WO 2011/ 156017PCT/ US2011/ 024222 PHOTOVOLTAI C DEVI CES W TH MULTI PLE

JUNCTI ONS SEPARATED BY A GRADED RECOMVBI NATI ON LAYER CROSS- REFERENCES TO
RELATED APBLDOGAFEENS [ 0001] This patent application clapos/ush@ibenefit of
United States Provisional Patent 5Application No. 61/351,948, filed June 7,
2010, and of United States Patent Application No. 13/022,350, filed
February 7, 2011, the contents of which are hereby incorporated herein by
reference. United States Patentwﬁp |ication No. 13/022,350, filed February
7, 2011, cl ailHOQThOVAMFAICHE (EES Wk HsVIY b RILdn JIUNRGTEHD Ndppl i cat i on
No. 61/351, 948SKPARAPENEBY A2GTA DIDPARKEONIBINATION IMAXHRN | . Field
of the Invention [0002] This invention resides in the fields of

mul tijunction photovoltaic cells and guantumdots. |1. Description of the
Prior Art 15[ 0003] CREIIBERERENSAREL RELAJIER APRLIGARQNS dot s can be
tuned based on their size to absorb distinct wavel engths of |ight [see
Konst ant80@4, ®us gatenl apphgationelams theylmpehipef YnipdadtateaPoyisisakPapitat os, et

| . t : s01a| ir f- al .
Nanotech IHHeguPy. (pean AdysiR f0 B AR G il e dpag BB )T S
(2009) ; 18rMP2:d500fiBd Kebmatk 7,201V, the edntedts pof Ghickneehddd, intarpBraldalderdiz 099) |,

| | oi dal t d i deal. 20| i - [ ter] for.

bhot ovolrET e bTiEL I ot APBREUPA TOR2F SLdneh Pty 20 H: SRt o
Phot on. g, 1,325t 38U {t&PEAes PAIQodAPItent A @icaﬁbn Nodu 13 MO &Y £i1Rjund 398- 1402
(2010); also @ur, I. et al. Science 31, Iz)l 2-465 (2005); also Kamat, P. V.
J. Phys.20C8em C 112, 18737- 18753 (2008); also Luther, J.M et al. Nano

Lett. 8, 3488-3492 (2008); also Arango, A. C., et al., Nano Lett. 9, 860-
863 (2008); also Choi, J.J. et al. Nano Lett. 9, 3749-3755 (2009); and

25al so Debnath, R et al. Sac -5953 (2010)]. Each
phot@vol taic junction in %ﬁ@&&%ﬁ)ﬁgﬁﬁdﬁ&% ) lﬁff‘ﬁ%’éNﬁg’ mul tijunction

phot ovol tai ¢ devi ce can be uniquely optim zed to absorb those wavel engt hs
of i ghtl-whi dHeldgdthe Invenfign hi'ghest power - conversion efficiency. The
power - conversi on efficiencies of these nmultijunction photovoltaics can

t heor et igadd]y THSLRRAGPRYRIRH N Aakic Rk of hﬁﬁi'ﬁﬁdtféﬂ%%b%oﬁﬁl: RE1 Rl Rantheh
descri bed by Sargent, E. WO 2011/ 156017PC'I1/ US2011/ 024222 H., in "Infrared
phot ovoldogd.cs nmade by sol ution processing,” Nature Photon. 3, 325-331
(2009), the theoretical power-conversion efficiency of photovoltaic devices
I NnCcreasqsy. \Ahqpesarigﬁbhesth@o,sAagl e-junction photovoltaics, which each have
a theoretical power-conversion efficiency of 31% are stacked into nultij
unction architectures including tandem photovoltaic 5architectures, which

havdJa t[ABGHet PecausqibadprodeshvéFaliddel appptemelots caprbespngd baged e theireizejtinct i on
hot ovol .al i , i I - GANMET ShOA.

Br T of ortoeord RRH VARSI ORU A HBERS T Ll Man P US5. SOTHSG0SY)

t heor et i atsl Kpowwtate ayv@r duome Shdioei B3-S4 ¢200Myl dlsg Uniddridoh Polot/ovolaai cs 1 s

bl ect r vt O CoaPE F MR Tt FEREt Bharah a2 dreRE Shiffiso
mul U] ungihoukinl Yaxi l, hALoYel 1alsss4d £96011ChoRI Gditen kblarbiolaner oy

barrier with an extremely thin tunnel junction of degenerately-doped p-type
and 26- t yht-abtoebing hmtantaé fagiphotoel taia deviees voinohubipl¢ hectersi[ske Saggent, E. H.

Gopl ot 1 vl BT S CoDr GRORE o Tar e HPetts 22k ag uR Etne
from oneGwdi der of Stlgce 31, 462-465 (2005); also Kamat, P. V. J. Phys. Chem. C 112, 18737-
18753 (2008); also Luther, J.M. et al. Nano Lett. 8, 3488-3492 (2008); also Arango, A. C., et
al., Nano Lett. 9, 860- 863 (2008); also Choi, J.J. et al. Nano Lett. 9, 3749-3755 (2009); and
25  also Debnath, R. et al. J. Am. Chem. Soc. 132, 5952-5953 (2010)]. Each photovoltaic

junction in a colloidal-quantum-dot-based multijunction photovoltaic device can be uniquely
optimized to absorb those wavelengths of light which result in the highest power-conversion
efficiency. The power-conversion efficiencies of these multijunction photovoltaics can

theoretically increase beyond that of single-junction solar cells. As described by Sargent, E.



15l ayer to the other [See Yamaguchi, M, et al., Solar Energy 79, 78-85
(2005); and King, R R et al. Appl. Phys. Lett. 90, 183516 (2007)].
However, wonnalissaincti ons are not conpatible with PCT/US2011/024222

col | oi dal - quant um dot - based phot ovol tai cs because of the tunpel junction's
sequent i &l., inSifrared plotovdltapestpasts byrpelutionypsecepsney Nare dkalornd Iotdssi ng

i
i gh- encrenpobeinf fsp kRt BBl Sk 8 g REE iRy hen 2

i Nt er posisgesdlaaylle-Rinctib@piotanstaits] which@acpaviiachesetiel peeer-tdmesioact r on
transport |ayer and the hole transport |ayer [See Hiranoto, M, hg% all..
Chem Letfficiamy of37%g3® stackodinto waikiippsiionarchitectyres ingJpding gdem phofqvoligis
1667- 1669 _(2002): K. Y. al. ' 22 20 inld he

non. aquedti g oisaelhifh i 4 eBleyPal ook BN prre kL R SIS O o
devi ces phREbH@RotoREItdiRIcRITRNLGS, iwiiclohavchethesraial powaiseshvstsian @fyicse efabl e
for 25organi c photovoltaics. [0005] What is needed in the art are

conposi t i48is and nmet hods for optim zing the reconbination of electron and
hol e currents from adjacent photovoltaic junctions in _ o

col | oi dal[oemt ubRclof thb asatnpes inirgalizingt the thepreticahwivesicentesipe eficiencies of

OF THE' | RUEGAPeReT Bisteyoleics KGRl BB DUC QU eVl e Rk PRECTF I St ons of

col | gpydaly gb@ﬁg MR sRARRd ot o GHj 208t PROTVYRAL AirktioRs TRGhEd)jmboye can
be signi r antTy reduced or overcone by WO 2011/156017PCT/ US2011/024222
i nt er posiepgaxalrEhotivoltaias,iresearchgisoeduse this highrendi rharmgrrkith emextresielpiiheen

dj t pai f ph | taic junctions..Th i AL ' i ch
o ol o s Regtnp Rt Rl R Be e BT RET S IRl L e alap, nitd 2
transpar %&h@ﬁ%d&ﬁ@ eMg bty Qﬁ%ﬂéd)(ﬁiﬂpﬁh@@oﬁ@ﬁﬂomm énintetd-gde and the on one

side that ohmcally contacts the |ight-absorbing | ayer of one SpEot ovoltaic
j unct i on depletioptrei@vis st &ictently sk, thatislactorganddiohesycagitgmeb fropney Mhat i on

regi iS5 a transparent and condyetiv j P el I ion
oxt a3t nat s HPEIRRS e P AEeGRARNT L bk, phP BP0 s RISHIBY M inl R
phot ovol teahC AP0 meizno¢, he3 PiEaLo D).t Howeséramknelljonatiens aiemoentyogatitdat s, in

bet ween t he heavily-doped deep work functjon Ox‘ibfd and {.he lightl ﬁ-lgo;i)ed
shal | ow woittkedlloidaliqs et ¢r-based-phofoyielpiss Berausief the HGEHMDENELS ehaa

interl ayer whose [ unct i i y@gﬂ dfjuncti on
oxi de an&OFWé“azlﬁ%?‘Afmeé}ﬁd *%&@%ﬁm e.hg P%%g%ﬂga%%%é&ég%&f\engggg ?‘1 an
addi t i onajuagteapdoer Kitheupttthe afopetheigionsd highenpeyddrim tinesganichotisopame his
function oxide and the |ight-absorpbi ng I“? er _of the.@gbag\gnt { hot ovol tai c
j uncBion bepmragenet b Intaestse Giet AP AN B8 RepRRS DV gl SlSEion
transiti ' ' ' )| &-RACCRR. i85, 188e7-330
ohm ¢ coﬁﬁgﬁb%&ﬁ Jf@?ﬁéehﬁeé{??%lgf%ﬁﬁgﬁlg%%?ﬁ)égpbne photovol taic
juncti on,(199®1 Eakievwar kt £1utyrt/i Bhysi Berg80at @St 1660d200%); Kimank Yareb#lt Sagere
conductive _el ectron- epting layer in ohmc cont wifh th | ect ron-
accept i ng31I7a%@r£%? &Qﬁsﬁd 588 ?qﬁ%ﬂn‘? Bwfsg}g,cqnaﬁ@pﬁﬁﬁ{ C?/li?é(}ag qﬁ gm\?}\lo&rois dhd
function L& 3MRVIESbrecROHROARMH AR IR TGhe KPRoANBasBOLR S SuifabRSE t O
travel in particular directions as a consequence of the gradient in work
f unct2ison axgahi¢ pleotovaleandsat i on of the reconbi nation region 20 relative to the
two nei ghboring photovol taic junctions. Photogenerated el ectrons fromthe
| i ght - absgp@d]NIWRY BMmebdeddnehdirphie\ehipakitiohd i methoddioe optinirighthiche
reconbi nation region toward the el ectron-accepting |ayer of the ,sec?ng
phot ovol tra¢anbinateam afieleciion|and palsicoyeris fiorbal pesmbRIGp WH{aiiamctions in colloidal-

el ectron-accepti | ayer ,.of . ovold al £.:] L ugh
the.r ecorBrrapt A b B Dbncich sREEOPRyRHCLEYS SEbE Db B PRy TER 05
phot ovol taéds idgcididihereedgr adi ent in work function produces an increase
in power conversion efficiency of multijunction photovoltaics by providing
a | ow energy-pathway for the reconbination of electron and hole currents
frompairs of photovoltaic junctions. BRI EF DESCRI PTI ON OF THE FlI GURES
[0000 Figure 1 includes el SHMYARYQEINEINYENTEINas describing the
relative electronic 30energy |levels of the constituent conponents of A) a
prior art[08§6]t akihas nerlbesn guamemﬁl thricholipntatens %@Hoaaka%m]deﬁg%—ﬁeén in

o gt PRI A 5 s e )
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WO 2011/ 156017PCT/ US2011/ 024222 dot - based nul tijunction photovoltaic with
an enbodi nent of the graded reconbination |ayer wwthin the scope of the
present iwoentiyeoirn Figure [ c. [0008] Figure 2 includegpcTars2aih@24eit side
of Figure 2a, a schematic of a colloidal quantum dot nultijunction,

phot ovol femposing h renomdvmasionregion shthtagradjericeerk fercsion betirenmdiasgéals ohi n

5t he sco of the.present.inventi.on, an he-left | i . ,

scanni nggg?t&é‘f B WL g%lﬁéec(oﬁ\l}ﬂ ﬂ%or?gaéog’f%lﬁlﬁlzlscaﬁ%srg -régree?t}fgggrlﬁ(t)%%ghg

col | oi dalgy @ pscdrmbitaliof Myt jibdlGddsQrirpbpirenahnt abrdustivbhedvilgriopdd desptwofk t he
graded reconbination |ayer within the scope of the present invention.

. . ) . Pr
Fi gure 2dumcsionexisieentons side thatehgjcallxrqniarts drakighiebsorbine layed 8 Oftiant um dot
mul ti function i .C Wi i ca ol ihon
Tayer>w SRRV ORC HEKIGLE St ybIaR SERPERAT Rler o S e o R
pl ot s of i$ heavphesal actdontdidivedightydapakshaflowiwmgk duotino bixoie thatdhtacadlem
col | oi dal - quant um dot - based, phot ovgl tai c ,devi c(gls..ml;iegure. 3ﬁ SE%WS 1t@he J-V,
i . e. cur cepectyderderdroncasaspiibedayes of ¢ secopd BRefgr g RFRYh LA PGB EIC
j unct i on jphot gvalhal Lges QBT URERIJ fhiciBh oxide and
il um natsﬁ?)% %/}vll gn%%%%?’ﬁ%%@ﬁgegﬂﬁéémé 1 m/%agﬁ&ﬁr 15 The_O)s(% rel:g?fle
j unct i on tiphlidinlyeddpad shatloemsorksitmdtiBdoxidd is Rranyfeer) ané conduevsagide and
PCE=3. 75% t he doubl eﬂgﬁéﬁ i on phot oval t ai ﬁthWi th | TE?(@&%% as_.reconpi nati on
| ayer0shawgriase whosmwak upgtionys ey epn tRpse prtigslsep WR 1o 5 AHECdoubl e
j unction sﬂ}@@%% &M sidd, T A4Gh Enfddasets, ad edditiesardeepalkioimcayer (GRL)
shows Jsc=1. cnk, Voc=0.86 V, FF=47% and PCE=4.87% Figure 3b shows
t he i nt ensideys thtppordd betvaen ¢hadaptvesrk Fandtion ogfdeant yhy lighit-abeerbing lpyes ef then

hotovoltaic with an enbodj.nent of t raded. r econbi nat | I rw.thin
Ito he scopéglﬁ‘f:e tﬁé‘“ﬁ?’&?éﬁiu“ich% ni"i%’ ?ragﬁléeglgﬁggg’in o Eelgm&lé%rg%ngeg%ﬁ)ge\t@%%Qw th
bl ack squahgig0trswork EnaRi oth #d Qnhdustie holeiReptinglayéttn ShoNd cdtitact with

current density. The abbreviation "Voc" refers to the open-circuit voltage.
The &bbr ¢hd laghite@hsorbimg layst ef ena phatéieslic jungtie: where thewaBbiagiien is@realesthe

refers tq the photocgnversi.on efficiency, 0 -Fi

el ectricaf® téﬂﬁg%rﬁ’?'a@élcogé%lﬂé(sF%F{r%??cgﬁg%g ﬁ&%r 1%3%%“&?%%#%&8?& ﬂf‘ﬁg\%? %gl%d

r econbi natéPhnk BWEF of ANWlljidefit RGOl thieq tiictioaWhere Micswoild fuhitiod hematiepe of
the present invention. Figure 4a shows the caonductj vj t%gof, t he i ndi vi dual

met al - oxiPhetoganesrted Flscirpnssind holgsem biatnd tefrayeldn grmiquier HEeSions A%2i on | ayer
within the sco t I I i . hen i.sé:ance
(bl ack squurarase S bR Hork AR A 1L 0R chBREH o G Ko B B
wi dt hg. Thetiwd topke o tidighforing@tolovokdic junetives. i Rhotrpederaedcddctrohs fremt the
conductivity of titaniumdioxide films. Figure 4b hrgl\év:,;?t he .t ransm.ssi on

spect r umlight-ghserting lsyemeimne photoyaltgje FmcHon BOyRLIAYS DIROIFEOR he
scope of i i ORGE 14834222 [0011]
Figure St(ss‘ﬂ%\(/i\s%ieﬁg&{orn a%\ségéﬁsﬂéq g%erg\ggéet%r%# 0 gbs coljﬁg&f {Vguant_um dot filnmns
at the wehelogagiritedholdy fom thf 6RERIn-Ecayprieg Byshufitbe sdeeng ahoteveltand junbizonAg

el ectrodes on a Ti filmwhich are useful far conductivity nmeasurenents of
the Ti Q2 mqweﬁkﬂosg@%éfcqt? B?tépnfag’é?né%%%é d?f @%ﬁ%ﬁ%‘ Pgdﬁ%‘?it‘%ﬁﬁedta&sy( CQD)
basedst andem, Sekidfurcod. SThé %}ﬁﬁfeﬁt iR AW tRN TEORIFBS drfindfeade indftaheim sol ar

cel | "and “scanni ng & ectron crograph of the device in cross-section;

Fi gure 7hoswosien affecmeyaf mltjfinctioBipBotoybltaicsiby pyviding aavenergrdehves| for

cells havjin uant um confi ned ndgaps of. 1.6 eV . and. 1.0 eV: Fiqure 7c
hove a BaiderBgRm Shaesrgre R RO bR ot e e [ a
equilibrium Figure 7d 10shows short-circuit conditions; Figure 7e shows
open-circuit conditions. [0014] Figure 8 shows the current matching in

col I oi dal quantum dot t agggFFasESERIPTIONOPAIEN FWEUIES "easur ed absor ption
coefficients of the 1.6eV bandgap, line A and the 1.0 eV bandgap, |ine B,

films. Fi np%% ! 2 18RS idbi @ik Pthe ra g vEbIRARIgaP
cell as imﬁcfﬁgﬁ 0 |C%Jsa%% E{e?ﬂ%@é?ﬂer&&%@glg%‘gs absor_btgl)ﬂ(})lﬁ“dué to the
ref | @0t i \eaeriggpevEhoafithacdnstitiehtdommpanants of &g @wmior atgpitanal mualtighicken i s

achieved in the .thi.ckness range of 250-30 m_.Figure 8¢ s .hat the
ext er nal PHORNPYHF SRR yunghep ip g‘%‘l“?ﬁ&?%\?ﬂ@-%ﬁ%%%lﬁ I?‘@ﬁ@@ F%%Y?V\/i th a
tr anspar eaboly8Raié Whdmlorgddi® Rcbmbiffios Bkt mMIAREEAID; Wl [C)a dodibldatguatturhop
contact, ITine E, and the snall-bandgap junction with the | arge-bandgap CQD

filmblocking the light, Iine C. The inset corresponds to three
illumnation conditions. Wen the |arge-

3



20 bandgap CQD film bl ocks the incomng light, the estimated Jsc of the
smal | - bandgap junction is matched to the Jsc of the |arge-bandgap junction.
[ 0015] Fiwore119isediows t he current-vol tage characteri sti ®eTaS2011/024222
single-junction and the tandem photovol tai c_devices under AML.5 1 sun

si mul at edot-basedimmatijuoetionihetdvatigis-Withayepbdiment of thegraded reeombingtemkayer
Jsc=10. OnmA/.cn, Voc= 4 V. FF=46% a =2.95% the small- 25 bandgap

j unct i on “ﬁﬂl}{lﬁrﬁieﬁé"ﬁgféﬁ%ﬁﬁsﬁ’éér’:vfgﬁl%“n%&/q%ﬁg, 5c=0.39 V, FF=43% and

PCE=2. 82% Wen the | arge-bandgap CQD filmis used as a filer,. tpe

smal | - bardo¥¥p jKigerd bimchdes,ond eﬁ,ft sidroviciguredn, @ sphcppic ofgcogoidal qpanim 499,

and PCE=1. 60%...The. do | . i = withi
Voc=0. o5 % Mot i EekEFEOR ipfih Bt P R e IOR iR ity
and opti g@d scﬁg@bﬁﬁb@féséﬁtih@émi@ﬁ, fRlonrthé &fi ial RignRQR ab geamainkOdegivows t he UPS
results of Mb03, AZO and Ti O3; filmoptical b,sor(fti on gf. NblOS, \Z0 and

Ti 08; cy@niproseanet@RYBumpes ektlip closspechippoangoloies! duertn ddriliigrifhos, Azo
and Ti 8. hgfoggi{tﬁc % dAnSenfb iR of 5 Al B hRRRRT b 63 lwithe 1Rl REpd bt
properti &3°6 e L constituent erials enployed. Figure 10c is an

ener gy | evakntdhegtiam Figureg it freeledOn2Od et SHEOE7REFAUSTR DI I0RADQENHOMIPENd

LUMO energi es of each type of PbS guantu ts, .and the. band, edges, of.. [ he
i sol at ed PERIUREHT PRALQVO %@mtiﬁbe%leﬁﬁg%g? 59(1?{{95%%%}&‘?%%1 MRS o

THE | BVENTL (N5, #re%“ﬂljefﬂi&ns_ [0017] As used herein, the term
"photovoltal c” refers to a sem conductor that absorbs |ight energy and

ol oot rondobliel phibte SRR RuR BT GR M R AR HE 75,

"sem condypiopy é'o_lfoﬁ{a@ﬁﬁaﬁt&nadd%h@ﬁgﬁbtdvﬂlt% deticéd FiEeFeda dowsenelV, ice. the
wor k function, is between the conduction band and the val ence hand. .[ 0019]

As used ferrentayoltabe cheranetipticsyasinghedtiaetipntand sloghlgiivrstign Phetoveliies d&igsped

to possess .a cess of, negati.ve .qhar Eiers, .. - 2
bvanpi o gy e RacmBRaas EE AORHRoS il & Radikin i fRRY BERLmTREY
ant i meny , THeWhENd fudb@s SivtowitaRtshawa @A . satreAIdntt, Hoselr€ WnEHes 4%, arel g.
silicon, the dopant introduce an additional negative cgq%ége into the

15sem comiift3or>%asthe dewte sgtior Bhaspvaliaie WEpARY TP As LegmBRREPD (AYPRSIOYS
[ 0020] us hereiny, th —Rrd ] fer g0t i is
Hoped: 5o A0S HavahT Yoknbs L Tr-Bplal B pCE £ SoUomBIE ERARMHBIovIRL |

For exanpiith IMWYAZRTIO) asadraded reamebihatwindayer €GB.L) ahaws Isoni .67 mobeod, s
substituted for a tetroaval ent _atomin a sepiconductor, e. q}e si(Lei fnon, t he
dopant at\eORerodiicdd Yaand 8GEA ST 1Higure 31 eharsing ety 4R Bhi conduct or

as a,20 fcﬁgﬁ?ﬁﬂgaﬁﬁﬁl o?%ﬁwgglgigggﬁﬁulfcttelggpﬁoﬁ)%itéig KyithIne R0 dih 88 2 hAsratised

herein, erns to a sem conductor that is only
m ni mal | yedopsdatin lhyatwithie thel seoper afithe pesent daventon. s Thoexpesimentah date graan

insulator than it jis t ductqr. [0022] As used in,. the t
hoav |y Hfadh Bk st Qo RORHREBIoN 156 T uog Bt Sl B ot en

that the d%h]%_ AR a%bfévialffahu%ci’ PefER G 1R dpeh Rrc i@ vélteN due bBbretagon tPFan
i nsul at or. r exanpl e, the doping values of 2.5x1019 and 6.6x1019 cm 3 for

Mb03 and r4E6 tartke fill SmtoratTn ahbieviation/PCE” defprsdo thet mhotegbgverajos 6fidieneydopi ng
val ue of 3.5x1016 cm 3 for Ti02i s associated with |ight doping. [0023] As

used HBer qpgy O,lt hRioRRE & 880w OMhE SR Ciricaf AfdSoptiRalithaRigie it SHOSK A ehhtigliebisrof cled
30conmpound. For exanple, oxide includes, but is not limted to, silicon
oxi de, t igratiduncatilonative, lagdr andritiracnstitaent cam@oRwIis Bty hesgpRReof theypyesent
2011/ 1560191'\?6'?1%419%%%]?%/49{ zsﬁgvlesz the conductivity of the individual metal-oxide materials in one
embodiment of the grader recombination layer within the scope of the present invention. The
inset shows the resistance (black square dots) of titanium dioxide films with different lengths
30 and widths. The slope of the fitted linear curve is used to calculate the conductivity of
titanium dioxide films. Figure 4b shows the transmission spectrum of one embodiment of

the graded recombination layer within the scope of the present invention.



[0024] As used herein, the phrase "netal oxide" refers to a conpound that

i ncludes at | east one netal atomand at | east one oxygen atom The netal

oxi des ofwohelprsement i nventi on can be naturally occurripag/useoizypni2betical ly
prepared. Representative exanples of the netal oxides of the present

i nvent i orl001d| uBigurdedsharysethp ganymiggier specaumiaf Fbgeoteidak q%?%é%@ﬁ@dﬂ then
5o0xi de, indium#ti 9 ide, titanium dioxide, zinc oxide, alum num doped zinc
oxi de, a Vﬁ%fl%d)re%r?u Xxi de. [0025] As used herein, the phrase "work
function” refers to the m ninumenergy required to Cﬁ?ﬁh{e\&fli renmove. an

el ect r on [P0 aFigure @shayrsehe aptenrréthedgelcgrodes an go arg f1sefpior
mat eri al c%ﬁ%fcﬁ?ﬁ&%%&ﬁ%&%mg%?ﬂ}%rTibQﬁ the work function of another materi al
1 Tfe e

when t he ence ween the work functions is at least 0.5 eV. [0026]

As used herein, the term "depl efed" ref | at i Fi
o} eot SondOBiA tFigire,br-e shows biolar pis dob feRbS nie e SnaRaie ' '
T um natgdl, o 02 6kvs ASc i a8l eh @ 13rREMand Ybsh ARt diddior nsieR)opdpBdhT thieef er s

to the characterization of the region(s) adjacent to a heteroj unction and
denot es tdeaice fitheroshsectjen;dEigire §b ishowhe sehegiatin 063 PbS coBeidelarugnipin detdgadende

| ess than that of the netal side, of Sch Ky, JunctiQn..ln rtalin_heteroj
unction el 68l mtgt?élafl%ﬁ‘?’}fg]ﬁfl %?Wf&agﬁgfgé egezjﬁ@iqr@e?s Fllgﬂrggﬁgbg%?e
orders Ofbfaﬁ@%@%a&&%f ¢ AR GRMtiAIoEPRES Bindemsblay calls a@@?@!usﬁumgm@tr@ha, and
in many of theSe, the charge density is four or nore, five or nore, or Six
or mife chaes shaf-cinagfniondidions;dggurerershpwebpen-girefif eaditigasr esul ts can be
achi eved when the depl eted charge density is on the n-type electron 20
accept i ngohaY er Fighfes Shov e cuR&itingAchihdin @i edire dostaaderh belld. rRigmte on,
a range of charge density in the depleted regli on is about 1 x 1012 éml to
about 1 8aishewds gameasuredzbs@ption eeedtigientpalithel 6eVibadlgannlinery aptha 19 eY 1017
cml, or.,as,a further, al tyerpatdéVv ) ] ( 1016
cm 1. [Od)fgilgaPoH%ecﬁi élvnés' aﬁégl%i éel{ %&aﬁg#ée?%ﬁf&ﬁ%% ﬁﬁg&ﬁlgl{egs 0 q#r%%léarﬂli(al s of
di f f er entpah@nghaRN 222 filRGIdh lof ¢ $hickhebN EDdwde-padebsaptithédug toribe redlectief tbpct i ve
results in many cases can be achieved with a _ban(ggag g}i{ifference éé%{? t he
Hdhe FoE

di f f dBencentset wirken i1He apentey apUen MRS Brichivuedingas Brcknges jaee
the bandgap E%qgé ?ﬁ%v@sﬂh&thcﬁ 9%’[91%5.1 %Lﬂ&rr?gfffc%c{/ 'é}g&rtﬂa%@}heqfarg%tbahﬁga%t about

1.5eV, or W e range of Trom about 1.5eV to about 5eV,” or even nore
ef f ect i vglctiohtwithna trivesprengepebnthctolinabothe sRell-Handgdpoutth Besflective kopan n- t ype

el ectron-accepting | ayer on_qne 30side of .the junction a - .

7l Ght - abS8RBE iR S pe SRR LA APRUMGoaF N LB herG AP G2 AL peking
magni t udgyu; bile figseden rFEshRE tSIHREL MIRIRFRARbANH AR YWhen tHdQarge-
2011/ 1563&%7{5 2%1%}1%%148%{2@ [8%29] As usled .E\er ein, thg hr agrcla "dergleet_i on
regi @9" rehégap CQD4ilmyieclsftheneominglight,j the estingatedisctoh theednead-bandgar paptiohg
and the l.ight-absorbi_ng i conductor. |l ayers in a photovoltaic junction.
[0030] AdS [eihe @ré‘?ﬁ?c?ﬁg%geé @d'g?%ﬁ%‘?rhati on region” refers to a
material with a 5gradient work function | ocated between pairs of

phot ovol t{8915]j uFignirohshoOhe thrree-vedage ¢harasteristiche! sieglenungfigniaad the tandegy s

to a progressiyve and directi change {i.n.t val ue r e
work FundepororRaeyeauraet ABLES 1 IR SRS P LRI, Bl RuRaREEhYpn dich
property gainear, 8h&vt NRE16 IRV oet-00uis EF460:3 2hd ASExS9d%h eticednmall-and
with respect to the phrase "graded reconbi najion Iaéer," the 10 grading

ref eRd§ t dandgapppogioadtV.dinedd, showkIxohe Bmaviemt NawrPrRe \addp Mok R unct i on of
t he | ayer, whi£h nmakes 1.C..cont P | = i | ayer of
one of aP%?Z‘?%%A).pﬁ@}e&(}gﬂa? ecg%}l&%{g:é ngz)sh{}gl%%ﬁtgxgﬁgk egi/h\}rh\?\or ﬁf‘%%@ on of the
| ayer whijehetizakas 128, chewsIRed.6ioh/tig Ve O340V, Eiteidps, and P&Fel .6%.t Tiee ot her
of a pair of photovoltaic junctions, [0033] As erejn, hrase
"ohmi ¢ coleubletungtionds ling Iy shypel T8 dMeem; %CZ@&%?@@?%&H%%‘PSE’?%%&&
sem conductor that is characterized by a current-voltage curve which is

| i near arf@0Bs]MEBiguir€10 shows the electrical and optical characterization of GRL materials.

30  Figure 10a shows the UPS results of MoOj3, AZO and TiO;; film optical absorption of
MoO;, AZO and TiOs; cyclic voltammetry results of AZO and TiOs; FET results of MoOs,
AZO and TiOs. Figure 10b is a table summarizing the optical and electrical properties of the

GRL constituent materials employed. Figure 10c is an energy level diagram showing the

5



[ 0034] As used herein, the phrase "charge carriers” refers to

phot o- generated el ectron and hole currents. [0035] As used herein, the term
"nanopar twol2ef1/1sefiers to a conposition of matter w th 2@cphigsoiamb4222

di mensi ons on the order of nanoneters. For exanple, a spherical

nanopar t iHOMhasl IUMQestrges oheach dae af b§aiupntum dais and divcband edgest afithe o
about one q§qg§§ilnq%o§pters. Preferably, a spherical nanoparticle has a

di anet er 1VEE PARYE5f r om about one nanonmeter to about fifty nanoneters.
More preferably, a spherical nanoparticle has a dianeter that can range
from about one nanoneter to about twenty five nanoneters. Exanple
nanoparticl es 2BETATYSD DESCRIPTION OF I ESTRATIVE BMBGDIPHENTS| es, e. g.
Cu, Au, Ag, N, Pd, and Pt; binahy ARIRVENEIGS. €. 9. PbS, CdS, and CdSe
guantum dots, core-shell quantum dots, core-shell- shell quantum dots, or
quant§n1qﬂ:on§hﬂﬂgﬁak oxi des nanoparticles, e.g. ZnQ, Ti 02, and organic
nanoparticles, e.g. carbon nanotubes, fullerenes, organic aggregates, and
m cel l es. Nanoparticles nay optionally include surface-stabilizin%)lj ands,
e.g. mer eqi7 a@mmmdmmsamzmihhnFbhomEMbmxybﬁx%Kmnﬁma@Hﬁnqorﬁ@hﬁd@rSUGSBG]

As used herein; ,the phrase "tin oxide" refers to the,inorgani xl.de_ havin
the enpi FRESY 2p F%}ﬁeﬁ? td fght cogigYspp M%}”@@E&Wﬁ?ﬁ%{% Sag

used her%h@phgthegeggyra&aqm‘jésndi umtin oxide" refers to a solid solution of
the inorganic oxides indiun(lll) oxide, having the enpirical fornula |In203,

and tin(l X1 de ving .t he fainul » | i .

rel ati V((a [Mii][s o] ‘gﬁ' ﬁ*ﬁ%geugéh%ﬁgg P %{Wég%d%\@?‘% m eg Szf%af%waﬁg@ﬁ%fﬁy

wei ght. h&ves Qethe vRSrR Tl oD Betiwden i, cohbiectioalbahd wed thatviatenoé b&ld1203 to SnQ2
is about 9:1. [0038] As used herein, the phrase "titanium di oxide" refers
to the i ni Xi havi fa i L farn i - i j.Oxi de
el udes UL s b SRR SO G felefits of Sfiitrucigt B i Hoba Bttt

but not lahrké®d of Aegafivié thege carfitBske. chotomy dokick@mpleDOB&] a pentarsdoht Hepanit n,

t he phrase "al um num doped zi nc oxide" refers %o t he i porganic 10 oxi de,

zi nc oxi dEOM.ieag iPRESRIRBISe FEFTHE.OL 1N HIPRY, SROStIES 1a5A;telFAvalent 8PPHa2 doped wi t h

al um nu ms%%ﬁ&iuc{t&o 49 ;R8s %doﬁb%nﬂhﬁb&\ﬁ:% ¥in 2 Bitikibndhe RS cAhbrodihdo th&COogNi ze

that many netal oxidgs exist w i

non-stoichionetric ratios of netal to
oxyges. kenidondticncs,a donseguinra afitoxdepanexomt sgraptehvalgndyo 10% and soneti nes
nore oxygen vacancies. 15 |IV.General [0041] In one aspect, the present

| nvent | 0306’1 Vi Me8ced hatdid ichdRehi«ph E£Ys S QANRTiddnAgcEeab R dopad sd thed udes
first and secon eﬁ ectrodes and a photovol taic stack in electrical contact
wi t h sai dhdre isstn exeebsépositivetlsrgs caders, ianheles.t Borexagpés mdien pHEVERB1AeDIt ai c

stack includes a, plurali of . phot gvol.tai c junctions, .ln_rel spects,
each sai &toﬁ'ilrcﬁ%\?&{)n?l&}l@ c]r&%l%%’ b%ugﬁtlt}lﬁé If%aaetfh%aqg}teag " §h? 5%@5%%@%5&’ bk

seni condygtcgh, thauspandBRnRintro8hdes aR20diELAG pSSifil€ BINGEE s tHeayBiicondidtogasa
substantially larger work function than said el ectron-accepting

sem €6ndwenssquénepef the dopenfeatemissanatienyalensai d phot ovol taic junctions are
separated by a reconbination region conprising a transparent and conductive
hol e- accqega17g Aawed hiefeighne rraokgtly-ddpeli” sddrdo laisginicoasaobthaigs only

sem conductor |ayer of said first photovoltaic junction, a transparent and
25conduc tiipanalyedoped po that BistalarronissEucture is mare sEyky e an stigtos hag itisto a

el ectron- ac&utac;?ti ng sem conductor |ayer of said second photovoltaic

juncti on. 1N Cei t ai n enbodi ment s, an additional transparent and conductive

interlayer is disposed between, and having,a work function betwee r k
functi ondO&2] s Eﬁeﬁélle@l%é]é%mﬁg}}eélﬁ yEpR rrﬁgvf\r‘? ta‘b%%‘?ﬁ’f”icﬁ‘bé) C?ﬂ?gl?aé 1s ‘%ﬁ%\gg to
reconbi naf Lo, £ thg%t fQy é@ctﬂ)ng{]ég B isl orREKi1E 40 G tcbAudid:QRAS R 4 insulator.

transparent and conductive 30 e-accepting |ayer in ohmc contact wth
| i ght - abSor bkampleht dopidgvtloes d£3:6x 100t amsls.6x 0 T et ferdloPekedAZQ amact i on t o

said transparent and canductive, el ectron-accepting |a I s ohmic cont act
W th sa; dSBRECE i BebagePay Carrebndustar sy Vare SuF i LEegHa o Fihis
phot ovol t,adeiatdfv P fiJhilekr PCT/ US2011/ 024222 junction. In certain aspects,
sai d reconbination réegion has a thickness within one order of nagnitude of

t he sum e Pebye.lengths of all.la f el g ' i egi on.
[ 0042] 1 00231E) SRR ReFR e pilasd lopide AR B a RRVEG L PR B AR
el ecpi cabmpemtdClorwkbiplehexidy iludeeut isapt Afdtedabd,tsilivoniwxides dandfn tioeide,

photovoltai c stack. The first and second el ectrodes
aluminum oxide, and molybdenum oxide.



5can be connected to each other to conplete an electrical circuit in series
with the photovoltaic stack. For exanple, in the tandem photovoltaic

archi t ectwoeoilissatrated in Figure 2a, which includes twoTpisedi0m2i2eai C
junctions vertically-stacked and in electrical contact, the second

el ect r odd002] g. Agjused, heresn,uthe phrtl@c imesilexide’ gafersde aroasownd that meludgs atrleasbst

top layer of e .to hot ava tal

col | oi dalonaf}}ﬂ&f{] grt‘cg 8‘?1% 6n ?nge&a{ f]hé I!ﬂ?ﬁ i'TSs )?Hiso(gfltg% }&%ﬂ Né}n&%l??anne
doped ti me@xiefIl (F(:-E@rlng'o? smhemdaﬂgtpr@aeeat R epadsemanitaetampléstofttemetal er - nost
surface of the bottom layer of the bottom stacked ghot ovoI talc t.ion,

e.g. titanidesofifhe:prerent MMpentionsineluds, et areaet imitehivy BR¥ile, fluoripe- AOPG tin
Iight-tran tt| eIecr } ted to,
al un e of e XAon R AR, gt Wi it D R, W | 2

oxi de (F'H{al bd@hﬁhﬁ@@em( Mo/ MbSe3), fluorine-doped tin dioxide (F:Sn02),
indiumtin 15 oxi de/ pol y( 3, 4-et hyI ene di oxyt hi ophene (I TQ PEDOT), n-type
al um num Iy %ﬁ-ﬁ lon®tdf¥48 6 BRMREMhAGnERY rbditein
oxi de (Aé?ﬁ#&)))m%?ﬂs%ég%rgg% ectr e)f?rh&lr?gn caéoes IS elthern ﬂr%?cr%ﬁll
lithium ftb yemphtely edmmmumtecp’oatfnonumolphﬂnhtadalu Mhedéevel ef thegfmrlﬂ fuI@ﬁlOO@]ﬁper

I f ot th t al h I d,
and coppers b DDA b 1o BRI sae e e SR E: o 1 o

p+_ %gxg&&g%% %ﬁ:?e@wgénrtﬁe %ttgﬁm%{?oﬂs%%%éto Peyype silver gallium arsenide

type sil |con fluorine doped tin oxi de (n+a- Si/ F: Sn02) .

oxi do. a5 I00RSTT | Rs i de B ToBrbU ot Ten s BsufhivRoepo U EGRER | "

anot her rghal8doRSREA eleQAEN HRRRS] aﬂaioha;vt@emﬂmgtunﬁmaﬂeacl udes an
el ectron-accepting sem conduct or I ayer and a |ight-absorbing sem conduct or

| ayer whi subst a »f h

el ectron- @@%ﬁptf‘h&“@g’r‘?{e&%kﬂg orS %f@ﬁaqg{&eg% es Q{(‘)& slt,f[oﬁfgetz ectt%rgk%ug%gfe%? ing

sem condyggiBh(sh aygdent fcd ederojudidtionuR] deabtds itht tiedchiarge dentlaﬁlntthe chgbi(g)as zi nc

oxi de, ni obi um oxi de, cadm um sul fide, I-C61$Ftyr|ca d nethyl ester
Y

( PCBIW mrdqrqsef megiudaress ahan thas afdes mﬁtagﬁée ph? Sehqtiky AlnGheRPYR CHtdE he
galliu m em Ok

ol | o RS SR TG e SR S IOV bR SbGe a
sem condugigituli@yss than teud@rgehishsiar & dmﬂudtlmglmaails,t and ih mznypdtiease, tbm charge

conductive netal oxides capable of accepti ng Iec rons. lgjre?qeraé) the
8 i?“

| i ght - abstsREbH fRETRTr SRtBURTeHT MUt SDERTa‘HBITCég Wégtnt )

sem cond lefel @hirgd db:ityGOBR e ri- eemceaxhl ium
di sel eni (L]é?fe?ﬁéég,(ﬁ{s daﬂ%g%glgg M}%&g@ge%ﬁle 1'%GS Y o8

pol ypB, 1,a3edpeinzddyer side afﬁieeupﬂqn?md|Ilyﬁr{any4mbpétmn@t¢fyh¢1§wymt)0n4m-r@3&§|(xﬁpent al 2,
1-b: 3, 4- V\D 2011/ 15601 P S2011/ 0 2 Qll t hiop

( pcPDTBT)chatgs|densipHa b ifiLwJ gon 18 Pé%‘%% Elt e t&&F?‘fqﬁrﬁ? 55‘5%1\’ él (p- GaAs),
anor phousalt%htah@ag aggtftqaﬁ'lylmcﬁ?]’tg'agﬁﬂt,l ﬁ'm}ﬂk}ﬁplu%r 84 4 fe@Rr fleriitive about 1 x
nanoparticles an a gyantum dots such as |ead sul fide coll oi dal
quant um déX scm1 rcodmutmefslrﬂectra the work function of the |ight-absorbing
sem conductor is substantially larger 5 than the work function of the

el ect r on-[@eRPt THACIHIST L@PHIST BételopitRiionB$ Osd danatefidle bediERrdnd bamdpapt ude
bet ween the respective work functions is at least 0.5 eV. In a,rel ated

aspe@S, uhagnitufies ofi the éwesides bethasastioneBahreplirdgmanydasesrcap g achioved
S bect " OB E By AferbA 2 AR A BB AL MEEhRudSyBind SRIE

about 1.5¥ rahge 0 rom abou out 5eV, or even
nor e ef f agé junetiyn Wid thé Babdy@p heapgaudd o thertied sidie oZelé junctidmy of aﬁea&t abchﬂa
10heteroj unction therebetween is substantially depl eted of f Elrons

and free hat\boririn herange of iiomaekant 13od 4012004 3¢ Vs 8T SYRINAES “V m-ivl
reconbin POMBLL o iC
juncti on%é %s%g g??&?]bdbgul n FFO %Jro g&’%é\? Wlﬂparﬁ?%@%gcgghgéc elelgtl]%%ﬁtb %ﬁctl on
| ayenoof sﬁdwofghaﬂmdtmsremmmtypamghnawmylﬁng ofvipesicles oundh@ athes tltm@npgag/@te

| i ght - absor bi ng 15cal | o dal ntum dot | ayer of. one of the pair of

phot ovol t%?%?eﬁrﬁh%tlﬁuéh?”ﬁ?éieﬂp@ﬁmm REGFOLRSPIPIRENBIK function | ayer of
the graded reconbi nation | ayer ohmcally contacts the n-type

el ectron-accepting |layer of the other of the pair of photovoltaic
junctions. An intervening |ayer having a work function level that is

i nternedi ate between the work function |evel of the heavily-doped deep-work
function layer and the |ightly-doped shal |l ow-work function |ayer is 20
physically | ocated between the heavil y-dz)ped deep-work function |ayer and
the lightly-doped shall owwork function |ayer. Electrons photogenerated at
the Iead sul f| de coI I 0| daI quantum dots of one of the pa| r of phot ovoI ta| c

. " . Y .



direction of the |ight-absorbing sem conductor |ayer of the other of the
pair of photovoltaic junctions. Wthin the reconbi nation region, the
phot ogenewatetl/st@ct r ons and hol es reconbi ne. [0045] Thectrhiseknese2nf a
particular | ayer of the reconbination region is within one order 30 of
magni t udd0eX9] t hiss Dekyherdimriiy phrose ‘tdepleti paragian|refery taydype pcdentdeal gingtion he

hi ck f th ' [ - eqi ' it hi it ude of
Lne. sum oF Moy rBirgehy oy BeStitoBafiS BidiSln SAndBRNAGTE ©

The Debyeyddiopkness is the thickness of the electric double |ayer which
appears oOn the surface on an object. The first layer typically includes

i ons that ocjate .thr P i L:O0S . \M . The
second | Ag@@it y‘%? lé%lefllhfre%s\gﬁ%@%%%gg‘%’%%@%?% E)e%f%bzg ?%éﬁgg@ﬁ%ons t hat
assockat gridimuaik Gaittioniioatcd ety atpatnsf phdibvdlae jahdiesent i oned first

| ayer ions. [0046] In one aspect, the layers of the graded reconbi nation

region angysyl m@@ggﬁmﬂﬂ}ﬁ@nﬁa 1B RS0 AROMesstvdUid Brddflbnad cRifge®n M 7
10 . A

o I e o R T e L o

Yrarg W&%F’EB@E‘ Olréf??BWBﬁenati on region is, independently in

each instance, gbout

aspect, OGR!

1 0. 20 3 1 4 0 6 |
anot her d9Q¥dt fH%edrP(?Fe;}n’gjcfé‘adYﬁ np}eFHfﬂ @gﬂ’? B@‘é?en}%a‘geggg%o%n%ﬁnt1%{'6&’%?rr? ye'?
anot hgr n%?zﬂg%é refif % ih%ﬁ)% FeSRInYERI RutdtioAX frEf thé d€dp Wil fufdifbn Uflize lagére 10

nm 5 nm and 40 nm 10i n thi ckness, r.esrecti vely. [0047] In another
aspect, twidclpmekesihniineentaitdo the pwipddightabsoting layet ¢fomerodgirsi ofi t h a

gr adi ent rk functiaon that d eases from a.val ue wthi . of
the work %Wé{ P{t%‘ﬁJ‘HF 1PR% 19 ft}‘ﬁﬁﬁég’gs%?%i% 198 9f %8 t%a ﬁrc‘fmv%lrc A P%&%F&}&J%C goé%yttjoe

wi thi n abpuileQrod@Vcedfor idier 64 (BE bthervfahpardsphgostmicgongisas.or | ayer. In a

rel ated aspect, the gradient work function is a stepw se 15gradi ent havi ng

at | east st I « b radi-ent : i is a
2t epu oo PSR Bied G R B! ABREEh Ract: REpRIAT A ool B 2
obt aijsed thy skhidoati@bethatih ohaadtaiteddy specht-vsltagp wuveRr@)ich BHmenoarkl
functions of Mp0O3 was observed to be about 5.4 eV; for I TO the work

functi on SYBEEIed was about 4.8 eV: for AZO and Ti 02, the work function
observed was to 4.1 eV. 20 Electron affinities of AZOand TiQ2 were 4.1 eV
and 4.0 0034]espeuiddiergin, tBaplrasu(phergarcerrishy aefessitolphotmadrieratedycledrinzandi on
potentials fromUPS with bandgaps from optical absorption. For exanple, AZO
and Ti 02 hRi§@¥8tnd to have el ectron affinities of 4.1 eV and 4.0 eV
respectively. The val ues can be confirned by cyclic vol_tam‘retr%/, whi ch

provi des [0035]el As tisedrheadif,i the teres nanoparidly’ nefarpiehcampasitiosrf atehdadur enent .

25[ 0Q49 . .t h nbi ' ' [ |1 f
bl 2ot Vst Gappatuys Priss St AOHTT ofonsPlh Pl AP SRRl ALK, ©

the presefpiméBv@at da@Randd Bors UbbiyRaE sadrietar toabgerbsbuhdted atandrhetewsor k
function |l evels of the sublayers decrease toward the el ectron-accepting

sen conddrelsrablaypespherj@bsaioppriclatts Belameipeibat cangangedtInBP RN HARUBFiEh

i ncl ud I it f : . i de,
ut ar e oebtitribattefe Bt F BB Alorh AR S A M e E el 1
titani umgh @6l abA@ineeanexeEPloaboit tikaselieiibnayetess. | Bcimide sandpatticles not
! imted to, i ndi umtin_ oxi de.and titani um di oxide, A f r,tpar %ly};in?I e

i ncl Gdes ingfude, byt #reMo} hlﬁtﬁ‘é?j’-Wtalélag?ﬂ?@ql‘ée%ﬁigepf‘aﬁuvﬁ\&ﬁqh oA P18 and
o adi ent. wRcic funet] OBy R 204 HASGRNRETIHS2OLIHRe2Rub R Eoktnene

enbodi rrer{]t, natidn regio the scope of the present

i nvent i orshbihqhaites datd) eayidnyum opieds;deepl axidds rhuomtriides, B-gt ¥pO, T, and ti n
oxide in ohm._c contact with the Iigh})- a%a&rﬁbi ng I%}/.er of qne o%a air of
phot ovol tOA8%1§ BHIOPPBIGES: ¢-& CHAD BRABPCS MY EEFIFErI8AG 28GRI CH A MBS G num
trioxide Nﬁmhglttl%fe@ ShiBeRcibe sﬁ%}élslta\b'ﬂ‘ijﬁﬂ@ﬁ%aﬁﬂg,ed?g.\’iﬁérkaﬂtbl Béthpeumdsayer ,
e.g.n-type thdiumti x1 de,” and the |ight absorbi ng sem conductor | ayer.
See Bi0gurtkiols, chrhosyate-centaodingrBgarsls. t he nol ybdenumtrioxide is in ohmic
contact with both the heavily-doped deep work function |layer and the |ight
absor bi ngossy]i RSN IREeihANe phraddaileaue ! wfdonede dergeiiookidt badhg dre n-type
indiumtin oxide also forns an electrical junction wth an '

i nt er medi cueriond feniwiain(n al uni num doped zi nc oxide. The intermediate- 10
wor k function al um num doped zinc oxide is | ocated between the

heavi | y- doped deep-work function n-type indiumtin oxide and a

| i ghtly-doped titani um di oxi de of the reconbination region. The

| i ghtly-doped titanium di oxi de of the r e onbi nati on region is also in ohmc
contact with the electron-accepting | ayer of the other of a pair of

phot ovol tai ¢ junctions.



[ 0052] In another enbodi nent, the reconbination region includes a

heavi | y-doped deep- 15 work function n-type indiumtin oxide in ohmc
cont act wwohotiheedirght - absor bi ng | ayer of one of a pair pofi/ysbatioyab? ai c
junctions. The heavil y-doped deep-work function n-type indiumtin oxide
al so for i@03dh eheesed hewin, jthaytrhssn indiem tarpxXid aeteesdios selidspRtipy aEthicon

al um num.doped zi.nc oxid The . i nternedi at a-.wqr. i |y . doped

zi nc oxi d&¥FEY B’SQ?SeWéW&e(We%lﬁﬂglawgg\?}? 91 %/-%8}8%3§ @gg‘%fg& JWBH@ %—’t ype

i ndi um t ihBvia¥ keoanda®d 0,9 komeenpeiitieh@nihe fel2dek raXo d€ 1,y &r SnTh@nges

|'i ghtly-doped titanium dioxide of the reconbination region_is also in ?hm' o
cont act Wiorthahawé 81lj tglaboutddok by Weighhylkarsosr preferred papodmeatsyifeelghve ratio o
phot oyol flﬁliq% é,gn(étf o gut9[_p053] I n anot her enbodi nent of the present

i nventi on,? K PR S AR Hat i on regi on includes an undoped zi nc oxide (i-2ZnO
in ohmc contact wth an n-type zjnc. oxide. (n-ZnQO ichis.in.ohmc
contact WA arAs wer herein. sheplirass “(itapdym digrage rg@f%t@\é\ﬂq mIOFgaQWo‘PWge?havmg

enbodi ne ' | OR: ' I : b&Xicd &vitin
cont act a5 T T o B R e e
The heavititaniwo @eckidbe apiwding bitnattlingitedrtos ppite, amadasgnartd brooldiede al so forns an
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Examples of the second electrode include, but are not limited to, aluminum doped zinc oxide
20  (ZnO/Al), p-type silver gallium arsenide (p+-GaAs/Ag) and n-type silicon fluorine doped tin
oxide (n+a-Si/F:SnO;). One example of a combination of electrode materials is fluorine-

doped tin oxide as the first electrode and gold as the second electrode.

[0043] In another related aspect, each photovoltaic junction includes an electron-accepting
semiconductor layer and a light-absorbing semiconductor layer which has a substantially

25  larger work function than the electron-accepting semiconductor layer. Examples of the
electron-accepting semiconductor layer include, but are not limited to, titanium dioxide, zinc
oxide, niobium oxide, cadmium sulfide, phenyl-Cg;-butyric acid methyl ester (PCBM), n-type
aluminum gallium indium phosphide (n-AlInGaP), n-type gallium arsenide (n-GaAs),
amorphous silicon-germanium (a-SiGe) or amorphous silicon (a-Si). Other examples of the

30 electron-accepting semiconductor layer include, but are not limited to, transparent and
conductive metal oxides capable of accepting electrons generated at the light-absorbing
semiconductor layer. Examples of the light-absorbing semiconductor layer include, but are
not limited to, copper indium gallium diselenide (CIGS), copper gallium diselenide (CGS),
poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-

10
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g 4.3eV 3.3eV 4
1th10phene -2,6-diyl]] (PCPDTBT) poly-3(hexylthiophene) (P3HT), p-type gallium

arsenide (p-GaAs), amorphous silicon-germanium (a-SiGe), amorphous silicon (a-Si),
nanoparticles and colloidal quantum dots such as lead sulfide colloidal quantum dots. In
some aspects, the work function of the light-absorbing semiconductor is substantially larger
than the work function of the electron-accepting semiconductor layer when the difference in
magnitude between the respective work functions is at least 0.5 eV. In a related aspect, when
the difference between the bandgap magnitude of the electron-accepting and light-absorbing
semiconductor layers is at least about 1.5¢V, or within the range of from about 1.5¢V to
about 5eV, or even more effectively within the range of from about 2eV to about 5¢V, the
heterojunction therebetween is substantially depleted of free electrons and free holes when

not illuminated.

[0044] In arelated aspect, the recombination region is physically located between pairs of
photovoltaic junctions. As described in Figure 1c¢, the heavily-doped deep-work function
layer of the graded recombination layer ohmically contacts the p-type light-absorbing
colloidal quantum dot layer of one of the pair of photovoltaic junctions. The lightly-doped
shallow-work function layer of the graded recombination layer ohmically contacts the n-type
electron-accepting layer of the other of the pair of photovoltaic junctions. An intervening
layer having a work function level that is intermediate between the work function level of the
heavily-doped deep-work function layer and the lightly-doped shallow-work function layer is
physically located between the heavily-doped deep-work function layer and the lightly-doped
shallow-work function layer. Electrons photogenerated at the lead sulfide colloidal quantum
dots of one of the pair of photovoltaic junctions migrate through the recombination region in
the direction of the electron-accepting semiconductor layer of the other of the pair of
photovoltaic junctions. Holes photogenerated at the lead sulfide colloidal quantum dots of
one of the pair of photovoltaic junctions migrate through the recombination region in the
direction of the light-absorbing semiconductor layer of the other of the pair of photovoltaic
junctions. Within the recombination region, the photogenerated electrons and holes

recombine.

[0045] The thickness of a particular layer of the recombination region is within one order
of magnitude of the Debye length of that particular layer. Accordingly, the thickness of the
recombination region is within one order of magnitude of the sum of the Debye lengths of all
layers of said recombination region. The Debye thickness is the thickness of the electric
double layer which appears on the surface on an object. The first layer typically includes

ions that associate through chemical interactions with the surface. The second layer typically

11



Layer 3 of CGRL, e.g. Ti Q2 4.15eV 3.3eV 3.9eV 1*1016cm 3 Second el ectrode,
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1. OeV .
layer 1o0ns.

[0046] In one aspect, the layers of the graded recombination region are, independently in
each instance, about 1 nm, 2 nm, 3 nm, 5 nm, 7 nm, 10 nm, 12 nm, 15 nm, 17 nm, 20 nm, 22
5  nm, 25 nm, 27 nm, 30 nm, 32 nm, 35 nm, 40 nm, 45 nm, 50 nm, 55 nm, or 60 nm in
thickness. In a related aspect, each layer of the graded recombination region is,
independently in each instance, about 1 nm, 10 nm, 20 nm, 30 nm, 40 nm, 50 nm, or 60 nm.
In another aspect, the molybdenum trioxide layer is about 10 nm thick. In yet another aspect,
the layers molybdenum trioxide, ITO, AZO, and TiO,, are 10 nm, 50 nm, 50 nm, and 40 nm

10  in thickness, respectively.

[0047] In another aspect, the present invention provides a recombination region with a

gradient work function that decreases from a value within about 0.2eV of the work function

of the light-absorbing semiconductor layer to a value within about 0.2eV of the electron-

absorbing semiconductor layer. In a related aspect, the gradient work function is a stepwise
15  gradient having at least two steps. In some other aspects, the gradient work function is a

stepwise gradient having exactly three steps.

[0048] Work functions can be obtained by Ultraviolet photoelectron spectroscopy (UPS).
The work functions of MoO; was observed to be about 5.4 ¢V; for ITO the work function
observed was about 4.8 eV; for AZO and TiO,, the work function observed was to 4.1 eV.

20  Electron affinities of AZO and TiO, were 4.1 eV and 4.0 eV, respectively. Band edges are
obtained by combining ionization potentials from UPS with bandgaps from optical
absorption. For example, AZO and TiO2 were found to have electron affinities of 4.1 ¢V and
4.0 eV respectively. The values can be confirmed by cyclic voltammetry, which provides

the electron affinities directly through an alternate measurement.

25 [0049] Insome aspects, the recombination region includes a plurality of sublayers, and
each sublayer has a uniform work function. In this aspect of the present invention, the
sublayers are arranged such that the work function levels of the sublayers decrease toward the

electron-accepting semiconductor layer.

[0050] In another aspect, the recombination region includes a plurality of sublayers.

30  Examples of these sublayers include, but are not limited to, indium tin oxide, aluminum-
doped zinc oxide, and titanium dioxide. Another example of these sublayers includes, but is
not limited to, indium tin oxide and titanium dioxide. A further example includes, but is not

limited to, a single material with a non-uniform and gradient work function.

12
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invention includes a heavily-doped deep-work function n-type indium tin oxide in ohmic
contact with the light-absorbing layer of one of a pair of photovoltaic junctions. In some
other embodiments, a layer of molybdenum trioxide is interposed between the heavily-doped
deep work function layer, e.g.n-type indium tin oxide, and the light absorbing semiconductor
layer. See Figure 7. In some embodiments, the molybdenum trioxide is in ohmic contact
with both the heavily-doped deep work function layer and the light absorbing semiconductor
layer. The heavily-doped deep-work function n-type indium tin oxide also forms an electrical
junction with an intermediate-work function aluminum doped zinc oxide. The intermediate-
work function aluminum doped zinc oxide is located between the heavily-doped deep-work
function n-type indium tin oxide and a lightly-doped titanium dioxide of the recombination
region. The lightly-doped titanium dioxide of the recombination region is also in ohmic

contact with the electron-accepting layer of the other of a pair of photovoltaic junctions.

[0052] In another embodiment, the recombination region includes a heavily-doped deep-
work function n-type indium tin oxide in ohmic contact with the light-absorbing layer of one
of a pair of photovoltaic junctions. The heavily-doped deep-work function n-type indium tin
oxide also forms an electrical junction with an intermediate-work function aluminum doped
zinc oxide. The intermediate-work function aluminum doped zinc oxide is located between
the heavily-doped deep-work function n-type indium tin oxide and a lightly-doped titanium
dioxide layer. The lightly-doped titanium dioxide of the recombination region is also in

ohmic contact with the light-absorbing layer of the other of a pair of photovoltaic junctions.

[0053] In another embodiment of the present invention, the recombination region includes
an undoped zinc oxide (i-ZnO) in ohmic contact with an n-type zinc oxide (n-ZnO) which is

in ohmic contact with an indium tin ozide (ITO) layer.

[0054] In another embodiment, the recombination region includes a molybdenum trioxide
in contact with a heavily-doped deep-work function n-type indium tin oxide. The heavily-
doped deep-work function n-type indium tin oxide also forms an electrical junction with an
intermediate-work function aluminum doped zinc oxide. The deep-work function n-type
indium tin oxide is located between the molybdenum trioxide and the aluminum doped zinc

oxide of the recombination region.

[0055] In yet another embodiment, the recombination region includes an aluminum doped
zinc oxide in ohmic contact with an n-type indium tin oxide. The n-type indium tin oxide is

located between the aluminum zinc oxide and the molybdenum trioxide layer.
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Phot ovol taic junction 2: Light- absorbing |ayer, e.g. CdS 4.4eV 2.4eV 4. 3eV
1*1018C111-3 Second el ectrode, e.g. n-ZnQ Al 4.1eV/ 4.2 eV NA NA NA Table
3: Mat erivwb=oBuist@bl e for a Col |l oidal Quantum Dot GRL Deciras:@ompaeent Wr k
function Bandgap El ectron affinity Doping First electrode, e.g. F:Sn02
4. 5eV 3e\0088] NAnphothewespeeti thejlightahserbing sasnieendustor layet epmnpiiggs Ptype lighi- g.
i *
e 4 3%¥SO§b§l%\I/la§Op]ﬁ%\l/(:lg'S s]ﬁ(c):l]i/ag,rpu?not limited to, colloidal quantum dots. Colloidal
quantum dots suitable for use with the present invention include any nanoparticle that can
absorb visible and near-infrared light. Examples of colloidal quantum dots suitable for use
5  with the present invention include, but are not limited to, PbS, PbSe, PbSSe, CdS, CdSe, and
CdTe. In arelated aspect, the p-type light-absorbing nanoparticles are metal chalcogenide
colloidal quantum dots. In certain aspects, the p-type light-absorbing nanoparticles are lead

chalcogenide colloidal quantum dots.

[0057] One example of a combination of an electron-accepting semiconductor layer and a
10  light-absorbing semiconductor layer is when the electron-accepting semiconductor layer is
titanium dioxide and the light-absorbing semiconductor layer includes lead chalcogenide

colloidal quantum dots.

[0058] The photovoltaic stack can be prepared with a varying number of photovoltaic
junctions. In one aspect, the photovoltaic stack includes a minimum of two and a maximum
15  of fifteen of the photovoltaic junctions. In another aspect, the photovoltaic stack contains a
minimum of two and a maximum of five of the photovoltaic junctions. In a further aspect,
the photovoltaic stack contains exactly two of the photovoltaic junctions. In a further related

aspect, the photovoltaic stack contains exactly three of the photovoltaic junctions.

[0059] Each light-absorbing semiconductor layer of the photovoltaic junctions can be tuned

20  to absorb light of wavelengths which, when absorbed, result in the optimal power-conversion
efficiency. In one aspect, the light-absorbing semiconductor layer of a first photovoltaic
junction in the photovoltaic stack absorbs light of a first wavelength band and the light-
absorbing semiconductor layer of a second photovoltaic junction in the photovoltaic stack
absorb light at wavelengths outside the first wavelength band. In another aspect, the light-

25  absorbing semiconductor layer of a first photovoltaic junction in the photovoltaic stack has an
exiton peak at about 760 nm (1.6 eV) and the light-absorbing semiconductor layer of a
second photovoltaic junction in the photovoltaic stack has an exiton peak of about 1240 nm
(1.0 eV). In another aspect, the photovoltaic stack contains p-type light-absorbing
nanoparticles that absorb light of wavelengths that are different from the wavelengths of light

30  absorbed by p-type light-absorbing nanoparticles of any of the other photovoltaic junctions in
the photovoltaic stack.

[0060] In another aspect, the electron-accepting semiconductor layer and the light-

absorbing semiconductor layer, optionally, have bandgaps that are sufficiently different in
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[0061] In another aspect, the bandgap of the electron-accepting semiconductor layer is
greater than the bandgap of the light-absorbing semiconductor layer by at least about 1.5¢V.
In a related aspect, the bandgap of the electron-accepting semiconductor layer is greater than

the bandgap of the light-absorbing semiconductor layer by from about 1.5eV to about 5eV.

[0062] In another aspect, the light-absorbing semiconductor layer of one of the pair of
adjacent photovoltaic junctions absorbs light with wavelengths between about 400 nm and
about 950 nm and the light-absorbing semiconductor layer of the other of the pair of adjacent
photovoltaic junctions absorbs light with wavelengths between about 400 nm and about 1600

nm.

[0063] In another aspect, the electron-accepting semiconductor layer comprises an n-type
metal oxide and the light-absorbing semiconductor layer comprises p-type nanoparticles
having a substantially larger work function than the n-type metal oxide, and at least one side
of fhe electrical junction therebetween is substantially depleted of free electrons and free
holes when the junction is not illuminated. In another aspect, the electron-accepting
semiconductor layer is a transparent and conductive metal oxide with a shallow work
function. In certain instances, the electron-accepting semiconductor layer is selected from

titanium dioxide, e.g. TiO,, zinc oxide, e.g. ZnO, or niobium oxide, Nb,Os.

[0064] In another aspect, the specific conductance of the recombination region is greater

than 1 Siemens/cm?.

[0065] The materials and devices of the present invention can be prepared by a variety of
synthetic and preparatory methods including, but not limited to, solution methods, sol-gel
methods, chemical vapor deposition methods, electron-beam epitaxy methods, clean-room

techniques, sputtering methods, and gas-phase transfer reactions.

[0066] Representative values of the physical parameters of materials suitable for use with

the present invention are provided in Tables 1 - 6 below.
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4.8eV 1 eV 4.0eV 2*1016cm 3 Second el ectrode, e.g. Au 5.1 eV NA NA NA WO
2011/156017PCT/ US2011/ 024222 Tabl e 4: Materials Suitable for an Organic GRL
Devi ce Cowpananiscoddr k functi on Bandgap El ectron affinit ychDaszong/obizest

el ectrode, e.g. I TOQ PEDOT 4.8eV/5.0eV 3 . 1 eV NA NA Photovoltaic junction
1: Light- absorbi ngThtdyérMaterigls Saipbieser Wsowith thergsent Bagnign

Material Work function | Bandgap electron Other
affinity important

physical
properties:
doping

First Electrode, 4.5¢V

e.g. F:SnO,

Electron- 4.2eV 3.3eV 3.9eV 1*¥10"°cm™

accepting layer,

e.g. TiO,

Light-absorbing 4.8eV 1.3eV 3.8eV 1*10"°cm™

layer, e.g. PbS

CQD

Layer 1 of GRL, |  4.8eV 3.3eV Greater than 1*10°%m™

e.g. ITO 4.8eV

Layer 2 of GRL, 4.3eV 3.3eV 4.0eV 1*¥10"%cm™

e.g. AZO

Layer 3 of GRL, 4.15eV 3.3eV 3.9¢V 1*10"cm™

e.g. TiO,

Second 5.1eV -- -- --

electrode, e.g.

Au
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Photovol taic junction 1: electron- accepting |ayer, e.g. PCBM 4. 3eV 2. 8eV
4.3eV NA Layer 1 of GRL, e.g. AZO4. 1 eV 3 .3 eV 4 1 eV 6*1019cm 3 Layer
2 of CRL,we.2g11/1566@74. 8eV 3 . 1 eV NA 1*1021cm 3 Layer 3Pprofi/uSRu1/0e4202 Md03
5.4eV 3. 1 eV 5 .4eV 4*1019cm 3 Photovoltaic junction 1: Ljght- absorbing

| ayer, e.g. P3HT 5.1 eV 1Tedy23MagepialySurtabledobt £46e GRInDEVSR 2: el ectron-
accepting |layer, e.g. PCBM 4. 3eV

Component Work | Bandgap | Electron | Doping
function affinity

First electrode, e.g. Mo/MoSe; 4.6eV/5.0eV | NA NA NA

Photovoltaic junction 1: electron- 5.0eV 1.0eV 4.2eV 1*10"cm™

accepting layer, e.g. CulnSe,

Photovoltaic junction 1: Light- 4.4eV 2.4eV 4.3eV 1*10%em™

absorbing layer, e.g. CdS

Layer 1 of GRL, e.g. i-ZnO 4.3eV 33eV | 4.1eV 1%10"cm™

Layer 2 of GRL, e.g. n-ZnO 4.1eV 3.3eV 4.1eV 6*¥10"cm™

Layer 3 of GRL, e.g. ITO 4.8eV 3.1eV | NA 1*10cm™

Photovoltaic junction 2: electron- 5.0eV 1.7¢V 3.5¢V 1*10"%cm™

accepting layer, e.g. CuGaSe;

Photovoltaic junction 2: Light- 4.4eV 2.4eV 4.3eV 1¥10"%cm™

absorbing layer, e.g. CdS

Second electrode, e.g. n-ZnO/Al 4.1eV/4.2eV | NA NA NA
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2.8eV 4.3eV NA Second electrode, e.g. Al 4.2eV NA NA NA [0067] As used

herein, "PEDOT" refers to Poly(3,4-ethyl enedi oxyt hi ophene). As used here,

"PCBM' r aeWensiitdeqhenyl - C61-butyric acid nethyl ester, aciuisbensna22

derivative al so 5known asy} 6, 6&-§)henyl -C61-butyric aci ester. As
afasl ¢

d. met hyl
used herein, "P3HT" Takle di Mafesials Yupishledpr 4 CoboidpHRepraRd A yPﬁB\Rﬁ as poly

(3- hexyl t hi ophene) or poly (3-hexylthiophene2,5-diyl). As used here,

" PCPDTBT Cdngfoesit t 0 an organi ¢ sem conwoek or al SanégapwnElastron Doping
Pol y[ 2, 1, 3- benzot hi adi azole- 4, 7- di y1[ 4fufictiins ( 24 et hyl| hexaffipitgtH- clycl opent af 2,
1-b: 3, 4- bl di thi -2 i i 2011/ 156%1 ZPCFUS201 1 02"1%"2 Tabl
5: Mat er|iFarst daetiodsl e215P e with a AESEVP R BYvi ce onent wr k
funct i o FEANNOAR. RRRhA Qc@éddd TY_ Do Bay FI T ST 36Je8Ct roflgey €. 0. | A0 enCafs
4. 2eVl 4. &V, No NA qu%gvol taic junction 1: n sem conductor |ayer, e.g
n- Al | nGaP“$P9ev e —
Photovoltaic junction 1: Light-absorbing | 5.0eV 1.6eV 3.6eV 2*¥10cm”
layer, e.g. PbS CQD
Layer 1 of GRL (e.g.. MoO3) 5.4eV 3.1eV | 5.4eV 4*10%cm™
Layer 2 of GRL (e.g.. ITO) 4.8eV 3.1eV | NA 1#10*'em™
Layer 3 of GRL (e.g.. AZO) 4.1eV 3.3eV 4.1eV 6%¥10"cm™
Photovoltaic junction 2: electron- 4.1eV 3.7eV 4.0eV 3%¥10'°cm™
accepting layer, e.g. TiO;
Photovoltaic junction 2: Light-absorbing | 4.8eV leVv 4.0eV 2%10"°cm™
layer, e.g. PbS CQD
Second electrode, e.g. Au 5.1eV NA NA NA

18



1.9eV 3.9eV 1*1018cm 3 Photovoltaic junction 1: p sem conductor |ayer, e.g.

p-Al I nGP 5.6eV 1.9eV 3.9eV 1*1017cnll3 Layer 1 of GRL (e.g.. MO03) 5.4eV
3. 1leV 5. w9 u41r11BdAcm 3 Layer 2 of GRL (e.g.. I TO 4. 8eVr8T/kL2@V/0NA22
1*1021cnl3 Layer 3 of CGRL (e.g.. AZO) 4. 1 eV 3.3eV 4, 1leV 6*1019cm 3
Phot ovol tai ¢ junction 2 Table 4eMitcoinls feitable forasy Organig GRL BgXices 0ev 1. 4eV
4. 0eV '

Component Work Bandgap | Electron | Doping
function affinity

First electrode, e.g. ITO/PEDOT 4.8¢V/5.0eV | 3.1eV NA NA

Photovoltaic junction 1: Light- 4.9eV 1.4eV 3.5eV NA

absorbing layer, e.g. PCPDTBT

Photovoltaic junction 1: electron- 4.3eV 2.8V 4.3eV NA

accepting layer, e.g. PCBM

Layer 1 of GRL, e.g. AZO 4.1eV 3.3eV 4.1eV 6¥10"cm™

Layer 2 of GRL, e.g. ITO 4.8¢V 3.1eV | NA 1*10”cm™

Layer 3 of GRL, e.g. MoO3 5.4eV 3.1eV 5.4eV 4*%10"cm™

Photovoltaic junction 1: Light- 5.1eV 1.9eV 3.2eV NA

absorbing layer, e.g. P3HT

Photovoltaic junction 2: electron- 4.3eV 2.8eV 4.3eV NA

accepting layer, e.g. PCBM

Second electrode, e.g. Al 4.2eV NA NA NA

[0067] As used herein, “PEDOT” refers to Poly(3,4-ethylenedioxythiophene). As used
here, “PCBM” refers to phenyl-Cg;-butyric acid methyl ester, a fullerene derivative also

5  known as [6,6]-phenyl-Cg;-butyric acid methyl ester. As used herein, “P3HT” refers to a
type of a polythiophene also known as poly (3-hexylthiophene) or poly (3-hexylthiophene-
2,5-diyl). As used here, “PCPDTBT” refers to an organic semiconductor also known as
Poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4- |
b']dithiophene-2,6-diyl]].
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1*1018cm 3 Photovoltaic junction 2: p sem conductor |ayer, e.g. p-GAs
5.2eV 1.4eV 4.0eV 1*1017cm 3 Second el ectrode, e.g. p+-GAs/Ag 5. 4eV/ 4. 2eV
NA NA NA woRo 2050115601 7PCT/ US2011/ 024222 Tabl e 6: WMat ePcalus2@uiotebt e f or
Use with an a-Si GRL Device Conponent Wirk function Bandgap El ectron
affinity Dopi ng Fi rigblei:ddateadsuitablg forgsq with a2 Aeend GRY Dgviega NA

Phot ovoltaic junction 1. p sem conductor layer, e.g. a-SiGe 5.0evV 1.0 eV

Component Work Bandgap | Electron | Doping
function affinity

First electrode, e.g. Al/n+-GaAs 4.2eV/4.0eV | NA NA NA

Photovoltaic junction 1: n 3.9eV 1.9eV 3.9¢eV 1*10"%cm™

semiconductor layer, e.g. n-AllnGaP

Photovoltaic junction 1: p 5.6eV 1.9eV 3.9¢V 1#10"cm™

semiconductor layer, e.g. p-AllnGaP

Layer 1 of GRL (e.g.. MoO3) 5.4eV 3.1eV 5.4eV 4*10"cm™

Layer 2 of GRL (e.g.. ITO) 4.8eV 3.1eV | NA 1*10”'cm™

Layer 3 of GRL (e.g.. AZO) 4.1eV 33eV | 4.1eV 6*¥10"cm™

Photovoltaic junction 2 : n 4.0eV 1.4eV 4.0eV 1*10"%cm™

semiconductor layer, e.g. n-GaAs

Photovoltaic junction 2: p 5.2eV 1.4eV 4.0eV 1*¥10"em™

semiconductor layer, e.g. p-GaAs

Second electrode, e.g. p+-GaAs/Ag 5.4eV/4.2eV | NA NA NA
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4.0eV 1*1018cm 3 Photovoltaic junction 1: i

sem conduct or

| ayer,

e.g.

a-SiGe 4.5eV 1.0 eV 4.0eV 1*1016cm 3 1*1018cm 3 Photovoltaic junction 1:

sem conduwwoanii/iEyEr,
4.1 eV 3.3eV 4.1eV 6*1019cm 3 Layer

2 of GRL,

e.g. SiGe 4.0eV 1.0 eV 4.0eV Layercl/usboi@®b422e. g. AZO
| TO 4. 8eV 3. 1eV NA

1¥1021cm 3 Layer 3 of TRl 6MgteripksGiwitablader Iésel\éislg g0 389y GRL Device
Component Work Bandgap | Electron Doping
function affinity
First electrode, e.g. Ag/ITO 4.2e¢V/4.8¢V | NA NA NA
Photovoltaic junction 1: p 5.0eV 1.0eV | 4.0eV 1*10%cm™
semiconductor layer, e.g. a-SiGe
Photovoltaic junction 1: 1 4.5¢V 1.0eV 4.0eV 1*10"°cm™
semiconductor layer, e.g. a-Si1Ge
Photovoltaic junction 1: n 4.0eV 1.0eV | 4.0eV 1¥10"%cm™
semiconductor layer, e.g. SiGe -
Layer 1 of GRL, e.g. AZO 4.1eV 3.3eV 4.1eV 6%10"”cm™
Layer 2 of GRL, e.g. ITO 4.8eV 3.1eV | NA 1¥10*'cm™
Layer 3 of GRL, e.g. MoO3 5.4eV 3.1eV 5.4eV 4*10%cm”
Photovoltaic junction 2: p 5.4eV 1.7eV 3.7eV 1*10%em™
semiconductor layer, e.g. a-Si
Photovoltaic junction 2: i 4.5eV 1.7eV 3.7eV 1#10"°cm™
semiconductor layer, e.g. a-Si
Photovoltaic junction 2: n 3.7eV 1.7eV 3.7eV 1%10"®cm™
semiconductor layer, e.g. a-Si
Second electrode, e.g. n+ a-Si/F:Sn02 | 3.7eV/4.5¢V | 3eV NA NA
EXAMPLE 1

10

15

[0068]

[0069]

~ suitable for use with the present invention.

Chemicals. Lead oxide (PbO) (99.9%), oleic acid (90%),

bis(trimethylsilyl)sulphide (TMS, synthesis grade), 1-octadecene (90%), 3-

This example illustrates the synthesis and purification of colloidal quantum dots

mercaptopropionic acid (99%), terpineol, Triton-X and all solvents (anhydrous grade) were

obtained from Sigma-Aldrich. Gold (Au) sputtering target (99.99%), Titanium dioxide

(TiO,) sputtering target and Indium tin oxide (ITO) sputtering target were obtained from Kurt

J. Lesker, Inc. Fluorine-doped tin oxide-coated glass substrates (Pilkington TEC 15) were

obtained from Hartford Glass.

[0070]

Colloidal Quantum Dot Synthesis and Purification. TMS (0.18 g, 1 mol) was

added to 1-octadecene (10 mL), which had been dried and degassed by heating to 80 °C

under vacuum for 24 hours. A mixture of oleic acid (1.34 g, 4.8 mmol), PbO (0.45 g, 2.0

mmol), and 1-octadecene (14.2 g, 56.2 mmol) was heated to 95 °C under vacuum for 16
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4*1019cm 3 Photovoltaic junction 2: p sem conductor |ayer, e.g. a-Si b5.4eV

1.7 eV 3.

7eV 1*1018cm 3 Photovol taic junction 2: i sem conductor |ayer,

e.g. a-Siwe.2bexsdn7 eV 3. 7eV 1*1016cm 3 Phot ovol t ai ¢ | uRCTiusR012/024222

sem cond

uctor layer, e.g. a-Si 3.7eV 1.7 eV 3.7eV 1*1018cm 3 Second

el ect r oddouss agd then placsi updsrop The flask ignmexatige wasageseEionhs e and the [ 0068]

Thi s exa
guant um
Chem cal

bis(trinmet

mer capt o
(anhydro
targe
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i)l Lust t ryfi i dal
BGoLSAE Pt ORI N B B SRt il
Sp }% togafltelyiode (| RixDihe (FRSk 9% allov&l 1 caol 3(69’@/()The nanocrystals were
yI5|Hzl)squh|de (TN, synthe5|s ‘§&&Wl oct adecene 90O

PresEBtRdov i b loobdistilied agethag pnd e Wp{enE ergire.
glgs gl‘réi%ée[}lﬁ_l ¥ ae%mﬁ%‘[‘t%@éfje& Jﬁﬂf@ @éaﬂ%@ls&rgéd' ifRoluRY. dfﬁeﬁ%o&@%fs%ér@g

precipitated again with 20 mL of acetone, then centrifuged for 5 min, dried, and then finally

dispersed in toluene (~200 mgemL™).

[0071] The PbS nanocrystals were then brought into a N-filled glove box. They are

precipitated twice with methanol, and then finally redispersed at 50 mg mL" in octane.

EXAMPLE 2
[0072] This example illustrates the optical characterization of a PbS colloidal quantum dot

film.

[0073] The multilayer spincoating method provides 30nm thick of PbS colloidal quantum
dot film after deposit each layer. Single junction photovoltaic devices with 4 layers, 8 layers,
and 12 layers of spin-coated PbS colloidal quantum dot film were fabricated with the
exception of a gold top contact. The transmission spectrum of these devices was obtained by
using a UV-Vis-IR scan photospectrometer with an integrating sphere. The transmitted light
from the same device substrate was used as the reference for 100% transmittance. The
transmittance of PbS film is extracted at the wavelength of 975nm. In Figure 5, the
transmittance as the function of number of layers is plotted. The experimental data, which is
represented by black square dots, is fit with the optical equation, Beer’s law, as illustrated
from the red curve. From the plot, each junction is obtained, This plot illustrates that each
junction, 8 1ayérs of a spin-coated PbS colloidal quantum dot film, of a double junction
device, absorbs almost equal amount of incident light at 975nm, which is around 33% of

incident light.

EXAMPLE 3

[0074] This example illustrates the conductivity measurement of TiO,.

[0075] The conductivities of ITO and AZO are obtained by measuring resistance of 100 nm
thick ITO and AZO films (1 inch by 1 inch in size). The resistance of TiOz1is too high to be
obtained with this approach. We first deposit 30 nm thick TiO2 film on a clean substrate, and

then put patterned Ag as electrodes as illustrated in Figure 6. The resistance of TiOz film
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10 (Ti02) sputtering target and Indiumtin oxide (1 TO sputtering target
were obtained fromKurt J. Lesker, Inc. Fluorine-doped tin oxide-coated
gl ass subsonratiese(iPi | ki ngt on TEC 15) were obtai ned frompHanisb@n@243kass.

[ 0070] Col | oi dal Quantum Dot Synthesis and Purification. TM (0.18 g, .1
mol ) was bedves e closs digdettodes srocasied. RaratipnHabelpr descbe thedpistagadsed

by heati C . ] r A AL W fqq0l €i c acid
(1. 3470, W SRRt TR O 0L e P e i 4 5 0 5. 2
mmol ) was heated to 95 C under vacuumfor 16 WO

2011/ 156017PCT/ US2011/ 024222 Heyatien B~ (Hewr(Hda&dVunder Ar. The flask
tenperature was increased to 120C and the TMS/ oct adecene m xture was
injected. After injection, the tenperature dropped to approximtely 95 C,
and the flask was all owed to cool tg IIIQe nanocrystals were
precipitated with 50 nL of distilled acetone and centrifuged under anbi ent
condi &i or[e076)f t Bhis oiraslaitisagtes e wopetivat @t multinmcioe ehqpy-abevenise device
redi spersed in toluene. The nanocrystals were precipitated again with 20 nL
of acet onvglch Mshideere Phatgetacoimgions §ithe graded tapRmbiRanoR faye tﬁ@tela?tsvﬁ@% sed

in tol ue g;ﬁ?llgu?lﬁg gndg?ggféfqéag(e, Lﬁ%ﬁi{&mﬂ&ﬁef DR BR{ae Céér%ﬁhé’ﬁiﬁm"@!i)ﬁﬁé. hen brought

into a N 0X. are precipitat twce wth nethanol, and
then finally redi spersed at 50 m.-1 in octane. 10EXAMPLE 2 [0072] This
exanpl e i[pp'z@t r BpSeeoliopda ﬁbﬁt‘éléldgggn‘_ﬁ?rﬁé@’@g?si@fiilﬁwg&fvaéla%@m&3?9 ‘%thﬁ “quant um
dot fil mdegé}ﬁ)%g]bgmﬁe% bl 41340 TCotBIdAF PBS hitthARIMOM LAY gSISRAMI ek of

PbS col | ol da uant um after deposit "each layer. Single junction
phot dvol teaiissicke\wbeesativintdf pbst-gytresis s8fnayewsig of Sheapritidl2 sizayistbusfon.” Adv.

spi n-coated Ph | o dal antum dot film wer abricated wih the
except i of1ge" alggiﬁ%‘f%%a(gf}%a&“&%@qqdﬁ%\gﬁgﬁ?rﬁ%sgi)gﬁﬁbﬁﬁ @Fﬁ)t‘f‘fﬁrgém%de?ﬁ ces
was obt aitﬂ@f}a&\éaﬂéﬁi Bito tdabt S TIdR mcam ﬁ&%@&éﬁ@ﬁéﬁ&%@ QlthivkAidds 8080 nm and
integrating sphere. The transmitted light fromthe sane device substrate

was used vess depesitedfabromncenfpsrature G3oRE magndttonspetécringtia an izgisarigen e of PbS

filmis extracted at the wayel th of 97 | n,Fi gur , A 1-he~20

{r ansm t CHEAMHEN S PIEGREE P MEROTh ST BT2Y 0 aPd ar oF 0% AL Qffghnm dot
expenknenials v grepi¥dt 68 Tio, b? ﬂﬁ@@l@?ér_%?in'@blatﬁigaacﬂ) B ual e sslatien in Getdnetundért h
the optical equation, Beer's law, as illustrated fromthe red curve. From
t he pl ot ,andueh cpuditensorEach layst 635 thith waslepesited|at 339 Qupas andreatedhlrefly
junction,_. rs of .a spin-c Rbs | oi.d fj a
oubl e bt | §4 B Ren SRl CRR PRy B Rl RbE AhoBRE M leris el

975nm  Whiighmiethadslond dcBdsh afte?Bibricatandf datlgprn. heteXdjivttbon3 tHeQldv ik widsi S
exanple illustrates the conductivity neasurenment of_ Ti02. [007

] The

conduct i Vianpiggred o 3 glova hex WHb oz (N2 haEnosphere and left Ry craghts tTgﬁ Rlpfa 100
nm t k,ck | il (ks ' | ' The. HeRk e€oPf
T 0s < B SR8 SR s ishNEh Rk Al ddodinAEhocrfRs BPRFTHAREROR! o
nm t hi ck sputf@idg. ITFOqE0 ancihéski waw dspositt@in Anehvitoemepdt agatdsereed BAjoasa
el ectrodes as iJlustrated in Figure 6 TQ(? reIslj Is(tanc& of . 'IH.OZ film WO
2011/ 156FPPTECYS $55Y0 pad gzg{tggg 0.25°As”. AZO (80 nm thick) was deposited in Ar environment

at a pressure of 5 mTorr , a power of 59 W, and a rate of 0.25 As™'. TiO; (10 nm thick) was

deposited in Ar environment at a pressure of 5 mTorr, a power of 95 W, and a rate of 0.20

25  As’. Gold top contacts (circular shape of 2 mm in diameter), 100 nm thick, were deposited

with the same sputter.

[0078] J-V data was measured using a Keithley 2400 source-meter under ambient

conditions. The illumination source was a 975 nm diode laser.

[0079] Absorption spectroscopy was carried out on a Cary 500 UV-Vis-IR Scan

30  spectrophotometer. Scanning electron microscopy was performed on a cross cut sample.
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between two cl ose Ag el ectrodes is nmeasured. Equation 1 bel ow describes the
resistance of the Ti@2 film The conductivity of TiQ2 is extracted fromthe
i nset in WwWogurieisdas Equation |: R = (1/a)*(1/d)?(1/W EXavRISEN4/02{20076]

Thi s exanEI e illustrates the preparation of a multijunction o
ener gy- cdB0&Nt i Rig Riedloidghpeantimeottibas hays aﬁﬁ@ﬁ@%&’@ég@ Piuhe €VorldOnisth a

raded rec i_naft i I i I thd] i | ¢ .
a1t num g ped- 20 SR o RN e R %) Al B RS i
quant um ded §-tyRy EbSSaolbliRs qEzatuk gbnglnd Vi juatticanfaoorstchetroridjediodesan itteed by
Hi nes, Met al. in "Colloidal PbS nanocrystals with_size-t naﬁ%e
near - i nf [apRgMIdR Ailadnigrihe Siddiogatse 6f 2 APRIEEIMALS Y H Wé/sl?aéld%féFt: §% owi ng of

the parti j i ' QN .1 \ ' n HRAD1ZRP 3N
502" B ¢SSP EqILRE ol Phipt b8 the AkheapliEhairsietnerkirin Mo hantum
t r anspar ejot fibnttempaattahtoughitiRadtioned e ¢epietioetregion amtthe datehasterfatdrisedness

of 80 nm and was deposited. .at r t erature .by RF nmagnetron tt.ering
in an i ndpat clgcyens ﬁ%‘?’)to Qﬁﬁlg@)ﬁﬁ‘gﬁ&%ﬁg@ t?)ﬁé@scg’&??lé)éﬁtfta@ Ihrsy Gase f%%&é Cof 95
W and a gaheipbith devith, 1. Quantum dot 15filnms were prepared on Ti Q2 by
mul til ayer sp% ncoating a 50 ng nmL-1 solution in octane under anbi ent

conditio ach | ayer nm.t hi ck) de ited at. 2500.r nd treated
briefly aﬁ‘?ﬁﬁlo Wﬁ%}s@gggb@ﬁ%ﬁ ‘?aﬁh\é\@ Cf’ﬁ)%ﬁble %ﬁelﬁekfaﬁé)ﬁ%‘im&%%egafter,
each jhayeLpiRa vyl P'&?t@ﬁ’t%/‘ﬂi-wﬂrdﬁﬁhb ang. A din0Pepted-Rétt@funkabi toldidNRuaiu@ach
p-n heterojunction, the device was transferred to a glove box with a

ni t r ogen doh)laCeitss phEs daand4(@f pp 33 &3 Rt (20Mhe ALS theseamateriale alicar shape
of 2.78 mmin dianeter) .was deposited at ro t t bl etron
Sputiori Hoboseet e R R G e bR R S Rtal iy yTRE0

P I envi ronne a pressure
of 5 niforfimsa power of 35 W and a rate of 0.25 As-1. AZO (80 nmthick) was

deposited in Ar environnent at a pressure of 5 mlorr, , a power of 59 W

and a rat . = 1. T hi i i nvi r onment
at a pr es@%ér}fé glp%gd%%%#rn}pﬂaf%%ﬁég r%%{&}ggé\%g tgn agggtgzbl%aﬁgsé.:‘%ﬁ%g%s- 1. &old
t op qont Fghiricaled soGhidtalie SHalght@bsctbimmlayerohvaretf ainilar 10iOkmess.t Alsoktheweviee
deposited wiith the same sputter. [0078

: . . J-V ,agl S nmeasured usin
Kei t hl ey veasobumsaredevife B nmrvelensh;light. feowhic M@WP@ %%P?ILEHP%% gaﬁﬁ
ut on & B o R B SR R R o ©
i f d ) t l.e.. WO
2011/ 1560098387/ Asiem RIS aicolsuisg A deplheled 7 16T BRI EEARELATAEY i1 ms
have a ngéd.nﬂﬁgat%ﬂgﬁfi‘@va‘éfbetgwe’én% %a-ﬂ ??fpﬂo?ov?_ltbiicgﬁ{dtﬂénﬂ' VAR drélafReRad, ant

conductive oxide that generates a built-in field at the junction with the
p-type PthiSadbi h-typdaleeiprank mction irfdiumtinridejaontacisdhe Py oolipida] gpantam dot

injection fromthe quantumdot filminto the Ti because of an_.approxi mate
or5Coy bdnie F edprIErs Befinl ah nufonsdife-bibic Fior S RHR fin AopBl -RPBLRE

el ect r oniQlk eh R aish HrAleNQantifdrhliith Qasiet Hetise bt thbMndivim fih bRide&er and
separated,” through the action of the depletion region and the

het er oi nttkee thirddayes of thetgradedareambinationfl pysy hich 5@ mrpredighHy-depeda-tyneoliOeo t he

neans of Padye e <5PoERipecCe KRdn e HOERt HeEhE MR AR ERY o oon

10 repor tdtoRylthiefimabyds- Abraham A G et al. in "Depleted-heterojunction
col | oi dal quantum dot solar Cells,” ACS Nano, 4 (6), pp 3374-3380, (2010).
Al'l of these materials are deposited using roomtenperature sputtering

conpat i b l[ﬁOth]t hlg-.ttﬂg lﬁﬁﬁg -pgﬁt?ledq&é%% Uik cdb loFBan”[iQ%aldeh@o Bledf Folor
sinplify curren mat chin , the tandem photovoltai c device was o
more.” The term “comprise” and variations thereof such as “comprises” and “comprising,”
when preceding the recitation of a step or an element, are intended to mean that the addition
of further steps or elements is optional and not excluded. All patents, patent applications, and
30  other published reference materials cited in this specification are hereby incorporated herein
by reference in their entirety. Any discrepancy between any reference material cited herein

or any prior art in general and an explicit teaching of this specification is intended to be

resolved in favor of the teaching in this specification. This includes any discrepancy between
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15fabricated so that the two |ight-absorbing | ayers were of simlar

t hi ckness. Al so, the device was illumnated with 975 nm wavel ength |i ght,
for whi chwoheltfrsemti onal absorption in each colloi dal qeamtusaeidoeb42bayer is
smal |l . This design achi eved approxi mate current matching. [0083] A tandem

phot ovol taaiact-welerstedwbesinftmprif@aved onhbrass andaa definsiéor expdicitlyrpaeeded in this
reconbinatiop |.a el Mas betm%en épe pair of photovoltaic junctions. In this
ar chi t ectSAF@ICaio3OT e Rame WordQr DA% e n_ wor k function i ndiumtin oxi de
contacts the PbS coll oidal quantum dot |ayer of the bottomcell; there is
an i nt er 1Be83t eAlfeeuehrtheforegpinginyatinnhag bpevdesebedgn serae dgipg byt at ofal so
provi des .an._i r i rri i . i.ndi 3 I | ayer
ndthe dnrpEoF Sl S shly e ARkl oF ERAERIANE chBEk Ml et O

|'i ght ky- d\ﬁp@dia[b thyeriiindchandhenteielifidagibhs magbp prhctieddywihifiti®scopabates t he
Ti Q2 of the other of the pair of adjacent 25photovoltaic junctions. [0084]
In the claapensledsiémsted hereto, the term"a" or "an" is intended to mean
"one or nore." The term "conprise" and variations thereof such as
"conprises” and "conprising," when preceding the recitation of a step or an
el enment, are intended to nean that the addition of further steps or

el enments is optional and not excluded. Al patents, patent applications,
and 30ot her published reference materials cited in this specification are
hereby incorporated herein by reference in their entirety. Any discrepancy
bet ween any reference material cited herein or any prior art in general and
an explicit teaching of this specification is intended to be resolved in
favor of the teaching in this specification. This includes any discrepancy
between WO 2011/ 156017PCT/ US2011/ 024222 an art-understood definition of a
word or phrase and a definition explicitly provided in this specification
of the sanme word or phrase. [0085] Although the foregoing invention has
been described in sone detail by way of illustration and exanple for

pur poses of clarity of understanding, one of skill in the art will 5
appreci ate that certain changes and nodifications may be practiced within
the scope of the appended clainms. WD 2011/156017PCT/ US2011/024222 WHAT | S
CLAIMED I'S: 11. A nultijunction energy-converting device conprising: 2(a)
first and second el ectrodes, 3(b) a photovoltaic stack in electrical

contact with said first and second 4el ectrodes and conprising a plurality
of photovoltaic junctions, each said photovoltaic 5junction conprising an
el ectron-accepting sem conductor |ayer and a |ight-absorbi ng 6sem conduct or
| ayer having a substantially |larger work function than said el ectron-
7accepting sem conductor |ayer, said photovoltaic junctions are separated
by 8(c) a reconbination region conprising a |layer of a transparent and
conductive 9hol e-accepting layer in ohmc contact with said |ight-absorbing
sem conductor | ayer
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10of said first photovoltaic junction and a transparent and conductive

el ectron-accepting 1lllayer in ohmc contact with said el ectron-accepting
sem condwwoaniliayar of said 12second photovol tai c junctiPomUS2@B3mp4r22
reconmbi nation region formng a gradient in work function from said

t ranspar M&&LAM@&& ve hol e-accepting layer in ohmc contact with
sai d |ight-absorbing sem conductor 15| ayer of said first photovoltaic
junctyon to said trl"’.‘n.SpaA?rﬂﬂtij%H&icﬁPé?Q LifReing Gkl RE cAnFRANENG 161 ayer in
ohm c contact with said electron-accepting seniconductor |ayer of said
second 17 phot ovol t(a) dir§tund second ebrttodisyi ng a t hi ckness wit hin one order of
magni tude of the sum of the 18Debye.l engths of all.|ayers of said

reconBi nati on regi d$ aﬁl.oﬁerYQﬁﬂléﬂaEg ¢ e&f"l&arﬁoﬁt,a"tf‘ﬁ]rﬂ? ﬁ%& L5 ABE FSORY an
addi tjjonal tr afsRRHENMnddchpRisERIANELLKEf JHoRIVORYR juittisRO$8ch 8d PEABvolARI
having a work functi on bet V\pglgn, said t?_amnltsopa.r ent >and conduct | vglti‘(ﬁt '

hol e- &ccept i nguh@iparcomprisingiao etsstroaaccapting seaicdnducghtlays gnd bilight-absorbing

4sem conductor | ayer, of said first photovoltaic junction and sai

transpar ent aﬁ&“%%}ﬁ‘ﬂﬁ‘é?{ @Xergﬁvg@tar%‘ﬁ§t3’&té%§'tlﬁ$§r Ww(e nfthorb%ﬁ’il éa@g%tc 5% with
sai d el ectron-Rc&RRkIsBRiaMGONNE! @id paytevolalc Bsaidhs sesepgraplaatyovol tai ¢
junction. 13.The device of clains 1 or 2 wherein said gradient work

funct Bon 2 decr easds) Rreramzbinationgesgion kpmprsiog e layepela srnsparenieirdcongdnettvicon

of sai,d |ight-absorbhin sem conduct or .| ayer. t ﬁllﬁ L.t hi . 2eV
of sard el ect rhc? 9'3(%08%%% %ﬁerslgr%g%l Cnﬁoung C(Sr ! Isﬁlﬁlel?g.h?'fﬁ. lgg%%gggdgﬁ&g%}fgm 1
or 2jpherein sgisgiddir Iﬁfﬂvoﬁ@i&?uﬁdﬁ@ﬁfah@ﬁtﬂaﬁsp&re?ﬁbﬁﬂ&drﬁl&c@ﬁea&é&fﬁn-db@wtiﬁg at
| east two steps. WO 2011/156017PCT/ US2011/ 024222 15. The device of clains 1

or 2 lhherein dayed igplmicaontagbyvith sedelacaniagcopting sapigprduct dayes of sfdvi ng

exact11lzy three 3f ens o#@oﬁﬁ@éﬂ%\fﬂo e of clains 1 or 2 wherein said gradient
wor k function TS a‘2stepw se gradi ent having exactly four steps.

13 said recombination region forming a gradient in work function from said transparent and

14 conductive hole-accepting layer in ohmic contact with said light-absorbing semiconductor
15 layer of said first photovoltaic junction to said transparent and conductive electron-accepting
1’6 layer in ohmic contact with said electron-accepting semiconductor layer of said second

17  photovoltaic junction, and having a thickness within one order of magnitude of the sum of the

18  Debye lengths of all layers of said recombination region.

1 2. The device of claim 1, further comprising an additional transparent and
2 conductive interlayer disposed between, and having a work function between, said

3 transparent and conductive hole-accepting layer in ohmic contact with said light-absorbing

4  semiconductor layer of said first photovoltaic junction and said transparent and conductive

5 electron-accepting layer in ohmic contact with said electron-accepting semiconductor layer of
6  said second photovoltaic junction.

1 3. The device of claims 1 or 2 wherein said gradient work function

2 decreases from a value within about 0.2eV of the work function of said light-absorbing

3 semiconductor layer to a value within about 0.2eV of said electron-accepting semiconductor
4  layer.

4. The device of claims 1 or 2 wherein said gradient work function is a

[y

2 stepwise gradient having at least two steps.
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17. The device of clains 1 or 2, wherein each of said |ayers of said 2
reconbi nation region, independently in each instance, has a thickness of
about 1 rnwototraiseuty 3100 nm 18. The device of clains 1 ecTradis2eheeeen each
of said |layers of said 2 reconbination region, independently in each

i nstance, has a thickness of abo nm t bout 3,60 nm 19. The .devi ce of

t 1
claing 1 or 2, wher®in egl?rfleéﬁceé’gicﬁum%&& rediy 51d Sradiend Rigrh HOCHAR 15gi on,

i ndepgndey d Ba&ekhhdy NSE, thaVvgeR t hi ckness of about 5 nmto 3 about
50 nm 11@%#%% QV|ceE%Pﬁ%$%?ﬁ% 1 orlgl wherein each of said |ayers of said
2 reconbi nation region, independently in each instance, have a thickness of
about 110 nmto 3 akdut SChendevickdf clhfres dev 2 eehendin sdidigradient week Binstipriis a

reconhi nati on regi.on .conprise nmol ybdenum tri oxide, indiumtin oxide,
al urringumsttﬁ?ﬁ"éﬁ%r W@ntd}ﬁvg&exﬁﬁtzy golu{ 5tﬁ¥§1m di oxi de. 112. The device of claim
11, wherein the thickness of the nolybdenum 2 trioxide, indiumtin oxide,

al um pum zi nc oxi dez, andritd ded Ve WcHi@xi1de 2, svhalen tach®fRaNd 1aeeusf s3id0 nm
about 50 nm and about 40 nm respectively. 113.The device of claim]l

wher e2n se¢ambinatiniiesian; ivdeneadensly io sagh instagce has pihvigkaess §f agputshpngg abeut
each ubIQ%er of uniformwork function, said sublayers arranged such 3t hat
sai d Q‘ Uncti ons decrease toward said transparent and conductive

el ectron-accepting 4 layer in ohmc contact with said el ectron-accepting
sem canduct or | ayer8.of SHiclev@eafdlaophdtad)mthatain pachatfisaid.layetdlofldael devi ce

of claim1l wherein sajid electron-acceptjng sem condyct or ayer is

n-typé neeembination regoadndersriely 1§cath e BRLS, 85 %gﬂ%@efﬁ qféhf’ﬁ‘nf wRdR %ﬁ%‘%t

zi nc gxbgﬁy ni obi um oxi de, Cul nSe2, CuGSe2, Al ln&P, &As, a-Si G, and
a-Si. 1/ 156017PCT/ US2011/ 024222

1 9. The device of claims 1 or 2, wherein each of said layers of said
2 recombination region, independently in each instance, have a thickness of about 5 nm to

3 about 50 nm.

1 10.  The device of claims 1 or 2, wherein each of said layers of said
2 recombination region, independently in each instance, have a thickness of about 10 nm to

3 about 50 nm.

1 11.  The device of claim 1, where said recombination region comprises

2 molybdenum trioxide, indium tin oxide, aluminum-doped zinc oxide, and titanium dioxide.

1 12. The device of claim 11, wherein the thickness of the molybdenum
2 trioxide, indium tin oxide, aluminum zinc oxide, and titanium dioxide is about 10 nm, about

3 50 nm, about 50 nm, and about 40 nm, respectively.

1 13.  The device of claim 1 wherein said recombination region comprises a
plurality of sublayers, each sublayer of uniform work function, said sublayers arranged such
that said work functions decrease toward said transparent and conductive electron-accepting

layer in ohmic contact with said electron-accepting semiconductor layer of said second

(% T SR VA S

photovoltaic junction.

[a—y

14. The device of claim 1 wherein said electron-accepting semiconductor
2 layer is an n-type material selected from the group consisting of titanium dioxide, zinc oxide,

3 niobium oxide, CulnSe;, CuGaSe,;, AlInGaP, GaAs, a-SiGe, and a-Si.
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115. The device of claim1l wherein said |ight-absorbing sem conductor 2l ayer
conprises p-type |ight-absorbing nanoparticles. 116. The device of claim15
wher ei n swoaop/tsy@e | i ght - absorbi ng 2nanoparticl es are mwerais2ahabeepeni de
col | oi dal quantum dots. 117. The device of claim 15 wherein said p-type

| i ght absorbing 2 nanoparticles are coll oidal %Llla%gérgn ots selected from
the gtoup consisting- of Thsdevippgbclaim pydiseein g lig OTOARG|SCEYIRNAEOE The

devi s Ofl@%ggé,%%s%éyf}?@%@?‘%wbgf&t#ﬁ@%@am-_ absor bi ng 2nanoparticles are

| ead Chal guant 119. The device of clains 1
wherein said el ectron-accepting sem conductor 2layer is titanium dioxide
and said |ight-absdebi ngheelevicenfldeinni 5 éypein sodprtysekgitebsorBrigal cogeni de

col l oidal quantuym dots. 12Q. The. devi.ce of claim 1l wherein said photovoltaic
st ack? comfaTRIEt es?rwarﬁﬁggcpg Cﬁhal%éf)%}#%m)%f fifteen of said

photovol taic junctions. 121. The device of claim1 wherein said photovoltaic

stackjcontains a 2 jmni W&@icb%cl@ﬂﬂlﬁmi@immpftﬁé Nghtabs@bing
photovol taic junctions. 122. The device of claim1 erein said ghot ovol taic

st ack2 comeaipastidssare bylladaisuetugdals srstes\oom dhegioup sensiiigg of FasSiiSedevi ce

of claim | ai d ovol taic stack contains exactly 2three of said
phot ogol %ﬁ%’ﬁﬁcﬁﬁﬁ’s@d@%e’rhe device of claim1l wherein said

| i ght - absorbi ng sem conduct or 2|l ayer of a first photovoltaic junction in
sai d photovol tai c gigack Tesieries of tighh 16fwhardin sad p3ypalightebgerhingand and sai d
| i ght - absor bi ng sem conductor | ayer of a second photovoltaic 4 junction in

sai d Bhomevenartales ase el chplsesmadd qofpidabguaptipafetigt hs out side said first
wavel engt h 5band. 125. The device of claim1l wherein each of said

phot oyol tai ¢ juncti;gns ifhe28aicH oPERIRY Phihdletn SH@EKCEMIARIPEnPsen¥iBEhductor
| i ght - absor bi ng nanoparticles that absorb |ight of _
2 layer is titanium dioxide and said light-absorbing semiconductor layer comprises lead

3 chalcogenide colloidal quantum dots.

1 20. The device of claim 1 wherein said photovoltaic stack contains a

2 minimum of two and a maximum of fifteen of said photovoltaic junctions.

1 21.  The device of claim 1 wherein said photovoltaic stack contains a

2 minimum of two and a maximum of five of said photovoltaic junctions.

1 22. The device of claim 1 wherein said .photovoltaic stack contains exactly

2 two of said photovoltaic junctions.

1 23.  The device of claim 1 wherein said photovoltaic stack contains exactly

2 three of said photovoltaic junctions.

24. The device of claim 1 wherein said light-absorbing semiconductor
layer of a first photovoltaic junction in said photovoltaic stack absorbs light of a first
wavelength band and said light-absorbing semiconductor layer of a second photovoltaic
junction in said photovoltaic stack absorbs light at wavelengths outside said first wavelength

band.

Tm A W N =

—_

25.  The device of claim 1 wherein each of said photovoltaic junctions in

2 said photovoltaic stack contains p-type light-absorbing nanoparticles that absorb light of
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WO 2011/ 156017PCT/ US2011/ 024222 3 wavel engths that are different fromthe
wavel engt hs of |ight absorbed by p-type |ight- 4absorbi ng nanoparticles of
any of thwoavherssqahot ovoltaic junctions in said photovolrtaius2eitiaede22 126. The
device of claim 1l wherein said el ectron-accept] ng sem conductor, 2 | ayer and

sai d Bi ghtavalssgthbihagarsehifferspioliem dhe Wayalongthnad hghhehsapsd by psiyps fightent i y
different 3 ni tudes,.t i I I -' i 0 be
subst Ant FarTo A aptERRIG TAHE S R At BElRRAL b6k Al ERBIR SRR, o
is not illumnated. 127.The device of claim 26 wherein said bandgap of said
el ectnon- 2 acceptizeg sefHeclendeof clairh dyererdis sgjd ebtcapn-pbeaptisgsemisandigéyy of

sai d Light-absorbing 3sem conductor, | ayer at | east abaut. 1. 5e! 128. The
devi c& oflaysr anda@li _%PW%%@W%%&&%@F%&F%&% &Pt P_ﬁ?ﬁﬂgﬁwb@g‘ﬁeﬁ@ _
Sem andlfﬁatg%{tu ANELalse sHISR B cal AR SRINErBaRgAR B s%ﬁaﬂtiﬁl%}gﬁgpi@e%@f Réng 3
sem conductor layer by from about 1.5eV to about 5eV. 129. The device of

cl ai m1, eldeapes andt fnee Halegwhenbso! jonetiprsiemptidmhieatet. 2 | ayer of one of said
pai r of adjacent photovoltaic junctions absorbs Iight with wavel engths 3

bet ween about 400 and_abput 8 n nd the l.igh t.hi i conduct or
Iayer?of the 4 ot her'" of d@ﬁi%‘”ﬁﬁi"?g@mnzgjwca%ﬁeﬁ? S%ﬂgfl%&\%?t% glsghj%%ﬁ%ﬁpons

absor bs | i gdtinWiséhicwRNRkSNSfRSs Rekteedan baiabendgap QP sadlightatmbeyitg 1600 mm
130. The device of claim1l, wherein the el ectron-accepting sem conductor 2

| ayer 3corspmicosducior layarypyet fgastzabonil-8eVand the |i ght - absor bi ng sem conduct or
| ayer conprises 3p-type nanoparticles having a substantially |arger work

funct :10n than said gty 1 e@k@e O?éfaﬂﬁnggeiﬁg 1}}?212%%?%? s%hgfecﬁgn-t he

el ectrical junctionther ween I's substanti a e free

5el ecpr ongcephidg kéraRohdlces lufee s sreiter jhansiid dbandgmprdsaii lightrabsattedg 131. The
device of claiml1l, wherein the specific. con tance of the 2 reconbination
regi oB i seyicoategionlaysr by fegra gheid/lciey toPROURSY - devi ce of claim 1, wherein
the first electrode is selected fromthe

29. The device of claim 1, wherein the light-absorbing semiconductor
layer of one of said pair of adjacent photovoltaic junctions absorbs light with wavelengths
between about 400 nm and about 800 nm and the light-absorbing semiconductor layer of the

other of said pair of adjacent photovoltaic junctions absorbs light with wavelengths between

[ N S

about 400 nm and about 1600 nm.

30.  The device of claim 1, wherein the electron-accepting semiconductor
layer comprises an n-type metal oxide and the light-absorbing semiconductor layer comprises
p-type nanoparticles having a substantially larger work function than said n-type metal oxide,

and at least one side of the electrical junction therebetween is substantially depleted of free

W s W N e

electrons and free holes when said junction is not illuminated.

—

31.  The device of claim 1, wherein the specific conductance of the

. . . . . 2
2 recombination region is greater than 1 Siemens/cm”.

32. The device of claim 1, wherein the first electrode is selected from the
group consisting of gold, molybdenum(Mo/MoSes), fluorine-doped tin dioxide (F:Sn0O,),
indium tin oxide (ITO, indium tin oxide/poly(3,4-ethylene dioxythiophene (ITO/PEDOT), n-
type aluminum gallium arsenide (Al/n+-GaAs), and silver-containing indium tin oxide

(Ag/ITO).

i B WD e
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2 group consisting of gold, nolybdenum Mo/ MoSe3), fluorine-doped tin
dioxide (F:Sn02), 3 indiumtin oxide (ITO indiumtin

oxi de/ polwbO2pti/sbiyl ene di oxyt hi ophene (1 TQ PEDOT), n- #ctyseoialooyzenum
gallium arsenide (Al /n+-GaAs), and silver-containing indiumtin oxide 5
(Ag/ I TO. WO 2011/156017PCT/ US2011/ 024222 133. The device of claim1,
wherein the second 33! ectlhodevice ofepive i eghareishosachrd geefipsieds salpaded Hgmof

old, .silver, alumnum .al.um.pum do Z| - OX] : - 3silver
ol 1 2m SSRGS AR e b R A6 Gk GRIOMAE p3bs e
( n+a- 3 4SigfiVer gafP@Parsenide (p+-GaAs/Ag) and n-type silicon fluorine doped tin oxide (n+a-
4 Si/F:Sn0Oy).
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