DESCRIPTION ASSEMBLIES OF ANISOTROPIC NANOPARTICLES BACKGROUND
INFORMATION 5Field of the Invention Embodiments of the invention relate generally to the field of
assemblies of anisotropic hanoparticles. Some embodiments of the invention relate to the field of
highly aligne® @388HBfi&% of anisotropic nanoparticles. Some embodiment®STHEHGEATIGA relate to
impurity distributed assemblies of anisotropic nanoparticles. More particularly, some 10embodiments

of the invention relate to compositions of mat@g&g%%lﬁg !;ighly aligned, impurity distributing

anisotropic nanoparticles and methods of m s including highly aligned, impurity

distributing anisotropic nanopagiclgs. | Piseussinaof the-RelatedAsRTapataxy is known to those skilled

in the art of materials science. The term 'topotaxy' was 15 defined by Lotgering and Gorter to include
"all chemical solid state reactions that lead to a material with crystal orientations which are correlated
with crystal orientations in the initial pFsttteT R PIEIRF R tHidtechnology has been that the

producgon QJeﬂﬂ%%?%i\?é%%M large material shape requires a correspondingly large initial product.
One unsatisfactory 20approach, in an attempt to solve the above-discussed problem involves the use

of a single aystaliaethemiliahpsaductcRweveras disndviantage:etttsarpwasidpthat for a given

ial of | asi | initi | jate lattice. ters, that is al f
et of s A AR SO0 SRS PR GRS Vs dsoof

the desired size and shape may not be availa C . |
even if an aPSFOPHATEN Ao RIaTapRYdhigReeIs sraPRTitiae 35 prOMUBVRI ERAIRIBIR 1% may be
prohibitive lyrexpignsintetfgedisesasbiichefrtioabteattanticbheraferejondhpdis-nedgedis=a solution that

providgs in%s&%&%%mg,@agaa%m%e@&Bsgit%@@ﬁ%&&éﬁ!ﬁ%@iﬁg ) shoLRYable size and

shape. What is als eded is a solution that meets the above-discussed requirements in a more

 needed ! g ] ]

cost-cifectRPHARASH LA AT P R B R RRR TIRHEI G HARH G S HEL i tiize
impurities tbightiltiecdOishaniic distabetinmanizdonin pamitiestivias: be desirable in a final product, as in
most semi%)ilggluS(&:;t’orr.i g?%{]igg%[ 'I;Qgt&]r?ture and extent of the effect of the impurities depends on their
concentratioh, Jocation and Interactions with the host material(s).

Topotaxy is known to those skifled in the art of materials science. The term ‘topotaxy’ was

I5 defined by Lotgering and Gorter t¢ include "all chemical solid state reactions that lead o &
material with crystal orientations which are correlated with crystal orientations in the initial

product”.

A problem with this technology has been that the production of a dimensionally iarge
material shape requires a correspondingly large initial product. One unsatisfactory

20 approach, in an attempt to soive the above-discussed problem involves the use of a single
crystal as the initial product. However, a disadvantage of this approach is that for a given
material of interest, a single crystal initial product having appropriate lattice parameters, that
is also of the desired size and shape may not be available. Another disadvantage of this
approach has been that even if an appropriaiely sized and shaped single crystal initial

25  product is available, it may be prohibitively expensive for use as a chemical reactant.
Therefore, what is needed is a solution that provides initial products having the necessary
lattice parameters that are aiso of suitable size and shape. What is also needed is a solution

that meets the above-discussed requirements in a more cost-effective manner.

Meanwhiie, it has been known in the field of materials science fo utilize impurities to facilitate
30  chemical reactions, Also impurities may be desirable in a final product, as in most
semiconductor devices. The nature and exient of the effect of the impurities depends on

their concentration, location and interactions with the host material(s).



NVO 2009/020195PCT/US2i008/iili7612 A problem with this technology is that providing beneficial
impurities in the proper concentration and location (e.g., homogeneously throughout a
reactant/reaction) can be difficult 2nd/or expensive. For instance, ion impjanfation js.spatially accurate
and preci&%‘?%’éﬁ‘ tiolS > Therefore. writ,iutior that provides a beneficial img%?@'i%r‘}%%jﬁﬁé?galocation and
at a precise concentration. What is also needed is a solution that provides a beneficial impurity

introduction method that is r%sistant.L%yaa%gg‘;@%eb%jgf&ﬁjgpml;g)%;ﬁggg%qh%@(ggguirements of providing

1) initial fﬁ'%ﬁ&%ﬂ f”(")”rt |ot?f(s)t‘ae§(:yqﬂg%5‘ve the necessaryparameters. and 2) beneficial impurities in the

correct nomeaTI edTiceIftratsiP At afe FEETSIRAITO-TNHESIFERY FifGeR HERE ITEY BBRA%ully met.
needed isiasolutiontbatsevesralioiems: SUMMARY Theretisiaheed for the follewity embodiments
of the disclosure, Of.course the disclosure is not limited {0 fhese. embpdiments - Acearding to an

[P ]
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embodiment of the disclosure, a composition of matter comprises; a plurality of aniso opic

A H t'du

nanopartiefEathataafa i PhySTeal Sontact Wit GHE afothier “sach of t e pllrality of-anisotropic
nanobarticleshaviftgafadirst dirmension thatdsisidystapitialy differerst g both ' $écsifd dimension
and a thirg dimension and b) a-ponstandem Ranrepanide 20cry stallegraphic prientation that is

substantially aligned with the first direction, wherein the plurality of anisotropic nangparticies are
substant®fty ShigAE Wit Fe s} 5&%5@3‘% Ré?ﬁe%?@%%ﬁcépﬁ 's%%%t%i%l ygi%gspé% gﬁ%{%%@é%nse layer
having angazrandom. shared-ciystaliggraphic orientatienithat is-substantialy aligned with a basal
plane of the substantially close packed dense layer, According to another embodiment of the
disclosureF75process ‘cijc%}r"ﬁﬁfrgis’édsrczfﬁf%rgr}ﬁﬁa lg%ﬁbﬁéﬁ'ﬁglﬂ/d%lgbgéHp%e{]é?é'ed“ dgeﬁge Iélyler‘ by assembling a
plurality ofcahisotropieTanoparticies SEarh BRMEDIIFEIy T anTEstispic aRBpadicied hdling a) a first
dimensiop/that:is substantiallydifferenidhan Hioth ta:secondidimension and a third dimension and b) a
non-random nanoparticle crystallographic orientation that is substantially aligned with the first
direction, wherein assembling inclugié¥#{e&ehanically interacting the

There is a need for the following embodiments of the disclosure. Of course, the disclosure is not

Is limited to these embodiments.

Accerding to an embodiment of the disclosure, a composition of matter comprises: a plurality
of anisotropic nanoparticles that are in physical contact with one another, each of the
pluraiity of anisotropic nanoparticles having a) a first dimension that is substantially different
than both a second dimension and a third dimension and b) a non-random nanoparticle

20 crystallographic orientation that is substantialy aligned with the first direction, wherein the
pluraiity of anisofropic nancparticies are substantially aligned with respect {o each other o
define a substantially ciose packed dense layer having & non-random shared
crystaliographic orientation that is substantially aligned with 2 basat plane of the
substantially close packed dense layer. According to another embodiment of the disclosure, a

25 process comprises: forming 2 substantiaily close packed dense layer by assembling a
plurality of anisotropic nanoparticles, each of the piurality of anisofropic nanaoparticies having
=) a first dimension that is substantially different than both 2 second dimension and a third
dimensicn and b) a non-random nanoparticle crystaliographic orientation that is subsiantially
alignaed with the first direction, wherein assembling includes mechanically interacting the

30 plurality of anisotropic nanopariicles by imposing a delocalized force that defines a direction
that is substantially perpendicular to 2 basal plane of the subsiantially closed packed dense
layer; and imposing a fluctuating force to which the anisofropic nanoparticles respond,
wherein fluctuations it @ magnitude of the imposed force are sufiicient te overcome 2 short

range weak attractive force between members of the plurality of anisotropic nanopariicies



30plurality of anisotropic nanoparticles by imposing a de.localized force that defines a direction that is
substantially perpendicular to a basal plane of the substantially closed packed dense layer; and
imposing a fluctuating force to which the anisotropic nanoparticles respond ,Wh‘% %irn ffl}ut%tuations ina
magnitudethfresedrshsoauentiteie RHRcEEicien {18! SR YHERT BRGHY A ERREEk AHFAHE Yorce between
members,ptihe pluradiypianisotanidaanepattitiesialjthipspesthoeamediopreihaliepafticles that are
not substantially overlapping, rel lj 2SEILGRISRRAA ligles Sylbsiastially
aligned Wﬁ?#i{nreegﬁee%ﬁ(s:? %@agoétwﬁ%gf ﬁlﬁ%ﬁ%&% ls%?bggtantiall}/%%%?. ga%%ifd Qe i ;@E%%{ \%g the
substantigigrdias e paskEl AcHaerhy oA K O AHIBRI ¥hErd c%s?a%barzﬁ)% ¢ orientation that is
substantiglyralignsshwishitieestizsahipin ciofd medwsstantalifvélose packed dense layer. in a first
aspect_ there is provided a composition of matter,comprising: a plurality of anisairopic nanoparticles
that are ip, physicabsontagtwith-enedanatherwhiereinothe plaralityofi ianopartieles HcRHES & hember
selected from the group consisting,of, Qn,64:(S/Sehne ALHZ5ER-StAbIR WIS Struciup:thatdefines

JROpRaT 1elzs 1

a hexagonal'tod nanoparticle, Cux(Se)hx. and Cu(ln,Ga)ty,(5.Se)l.,,, each of the pluralit of nisotropic
nanoparticésitavimgrelea FHet einieRsiBR ﬂ%ﬁ’t"ﬁ’s‘“‘gw@[%ti%ﬂ%/haﬁ:%’r‘ %g(ﬂ)fﬁh dﬁ]ogtgﬁ%éasse{%,r% w%%ension
and a thitg dimensionane: b) iRngomsandommanopérticle. Giystaliog @Miserﬁﬁa%mwaﬂsof the
SUbSta”“a}”h%yag«}gér}gad wihne st Amension esein the plucalin of anisaopic nasepatilesare

substanti with réspect to each other to define a substantially close packed dense Iﬁl}}(’er

having a norerandmestiarederystaifdy RIS Brietitatidh thaPTs SeRantiaify aligned with & asal
plane of the.substantially;cleseipreked -densetayertinhéreintoe, pilieadity bf anigbtiopicrEAGHAticles
are arranged to define an order hayj ~dimensi tignakperiodichyand airetational
symmetrs aé‘@f@&‘é%%r%?ﬁ‘t‘ﬁ%%%%ﬁ‘p %%%Sﬂ?ﬁg g@g@;ﬁgﬁ%ﬁg@%ﬁ 12-fold with res ?e]c(t to?fagrgnal to
the basaliptanest thre iSabSRintHaNg BIoRBHAEKEY B8THBA g BT UL AR d bier embodiments of the
disclosurg,will bedbetierrppiegiatat antingerstdodavienasonsidereid itheorijariEtion withstiemsllowing
description and the accompanying feawings, . shouinlbe.unadezsiens: howeventhatitaeigllawiag
descriptiélﬁ??/\‘?ﬁl éci%sdlcaﬁng Various embodiments of the disclosure rﬁ NUMErous, s ecific d{(—;:tafills
thereof, isotivereforieepurplseebl MuhREOHRIRPHIRS RoCTHITy ]Iﬂi?ﬁ i35, Many Slbstittitions,
modificatipns.«pdaiians.andienreas ahgemensinayhbededadeswithin the scope of an embodiment of
the disclosure without departing from the spirit thereof, and embodiments of the disclosure include all

such subgtittions, modifications, adgitions ARdiRr IapHANGRMER'S RRIEE RESERIPTION OF THE

DRAWINGS Fhe drawings accompan IOSHE e catinasmincluded to depic
certain er‘HB%‘Hﬁﬂ%?i‘{’?%FﬁHé‘?ﬁ{}‘éﬁ%ﬁ %Aprgfi?e %ﬁ%ﬂ@%@%ﬁf&h%%&@e&im& Fdnclu i

_ ottt nti learer concept of embodiments of the, invention, and of
componetssogbiteisieidvithuerssearaehtysrehdNAL EIRIBHORINE SEEFARIGH of Systems prgvided with
embodiments af the, inventianmwilk e teadih apparertspycratersisity thethel. éxeivpl&nyihand therefore
no””miti% embodiments. illustrated in, the. diawings:éwhatsip ddeslicrrefeetitexnomaerals (if they

occur in RS HTaN one V|ew)aae5|gnate the same elements). Embodi ANNERION may be
better underiione FITEBFRWRTGAE @%Bﬁe'%ﬁ%&%ﬁrt{a%iﬁ%%pﬁl%g}rsgﬁg%%ﬁg%vith the following

description preseniathereinthshauidines potaticthat tind fodrdesitustiedispiomes fawings #d not
necessarily drawn to scale. FIG. 1.js a schematic nlan.vigws of two aligned subsets of triangular
nanopadiﬁ'fggnttﬁg?résf‘é“ di \‘]chaeth%n r’oar%&?onne another, rer?r%sentin%gn embodiment 6f the invention. FIG. 2
is a schematic plan view of tw®&IEh EE SHRIETE BN Ao aRERRAVENESf which bears impuriiy on their

edges, representing an embodiment of the invention. HG. 3 is a schematic plan, vieye gEan aligned
plurality of TeSERyRes ASTENIIE2 A ggf Wﬁ%ﬁaﬁte%fr!g!r? in Su‘ﬁ}%ﬁ% t%;g?%dﬂges,_reggﬂsenting an

embodimestaih tretnventitnofi@ idvkntosc Hestratr piafrAe\ ' TRECATGRE LS RYS Bt duasicrystal
nanopartigles, one-pfwhich-besrser impusihbomitheitesigas ineprésertgpasrainpstiment of the
invention. FIG. 5 Is a schemalic plan view gfhugaliafsd sHPssteiiguapiesie) raapartisles, one of

the exemplary, and therefore nonlimiting, embodimants illustrated in the drawings (wherein

identical reference numerals (if they occur in more than one view) designate the same

elements). Embodiments of the invention may be better understood by reference {o one or

more of these drawings in combination with the following description presented herein. it

should be noted that the features illustrated in the drawings are not necessarily drawn 1o

scale.



which bears an impurity on their edges, representing an embodiment of the invention. FIG. 6 is a
schematic perspective view of a nanopadicle having an impurity on four sides, representing an
embodiment of the invention. 5FIGS. 7A-7D are schematic sectional views of four different
nanoparticle platelet minor plane profiles, representing embodiments of the invention. FIG. 8 is a
schematic view of a In2Se3 structure defining a 6-fold rotational symmetry with respect to a normal to
a planefidfa sislstahtialicdens eiclostipackieddayersrpré saeninipanaandoiime itzoithe invention.
10FIG. gdsaschemalicvianeofasubstaniialeslosahackedidansetayer including a plurality of
anisotropic nanoparticles upon a substrate, representing an embodiment of the invention. FIG. 10 is a
schemati€ viewoéarother sabstantilly closs gaoked derisefayeriFich dirgd phiraligeof anisotropic
nanopagticles WRos-a: subsikate .Lepresenting: amembeasiment of thedavwention. 15DESCRIPTION OF
PREFERRED EMBODIMENTS Embodiments of the invention and the various features and
advantdgeous:details tabrattrare e aingd moreufall)y withaeferesideteshg AonliFhiting embodiments
that are,jHustraiadsinitheaceompanyingdrawingsianctdelaied inthefalowinrggescription.
Descriptions of well known starting materials, processing technigques, components and equipment are
omitted 86 20as: et & affheae séwilsf bsaligeaheubnid airmbrmSusiEamveaticIem dwal. It should be
understeady: heweverirtbatitherdetailesheesemnpiienmptihersnesifisrexamplasswibile indicating
preferred embodiments of the invention, are given by way of illustration only and not by way of
limitation. Various substitutions, modifications, additions and/or rearrangements within the spirit and/or
scope of the underlying inventive concept will 25become apparent to those skilled in the art from this
disclosure. Within this application several publications are referenced by Arabic numerals, or principal
author's name followed by year of publication, within parentheses or brackets. Full citations for these,
and other, publications may be found at the end of the specification immediately preceding the claims
after the section heading References. The disclosures of all these 30publications in their entireties are
hereby expressly incorporated by reference herein for the purpose of indicating the background of
embodiments of the invention and illustrating the state of the art. In general, the context of
embodiments of the invention can include the assembly of anisotropic nanoparticles. The context of an
embodiment of the invention can include preparing chemical reactant containing precursors for
pressure contained processing. The context of an embodiment of the invention can also include further
processing and 5incorporating the corresponding chemical products into devices such as photocliodes

(e.g.,

3a



photovoltaics). The invention can utilize liquid precursors that include solid state nanoparticles to form
a substantially close packed dense layer having a non-random shared crystallographic orientation that
is substantially aligned with a basal plane of the substantially close packed 10dense layer. The
substantially"tib&¥d/t4dk&d dense layer can be characterized by a packind factor g Piadthin at least
25%, 20%, 15%, 10%, 5%, 1%, 0.5%, or 0.1% of a maximum packing factor. The liquid precursor can
include solvents, dispersants and surfac, nt additio soI|d St nano |cles The invention
can mcludéé igf%s{ sae?‘%ﬁ}%g%ﬁgp%‘ ang%varta €S 'ég %33 ?af gﬁ? plc’ Rans articles,
wherein theNﬁI@”t Bearsfaniseitrpic Wb@@ﬁélW%h@s’ﬁt@ﬁ@%ﬂ%ﬁ%ﬂ@ﬁ&*ﬁﬁnopartlcles are
different fro ne anotftler v¥|th re%ar to at least one st%Eglv riable selectegl fro% thea%roup consisting
of pnnmple prane %?a% RInOF PlARE Profile. ImpuHty presence - elatirostatic edge charge, electrostatic
surface chdfgeeseatied #sigmpostiaiechiiginyeddg hydrophilicity and surface hydrophilicity. The
inventign ¢ de.a 20plurality of isotropic nangparticles cqupled to,the ur I|t of anlsotroplc
nanopagrtlclgsbg'r?élﬁ%en §ﬁ%§§‘r‘? NG ﬁ%%)%arﬁ;‘é‘% op?(?gnar(?oﬁeaﬁ?{} cf%nﬂ%)ap f%ceilé? % I%([‘g’“iy(s Se)l.y. The
invention calEfdfieanmsaespitnaaiopslimngas ﬂfé’f'?riﬁl’@ﬁ@%"@u(Se)l The invention can include

anlsotroplcFlangpgaéttlcles rﬁgfat w!r?e%l;uoe? 6§”'§¢?&¥& eﬁ%xgat?m%@&ta! n ¢ ny!ﬁq]CIE substrate
coupled to thé'su santla close packe nse efiAvention can include apurallty of

anisotropic'l ﬁﬁ?ﬂ?ﬁ)ﬁ’(ﬁdﬁéﬁﬁﬁﬁ?é@‘@ﬂ§@@ aF%éPéF?FH@% FERpeociaspreress GRS ARG & dligstantially close
packed denselayeeLd oy assemhling a plurality of anisotropic nanoparticles (nanoplatelets 915)
upon a substrate 920 is shown. Each of the plur of anisotropic nanoparticles has a first dimension
925 tHA& is SlfbStanaam) SRR ah %@fﬁ%@%@b’rﬁ%&ﬁﬁéﬁ%@@rﬁ%@ﬁ? FHSr A dHNEA S GRESCH of the
30plurality efiasispitopicopanoparticies:alseshas adoassandg an rartaparteletiystalegraphic orientation
930 that is substantially aligned with the first direction. In Fig. 9, the basal plane 935 of these
anisotropicii@népErideerEaseren dcenai® s sirst ahedash pi@@rﬁﬁﬁ%%ﬁu%@fﬂ%éhamcal ly
interacting ghesitykdldyiafapisokopiemiane pachcies: bytrakp osinesantdetpaakresdonest (gfraneity 940) that
defines a djgggtion that is substantially perpendicular to a basal plane of the substantially closed
packed dense layer; and imposing a fluctuating force (ultrasonic sinusoidal signal 950 whose
orthogénal components are SNEBEH IBIVHCORIRRERSBRBPIEMBADPBIEIES respond. In the process of
Fig. 9, fluctuations in a magnitude of the imposed force are sufficient to overcome a short range weak
attractive fGTEEBETRRESPERRMEEIO™ PR TR IRIRYSIPAHIES PP RIERBEERHE e RRARE&ect to
anisotropicanargpairtes] esciadtibreitioteserestaritidtly cvdinapirgn bdoonectriipibticniiukieaptdrality of
amsotroplctﬁaaamﬁysl% &LQ@@%%@B@A%@M%WMﬁg%@gséﬁqosag@mm gefige the

substantlarg/ close cke dense layer and th ubstantlall% closed acked dense '%3(&98{‘"" have a

non-rando 8}%"5%‘ éﬁgsg?ﬁ ?)na3[?)?1|c{‘:c(”;'ifeise‘ﬂ?af'3 S E T |aI WIEht e

20 as not to unnecessarily obscure the embodements of the mventaon an detasl it should be

understood, however, that the detailed description and the specific examples, while
indicating preferred embodiments of the invention, are given by way of illustration only and
not by way of limitation. Various substitutions, modifications, additions and/or
rearrangements within the spirit and/or scope of the underlying inventive concept will

25  become apparent to those skilled in the art from this disclosure.

Within this application several publications are referenced by Arabic numerals, or principal
author’s name followsd by year of publication, within parentheses or brackets. Full cilations
for these, and other, publications may be found at the end of the specification immediately
preceding the claims after the section heading References. The disclosures of all these

30  publications in their entireties are hereby expressly incorporated by reference herein for the
purpose of indicating the background of embodiments of the invention and illustrating the

state of the art.



10basal plane of the substantially close packed dense layer. The invention can include anisotropic
nanoparticles that define platelets having an aspect ratio of less than approximately 0.40, 0.20, 0.10 or
0.05 and defining a principle plane that is substantially parallel to the basal plane. Referring to Fig. 10,
another proc®8s28§%62ffig a substantially close packed dense layer 15 100THB2¥8é6lihg a
plurality of anisotropic nanoparticles (nanorods 1015) upon a substrate 1020 is shown. Each of the
plurality of anisotropic nanoparticles has a first gime,nsion 1025 that is substantially larger than both a
second di 8@&‘6?{%8%%@8‘%%2?&@%% SREHEVBIPR B VINaR Lo e teseabbaticles also has a
non-randoranigniopartisieysiaioghaplvciofiehtationtboBe:thaf ihesinystdintiaty alidered with the first
20directionpiaphithaldetiRhasahpianenelifess-anisriopiconanopactifliesds prineaicutas to the first
direction. Agsr%gxpliggnin%gg&s g;gclfn Qj?%}' n%Intneractirg Egei (Plugalrit%gf i@ngs%tgg%c @panoparticles by
imposing a delocalized foree (an electrostatic neld 16 ) that defines 8 drection that is substantially
perpendiculdfte Y Pagar prifesrandrsupstartrncslvEs disaiies tardeaapbpietielrnposing a
fluctuating torgleglectnromagnetic sinusoidal signal 251050 whose orthogonal components are shown)
to which the anisotropic nanoparticles respond. In the process of Fig. 10 fluctuations in a magnitude of
the imposedTdR¥EaliastaficidiFe iRy PariRausshatinadrifespishkanaanpetisies Bdafieén members of
the plurality:afsamiselyopiss paspartictes Wik respech teoanisdtapicanenopaizigs:that are not

substantially;ueHanaiat URAn--AmY sHoR- e Plually ol AsHlEoRlcRaRaRREIEes ALy SOwill be
substantially aligned with respect to each other to define the substantially cloggﬂspgay% %j dense layer

and tHe su AN cld et PRI Y SR EEA RF ki 4756 474 5 GR BR GBAESHRS phic
orientation raidret sstathticdiliedig AethwitlvthebBadalplare Bkt Substantially xlogsdpacked dense

layer. The invaaipnGan helugdappisaironiespnanasiciesdhakdpling hanaiods-hayigan aspect ratio
of greater th@é‘g%ﬁﬁ’“} é@%ﬁ%%%{gh%%g%%g or 3520.0 and defining a principle axis that is substantially

parallel to {he basa plane. The de z&d Torce cam include gravity, magnetic, electrostatic and/or

electromagngligwéhinveiiiend2n inalddes-stahilzngcthenpatansany shawe@erssiallographic
orient%ion. S‘tatgilizjng can i;gc ude fusing fhefpls%agté/{of.ar?%otrorpic nano articlaeﬁieSStSaCt(J}igl}i ing can
S

. ariSoiropic fa cies whére 0 .
include chanélng A ehenmica 'comf%a fon of the substantia I'S/pc'i:osaérbo%ac 6d dense layer. 5Changing

the chemic < RpeRiingir candpeittesmeifteiatiiremeas Rt esrabirerrjcirriieastienéhanging a
local ionic Gmeeat@iiesslwtdn mgub@mﬁaibﬁQMm pmkeﬁbmlamr b;mfmmﬂng @dfielmholtz
double Iay%pwmrg&%%é%miaﬂa siaseRagked densedpyerinlogaipd iR ns:laygs of the

Helmholtz double layer. The pluralltx_of, anisotropic nanoparticles_can include polar crystals. Stabilizing
can includ SRIGHREY Biop BLHioH B'ngﬂ‘r%&'ﬂ'iﬁﬁ?t’?’?’ﬂ%’@&%lJ&'?d'ﬁf’é’té?fbg?gdﬁ'ﬁwecf’ose packed
dense{ayepiLGrilyiliy ingjroais irtlopkrichemepngied petid plusaditigiredissbisrtoupiedaddiae. substantially
closed packed dense layer, The short range weak a.tt[ac ive force can includes Van der Waals
attractive O L RS A AaANATRE IR e HER e Sing the PIraTe et dRsotropic

nanoparticlggention can include anisotropic nanoparticles that includes Cuy(Se)..x. The invention can
include anisotropic nanoparticies that include Cu(ln Ga)(S,5e}.,. The invention can include
a substrate coupled to the substantially close packed dense layer. The invention can include
25  a plurality of anisotropic nanoparticles that are fused.

Referring to Fig. 8, a process of forming a substantially close packed dense layer 810 by
assembling a plurality of anisotropic nancparticles (nanoplatelets 915) upon a substrate 920
is shown, Each of the piurality of anisotropic nanoparticles has a first dimension 825 that is
substantially smailer than both a second dimension and a third dimensicn. Each of the

30  plurality of anisgtropic nanopariicles also has a non-random nanoparticie crystaliographic
orientation 830 that is substantially aligned with the first direction. In Fig. 9, the basal plane
935 of these anisotropic nanopariicles is perpendicular o the first direction. Assembling
includes mechanically interacting the plurality of anisotropic nancparlicles by imposing a
delocalized force (gravity 940) that defines a direction that is substantially perpendicular to a



with at least one activation energy source selected from the group consisting of electric, 15magnetic,
electrostatic, electromagnetic, ultrasonic, acoustic and actinic. The invention can include providing a
plurality of isotropic nanopatrticles coupled to the plurality of anisotropic nanoparticles and imposing the
fluctuating fote® BAtAE48dtropic nanoparticles. Assembling can include arrBRG1RGANE/ Hilrtity of
anisotropic nanoparticles to have a local impurity concentration by volume of no more than

approximat |3y 25% diff?rent 20than %n average imfiurity concentration by volume with respect to the
substantiallg SREAPESEY F8R¥RNN) r?!ﬁ?%dﬁ?%%? P RTRDEMENMT TR T8t PHEUA TR ntration is
sodium per(uitieswigrieuThes! sigwtiblcdechitegeurstallizing theys shetamtialyhiclote: packed dense
layer. The ianepfiofncCambeiidechepisaly inaching thesubstantialivlasemrackedlense layer with a
25chemical reactant gofa/igld a chemic duct. Che 'gaggx reactirég&t?an result ingg@%&ctic growth of

ro [ .
the substarmgliy CI5Se packed dense ?a%/(%?y%ﬁ%mmﬁcaa E/éreacﬁﬁgwggn e ﬁﬁ%ee?kggfeting a pressure that is

sufficiefit to™tBREsh B prevdhitd seEse oy BporHroivtheSusstati iy Ereéepacked dense layer, the
chemical reastant-ttidsthaichremicalipresusty ovEnedpventiporcenvipistittiege priatingan electric field

across the gweémwxr@ma%%m%é%&mm%mmﬁf?éggba&%gé%e@n%%@gggﬁ%@@' product.

In a preferred embodiment, the chemical product includes Cg}%n iments of the

invention caHGHE NE0035 BRI B (RS SIHG SHRSEHA é&i@%ﬁﬁﬁﬁ%&%ﬁaﬁ% irehitie
nanoparticlesverrdergoing protessingysaiopteolioptimitaithat procassiaglifyraigasd pléh #ircembodiment
of the ipvenfiay cambereanbinas Al Jestr umestadiondoRbiainsialenarabieinfosmation
representin }Qo%de‘g(ﬂeaen (())faa ]igns _ Qtt Gogﬁ%he ?a%gig%a}’fti&lr?gs agg gptu&ti% igntg{fo%r%ggted dis_crete hardware
elements. F%r inst nce, a emgmment of the mventioncan neiude TTtﬁe u§ S|grf'als refiected from the
nanoparticla8ieriEineg AidrAdht &at by asstuiinates e Riene BRGIFmMERstatgiing place to
5characterizershe achieveshnggnee of alignment and thereby control the magnitude and duration of
excitation from one or more mechanical interaction activation energy sources including electric,
magnetic, EXEEIBEAC, @léLuBIRaghatETese! RIMyinacheistriqeligly GlestsritrdrAense &ysnic (e.g., UV).
HIGHLY AlbHG NEEE:SIRING d DRERYQIF ANSORQMNNAMORAR SIS ES 1mmbodiments of the
invention C@%@%@%E&Q@%’hﬁmn%ﬁ%%‘é@ﬁ:&ii@@?gﬁ@&%péc nanoparticles has g first
dimension 1025 that is substantially larger thar both a second dimension and a third
dimension, Each of the plurality of anisotropic nanoparticles also has a non-random
nanoparticle crystallographic orieniation 1030 that is subsiantially aligned with the first
20  direction. In Fig. 10, the basal plane of these anisotropic nanoparticles is perpendicular io
the first direction. Assembling includes mechanically interacting the plurality of anisotropic
nanoparticles by imposing a delocalized force (an electrostatic field 1040) that defines a
direction that is substantially perpendicular to a basal plane of the substantially closed
packed dense laver; and imposing a fluctuating force (electromagnetic sinusoidal signal
25 1050 whose orthogonal components are shown) to which the anisotropic nanoparticles
respond. In the process of Fig. 10 fluctuations in a magnitude of the imposed force are
sufficierd to overcome a short range weak attractive force between members of the plurality
of anisotropic nancparticles with respect to anisotropic nanoparticles that are not
substantially overlapping. Upon completion, the plurality of anisctropic nanoparticies 1015
30 will be substantially aligned with respect to each other to define the substariaily close
packed dense layer and the substantially closed packed dense layer will have a non-random
shared crystallographic orientation that is substantially aligned with the basal plane of the
substantially close packed dense layer. The invention Acan include anisotropic nanoparticles
that define nanorods having an aspedct ratio of greater than approximately 2.8, 5.0, 10.0 or

15 20.0 and defining a principle axis that is substantizlly paraliel o the basal plane.



nanoparticles. The anisotropic nanoparticles can have lattice parameters suitable for use as topotaxy
reactants (initial products). By utilizing nanoparticles whose parameters are orientated in accord with
their anisotropy, and then aligning a plurality of these nanopatrticies, an initial product for topotaxy of
deterministic¥é2 &%4#{#28fpe can be 15fabricated. FIG. 1 shows two aligne@Stibsatstsfotisanhgular
nanoparticles 110, 120 that are different from one another with respect to composition. The invention
can utilize end surface electrostatically charged particles (e.g., nanorods) based on anion and/or

cation termif2R&F Bl &THAEESA RIS [BH% B iaRE TS ARUEE SREHR BRI SNy charged
particles 20{@minveaticnrads)ihastrstabitirigrianoiorreation tbemih ated-ddgeucfadesatiis important to

appreciate thabibegilierenaadvehiuoe-siaiecnor acliaigithenanerasiciasiaAlignheterogeneously.

Thi int dtof ture exhibjti tially alternati r ition if the t
subseto are AR EREI S ST EF TPES Ot R 7K TES ) S R Latonal views of
four differeritiramspahfclégiatel ceprstiiEan 28T HesEGieaiinaterae heplee Pl ariebpedidesnFIG. 7A
represents alanopaiticie; Raving iaradiieeugedy afilenite sEniBirepseseatsenaneparticle having
2 epped i olined Hbwdfz RiSsENE SABIPRICIRIRMAR ACragamRladge profle T30

FIG. 7D représents a nanoparticle having a beve rofile 740. Of course, the invention is not
limited to th&¥G& Qe s iTifee 'Soé i BRtiohrta Aokt ehd e ¢l b paiRRIER that are
manufactureahusanceegeatidnslirfagiaint-argstoipaftistdinmte ractionisdbl amopant clesoandiepassivated or

“capped” with.lang #Bai0 Qrganicdigands ancior,suscianis . QEdanic BHraciania Plav akeyesole in

determining the size arélg ?haﬁ?e of nanoparticl?s during synthesis.il Preferential surface adhesion of
i e

ligands to cRJ&H4 &ificd iR HR! G GMthEha Sitape BB ASPARRIESDIEEE Bitfbirical
observation;qt selactive, adsrion ahsuiactants hagaatpsenehesied duingmenecrystal growth, but

theoretical ?tudie,s and irst-%r_incjlples calcul?tlons s.u%g)ortt is mechanismil2'31Those facets most

strongly bodHWPd“ﬁ&Sﬁ LA Bk a%\ﬁ?{ W rarbt éﬁ‘f&’a‘?%’&%*ﬁ%’&ﬁﬁ@‘é‘ﬁ%’%@?%%ﬁﬁerent facets

controls therdl@ilregrotetadivriipopieose Bixce scrsted{utieerasulingngsbngcfgedaiithe nanocrystals

have g highlyagyeamelbecistal skustueg@ s, dndalend srdeak-salkaathesis frequently yields
faceted crystals with no unique dimension of growth.121 Polar facets are less stable and less

efficiently paRSipaesdch sanrampdta patcing awiicivan relfoRklipenaneseise splanisofidpic growth -
mechanismpfrsi trite: BaRastysialp e BHISApSSINAS B haMTg MR Siable Matrspite Structure,
which can i X i ropri ifj T . factant
coverage o HEr e ACANEL S ER HE Gl R B AL e S PR

mechanisnPPYFIfESRREARIATE SANSRIN o8 (AT & S masE AR ILPRE RIreF e # SHHERIE for instance,
involvily thisdroad g rafiniongaiticcoatanicisotonyandpar ticte se dtanvor st alsctppel) sipse

nacked dense layer. In a preferred embodiment, the local impurity concentration is sodium

per unit volume.

The invention can include recrystallizing the substantially close packed dense layer. The
invention can include chemically reacting the substantially close packed dense layer with a
25  chemical reactant to vield a chemical product. Chemically reacting can result in topotactic
growth of the substantially close packed dense layer. Chemically reacting can include
exerting a pressure that is sufficient to substantially prevent escape of vapor from the
substantially close packed dense layer, the chemical reactant and the chemical product.

The invention can include generating an eleciric field across the substantially close packed
30 dense layer, the chemical reactant and the chemical product. In a preferred embodiment,

the chemical product includes Cu(in,Ga}(S Se)q.,.

Embodiments of the invention can utilize data processing methods that transform near real-
time signals from the nanoparticles undergoing processing to controlfoptimize that
processing. For example, an embodiment of the invention can be ¢combined with



15inorganic species can be referred to as "core/shell" systems. Examples of these systems include
CdSe/CdS, Si/Si02, CdS/Cd(OH)2, CdSe/ZnSe, CdSe/ZnS and CdS/HgS/CdS.141 Most of the
systems studied are 1I-VI semiconductors that exhibit unique photoluminescent properties. The core
nanocrystalsTe?e St iftiameter and the shells, which grow epitaxially o tHe'CEPE A& ¢ 5nm in
thickness.1451The capping appears to occur uniformly 20over the nanocrystal and is not related to

any specific crystallographic facet. Several conditions for depositing,these materials exist, which
e (1) T8GR L MG IR e B SR I 2o S ST e surface
energies ofttlieeRerphistsd hrgsiaie iBienien ssiatd ssEe B AEMIe FBRSTR fEs II$1#TIER &fon of the shell

is lower thagnibadifeshompgeneits Ruclpatice aedi(3)thestcedarnptoystat anddheighall must not
readily 25interdiff U e ition. conditions 2. ' i i e the use of
controlled ré%%%ﬂgg%%f E%%ﬁé% n%géga’%%%g%%%%% E@rﬁﬁ]ﬁ?ﬁ%@% %ﬁ%%{?ﬁb@@%%%%nd dimensions of
various’Cu-fHE5SS e nERGHaIRHaR S HES *WW%%\%W@%W“W magnitide and

2009/0204 9bREdN US2008160 F6ddtablerbid atetiadridairpivotagipDimieaBionséram pReference CIGS

Sphere d-30: 80 ClEIR 1 MEgnetic, electrostatic, electromagnetic (e.g., RF), acoustic (.g.,

ulizasonic) and/or actinic (e.g., UV).
HIGHLY ALLIGNED STRUCUTRES OF ANISOTROPIC NANOPARTICLES

10 Embodiments of the invention can include highly aligned structures of anisotropic
nanoparticles. The anisciropic nanoparticles can have lattice parameters suitable for use as
topotaxy reactants (initial products). By utiizing nanoparticles whose parameters are
crientated in accord with their anisotropy, and then aligning a olurality of these
nanoparticles, an initial product for topotaxy of deterministic size and shape can be

15  {abricated.

FIG. 1 shows two aligned subsets of iriangular nanoparticles 110, 120 that are different from
one another with respect to composition. The invention can ulilize end surface
electrostatically charged particles (e.g., nanorods) based on anion and/or cation terminated
end surfaces. The invention can also utilize edge surface electrostatically charged paricles
20  {e.g., nanorods) based on anion and/or cation terminated edge surfaces. it is important {o
appreciate that the difference in charge state can facilitate the nanoparticles to align
heterogenecusly. This can in turn be used to form a structure exhibiting a spatially
alternating composition if the two subsets are different from one another in composition.

FIGS. 7A-7D are schematic sectional views of four different nanoparticle platelet profiles.
25  These views illustrate minor plane profiles. FIG. 7A represents a nanopa&icle having a
radius edge profile 710 . FIG. 7B represents a nanoparlicle having a stepped edge profile
720, FiG. 7C represents a nanoparticle having an orthogonal edge profile 730. FIG. 7D
represents a nanoparticle having & bevel edge profile 740. Of course, the invention is not

limited to the depicted profiles.

30 The inveniion can include the use of nanoparticles that are manufactured using organic
surfactant-nanoparticle inieractions. Nanoparticies can be passivated or “capped” with long
chain organic ligands and/or surfactants. Organic surfactants play a key rele in determining
the size and shape of nanopariicles during synthesis.m Preferential surface adhesion of
ligands to crystal facets is critical in the growth and shape of the nanoparticle. Direct



7 CIGS Sphere d-30-80 8 CIGS Tube-like w-200, I-microns 9 CIS Rod w-12, 1-600 10 CIS Whisker-like
3-6 x 30-80 11 CIS Sphere d-15
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empirical observation of selective adhesion of surfactants has not been observed during
nanocrystal growth, but theoretical studies and first-principles calculations support this
mechanism."* Those facets most strongly bound to ligands are the slowest to grow. The
relative ligand binding energy o different facets controls the relative growth rates of those

5 facels and thus the resulting geometry.”! if the nanoccrystals have a highly symmetric crystal
structure {e.g., Zn blend or rock-salt}, synthesis frequently yields faceted crystals with no

¥ Polar facets are less stable and less efficiently passivated

unique dimension of growth.
than nonpolar facets, which can rationalize the observad anisotropic growth mechanism of
wurtzite nanocrystals.® For instance, In,Se; can form a stable wurtzite structure, which can
10 vield & hexagonal rod particle under appropriate conditions. The degree of suractant
coverage or surfactant density on a facet and the monomer density aiso affect the growth

mechanism.

The invention can also include the use of manufactured corefshell systems, for instance,
involving the bonding of incrganic materials to nanoparticies. Nanocrysials capped by

15  inorganic species can be referred fo as “core/shell” systems. Examples of these systems
include CdSe/CdS, SiSI0,, CAS/CA(OH),, CdSe/ZnSe, CdSe/ZnS and CdeHgSICdS.[‘”
Most of the systems studied are lI-V] semiconduciors that exhibit unique photoluminescent
properties. The core nanocrystals are ~5nm in diameter and the shells, which grow
epitaxiaily on the core are ~0.5nm in thickness.*™ The capping appears {o occur uniformty

20 over the nanocrystal and is not related to any specific crystallographic facet. Several
conditions for depositing these malerials exist, which include (1) the core must withstand the
conditions under which thel shell is deposited (2) the surface energies of the two phases
must be similar so that the barrier for heterogeneous nucieation of the shell is lower than
that for homogeneous nucleation and (3) the seed nanoccrysial and the shell must not readily

25 interdiffuse under the deposition conditions.™

The invention can also inciude the use of controlled morphology of Cu-In-Ga-Se
nanoparticle compounds. The morphelogies and dimensions of various Cu-In-Ga-Se

nanoparticles are lisied in the following table.



11 CIS Sphere 85 12 CIS Sphere d-10-80 8 CIS Rod w-5-10, 1-10-30 8 CuSe Sphere d-10-20 13
Cu2."Se 20-25

WO 2009/020495 PCT/USZ008/007612
Table 1
Material Morphology Dimensions (nm) Reference
ClGs Sphere d~30-80 7
CiGs Piate 7
CIGS Sphere d=30-80 B
CIGS Tube-like w~200, I~microns 9
Cis Rod w~12, 600 10
CIS Whisler-like 3-8 x 30-80 11
cls Sphere d-15 114
Cis Sphere 513] 12
Cis Sphere d~10-80 8
CIs Rod w~5-10, 1~10-30 8
CuSe Sphere d~10-20 13
Cu,,Se 20-25 14
CusSes 20-25 14
CuSe 50-66 14
inSe Plaiziet, Tube, Sphere 19
inSe Platelet 20
inSe Rod 21
InSe Sphere 58-7.0 22

The invention can include anisofropic nanoparticles that are arranged to define an order

5 having three-dimensional translational periodicity and a rotational symmetry that is 4-feld
with respect to a normal o a basal plane of the substantially close packed dense laver. The
invention can include anisotropic nanoparticles that are arranged to define an order having
three-dimensional translational periodicity and a rotational symrnetry that is 6-fold with
respect 10 a normal io a basal plane of the substantially close packed dense layer.

10 The invention can include the use of quasicrystal nanoparticies. The invention can utilize
quasicrystals that are quasiperiodic in two dimensions (i.e., polygonal or dihedral
guasicrystals). In this case there is one periodic direction perpendicular to the guasiperiodic
layers. These types include; octagonal quasicrystals with local 8-fold symmetry [primitive &
body-centered lattices]; decagonal guasicrystals with locatl 10-fold symmetry [primitive

10
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lattice]; and dodecagonal quasicrystals with local 12-fold symmetry [primitive latlice]. The
invention can include guasicrystals that define a rotational symmetry that is 10-fold with
respact to a basal plane of the subsiantially close packed dense layer, a one-dimensional
transiational pariodicity that is perpendicular to the basal plane, and that are ordered with
respect to basal spatial location on & scale that is substantially a multiple of approximately

five nanomealers.

The inverdion can ulilize quasicrystals that are quasiperiodic in three dimensions. In this
case there is no pericdic direction. These types include; icosahedral quasicrystais
{axes: 12x5-fold, 20x3-fold, 30x2-foid) [primitive, body-centered & face-centered lattices];
and “icosahedral® quasicrysial with broken symmetry {stable binary Cds»Yb).

Examples of octagonal quasicrystals include: V-Ni-St; Cr-Ni-5i; Mn-5i; Mn-Si-Al; and Mn-Fe-
5i. Examples of decagonal quasicrystals include: AFTM (where TM = Ir, Pd, Pt, Os, Ru, Rh,
Mn, Fe, Co, Ni, Cr); ALNI-Co*;, AFCu-Mn; Al-Cu-Fe; AlCu-Ni; A-Cu-Co*; Al-Cu-Co-Si; Al-
Mn-Pd*; V-Ni-Si; and Cr-Ni. Examples of dodecagonal quasicrystals include; Cr-Ni; V-Ni;
and V-Ni-Si. Examples of icosahedral quasicrystals include: Al-Mn; A-Mn-Si; Al-Li-Cu*; Al-
Pd-Mn*; Ai-Cu-Fe; Al-Mg-Zn; Zn-Mg-RE* (where RE = La, Ce, Nd, Sm, Gd, Dy, Ho, Y); Ti-
TM (where TM = Fe, Mn, Co, Nij; Nb-Fe; V-Ni-Si; and Pd-U-Si. In this paragraph, the use of

* indicates that stable phases exdst.

A perfectly aligned structure of anisotropic nancparticles can have a free energy that is as
low as a theoretical lowest free energy with respect to the structure. Embodiments of the
invention can have a free energy no more than approximately 90, 80, 70, 60, 50, 40, 30, 20,
10, 5, or 1 percent above a theoretical lowest free energy with respect to the structure.

While not being limited to any particular performance indicator or diagnostic identifier,
preferred embodiments of the invention can be identified one at a time by testing for the
presence of spatially resolved gaps between the nanoparticles. The test for the presence of
alignment can be carried out without undue experimentation by the use of s simple and

conventional transmitting glectron microscopy experiment.
IMPLIRITY DISTRIBUTED STRUCTURES OF ANISOTROPIC NANCPARTICLES

Embodiments of the invention can include impurity distributed structures of anisotropic
nanoparticles. By providing an impurily at a controlled location on the surface of an
anisotropic nanoparticle, and then arranging a plurality of such nanoparticles. the impurily
can be distributed within the structure defined by the plurality of nanoparticles.

The invention can include anisotropic nanopariicles that include an impurity and have a local

i1



21 In Se Sphere 5.8-7.0 22 The invention can include anisotropic nanopatrticles that are arranged to
define an order 5having three-dimensional translational periodicity and a rotational symmetry that is
4-fold with respect to a normal to a basal plane of the substantially close packed dense layer. The
invention ca®&t¥8@2AiSotropic nanoparticles that are arranged to define BRTGPEIHAYIAG:
three-dimensional translational periodicity and a rotational symmetry that is 6-fold with respect to a

| o a basal plane of the substantially cl ked gense layer, JOTh ti lude th
L0 of quad L RAFR DA B PR FL AR SR IS Al ek S BEArb B rocic in two

dimensionscirseriehjgohareramheiideaprtitrReashsientiay ciise trskeisdenesgamodic direction

perpendiculaefaihe-pumrsipenodiclayersibhesaityes ineluder agagorahasiasianotalsawitmlocal 8-fold
symmetry [ rlmlﬁlve %I%gdy -centered lattices]; decagonal quasicrystals with local 10-fold symmetry

[primitive lattice Yan odecagonal quasicrystals with local 12-fold symmetry [primitive lattice]. The

inventign Cmml!ﬂ@cﬁuﬂlﬂﬁc&@rg/ﬁéal§Lﬁl5§§t@|Gflﬁ@“sa;ﬁﬂ@tm@wmnﬁﬁmﬁ@ah@&@aﬁﬁ&ﬂew@l}fespe_ﬁ toa
pasal plane, gl e pHR @%@@m el denssiavel, fautersianal Hanalaignal periodicity

that is perpendi asal ne and that are ordere Srespect to basal spatial location on

a scale that3¥esuBRtaRtSNNE Wi rffédo?%?fﬂ?(‘i%mgié?ﬂﬁfé RenbrrghBRNerhe invention can utilize
quasmrystaﬁéh%%%gggg%ee diedndhies gime é@( ApiRRs e g}!sf&zﬁo%‘?g f;g%é%oéigaﬁ %‘??ﬁ%ﬁff;on

These types include: icosahed a quaS|c stal axes:12x5-fold

body-centef&d %ﬂ@@%‘ﬁt@?gaelgftl%%ﬁ ﬁmﬁﬁgﬁwmw5rystal with broken symmetry
(stabl%nnaégn(;édes%g@m@ﬁwtﬁg %LQ&%@Q%QQ r%l?c%%}féﬁﬂ%éﬂm i mN#x p &N &‘@W -Si;

Mn-Si-Al; and Mn-FeSi. Examples of decagonal uasmryst s include: Al-TM (where TM = li, Pd, Pt,
Os, Ru, Rhnﬁﬁp%‘;‘@&“ﬁf”fﬁﬁ’%ﬁﬁﬁ‘%sm RF‘@\?WWI@C”L}’?—‘@WIC@W?@E“Q@ 'é‘ﬁf”@@ Al-Cu-Co-Sr;
AIMn-Pcr; \teiskin 8y, s tick Gridicen{amples afidied echganad gliasicnstals pieleidts c@mm,!!&f Mi;

section rods, or hexagonal x-section rods that are geing to be amranged in a basal plane, it
can be advantageous to locate the impurity at the edge of the platetets so that the impurity
15  is distributed at the nanoparticle interfaces. For instance, sodium can be provided on the
surface of {In,Ga),(S.5e), CudSe)i,. or Cu(ln,Ga)(S,5e).,. nanoparticles by providing the
sodium in the formn of a surfaciant, for example sodium bis(2-ethylhexyl) sulphosuccinate} or
diisooctyl sodium sulfosuccinate or sodium dodecylsulphate (SDS8) or Sodium Laury! Suifate
(SLS). it can be appreciated that these surfactants can provide the sodium on the surface
20 {e.g., edge) of the nano-panticles{-platelets) while simuliansously stabilizing the growth of
the particies (platelets). Alternatively, impurities can be provided on the surface by ligand
exchange. Such an exchange can inciude exposure (optionally repeatedly) to an excess
competing capping group, followed by precipiiation to isolate the partially exchanged

nanoparticles.

25 A structure with a perfectly distributed impurity can have a local impurity concenfration that
is the same as an average impurity concentration by volume with respect to the structure.
Embodiments of the invention can have a local impurity concentration by volume of no more
than approximately 80, 80, 70, 60, 50, 40, 30, 20, 10, 5, or 1 percent different than an

average impurity concentration by volume with respect (o the struciure.

3¢  VWhile not being limited to any particular performance indicator or diagnastic identifier,
preferred impurity distributed embodiments of the invention can be identified one at a time
by testing for the spatially resolved presence of the impurity element(s). The test for the
presence of alignment can be carried out without undue experimentation by the use of a

simpte and conventional scanning probe microscopy experiment.

1z



15 and V-Ni-Si. Examples of icosahedral quasicrystals include: Al-Mn; Al-Mn-Si; Al-Li-Cu*; AIPd-Mn*;
Al-Cu-Fe; Al-Mg-Zn; Zn-Mg-RE" (where RE = La, Ce, Nd, Sm, Gd, Dy, Ho, Y); Ti-TM (where TM = Fe,
Mn, Co, Ni); Nb-Fe; V-Ni-Si; and Pd-U-Si. In this paragraph, the use of indicates that stable phases
exist. A perfétty"Hgttédstructure of anisotropic nanoparticles can have a REE/EREIHPHEK%s as 20low
as a theoretical lowest free energy with respect to the structure. Embodiments of the invention can
have a free energy no more than approximatelgg,gmgo go, 60, 50, 40, 30, 20, 10, 5, or 1 percent
above a theoretical lowest free energy with respec oLﬁine structure. While not being limited to any
particular pegesmasesdaieaiosahdingnasticidentiiss (arefsruesbapberimemamfithe invention can be
dentified 098 AEANTSOmsRRMAleLINe FANeReCe ol shalie M FsaNed daps Retfioen the
nanopatrticles. The stforthe presence 5¥a'hgnmen% can Becarried out without undue
experimentfiSHIBY HidrtRes 7o siHpR hipdbialeptiondwandmtmhy el Erghighiefoscopy experiment.
IMPURSTY énBddtBhli HERSTRLGT WRES QhANSQIROR K BANIBRARFKE HeS:Bmpediments of

the inventafcar el mpkAisRed SUEIn A SisRIGRie AOnaIRRadgles. BY providing an

impurity at a controlled location on the surface of an anisotropic hanopar and then arranging a
plurality of SHERRANBRAMIUSERE TR Lan BB THHURBERES GRAIRIHE eriBRPERERRIANSY the
plurality of srarogdisnrticiesf Fiednvardntionoervincilde ddisotoprcimfmbpatticies thatbdeseluge @n impurity
and have adogelin MRWibAeARcRNFRHRRY Vlims-o kRS ARSa s eRt thanan.average

impuri% conce@t‘gf:%i\%ni%% volume wit re%P ct to the substanti Il¥iclose Eack_ed dense layer. A
0

T SEHI ERfiaRE STAPE 48PS 7085 TP RO RELIGHARSEF sodium per unit

preferred embodimen
volume. SFGSAMMBWE BT aligive $suibetd be aamopartietds i, heGrafavHitie fmolerticles 420

bear an impurity on their edges. These two SUbé?t,Sn qf qanoparticles are aligned to define a layer, film
or coating with 5-fold symmetry with respect to a Bags plane. FIG. 6 shows a nanocrystal 610 having

an impurityf26raiy fleurigidesn ERsRiRBRPSI YRR GaRDE:A IBNeSkte definssablayendils or coating of
rombohedron§. . i X . . "
nciiding a structure defining 4-fold symmetry; and a process of making this compaosition. In

15  this example, the plurality of anisotropic nanoparticles are cubic platelets.

FIG. 2 shows two aligned subsets of square Cu(in Ga),(S,5e)..,. nanoparticles 210, 220,
one of which 210 bears a residual sodium bis(2-ethylhexyl) sulphosuccinate) impurity 215 on
their edges. In the context of Cu(In,Ga)(8,5e)y, the nanoparticles 210 can correspond to
copper rich alpha domains while the nanoparticles 220 can correspond to indium-galiium

20 vich beta domains. By combining the two subsets in a 50/50 ratio, the amount of impurity is
controlled to be 50% relative to what it would be if only the impurity bearing nanoparticles
were utilized. The impurity bearing edges can join preferentially with the non-impurity
bearing edges and, therefore, the 50% relative impurity level is evenly distributed at a local

scale, albeit not at a nearest neighbor scale.
25 Example 2

Referring to Fig. 5, an embodiment of the invention can include a composition of matter
including a structure defining 5-fold symmetry; and a process of making this composition. in
this example, the plurality of anisotropic nanoparticles inciudes a first subset and a second

subset.

30 FiG. 5 shows the two aligned subsets of (In,Ga),(S,5e).., nanoparticies 510, 520, one of
which 510 bears a residual ditsooctyl sodium sulfosuccinate impurity 515 on their edges. By
providing the impurity on only one of the two subsets, the amount of impurity is controlled to
be lower relative to what it would be if both of the subsets bore the impurity. it is important to

13



10Some embodiments of the invention can include locating an impurity within the interior of a
nanoparticle. Alternatively, some embodiments of the invention can include locating the impurity at the
surface of a nanoparticle. In the case of nanoparticle platelets or circular x-section rods, or hexagonal
x-section rodéAEUIEEing to be arranged in a basal plane, it can be advBhtEgeHI&/t87Beate the
impurity at the edge of the platelets so that the impurity 15is distributed at the nanopatrticle interfaces.
For instance, sodium, can. be provjded gn the surface of (In,Ga)y(S,Se Cu(Se)l..or

Cuin. oy C R AL HErak by UrL b ares haeCotith o & erh ek SRRt aL Foristhumpie
sodium bis(Z=etphese) Sutbtividyeéihase)enaiivevenaias dishbealferetiate arizedidim or
dodecylsulphated $@S)-onSadiiadautyrSoiatex(Shags Ibieas. be appreciated that these surfactants
can provide the sodium on the surface 20(e.g., edge) of the nano-particles(-platelets) while
simultaneously stabilizing the growth of the partiéféa{platelets). Alternatively, impurities can be
provideg on.the syrface by igand exchanas- Sueh.an exchande, gan include sxnosure foptionally
repeateédly) 16 an é(cesg'COmpetlng capping group,%‘ff%wed%y precipitation to iSolate the partially
exchangedif@idpa aistesiiye defnina e d RWTsbteatl Hameted Mgt e Raoe R Tolhl impurity
concentratigisthaind i eheanieaas an-aeiage: napupiiyicescentratapinl. volume with respect to the
structure. Embodiments of the invention can have a local impurity concentration by volume of no more
than approfitfate o Foatunes@ welitye! Boamonats s voereertt Hitfsd i tRAAf A sberage impurity
concentratiogaby weliime svith yieuthieaBintoiug. SGWhileshetiheing linitedrtanaiay particular
performancg; indicator or diagnestie Identfice sy efersddmpuripcdisihuted embodimentg of the
invention can be identified one at a time by testing for the spatially resolved presence of the impurity
element(s)."FI78185E8F the presence of alignment can be carried out without undue experimentation
by the use of a simple and conventional scanni@gag{iggg microscopy experiment. EXAMPLES Specific
embodiments of the invention will now be further described by the following, nonlimiting examples
which will seeferdoghositate bn soreditetal vatieirs/éattnrem Rhiedeoovsingoskamplesatiee included to
facilitate anyinderstanding of yays s’ ) PembodinenhRPaiRvepionmRRsearacticed. It

should be ?ﬁgremaﬁﬂ that the exam%es which follgw represent embodiments discovered to function

well in'the Pra&R2e &f RE THORRRER VAIRI TR O TR RATE I ATEF U S SSRERIRTEHIORIEd mode(s) for the
practice of teeppstionimiént iotke an\alintiesh PG vé nexadrraldrbeea perecrdred thaesiuely changes
can be madghightRexenplal wanbadipaniswhich are gisclesetwhilesstilabtaiung like or similar

Loresut wiliouL epaciag 195 SPUand. seafe O30 AIBAERLAOINS IRy on Aeporcingl.

e
il
the examples ghouﬁ?not e construed as ﬁmltlng the scope
compared o the six side faceis.

PSRl

20 Practical Applications

A practical application of an embodiment of the invention that has value within the
technological arts is preparing a chemical precursor layer for subseguent use in a chemical
reaction, for example, a pressure contained chemical reaction that includes one or more
frace moieties (for instance a surfactant) that are advantageously homogeneously

25  distributed in the precursor layer. Further, embodiments of the invention are useful in
cenjunction with preparing dye sublimation plates (such as are used for the purpose of
printing), or in conjunction with nano fabrication techniques (such as are used for the
purpose of quantum device manufacture), or the like. There are virtually innumerable uses

for embodiments of the invention, all of which need not be defailed here.

36 Advantages

14



Referring to Fig. 2, an embodiment of the invention can include a composition of matter including a
structure defining 4-fold symmetry; and a process of making this composition. In 15this example, the
plurality of anisotropic nanoparticles are cubic platelets. FIG. 2 shows two aligned subsets of square
Cu(In,Ga)y(SY8): 085 Hatbparticles 210, 220, one of which 210 bears a resP§UAVEYH/pAT612
bis(2-ethylhexyl) sulphosuccinate) impurity 215 on their edges. In the context of Cu(ln,Ga)y(S,Se),, the

ticl 10 dt ich alpha d ' hile th ticles 220
Cortoapond G TRAIGAGATH TR SURITbGRA Bofat 2 ) EGHEFRHS SLBLERE 1S 50750 rato, the

amount of ifalstring rsesmEolathedibersobh thel atipntionimatdvevauihbenit/ogiiie isnplarity bearing

nanoparticleshyerediilizediclbedppstisbearing edges can join preferentially with the non-impurity
bearing edges and, therefore, the 50% relative impurity level is evenly distributed at a local scale,
albeit not at a nearest neighbor scale. 25Examplefi2iReaferring to Fig. 5, an embodiment of the

inventign can include a composition of matter including a structure defining 5-fold symmetry; and a
proces%nof mhai %153 i§ %eﬁtprggﬁi%ﬁﬁiFnﬁ%?étg%%ﬁBIte;e t é'%fﬁ%%ﬁﬁ}hoﬁ‘caa iesi@g%ggc%ﬁgz%ﬁéaﬂcles includes
a first subseétidhavihgeseri Suben SoRIGes Sowsatreriveiligiets subtadedfio mew)J(s,Se)11,,
nanoparticlggfe Bc52Q, mnerafvdlighaid Oharisanesickialdiseesthd sodiuntsolfesugsinat impurity

515 on theif gdges, By OV e RHHDARS, ARl 40, LU Mo Sl . ARG gf mouriy s

controlled t ower relative to what it wo both of the subsets bore the impurity. It Is important

to apprecidtd il AEMR LT YEndYis'QERRPAEIRButl B hnerenataiks: asbiohstoata®iearest
neighbér scalédiviplialbycpbthidsenatioguasicnstals.ephive adignediitdefaing pHayerafdmar coating
with 5-fold SBMGERMINRERASS!ISARaSHBIARS L XRPIA:LAIRGREIN Rdidy 3k gmbodiment of

the invention can include a composition of matter including a structure definin old symmetry; and a
process of ﬁ%‘ﬁkﬂ?&ﬂﬁ%ﬁgéﬂ?ﬁég‘i E&ﬁ?fﬁﬂhﬁ%@?&%‘ﬁf@%’@%%ﬁdﬁ%ﬁ?ﬁé&‘( HERBIFATCRs are
hexagonal. iFEBdSIdhowesafictlignedpdaeatitytofmexagon & eprSe)ateinhd paiziclés 8h@sall of which
bear a resiguab sediwngodpetsalphateinpuHis 46 arihainedetsal tdssiprtanttosbdappreciate

that the. impurity Ieve‘k IS venI% disdtribut§d ata local scgle as well as.at anearest n | h%or scale.
Qé‘ll a8.Well o & lél ared spectium, Lsra ;%num eFS Chirespol !nﬁj(j) COIMNS wi I%n &
Example 4 Re , an embodimént of the invention can include a composition of matter

erring to Fiq.
including a PROSHIakIR Sf.TE SRR sfolhe NSHNAIRUGR, RSN F6508RINE'S FBmal (o

Handbook of Chemistry and Physics, 81 Edition (2000).

The term substantially is intended to mean largely but not necessarily wholly that which is
specified. The term approximately is intended to mean at least close 1o a given value (g.g.,
20 within 10% of). The term generally is intended to mean at ieast approaching a given siate.
The term coupled is intended tc mean connected, although not necessarily directly, and not
necessaré[y mechanically. The term proximate, as used herein, is intended {0 mean ciose,
near adjacent and/or coincident; and includes spatial situations where specified functions
and/or results (if any) can be carried out and/or achieved. The term distal, as used herein, is
25  intended to mean far, away, spaced apart from and/or non-coincident, and includes spatial

situation where specified functions and/or results (if any} can be carried out and/or achieved.

The terms first or one, and the phrases. at least a first or at least one, are intended to mean
the singular or the plural unless it is clear from the intrinsic text of this document that it is
meant otherwise. The terms second or another, and the phrases at least a second or at

30  least ancther, are intended to mean the singular or the plural unless it is clear from the
intrinsic text of this document that #t is meant otherwise. Unless expressly stated to the
contrary in the intrinsic text of this document, the term or is intended to mean an inclusive or
and not an exclusive or. Specifically, a condition A or B is satisfied by any one of the

following: A is true (or present) and B is false (or not present), A is false (or not present) and
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15the plane of the substantially dense close packed layer; and a process of making this composition.
FIG. 8 shows an aligned plurality of hexagonal | n2Sea nanorods 810, each of which is formed by a
stable wurtzite structure. The degree of surfactant coverage or surfactant density on the ends of the
rods and the"t8r¥8HEAHiRg monomer density is lower compared to the six Bde a6 Bractical
Applications A practical application of an embodiment of the invention that has value within the

technological.arts is preparing a chemical precursor layer for syb ent use in,a chemical reaction,
: 0 2 chemisal pre FHaysnse )

for example; g&“@s U ég&?ﬁ% ifed é:i%emlé(’:a reaaf&?{j”r? LPIRENIGeS Bne or nore f%gg Moieties (for

instance a surfi@tehiptiosaraneben) shiages prhoRToyeredasse25distributed in the precursor layer.
Further, e od{'mentls o{ the invegggg are useful in conjt%%ct%%% \Aptg %rr%paring Qge 8ufl?[iimation plates

(such as are hﬁs?ﬁ@r“ﬁé%ﬁr%@% 0 p"fi?ﬁﬁﬁa)if“’gﬂ’h”&%ﬁjunc IO with hano rabricaton e@nniques (such

as are usedve#tié Fjsesle sratRaTIrhRfieeataptifactiiest orahanmlesperedier virtdaty
innumesabledisas:fererabogiments ofdtshioventions allobahichmead:notibadetaileshhese.

Sondvantages B RACUMERER] FQ%’&‘@%%QQQ%QE}(%%%‘?%‘:-&%E%S AR LAt least the

following reason ments of the invention improve quality an )f)r reduce costs compared to

previous apprBEEAES (DBRATNG 89T PRI ECH SPEEFPANIE TS RTEIEEY 16 SIREN TIF8 ¥t 6F length to
average of fudigiddaindive cihmiith respiectitd o (nesmolpaitele, Tilmeysneasd/priswipalefane is intended to
mean the plane located Ry anoiral hat inearlishie thambartestdimenainnaha deang)particle. The
phrase |ocal impuri opcentratlon bR/ yol%r%%ls mtepded to meap the@ ountﬁof an impurity per unit
Volumein (hEIEIILY or & BB O & 1GLEU0) Wi e Lo ROLHI S Miate 20an individual
nanoparticlgr @diacent-apearesRpighlor NANQRAMIGR U Phrase a¥erRpeimpushseoncentration
by volume is mtend%d to gmearjéhe agount of anim ,E{;E{}X, within a bulk defined by th%gltéléallty of

anisotropic FPIRSPAMRIEY: #5BRI4E ye Inclusion. armple

10, COVEr 2 non- exam a proce
ulﬁasor%c?requency is inten edto megn.fre.agenmés greater
than or equéieitcdpprisiiitabp2etiKHbateprpase et sletaaisdy PeiRrasasatblimiRihifrequencies
less than oaRUR4e appXIBatehs3R0lhEGHzagsarhahthetpiamdiseaciriineeHDurstimbers
corresponding to columns within the. period h . i the tian’. convention
as see%oin ljﬁrégcé?sgn He@r?gbgé'ﬁ%ﬁ‘o ﬁg%#sgt%ygan gﬁ?ﬁ%c%soqégllgs?tﬁ éd?[%ﬁ%%%bO sg'ltsr%gésa?m/sabstantially is

intended to RASHITAYLRPBRERST FRERSSSHIF RHURIRAIWRRAT ISEdREy ¥R 8 R AR oximately is
intended toipaeathatiehst clofedo apgavansval agenfpogiti@Owithink¥iaf i Phasedumegenerally is intended

to mean at lgash APRICASNIPG GFAINER Salitr Then R Gerladisdptendadiia e cragected,
although not n?cessarlly dlrectlé/rgan not n%%gssarjl %echaql

ally, The term proxymate, as used
herein, is in?@ﬂ&éhml%uﬁggﬁrefs ?ﬁga?cé%?aceﬁfagvﬁi Jor 80rieh((::§|8qe%t?'§)qp el gg%{)@té?g%uations
whereZ8pecifitidiie tritio o pielfoe resnRiSEr eanpjséem BRI HOMBeRIBRdFEYTHREERS SAMPREEHIrm distal, as
used hereins ini@histendashivnbemedaioanyeaanst aprddmevendionamad einsident and includes
spatial and/for composition open only for the inclusion of unspecified procedure(s), structure(s)
andfor ingredient(s) which do not materially affect the basic novel characteristics of the

recited method, apparatus andfor composition.

25  LUnless otherwise defined, all technical and scientific terms used herein nave the same
meaning as commaonly understood by one of ordinary skill in the art to which this invention
belongs. In case of conflict, the present specification, including definitions, will control.

Conclusion

The described embodiments and examples are illusirative only and not intended to be

30 limiting. Although embodiments of the invention can be implemented separately,
embodiments of the invention may be integrated into the system(s) with which they are
associated. All the embodiments of the invention disclosed herein can be made and used
without undue experimentation in light of the disclosure, Although the best mode of the
invention contempiated by the inventor(s) is disclosed, embodiments of the invention are not
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situation where specified functions and/or results (if any) can be carried out and/or achieved. The
terms first or one, and the phrases at least a first or at least one, are intended to mean the singular or
the plural unless it is clear from the intrinsic text of this document that it is meant otherwise. The terms
second or anbthet4idiiie phrases at least a second or at 30least anothe® GFE&iHBRBETF1® mean the
singular or the plural unless it is clear from the intrinsic text of this document that it is meant otherwise.

Unless expigsgly siaied to.hs,contian: G iqtinsie (et gf fuis Sqcuimant, tig Loy, orgs intended to
mean an Inclusive or and not an exclusive or. peC| |ca a COﬂ XIOFI A O IS satl ?le Yy any one of

the following™R ietiefh&rBrdserit ity W%?W%W%%W?A”W%Wt&%sem) and B is
true (or preserityrandrbothdbancBrazerisue{onptesent) ihddamsiaandia:=an-aterepypioyed for
grammatical sty anh aiErsh o SMNENIRRRP TNBRET: KUY 5 iadedo e g.r more than

two. The term any is intended to mean all applicable members of a set or at least a subset of all

applicable MYAMGRFLSAHE"SEEPHE %fhfthesS‘fﬁﬁyﬁiﬁf&ge@rt@éﬁtéﬁf Bl LSARsRded 3B hean an
integer betweepmbigasbin dspdindingharmbaesatieoitedhirrthis Spauificdibin. Fiyephelisbanmg range

derivable theei isinterded atﬁyrgs@asmaﬁ@m&%%tws%@twwm&m&tgwﬁ@b&?he term means,

when follow, ?b q term "far sm ended. fo me d mware and/o for achieving
a result. Thfee er%(% Stepw eé’ owe ‘1 etermqt'orgi%\?latt uéaéedanrrr;naén a1 %(su akﬁgtaethod

(sub)proceﬁaé?ﬂ#éf‘"('§f]l§dﬁt59tiﬁW%ﬁﬁétﬁﬁ@%@r@&ﬁé@?@éfﬂfﬁ%é@ﬁ@%&?ﬁ%@é@ "comprising,"
"includes," timeiuding,” "has," "having" or any other variation thereof, are intended to cover a
non-exclusive inclusion. For example, a process, method, article, or apparatus that comprises a list of

elements is'r e RECHIEERRTIEEORE SHRIY dHse BididitsrBue Mag T RekediBas @léifients not
expressly listeshiamipbesenhite euclud Sprecessnsnethiibaddielexdaiapp araids rdhatgemaenigonsisting”

(consists, cangisted), ARAUPLEOMASTINGT (ROMROSES FQIRIREM AR INISR0SH: fFBﬁﬂﬂeClosed

language that does not leave the recited method, apparatus or composition to the inclusion of

procedureSS@fW%@SOQﬁ(?f&P?n‘ﬂ?%ﬂ]‘gﬁ’ﬂé?V@@té’Ftﬁ%{W?%@ %%?&?Eg%%ﬁlﬁm?rﬁﬁ@%nes adjuncts
and/of impuerieso diearilyiagestiateth tddenentitanTisecoaditat d fvitie ¢eavbisisenfrallyifealong 20with the

term "consiglingsdeensifissARSISIaN: 2B0QENCOMAHDES L0 UNBOIRSAATIRBBERHLISHHgNded to

mean modified close lan e that es the rec d me hod a aratu nd/o osition open
only for the |ﬁgfu2?%ﬁroﬁ ?Jgr“lts;gam ie E)JraoY et ﬁlrl’és LFIFFUC ure?sn)d/mp forplngféﬁ f{e 'Wpch do not

materially dffettifrecBarse! f e 'Bﬁﬁr%)bt@?l§ﬁ€§'2§1@ﬂ‘1@%@ﬁt@@ﬁﬁi@!ﬁ@ﬁ“’&ﬂﬁ%@ggeaﬁﬂlﬁsﬁbomposmon.
25Unless otheswisierdefinedicatideshnricabasdreuie nédicadeyensetged herein have the same meaning as

commonly understood by one of ordinary skill in the art to which this invention
The appended claims are not to be interpreted as including means-plus-function limiiations,

unless such a limitation is explicitly recited in a given claim using the phrase(s) "means for”
and/or "step for.” Subgeneric embodiments of the invention are delineated by the appended
independent claims and their equivalents. Specific embodiments of the invention are

differentiated by the appended dependent claims and their equivalents.
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belongs. In case of conflict, the present specification, including definitions, will control. Conclusion The
described embodiments and examples are illustrative only and not intended to be 30limiting. Although
embodiments of the invention can be implemented separately, embodiments of the invention may be
integrated intbAHE0&&04RT(s) with which they are associated. All the embodRRERERHEIRE thention
disclosed herein can be made and used without undue experimentation in light of the disclosure.
Although the best mode of the invention conterf&%%ated bg/ the inventor(s) is disclosed, embodiments of
the invention are not limited thereto. Embodiments of ifie invention are not limited by theoretical

statements Df any)ifesited MALAINCERSATINidA) iR ALSDBRdIMERS:Akthe uantianaesd not be

performed igstp% Af§ ased.manner, or combined in the disclosed sequences, but may be performed in

any and all manner and/or combined in any and all sequences. The individual components of
embodiments of tt8IHGEItfON-hERE fdEBE forfied T npelerddrsisdd shdpumssivatahbiited in the
disclosed cenfigueationsshut-cmie badee vdadizianysasd allishapsstandioceambingd in any and all

configuratio&s&%g}#@%@{ﬁaé@é@%%% ?&Q q&g%ei ﬁ%{]ﬁﬁt%é@m the disclosed materials, but

could be fabricated from any and all suitable materials. Homologous replacements may be substituted

for the substances de&mbét: {HBr R EaTBE S R G598 by BF5EL BB ATHRR KN tHe art to
which embaitiBwekitsai:ttielas\mtion ipettalnithataranaies s ubh ARGITIAASS MOBKiications, additions and/or

rearrangements ophg featHIesnf smbadimenisRiiRedPMRMP N MAL LR Madspithout deviating from

the spirit and/or scope of the underlying inventive concept.”AU the disclosed elements and 15features
of eachcio BB B CRFRGHT 41 CARHARU A S CERIS ACEEF ot s e Bements and
features of &¥&fy other disclosed embodiment except where such elements or features are mutually
exclusive. e spivlaBoior seaperafihen Ndrdyigrmeniiverconses assdatineddey the appended

claims and g;lgi:trg%aclg%géhce(ﬂvr%r %%! s&%%,sm?%i_%%, %ngl_ifications, additions and/or

rearrangements. e appended claims dre no e interpreted as including means-plus-function

limitations, BinlesMUEN &lfhitAlidrRVeXHcitf S¥REET 8P @erizasingeiHecpRAfisss (8§ "means for"
and/on 5stepifondrisiiig ene itoearbacdiatants @irthalingentidicay i) slisented?byothe appended

independeny claims, and;theirsauiyalentssSpssificienkadimeats Ak g RRRtig e iffsrgntiated by
the appended dependent claims and their equivalents.
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Semiconducior CulnE, (E=S, Se) Nanorods, 38, 2864-2865, 2000,
11. Li et al., Advanced Materials, Synthesis by a Solvothermal Route and

25  Characterization of CulnSe, Nanowhiskers and Nanoparticles, 11, 1456-1459, 1999,
i2. Grisaru et al., Inorganic Chemisiry, Mictowave-Assisted Polyol Synthesis of CulnTe;
and CulnSe,, 42, 7148-7155, 2603.
13. Lietal., J. Mat. Chem., Sonochemical process for the preparation of GCuSe
nanocrysials and flakes, 12, 3723-3727, 2002.

0 14, Xu et al., J. Crvs. Growih., Sonochemical synihesis of copper selenides nanocrystals
with different phases, 234, 263-266, 2002.
15. Kumar et al., Small, Shape Control of li-V] Semiconductor Nanomaterials, 2, 316-
328, 2008.
18, Burda et al., Chemn. Rev., Chemistry and Properties of Nanocrystals of Different

35 Shapes, 104, 1025-1102, 2005.

18



References 1. Yin et al., Nature, Colloidal nanocrystal synthesis and the organic-inorganic interlace,
437, 664-670, 2005 2. Manna et al., J.Phy.sChem. B., First-Principles Modeling of Unpassivated and
5Surfactant-Passivated Bulk Facets of Wurtzite CdSe: A Model System for Studying the Anisotropic
Growth of CHSRIREBEHStals, 109, 6183-6192, 2005. 3. Puzder et al., NaRhd/LeHERSITHE Effect of
Organic Ligand Binding on the Growth of CdSe Nanoparticles Probed by Ab Initio Calculations, 4,
2361- 2365 004. 4 Pe .A itax Qé(% er Luminescent CdSe/CdS
10Core/SheI Nan\o/gr 6?05 %m?f (g é g Ac%%Ssr ﬁy ffg g@f@' 7029, 1997. 5.
Hua et al., @ﬁéﬁ??ﬁ@@ﬁ,h@m&%rﬁ%ﬁﬁ?@ﬁ@ﬂl@@mrﬂ%ﬂﬁ@@%%é@@&ﬁtﬁﬁﬁﬂﬁ@ﬂs core-shell
nanocrystals;@kl 90869-272, 2006. 6. Murray et al., Ann. Rev, Mat Sot, Synthesis and Characterization

of Monodispgrse LaNanarnitgls,and £1sse R agker Naposrysial dssembls, 20, 545640, 2000. 7.

Chun et al., hrn nthesis o InGa €2 nan partrc es by solvothermal'route, 480-481,

46-49, D00 BEKINPEPH. 1%@5&@@’&?&3%”@%?%@13 of CulnSe2 and CuinGaSe2 nanoparticles by
solvothermabroutelolidQsd ol 34246,/ 2004C2608. Kb el akiydd echvBci&zTidelst8yathssis of

CulnGaSeZ-panqrariisles Q&%M%&M%QQ”%@':{%GM%%#% 2090, 2005. 10. Jiang et al.,
Inorg. Chem,, Elemental Solvothermal eacfion To Produce T §aé emrcondu or CulnE2 (E=S, Se)

Nanorods, 38, 20688083 26001 L1198t B Tiﬁd%%%(?a%é’ PRECIC) By olV8thermal Route

and 25Chafa@terizalish i€ di{Be2 Nanowhiskers and Nanoparticles, 11, 1456-1459, 1999. 12.
Grisaripet als, Inogganie: GhemistrysMicrovavendssisiatlRalyohSyrhesis ol Emnd e2and/CulnSe2,

42, 7148_716?%@@%&%001‘}:3&3&3, Yol 128, 14780-14781, August Z2006.
22. Revagrasadu et al., J. Mater. Chem., Novel single-molecule precursor routes for the
direct synthesis of InS and InSe gquantum dots, Vol §, 2885-2888, August 1999,

1%



13. Li et al., J. Mat Chem., Sonochemical process for the preparation of LiCuSe nanocrystals and
flakes, 12, 3723-3727, 2002. 3014.Xu et al., J. Crys. Growth., Sonochemical synthesis of copper
selenides nanocrystals with different phases, 234, 263-266, 2002. 15. Kumar et al., Small, Shape
Control of 1I-VI Semiconductor Nanomaterials, 2, 316- 329, 2006. 16. Burda et al., Chem. Rev.,
Chemistry %%r’%pggﬁ% %of Nanocrystals of Different 35Shapes, 104, 1025-1102, 2005. WO
200910204 lﬁ Jdo7612 17. Yu et al., Chem. Mater, Formation and Stability of Size-,
Shape-, and Structure-Controlled CdTe Nanocrystals: Ligand Effects on Monomers and Nanocrystals,

15, 4300- 4308, 20905 k8n CRsRMeAt@m RIaso NABILAGRG Sshis HiNs oIk sy pURRIL: i grystaliine
quasicrystal Slattices, Vol. 93, 14271-14278, December 1996. 19. Hollingsworth et al., J. Am Chem.

Soc., CatalyJ&d GIOMFoF A NEH LR BRI AR 4N SR T tiF P WLy i AreRaStas 122, 3562-3563,
March 2000n2@iesangatidly 3eRhis! ChemheRy dine Speictiogco Py, afdpSeNanopartictes, Vol. 109,

12701127086, 2005 <H0RLRAK L4l d= AT ChERY S8 ROBSA GoNUplled Ong: imensional
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Mater. Cheiti%(Nidv&l sifigiesholSGI BroeRLERIRESTSPtRRP HifdesAtIReS S BYTeS2hAd InSe
quantum ddisst\dohe 28852888y kuignisill A8 rWhazis istaimetkisind dAiveaBposiion gfifmatter,
comprising: ity.of ani i ticles.that are in physical contact with. one another,
wherein the%ﬂ%g%%?%ﬁo%ﬁé?ﬁegﬁgﬁ@s%%[é%ggss%jligg{éé r%%'?ﬁ%%?gu%acté%sisting of
(in,Ga)y(S.SEPsnga ingisessvalidioiidrsaustiethatade iresid dixafenisotmbitanoparticle,

Cu(Se)l1, anthiaypdrnead, abs(S.68in a9 Ridhath gty b aniseterictpp@Rarticles having a) a first
dimension the%i S!Elb tantially di feéeant thap botn a.second dimension and, a third dimension and b) a
5 ally clos éaci e e layer ré

hanor IS ABRRE SHEH AT O R4 RAT 5 < AB e ahaaR A HEE R B first

I
non-random nanopar ééf"e"c%
dimension, Wiestetiothis gl slitsstsirdinlbotrgpiechaito pdrticit plare sfiistantialynélinetbyeith respect to

each other ipdefingehsebsiantalrslions M%@@ﬁ%&%ﬁ%@@@@&%@@@w@

crystallogra@h]j_c orientation that is substantially aligned with a basal plane of the substantially close
packed dens® [5/8P WAHBHER IR PIarimF ot AR SFEBIRIRAALRIIEISY SR rardisdh define an order
having oneslimeesipralcriusiatiotisd gesigdictysiatichaof Gtdtian b sy medry selectathfrom the group

consisting of8:{oldl0-{oiehane 42 BILNBAREERL 9.BRHNMA 190 pasallangSLife substaniall

close packed dense layer.

2. The composition of matter of claim 1, wherein the substantiaily close packed
dense layer is characterized by a packing factor that is within at least 10% of a
maximum packing factor.

3. The composition of matter of claim 1, further comprising a plurality of isotropic

nanoparticles coupled to the plurality of anisotropic nanoparticles.

4. The composition of matter of claim 1, wherein each of the plurality of anisotropic
nanoparticles defines a platelet a) having an aspect ratio of less than approximately

0.20 and b) defining a principle plane that is substantially parallel to the basal plane.

5. The composition of matter of claim 1, wherein the piurality of anisotropic
nanoparticles includes a first set of anisotropic nanoparticles and a second set of
anisotropic nanoparticles, wherein the first set of anisotropic nanopariicies and the
second set of anisotropic nanoparticles are different from one another with regard to
at least one state variable selected from the group consisting of principle piane plan,

minor plane profile, impurity presence, electrostatic edge charge, electrostatic

20



2. The composition of matter of claim 1, wherein the substantially close packed dense layer is
characterized by a packing factor that is within at least 10% of a maximum packing factor. 3. The
composition of matter of claim 1, further comprising a plurality of isotropic nanoparticles coupled to the
plurality of anisotropic nanoparticles. 4. The composition of matter of claim 1, wherein each of the

plurality of anisotropi noparticles. defines a platelet a) havi 1.aspect ratio of less than
approximat%@%é%%%@%) %Bealen%céégypﬁﬁrgap g p %%Tﬁgéiesﬁgtﬁ%@ﬂ ?ﬁfyaB%r%‘frg??S the basal plane. 5.
The compoSitigariTi¥aiitter of claim 1, wherein the plurality of anisotropic nanoparticles includes a first
set of anisotropic nanoparticles and a second set of anisotropic hanoparticles, wherein the first set of
anisotropic oparticles and the second set of anisotropic nangparticles are different from one
another witfgffagr(éofgpaotsfg%toéI%ag?ét% &E%J@b{e@é?é%'t%gw%?ﬁaﬁg@@jrm%8%@%%“@?%“nciple plane
plan, minorgtdnegrefilé; mmpurity! prdse heeaeléptmostdiie vdydachaliyelelectroktatidessface charge,
edge acidity,urface AridityRAaR AARaBIFLY a@ﬁamgﬁ%e , gmml&%% fhelBgsgpmposition of

matter of claim 1, wherein the rotational symmetry is 10-fold with respect to a normal to the basal
plane of the”&I5antNy iyl Lt ralrdiorie NYRIPTHE'SRSIGIRTERSGIMItrsasaasidedtdiodicity is
perpendiculssaethechtisaldplansadmthine plusalityt el paisairopic danpepatdiciasiateerdered with respect
to basal spafial Jogatian on a scale that is substantially a multiple of approximately five nanometers. 7.
The composition of matter of claim 1, wherein the plurality of anisotropic nanopatrticles are arranged to
define an order having three-dimensional translational periodicity and a rotational symmetry selected

from the grqupcensistiaginidooithandSdple: withnaspesideR-ammakiodhedpasal plane of the
substantiallx closerpa[cked dense Iag(%r. 8. The compasition %fl_mager of claim 1, wp?rein each of the
anoparic ngea o define an %(%/ reey A

&s aie o g e iR BERBANSH Blaim 8,

plurality of anlgd?fﬂoplc nanopartictes inc Gdes nf‘a
wherein ea@iedidisé o Rtyotitmnigotropietissepaitc doin thedesendm2ss B eividaldifzite structure

that definesgarhi@xaginnat sask RRBORRRISI, thA-LERS SRR CsiRNahsatteneheialm - herein each of

the plurality of anisotropic nanoparticles includes Cu(Se)l,. 11. The composition of matter of claim 1,
wherein ea&F 814 Blurality of anisotropic nanoparticles includes Cu(In,Ga)y(S,Se),_y. 12. The
composition of matter of claim 1, wherein the plurality of anisotropic nanoparticles include an impurity

and have adoqalHERKRONGe AP L AMAMERTAR BatredhAR sara flIrant iR average

impurity concentration by volume with respect to the substantially close p ayer. 13. The
compositiof B tRA ST BRHACE2IMWRBkEMIRE tocal impurity concentration is sodium per unit volume.
14. The composition of matter of claim 1, further comprising a substrate coupled to the substantially

;ﬁzﬁtfsgit?aﬁ%%ﬁtic é)essrig?gﬁgzgrﬁ%gﬁﬁﬁ%g%Qerz%%os(?ﬁ%r:e Oﬁﬁaa%t e{g?ov%cpgﬁrtr%géigwhglrfiilI:KeOfplurality of
anisotropic W@éé@@@cmﬁ,@e&able wirtzite structure that defines a iﬁexagonal

rod nanoparticle.

10. The composition of matter of claim 1, wherein each of the plurality of anisotropic

nancpatticles inciudes Cu,{Se), .

11. The composition of matter of claim 1, wherein each of the plurality of anisotropic

nanoparticies includes Cu(ln,Ga),(S,Se), ..

12. The composition of matter of claim 1, wherein the plurality of anisotropic
nanoparticles include an impurity and have a local impurity concentration by volume
of no more than 25% different than an average impurity concentration by volume with

respect to the substantially close packed dense layer.

13. The composition of matter of claim 12, wherein the local impurity concentration is
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sodium per unit volume.

14. The composition of matter of claim 1, further comprising a substrate coupled to
the substantially close packed dense layer.

15. The composition of matier of claim 1, wherein the plurality of anisotropic
nanoparticles are fused.

16. The composition of matter of claim 1, wherein the plurality of anisctropic

nanopariicles are recrystallized.
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