ir?/ %%%Wm%ﬁtgp%uSHEe IS Wpgtzie Csr¥§11anlgonduct or,
a mej al grandbel ectric material, or a Goup I1-VI sem conductor including 8
at |east one Goup Il elenent and at | east one G oup VI el enent selected

fromthe group 9 consisting of 0, S, Te, and Po. 1 40, The branched
nanotrystal parti@be offhenaneerstelparticteedf cdaimpt’] whergin the goreas g digmppter

extendi gy f10M 4 DGR & nafiileiBrs R i i M ILERE b ol M0t Ff SRNE100

3  nanometers.

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

2  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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3 wherein the first, second, third, and fourth arns, and the core forma
tetrapod. 35 WD 03/054953 PCT/ US02/ 37760 1 41. The branched nanocryst al
particl e wh oslosioss 39 wherein the core is a 2 first core, aad/ushzsEsm t he
first armincludes a proximate end proximate to the first core and a 3
distal end distal. to the first core, and wherein the branched nanocrystal.
particle further 4 COTTRI’I ses: 5 a second core diistal _.end of the

Ih
first nanocrystal 4hart iLh¢ Branghgd nagocrisaknaghicle Ogﬁla]ﬁ% g%ﬁh@%‘? G Proiset he
second gof Laore ]?%%h }Qﬁ thE ARE Q]?Ig 2S5 ¥ith@hatR @ ?%ﬁm@tfe t6 ki A8 tid her

conpri sing surtact ant cu e attached to the core, the first arm or
t he $ecdmstzi1 a[drahsﬂal #%3he T chreaacheblersiaribe byps clad rpao«trlysta]epa@iflcle ferther 39 wherein
the core has a 2 dianeter of about 3 run to about 4 nm and wherein each
of the fIPR#°8&nd second arns have a 3 length from about 4 nin to about 100
nin.s1 44. The bragchad -BRNQMYES A enlaﬂfftﬂhé:ﬁl@t fdochatapadicuheiei n the
nanocrystal 2 particle conprises CdTe. . The branched nanocryst al
partécle of clai rradmtlwlrﬂéaénhextﬁéhl@ﬁ)ﬁ@mﬁh%sﬁon@“ffﬁr st crystal structure and
wherein the first and second arns have a second crystal structure. 1 46

The pranched nanog?yst Fhe ?:fn%ﬁ&ilr%nm%rggthﬁﬂ ﬁg r@lﬁfrﬁBQ r%eﬁlgngﬁfn%é have .

zinc bl ende crysta struc ure an rst and secon

wur tZi t guredcyssit alolecdlesdtiatieddinehe dord, the Arst efni apdite shapkadnnanocrystal particle
conprising: 2 a core havingafirst crystal structure; 3 a first arm
extending fromthe_ core; a second arm ext. nd|

f
arm bxt endi ng frof¥t he E‘BP@HC]&WCP"@O%WF"B qric ﬁPﬁfngéﬁaY}}%e"ﬁﬁW{ﬁ%%}g c,aore
wher gi “dﬁﬁﬁg&mﬁﬁﬁom%eﬁﬁ 'Etd? Iohbh nth, 2R herbid Qi LR RIS HRAKBCcOERERMEvES VSt al

structure, erein rst cfystal structure is different than the
secohd bengtfadmasboutctnmeo abéitdfidnd) wherein the nanocrystal particle
conprises a G oup IV sem conductor, Goup | | Ill-V sem conductor, a

et a{ , @ dielectri 44, mat.[%r lbramche:(f na%ogygtlzjlppauiélglof gl%ﬂl%@ %{“é?élﬁ Iihei Iﬂﬁb&(}ktgp 36

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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WO 03/ 054953 PCT/ US02/ 37760 11 at |east one Goup Il elenent and at | east
one G oup VI elenent selected fromthe Goup 12 consisting of 0, S, Te,
and Po. 1wo0d3/03483t etrapod shaped nanocrystal particl e of pciraiSor/demher ei n
the 2 tetrapod shaped nanocrystal conprises a conmpound sem conductor. 1

49. The tetrapod shaped nanocrystal particle of claimA47 wherein the 2°
t et thapodt letsipael Gﬁ@ﬂbﬁﬁ%ﬁ@ﬁ aph#geast ane Grprp. Vhelgpent-prlected from g @rﬁ%ed
nanogry L particlkerof gl m47 wherein the core 2 has a dianmeter from
abog% 3§§Igslsgglgt??bgflshg§’oarrr@t%or’s and wherein the first, second, third, and 3
fourth arrns each have a Il ength of fromabout 4 to about 100 nanoneters. 1
51. The tetrapod dRape@haastoppy shapled pamdciysta peftictd ef dhainizd wkersinthe rst 2
crystal structure.is a lellii C cr.éstal stru‘gture and.the second crystal

st r uet ubraped shapeq BgRRcaYstal §ORpriagsA ComRofRY SFBICOYAUSIOT The ot r apod shaped
nanocrystal particle of claim47 wherein first 2 crystal structure is a

zi ncy bl ende crystap, st %@&étfa@o@@l‘i‘agfeb@aﬁ&@m partiesd 6ff clsitt 4T ivhierein the a
wurtzite 3 crystal structure. 1 53. The tetrapod shaped nanocryst al

par t2 cl ¢stpod bleeipad aznagnestaicampripestCPlecr yst al structure is a zinc bl ende
crystal structure and the second crystal structure is a wrtzite 3 crystal
strugcture. 1 54. e tahr b j
conprising a 2 m-:gtB al e[tfl e?@?a%?ﬁgﬁ%bgg rnapogﬁﬂz’%gtgl@ggf;%%@yﬁ gjlfhe%gﬁhimglé% of

cl ai m 4T%ad 4 diatdeesr ot abgart 336 abowd 4suanbmeterrandricedinltiee fisty sdcand, &ird) @wlst one
of the first, second, third r. foyrth 3 ar 1 56. The tetrapod shaped
nanodr y $ewfh msicaeh Bavsra ](?P%hﬁ’l? ﬁr?nhﬁ@pgﬁp @?&’Hﬁmf%q nanpmeterS¢ j st second,
third, and fourth arnms has an aspect ratio greater than about 1.0. 1 57.
The {etrapod shapgq namgG¥%sddl sRaeh ngh&orHtalgaitioR dficlukes Pivhelehefifst r st, 2
second, third, and fourth aniis each have substantially the sane |length. 37
WO 03/ 054853 stA@TileSe 2 £6ME 60ystal stE@tura aph trepeodndairystaleiiuedire isrdioxagagl 2 t he
tetrapod sh:i\ ed nanocrystal particle of claim47. 1 59. A nanocrystal

part? cl &Y g‘ﬁ‘é"t‘f‘r&nn a teardrop or an arrow, wherein the

1 52. 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 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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2 nanocrystal particle conprises a Goup |V sem conductor, Goup IIl-V

sem conductor, a 3 netal, a dielectric material, or a Goup |1-Vi

sem conduwDB/054963 udi ng at | east one Goup Il 4 el enent aad/B2/BBast one
G oup VI elenent selected fromthe Goup consisting of 0, S, Te, 5 and Po.
1 60. The nanocrystal particle of claim59 wherein the nanocrystal particle

2 conprises CdTe._ 1 61, The nano rxystal article of claimb59 wherein the
nandcrystal partide 2 phgigypitugdeyces 18-V or a Group I1-V

sem,conductor. 1 tﬁ@fcetéﬁgdi glga%?@nﬁlﬁfcr}fs% BhAglcSdTapash 4vanocrystal particles

conprising: 2 (a) mxi conductor “precursors and a m xture of
surfactants to form 3 a solution; and 4 &b) form ng nanocrystal particles
in tlhe sol ution, %®.whehenoaryssalpartisde insthe forpag teprdres oA tRETFIBARNG of

t d , d. 6 [ (W [
G odp Ped BRIRE sPRrEsd A P 1) P RaRRRER, VDS, IPY SRR 20, T

mat &r i ahetaDh d@el3tAs Bhatdriallor 8 €¥o6® MAVT éedicoriuktod inuditg atdedse asd Goovp IGr oup | |
el ement and at | east one G oup VI elenent selected from.t hegb{g.' ,[9 ,
condi sté¢lememsfand at Bastpae GEaep VE elemeghseleptrd {5018 LhesQraip CORSFi. %r & n the
mxture%]cé)if 0surfact ants conprises a 2 phosphine oxide and an

al k);I ph honi ¢ aci d, wherein the al kyl phosphonic acid is greater 3 than
about 30 nol % based on the total anmount of surfactant. 1 64. The process
of al ai m 63 wher ef® t hEhahdapbphis phtivieof akin 59svhepeih élxgmaneoyplabpdrticlgci d. 38
WO 03/ 054953 PCT/ US02/ 37760 1 65. The process of claim62 wherein (a)

m xiZng %IFR%?SF‘%§§IG-. 2 (a) introducing a first amount of the sem conduct or
precursors into the 3 solution; 4 (b) waiting for a predeterm ned anount

of tjime; and thengp (Crhd Ridoeeldel gmialeaﬁ@mﬁ st Gle hdiecsetal patidisct or
precursors into the 6 solution, wherein the nanocrystal particles are in

t he & or condrises aGioapBI-ViorssGroppd -yl semirendictelt ai m 62 wherein the
nanocrystal particles are in the 2 formof arrows.

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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1 67. The process of claim62 wherein the sem conductor precursors 2
conprise a Goup Il, Goup IIl, Goup IV, Goup V, or a Goup VI elenent. 1
68. The pwows®s4963 cl aim 62 wherein m xture of surfactant #Carargr/szes a 2
first surfactant conprising a phosphine oxide and a second surfactant. 1
69. A photovoltaic device conprising: 2 a nanocrystal particle conprising a
core having a first crystal structure, and 3 at |east an arm extendi ng
from the core havbfig aThepurdssafygitiml62swharein(aenixingzemprises:phot ovol t ai ¢

device of claim69 wherein the is afirst ar and 2 wherein.the
nanoﬁr ystal parti Eq)e f H‘élpgég-{?rbprainéoé@? °%tﬁlﬁtgerplﬁgé?ucéo@&%lﬁ%r%m &2t endi ng
fromthg,gqse. the second armhaving the 4 second crystal structure. 1 71.

The Pphot ovol t'ai ¢ device of claim®69 wherein the armis a first arm and 2
wher4i n t he nanocf®st awapingtfors prefleterhiaed emepnt ofdine; andtheneast a second arm

extending fromthe.core, the second.arm } " s ?{E
structure; and 5 gct) Iegg]EOdgcqlélgrs Oélr(li narréo)?%] g#ﬁﬂ%aérgﬁg%éicﬁog%g%?l@%&%%g ird
arm aviglgtiédle second 6 crystal structure. 39 WO 03/ 054953 PCT/ US02/ 37760
1 72. The photovoltaic device of claim69 wherein the armis a first arm
and 72 wherein t hehaeibtheypsnearysialmartiqles are i the forapadfeardeas. 3 at | east a
second arm extending fromthe core, the second armhaving the 4 second
crystal structureg.5 a i NG RG-S F@ BAkiBRs SRR thd he

t hi rfd ar m havi ng t6ﬂ'e stergéﬁg)%%gaocﬁc%él;ﬁza‘gﬁrﬁﬁtﬁr e; aﬁ{i a?%litl li%%ast1 a fourth
ar m 2xt ¢di ofprionem t he core, the fourth ann having the second 8 crystal
structure. 1 73. The photovoltaic device of claim®69 further conprising
anphj philic 2 nol gcul bound to.the surfac of the,arm 1 74. The
phot i)vol tai c devi 8& of %i‘FBforﬁveﬂﬁl%W %ﬁﬁ&ﬁ%?eﬁrﬁc%rbd&%{%?retcﬁfspﬁ ~ 2 and
foursh gslBriexd 6RAILNY GoRPI NGB Y, G’lf&ﬁi"ﬁ,'&atd}ﬁ)uﬁméxﬁé{tﬂ particle is a

tetrapod 3 shaped nanocrystal. particle. 75. The photovol tai c device of
claim69 wherein the core and the arm o o
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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2 conprise a conmpound sem conductor. 1 76. The photovoltaic device of claim
69 wherein the core is a first core, 2 and wherein the armis a first arm
t hat has wopBozi9sat e end proxinmate the first core and a 2cdisvas77end

distal to the first core, and wherein the particle further conprises: 4 a
second core at the distal end of the first armand additional anns
extending 5 fromthe second cqre. 1 77. The photovoltaic devé’ce of claim

69 vherein the fifat crjephgiowqliaicdqyics ofslaim 67 whereinthe prapis @ irst aym, an
strugctu &AL ture is a wrtzite crystal 3

str%t u?v@ge?ﬂ%%ﬁ%éﬁ%ﬁ%ﬁ%%ﬁ?’t al cr%(tleﬁl ce of claim69 wherein the core has a
di areter 2 from atteast a3edond abmektedding fiomethercorea it sehendsarm lvysngtheengt h of
fromabout 4 to about 100 3 nanoneters. 1 79. The photovoltaic device of
cl aimn 6FcarbeosAl TS e and the arm 2 conprise CdTe or CdSe. 40 WO

03/ 054953 PCT/ US0Z/134s Q%ircﬂ-a%%xt&liﬁn@ﬂ@ﬁﬁﬂ@bér@j Be derd £t Bdvied e RedAdf urt her

conprising at |east a pair of el ectrodes, and a binder between the pair

of & ectuysidestuctiggrasidn t he nanocrystal particle is 3 in the binder. 1 81.

A photovol tai c devi.ce. c i sing; 2. r icle
corrph-}r)i sing, a cor@& lﬁﬂﬁﬁéﬁprglm%ite%dﬁ%ﬁ grltn tﬁgggf ’?t Hgﬁﬁ{r}g?ﬁgﬂﬁvrrgﬁg?%m

ext endi ggsthl @ichhe core, a second armextending fromthe core, a third 4
arm extending fromthe core, and a fourth armextending fromthe core, 5
wherein the first, second, third, and fourth ar have a.secon}gﬁc}g. istal 6
structure, and 7 Wher eiThe pPheioypliai¢ dengafplaiay PTeCOUEPTHI}E RPRP 1ﬁﬁan t he

secoim Cr%eéh%épgﬁﬂ%@ttgég%gﬁéiggthemﬁ phot ovol tai ¢ device of claim 81

wher®i n't rap nanocrystal conprises a conpound
sem conductor. 1 83. The photovoltaic device of claim81l wherein the
t et rapod shaped 24nandte photaboltepevisest ddiesbiurtaiSwmprisdag seppid, third,

Gl ct oL OUHAAES B RERE BOBEA T h e BET TR sy s T Pt . *
nanogr y§1§éf>'edﬂ§ﬁ&ch¢s't£piaﬁicle3 in the binder.

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.
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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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