PHOTOVOLTAI C CELLS COWPRI SI NG GROUP | V-VI SEM CONDUCTOR CORE- SHELL
NANOCRYSTALS FI ELD OF THE | NVENTI ON 5The present invention relates to

phot ovol taic cells conprising group IV-VI core-shell or core-alloyed shel
sem conduct or nanocrystal s as photoactive conponents, wherein said
nanocrystals nmay be in the formof spheroids or rods. BACKGROUND OF THE

| NVENTI ON Photovoltaic cells (PVCs) use sem conductors to convert |ight
energy into 10 electrical current, regarded as one of the key technol ogi es
towards a sustainable energy supply. The so-called "first-generation" of

bower conversi on TREFQSALTAICIRELES opthitaiRie andPeiyy tpe o
theor et cal ener gy QOMYEONDDCFORCONESHETY, NANSLRYSHASH ey and

Quei sser, 1961). 15The poor absorbing properties of the crystalline Si and

Its production cost led to the devel opnent of the second-generation of PVCs
based on tHIELDR OF TEHINVENEKONUsi ng anor phous-, pol y-crystal line- or
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of r3 1% substanti-al'l'y reduce the manufacturing costs in terns of

$/k watt-hour oPheloeoltiicalls (BVIDYY use? beihieohductsts genanatrt dighobnétYEdn@i s to
achieve simlar conversion efficiencies, using high quality |ight absorbing
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2001) and sendtieaTdGrRtalliaeSs ekhibiind )powéMNvalkrsiodQTficielibly () oft15-20%,
thereby approaching the theoretical energy conversion efficiency limit of 31%
(Shockley and Queisser, 1961). |

15 The poor absorbing properties of the crystalline Si and its production cost led
to the development of the second-generation of PVCs based on thin film
technologies, using amorphous-, poly-crystalline- or micro-crystalline-Si (Fujiwara
and Kondo, 2007), cadmiun telluride (CdTe) (Gur ef al., 2005; Zhong ef al., 2007),
copper (gallium) indium selenide/sulphide (CIS) (Durisch et al, 2006) or GaAs

20 based multi-junctions (Hannappel et al., 2007). Preparation of uniform thin films
over large area substrates using evaporation techniques, or roli-to-roll process, is a
challenging task and quite costly. Thus, the second-generation alternatives either do
not overcome the theoretical limit of #7=31%, neither substantially reduce the
manufacturing costs in terms of $/kWatt-hour of electrical output.

25 The third-generation of PVCs aims to achieve similar conversion
efficiencies, using high quality light absorbing materials that enable the reduction of
the $/kWatt-hour cost. This third-generation of PVCs includes the dye sensitizer
PVCs (Bach et al., 1998; Gratzel, 2007; Plass et al., 2002), polymer-based PVCs
(Brabec et al., 2001) and semiconductor nanocrystal PVCs (Nozik, 2002; Huynh et
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1 aL, 2002). The dye- and pol yner-based PVCs suffer from poor

phot o-stability. Thus, the nost prom sing PVCs should rely on the

i npl enent ati on of sem conductor nanocrystals into cells that are solely
based on inorganic conponents (Law et al., 2008, Koleilat et al., 2008).
5US 20080142075 di scl oses a photovol taic device, conprising a first and a
second el ectrodes, at |east one of which is a transparent electrode that is

substanti al J;y r [ t t and a
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regi on of thheing@l RtorPbaidgapwhich BPsnidliek el davd firabandgpwhieteshid first
nanostructured material exhibiting absorption of radiation substantially in
an UV regi swblayertindispened clospeiorsaishiransparsabelpetradei than said sgcond subjax®d bet ween
the first and t I d;. nf i pr e Qe _tragsport
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nanost r uct ghedadieclayéd catisell tdMy sehRondidieinmeferichexidbitog sbsbptiontdfal |y in
an IR region _of the solar spectrunm.and a second reconbination |ayer,

di sposd8 beadigtion tsHbstentiadly i pasiblemregiger of thedsalnspepiiey fos¢fodfot e

i scl oses. HRRBYHICRVES fonliped, bF maitalRbte Radhid Svtisos aheobia? 3R o oond
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di scl oses deposition of sublayers of sem conductor nanocrystals w.th

various si gemicopdupterematgriakexdubiting appesptier of vadiatigneyubsigniigits in a visible

region of the solar spectrum; a top photoactive layer comprised of nanostructured

material éxhibiting absorption of radiation substantially in an UV region of the solar
spectrum; a recombination layer, disposed between the first and top layers, and
25 configured to promote charge transport between the first and top layers; a bottom
photoactive layer comprised of nanostructured material exhibiting absorption of
radiation substantially in an IR region of the solar spectrum; and a second
recombination layer, disposed between the first and bottom layers, and configured

to promote charge transport between the first and bottom layers.



10 permtting light collection within the visible regine, inproving the
power quantum efficiency. In particular, it discloses (i) an organic
phot ovol tai ¢ device conprising at | east one quantum dot | ayer, wherein
i nci dent radiation upon the quantum dot |ayer is red-shifted to form
red-shifted radiation, and at | east one active | ayer which absorbs
red-shifted radiation; (ii) a device conprising at |east one organic 15
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element wherein said current collection element is electrically connected to said

anode or cathode, so as to remove charge carriers from the cell.



and a core-overcoating shell consisting of a second group |V-VI

sem conductor material; or (ii) core-alloyed shell sem conductor
nanocrystals each conprising a core of a first group IV-VI sem conductor
material having a selected band 5 gap energy and a core-overcoating

al I oyed shell consisting of an alloy of said first group V-V

sem conductor material and a second group |IV-VlI sem conductor nmaterial.
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comanent s, 15kt g 48 QY Pop Jopfe, SERERARUG! haBRC 3} VHIC T, PRRROTCT ¥

20wher ei n gbicativne it biBcldse acsihflerinjeCiidn Pedcess el thes gmiteaind uf aid
nanocrystals each congri sing a core of a group |IV-VI, senm conductor nateri al
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15 gradual composition.
WO 2006/035425 and its corresponding US Application No. 11/663,454,
herein incorporated by reference in their entirety as if fully described herein,
disclose a method for producing semiconductor nanoparticles comprising: (i)
dissolving a semiconductor compound or mixture of semiconductor compounds in a
20  solution; (ii) generating spray droplets of the resulting solution of semiconductor
compound(s); (iii) vaporizing the solvent of said spray droplets, consequently
producing a stream of unsupported semiconductor nanoparticles; and (iv) collecting

said unsupported semiconductor nanoparticles on a support, preferably on a solid

support.

25 SUMMARY OF THE INVENTION
The present invention relates to a photovoltaic cell comprising group IV-VI
semiconductor nanocrystals as photoactive components, wherein said nanocrystals
are either;
(i) core-shell semiconductor nanocrystals each comprising a core of a first

30 group IV-VI semiconductor material having a selected band gap energy
4



5 BRI EF DESCRI PTI ON OF THE FI GURES Figs. 1A-1G show schematic
drawi ngs of core-shell nanocrystal dot (NQD) and nanorod (NR),
representative transm ssion el ectron m croscope inages of certain
core-shell NQDs and NRs, and the plausible el ectron-hole wave function
radi al distribution of a core-shell NQ and NR In particular, schematic
drawi ngs of 10 core-shell NQD and NR are shown in Figs. 1A 1B,

respectively, when an allo i onal exd st_bet en t re and
the shell as denpns? at"eﬁo%fvf”% &ggﬁ 908515{#,63)%’ rg%pgé\e glf’lve%f
transm ssion el ect rQpifdfaheRs fReriatBges of core-shell NQDs having core

di aneter of 3.9 nmand shell thickness of 0.55 nm core- shel | NQDs havi ng
core dianeter ofii}l. @mﬂﬂ@yﬁd malsennmxvdnﬁesgamcrxst@ls raach £aEIPEIBING-a 4®Eshel |
NRs with | ength of - 0 and Fi

respectively; and t IEPIEH E{,Qf %EIHPS‘FP%S e%zrﬂ?lﬁné?g Sﬁeggc?d]q%n&
distribytion of a een%&%’ ﬁnd\@o&f&e?ccﬁtﬂﬁg'aﬂbﬁéd sBR ediRisHAS WA ahrallby gs.

1F-1G respectivel y Fig. 2 shows absorption spectra of PbSe core,
PbSe/ PbS cor e- shel | ofzsaid ﬁmarmsévs"l sergigprdugtaropaigrishand agserPbLEWURT or
nanocrystals with \és):mgius Si z nd conposi tion, covering various
spectral regimes b ﬁ’gtﬁ?n %\ fherein the upper curve represents

the sol ar energypg %ﬁbt%ﬂ/bﬁaﬂc cells of thE'p@eseﬁt mkemsonoma dﬁlbermhétmcch"daw dng off a
typi cal photovoltaic cell conprising closed-packed filmof group IV-Vi

seni conductinr vamous- edndiguratimne dkngwnan the @t is, dbe £re#p R¥nGr srmsicerductor

h | |
o t 1 cuPar MRGRSHHS By it FHOTYE | OREFTSaEd (B F A (TR e
(17O - coat %gnﬁélﬁﬁﬁoﬁ%nhﬁﬁ:lﬁg“@ﬂ%r tR pbRlrrehtesiithe glha@dmfagaah@ tusolksi Ng

| ayers (HBL) e opt’ional 'y coated.” An al um num cathode is on top of
t he phot o- aonvarmoheqfﬁcxcndjhélpﬂmtmx ﬂ%gﬂquprﬁ\béﬂ S@Ellmﬂéhyaioédlaéi)@rb@?lsby dr op

age or cam B hpRSICPRNARR i L AR R s Bec) FroRPRERRIES, S5 o,
N2/ H2 gas ?Pu%gegﬂh&eg%pgﬁlgcﬂg i nt er dot spacing thus 6 inproving a

carrier di as shown in the | ower inset presentl ng an i mge, of
core-shél | NQDsThesi e dpmsnat einvshticn Sfurther providesriag; PM’E@W&M@ e¥iRemat i C

drawi ng of a fluorescence coll ] SI uct or
nanocr yst alc@MPRENE ApRYt O‘é%lmwﬁﬁ (Ejhl?i'f’%é%s ‘%ﬁg'rtﬁgp% B gﬁg‘ r{e&ct ors,
em t1ing aofedfy RhRRKI: §W1&@§]$e%trﬁpian§ér'6?kdlgr adpitihovathpadiag geddp IRVO) o
a known COI’]?I guration, including either group |IV-VI core-sheel
core-all oyéﬂ ssi¢dndsetor nmmlxﬁtals ah psoaciive Kiomponetiammcherd as @pmgle layer
alternati v% anot her é frared absorber, as photoactive conponents.
etween a pair of Bragg reflectors,
20 wherein said nanocrystals are either:
(i) core-shell semiconductor nanocrystals each comprising a core of a
group IV-VI semiconductor material having a selected band gap energy
and a core-overcoating shell consisting of a second group IV-VI
semiconductor material; or
25 (ii) core-alloyed shell semiconductor nanocrystals each comprising a core
of a group IV-VI semiconductor material having a selected band gap
energy and a core-overcoating alloyed shell consisting of an alloy of
said group IV-VI semiconductor material and a second group IV-VI

semiconductor material,



DETAI LED DESCRI PTI ON OF THE | NVENTI ON 10The present invention relates to a
phot ovol taic cell (PVC) conprising group |IV-VI core-shell or core-alloyed
shel | sem conduct or nanocrystal s as photoactive conponents, as defi ned
above. I n one enbodi ment, the photovoltaic cell of the present

I nvention conprises group |IV-VI sem conductor nanocrystals as photoactive
conponents, wherein each 15 one of said nanocrystals is a core-shel

sem conductor n LSl ool khad il Whilons
Sem conduct or nong PRl all U bAoA B B8Ibafl gl chérey SRR B PhMor
cor e- over cagd inkgnalialefleaod siithin aghetbniz caeitpant] thenemittad Wbmsseid Pwtehiet or
material. In another enbpodi nent, .the phot ovolébai c.cell, of théahdgr e§ent
i nvent i on SBViSHRpth e gnhances inensity Gk 8 Abe ebyrptiom sas< Sf &) Rhajactive

phot oacti v 3 20t s ' ggggh ane1efc i d nanocrystals is a
core-all oygndﬁgﬁggigfgﬁggrﬁogwrﬁﬁgﬂt%frs n ngcrysta(t:l conprising a core of a first

group |IV-VI sem conductor material having a selected band gap energy and a
cor e- ovér c BRIERDESICRIPTIONIOF THEFEGUREST an alloy of said first group

mtoria o LA hoy Shendie EaRAtR R R e teo R B RRB L o

shel | ”ano%hﬁsﬁﬁbﬁodl%ﬂﬁ),aﬁﬁﬁés@hﬁﬁvé OrdRMIRIRS eR¥ctrbA VIATtrbROp@ rithagbotodact i ve
mat eri al s show ng a broadband absorption with a cross section Q

cr ss=10- 14 céBaif Scopershel TNERs awth dtsy and|the plavsible pleeisor-balecvayre funglioni np| e

Cor bol - et e GeRior CaR shoENI hnd e rppPilae sthafiamubilbe
2003, §0eCBle. Slell QD AP NIVARO SRy 9 Fiks. 12008, rddpcereltwidn a0y or by

t hernospray or el ectrospray nethods (Amrav et al., 2005; Amrav and
Li fshitz, 28@8)is optinallyhexist befwetn ke cetceand g shell a3 demopsisated by Het h t he

variation o e nanho stalline dianeter. In rtie [l resent
i nventi on P&"I“I&Bé’éeqlé? #&PW&’F&?V@ IE‘H\SFESS(%WO@OIH{)CF {’)%PR lrélrl%ﬁ 5 fIc@fi:'l\'/llO
sem CO”dUCtsﬁéthﬁMﬁﬁé'cénc SRR D3 AR Ml HRICGhERRAeIsLILAISS B, kofe-4

are

m cron), whic tuned wthin the near infrared spectral reginme (800-
3500 nn) ansHelhNQDs havargedre diaamtemids.d hwi andshely thiekness ohhf moandsarap to

he ondSoy Sheibs WFhdénelh 5t ~o TR and bt 28 pTHE D SRR ICT T

the visibl g.g @gﬁ\}@y;%dttﬁe i:'f'&ﬁlswgﬂéﬁoxﬁﬁéfeg\%a‘}d“ﬁinbﬁoﬂ pddiglr distribegodref ashow ng
a band- edge Padi ati’ve |1f&time of a suffici ent duration, i.e.. a few
hundr eds naomesshetiNQD (@i gatoreshell NRzae shovk indFiget1ExlG, respestivelyand

permtting effi g‘igeni sﬁg\%g %%sgr%ﬁgrrl aé[pitagt?d o‘f’rﬁ'}rseei gorte,h?'bSe/PbS core-sheil and
PbSe/Pb.SE:,(S].x core-alloyed shell semiconductor nanocrystals with various sizes
20  and composition, covering various spectral regimes between 500-2500 nm, wherein

the upper curve represents the solar energy radiation.

Fig. 3 shows a schematic drawing of a typical photovoltaic cell comprising
closed-backed film of group IV-VI semiconductor core-shell nanocrystal quantum
dots or nanorods as photoactive layer, sandwiched between collecting electrodes. In

25  particular, the photovoltaic cell is fabricated on an indium tin oxide (ITO)-coated
glass as the anode, on which electron and/or hole blocking layers (HBL) are
optionally coated. An aluminum (Al) cathode is on top of the photo-active layer.
The photoactive film can be prepared either by drop casting or a spray technique, as
shdwn in the upper inset presenting an image of core-shell NQDs having diameter

30  of 5 nm, or further treated by Ny/H, gas in-order to reduce the inter-dot spacing thus
6



15 photogenerated carriers exhibit small effective masses of the electrons
and hol es (ne, hz0O.1np), giving a superior transport properties. As

previ ously described (Schaller and Klinov, 2004; Ellingson et aL, 2005;

Al'l an and Del erue, 2004; Allan and Del etue, 2005), absorption of a photon
in the ultraviolet and visible regine with Eexc=nEg results in the
generation of nultiple 20 excitons at Eg at | ow band gap sem conduct or
nanocryst al.

uantum dots, .. .. PbSe. Thi ffect is kno as the inppact
oni zai T on BPERALE 2 saigt diffydpbess TigRas s Taneialnger preaetie Baigs ot
ot her wor dgorddgHeN1aSODI %atnglddndtBf 9. #dml. i ght | eads to the creation of a
single electron-hole pair, while harvesting of the ultraviolet/visible

light |eads to Fig 4skews arschématiidiramdng jof & Bueresnenpp icellgrion SOMBUBING ng t he

| f the 25 | . h [ '
excess chadn iy aricoredr niEiiaf (IRt TRE) SgMIenAEPRRhL 7 Ba?'
portiong Ofoftﬁ}ﬁgg Qb fidctdradi @it at R Yvavelefbthl si@blel for Wuhlpided phétavoltaic

photovol taic ce Several theoretical evaluations predict that the inpact
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infrared absorber, as photoactive components.

DETAILED DESCRIPTION OF THE INVENTION
10 The present invention relates to a photovoltaic cell (PVC) comprising group
IV-VI core-shell or core-alioyed shell semiconductor ﬁanocrystals as photoactive
components, as defined above.
In one embodiment, the photovoltaic cell of the present invention comprises
group IV-VI semiconductor nanocrystals as photoactive components, wherein each
15 one of said nanocrystals is a core-shell semiconductor nanocrystal comprising a
core of a first group IV-VI semiconductor material having a selected band gap
energy and a core-overcoating shell consisting of a second group IV-VI
semiconductor material.
In another embodiment, the photovoltaic cell of the present invention
20 comprises group [V-VI semiconductor nanocrystals as photoactive components,
wherein each one of said nanocrystals is a core-alloyed shell semiconductor
nanocrystal comprising a core of a first group I'V-VI semiconductor material having
a selected band gap energy and a core-overcoating alloyed shell consisting of an
alloy of said first group 1V-VI semiconductor material and a second group IV-VI
25 semiconductor material.
The group IV-VI semiconductor core-shell and core-alloyed shell
nanocrystals used according to the present invention are photoactive materials
showing a broadband absorption with a cross section of Gg=107"4-10"" cm?, These

nanocrystals can be prepared either by simple colloidal chemical procedures



30 although the efficiency of the inpact ionization process is stil

debat abl e. Anyhow, these nultiple carriers can repel each other in a
sinple direct band gap NQDs, unless they are spatially separated. As
stat ed herei nabove, the group IV-VI core-shell and core-alloyed shel

sem conductor nanocrystals used in the photovoltaic cells of the present

I nvention 5 can be prepared by sinple colloidal chem cal procedures

associ at ed h the injectikon of,p UL$O t h a
final for ma{# Clof! a:y(@ Lskjt%1 FP%\"A% rl_f%%@g i ?1’ 29@9 8%%,"%"“ Es:lcrl bed
in detail lWhéx@ﬁb@éozﬁﬁsalEhk\A@z@@%l 02(7(7378Ste¢1&1 len aFX 2003 ;eMtDoaskdi eradi,er .
These procedures are control | abl e and reprodUC|bIe The organi c .cappi ng

facilitat e208f# sy e abi 200Bser Iskihiconnthist oF clecrorprcIptiods dAIHIaY#!i ous

medi a, spi n C t hem rf t at, and
can be excH g@@if%?‘“ﬂ%ﬁ“ﬁ %g ?{@ﬁ? fl%g‘g@és@%%&? h&qw %@p%%@ ure
al | ows (Sherﬂuﬁiiﬁlefvhﬁ%ﬁ&iMth&naﬁ‘dﬁ—‘ﬁs@alﬁﬁ@diaﬁiet@n and scal abl e processes.

The group |1V-VI sem conductor nanocrystals used in_the R hot ovol { ai c ceI S

of the present I{mparidubar, ¢k presenhérveptionrelatasetp O‘LOH s‘iﬁl yEHC

I ho
2006/ 095428 RS TE S 158mise ﬁé%'f}f’@aﬂwcﬂsﬂﬂ%% il g%qn

nanocr yst alkge BEIR (C4 Wiiéah), vafeh hreQiinéd WItRin (hé a@rdﬁmieetspectﬁammrgnme (800-
el ectro- sprayed froma dilute salt sol ution, by evaporation of the solvent

gurl ng adf |3<5(ax)umw)aaml haveaintpenal qrangim sificiensy areater than &Y @ng SipatosB e
el octr e OPTRReEt P g Thte Byt ss A BRRP EHE SIS B8ty

appropri at §rdp9 athae edpe oFlthe §81ad spebfrumPhRrestciiivally (fadmakie #jsitdbeddimei t h
spherical or rod shapes nmay be fornmed and, in partlcul ar, when deposited as

a thin fil mpviotthe Dapdgapr endrgyl in he kﬂfé@f@d awmeahwmgrﬁ bmﬁ'édgﬁofﬂd&&‘tvebet ween

adj acent n ocr stal s, =-perm.tti.n | rav and
Lifshitz, g o6 ?‘Eﬁc‘e?ﬁ{ndf‘?aé‘é’gﬂs ﬁ;"s"?‘ﬂ?@*‘?ﬁe 55 O@oé@\r;}otl di
cell's may Q@GS“ Ki?ge%E al. néd)OS?“ﬁﬁcD%BhﬂitﬂuﬁﬂeﬂﬁVéﬂt @hﬂ@e%&pﬁatlb@rkvﬁéreinh&ne
phot oactive layer. In one e nbodi ment roup |IV-VI sem conduct or

nanocr y§t alphotegertratad tCHErlqsh@Kbblwl sraall; eﬁeﬁptn@ mﬁssm@f fhe slagtrons, gaditholss ar e
heroi d in the.form of nanocrystal guant um

thus in the formof s
dots (NQDs e A0 ni\]g@dg‘ﬁ&ge? §ppenigrgg}§88§ty§?p£me§0 quantum dot” refers to an
Inorgani ¢ cryst aklgdRol®) WERPLES PShatle NIRPRUNRRO U004 ¥fingson er al., 2005;

Allan and Delerue, 2004; Allan and Delerue, 2005), absorption of a photon in the

ultraviolet and visible regime with E,=nE, results in the generation of multiple

20  excitons at E; at low band gap semiconductor nanocrystal quantum dots, e.g., PbSe.
This effect is known as the impact ionization process or an inverse process to an
Auger recombination. In other words, harvesting of the infrared light leads to the
creation of a single electron-hole pair, while harvesting of the ultraviolet/visible

light leads to the creation of additional electron-hole pairs, avoiding the loss of the

25  surplus energy as heat and .enﬁancing the generation of excess charge carriers. Thus,
absoption of the visible and infrared portions of the solar radiation may be
efficiently utilized in a photovoltaic cell. Several theoretical evaluations predict that

the impact ionization process may increase the energy conversion efficiency of a
nanocrystal quantum dot (NQD)-based photovoltaic cell up to 43% (Klimov, 2006),

30 although the efficiency of the impact ionization process is still debatable. Anyhow,
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urn in diameter, preferably between about 2 nm and about 50 nm nore
preferably between about 2 nmto about 20 nm that is either of a
core-shell or a core-alloyed shell configuration as defined herei nabove. In
anot her enbodi nent, the group |V-VI sem conductor nanocrystals used in 5
t he photovoltaic cells of the present invention are in the formof rods, in
whi ch the overcoating shell is non-concentric with respect to the core,
i . e., nanorgpds . As. used herein, "a nanorod” A [ ani c
ciystal i1t dige molle oafist B RPLishin ofheB IR St YWSE bl Bk H9B8
defined hengidigByare sputiohly s6pdrdted.over coating shell or alloyed shell is
non-concentric with respect to the core, wwth a wdth of 2-20 nm 10

I

preferably 3-7 v staied hereinsinws, te erounglf-Vineprprsbelbeag | spreplbaed: detlhe
e e P AR e D 09 i ranr o

nanor o
phot ovolst aicgn Cigd Ipsepag&P b Signpl® collgidal @hedmical Mroddduess, agzetiaicd @ithi theent
charge separation between the core and the overcoating shel|l, followed by

conpet ent  dhigelian ek presrsosnintardict golusion; Mithis dinak ferstgien of MagocyHalspr esent
o gt AR L BALSLERAR LA B ST, WOL?

I V-VI semc C re-alfoye nanocrystals, either

in the formoob/ospims endish BramplRor Betginagieniiree pafcedures e cint@llbblesindgr oup
| V-VI sem conductor material, e.g., PbSe, covered with an epitaxial 20

| ayer consireprodycible. dihenergaaicserpping ficditptes @merﬁerm@dhaskﬁmicﬁqurm ,
o %o THrSbeiGhi B h SIB o Bl hllr ol cabvageerd
PbSe" Si _X (tRém dssEedtpeel bal 6k nathRipkd {0hBeternaitesion s ifaletessaly. rhusotheent ri ¢
wehoas pheprrtl)é:edure allows chemical flexibility, cheap production and scalable processes.
The group IV-VI semiconductor nanocrystals used in the photovoltaic cells
of the present invention can further be prepared by thermospray or electrospray
15 methodologies, described in detail in the aforesaid WO 2006/035425 and in
Example 2 hereinafter. Using these methodologies, nanocrystals are crystallized
from micron size droplets, thermo- or electro- sprayed from a dilute salt solution, by
evaporation of the solvent during a flow toward a target. Thus, surfactant-free
nanocrystals are deposited onto a desired substrate, e.g, transparent conducting
20  electrode or hole-transporting layer (HTL) (Amirav ef al., 2005). Under appropriate
conditions, plurality of core and core-(alloyed) shell with spherical or rod shapes
may be formed and, in particular, when deposited as a thin film with a controlled
thickness and nearly intimate contact between adjacent nanocrystals, permitting
efficient charge diffusion (Amirav and Lifshitz, 2008). Surfactant-free
25 nanocrystalline-based photovoltaic cells may require external encapsulation,
avoiding oxidation of the photoactive layer.
In one embodiment, the group IV-VI semiconductor nanocrystals used in the
photovoltaic cells of the present invention are thus in the form of spheroids, i.e., in
the form of nanocrystal quantum dots (NQDs). As used herein, “a nanocrystal

30 quantum dot” refers to an inorganic crystallite between about 2 nm and about 1000
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symmetric shape, providing nanocrystal quantum dots (NQDs), or
non-concentric 25 with a rod shape, providi ng nanorods (NRs), as shown in
Fig. 1. The core-shell and the core-alloyed shell nanocrystals show

chem cal robustness over nonths and years (Bruner et alL, 2005) and speci al
photo-stability. In addition, these nanocrystals show an internal staggered
el ectronic configuration (Maria et aL, 2005; Cui et at, 2006) when

Ec(PbSe) >E > P 2 , i di 0 t he
val ence anﬁ%ﬁélg (r:rF: ¥é5h8%ggﬁaw§\r/g§rag%s?b%ﬁl ggpngﬁctglg %éﬁ@h %%Iﬁ’efrﬁp%ﬁg%rg@ﬁd

of f set bet Westednluboa D2 @ndfidabdue 20 ven,aha is Rthahsf 4 catehell or arcordrallsyadi o
bet ween the_coreS dianeter_ and_ the_shell thickness, which allows parti al
separ at i on SBell eopdigyatiangsidefingd BergingbeYon and hol e wavef unctions, reduction

of the recomnbin r QEESE | BIRAtseff; ﬁﬁ&%r, ' and

pl ausi bly enhangéggdg%%}r ge ex??lgtgp{leﬁw%art [ csﬁﬁié?(ﬁ;aa?t%?? e os?él%:g%gelnt ric
cor e- al 5oy ahe phatbloltsid) o€llsysit the Present inventivan st dntie fopacfngdyfin tWhich the
overcoating alloyed shell should be close to that of the corepﬂﬁg)ﬁgsal in

order to proveaaing shellds peycanseniricvihaesprctite the caseig. maagods

formation | ek 4 i iy | _ the
al | oyed shgﬂfs?&g%%inn\’CEg%%%pﬁg?%‘ﬁ%utf)girlg{;%éﬁ*ﬁ%wsglp%k@d%%g hgﬁrllgpgfc f0 ggi t he
abi lity to allsgedsted sonfigatationf assdefined hdrediabose,finrwhibk thd bogredatiipedte]l

i ncl udi ng conbi nati ons of core/shell_ that have not been pr ewf?:-él y

di scl osed. oradoyadoshel ispar-comceatisugh pespeefdahe sores With gayidgs of 20 ah.e

mat er i or..cH r t | The
cryet anPogPseisb L3 nie M f efl pof oyl End BlefbiaBly Pbag By i BlfeerR
mat eri al . \Mdihe of @hesxicitog, whichois detdimimsal By slivebpecifivinidoeod anaterdd!] eged shel |
nanocrystal A 15 configurations, both _the core ,and the core-overcoating

shel |, if ppeutdtinmifaryRbeSush pararods venAsedin photovpliaiq srlls aserd@igdPcoat i ng
al | oyed sh i , ' f . y ture,
therein A g pissenAhEaRh, pERF MRl Nebhigh tfe roore S (1 U O
exanpl e, SoveRotingl &shell, | follbwed NBY ecdmpetentothaige BertpabtibnX inte ichBeatinge

fraction of C, with x gradually changing within a range wherein x<1 and 20
x>0. 13 electrodes.
Thus, the present invention particularly relates to a photovoltaic cell
comprising group IV-VI semiconductor core-shell or core-alloyed shell
nanocrystals, either in the form of spheroids or nanorods, composed of a core of a
first group IV-VI semiconductor material, e.g., PbSe, covered with an epitaxial
20  layer consisting of either a second group I'V-VI semiconductor material, e.g., PbS,
or an alloy with gradual composition of said first and second group IV-VI
semiconductor materials, e.g., an alloy having the structure of PbSe.S;, (as
described hereinafter). These nanocrystals may be concentric with a spheric
symmetric shape, providing nanocrystal quantum dots (NQDs), or non-concentric
25  with a rod shape, providing nanorods (NRs), as shown in Fig. 1. The core-shell and
the core-alloyed shell nanocrystals show chemical robustness over months and
years (Brumer et al, 2005) and special photo-stability. In addition, these
nanocrystals show an internal staggered electronic conﬁguratioﬁ (Maria ef al., 2005;
Cui ef al.,, 2006) when Ec(PbSe)>Eq(PbS)> Ev(PbSe)ZEv(PbS), providing that Ey

30  and Ec are the valence and conduction band energies, respectively, wherein the
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I n one enbodi nent, the core sem conductor material has a band gap ene
the infrared range. In preferred enbodi nents, the core sem conductor

material is PbS, PbSe or PbTe; the core-overcoating shell, if present
made of PbS, PbSe or PbTe; and the core-overcoating alloyed shell, if
present, has the PbSe"Si _x structure 25 wherein x is the nole fraction of
Se and 1-x is the nole fraction of S, with x gradually changing within a

range wher g STl e LB RS PEELELGA SIRYERIRRLA ML AR haKARL
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that have not been previously disclosed. The atomic spacing should be identical to
that of the core material or different from that of the core material by up to 5%. The
crystallographic structure should be identical to that of the core material.

While referring to both the core-shell and the core-alloyed shell nanocrystal
configurations, both the core and the core-overcoating shell, if present, have the
structure of AB or AC; and the core-overcoating alloyed shell, if present, consists of
an alloy of the AB,C,., structure, wherein A may be, for example, Pb; B and C each
independently may be, for example, S, Se or Te; x is the mole fraction of B and 1-x
is the mole fraction of C, with x gradually changing within a range wherein x<1 and
x>0. -

In one embodiment, the core semiconductor material has a band gap energy
in the infrared range. In preferred embodiments, the core semiconductor materiat is
PbS, PbSe or PbTe; the core-overcoating shell, if present, is made of PbS, PbSe or
PbTe; and the core-overcoating alloyed shell, if present, has the PbSe, S, structure
wherein x is the mole fraction of Se and 1-x is the mole fraction of S, with x
gradually changing within a range wherein x<l1 and x>0. In more preferred
embodiments, the invention provides photovoltaic celis comprising group IV-VI
semiconductor nanocrystals as photoactive components, wherein each one of said
nanocrystals is (i) a core-shell semiconductor nanocrystal wherein the core

semiconductor material is PbSe and the shell material is PbS; or (ii) a core-alloyed

11

”POSi tion. The conposition of the alloy can
axpibo stick dsmandpndioffer thp whility 4o da0ial | v



10 wherein x<1 and x>0. Thus, for exanple, in the case of the alloyed shell
PbSe. S the conposition and hence the material properties wll gradually
change fromthose of PbSe to those of PbS. The conposition change foll ows
al ong the nanocrystal radius, R where the alloyed shell conposition is
simlar to that of the core for the |ower values of R and x decreases
towards its mninmumvalue as R increases. The 15 crystallographic lattice
spaci ng gr | _change. prevents.,interf. e cQr nd t he
hei 17 sic A T peBRORAE AL B GA Al bR e SElC e AR Tl R RS 0
t he phot ovehi @healkfyeld 6héiNinterial has tht PbBASH haructirbas defndd abiove. al | oyed shel |
of the sem conductor nanocrystals exhibits gradual change of the dielectric
constant, thus Imensgmbpdimens, the aklgyed shejl Hit then spmacendygton dipaearypialy

carriers', .&. I o] |l gs,' , LG pr RSN ahr.upt
core-shel | e‘lgdﬂlt%étlsf %a@%#h@ggéeggng%t hﬁ%@%@?’f‘?oﬁaﬁ tﬁlﬁ’é&{:l%r gf-%g%eﬁe and
cor e- al 150y egyssdiRIghaphfiatiiiebipatiay off eocory 8¢ tHas opfhbansst onesrayehaTlecstetli sti c
spectral absorption wavel ength, as further shown in Fi 2, displaying the

absor pt i on i péemery dioyaandess SEhgtrsemigonductinsand HRSAHTb BEORSHIIoL SIAMSSox S|

nanocr yst al ver.ing r eqgi . - - t her
wor ds, for t@%gﬁt&% ¢ LF%Ee%%%g%gP@th&s'é@p g&wgcp “f%goég%?econ ultt:n'?(??
nanocryst alaryiggthd allésheoppositve! The compbditiai of ke pliep emt benvfentérnmry it is
possible to tune the absorption to a desired wavel ength by either :
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Larabl v b ! or.
o a 11y e R-Taat oo S e fyiihdn the BB of tne'Alofanbi PoSESPRS! 1 OF

the composition and hence the material properties will gradually change from those

=

of PbSe to those of PbS. The composition change follows along the nanocrystal
radius, R, wﬁere the alloyed shell composition is similar to that of the core for the
lower values of R and X decreases towards its minimum value as R increases. The

15 crystallographic lattice spacing gradual change prevents interface defects between
the core and the shell. Such defects can serve as trap sites for charge carriers and
damage the photovoltaic efficiency.

In another embodiment, the alloyed shell of the semiconductor nanocrystals
exhibits gradual change of the dielectric constant, thus improving the internal

20 quantum yield by decreasing carriers’, i.e., electrons or holes’, trapping probability
in an abrupt core-shell interface.

The size and the composition of the core-shell and core-alloyed shell
semiconductor nanocrystals affect their characteristic spectral absorption
wavelength, as further shown in Fig. 2, displaying the absorption spectra of a few

25 samples of PbSe, PbSe/PbS and PbSe/PbSe,S;., nanocrystals, covering the spectral
regime between 500-2500 nm. In other words, for any particular composition
selected for the semiconductor nanocrystals used in the photovoltaic cell of the
present invention, it is possible to tune the absorption to a desired wavelength by

either controlling the size of the particular composition of the semiconductor
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Thus, in one enbodi nent, the group |V-VI sem conductor nanocrystals used in
the photovoltaic cell of the present invention, whether core-shell or
core-alloyed 5 shell configuration nanocrystals, have a tunable single
exiton absorption in the spectral range of 800-3500 rim I n anot her
enbodi ment, the size of these sem conductor nanocrystals used in the
photovol taic cell of the present invention is in the range of about 2 to

about 50 n nore preferably from,about nm I M-

furt her en%ﬂf’?@ﬁt?g’ qugeréﬁ%ésmie@ Inn%gon%&égﬁldag?ggﬂl%;{hgég?é%ws&gg%ggi n the
phot ovol t aisg;ecRhlicdHduétBEndtioes8ils. | nventi on, whether core-shell or

core-all oyed shell” configuration nanocrystals, have an inpact ionization

process excit ed Thus,tih@ngembadimsnstthe gepup; 1-Nl sempropdneior pangerystalsgied| eads

Cei ! _ ; ! ; h
cover a v db pehpuABRGH Ao shcpL BERGL SR URTHRI BB Rofipat et
cor e- al 150y @flel tFigHafios MihbdystaleX havd b Anable Cdingle Gxioh Cablsoptiohi ini thg over

years and an internal st&ggered energy band alignnment. As a conseguence,
t hi s confi goeeiral sangewd 803580 nimqt er nal char ge separation between the core

and the shell, reducing t.he.repulsi ] 1Rl ' rated

by i npact ioni zi‘f f’%ﬁh?{%’&b@ ém? Wéﬁ#n@ﬁb&gfs @g@ﬂn&ih&ﬁn&@%ﬁfﬁiu&?ﬂﬁsu Il a
further enfrdppsBloltdid celb 6Niheqekeat DivenaaOR shakamgesEdbbut 2 keatwwsovol tai c
cell of the present invention have an efficient internal charge separation.

As pr evi ousiny, mpregrefeeabilybiyom pboutrd amite abent A0Hmpr esent i nvention (Lifshitz
et aL, ,2006), the YA/ 11CO o #\I%Qﬁi ! ' ' re or
core- SH 1 25 cglﬂ'na%{dﬁﬁ%ﬁn\b{f@éng%ﬁm%té% g#‘éllﬁr\e[ ec CP@%&C?H%%@QC%?QH%&H

el ectrons 3RehdghasvdER=EbI Il préseiv MGemitng Wirther cansyhelltorpoapelidyeds, and
further show chem cal robustness over years and special photo-stability.
These specishélé configusatione panpgeysipdirehay p AnpimIAck HNIGHOWPIPESp el In the

phot ovol t aiu(l:trasv?clnl%1 ank \lfilsi%leb%%gtdralor@gﬁﬁ)é thaFleads to multiple carrier generation, thus
enabling absorption processes that cover a wide spectral range.

15 As stated above, both core-shell and core-alloyed shell nanocrystals exhibit a
special chemical stability over years and an internal staggered cnergy band
alignment. As a consequence, this configuration enables an internal charge
separation between the core and the shell, reducing the repulsion between multiple
carriers generated by impact ionization process (Piryatinski et al., 2007).

20 Thus,. in still a further embodiment, the semiconductor nanocrystals used in
the photovoltaic cell of the present invention have an efficient internal charge
separation.

As previously disclosed by the inventor of the present invention (Lifshitz et
al., 2006), the group IV-VI semiconductor NQDs, either in their core or core-shell

25 configuration, exhibit small effective masses of the electrons and holes
(mes=0.1my), giving superior transport properties, and further show chemical
robustness over years and special photo-stability. These specific properties
overcome the problems known in plastic photovoltaic solar cells based on polymer
photoactive materials and known to undergo a relatively fast photo-degradation.

30  Thus, the group IV-VI semiconductor nanocrystal-based photovoitaic cell of the
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phot oactive materials and known to undergo a rel atively fast

phot o- degradati on. 30 Thus, the group |IV-VI sem conductor nanocrystal -based
photovoltaic cell of the present invention has a benefit of the plastic
phot ovol taic technology with respect to the chem cal - and photo-stability.
Furthernore, one of the known problens in plastic photovoltaic cells
concerns the | ose of photo-generated carriers due to the conpeting

radi ative 5 recombination pro | s r 4 | far
cnough ( <18 BerEPh T a BrRaR T B p R iol B RO R At psbe YL
One of thewgmqﬁl.wﬁrmWsthmmy_probl emis by the creation of a
donor -acceptor (D-A) hetero-junction. In fact, the sem conduct or

: 0
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as a carri mwertion bghavadikedd-d pairseand are thenfareshring ayam Bty coplpeandeans a

Centi L1 & SRRTASAHEN b T ARG R Srblloh i TuRHES b A
r oot - nean- R Ql&disdE potieviaRt 0B difReh) configdiation] £ D-ARbildylee heteso-jundiiong of t he

sanpl e nonodi spersity can be done Ry optical neans, through selective
exci t at i oncasfbeymimpicked nsing narpcaystaliflms ayith diffengng cleptren pHutesap| e st andard

devi ati on of 5% cor %éﬁgegﬂ?%%ﬁ?n@ﬁi‘@%‘},ﬁ@%@@@ﬁmra,tf_ﬂt,@ hgﬁ}églﬁ\gil%{%ﬁt{b% 1-15 nm

size range. - I'} BR 0 Semni co nanotrystal s

used in thgoRediRReiedvadiodhstateble RukélEs HavRpesyistanmitiendonaiol ef iidbptical
phot ol um nescence havi ng quantum gi el ds greater than 20% In preferred

enbodi bEnt propeties.cpeamitting yalesed packingrafthe napgesystalg gptond paotgyaltaie dbmy
greater t hﬁé‘rmfi 1% c%%?gte B‘ig%&&?%%ir?98Htﬁ1§9%hen a nanocrystal with a deviated

size may act as a carrier’s trap. As used herein, “monodispersed nanocrystals™

means a colloidal system in which the suspended particles have substantially
identical size and shape with standard deviations of less than a 5% root-mean-
20 square deviation (RMSD) in diameter. Further narrowing of the sample
monodispersity can be done by optical means, through selective excitation of only a
fraction of the sample. The more preferable standard deviation of 5% corresponds to

+ one lattice constant throughout the 1-15 nm size range.
In one embodiment, the group I'V-VI semiconductor nanocrystals used in the
25 photovoltaic cell of the present invention exhibit photoluminescence having
quantum yields greater than 20%. In preferred embodiments, the quantum yields is
greater than 40%, more preferably greater than 60%, most preferably about 80%.
With this respect it should be noted that a photovoltaic cell requires efficient
generation of electron-hole pairs and immediate charge separation, wherein an

30 efficient recombination with a high quantum yields should be avoided. However,
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Wth this respect it should be noted that a photovoltaic cell requires
efficient generation of electron-hole pairs and i nmedi ate charge
separation, wherein an 30 efficient reconbination with a high quantum

yi el ds shoul d be avoi ded. However, the neasure of em ssion quantumyield
reflects the existence of high quality nanocrystals free of carriers
traps. This will not be in contradiction to the photovoltaic cell, as long

as the radidliuGol ! 6F LiBedh GEhAb " Glola kORss FRE SHAURL Cyr figh! Rghiey oxCi ton

lifetime i 1 PO Séecon aving su 5 tine

for char genenxddi'?stél's Oftee V&ﬁyczbﬁf:@T Qrads. elfhﬁs arilinhoelbecin edntgdieticree®rthe nat i on
cccurs. ]gq 3 shows a schematic drawing of a typical photovoltaic

cel | conpr PBotayoliaie selli-gsdengas the|radighive Hifting »3 rofativeliileng s €39melsy &- shel |

petween corbi Fisoo TR o FUSH AR 47 ioRY &0 A linteoli. it BRI "

e.g., OF ardmen@irUfRdrge eRtfdiRMC Malyebefoteaas dficiehe cROQOEhoRNrésbmbihatibeCt r on
and/ or hol e blocking | ayers are optionally coated. A cathode, e.g., made of
al um num P8CWH top of the photo-active |layer. The photoactive film

preferably with | es - : drop
casting or a sp?%yt:’h%’%ﬁﬁ Chgltngﬁgg a%?ﬁ%%@arti'g@ &4 ﬁ%&&ﬁ@%&lgg&?ﬁ lSolg%er to
15 reduce thged-pickeddilin Sf)gﬁiungLV!lSemmh&wtﬁgcﬁeﬁsﬁélﬂ manoaiys‘tilu;naﬁmm The

devi ce can be encapsul ated by epoxy resin for further protection fromthe

envi r onmendiots or nanorpasgphateassive mageriab| sandywichpd bpiwesa sollectipg elacgrdetay be
const rygt eﬁ}}_ﬁ{]}pg‘@éﬁﬁ%ggﬁgﬁgﬂm h't%dcé)gsf)al%élai}lh‘ﬁ txﬁ%g(m h@aﬁrats theamel v,

t he group anocr I'n t elr Tore-s eII or

cor e-al | oyefodehell wﬁﬂ:hceléf:!rﬁufaﬁﬂfoﬁﬂml@%lddkﬁlgolt@b@aﬁﬁd ysticplp oramids A may be
packed in an sui tabl e confi guration, enhancin ig ei ther the photo-current or

the phot o- 9¥hedgyee-gnomedeisof ahaniswRy df sebropf of dhe rhpto-active laygr.ohhe

P b PR BT pudrBFp AT RIRHEARR P ADBIOYSHE iy B rd APt 0 1 N1

filmwth er-nanoc ne spacin Icrent o allow

25 efficiesy cﬁ&arcsﬁangl éf a13pRR tediriQiey oY fﬁﬁhﬁttrealaﬂﬁ?/ MyHegueih eidedtto 2000;
Mcic et at, 2001 hus, a small Inter-nanocrystalline spacing

achi evéd byedsce mer inger-dok shagiag thys impeoving sceyerdifusions %{b@ éﬁ‘flge B3R éﬁor t
ol ocul o, s b SpIRTSAILAE A bR B G oyt L) e
hydrogenating tTge PR&IOCHISE 0815 of Eiel st iienfias asay3k (distri®ed 64 ahy of 2006) .
the various configurations known in the art, namely, the group IV-VI
semiconductor nanocrystals, either in their core-shell or core-alloyed shell
20 configuration, as the photoactive components, may be packed in any suitable
configuration, enhancing either the photo-current or the photo-voltage and thus, the
conversion efficiency.
In one possible configuration, the semiconductor nanocrystals are formed
into thin film with inter-nanocrystalline spacing sufficiently small (<1 nm) to allow
25  efficient charge diffusion (Artemyev et al., 1999; Artemyev et al., 2000; Micic et
al., 2001). Thus, a small inter-nanocrystalline spacing may be achieved by either an
exchange of the nanocrystals surfactants by short molecules, e.g., thioethaneamine
or bidentate molecules, or partial thermal evaporation of the surfactants under
forming gas (95% N, and 5% H,), hydrogenating the nanocrystals’ external surfaces
30 (Brumer et al, 2006).
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As nentioned above and shown schematically in Fig. 3, the separation of the
phot o- gener at ed charges occurs at the PbSe/ PbS core-shell interface, due to
t he specific staggered energy band alignnment. According to this
configuration, the hole resides at the Ev(PbS) state, while the el ectron,
nore likely is at the Ec(PbSe) state, 5 depending on the relative

di mensi ons of the core and the shell. Once the charge separation happens,
the transport of,_t S I col.l j trodes
o symmot ical . ey SnEE s ASolR R UBIOE FUE o7 frsBflalith 61 6L

Thus, the Phoe-gherdted ehdrgee cealinng ake PbSeftbs f eime-shell inteifbee, fduecie ther
charge extraction and reduces the _chance for an exciton_recqnbi lr;aﬁi on.
10Thus, i n SBefdtiestagentae arerey hang plignnent: Areordiag to ghis camlighiradeths holent i on
conpri ses o { d I i as
phot oact i vgésg%%pdéﬁéeﬁg(%%%rge 'F\%glgiﬂl ﬁgﬁgé:%;ﬁo?%ﬁgdgﬁggggfg gcgpg%a\aéﬁg?’ngl e

| ayer tBindepérding andiié edledvd dinesions Al the tcorgamd ¢t siedle Ormedhachangg as an

insolating layer in a p-i-n configuration, wherein an ef fdéc' ent internal
char ge sep&fRAT#EM happens fhe frangport of tgiclecans and dpiss Jowprds\ige calleqigr at i on

of a char g%%e%ﬁ%&%fe{éu : nrgletgi%lil? \ﬁ?lgttoctﬂé lsﬁﬁflér 00\?\/|et Qt%%?&s’ effectivepﬁlgs‘éiesous

st udi es pertornmnme e’recent years s t phot ovoltaic effect
can be achiThvsdtlen Pb§&PbSBincefist Séribagcesf theadiffusipat dtivingafdroen foptcharign
conjunction wth sem conductor polymer. The nanocrystal quantum

dot s/ pol ynméxtraiopaand r@@web@w&ewﬁ)agnaxqmnéﬁmblaﬁmon configuration or

f or mi ngaa di sor b ' L, oS 1l . ot al,
2005; ipl vi sat ogﬁﬁsig%(%r&n%&W@%’o@g&@%ﬁltgﬁaggﬂb Eethﬁl%?enﬁgﬁ‘%gmg%e
injected i gbmptibe ge@bwerv-aarrrseﬂmﬂndwdr afigocolstabt asl Byfidde dbove as

e.

collecting electro The electrons_remain in the NQs, and are callected
t hrough di PhO@RSHVEANNRSBERIS! WHETSH SRifbRINOCHISIal36 Prgkadas| 4 Haglgdayes B nent

toward t he eGl.rar L [ . : r

devi ces. adins oo R BB (AR odo; BFKEhg oS a8 RIMIRIENE, |\
pol yrmer t hense buefiguddibe, Metiereih endeiicient ieraxli chatdcosepatationhia ctchene kdnd,
prelimnary exanples fO.II’ et aL,_ 2005; Zhong et al, 2007; Zhong, et al.,
2007) p? opbidhaapcystaisalions thedpigaatiossel achage camiet Ho soralevank collgeting
interface ?ﬁé g0 two i norgani ¢ 30 sem conductor nanocrystals, avoiding the
i nvol verment "Of "an organi ¢ conponent . Hence, in an additional

possi bl e conf i gPfegidusBludidsgpesfomined ddriag die reesnn yeystshbwed tieat photowdltaiot 0 a
bi -1 ayer hetero-juction_array of nanocrystals, e.g., PbSe-PbS core-shell
nanocr yst aPEect| parphet achigvgd | in gestems qonpigkieg Hf rBapocEy stab Aty d98s rincasti ng

it onto the l. + r a I L PRL time. 5
tnce the. f EPURRoMf sbafdiRLaL pofliterdHERHah BB Ih) hindrPELPONBer ' Nor
array pe ahhi@\oadbe pheked abia-Hetoresjuliioarconfipmationor forys a sivondaed bigpdy a
systemw th a staggered ener %pconfi guration, as.shown schepatically in

Fig. 3, whéGwiadalpdf06harasnt o0 athang eigd) 2005 iAiyisates. 1830 Uppaipbae st at es

on one | ayer ...ywhi | h C ) 0 t i at es of
t he second%“f’ity;l\gral q%nﬁgﬁﬁ]@ir)%m})@%g,arﬁgﬁg %gd gﬁtgrtlgi}g }leox%g%:f: :&@ﬁg#és}ﬁ(f?)? vaZ‘Iﬁ by
directed dibidesddopy ttRshdlt ChHé@Ihg dlecleuiier The eRplrors fdmain iehe NGy aadi ons.
Once the charges are separated, the majority carriers readily diffuse into

the rel evamte obleeteddtsousid diffusipn o erd dpereelatiomyamgng htheu glanperystalisee | ayer
Into t9§ Oggﬁﬁéﬁe%t %\Sgﬁirtﬁg %Iectron-collecting electrode. However, the polymer based

devices have a few drawbacks associated with the photo-degradation of the polymer

themselves and their tendency for oxidation. On the other hand, preliminary
examples (Gur ef al., 2005; Zhong et al., 2007, Zhong et al., 2007) proposed an
efficient charge separation, which occurs at the interface between two inorganic

30 semiconductor nanocrystals, avoiding the involvement of an organic component.
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Thus, in another enbodi nent, the photovoltaic cell of the present invention
15 conprises group |V-VI sem conductor nanocrystals as defined above, as
phot oacti ve conponents, wherein said nanocrystals are packed as a bi-I|ayer
het er oj uncti on conprising a | ayer of nanocrystals in conjunction with
either a second | ayer of nanocrystals or a conductive polyner filmhaving a
st aggered energy band alignnent that facilitate a charge transfer of a

donor - accept or ' which i 0 dwi d I | des.
'na fart her - enBBaFsrent, angfibeal oPesie C ePRtRaTE e kiRt 0TS
conpri ses GaQbyitrts \ire T8AEP RAY G BiLlap@ResSiualion agay@fimeaderasiaee.gas

phot oacti ve conponents, wherein said nanocrystals are packed as a,single
| ayer of a HodedthSyearaishelbneanearysiaspln pariiculer, dhel rshAhig arayt isglgamed bener gy

band alignnent 25 that facili e tir . r- pt or
(D-A) pair ,San‘faéﬁn$ g R 5%%\/?& Iéﬁéﬁgﬁ?rk@%ﬁ%o z}néicﬁﬂ?\%ﬁ{é @g?rraa egﬂaon ﬁ%%r mts
an excess hdedfe FRaavirii®BablRa 3ubdRquan depodiiien oflitfel sesomhNQDwartay Bvant
col l ecting el ectrode. The conductive polynmer for use in the present

: _nv_etnt ij on raﬂsaw:gé- Jhyseslbi-taam élemmfs:ﬂpvearpmywlc&@epplasq i ng
imte 0,.Jpo t :
0 SRR Ly, B LS B MR o

pol yt et r at hhafcéhBHE Sholp® | fitda et Ivanamiento! stites pheoyd daers whiledte and
pol y(par a- phenyl ene vinylene)s. In preferred enbodi nents, .the conductive

pol yner i s efastipnresisderas e Bwest candyptiomsigies of e secand fayigs 18 ptheyprsFiBne]

( MEH PR | v- 3-hexyl t.hi - ) di:t.d : |

confi gd?‘)at ?%%Blgq*ré? ﬁ’é“%‘%%’bdggﬁ? g‘?@gc‘{é'}g?{%fdlﬁﬁégg’?%s%% %&eﬁﬁﬁgh&%@t%as ed on
dye- sensi t ipaph Bitebjufenas! Pat@iheichargts 6k depyared, (Basdjosity @irierd 9Qdily

G atzel, 2007; Plass et at, 2002%. In a dye-sensitized solar cell (DSSC),
dye nol eculdiffusgriatocthe iglevans stecspdes andsse bﬁ@&edaﬁognmswnﬁwgbthwbole
particles hatgﬂa e been. sj d into a highly porous micron TiQ2 film
wherein, u DI 8¥ e%??ﬁl[tea%llg%)lﬁ&%ﬁ of said dye nol ecules, electrons are
injected from t FaugVg ahother tMBodialt ahé photeaolaioicell bf the PRsemfifregitiong t he
charge separation and the production of a photovoltaic effect. As proposed
her ei n,15gr samprisesvigrevpri Eénduciesricensivetor y sappaydaln Be definndyabove.oms

colloidal sglution on the Ti (Zaban 8. ; 1994),
st ead of FRReHEYRmieben, e ERRT piboctbelf ek R a Wbl ol o
in 15 vi ewjgctioh econgitielgy atlald oft HaRRtystdly iRfcohfi@cigt widl eiticdnesédond Wi th

si ze, chem cal -and photo-stability.
layer of nanocrystals or a conductive polymer film having a staggered energy band

alignment that facilitate a charge transfer of a donor-acceptor pair, which is
20 sandwiched between collecting electrodes. '

In a further embodiment, the photovoltaic cell of the present invention
cofnprises group IV-VI semiconductor nanocrystals as defined above, as
photoactive components, wherein said nanocrystals arc packed as a single layer of a
nanocrystal-conductive polymer blend having a staggered energy band alignment

25 that facilitates a charge transfer of a donor-acceptor (D-A) pair, which is
sandwiched between collecting electrodes and permits an excess charge separation
and a charge carrier diffusion to a relevant collecting electrode.

The conductive polymer for use in the present invention may be any suitable
conductive polymer such as, without being limited to, poly(acetylene)s,

30 poly(pyrrole)s, poly(thiophene)s, poly(aniline)s, poly(fluorene)s,  poly(3-
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Thus, in still a further enbodi ment, the photovoltaic cell of the present

I nvention conprises group |IV-VI sem conductor nanocrystals as defined
above, as photoactive conponents, wherein said nanocrystals are packed as a
single layer of 20 nanocrystals deposited onto a TiQ2 (titania) particle
filmand act as photo-sensitizers, injecting their electrons into the Ti Q2
film In still an additional possi bl e configuration, the group IV-VI

d
et oot or o TV BRARERYS, DhBy BB RARAEE . SOURERBIAR, BOvE-flhtene

col l ector RhalfiRyt amD polypde- gmgtehal vinglepe)sof In2 préfesred obmbodiathngy i the. | n
particular, the photons emted the nanocrystals at their band- ?dge

fener gy a& e conduegtival | polyararecised P@lﬂ%mﬁtﬁo%é‘ﬂ%n‘?@ﬂdﬁﬁﬂ%ﬁyﬁﬂé‘ PRANIN t t ed
rom sai phot t ty. The fluorescence

col | ector ng%aﬁ@g@ﬁoﬁlﬁl)%mgdﬁeg?@% gi)gg? , such as a Si-based
phot ovolkt a| c celan ac&ﬁtuﬁ’fa@‘ﬁb@diﬂb)boﬂﬁg@ﬂatlb@@f (tlf%aph(ﬁbvdtalc 260%f tﬁa\lprSerand
Smth, 2003; Gallgher et at, 30 2007), or to a photovoltaic cell according
to the predeventionuehasedron dyresesiizatien obpanoshstaling Ty leyen(Bagh Mt’onl c

Camponeat - APYRCEeLl AR PIRS R B0 A0l AU DECAROLA SOk KB MBESC) AP 19 &
g-eviTQ gs, | Ingleailbesire BPREorbddatPs saEide JMOS3D nmmw'DNDZ(jmstlcﬂemat h)aml t al c

been sintered into a highly porous micron TiO, film wherein, upon photo-excitation

10 of said dye molecules, electrons are injected from the dye into the conduction band
of the TiO,, affecting the charge separation and the production of a photovoltaic
effect. As proposed herein, group IV-VI semiconductor nanocrystals can be
adsorbed from colloidal solution on the TiO, (Zaban et al., 1998; Vogel and Weller,
1994), instead of dye molecules. Such a configuration may be even more efficient in

15 view of the nanocrystals’ tunability of the optical properties with size, chemical-
and photo-stability.

Thus, in still a further embodiment, the photovoltaic cell of the present
inventiof; comprises group IV-VI semiconductor nanocrystals as defined above, as
photoactive components, wherein said nanocrystals are packed as a single layer of

20 nanocrystals deposited onto a TiO, (titania) particle film and act as photo-
sensitizers, injecting their electrons into the TiO, film.

In still an additional possible configuration, the group IV-VI semiconductor
nanocrystals may be packed between a pair of Bragg reflectors, creating a photonic
structure, which acts as a fluorescence collector harvesting a wide spectral range of

25  the solar radiation. In particular, the photons emited by the nanocrystals at their
band-edge energy are internally reflected within a photonic cavity and then emitted
from said photonic cavity with an enhanced intensity. The fluorescence collector is
coupled to a common photovoltaic ceﬂ, such as a Si-based photovoltaic cell, as
previously described (Rau et al, 2005; Swift and Smith, 2003; Gallgher et al,

30 2007), or to a photovoltaic cell according to the present invention, wherein the
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5 conprising a photovoltaic cell and a photonic structure that acts as a
fluorescence collector, harvesting a w de spectral range of solar

radi ati on, conprising group |IV-VlI sem conductor nanocrystals as photoactive
conponents, packed as a single |ayer between a pair of Bragg reflectors,
wherein said nanocrystals are either: 10(i) core-shell sem conductor
nanocrystals each conprising a core of a group |IV-VI sem conductor materi al

having a s n . - ' ell C Lsting
o 5" Second GBS STGRG AL AREBIE U Ry A R W IR bRl e GRS | T
sem conductphbtoasiachmuttial BeiagahcongrapentsoMgid photoeolidic cell, & ghanptidally VI

sem conductor material having a sel ected band gap energy and a

cor e- over c AB¥SiFpddnEag.eld shel | consisting of an alloy of said group IV-V
sem conduct or i-al o = ' ] Lal ,

sai d nanocrystgﬁéﬁ%%ﬁ@%ﬁgﬁ%Hgaaﬁ{%&ggsfe?yﬁlgh%}%dg%%@ﬁg%ﬁggﬁ&aggegfcghotons
20 are Bnt ephprisigreph@cvEthiovcéihand a phoainin stguctane thyt #undlad hdhoesscertced from
said photonic cavity with an _enhanced intensity tuned to the absorg}ion
edge of a Rbewer hpivssting emide spseiralraage ehpolakfadiabions eprapmising svPtlyi-c cel | .

of 1 he. phot BT SRVEEE RUE R RS FhABAAVR, Uppbls EL LR PRBIcIbyeT 107

spheroi ds Yervadenl2qshér of Bragg refidches, quantum dots or nanorods, and of any of
t he configurations and properties defined above. The invention w ||
now be il [ ust r atvhgraiysaihaanasTysil A 6L i niti ng Exanpl es. EXAMPLES

Ex lgal. P ' - | P '
co?gl-o aﬁlooys hfeffﬁﬁlghdgg%fg uagglggclgﬁﬁluﬁ%gﬁé %%&g?&g%d%gﬁgﬁgﬁgl ?1fg acI osed

packed film. group IV-VI semiconductor material having a selected band gap energy

and a core-overcoating shell consisting of a second group IV-VI
semiconductor material; or
(if) core-alloyed shell semiconductor nanocrystals each comprising a core
15 of a group IV-VI semiconductor material having a seclected band gap
energy and a core-overcoating alloyed shell consisting of an alloy of
said group IV-VI semiconductor material and a second group IV-VI
semiconductor material,
said nanocrystals emit photons at their band-edge energy, and said photons
20  are internally reflected within a photonic cavity and then emitted from said photonic
cavity with an enhanced intensity tuned to the absorption edge of a photoactive
material being a component of said photovoltaic cell.
The group I'V-VI semiconductor nanocrystals used in the photonic structure
of the photovoltaic device of the present invention may be in the form of spheroids
25  or rods, i.e., either quantum dots or nanorods, and of any of the configurations and
properties defined above.
The invention will now be illustrated by the following non-limifing

Examples.
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5PbSe and PbS were synthesized in a three-neck flask equi pped with a
condenser, a magnetic stirrer, a thernocouple and a heating mantle. The Pb
precursor solution is prepared by m xing PbO [or Pb(acetate)2], oleic acid
(0A) and technol ogi cal grade 1-octadecene (ODE) [or phenyl-ether], heating
the m xture to 150C until the solution becones col ourless, and further
heating the m xture to 10 180C. The Se (or S) precursor solution was
prepared by m xi ng sel eni um or sul Mﬁ Stri octyl phosphi ne (TOP),

foll owed by a quick injection of thi'S sol’'Ution into the hot Pb precursor
solution. The tenperature of the final solution was then dropped to 150C.
Al | steps iExanie 1eReéparationef PbSePbSadreshelland PbSeMhbe( |S fcohe-alloyt al,
2006) . The correspondi ng CdSe and Te compounds are, prepared in.a 15

si milar nafhel napesrygtabgepntm etsé%wﬁgl serpypuditg closd Rkl oa and
CDE sol uti gjj, The CdX NQDs conpounds are grown at 260C (Kl oper et al,

2007) . For the PbSe/ PbS core-shell nanocrystal quantum dots (NQDs)'
pr epar abi on, PbBbSeamdsPh& reerensynitlesized pinepahest-reck  fiiskn equippest vith BbS
shell's, by neans of a secqnd jnjectjon of tgg st oi ghi omstricl ag&%ngﬁ of PbO
and TOP: S [PRdaiselora JAEISTIA UBHE AntErRoROUPES ARY oh NEARS i B IPy'S) PBsei xS

cor e- al | oy-shekdor WOW t‘*@?‘%g“?%‘g% SO BREQ e ) [ oRGE kel o) 7R, Se

and S precursors, acet and TOP.'S, into a phenyl -éether
nmot her sol tdhaologidak geadepbeithiderene{ODEY [oophersfirettierfs theeting) thesmixdgre to

det erm ned rawi ng of_ i.nternedi ate aliquots fromithe. reaction solution
during the ll?léjlg'u“\gﬁ_é HOI&hﬁnt ?‘F‘I"Feﬁalr?f‘ﬂ%\%?&ﬁa t}'lyrtg?feflgzg}m%&girlg%qrg it92 |
anal ysijg ofj g aypdidd (HCk) g’?"e‘%‘ 0 luti%ﬁe{vhénﬁ?@ﬂayeﬁ%ﬁsﬁﬁéwe%ﬁﬁﬂﬁ Srof

representative sanples reve creation of" enbryonic PbSe nuclei and a
del ayed pr saiphiit eitharioctypho§eHineSTGRe Fdllosvedttyea fuisk injectiorsefi thissebitionhi ch
led to the formation of air stable Se/ PbSei . xSx cor.e-.al | oy-shel |, NQDs,
and PL GE dROgBoGPBrbRpcUsRorstolutingo She (FrpstetEe f ﬂéﬂﬁn%‘o%’é‘}‘_}/‘@o\” fich e
aL, 2006). f?&bﬁ)edr{?ﬁBb%PﬂMlsg{bg iﬁ'E}Yesfeﬁéttd?ﬁrv?é?@)(éaﬂfedt&ﬁ_uﬁﬁéﬂ ggéﬁtu&i% was

exam ned by transm ssion e ron mcroscopy (TEM, high-reSolution TEM
(HR- TEM ard of 666)ed The apnebpoidirgnCdb¢ fand dEd T c@:Bp@ED)ds dic prepateds broas a

h ic d i f .Or e- bl . .Wh | .oy .5 i i |
e BBl e G b e SRR B B P badibkone
95 11| B PRI pS bR, SO Ry g | s o

core-shel | er core and shel t hi ckness

of 0.55 rim or Feptte FiSrmeéoredshdll Rarnveratd qahstun dots (NQEY’ plepdratiomm
respectively; and Fig. |F shows the plausible electron-hole wave fynction

radial 10 dbSerdops: were ipitiallycereparsthapd thegpeoated by RbySoshedlspbx jesang of #s of
e o el of AR, SHEAAET P BT e

col l ecting cting layer. These clo ed- packed
filmcag fubhiiohs hsroaeerhetbrl 8elation. OPHSRbSIRSS, Cbretaliozishgll @D were- QD

spacing, as shown in Fig. 3 (lower i nset}). Al ternatively, a closed-packed
fil mcan beroduced by simultaneous injections of Pb, Se and S precusfsors, Pb(acetate),,
TOP:Se and TOP:S, into a phenyl-ether mother solution. The composition of the
core-shell structures was determined by- drawing of intermediate aliquots from the
reaction solution during the NQDs' growth and their examination by energy
25  dispersive analysis of X-ray diffraction (EDAX). Preliminary EDAX measurements
of representative samples revealed the creation of embryonic PbSe nuclei and a
delayed precipitation of PbSe,.,S, shell on the PbSe core surfaces, which led to the
formation of air stable PbSe/PbSe,.,S, core-alloy-shell NQDs, and PL QE of 80%

(Brumer et al, 2005; Lifshitz et al, 2006; Solomeshch et al, 2006). The
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15 formed by a spray nethodol ogy as described in WD 2006/ 035425. Exanple 2.
Preparati on of PbSe/ PbS core-shell nanocrystal rods (NRs) PbSe/ PbS
core-shell nanocrystal rods (NRs) are be formed by a few steps procedure,
starting with the synthesis of PbSe cores, described in detail in Exanple 1
her ei nabove. The second step may involve the preparation of the first

shell, by a 20 fast injection of a precursors' solution into the cores

o e o dhi@loflhy BRE sV GFth Ay 1, R Pl R s pABERRA € 02 o
tri-octyl - phosmiEsita. eleatdrowiostdts (TE®Y] hiyh-rebdlatiére MENA{HRTENT) tind not her

solution is dropped to 110C and the growth of the first shell is continued
for abour 5Selcsice-arcpeleetran-difspcdion peat the procedure 25 descri bed

herein for the : i ng:.f r g ty ast

i njection and c??ng ﬂ]#disﬁé&?ﬁe&%?@% R #%‘%&gb%ﬂaé %g%ﬁﬁloﬁgm4%ﬂélnl %}{ @ﬁ'& fourth
and fifsh JhyRss apiondBeakisabaiweeh the poac askdinies skidE as idegdnbieated vybihee for
the previous shell growh. The consecutive injections can lead to an in

honogenous shrdsfk preaoligs. 16-Harshawn repsesentaleg SraasmIsaion; ¢leetram BlFropeR&hout |
d Lifshit 0 i - i ¢ Pb - shel t .
Bo. 1b ohdfieed O ok fell BomPHa6Aa° Bt Eork PRRERE 25 RSNt T o

r epr esent atthi¢Rndsk VW finY br &ofe Hizaieter ¢ff D8ampand shel thickaess &fsheénim,NRs
with 5 length of -50 nmand width of -3 nm -and Fig. 1G shows the pl ausible
el ect r on- haespeokinady:f andcFigod Fr shaves thei plevsiblgtglestronrhode cvpve-Smetion pdialexanpl e

3. Pregﬂre?}désgﬁb‘ﬁfon%‘ge&?%ggdﬁlgg%sheII NQDs The synthesis of core

CdTe s nanocrys ased on a col |l oidal procedure, involving

the injection oClgeepaciedr Simnbo tike afirévald DYDY were &rnied By idvay yastiiig
el evated tenperatures. For that purpose, a few solutions were prepared
under st an®@aka spigece. e8ndPlleQing elggtjods orcapicas rollgeting layer. diresmslopsdpar ed

by di ssol vi ) ' . 1:), | ¢ | vl enheosphi ne
(TOP) unti Ak B G futler B2 dbediclTRke T%Q?%%a%ﬂﬁn@g‘f‘%‘?é) e/ nfRRIOP 0
was furt hersp&ﬂiﬂl%,lta@dhmmﬂ?QQRﬁwﬂens(eQDE)tetzﬁtiaely,Oé closadpavked dlmlanibe (ii) A
Cd- precursor solution was 15 prepared by m Xxi n% 0. 0256 ﬁgr of CdO with 300
gl ol el adbmngdbyiospiry methogelagyiasdescrived WP #886/839445. on was heated to
100C for 30 minutes under vacuumin a three-neck flask to renove the water

content. ciyaabifig aplRIEAPH PLSERLS UL O hiiery@al HIRN(GRYShed by dry

Ar gas, € rarsing'the tenperature to ecane trarisparent upon
t he generati on BbS@BbS woresdheHt manpCisGhxrads (MRrareitel fomudd thyomdew 2fepst age
was done by further heating.the (i%rsor sol uti.on u for a

( -pref'_ p t0.13l]gC, {
duration oPressaie. Sartinetiiitthe yaliesinplbSecaresoferstibyhingetal g Gyample
preci pi t at §, b i wWePhd RAQHE SRS thaf BN i/ FEFhraARCE Y Bk Frst 1Ty a

nanoparti cles.
20 fast injection of a precursors’ solution into the cores’ mother solution at 180°C,

wherein, the precursor solution composed of 0.2 gr of lead acetate and 0.192 gr of
sulfur dissolved in 2 ml of tri-octyl-phosphine. Following the injection, the
temperature of the mother solution is dropped to 110°C and the growth of the first
shell is continued for abour 50 min. The third step may repeat the procedure
25  described herein for the second step, adding further precursor solution by a fast
injection and continuing the growth for about additional 40 min. The fourth and
fifth steps may repeat again the procedures described hereinabove for the previous

shell growth. The consecutive injections can lead to an in homogenous growth, over
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The TOP: Te precursor solution was injected into the three-neck flask about

30 seconds after the first appearance of the Cd precipitate, initiating the
nucl eati on 25 of the core CdTe nanocrystals, followed by an i medi ate drop
of the tenperature to 260C, where further growh of the CdTe nanocrystals

t ook place. The growth of the nanocrystals occurred during the first 1-5

m nutes while the color of the solution was gradually changing fromyel |l ow

to red. Th I . _ing the
sol Ut on v SrEMb AR bbhe Bl GSLARINARRENE Y TR SR 3L

reveal ed thahcdiotib PbR&PESI cateckhehetrgst(@@4) 2 nol ecul es acted as a reservoir of
Cd nononers in the reaction. Al though under, simlar ditions, there i's a
tendency for th&ig-olBrahpws apichematic aéﬁt"&‘lﬂg s C%ﬁerﬁéum; %t]@iahws a

spheri cal I d i r rs ClL¢ ) f ts at
3000, ¢ hi s TeeseElyel insRsdtol hattol AMDsRUE ridRBCLE Koreichbh NRs BRG 2,
mononer s, rnegth afrsd diy ahdeviohcel +AGe aall KigniGrehous thiel platisibib+Aeétsmi-ut i on)
equi libriumduring the nanocrystals' growmh. The extra chem cal equilibrium
noder at es thﬁ’@‘é’ﬁ‘éﬁaﬁmﬁ‘ﬂ(’ftWélﬁléb?é‘ﬁ%lﬁn&%érco’éﬁ'ﬁl@ékNRve facet, enduring the
growm h of spherical nanocrystals wth exceptionally high crystallinity and
em ssion g t"'s',iﬁk 0 1G d core-shell nanocrystals
preparati olr?ﬂvz!\l/a géggéﬂoﬁ-bﬁﬁfeﬂﬂﬁgnglgd?Egoﬁs;eﬁfe/éﬁgrﬁast ed CdTe cores, followed
by a second i nj @btispmhedis bfieorsHedTe sphedoalsmmecrystaismeas hased|oner ealldidal

met hods. The first. nethod jinvolved i.nitial filtrati

n of the Cd ..
nanopart i clPECedESy involyng ithe ingelen o€ pricursory iniq Gﬁr.mt%"ﬁ Ssofl‘étfoé’g% relatiyely
follo b |anhﬁ i td 0 a fphariae umerer ., and
cent ry\ﬁgga%élleg%%gf t erréso F'dggﬁ'rlﬂ%att@nrggéryf/sdt gg»g %()rlgﬁ;ﬁlitghg%e{egcti on gg’i ution.
The creat i gtandérdt inertcmnditonsl (i) 4t Texpracnesr tshbionrneapupreparet dyr disstilviagl ve t he

i Te-f [ uti LAt ti Ly, t T t al
were ut i1 | Bt Hng ok Teon 0t o0l a0 et Siebitpeliospiing iU BR G he
sol ution t epRALAtdamelY LRAS gafvé\ﬂisﬁgc%ur?%&%hﬁfah WP GiAHER MiftddneAndi ng

transm ssion electron mcroscopy and absorption spectroscopy confirned
retention obtatbeeneiGDRERroartpstl aloburse of ¥ onl. 4i) &x Celnprecurper s@dtiaf wasne at a

i rect 15 | R oROgE 036 et 6RO witk SOGH Rt B EmiBi g " o' o
I rec | : . )
product on 14 ol Siddr WeBRRRATH T00%C 16 S0 At ubutd vijtel WhGiom AVPHALAD extra

25 synt heti ¢ procedures, I ced the quality of the core surfaces and
consequent ngck flasioweremdvecphalwatgr amténtecreating 8 hemoganeraws myd tsalution ghathel |

st ock-sol uti on was prepared by m xi. t he - precur sor g ri bed above with
a Se-pr ecu%ﬁhﬁbﬂﬂﬁeﬁeggydﬁ‘éﬁ&?‘%&‘ﬁﬂ’?ﬁﬁlﬁg&g@%"ﬁﬁw @e"c@?\ ?@}cﬁqecmn-eof TOP,
at roomt e%ﬁ%&%ﬁ ﬁxgoy}ﬁe rgggtf}hﬁ&m? E@diﬁﬁleolﬁgt%g@gﬁbﬂﬁbf 20LtiaP aamls?alm ect ed

30 into core nocry s solutiron at 21 0C,“causing a fall of the
t enper @0ur gtage was done by further heating the Cd-precursor solution up to 310°C, for a

duration of about 30 minutes, leading to the formation of a gray precipitate, which
was undoubtedly characterized as crystalline Cd° nanoparticles. '
The TOP:Te precursor solution was injected into the three-neck flask about
30 seconds after the first appearance of the Cd® precipitate, initiating the nucleation
25  of the core CdTe nanocrystals, followed by an immediate drop of the temperature to
260°C, where further growth of the CdTe nanocrystals took place. The growth of
the nanocrystals occurred during the first 1-5 minutes while the color of the solution
was gradually changing from yellow to red. The growth of the core CdTe
nanocrystals was stopped by cooling the solution to 210-240°C.
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to 170C, and the reaction flask was then re-heated to 195-210C. At this
tenperature, neither pure CdSe nor CdTe nanocrystals could be created, and
a shell growmh over the pre-generated CdTe core takes place instead.
Eventual |y, the CdTe nanocrystals cores and CdTe/ CdSe core-shel
nanocrystals were isolated as a clean 5 powder, or re-dissolved in a pure
sol vent, e.g., hexane. The creation of the CdSe shell was confirnmed by

growt h of the ngnocrystal i ter wit ect at, of the c , as
measured by tra ?HS_%'?”(BW %ﬁ“gyc&glgﬂerrﬁtc‘flbggégi%@?lﬁ gl?ﬂttg’r?g} ﬁ?ccégie?%&r)ﬁ%%nat i on
of the at oRgOAONalolduBRIRedas IMRIGVHRGIITH ROREGYrsGh IRE Flctin aRihotphs Of
X-ray; and an absorption red-shift of the | ow exciton band, wth respect to

that of 10 under sinviler comditionh, thee is & iendraem forsibe dormativn efhed Tl wiraceiels showed
a characterjstic LO and .TA,fr.equenci,es ,associ ated w t he L. of
aiTe ne el Cor el e e B8 IR B a] AP sERE1OE RPER O
Chem , 99@ , 26 | S [ 04, 70,
24532 AP an g B REer Bt Rndthdy s Wolihed 1 ik didue (G Blgy BpplySof €3
Anirav A, mhérforttirs,Z réstrainkd Py the Coeotirrelice 205ontitdus IBE'Z>0di T gsolution)

Lifshitz E., J. Phys. Chem C, 2008, J112, 13105 Artenmyev MV., Bibik
A 1., Guri savilibrium duringaihenaanasrstals’ gy@Elonths. ,exirﬂﬁﬁl.em@ary egulivyyg 60,

L0 o T A SRR o VBRI B, SO b |
D., Conte RBpherldabaincbristals Wiits &vehabnally, highlchwedlidity afipreaiissi@r qhintuer at zel
M, Nature, 1998, 395, 583

10 efficiency.

The CdTe/CdSe core-shell nanocrystals preparation was based on the use of
the pre-generated CdTe cores, followed by a second injection of the shell
precursors, using two alternative methods. The first method involved initial
filtration of the Cd® nanoparticles away from the nanocrystals solution. This stage

15 was followed by precipitation, upon the addition of methanol/acetone mixer, and
centrifugation of the solid CdTe nanocrystals from the reaction solution. The
creation of the core-shell structures then, required to re-dissolve the cores in a new
Te-free solution. Alternatively, the CdTe core nanocrystals were utilized inside their
original mother solution, after reducing the solution temperature to less than 240°C.

20 Control experiments including transmission electron microscopy and absorption
spectroscopy confirmed retention of the core nanocrystals size for an extended
period of time at a final temperature <240°C. Thus, the shell precursors could have
been injected directly into the original solution. This alternative permitted the
production of high quality CdTe/CdSe core-shell structures, avoiding extra

25 synthetic procedures, which reduced the quality of the core surfaces and
consequently the overall quality of the core-shell nanocrystals.

A shell stock-solution was prepared by mixing the Cd-precursor described
above with a Se-precursor solution, prepared by-mixing 0.0517 gr Se and 0.11 ml of

TOP, at room temperature. The room temperature shell stock-solution was injected

30 into core CdTe nanocrystals solution at 210-240°C, causing a fall of the temperature -
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(ii) core-alloyed shell sem conductor nanocrystals each conprising a core
of a first group IV-VI sem conductor nmaterial having a selected band 10
gap energy and a core-overcoating alloyed shell consisting of an all oy of
said first group IV-VlI sem conductor material and a second group |V-VI

sem conductor material. 2. The photovoltaic cell of claim1, wherein said
nanocrystals are core-shell sem conductor nanocrystals. 15 3. The
photovoltaic cell of claiml, wherein said nanocrystals are core-alloyed
shel | sem dpgicor nanocrystals. 4. The photovoltaic cell of claiml
wherein said nanocrystals are in the formof spheroids or rods. 5. The
phot ovol t ailc celAl plidtowdltuiorcdl] conprising grongp E6\d semdcervuctoo menosrgstalsatsi ng 20

shell, if present, each inde ﬁndent Ly has the structure of AB or AC, and
the cor eové’ﬁ’e@éﬂl‘f?gcoé‘m%?@d ‘E’ gein sajg nafogeys Sar@(?ﬁg?rsts of an alloy of the

AB"Cl, structurgy Vel ehdi s%rﬂléorﬁfﬁctog n%ﬂgcrgstﬁ@@ﬂcﬁ E&ﬁ?ﬁﬂﬂ? RAtdoYe bﬁa %rstSe or
Te;X|sthem)efract|onofBan 1-x 15 the nole Traction of C, th x
gradual By changi ng gioupIVi-\d searigendnbier eiateriat hawing axselbctedDagd Bap energy
photovoltaic cell of claim1l1, wherein the ban ap. ener of sa

seni conduct or rmmt erd™d| aj COTPPVEKQating She acqnﬁﬁgﬁg ot 7 seﬁﬁédeBPBvﬂf | c cel |
of claim®6, wherei rgeggé(gldg%gnggé}}aq;cmductor material is PbS, PbSe or PbTe,
preferably PbSe; sald core-overcoating shell, if present, is nade of PbS,
PbSe or PbTe, p(lﬁ)f esoadzhNoyRldSsheH et nscorducior e}anwysimlateanky campdyiag shekl | if

resent, has the Pbe . str e er X is.the nole fracti.on of Sc
gnd 1-X i s ?rst group Y\?W serr\{\:lgon uctor material having a selected band

10 gap energy and a core-overcoating alloyed shell consisting of an alloy

of said first group IV-VI semiconductor material and a second group

FV-VI semiconductor material.

2. The photovoltaic cell of claim 1, wherein said nanocrystals are core-shell

semiconductor nanocrystals.

15 3. The photovoltaic cell of claim 1, wherein said nanocrystals are core-alloyed

shell semiconductor nanocrystals.

4. The photovoltaic cell of claim 1, wherein said nanocrystals are in the form of

spheroids or rods.

5. The photovoltaic cell of claim 1, wherein the core and the core-overcoating

20  shell, if present, each independently has the structure of AB or AC; and the core-
~ overcoating alloyed shell, if present, consists of an alloy of the AB,C,. structure,
wherein A is Pb; B and C each independently is S, Se or Te; x is the mole fraction

of B and 1-x is the mole fraction of C, with x gradually changing within a range

wherein x<1 and x>0.

25 6. The photovoltaic cell of claim 1, wherein the band gap energy of said core

semiconductor material is in the infrared range.
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5 the nole fraction of S, wth x gradually changing within a range wherein
x<l and x>0. 8. The photovoltaic cell of claim7, wherein (i) said
nanocrystals are core-shell sem conductor nanocrystals, the core

sem conductor material is PbSe, and the coreovercoating shell is nmade of
PbS; or (ii) said nanocrystals are core-alloyed shell 10 sem conductor
nanocrystals, the core sem conductor material is PbSe, and the

coreovercoati ngLall oved shel |, h Y Sl r UGk i 1S the
nol e fract ?i‘)n o] %é’géti? 0%319( CF% 0?@3*“2%1 ‘gﬂar%glc ai'do%é%fs H@F&%ﬂ?%&geaaﬁgl |y
changi ng WiFps| Pb8e bAPWE:, WefeRibly MsSk; 84ld csrBoverSatifigaheldf presrt Ak enadel | of
claim1, wherein each oné of said nanocrystals is a 15'cor?- al 1)‘%% d. shel |
seni conductofPbPaRbSe s P Te, areferably Phy); 1a8¢ saidserepiovesaqpting allgyed » fhange

of the crystallographi ti Malel , - 1
dielectric PE%Sﬁgﬁglﬁf a]e ﬁbéeg{.;“*l‘ﬁgmgﬁgﬁgl\gol giqcé:%?:ee O%WETg?@%%éﬁn said
group | Y%- Vihsaivle aadist of SNanac patadlsy drwging withiald eange veecir xi<d and
absorption in the spectral range of 800- 20 3500 nm 11. The photovoltaic

cell of cla&fh 1, wherein said nanocrystals have a size in a range of about
2 nmto about 50 nm preferably fromabout 2 nmto about 20 nm 12. The

phot ovol taigc Celrhe gho@kgiﬁib bell WE R Y. SAlcflifl (94Rid Hn¥brySAIY AodkcdR

nanocrystal's have an act 1onization process excited’in the ultraviolet
and vi si bl ge@fconfecdr adnacegtaly thdedre lsemttontuctonmiatgiad iscrSe, end therverat i on,

t hus enabl i ng absorption prqce t hat., cquer a wi de spectr range 13.
The phot ov@vewpatipgshelyis enag? r?n% ﬁ’%\v\ﬁéiﬁ] RAIE GOS8 3\9—%3'3@?Xc§oﬁﬁuct or
nanocr yst al ol ' ; i {Rebore-14. The
phot ovaPt aisemitffua frdofishil, ot 3ol aude: falrisfls PRAERAY Ieore  an o
5% r oot - Ne aveRGHiealierddahiel hag RIEIFYSei Sy ditmoerewhefein X, i e phbst fpscsionai c

cell of claiml, wherein said nanocrg{ét al_fl exhi bilixppot ol um.nescence havi ng
quant um yi @fds adelixds the melo fustion ef &, withyx gradially chenging, werin,g range
preferably \%[e?élh?&ltaﬁﬁgoﬁp% nost preferably about 80%

9. The photovoltaic cell of claim 1, wherein each one of said nanocrystals is a
15 core-alloyed shell semiconductor nanocrystal, and said alloyed shell exhibits
gradual change of the crystallographic lattice spacing and/or gradual change of the

dielectric constant.

10.  The photovoltaic cell of claim 1, wherein said group IV-VI semiconductor
nanocrystals have a tunable single exiton absorption in the spectral range of 800-

20 3500 nm.

11. -The photovoltaic cell of claim 1, wherein said nanocrystals have a size in a

range of about 2 nm to about 50 nm, preferably from about 2 nm to about 20 nm.

12.  The photovoltaic cell of claim 1, wherein said group IV-VI semiconductor
nanocrystals have an impact ionization process excited in the ultraviolet and visible
25  spectral regime that leads to multiple carrier generation, thus enabling absorption

processes that cover a wide spectral range.
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16. The photovoltaic cell of any one of clains Ito 15, wherein said
nanocrystals are packed as a single layer thin film sandw ched between
collecting el ectrodes and 10 acting as an insolating layer in a p-i-n
configuration, wherein an efficient internal charge separation in each one
of said nanocrystals allows the mgration of a charge carrier to a rel evant
collecting electrode. 17. The photovoltaic cell of any one of clains 1 to

15, wherei nssai %eqmgfdvx{,ﬁm'c%uaafclm e@lh@l%iﬂ"sﬁh‘ér@ﬂnp? &v{‘ﬁf SdrRichidifetdron

conprising a'layer "of nanocrystals In 15 conjunctio either a second
| ayer of nannccrysthizlmvean affivdend irternabclpote/carierfseparatianvi ng a st agger ed
energy band alignnent that facilitate a charge transfer of a donor-acceptor

pair, which.,s ndw ched .bet n.col) ecting electrod e 1

phot ovol t ai'é cel © °®H9R?}ﬁé>eﬁf%%€llaéﬁn Vﬁhetr%gfglfi ngg_gﬁlss‘a‘l}ﬁ’ltng:ggg}a?stal s
are packed g8, o&ilhedEsduaredev@ition (RMID) MSdigherepnduct i ve pol ymer bl end
havi ng a 20 staggered energy band alignnent that facilitates a charge

transfer of a donor-acceptor (D-A) pair, which js sandw ched ‘bet ween
col | ect Bng 18+ ectThedpbotaveltaie r ¢alt ©faslaimc ds swherging saide Janaetystaisa sghiBitchar ge

[ dif i 0n: I ' :
phot ovol t aippoRl i fecied fafhie harifly yiglht pah BEhZREE preforsbly ellifr han | o
pol y[ 2- met Q% nhort Prefeiablyl gréstey than D%l nfosppetirhisipaboyr89ne] (MEH- PPV) or
pol y- 3- hexyl t hi ophene (P3HT). 20.The photovoltaic cell of any one of

clains 1 tg 15, wherein said nanocrystalg are cked as a single |ayer of
nanocr yst a!1§: depd¢ PP%*Q"BIH"EB cgll ‘P? epy ?ﬁl @Plglsf]! %ﬂliﬁ&l%@f sg@ n.agocrystg%
phot 0- sensighd égﬁfl{%d as leﬁ%id Iﬁ?erttﬁﬁf ﬁlrr]l?,lsﬁﬁ&\ﬂéﬂéd bétiveer O8lIebLbE efdctrBieszhd A

phot ovol tai c device conprising a photovoltaic cell and a photonic 5

struct Ufe tabting acts im®laing| lapercince pden calfigacdtion, wharene attieffjcianwintienapect r al
range of solar radiation, conprising group |V-Vl sem conductor. nanocrystal s
as phot oactth¥ge SEpasBHRIhIEach SaK Sﬁ’g r%‘“g?rgfﬂfﬁé %&Véﬁm%mlﬁﬁgﬂné’fﬁéi%ﬁrg& Br agg
[ ef | eCt Or S oaifaPih RIS cHRRARE Uikcbac. ar e ef ther: (1) core-shell
sem conductor nanocrystals each conprising a core of a 10group |V-VI

sem conductor material having a selected band gap energy
17.  The photovoltaic cell of any one of claims 1 to 15, wherein said nanocrystals

are packed as a bi-layer hetero-junction comprising a layer of nanocrystals in
15 conjunction with either a second layer of nanocrystals or a conductive polymer film
having a staggered energy band alignment that facilitate a charge transfer of a

donor-acceptor pair, which is sandwiched between collecting electrodes.

18.  The photovoltaic cell of any one of claims 1 to 15, wherein said nanocrystals
are packed as a single layer of a nanocrystal-conductive polymer biend having a
20 staggered energy band alignment that facilitates a charge transfer of a donor-
acceptor (D-A) pair, which is sandwiched between collecting electrodes and permits
an excess charge separation and a charge carrier diffusion to a relevant collecting

electrode.

19.  The photovoltaic cell of claim 17 or 18, wherein said conductive polymer is
25  poly[2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vynylene] (MEH-PPV) or
poly-3-hexylthiophene (P3HT).
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and a core-overcoating shell consisting of a second group |V-VI

sem conductor material; or (ii) core-alloyed shell sem conductor
nanocrystals each conprising a core of a group |IV-VI seni conductor materi al
having a sel ected band gap 15 energy and a core-overcoating all oyed shel
consisting of an alloy of said group |IV-VI sem conductor material and a
second group IV-VI sem conductor material, sai d nanocrystals emt

photons at jghei rqrh%ﬁﬁfo%ﬁﬁc cEf 59){1'1)?/ gﬁ%ofﬂhﬂnsohﬂﬁ Pﬂﬁvlﬁr&nisgﬁﬁ{éﬂgﬁﬂﬁtai&

reflected within a“photonic cavit en emtte om sai onic 20
cavi ty wit hirapackeld as aaesingle taes of yaricenesthls defdsaedbstorpTi®ypardde fii and

phot oactive material belng a.conpopent of said ph vgltaic cell. 22.The
phot ovol t ai#t QEQ-SEISILACES, iSO Ing (RelF Blertrany ‘Ht‘}fgﬁ%ﬁgyﬂ% s are core-shell

sem conduct or nanocrystals. 23. The photovoltaic device of claim2l, wherein

sai d nanocnyst alas HoRveRhR- dévical dorsithiial IphpRivorgiadusll aindnanghsiwaical s.
24. The photovoltaic device of claim2l, wherein said nanocrystals are in

t he forfh ofstroplues thiatl actsrasraofluorescence collector, harvesting a wide spectral range of

solar radiation, comprising group IV-VI semiconductor nanocrystals as photoactive
components, packed as a single layer between a pair of Bragg reflectors,
wherein said nanocrystals are either:
(i} core-shell semiconductor nanocrystals each comprising a core of a
10 group I'V-VI semiconductor material having a selected band gap energy
and a core-overcoating shell consisting of a second group IV-VI
semiconductor material; or
(ii) core-alloyed shell semiconductor nanocrystals each comprising a core
of a group IV-VI semiconductor material having a selected band gap
15 energy and a core-overcoating alloyed shell consisting of an alloy of
said group IV-VI semiconductor material and a second group IV-VI
semiconductor material,
said nanocrystals emit photons at their band-edge energy, and said photons
are internally reflected within a photonic cavity and then emitted from said photonic
20  cavity with an enhanced intensity tuned to the absorption edge of a photoactive

material being a component of said photovoltaic cell.

22. The photovoltaié device of claim 21, wherein said nanocrystals are core-shell

semiconductor nanocrystals.

23.  The photovoltaic device of claim 21, wherein said nanocrystals are core-

25  alloyed shell semiconductor nanocrystals.

24.  The photovoltaic device of claim 21, wherein said nanocrystals are in the

form of spheroids or rods.
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