TANDEM SOLAR CELL W TH GRAPHENE | NTERLAYER AND METHOD OF MAKI NG CROSS
REFERENCE TO RELATED APPLI CATI ONS [0001] This application clainms the benefit
of U S. Rvovisimpat Application Serial No. 61/522, 325 fipcedcam2bdobugust
2011 and entitled "G aphene as Internedi ate Layer in Tandem Sol ar Cel | ",
which is incorporated by reference herein in its entirety. FIELD OF

| NVENTI ON QﬁgéT : oA | ﬁﬁ%Rq | WY cells, and
nore part iT%‘u ar#y%%gk:éﬁg%ggmgﬁgﬁéeﬁa avi n%@&@é@@ﬁgﬁf?ﬁt erl ayer
in either a series or a parallel cMAEoiGon with photoactive subcells that

formthe solar cell and a nethod for manufacturing the tandem solar cell.

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application
Serial No. 61/522,325 filed on 11 August 2011 and entitled “Graphene as
Intermediate Layer in Tandem Solar Cell”, which is incorporated by reference herein

in its entirety.

FIELD OF INVENTION

[0002]  The present invention relates generally to solar cells, and more particularly,
to a tandem solar cell having graphene as an interlayer in either a series or a parallel
connection with photoactive subcells that form the solar cell and a method for

manufacturing the tandem solar cell.

BACKGROUND

[0003] A solar cell is a device that converts photons from ‘sunlight directly iﬁto
electricity using the photovoltaic effect. Solar cells based on organic materials and
polymers have attracted broad research interest and are considered as promising
alternatives to their inorganic counterparts. Among their attractive features, solar
cells based on organic materials and polymers are low-cost, flexible, have low-energy
consumption, incorporate high-throughput processing technologies, are aesthetically

pleasing, and are versatile for many applications.

[0004] . =~ Polymer or:fullerene based bulk-heterojunction (BHJ) polymer solar
- cells is one type of solar cell based on organic material and polymers. The BHJ
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BACKGROUND [ 0003] A solar cell is a device that converts photons from
sunlight directly into electricity using the photovoltaic effect. Sol ar

cel | s basw0 20183/22494ni ¢ material s and pol yners have attr TS6G201200eR8t esear ch
interest and are considered as promising alternatives to their inorganic
counterparts. Anong their attractive features, solar cells based on organic
materi al s 1 hS .are L ow cost, flexible, . have | ow enef. sunption,
i ncor por aqog{)‘ﬁ?lg%{l hr%%gt lﬁ%ﬁypﬁ%\éeeiosl?rncgelfe)e?g lr?(l)lfngﬁji%%ag,Cagrr%nggeég%'ef(?’gtgl |y

pl easing, and are versatjle for many applications. [Q004]Pol ymer or

Pult or onelChsuvaer b et ft‘&fﬁﬁéflr%wmi&olmryﬁ?&: Cghllaﬁtl A% sompasle type
of solar cell based on organic material and polyners. The BH] 1 polyner
sol ar celtpgnergpiic ablay cellsy Orpdhthe eéfi¢icrdytimitmgaispects bbpolymmr seageelsr om 5%

to 10% however, the efficiency of this type of polyner solar cell is still
| ow conpasuehl at @ BHDpolgniee sslat edll Beahéis nofhalyohigh lgtiedlfiaad gapcyhichmeddsng
aspects of polynmer solar cells such as a BH) polynmer solar cell is their

nor mal | y (Bi;gd¥riSRht aq,%,pg@ﬂ@gg(gmv\(ﬁiaggﬁbﬁads to inefficient absorption of
solar irradiation.

[0005] Tandem solar cells made of two or more single photoactive cells
(photoactive subcells) in series or parallel can boost the efficiency to more than 15%,
compared to the 10% limit of single BHJ solar cell devices. Nevertheless, producing
a tandem cell is not an easy task, largely due to the thinness of the materials and the

difficulties in extracting the current between the layers.

[0006] One method of constructing a tandem solar cell, as disclosed by V.
Shrotriya et al., Appl. Phys. Lett. 88, 064104 (2006), includes mechanically stacking
two identical photoactive subcells onto different glass substrates and then positioning
them on top of each other. The solar efficiency of such a tandem solar cell is double
the efficiency of each.of the two individual photoactive subcells, -however,

implementing this method in a manufacturing process is complex.

[0007] Another method of constructing a tandem solar cell includes inserting
an intermediate layer, between the two active layers of each photoactive subcell. The
intermediate layer provides electrical contact between the two photoactive subcells
via efficient recombination or charge collection without voltage loss. The
intermediate layer can be made from a variety of materials. For example, K. Kawano
. et:al., Appl. Phys: Lett., 88, 073514 (2006), and J. Sakai et al., Solar Ene;gy Materials

- & Solar Cells 94, 376 (2010) disclosed the use of transparent conductive oxides such



[ 0005] Tandem sol ar cells made of two or nore single photoactive cells
(phot oactive subcells) in series or parallel can boost the efficiency to
nore t harwd3%3/eempared to the 10% limt of single BHl solraczerloboxgevi ces.
Nevert hel ess, producing a tandemcell is not an easy task, largely due to
t he thinness of the naterials and the difficulties in extracting the

current bet. .e Ohe net ho f .constructi.ng..a tandem sol ar
ol 1 as ibgEns iR Sy TON, dRritta Bstabies, S PRyt bif Fugs R58aT04
(2006) |ncludes nechanlcally stacking two identical photoactive subcells
onto di f fREpRMsCh RS iBigrRedialedayarscrireithposenerali bayethiaw JANIRSENSY each
other. The solar efficiency of such a tandem solar cell is double the

ef fi ci endlespfthen@i%ofat tIHOnmpothandairddiade thieotiglatc transfers th¢ked Isslar haphisver

i npl enenting this nethod in a manufacturing process is conplex.

[0007] AnQirﬁtﬁﬁtidﬁﬁ?'hthr elfanga B, Siktd )., AdvaNRess 30IEF7 (2@10) disetdsedasingnserti ng
an internedi ate [ayer, between the two active Iayers of ‘each photoactive

subcel | . Jhiie(A tgsr{ﬁseﬂite&redp?eyﬁreprmledﬁsw'cﬁetéﬂaﬁa'o%ﬁgméa%feeeﬂﬁ the two

phot oactive su cel via e C|ent reconbi nati on or rge col ['ection

wi t hout v i.nt ernedi at e. made fr m .2, variety of
mat or 1 a S 7000 vk T 18 BAURET 4R uC b ANl B LS, )
(2006), and J. Sakai, et al., Saol ar Energé@Nhterlals & Solar Cells 94, 376
(2010)  diHQYSEdse 9E sychemateripls Jas hegreless BBRAMRA.| V¢ 9x5%aBPles fthtandem i ndi um

tin oxide (1TO. In other instances, conductive netallic thin films have
been usedoks celisethanuey mdmtamedietyéayebéem@efromev Qeneraghdtyorhspugtering ow
transparency (less than 60% at 550nm) that can reduce the light transfer to
the sol arpresehd $ dipivaillyi wal lty. deposit ehcalPpde, HoweGrstie flagadtron #glitterib@t er. 22,
E77 (2010) disclosed using gold (Au) as an internmedi ate |layer, while X Y.

Guo et akr@cegﬂ@&& Ene%&fétaﬁxﬁ%ﬁéashQ dai'n]aéétl{eaﬂlg%)lyﬂg%61|a9§1ﬁfjcéll§' ng al um num
sil ver |/ Ag) as the internediaté |ayer. However, use of such materials

has been | ess than ideal. As an exanple, for tanden1so|ar cells that use an
internediate |ayer formed fromITO a nagnetron sputtering process is

typi call W%éﬁ deposit the I TO However, the magnetron sputtering
process i ergetic and can easily danage the underlying sol ar

sub-cel | s.
[0008] In one embodiment, a tandem organic photovoltaic cell is disclosed. In this
embodiment, the tandem organic photovoltaic cell comprises: a first photoactive
subcell; a second photoactive subcell; and an intermediate layer comprising graphene,
dlsposed betWeen the ﬁr‘st photoactlvesubeell and the second photoae;l\;e subcell that

collects charges generated from the first photoactive subcell and the second

photoactive subcell.

[0009] In a second embodiment a tandem photovoltaic cell is disclosed. In this
embodiment, the tandem photovoltai.c cell comprises: two or more photoactive
subcells; a graphene film layer disposed between each pair of bphotoactive subcells in
the two or more photoactive subcells. The graphene film layer provides an electrical

connection between each pair of photoactive subcells, wherein the graphene film layer



SUMVARY [ 0008] I n one enbodi nent, a tandem organi c photovoltaic cell is
disclosed. In this enbodi nent, the tandem organi c photovoltaic cel

conpri seswoa0fymg40sphot oacti ve subcell; a second phot oa®Cirs&262m0e81 ; and
an internedi ate | ayer conprising graphene, disposed between the first
phot oacti ve subcell and the second photoactive subcell, that collects

phot oact 1 SapE Sy FARBispRBe of £ arBlBUARG KGR BAF SE bpaRNERBRABIS, o

cell is di cIo%ed. I n thi eg%odinent, t he tandem photovol taic cel

conpri ses“.(’ﬁf’ Weﬁﬁ?‘?r%ﬁ%f% ¥¥%e subcells; a graphene filmlayer disposed
bet ween each pair of photoactive subcells in the two or nore photoactive:
subcel ls. The graphene filmlayer provides an electrical connection between

each pai rl080lphdagdbird gebedivecsit) standgia opiaslectanigdgpise pediselpsady dpdhis |
provi des a sel ective contact of a sanme polarity to each pair of photoactive
subcel | s embodohéndcthe giparejetrogendavataembnifises ftwomr hO@ kPpkdetecarontui aative
enbodi ment, a tandem optoel ectronic device is disclosed. In this

subcells; and a graphene film layer is disposed between each pair of optoelectronic

active subcells in the two or more optoelectronic active subcells. The graphene film

layer provides an electrical connection between each pair of optoelectronic active

subcells, wherein the graphene film layer provides a selective contact of a same

polarity to each pair of optoelectronic active subcells to collect charges generated

therefrom.

[0011] In a fourth embodiment, a method of fabricating a tandem organic
photovoltaic cell is disclosed. In this embodiment, this method comprises: obtaining a
graphene film layer; disposing the graphene film layer as an intermediate layer
between two or more organic photoactive subcells; and electrically connecting the
two or more organic photoactive subcells through the graphene film layer to collect

charges generated from the two or more organic photoactive subcells.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a schematic diagram of a series tandem photovoltaic cell in which
a graphene intermediate layer is interposed between two photoactive subcells

according to one embodiment of the present invention,;

[0013] FIG. 2 is a schematic diagram of a series tandem photovoltaic cell

according to another embodiment of the present invention;
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enbodi ment, the optoel ectronic device conprises: two or nore optoel ectronic
active subcells; and a graphene filmlayer is disposed between each pair of
opt oel ectWVORPB/3e405ve subcells in the two or nore opt oePEESEEM2O0REL | ve
subcel ls. The graphene filmlayer provides an electrical connection between
each pair of optoelectronic active subcells, wherein the graphene film

| ayer proyo®ld$ aF@l 8cikia schenntiacliaggimaofsarparablel amidey plvteatfaiadll iof

optoel ectronic active subcells to collect charges generated therefrom

[0011] I nyahidtoxistdphenddafiiRatate ﬁy@iefshﬁfiq%‘secfl abfweeR itvBPrRtdaBivie MiREani ¢
photovoltaic cell 'is disclosed. I'n this enbodinent, this nmethod conpri ses:

obt ai ni ng . e i . eleq. di I .he graphene filmlayer as an
i nt er nedi g?ceo.g‘ﬁlggg? Qrgee%[%/l\/%(;eaﬁﬁlg%{\togfélrle kr%?%%%%?@ phot oacti ve subcells; and
el ectrically connecting the two or nore organi c photoactive subcells

t hrough t aphene film|layer.to.collect charges nerated fromthe two
or more ol o BTGt daist Pyt ioss i Remr e PR RN e OB Nos
[0012]FIG 1 is a schematic diagramof a series tandem photovoltaic cell in
whi ch a grReqoRERs tq prasharsaibadingni pthejpseseat isvesinsd bet ween two phot oacti ve
subcel | s according to one enbodi nent of the present invention; [0013]FIG 2
is a schematic diagram of a series tandem photovoltaic cell according to
anot her et®déi neflGofH ishe flovwesadntt desesbingom;méthod for fabricating a tandem

photovoltaic cell such as the ones depicted in FIGS. 1-4 according to one embodiment

of the present invention;

[0017]  FIG. 6 is a graph that shows the photocurrent density as a function of the
voltage under illumination of 100 mW/cm?® for a tandem photovoltaic cell like the

ones depicted in FIGS. 1-2; and

[0018]  FIG. 7 is a graph that shows the photocurrent density as a function of the
voltage under illumination of 100 mW/cm® for a tandem photovoltaic cell like the

ones depicted in FIGS. 3-4.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0019] FIG. 1 is a schematic diagram of a tandem solar cell also referred to herein
as a tandem photovoltaic cell according to one embodiment of the present invention.
In particular, FIG. 1 shows a series tandem photovoltaic cell 100 in which a graphene
intermediate layer 105 is interposed between two photoactive subcells 110 and 115.
In one embodiment, the graphene intermediate layer 105 provides an electrical
connection between the photoactive subcell 110 and the photoactive subcell 115. As
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WD 2013/ 022405PCT/ SG2012/ 000281 [0014]FIG 3 is a schematic diagramof a
paral |l el tandem photovoltaic cell in which a graphene internediate |ayer is
i nt er posawiolzetdfre45t wo phot oacti ve subcel I s accordi ng t @Comse2entvoesnent of
the present invention; [0015]FIG 4 is a schematic diagram of a parall el

t andem phot ovol taic cell according to another enbodi nent of the present

I nvent | oNgholBOHOKIG. G, e Iphofbabli Vs HagM U1 (BT {1R! ﬂﬁ)tﬁicﬂ% Qeskeliof 15 @ri cating
a tandem photovoltaic cel'l such as the ones depicted in FIGS. 1-4 according
to one enggcq}i&ﬁﬂftco%];)lehqg sBiceS elq{[e pihrcl)YO%Qtti\i/eosnu.bcell 110 comprises a substrate 120, |

an electrode 125 disposed on the substrate 120, a hole transporting léyer 130 disposed

on the electrode 125, a photoactive. lgyer 135 disposed on the hole transporting layer

130, an electron transporting layer 140 disposed on the photoactive layer 135 and the

graphene intermediate layer 105, which serves as a recombination contact zone for

subcell 110, disposed on the electron transporting layer 140. The photoactive subcell

115 comprises the graphene intermediate layer 105 which serves as a recombination

contact zone for this subcell, a hole transporting layer 145 disposed on the graphene

layer 105, a photéactive layer 150 disposed on the hole transporting layer 145, an

electron transporting layer 155 disposed on the photoactive layer 150 and an electrode

160 disposed on the electron transporting layer 155.

[0020] As shown in FIG. 1, the photoactive subcell 110 and the photoactive
subcell 115 have an electrical connection between electrodes 125 and 160 that is used
to drive an external load 165. In one embodiment, the top electrode 160 of the series
tandem ﬁhoto?bltéicv éeil 100 caﬁ ibé:ma cathode, while the bottdm elecfrodve» 125 can

function as an anode.

[0021] In one embodiment, the substrate 110 for the series tandem photovoltaic
cell 100 is an insulating substrate that can either be optically transparent or opaque.
For an opﬁcally transparent substrate, rigid glass, quartz or a flexible plastic material
(e.g., polyesters, polyamides, polycarbonates, polyethylene, polyethylene products,
polymethyl methacrylates, their copolymers or any combination thereof) can be used

to form the substrate for the series tandem photovoltaic cell 100. For an opaque



[0017]FIG 6 is a graph that shows the photocurrent density as a function
of the voltage under illum nation of 100 mMWcnR2 for a tandem photovoltaic
cell |ikevonreisime®sdepicted in FIGS. 1-2; and [0018] FlI GPCT/SG3012/0g028ph t hat
shows the photocurrent density as a function of the voltage under

i 1lumnation of 100 mMNcn2 for a tandem photovoltaic cell like the ones

depi cted | = ' ] l}@gb 9]FIG 1
is a scheérrulw‘ts;)tS ?%%eéﬁ?g%ogﬁ@kﬁggﬁg g@lké;@%ﬁ%aqggg the er #%@%%%?%i n as a
t andem pht?]t ovol tai(f Cel%ﬂl; aq%lcor d'ilnlg)ﬂto one enbodi ment of the present

i nventi on° PHGPIICBLPIOVERE ©F 'MHows a series tandem phot ovol taic cell
100 in which a graphene internediate |layer 105 is interposed between two
phot oactive subcells 110 and 115. In one enbodi nent, the graphene

i nt er medi @V&2) aylgroneesnhodynsnictbe gleckpde 123 indhe sies dandemphntaxniials aete

phot oactive subcell 110 and the photoactive subcell 115. As
S 100 can be formed of an'electrically conductive material. This material can comprise

a material or combinations of material from the group including, but not limited to,
metal oxides (e.g. indium tin oxide (ITO), fluorine-doped tin oxide, indium-doped
zinc oxide, nickel-tungsten oxide, cadmium-tin oxide, etc),
pristine/doped/functionalized graphene films, graphene flakes, reduced graphene
oxide, carbon nanotubes/rods, metal mesh, metal grids, metals, metal alloys, and
electrically conducting polymers. In a preferred embodiment, ITO can be used as the
electrode material for the conductive electrode 125 because of its high conductivity
and high work function. In one embodiment, the electrode 125 has a work function

that is greater than 4.5 eV.

[0023] In one embodiment, the hole-transporting layers 130 and 145 can be a
-material. that has a high mobility of hole carriers. For example, the hole transporting
layers 130 and 145 can include, but are not limited t;), doped poly(3,4-ethylene
dioxythiophene)(PEDOT), or poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate)(PEDOT:PSS), polyanilines, polyvinylcarbazoles,
polyphenylenes, inorganic oxides (e.g. molybdenum oxide, tungsten oxide, etc),
copolymers, graphene oxide, reduced graphene oxide, graphene flakes, and liquid

electrolyte, thereof.

[0024] In one embodiment, the photoactive layers 135 and 150 can include a

layer/blended layer of an electron donor and an electron acceptor. For example,



shown in FIG 1, the photoactive subcell 110 and the photoactive subcel
115 are electrically coupled in series. The photoactive subcell 110
conpri seswe 2818nRb40at € 120, an el ectrode 125 di sposed onpChscaehsveste 120,
a hole transporting | ayer 130 di sposed on the el ectrode 125, a photoactive
| ayer 135 di sposed on the hole transporting | ayer 130, an el ectron
transporting | ayer 140.disposed on.th hot o ive l.ayer 135 and the

ar aphone §tier AP e ey R T Bie Mratis BePbel e Pinei Bk Shares 2B ¥8nc act
zone for subcell 110, disposed on the electron transporting |ayer 140. The
phot oact i RAdess (Bis prablesszood hels exdractipm inie &mféwéuwmeeql%é@riatIES | ﬁ@ﬁmmos whi ch
serves as a reconbi nati on contact zone for this subcell, a hole

t r anspor tdomgr imsyerial T4 infiledros enhtenml tdrecogrtamdtione of ayaeridl Srona thehgtoopct i ve

| ayer 150 di sposed on the hole transporting | ayer 145, an el ectron

t ranspor tinclgdingy ®at hdb lihhisddo &g deodfudated pblghRac kiste ab gyotythibple@dd(eat

el ectrode 160 di sposed on the el ectron transporting layer '155. ['0020] As

shown ‘i n f&ﬁs-h%x¥1&mspr%e$ 03f! indthedubge! b3ﬁ¢fze§§gymﬁn£hotpe§§aéb%1é beel |

115 have an el ecirical connection between e odes 125 a 160 that is

used to IV E xiern l.0oa 5. 1n.on i to.the top.el ectrode
150 of *t e AL RR R BRSITED poly BB BIBREL TBRknat e RORS | 6t he
bottom el ectrode 125 ¢ function. as an anode. _[0021]]1n one enbodi nent, the
subst r at é"’i}jfé“?fg}en? H’é“‘gg’rp alpgyrning B’rgéﬁe&%?'gaizv[f‘l) tefPPaotfY8PenSilsul ati ng
substrate that can either be optically transparent or opaque. For an

opt i cal | JHiPcasish aeetacensaptantime dots; ofighmprs slyes, gemicondostommiatestalshiugh pl ast i ¢
material (e.g., polyesters, polyam des, polycarbonates, polyethylene,

pol yet hylasngropp dducemicopdlctore hiaydriabe (h1g.c sijicad emd gdramaniveOpProwpeTH-Vr any
conbi nati on thereof) can be used to formthe substrate for the series

t andem phemoalit@be maRials1@Q:. ifREmAphoRpRbeCal FHR S deAldR, cC§' gfahﬁ 91
sem conducting materials can be used formthe substrate for the series

to
tandem PQQ&?C%%QIE&&C rﬁzﬁl:tlial Oglgc[ g%%@h&n s&@ﬁidgmggﬁﬁ{ﬁﬁ't tellhnge,ele&it raR&ie 125 in

the series tandem photovolt

- chalcogen semiconductor materials (e.g. copper indium selenide, copper indium
gallium selenide,v etc). Electron acceptors are typically n-type materials in which the
principle charge carriers are electrons. This enables good electron extraction into the
conductive electrode 160. Electron acceptor material can corhprise a material or

~ "~ combinations of ‘material from the group including, but not limited to, fullerenes (e.g.~ -~~~
C60, etc), substituted fullerenes (e.g. [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM), etc), éarbon nanomaterials (e.g. graphene oxide, reduced graphene oxide,
functionalized graphene oxide, carbon nanotubes, carbon nanorods, etc), quantum
dots, oligomers, quantum dots, oligomers, dyes, semiconductor materials such as

group IV semiconductor materials (e.g. silicon and germanium), group III-V
semiconductor materials (e.g. indium phosphide, gallium arsenide, etc), group II-VI

- semiconductor materials (e.g. cadmium selenide, cadmium telluride, etc), chalcogen
-- semiconductor materials (e.g. copper indium selenide, copper indium gallium selenide,

etc), inorganic nanomaterials, inorganic semiconductors (e.g. zinc oxide, titanium
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100 can be fornmed of an electrically conductive material. This material can
conprise a material or conbinations of material fromthe group including,
but not IW@20Bd2e495 netal oxides (e.g. indiumtin oxi dePCI/BGRY12/000281
fluorine-doped tin oxide, indiumdoped zinc oxide, nickel-tungsten oxide,
cadmumtin oxide, etc), pristine/doped/functionalized graphene filns,

graphene fl.ake r i a a raels al nesh,
metal gri d{sl, gng'icél g?mr;{\%?sal%gg@#g{g,ﬁgngl%gﬁé:c{@?@gﬁ 9%%%?&“ r'fggrp({)@%ner s. In
a preferred fnbodinegt, 1 TO. an.bg u?ed %s the,.el ectrode material for the
conduct i vEST¥IeRR [qragarbeRicagid bisigudazolq, ang pymiditsct i vity and high work
function. In one enbodi nent, the electrode 125 has a work function that is
greater than 4.5 eV. [0023]1n one enbodi nent, the hole-transporting |ayers
130 and 14928hn heone srmbediment. the, glectienstranspogngnmalen 140, anst mgp@n baeriers.
For exanple, the hole transporting |ayers 130 and 145 can include, but are
not |i i tmdterial thdolasch highynidhildtyedflel¢atmoe carriers. In the various embodiments of '
di oxyt hi ophene) ( PEDOT), or pol y( 3, 4- et hyl enedi oxyt hi ophene)

pol y( st yr ¢eesdsbiidnadngiph AEDEECHS ) randgpottirdilaydr €50 alDl 5/ ¢dnyiheladd) duohes,
pol yphenyl enes, inorganic oxides (e.g. nolybdenum oxi de, tungsten oxi de,

etc), co g ra t r e x1.d6,q_ ne; fl akes,
) PRI YIRItSd 8, ?129 ! A8 um Sﬁﬁf, Qatﬁéﬁ}%%tgg?ﬁg,n%m? i h'le7

and liquid electroly ereof. [0024]1n one e of oacti ve

| ayers 13 ng, n_include a |ayer/bl ended | ayer of an el ectron donor
and an efggﬁ?g%%gg'%%ngﬂﬂﬁgF'exanple, :

[0026] In one embodiment, the electrode 160 in the series tandem photovoltaic cell
100 can be formed of an electrically conductive material. This material can comprise
a material or combination of materials from the group including, but not limited to,
metal oxides (e.g. indium tin oxide (ITO), fluorine-doped tin oxide, indium-doped
zinc oxide, nickel-tungsten oxide, cadmium-tin oxide, etc),
pristine/doped/functionalized graphene films, graphene flakes, reduced graphene
oxide, carbon nanotubes/rods, metal mesh, metal grids, metals, metal alloys, organic
.material -modified metal (e.g.- LiF/Al; CsF/Al,. . etc),--and -electrically conducting.- e
polymers. In one embodiment, the LiF/Al layer can serve as the commonly used
cathode that can enhance electron injection in the series tandem photovoltaic cell 100.

This conductive electrode contact can have a work function that is less than 4.5 eV.

[0027] = In one embodiment, the graphene intermediate layer 105 can be a film of
graphene. The graphene film can comprise a single layer of graphene or rﬁore than
one layer of graphene. In one embodiment, the graphene film layer can comprise a
‘modified form of- graphenef film. For example, the modified form of graphene film

- can comprise molybdenum oxide (M003), vanadium oxide (V,0s), tungsten oxide



el ectron donors can include p-type materials in which the principle charge
carriers are holes. This enables good hole extraction into the conductive
el ect r odew02813/2p496t r on donor material can include a nmaPETIS&R2013000281

conbi nations of materials fromthe group including, but not imted to,
conj ugat ed pol yners such as pol yt hi ophenes (e.g. poly(3-hexylthiophene) or

Bir‘ighgﬁy@%@: B@t@%ﬁ%‘*&% iy T el e e
i i [ [ Z , 4F-/ZnPc,
Sort,  rombeCaae kel RIS GaPBotns faer @ik OB S er Ebnact o

materials such as group |V sem conductor materials (e.g. silicon and

ger mani uroly(@ispe kiAo TR, alisl atonaieele & 8GO ROgCOMAGK MidsBhi de,

gal lium arsenide, etc), group II1-VI sem conductor materials (e.g. cadm um
sel eni de,Lig@api eto. t & boe ieddodenany,, thargtaptienk ddge nars davec anblickhess thatisri al s
(e.g. copper indium selenide, copper indiumgallium selenide, etc).

El ect r on gegentiansy.8n.t VIR iRl éxboditnéRE thatedphahs filM MR £ hith@sPrhdici pl e
charge carriers are electrons. This enabl es good el ectron extraction into

the Cond%ﬁée‘éefro%%J&Q%Iﬁ?gabo@t@éhﬁpn acceptor material can conprise a
mat eri al or” conbi nations of material fromthe group including, but not
limted to, fullerenes (e.g. C60, etc), substituted fullerenes (e.qg.

f 6, 61- ph = C61xbut yri i d et hyl . (P t b : ’
nanornatlto eﬁpé#gg ((]aT lgyg%{’%%‘ﬁgﬁtlgr%%%tg?{axeg%ﬁéﬁg‘&%@%&%g‘sg%ﬁ &ﬁ?}fr‘ﬁf’ﬂﬁ%ﬁfilanm i zed
graphene oxi de, carbon nanot ybes, carbon nanorods, etc), quantum dots,

ol i gorrer <he §erist tAndedy PRotoypliain felt 400 heeause dighasca phegE Fesistange dhatdp dessuch as

group |V sem conductor materials (e.g. silicon and germanium, group II11-V
sem condubaoitk phmaper shgar¢.e Aglow slbetrasishaase Wil dacilitaid ¢fiaetise sellgation oft c) ,
group I1-VI sem conductor materials (e.g. cadm um sel eni de, cadm um

t el | uri dehagkciarriabal Bogemmselritioaehpbemy imamediad Sayee. 1905 Enpgeopiiculi um
sel eni de, copper indiumgalliumselenide, etc), inorganic nanomaterials,
i nor gani Grap@par&RYAMET &F Srea®r Ghar? BO% X588 nnl.i INGle UMt DKL rafdpatencpO! yTers
cont ai ni ng groups, polyners containing CF3 groups, perylene
tetracar i G [ | 510 |3 di [0 I e..
embodi merteippded i bl TOCREELThe A BLAH Behey ol it MuiBave, o\ o
that has .,a high nohility of _electron carriers, In the. various enbodi nents
O the prl@éeé%?coflm‘ign'thief%?' t e a@ﬁlﬂf){“rc} etHréFﬁ‘gﬁ@PP‘?%é“nF'é?f@ﬁl%e A5RIRE€ 155 can
include, but are not limted to, zinc oxide, titanium oxide,
bat hophenai§faediate faver hasy wprefupgtianthat cagj rapgerfyam pboat He taabaut §15 8.
[0026] I n one enbodi nent, the electrode 160 in the series tandem
phot ovol tveiich egitiles #0© loeamnablef wr magthodp anthethectarionalenyrgyoledels tafvihe
material. This material--can-conpri-se-a mat-eri al- or-conbi.nat.i on..of..materi al.s
from t he phb@dprivenTalyeidli dT0the BibceMBt thhi ffet @Ppdied BRlaal Qedtd&sy( nectkddi um tin
oxide (1 TO, fluorine-doped tin oxide, indiumdoped zinc oxide,
ni ckel '“ﬂ@&éﬂo@n oxi de, cadm umtin oxide, etc),
pristine/ doped/functionalized graphene filns, graphene fl akes, reduced
gr aphene oxi de, carbon nanotubes/rods, netal nesh, nmetal grids, netals,
nmetal all orrgani ¢ ..naterial modi fi I . 0. hi CsF[Al,. etcC),
and el ect[gcly%gzll I ngc(())pr(f? utlé) i ﬁfg t%eols?/rrlr%r [s%nﬁ%ﬁng%ogogér%%b‘%icﬁ%nﬁ&#h% %EI‘R*IEI&‘_‘L | ayer
can serve as t({]e g&w ngy used cat hode that can enhance_el ectron Lnj ection
in the sdfPEBdialR mﬁﬁ €8y 87888 aderembigptionrrondact gatic I partisriabttPode
contact can have a work function that is |less than 4.5 eV.

graphene intermediate layer 105 is inserted between the adjacent subcells as a

recombination zone for electrons and holes from their respective subcells. In one
embodiment, the graphene intermediate layer 105 is configured to let both positive
and negative charges recombine from the first photoactive subcell 110 and the second

photoactive subcell 115. As a result, the graphene intermediate layer 105 can prevent
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[0027] I n one enbodi nent, the graphene internediate |ayer 105 can be a film
of graphene. The graphene filmcan conprise a single |ayer of graphene or
nor e t harwone1dmyss of graphene. I n one enbodi ment, theprgrsgchen®odzsim | ayer
can conprise a nodified formof graphene film For exanple, the nodified
form of graphene filmcan conprise nol ybdenum oxi de (M03), vanadi um oxi de

oo, GHBRIE o s Hirads, Mitdoues the adeauate Fermi fevs! glignmery between, the g o

bi s(2-(2-(2-nmet hoxyet hoxy) etho ethyl) -9-fluorene)). di brom de .

( WPF- 6- oﬂf’lzqﬁfr}t t%@@t’%w%ﬁﬁs B‘Jﬁ< %‘)é?)“e( TIBEG% 1mi7ed|qpeR SHBHH¥pIAgee 1y thigs 2 cos,
Rb2CO3, K2CO3, Na2CO3, Li2CO3), etc. In one enbodi nent, the graphene film
can have enbadimrieshe elaetrodes I ehitey firsiaphotodstinensubeelloht) énbeadi aern, t he
graphene filmhas a thickness that ranges fromabout 0.5 nmto about 30 nm
[ 0028] Theelgtiaghenstattntioesalieck ladles vhjle thel Oloctiredes 180 abthe deosndiplotasctian
interlayer in the series tandem photovoltaic cell 100 because it has a

sheet resustaNqestiadonfiputedSss thafedkicANRME: BAUSI&R: dedudts.ShELone
resistance will facilitate effective collection of charge carriers.

Furt her aLap j.n i e S j.cal .

trans papg]ngof dirﬂgr}t, Ftisae éirgég?dg r Eﬁ]gﬁﬁ%gg}gal{&%%al%%;v{%t ‘g&{l}hgﬁgg&ﬂi%% 18
transparency internediate . ] ayer wll atfect the |ight absorption

behavi or %?Q{Trh@a‘bﬁ‘gf Géfgtquis %S)Fé‘?céroﬁlﬁﬁgbe‘i?uﬁté‘??e? Crons ciigRaveoh Yarke
pristine/ doped/functionalized graphene internediate | ayer has a work

f unct i on famgttondhat is leaydapdengebout 3 eV to about 5.5 eV which enables it to
be tunable to match up with the various energy |levels of the photoactive

| ayers of the subcells that are supported by and el ectrically connected

t her et 0. [PORH9] I GoZeisaa iscrenuitict diagrser o8 seres] émdpmoplootditaiccca ERD0 100, t he
graphene internedi ate | ayer 105 can serve as.a reconbi nati on contact zone.

| n parti cdt@dingt BbeangttRpBaidedinidne otk picsedtay@entibdd InSparti&dt @@ Lefveen the
adj acent subcells as a reconbi nation zone for electrons and holes from

their respeehl ¥RosvIGR! bl zémisolregre%mmer@un ifvBRed GANBE Budi e SSFTRA! at e

| ayer 105 1s configured to | et both positive and negative charges reconbi ne
(12 e AL R, QRSB Do AT Ty TR RE et el
photovoltaic cell 200 is an inverted device structure of the series tandem photovoltaic
cell 100 in that the hole transporting layers and the electron transporting layers in the
photoactive subcells have been inverted. As shown in FIG. 2, a graphene
.iﬁtermédiéte layer 205 is interposed befween twc; photoactlve subcélls 210 and‘2”~1.5.
Like FIG. 1, the graphene intermediate layer 205 provides an electrical connection
between the photoactive subcell 210 and the photoactive subcell 215 such that the
photoactive subcells are electrically coupled in series. The photoactive subcell 210
comprises a substrate 220, an electrode 225 disposed on the substrate 220, an electron
transporting layer 230 disposed on the electrode 225, a photoactive layer 235 disposed
on the electron transporting layer 230, a hole transporting layer 240 disposed on the

photoactive layer 235 and the graphene intermediate layer 205, which serves as a

recombination contact zone for subcell 210, disposed on the hole transporting layer

11



the build-up of charges, introduce the adequate Ferm | evel alignnent

bet ween the adj acent photoactive subcells and ensure the maxi m zed open
circuit WeDt2aé22408 t hi s enbodi ment, the el ectrode 125 @®CTSGR0121006281

phot oactive subcell 110 is used as an electrical contact to collect holes
while the el ectrode 160 of the second photoactive subcell 115 is configured
as an el ri C I4:@c I 0 | nakhe

el ect rod??ZS%g%)Ipﬁgg%?t% %‘%Cglg j(% gnéohﬂgé/rgsgg tl\?%éf(aph gr}lecp] ?‘gﬁ{é?%gét 'i'alp}}S%} 92 P t“esat er
than 4.5 eV,, while the electrode 160 col]ect.ing el ectrons can have a work
functi on YH5R S§rees gdrepomRingtien gapta 66%“0%%%* S'%"‘F > 3P JRHEPISPHIREr am of a
series tandem photovoltaic cell 200 according to another- enbodi ment of the
present ilmoeér%gdpﬁpomﬁi qethe igeaphere layere20Se p iphatopeiiigdayas REP disppsasi en el | 200
is representative of an inverted device structure of the series tandem

phot ovol teddatrooetrhnspOBinge piyet €d5i n RbIE. trinspdhtengs dayiee 2X5addposedhob othel t ai ¢
cell 200 is an inverted device structure of the series tandem photovoltaic
cel | 100 ghatdabate tayer Dsd and hansRebEE 260 BYREE] 8Rdhd ReleakRRpoBAg IaRASPOr ti Ng
| ayers in the photoactive subcells have been inverted. As shown in FIG 2, -
a graphqu internedi ate | ayer 205 is interposed between two photoactive
subcel I s fO and 215. Like FIG 1, the graphene internediate |ayer 205
provi des an el ectrical connection between the photoactive subcell 210 and

t he phot i.ve subcel | .2 h.that th ho Lye subcells are

el ectri cgﬁﬁéyf]cou‘%ﬁ 80 ! (131%622? tFﬁepalb%% Cglggtslubgqut&meqnﬁ %fOpléog?ﬁacPivges a
substrate ﬁZ?, g}electrode §25 di sposed on the substrate 220, an el ectron
t r anspor tSPRY ll%\]% ave 4p elfcH 3k eRnSHiaRetWpeR ¢lpciirdes 255 and 2 thakisiysed | ayer
235 di sposed on the electron transporting | ayer 230, a hole transporting

| ayer 2400 drizpeseytcor! iaad I6Rotln goe cmbodiment, the®paglectiade 290 ab lemseries
internedi ate | ayer 205, which serves as a reconbination contact zone for
subcel | 2dfendpbqosdthiotelt BEO tah de tanaaimdey thilg theapartom ebgfodd 2@5 phet oacti ve
subcel | 215 conprises the graphene internedi ate |ayer 205 which serves as a
r econbi nghhQ@idnGeAtcatbdzone for this subcell, an electron transporting |ayer
245 di sposed on the graphene |ayer 205, a photoactive |ayer 250 di sposed on
the el ectron transporting |ayer 245, a hole transporting |ayer 255 di sposed

on the phghpact ing E%ge?{atsgggslcﬁgsgd 4Br %@?s%@f’a‘ée 22%@, Sh% Fé?%‘?x%dé’”zist‘%é‘o' €

transporting | ayer shown in phot oactive subcel

ol cot 1 oasteesds VRS okt Tk s U P 2T it BRI PO e 48 one

enbodi ment, the top el ectrode 260 of the series tandem photovoltaic cel

200 can BA0AIddhe @EaphaRs (éccdiak, faysimd ik phadactesubeHl 24Rcen o the

C.at h.o de same. material mentioned above for their counterparts used in the.photoactive subcell ..
110 of FIG. 1, and therefore a separate description of the material used for each layer
in subcell 210 is not provided. Likewise, the electron transporting layer 245, the
photoactive layer 250, the hole transporting layer 255 and the electrode 260 in
photoactive subcell 215 can be the same material mentioned above for their
counterpérts used in the photoactive subcell 115 of FIG. 1, and therefore a separate
description of the material used for each layer in subcell 215 is not provided.r All that
differs between the photoactive subcells 210 and 215 in FIG. 2 and the photoactive

subcells 110 and 115 in FIG. 1 is that the position of some of the layers in these

subcells has been inverted.
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[0032] The materials described for the substrate 220, the el ectrode 225, the
el ectron transporting | ayer 230, the photoactive |ayer 235, the hole

t ranspor twogoi3age4s240 and t he graphene internedi at e | apEn/SBOGI2{0n0281

phot oacti ve subcell 210 can be the same material nentioned above for their
counterparts used in the photoactive subcell 110 of FIG 1, and therefore a
separate ripd.i L6 i 0,.S | 210 is
ot provi 4] p%%@h eépe% ford t%%%‘nest*%%‘%g{) rott.g*ﬂ%@ elog) Bl

phot oactive |a e.hole tra er 2 and the el ectrode
260 in pHBEeE)‘EE%?R‘/’e B ”‘ngr‘%sartfmﬁg h ?Ym‘ieélr 5&9 HEnfTERet dbove for
their counterparts used in the photoactive subcell 115 of FIG 1, and

t her ef or gegpralipaiion eonted cronpt | lanpasticulie thaygeanhane igeanedénte dayen 205yi&r i n
subcell 215 is not provided. Al that differs between the photoactive
subcel | s iBd%0tedbdtwdtb thanadyhd@nt fibaelds dshrerepbrobimagon renedobeletttenshha hated 115 in
FIG 1 is that the position of sone of the layers in these subcells has
been i nvexdifidheir Wopedihd/suBeARS A TUneGabbdi A2 tht §:1QPak Lhdanédigeap@irat i on of

the series tandem photovoltaic cell 100, the graphene internediate | ayer

205 10 SSIses hARERE RIRA U6 kBl ndfE BBl MEpRiR AR JADERGH O

contact zone. arti C e grap e Inter dl ate a er

el act  on e cﬁﬁq % el Phsé?‘%ﬁﬁ R N

graphene internedi ate |ayer 205 is configured to let both positive and
negat i ve #icge dnteapgstigse A@ver 8 qané)rw%ghephw%%tqf\ﬁ@a@ebc@rrpd@fothand t he
second photoactive subcell 215. As a result, the graphene internediate

| ayer 20%deqmtpFevedevel hbginérdtdetyeenfthe hdingas phototstogisubeallsenddesprat e Fer ni
| evel alignnent between the adjacent photoactive subcells and ensure the

maxi m zedh@pRRimkizEéC tpdn diruitagRagd. Mntthis enbodnadntEnt clethedecd BCsNtBelEr225 of
the first photoactive subcell 210 is configured as an electrical contact to

col | ect ?h%&;af:@%ssu‘ﬂ@éll 810 Reoffiskbl 99%n 268 itk Joﬂ?ac?%%‘ﬂgctl@f&h%ﬁ&%ﬂ@ subcel |

215 is confi gured as an electrrcal contact to collect holes. In one

That i o gresbafod B G HE SRy RRp ngtﬁaV'e”QﬁbCai Put %f?%urﬁd?agé‘r’{ iRt Pons

canhaveavvorkfnct onta is stha 0034]1FIG 3 is a
schemat i €OBia8Gi0aA ’SFt O‘Eeaﬁ@gﬂﬁflgﬁ%r septfafies%@r eqlleching hplss can

have a work function that is greater than 4.5 eV, while the electrode 225 collecting

electrons can have a work function that is less than 4.5 eV.

[0034] FIG.3isa schematic‘ ;iiaéraﬁl of anothertandem soielr cell also referre.d to>
herein as a tandem photovoltaic cell according to one embodiment of the present
invention. In particular, FIG. 3 shows a parallel tandem photovoltaic cell 300 in
which a graphene intermediate layer 305 is interposed between two photoactive
subcells 310 and 315. In one embodiment, the graphene intermediate layer 305
- provides an electrical connection between. the photoactive subcell 310 and the
photoactive subcell 315. As shown in FIG. 3, the photoactive subcell 310 and the
photoactive subcell 315 are electrically coupled in parallel. The photoactive subcell

310 comprises a substrate 320, an electrode 325 disposed on the substrate 320, an
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herein as a tandem photovoltaic cell according to one enbodi nent of the
present invention. In particular, FIG 3 shows a parallel tandem

phot ovol t\WDe03&I2k40300 i n whi ch a graphene internmedi ate PEFSG2GOH001281

i nterposed between two photoactive subcells 310 and 315. In one enbodi nent,
the graphene internediate | ayer 305 provides an el ectrical connection

bet ween tcﬁf‘c&%ﬁ%ﬁ%ﬁ%&ﬁé 1EPSRY bispkBd Bithd HEAORLRACH &)gﬁtgga%% er333. AS

shown in F acti1ve subcel oact1Vve ‘subcel
315 are el.ectrically.coupled in.paralle]. Th hot oact i ve ell 310
conpri sesPSEHEE h’a?teée‘%fg e aﬁﬂ’oéﬁ“g%{a?' ‘Efdgoﬁgo&t SRUHNG AR 3“@@*&2?%5 te 320,
an electron transporting |layer 330 disposed on the el ectrode 325, a

phot oact i ethe ghetpadns layes 343 aad Hie grapheas dxenmndiate laysp¥NS, ivddch seyess a830, a
hol e transporting | ayer 340 di sposed on the photoactive |ayer 335 and the
gr aphene dnntlecmetdi &iresubagier3 180 djspustdc bn sbe vede amnsportide ddyeodd0f oThsubcel |
310, disposed on the hole transporting |ayer 340. The photoactive subcel

315 conprgheesictiesidealp 3es omptisssnthe igtiphehdit@drmeAfteMayeN3GRHHRS REvedN
el ectrode for this subcell, a hole transporting |ayer 345 di sposed on the

o 2phre eIl uPREIOAN LK AN L PTG AR BB o, 1,

transporting [ayer , an electron transporting | a

hot oacti,ve |l.ayer 350 and an e trode 360 di sposed on..the el ron
F r anspor TRy ?éyélrp%?gq??gfeogﬁ'gf §§6 éiﬁsé’\%eqsﬂn IQ%Gﬁglﬁ trat“ﬁ@“f)‘ﬂ%ﬁ%%?&?‘%% Bubcel |
310 and the photoactive subcell 315 have an el ectrical_connection between
the el ectSlgsten trapspogiing Bger 335 fisppsed Py Hhe RhotasHvs Baen 13Peand Ascdedtrode 0 and

t he photoactive subcell 315 share a common el ectrode 305 (i.e., the

gr aphene 36@yésppsedidrethe glertyan thesportogdagd=35and t he el ectrodes 325 and 360
are used to drive an external |oad 365. As shown in FIG 3, these

el ectrical connections are in parallel with each other. In one enbodi nent,

t he el ect[fo3fgs 325 showdn A6G0FIGE. 3,hehe pplicaddcele tsabekd3ph aindvibket plictogeeibe 300 can
be a cat hode, while the graphene |ayer 305 which is the internediate | ayer

in the celbcetiasld Ut hP BledfichhEorfiREHGH beRRES thd CR3BIdR P3eaRITBaSi neNnt, the
substrate 320 for the parallel tandem photovoltaic cell 300 is an

i nsul at i NAdRBASHE ?Bgtogl&?\;e S%B&lﬁitltdﬁlrd tH@ pf?@é%u%ﬁ?lslsébéeﬁla%%psﬁ%x%% co%rlm§ ague.

For an optically transparent substrate, r SS, quartz or a flexible

pl astic terial,(e.q., ,polyester ol yam des, pol ycar hongt.es,
pol yet hyIrEZ‘?‘? Pd%ﬁcféef‘%rl e’ gﬁ'ﬁf’cﬁéxe%pol @Fﬁet‘:ﬁfﬂm‘ﬁbte UpPgs gg)és and (he
copol ymers or aq¥%conbination t hereof) can be used to formthe substrate

for the [hcHPAes 335aleidetswbia dilte deprtemgbloadoSamogheriein FIG. 3,

these electrical connections are in parallel with each other. In one embodiment, the

LA Sty e h e BT

electrodes 325 and 360 of the parallel tandem photovoltaic cell 300 can be a cathode,
while the graphene layer 305 which is the intermediate layer in the cell can function

as the common anode.

[0036] In one embodiment, the substrate 32‘0 for the parallel tandem photovoltaic
cell 300 is an insulating substrate that can either be optically transparent or opaque.
For an optically transparent substrate, rigid glass, quartz or a flexible ﬁlasﬁc material
(e.g., polyesters, polyamides, polycarbonates, pblyethylene, polyethylene products,
polymethyl methacrylates, their copolymers or any combination thereof) can be used

to form the substrate for the parallel tandem photovoltaic cell 300. For an opaque
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substrate, ceram cs or sem conducting materials can be used to formthe
substrate for the parallel tandem photovoltaic cell 300. [0037]1n one
enbodi nerw0 20tsd22408ct r ode 325 can be fornmed of an el ect PCE&IGR§1200028UCt | Ve
material in the parallel tandem photovoltaic cell 300. This material can
conprise a material or conbinations of fromthe group including, but not

limted tgyg &@s L2t 405 ¥LdfiR ofdirc ng 'Imr%ﬁq L4 bePfdelGo EdehPhe s%g%é g doped
tin oxide,

Fum zi nc oxl ni c -tungsten oxi de, mumt
oxi de, e/ d ed/fun alized graphene filns, graphene fI akes,
reduced g&’é ﬁ’r%hgls 8?"151@?1 ?‘F; ubes/rods nmetal mesh, netal grids,
netal s, netal aIons and electrically conductlng polyners In a preferred
enbodi ment, | TO can be used as the el ectrode nmaterial for the conductive

el ect r odel083%) heliafae eppodiment i edestgde 3% ¢ap b dormeghotnar ielsctieliyon. 1n
one enbodi ment, the electrode 325 has a work function that is greater than
4.5 eV. [@m@@c}tm oaterienbothierpemalie! téareleophotovatspoelt BAY Thiyengedal(caand 345
can be a material that has a high nobility of hole ,carriers. For exanple,

t he hol e d¢onapBparihiegal Grysnsbidatdnad fﬁ)ﬁ'ﬁthbag”rohpl(ﬁidllﬁﬁmg,hmt ndf Bmixed td,i m t ed
to, doped pol y(3, 4-et hyl ene di oxyt hi ophene) ( PEDOT), or pol y(3, 4- et hyl enedi ox

yt hi opheng) nRedikide¥ (& Q eiﬁHfufrrPﬁﬁ‘b%)d@ Wﬂﬁ@@le AR EDbAiUO§Rdium-doped

pol yvi nyl car bazol es, pol yphenyl enes, nol ybdenum oxi de, tungsten xi de and

copol ymerg,. Or aghgne oxfide fHEed WaRlene Qihiifiaf’ 2PRNR, ! akes, and

liquid el'ectrol yte t here

pristine/doped/functionalized graphene films, graphene flakes, reduced graphene
oxide, carbon nanotubevs/rods, metal mesh, metal grids, metals, metal alloys, and
electrically conducting polymers. In a preferred embodiment, ITO can be used as the
electrode material for the conductive electrode 325 because of its high conductivity
and high work function. In one embodiment, the electrode 325 has a work function

that is greater than 4.5 eV.

[0038] In one embodiment, the hole-transporting layers 340 and 345 can be a
-material that has a high -mobility of hole carriers. For example, the hole transporting
layers 340 and 345 can include, but are not limited to, doped poly(3,4-ethylene
dioxythiophene)(PEDOT), - or poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate)(PEDOT:PSS), polyanilines, polyvinylcarbazoles,
i)olyphenylenes,v molybdenum oxide, tungsten oxide and copolymers, graphene oxide,

reduced graphene oxide, graphene flakes, and liquid electrolyte thereof.

[0039] In one embodiment, the photoactive layer 335 and 350 can include a
" layer/blénded layer of -an ‘electron donor and an electron acceptor. For example,

- electron-donors: can include p-type materials in which the principle charge carriers are
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[0039] I n one enbodi ment, the photoactive |ayer 335 and 350 can include a
| ayer/ bl ended | ayer of an el ectron donor and an el ectron acceptor. For
exanpl e, wWpaoty@podonors can i nclude p-type material s i RCHSIGEH2{0ne281
principle charge carriers are holes. This enables good hol e extraction
into the conductive el ectrode 325. El ectron donor material can conprise a

mat eri al Mle Ofﬂ:ié o Hl%r%)gﬁfho'f@é;&faic&é‘n Ht(? mef &%ﬁg&%pelé%lgg %85'.9 ’El&'ﬂron hot

limted to, conjugate yners such as pol yt hi ophenes

ol y(3- hexyl t hi ophene) or naned as.P3HT ol yani L.i nes, pol ycarbazol es,

ol it my 0kiob AR S5, 5B ThpanG el <ps iRy oh heal TRosd F6% ARkRes:
pol yt hi azol es, pol y(thi ophene oxi de), phthal ocyani ne pignent (e ZnPc,
CuPc, 4F-ipelpdingshpt nopdmpitedeq; ) conjygtosc pplyanersy saght @ szopbmego%@s, dyes,
sem conductor materials such as group IV sem conductor materials (e.g.

si licon gmdy@drenpithiopheneyr oup natiedV senP3Blyucpdyambest i blycabagples,ndi um
phosphi de, gallium arsenide, etc), group |Il-VlI sem conductor materials
(e.g. cadlyih@eddaioks, polgpenyBnte dolypheeylvilfehes, PO slhads COUGhiazoles, _
sem conductor nmaterials (e.g. copper indiumselenide, copper indiumgallium
sel eni de, . g i.cgl - ] la i n which
t he priné?%%ghgﬁgbggk%a T @??nggﬁg?é§$%%§éggTE¥gaé§ggﬁé§ﬁg§g% gﬁ%%tron
extracti j.nto,the conductive el ectrode 360. Electraon acceptor materi al
can conpritEe SOneBPEaES o aplin fnS: PUREsT et aeoAPeR PREgloTRn
including, but not limted to, fullerenes_(e.g. C60, etc), substituted

ful | erenés gwup. 1Y semiroptesion materiabyu(§ eq eilisen ndegtinanisse rercByY etc),
carbon nanomaterias (e.g. graphene oxide, reduced graphene oxide,

f unct i onaeintedduetap matesiabxiede indinmbpiresplaidet gabeem acsenbstsn eleangroop d1-Vét ¢) ,
guantum dots, oligoners, quantum dots, oligoners, dyes, sem conductor

mat er i al semiidacogrmapridly @i camtuni celeffles rdadin$urh etefluridé, e aand
germani um), group I11-V sem conductor materials (e.g. indium phosphide,
gal | i um ahaRBEEE seficdhdudbrOhitdrialsVie. 8 BbsRAGHAND ERhRE! @bPpdrCi@iuggadm um
sel enide, cadmumtelluride, etc), chalcogen sem conductor materials (e.g.
copper i ngli i i ndi | j. se i .el¢ i nor gani c
manomat erdltEh SALERE ). TABAR (CAGUUES B8 SRR i Byl e,
etc), polyners containi.ng CN groups,.. pol rs cqntaining CF3 groups,

per i ene BEIFE SRBAATIEN 480 HEBHant i SHABICS A0 SYLHTR GRHRION OB  n one
enbodi nent, the el ectron-transporting |ayer 330 and 355 can be a nmateri al
t hat has canéicgtye redesitiode \360f  Elestion cgcensprr matesial (can toe@npyise iaotngtesigbodi ment s
of the present invention, the electron transporting |ayers 330 and 355 can
i ncl ude, coutbirmtiennof mhaienial dmttbe grivpandudidg, Brtchot litratet won fokerdaes (e.g.

-..C60,-etc);-substituted -fullerenes (e.g. [6,6]-phenyl-C61-butyric- acid--methyl -ester ~ -
(PCBM), etc), carbon nanomaterias (e.g. graphene oxide, reduced graphene oxide,
functionalized graphene oxide, carbon nanotubes, carbon nanorods, etc), quantum
dots, oligomers, quantum dots, oligomers, dyes, semiconductor materials such as
group IV semiconductor materials (e.g. silicon and germanium), group III-V
semicon(iuctor materials (e.g. indium phosphide, gallium arsenide, etc), group H-VI
semiconductor materials (e.g. cadmium selenide, cadmium telluride, etc), chalcogen
semiconductor materials (e.g. copper indium selenide, copper indium gallium selenide,

etc), inorganic nanomaterials, inorganic semiconductors (e.g. zinc oxide, titanium
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[0041] I n one enbodi ment, the conductive el ectrode 360 can be forned of an
electrically conductive material in the parallel tandem photovoltaic cell
300. Thi swoabsy/i22d05can conprise a material or conbinati @a3/S6RoTwpesial from
the group including, but not limted to, netal oxides (e.g. indiumtin
oxide (1 TO, fluorine-doped tin oxide, indiumdoped zinc oxide,

ni ckel -t e X adm L 1 X4 ‘s

pristi nef‘gg%%d%: ﬁnfé(ﬂ gﬁ%l ?gﬁetgl%&r‘éa&l\g rg?? Y %(ﬁ%a?rasp %I}l%mﬂgalge%, EPehticed

gr aphene oxide, carbon nanot ybes/r ods, tal nesh, netal grids, netals,
metal al | RVEENGIEHAATRORMIE @Fidist deepieean IypdieSy i F/ AL, CsF/AL, etc),

and electrically conducting polyners. In one enbodi nent, the LiF/ Al | ayer
can serve as the commonly used cathode that can enhance el ectron_ injection

in the pdf8fflel Inpigesmbithmento theatlecten-framportingHp¥erchiddind: 33%ecd B £r ode

contact can have a work function that is less than 4.5 eV. [0042]1n one
enbodi mermatetilethgpr lzgs eimgh inmtbelitpred iektceroh ayeierg 0 tharvabeusemhbédimehisgrfaphene.
The graphene filmcan conprise a single |ayer of graphene or nore than one

| ayer of tge ?fﬂ@@ﬂ&nvdnﬂoﬁ),l’tﬁe elebest taisporting@a@rapreanrl 333 danliagiede, banareonpri se
a nodified tormof graphene film For exanple, the nodified form of

gr aphene {d; hiRiedho CoPSsisCaliReansiyexi de (Mb03), vanadi um oxi de (V205),
tungst en oxi de ?V‘DS), pol y[ (9,9-bis((6"-(N, N, Nt rinethyl amroni un) hex

yl)-2,7-fluorene)-alt-(9,9- bis(2-(2-(2-nmethoxyethoxy) ethoxy) ethyl)
-9-fluor dihr om - 6-0XY- I | ene i anal kali
car bonat 40611 BB EEoolsnE R oo RR Sty d¥) e b Bprdd gt n

enbodi nent, the graphene filmcan have a thickness that is ater. than 0.5
nm In orfeE SRR maisab o e Parh IR Hardem PRpiorALYS BhaI00; ahbiss f rom
about 0.5 nmto about 30 nm [0043] Theﬁgr aphene internediate |ayer 305 is
sui t abl e Myeriys eamogprishtemnacial o copbinsiipas |of| matergk frghothevaiorni ¢ cel |
300 because it has a sheet resistance that is less than | k ohm per square.
Fur t her nindpdinge bgr aghbméed nd.emeeati ioaides | (axgeind@n tmoxale @PO).cBhorine-

transparency that is greater than 80% In addition, the

pristine/ dﬂ)%@@ﬁhfd;tﬂfet, irahldeped gind PRRREnicREIGLABMMASAdE v8hidiASincoies, K
function that can range fromabout 3 eV to about 5.5 eV which enables it to

ayers of o ST ERpH R On 28 KRk O LN R e e R FABRE o

thereto. oxide, carbon nanotubes/rods, metal mesh, metal grids, metals, metal alloys, organic
material modified metal (e.g. LiF/Al, CsF/Al, etc), and electrically conducting
polymers. In one embodiment, the LiF/Al layer can serve as the commonly used
cathode that can enhance electron injection in the parallel tandem photovoltaic cell

- 300. This conductive electrode contact can have a work function that is less than 4.5

eV.

[0042] In one embodiment, the graphene intermediate layer 305 can be a film of
graphene. The graphene film can comprise a single layer of graphene or more than
one layer of graphene. In one embodiment, the graphene film layer can comprise a
modifieci form of graphene film. For example, the modified form of graphene film

can comprise molybdenum oxide (MoO3;), vanadium oxide (V,0Os), tungsten oxide
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400441 in operation of the parallel tandem photovoltaic cell 300, the
graphene internedi ate | ayer 305 can serve as a conmmon el ectrode to the
first phovoaetyoze4osubcell 310 and the second phot oacti ve@C3Hceel200@85. | n
one enbodi nent, the graphene internediate | ayer 305 collects holes
generated fromthe first photoactive subcell 310 and the second photoactive

I R e e e T

contacts to coll el'ec otoactive’subcells. In
one enbod;. ,~the el ectrode, col|ectin ol es r.aphene . ater nediate | ayer
305) can T2 2aBr RS bRuBRul SHb PR F RS VPR PR e
el ectrode collecting. electrons (el ectrodes 325 and 360) can have a work :
funct i on RA¥ethylene @xidey [REO) alkaliparbopgseo (£13/(626 HEe49.000e8s
[0045]FIG 4 is a schematic diagramof a parallel tandem photovoltaic cel
400 accorlib@ig:)t etcandt oee earbodunentntheodraphee files eart havey erthickness [that is
particul ar, the parallel tandem photovoltaic cell 400 is representative of
an inver t@eateheiafe0.s tinlCtIr éheOémbbdEmRAr, ahé Sraphane enphat o \wickdse thal | 300
depicted in FIG:- 3. The parallel tandem photovoltaic cell 400 is an
invertedIgg%gqﬁnﬁgg&ﬁtygﬁmqga&g§3g%hglIeI t andem photovol taic cell 300 in

1

that the hofe transporting layers and the electron transporting |layers in

t he photoactive subcells have been inverted. As shown in FIG 4, a graphene
i nt er medi | ay- [.S ] tiwv cells 410
and 415. [?ub%é FI’%{C_ ég‘g?éﬁ% 18@%%%@%@?#???’@@5?%?@9? g‘%}g%sg%%%“plgtg@ug 24™an
phot oact | & PEADEaRPIeR Bhaerirtn At PHOPEHOEL e fanebeaieane iIget i cal | y
coupl ed ig p?ﬁggjel. The phgto&;tive gubceLl 410 gggprifes gggggstrate 420,
an el ect ri8ge I PPBBIBEE- o U RSO She Frapham) Inteymegiae 1ayan $89 | ayer
430 di sposed on the el ectrode 425, a photoactive |ayer 435 di sposed on the
hol e tr aroppioalt i ngndpayeacy 43Mat aris el greateon tharanRKFs.t | ng Ih ayaiditdbh) dihsposed on
t he photoactive | ayer 435 and the graphene internediate | ayer 405, which

serves arafin@issddrff&idnlizédu baghéned b rm@iRROESEr Afs hhRok! RHEAGH that
transporting | ayer 440. Thephotoactive subcell 415 conprises the graphene

|t er mediah S i 408, LP R 35S AP ARIAARKS 4G ok iU & AHEEED! 2N

el ectron transporting layer di sposed on the graphene layer

phot oactive | ayer .450 di spqsed o he,el ectrop transporting,.layer 445 a
ol e tr antib B ity eieraBae s 3bbe DhRtoRrY ey Rubatt NFcoiils HEoEad an

el ectrode 460 di sposed on the hole transporting |ayer 455. [0046] As shown
in FIG 4urpoteddyandslacincally paractedsbereihd t he phot oactive subcel | 415 have

an el ectrical connection between the el ectrodes 425 and 460. In addition,

t he photoactive subcell 410 and the photoactive subcell 415 share a common
- .. ...--.[0044]....In operation of the parallel tandem photovoltaic cell 300, the graphene

intermediate layer 305 can serve as a common electrode to the first photoactive
subcell 310 and the second photoactive subcell 315. In one embodiment, the
graphene intermediate layer 305 collects holes generated from the first photoactive
subcell 310 and the second photoactive subcell 315, while the electrodes 325_ and 360
can be uséd as electrical contacts to collect electrons generated from the photoactive
subcells. In one embodiment, the electrode collecting holes (graphene intermediate
layer 305) can have a work functibn that is greater than 4.5 eV, while the electrode
collecting electrons (electrodes 325 and 360) can have a work function that is less

than 4.5 eV.
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el ectrode 405 (i.e., the graphene | ayer). The comon el ectrode 405 and the
el ectrodes 425 and 460 are used to drive an external |oad 465. In one
enbodi mernwp 20tsé22408ct r odes 425 and 460 of the parallel tPam$ervRPoe28v0ltaic
cell 400 can be an anode, while the graphene | ayer 405 which is the
intermedi ate layer in the cell can function as the comon cat hode.

[ 0047] They 0@5&5][9“131 Agsg ig%%t%%%%r% M?Lﬁﬁ%ﬁaﬂ@&a?&]gﬁv [t &€ 1eAdoA25. the

hol e transpor |ng ‘ayer ot oact ayer e el ectron

phot onot | VRO #7045 B Hr? AL QeSS TR G it e B AR DUl ¢ nei

counterparts used in the photoactive subcell 310 of FIG 3, and therefore a
separ at e @8dsn petoyaltaie celh d0Rs espresenialue of an taveatsd | dsyice stHCWIRRkINe 410 is
not provided. Likew se, the electron transporting |ayer 445, the

phot oact i malleéytenqua,homvelthiol et Bao sjppratedngn IEFGer3. 4SHleapntatl¢ietaatlant rode
460 i n photoactive subcell 415 can be the sane material nentioned above for

thei r coustoesveddaics ceisedol nst re iphatedadeiive srkeat! o8lhe oparkildh taddednd
therefore a separate description of the material used for each |ayer in

subcel | tdvdIAR R 308 i ekt th holk %%%%M%@e@%&@ﬁ@ 1@&9%@&{ B&% ubcel I's

410 and 415 and phot oactive subcell 315 1s t at t sitifon of

oporati ortagi i epub Rt AR RAEL Breg0B AR ADIRGE FI{EO%%% AR

internediate | ayer 405 in parallel tandem hotovoltalc cell 400 can serve
as a connlﬁwrr@f@e&erlaﬁré 1% ltSH%‘emOF%dc ifws%a\e@ iphatoggtbicetubeallso khend AbS-second

phot oacti ve subcell 415. In one enbodi nent, the graphene internedi ate |ayer
405 col | deike FGedt th@ngragl@ﬂn@riate@dedimrﬂ\amé(ﬁ providsh ginodedtiicad conhention 410 and
t he second photoactive subcell 415, while the el ectrodes 425 and 460 can be
used as edieepeton thel photsiceed suticellclol &kl thegphesoaganesatbcet 41Sosuchh@atpihet oact i ve
subcells. In one enbodi nent, the electrodes collecting holes (el ectrodes

425 and 4gGtoaeate é\ﬁ%@ll@aﬁé@lé‘ctﬁdﬁﬂ?%@ﬂe& hepardafeldrBRE fotddeale dubeeBY1oWhi | €
the el ectrode collecting el ectrons (graphene internedi ate | ayer 405) can

have a "‘%%Jrﬁ@é’ ra's?lBst}eR@th,saﬁ %?e%tr&ﬁlea%f" d?sp%yed on the substrate 420, a hole

transporting layer 430 disposed on the electrode 425, a photoactive layer 435 disposed
on the hole transporting layer 430, an elecfron transporting layer 440 disposed on the
photoactive layer 435 and the graphene intermediate layer 405, which serves as an
electrode for subcell 410;- disposed'»-bn the- electron transporting layer 440. The- - -« .-
photoactive subcell 415 comprises the graphene intermediate layer 405 which serves
as an electrode for this subcell, an electron transporting layer 445 disposed on the
graphene layer 405, a photoactive layer 450 disposed on the electron transporting
~layer 445, a hole transporting layer 455 disposed on the photoactive layer 450 and an

electrode 460 disposed on the hole transporting layer 455.

[0046] As shown in FIG. 4, the photoactive subcell 410 and the photoactive
subcell 415 have an electrical connection between the electrodes 425 and 460. In

addition, the photoactive subcell 410 and the photoactive subcell 415 share a common
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[ 0049] Al t hough FIGS. 1-4 illustrate a tandem photovoltaic cell with only
two photoactive subcells, it is not neant to limt the scope of the various
enbodi merWe 20f3/p®spr esent i nventi on. Those skilled in PO#E/S&R012000281

appreci ate that the various enbodi nents of the present invention are
suitable for a tandem photovoltaic cell that can have two or nore

phot 0act | i RCRh ;.40 g@ggrgwe PHOLOVORER! Eonfiibh diSefbaCROLSHEYRR O

par al | el -type For ovo | c cel

pair of pHELGH el a@sh%é@ e o E AR AP AP ol b OB FPDOTePfy o

enbodi rrent each graphene filmlayer would provide an el ectri cal connecti on
bet ween e ielgsaodesof 2 ned d6@ o vibe pardlel ta@deqlaﬂ@mvvﬁelcl@él H10 earebgraphene

intermedi ate | ayer as described in FIGS. 1-4 provides the series tandem
phot ovol taiode,cehile thHeOfrapinohe A0¥r 400ewlpiah as kel intcaamdédiatephgeninotheaiet «al | s 300
and 400, and ot her such tandem photovoltaic cell devices wth the

capabi | i tinédforeashé YohgbA@atheaelf act ured and has the potential for creating
fl exi bl e photovoltaic cell devices. In particular, since the graphene

internedi ate | ayers as described in FIGS. 1-4 have good conductivity (Iless

than 1k obgyper Biuahetiaf s&'ﬂﬂ:‘l‘l I e RitlsfrteY4 lF@&l@&réd&%ﬁ% Rble>20NM

each photoactive |layer wt otoactive su can absorb a fferent

ked
compar | SORTERIEER el S0 R e B R B ayer

in tandem soI ar cells, which bJock a |arge portion of incident |ight from
reachi ng % ﬁﬁ%@@&@??%%‘tqrwg%at%]é‘d%‘é@ Blfplf%‘éﬂcflv? sWbsHi 11000 heathg samency. The
optical light |oss problemassociated with conductive metallic thin films
is only erasparmenidned abdvs fauthbisconiternalis ebddsingheiphatoantive dilaed 318ydr s used
in the tandem sol ar cell structure increases. The use of graphene as an

i nt er mrediFGe 3, ayeé rthérafoae hasegamepdstapidd af cheCalaterial sl forasichliyyeatias t hi s
concern. [0051] Anot her advantage of using a graphene internediate |layer in

a tandemslaB@glpw@btléurfotclﬁ-bbldw cgfk@@igesm eRcEORAmShEnFBAA 445 tikn fil ns
is that a single substrate can be used as opposed to twd separate

subst rat e[ QL GATAPIRHOR! ¥ BHRGELIng e NS JBMARY c1chSiPhEh GC! i ve

subcel | s "are s on the one su G aphene

Bﬁzt E)ggt i hoggl geglspécelleqqghcz}nh% tq%kggmé tmgtlélrlgla?llle%u%ge a%g\% tfo?tt gﬁs of

counterparts used in the photoactive subcell 315 of FIG. 3, and therefore a separate
descrlptlon of the materlal used for each layer in subcell 415 is not prov1ded All that
differs between photoactlve subcells 410 and 415 and photoactlve subcells 310 and

315 is that the position of some of the layers in these subcells has been inverted.

[0048] Like the operation of the parallel tandem photovoltaic cell 300, the
graphene intermediate layer 405 in parallel tandem photovoltaic cell 400 can serve as
a common electrode to the first photoactive subcell 410 and the sécond photoactive
subcell 415. In one embodiment, the graphene intermediate layer 405 collects
electrons generated from the first photoactive subcell 410 and the second photoactive
subcell 415, while the electrodes 425 and 460 can be ﬁsed as electrical contacts to

collect holes generated from the photoactive subcells. In one embodiment, the
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[ 0052] Furt hernore, the graphene internedi ate |ayer has a tunable work
function that enables an easy match-up with the energy levels of the

phot oact iwe 20eyee#®s50f the photoactive subcells used in PamGEIVRNO28Y 0l t ai C
cells. As a result, tandem photovoltaic cells that use a graphene
internedi ate | ayer positioned between .photoactive subcells to make an

oL et Al ARG, RELERALURER, 1o b 950 L' 2 L A ALY UL 1

cell device w ? I cl ency. tan ovol taic cell

devi de frgm orgapi ¢ ;and, pol yner, erial with inproved sol ar. cell
CTT1 of enesieatl Bin ot S8Y. Sui B RletiBte FREing cintbhe (FoRENE dR e digRet | on as

portable electricity sources (e.g., as a char%elé%‘ for portable electronic
devi ces (layey 405hean have grytls fungitign that iclgsretham 4. dhel d games, not ebook
conputers). [O0053]FIG 5 is a flow chart 500 describing a nethod for
fabricating a tandem photovoltaic cell such as the ones depicted in FIGS.
1- 4 accorl@#9 t cAbnaighnBibifi. neAtilluStrate metahdon ghofavbhtaicatellngith ddyndem
photovol taic cell begins by obtaining a graphene filmlayer. In FIG 5,

t he graphgeodciildnibeelsy it ibest ARAntab 160D thel Ropef debadbaeahbodimehRessi zi ng
t he graphene filmlayer can include growi ng the graphene filmlayer with

copper (GHy ﬁc?,élse?{ GiRhtbN )Tﬁ&egslc;t%q ﬁfgggy%pmwﬁfecﬁ% NBarPeHeNEIASGR!  vapor

deposition ((CVD) process. Thos In the art w appreci ate that the
graphene filmlaver_.can he nt hesi zed in,other nners non- exhausti ve
ot of - appremfsof FRtbrega® R nEaAE Suuthit K IR GlodpHER e ITh | ayer
can include using solid phase growh ge. g froma catal ytically deconposed
pol ymer) S#RA12¥S (WP 05 MYPF phewagivequbptiisnuhetber the phowyoltaic gell iy p spkeme oxi de,
reduced graphene oxide, exfoliated graphene flakes). [0054] Upon
synt hesi Zypy or hee pgradishtsipe. f iFoma sandemc ghotbeoltaie iceHathiyy higlgwiogoe dndry
photoactive subcells, a graphene film layer can be disposed between each pair of
photoactive subcells in the tandem photovoltaic cell. In this embodiment, each

graphene film layer would provide an electrical connection between each pair of

photoactive subcells.

[0050] The use of the graphene intermediate layer as described in FIGS. 1-4
_provides the series. tandem  photovoltaic. cells 100 and 200, the parallel. tandem. ... . ...
photovoltaic cells 300 and 400, and other such tandcfn photovoltaic cell devices with

the capability of easily being manufactured and has the potential for creating flexible
photovoltaic cell devices. In particular, since the graphene intermediate layers as
described in FIGS. 1-4 have good conductivity (less than 1k ohm per square) and high
transparency (greater than 80% at 550nm), each photoactive layer within a
photoactive subcell can absorb a different wavelength range of solar spectrum. This
provides marked improvement in comparison to conductive metallic thin films that

are used as an interlayer in tandem solar cells, which block a large portion of incident

light from reaching a photoactive layer because of their low optical transparency. The
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the use of dotted lines) nodified at 510. In particular, in one enbodinent,
the grown graphene filmlayer can be doped with a conductivity-enhancing
dopant . Dspi2otp/2p®sgr aphene filmlayer with a conducti viPCFSEntamee28y dopant
can be based on the principle of surface transfer doping. The dopants can
i nclude, but not limted to, hydrochloric acid (HCl), nitric acid (HNOG3),

0o i e ROl AN ATIEHRRISH bR g kB
o AR PR RETh AR AR o B

function-nodi fying or wetting properties nodifier |ayer that can provide

t he best S@iﬁértgi/l steughire dngrgasgentThendse af araphencaps oripieomediptewiayer Ehaadj acent
hol e or electron transporting |ayer. For exanple, such a nodifier |ayer can
be based tamlemn plaotowiltauctellr stahcpodsyobeiatesibis cascarano- PEDOT or PEDOT: PSS.
PEDOT=Pol y( 3, 4- et hyl enedi oxyt hi ophene) PSS= pol y(styrenesul f onat e) " PEDOT,
nol ybdenum oxi de (Mb03), vanadi um oxi de (V205), tungsten oxide (W3),

pol y[ (9, 9005 5( ( BAndtherNadVahiage tdTydsadErangdpldne xitermadiatef layer @na) tagdidm (9, 9- bi s
(2-(2- (2-methoxyethoxy) ethoxy) et hyl% -9-fluorene)) dibromde

(VPE- 6- oglo@vongglae@ernhx&,ﬁ%%s)%lgeaon@ EQe, il lthlﬁam@gngt i il C5 2008,

tc 0056 Referrl ng to t ow chart
500 of FI t he aphene

ra fied,grown
Pt ayeryses oo o e, AEATPERE o oo P Bl BourlBe o EnpRIBiEP 7Y
targeted materlal can |ncI ude, but is not limted to
pol ydi netsHpsedi | dx s mpmes) thet phaioactye Subsrdls mage ﬁtaéaké%soé thgpene pypcghe
enbodi ment, dry transfer technol ogy based on a PDVS stanp can be used to
transfer attthdlegrt@\hhﬁ nbaipdten &raphiene lgmasy@ﬁ ngghanical strength (et tnakes it sp0APF] For
the enbodi nent in which a CVD process is used to grow the graphene film
| ayer, taogepped siwikeof phatoadtive salsdellas a mechani cal support until Cu or Ni
netal is conpletely etched fromthe graphene filmlayer. After the etching
process, the graphene can then be transferred fromthe targeted material.

E)?ggﬁ} ?t [66$2] 9rRARiheRtork] 1h draptRhe iStethaiift 4yee hadAduadlAGRed fifetieRe of the
that enables an easy match-up with the energy levels of the photoactive layers of the
photoactive subcells used in tandem photovoltaic cells. As a result, tandem
photovoltaic cells that use a graphene intermediate layer positioned between

.. ..photoactive subcells. to.make an electrical connection.therebetween will result in a
tandem photovoltaic cell device with improved solar cell efficiency. A tandem
photovoltaic cell device made from organic and polymer material with improved solar
cell efficiency as provided herein makes such devices well suited to function as

portable electricity sources (e.g., as a charger) for portable electronic devices (e.g.,

mobile phone, digital cameras, handheld games, notebook computers).

[0053] FIG. 5 is a flow chart 500 describing a method for fabricating a tandem
~ photovoltaic cell such as the ones depicted in FIGS. 1-4 according to one

-embodiment. The method of fabricating a tandem photovoltaic cell begins by
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phot oactive subcells. In one enbodi nent, the transferring and attaching can
i ncl ude pressing the graphene filmlayer onto one of the subcells and

appl yi ng Wean1a2408| ease t he PDMS or tape if being usedPCASGROHO0@8Hani c
phot oacti ve subcell can then be attached to the graphene filmlayer onto a
side of the graphene filmlayer that opposes the attachnent of the other
subcel | . elfmf’ ient |ty i I :
evapor at ?%bﬁ?iﬁ?lgdgrtagi_?%gl p%ggigsféll 1;1139 %&%ﬁgﬁaﬁg&%ﬁ%yﬁﬁg{%@ gteg(())ss'it t he
organi ¢ layers anpd.el ectrodes .of éhe ot her .E)hot oactive ’é\%bcel | . %ﬁo

2013/ 022405PETIRIY TS b GEBBISTHE8T BERPnG JIDHAYe 97 Brpde groyipg the

phot oacti ve subcells are electrically connected through the graphene film

| ayer at Zapheng dilydayes ypducapest (Cw) (98 Disket GHE PR g sewinopdygtar ‘é[?fgf B$BERrj cal |y
connected through the graphene filmlayer in order to provide the selective
cont act ofhetriel yaper geploaition (CVéD)t precess- t Tipse okilledtipphy attowilhepmedatel | s.  For
a tandem solar cell in series connection, the graphene filmlayer is the

m ddl e el g the gadphean fibftlaye@icat Be sy@beRidnatdtie Minmel. €A dod-&haugivecel | and

el ectrons from adjacent subcells, while the remaining free charge carriers

are col | g¢h ef agbrohdifes f[?lﬁaté%ﬁn Bk &sdd R)dfﬁltheFQE thd raﬁvgﬁggﬁi"[nﬁgiygf czﬁ?ldcgléi@t o

paral l el connection, graphene fi'l mlayer ac ectro

col l ect holes éle(ie trons \ﬁlni | e the out er ﬁl egtr des ar & botyh Ufed as

el ect ri cal & RPUL Ry BEQH e (5 8 TEUP @1 VILFAEY ) ISPBRENY PRE™MAY €8i ng 1 ow
chart set forth in FIG 5 shows sone of the processing functions associ ated
with fabrSolstonrRyosestedn geapheifodsivativas dedel Brapbetsr axids. reducrd sraphedss

enbodi ments of the present invention. In this regard, each bl ock represents
a pr ocesxads, exfobiocd graphicnd flikeskr f ormi ng t hese functions. It shoul d al so be
noted that in sone alternative inplenentations, the acts noted in the

bl ocks may occur out of the order noted in the figure or, for exanple, may

in fact HeO®Keculpsh syntsisainig thelgraghene tidmdaydrycaarbei aptiohally alesigaed byder ,
dependi ng upon the act involved. Al so, one of ordinary skill in the art

wi |1 1 ecqf@udeof dided ameé) hodifibd B 916K SInt dicudle s Bl iR rhBiRiMERC B SIrHEn
functions may be added. [0061] Exanpl es [0062] The foll ow ng provides

particul agrra[ﬁféﬂgﬁllrﬁsiaﬂr 3y Bk Ql%ﬁédzlvﬂg aacognﬁaam{}@enhancing dopant. Doping the

graphene film layer with a cbnductivity-enhancing dopant can be based on the
principle of surface transfer doping. The dopants can include, but not limited to,
hydrochloric acid (HCI), nitric acid (HNOsj), gold (III) chloride (AuCls),
triﬂuoromethanesﬁlfdn}’ri—;;r.lli‘&.é (T‘I‘:SA)‘,A tetra-ﬂuoro-7788- “

tetracyanoquinodimethane (F4-TCNQ), tetracyanoquinodimethane (TCNQ), etc.

[0055] In another embodiment, the grown graphene film layer can be
functionalized with a work function-modifying or wetting properties modifter layer
that can provide the best energy level alignment and interfacial morphology with an
adjacent hole or electron transporting layer. For example, such a modifier layer can
be based on a nanostructured polymer such as nano-PEDOT or PEDOT:PSS.
PEDOT=Poly(3,4-ethylenedioxythiophene) PSS= poly(styrenesulfonate) PEDOT,

molybdenum oxide (MoOs), vanadium oxide (V;0Os), tungsten oxide (WOs),
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| ayer for
fabricati

use as an internediate |ayer in a tandem photovoltaic cell,
ng a series tandem photovoltaic cell and a parallel tandem

an

d

phot ovol twpeo3dl2k408ccor di ng to enbodi ments descri bed heP€TSG2)RO6B@B1 Exanpl e

1: Prepar

ation O A G aphene Internedi ate Layer [0064]In this exanple,

a

| arge area (1 x 1 cnR) graphene filmis synthesized on a copper (Cu) or

b A R A AT S
{%r ﬁloﬂ/? nYQﬁg%t Sk ecﬁﬁg]b d| um)gerdga 5‘64%%@?'%% chloric

applied to transfer the aphene filmon a targeted mat eri al .

ferric ni
acid solu
stanp was
t hi ckness
about 30
| nt er medi

e ( PDVB)

peJy etindengragided KBED).| alfsalicarhpnatees k& apFeCanB b @

The

holeP5% nmto

nm [0065] Exanple 2: A Series Tandem Solar Cell Wth A G aphene

Bb€Gpyger. [0066]In this exanple, the device structure of the

series tandem sol ar cell depicted

[0056] Referring back to the flow chart 500 of FIG. 5, the grown graphene film
layer (or modified grown graphene film layer) can then be transferred onto a targeted
material at 515. This targeted material can include, but is not limited to, a
polydimethylsiloxane (PDMS) stamp and a thermal release tape. In one embodiment,
dry tranéfer technology based on a PDMS stamp can be used to transfer the grown

graphene film layer on a quartz substrate.

[0057]  For the embodiment in which a CVD process is used to grow the graphene
film layer, targeted materials will act as a mechanical support until Cu or Ni metal is
completely etched from the graphene film layer. After the etching process, the

graphene can then be transferred from the targeted material. .

| [0058] At 520, graphene film layer is transferre&”a‘&r;&éttached to bné of thevorganic

&

photoactive subcells. In one embodiment, the transferring and attaching can include
pressing the graphene film layer onto one of the subcells and applying heat to release
the PDMS or tape if being used. Another organic photoactive subcell can then be
attached to the graphene film layer onto a side of the graphene film layer that opposes
the attachment of the other subcell at 525. In one embodiment, solution processing,
thermal evaporation, roll-to-roll processing, stamping can be used to deposit the

organic layers and electrodes of the other photoactive subcell.
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in FIGS. 1 was fabricated. In particular, a two-term nal series connected
tandem cell was designed to extract holes and el ectrons by using a

t ranspar ewo 2018dizedost i n oxi de (1 TO anode and a thermal | pCEssporavedt Li F/ Al
cat hode. Spin coated PEDOT: PSS and thermal |y evaporated Mb0O3 were used as a
hol e transporting layer. In this exanple, the graphene internediate |ayer
acts as r i ngti.on c t. z h i e fr st anp
onto a ph@tﬁgggtilsghf gafergm‘%ﬁol oggg'i ééatF]%y roésa\z/%\nﬂ'?’ % %{bgallsngfénceger?g%gnt ary
absorption ranges. wer el ected. In particul t pe phot oact.ive | ayers
conpr i sed" I RECHY | R8RS gre ?r&nfﬁ@t?v r|aéy§g s?‘hdﬁ@de@ﬁo‘ﬁlﬁﬁnbf %ach
other. Mre specifically, a spin coated pol y(3-hexylthi ophene-2,5-diyl):[6,
61- phenypPhogBEtibeisybdeds 2e¢ ¢lagically cogneated HapaetPdrRMprapheneufbng lageran

phot oacti ve | ayer 1 for a bottom subcell and a thermally evaporated zinc
pht hal ocyademe: fravile teneldchnecoad Jof whes sansepolastyaepphatpgpt iove-typg)eo 2 for a
top subcell. [0067] Exanple 3: A Parallel Tandem Solar Cell Wth A G aphene

| nt er medi @t QubcaNer FhPA&&demh §dMhrSceBXANBEHE cdmiBetday itliée%r%f)lﬁéﬂl%tﬁihﬁla%r ihe
paral l el tandem solar cell depicted in FIG 3 was fabricated. In

particul at'hF fidd %ﬁbﬁﬁﬁﬂ‘caﬁtlactpEfra!hlee}ecgrﬂﬂfﬂgﬁ&?q)ft ﬁcﬁ@'seri‘iz Gk s %gﬁ' gned to
extract holes through the graphene internedi ate |ayer (common anode) and
collect electrons through an,11'0 thermal | y evaporated Li F/ A1 cat hodes.
Ther mal | VIEBS: Spba AR bt le e 4G GFBaintng S8BT ERHEE ) oS mR 1 i s
exanpl e, the gr a€hene i ntermedi ate Ia%/er was transferred froma PDMS stanp
onto a photlseed at/hiejoyies clechrdese Farithe tandemselagicelh inparailel conaestignethent ar y
absorption range were selected. In particular, the photoactive |ayers
conpri seceraptenbdilin lag¢reacty antiei adertadt ity eollery dwokesStrchens) ovhiteathe afutezach
other. More specifically, a spin coated pol y(3-hexylthi ophene-2, 5-diyl) 46,

6] - phenylelédbdbyiry both @eil ds Bt diichl @ataets tb R3hict BleBidns@slessed as the
phot oactive layer 1 for a bottom subcell and a thernally evaporated zinc

pht hal ocyani ne: ful | erene (ZnPc: C60) was used 'as the photoactive |ayer 2
for a topgosshcel the ﬂo%&%%ﬁﬁ%%%ﬂ%‘t et FBREY iNEIGUS QHowS sé€ o IHRGIb&Rsing

transporting | ayer. is a graph that shows the photocurrent

densi ty afﬁa(gﬁc;ng rh%%dc?aﬂf(? fwi[m?aq\fﬁlalltiifig #Aﬁg&% r#.ehlsck(%};éiltgl%t ée aﬁgo#%_tg%gnﬂ for a

series tandém photovoltalc ce prctea i and
fabricated in a ner described in Exanple 2. In particular, FIG 6 shows
t he phot o"@ﬂ‘PP%ﬁ'ng‘gH?Pisﬁ?\}'&‘? P (Bvepior hh’r this regardy F‘tci“ bg‘?"kt IRBIESHY? ¢i dual
subcells (i.e., top cell (V1) and bottom cell (Vé)é{% and an ideal series
t andem pHBeesdhetaistocied Wb peerngiyg thesgginctipes. j jy sbguld alsp bg npteddbahinel |, t he
t heoreti cal '

some alternative implementations, the acts noted in the blocks may occur out of the

order noted in the figure or, for example, may in fact be executed substantially

concurrently or in the reverse order, depending upon the act involved. Also, one of

ordinary skill in the art will recognize that additional blocks that describe the

processing functions may be added.
[0061] Examples

[0062] The following provides particular examples of synthesizing a graphene

layer for use as an intermediate layer in a tandem photovoltaic cell, and fabricating a
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open circuit voltage (VOc) can be the sumof Voc of each of the two

phot oacti ve subcells (V3 = V1 + V2). A tandem photovoltaic cell with a

gr aphene woteraedioat e | ayer as shown in FIG 6 has a Voecofscidawhizsh is
substantially equal to the theoretical Voc of 1.08V. This confirnms that a
graphene internedi ate | ayer functions well in a tandem photovoltaic solar
cell without volta . Fl G IS raph that ows t.he

phot ocur FERE 3R é‘?%o&%o g %ﬁlgtafl ﬁ%al{%éa%ﬁaﬁﬁom%cqﬁr?%ﬁf BZi%®n of 100
MmNV cn? for a tandem photovoltaic cell like the ones depicted in FIGS. 3-4
and f abr CERPAENGNE despribdeierdiescribed in Exanple 3. In particular, FIG 7
shows -the J-V characteristics of the individual photoactive subcel | s and an
i deal parallel tandem photovoltaic cell device. In the ideal parallel

t andem plAGSVol Exiampeel :| Preparatiom b reGiaphtnesintarmediateciayer cur rent density
(Jsc) can be the sumof Jsc of two photoactive subcells. As shown in FIG
7, a tandem photovoltaic cell with a graphene internediate |ayer has a Jsc
of 11.6 NOUGHI? \iniidhekanslajostaagd arah (i xdgemt) graptiche filthdosgithasided Iea of 12. 3
mA cn2. Note that the calculated J-V curve of the tandemcell was plotted

by addi ngolisﬁw (@uwo&u&k@§hgfcohﬁa SE@QSPQ%PB?%M@ aBRRdA SafdrRRp @ﬁh&n and

bottom cell) together nearly 1dentical performance betvveen t he

cal cul at fEvBYEA0d 19KREL mi\p; fily W34 ohed 1L VIR FE RGeSt s that

gr aphene serves as an ive 1n ernedla ayer providé high

per f or mance tandem cel | I | el ven t rr.ent t chi ng
bet ween ?% typ atﬁhmllny aé%dSOEH@H @aﬁﬁf%ﬁ(e@ﬂwﬁe pover
conversion efficiency of the par al | el tandem ceI I can reach 2. 9% which is
88% of t Flubgmm By tragsigrHeehnalagy\hased o polydimqtingsilgxane (IIMIS) skhadeasr i pt i on
of the use of a graphene film heretofore has been described with
appl i cat appliedooarrasfearthe erdphdey fite auehamgsted mpirotiay oThaitliclawks of ttie vari ous
enbodi ments of the present invention has applicability beyond sol ar cell
graphene film in this example ranged from about 0.5 nm to about 30 nm.

[0065] Example 2: A Series Tandem Solar Cell With A Graphene Intermediate

Layer.

[0066] In this example, the device structure of the series tandem solar cell depicted
in FIGS. 1 was fabricated. In particular, a two-terminal series connected tandem cell
was designed to extract holes and electrons by using a transparent indium tin oxide
(ITO) anode and a thermally evaporated LiF/Al cathode. Spin coated PEDOT:PSS
and thermally evaporated MoO; were used as a hole transporting layer. In this
example, the graphene intermediate layer acts as recombination contact zone that is
transferred from a PDMS stamp onto a photoactive layer. Photoactive layers with
distinct complementary absorption ranges were selected. In particular, the
photoactive layers comprised two bulk heterojunction active layers stacked on top of
each other. More specifically, a spin coated poly(3-hexylthiophene-2,5-diyl):[6, 6]-
phenyl C61 butyric acid methyl ester (P3HT:PCBM) was used as a photoactive layer
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devi ces. For exanple, the use of graphene filmas an internedi ate | ayer can
extend to a tandem optoel ectronic device such as tandem|light emtting

di odes (LkD2Y13(@29s5, organic LEDs, infrared (IR), or nearttis820[08)2811 n one
enbodi ment, a tandem optoel ectroni c device can include two or nore

opt oel ectronic active subcells. A graphene filmlayer can be di sposed

bet ween eagch i 1 of pt ctronic active s bceII the. t nor e

opt oel ecﬁ %’ﬁizg%gé? §E}Ec,aél 3 thermally; evappiglsdi #8RP ﬂfaﬁ% y@P‘é’ﬁnDlrlu‘lée‘F? | m | ayer
provi des an el ectri cal connecti on between each ir of opt oel ectroni c
active s(BAHCe0) was usedasnplripasbive layené f@fr%‘i@ﬁéﬁgﬂeﬂhl m | ayer provides a

sel ective contact of the sane polarity to each pair of optoelectronic
active sl | s Exeamplel 3:e4tPacdiei Jesdae ibetat@dl Witr Af GaphedeObifdndfliatee t he

di scl osure has been particularly shown and described in conjunction with a
preferredaggbodi nent thereof, it will be appreciated that vari ations and

nodi fications will occur tothose skilled in the art. Therefore, |sto
be under giRef t BRtnkN& | DRy AN gaadndiCnGeuE"
rmdificafé ong and c‘%ange agﬂgdcfeg& &ﬁJl n rt he thgug g %rtatgééﬁ SOEAr g scI osure.

Sombr st Hehicted if FRGTS b Saiiapd. DR A60 A0hfes p%f‘f’%ﬁ“" t@-ﬁq‘ifgng%@en and

tandem cell was designed to extract holes through the graphene intermediate layer
(common anode) and collect electrons through an ITO and thermally evaporated
LiF/Al cathodes. Thermally evaporated MoO3; was used as a hole transporting layer.
In this example, the graphene intermediate layer was transferred from a PDMS stamp
onto a photoactive layer. Photoactive layers with distinct complementary absorption
range were selected. In particular, the photoactive layers comprised two bulk
heterojunction active layers stacked on top of each other. More specifically, a spin
coated poly(3-hexylthiophene-2,5-diyl):[6, 6]-phenyl C61 butyric acid methyl ester
(P3HT:PCBM) was used as the photoactive layer 1 for a bottom subcell and a
‘thermally evaporated -zinc phthalocyanine:fullerene (ZnPc:C60) was used -as the
photoactive layer 2 for a top subcell. In this example, ZnO was used as the electron

transporting layer.

[0069] FIG. 6 is a graph that shows the photocurrent density as a function of the
voltage under illumination of 100 mW/cm? for a series tandem photovoltaic cell like
the ones depicted in FIGS. 1-2 and fabricated in a manner described in Example 2. In
particular, FIG. 6 shows the photocurrent density-voltage (J-V) characteristics of the
individual subcells (i.e., top cell (V1) and bottom cell (V2)) and an ideal series

tandem photovoltaic cell device (V3). For the ideal series tandem cell, the theoretical
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an internedi ate | ayer conprising graphene, disposed between the first

phot oacti ve subcell and the second photoactive subcell, that collects
char ges gsoevsirtiokrom the first photoactive subcell anecrie262000081
phot oacti ve subcell. 2. The tandem organi c photovol taic cel

according to claim1l1, wherein the internediate Iayer has a sheet resistance

phot ovol PERTECIEaT YaER, (eng o4 OEILES A, of¥er BI AT br 1 BY RGP RAE 1 ayer has

an optical transparency that is greater than 80% 4. The tandem
organi c 91&%Yf z ¥l deV?-) adclapdam gheteveltaie gell withhe geaphenehiatermediate
photoactlve subcell and the second photoactive subcell are electrically
coupl ed layesarshewn in FIG. 6 bas alVig df diVdehicbigauisanphbt egoal togthe theekdticalc cor di ng
to claim1, wherein the first photoactive subcell and the second

phot oact vy eofsUbgW! | THE ol that &lgraphe ! t&ehddiutd 2yt Fi@lctions well if.a The
t andem or gani ¢ photovoltaic cell according to claim1, wherein the first

phot OaCtta\ﬂSerﬁlf)hgt%k/bltﬁQQ%% &?Pwﬁ‘hcﬁfﬂ%fté%tlﬁf aa first el ectrode di sposed on

t he substrate firs ol e transporti yer disposed on the first
el ectrode, a first photoactive Iayer dlsposed on the flrst hol e

t ranspor | a a firs tro Sport RYEr osed . .on the
first pht)qoggl‘,t [ i\égéﬂa et SR 42 seg%vﬁ ﬁlg{ Fode ?%56 S8 ou\?gro? ﬁeﬂtl rst

el ectron transporting |aye
voltage uelder 111u%nnat¥on of 100 mW/cm’® for a tandem photovoltaic cell like the

ones depicted in FIGS. 3-4 and fabricated in a manner described in Example 3. In
particular, FIG. 7 shows the J-V characteristics of the individual photoactive subcells
and an ideal parallel tandem photovoltaic cell device. In the ideal parallel tandem
photovoltaic cell, the theoretical short circuit current density (Jic) can be the sum of I
of two photoactive subcells. As shown in FIG. 7, a tandem photovoltaic cell with a
graphene intermediate layer has a Ji of 11.6 mA/cm’ which is substantially equal to
the theoretical Jq. of 12.3 mA/cm?® Note that the calculated J-V curve of the tandem
cell was plotted by adding the J-V curves of the two photoactive subcells (top cell and
bottom cell) together. The nearly 1dent1cal ttetfermance between the calculated curve
and experimental results of the tandem cell suggests that graphene layer serves as an
effective intermediate layer to provide high performance tandem cell in parallel.
Even without perfect current matching between the top photoactive cell and the

bottom photoactive cell, the power conversion efficiency of the parallel tandem cell

can reach 2.9% which is 88% of the sum of two photoactive subcells.

[0071]  Although the description of the use of a graphene film heretofore has been
described with application to a solar cell device such as a photovoltaic cell, the

various embodiments of the present invention has applicability beyond solar cell
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7. The tandem organi c photovoltaic cell according to claim®6, wherein the
second phot oactive subcell conprises a third el ectrode, a second hol e

t ranspor twogoiseersdi sposed on the third el ectrode, a secorsd2piovesctive
| ayer di sposed on the second hole transporting |ayer, a second el ectron
transporting | ayer disposed on the second photoactive |ayer and a fourth
el ectrode, di sposed over the se lectron transport i | ayer.. - 8.
The tande%vbcreg'aﬁf)rcexﬁﬁl&l%\}g Sg’logogg%?hl%n%g%%ra furllél?tf: 15‘%2%'%? Eq%r ¢ %‘tleé]dntot he
second el ectrode of the first photoactive subcell and _the third el ectrode
of the set&dCPheRiadled Ry deieseFichs Fﬂnéerpé&a?wmmnigo@%n%&s>z<sfse t hat
conprises the internedi ate | ayer conprising graphene. 9. The tandem
or gani ¢ phreawe dLERS, cinfrered ERgopdingyy B IFRS)M & onkhesmehadimpns, reodénat i on
contact zone formed fromthe internediate | ayer conprising graphene is
conf i gur esptdddedt@nid dévicpean tinoledendo e gabiev optoblacigasic raegwsTbuteellfr om t he
first photoactive subcell and the second photoactive subcell, and wherein

the fi rst%@ﬁ&%rm&e 18fertdAg bd axpoRMObARGED Ve@ick YRGELF opfoefRtbhigUigdeas an
el ectrical contact to collect holes while the fourth el ectrode of the

second p tiv L] Laured.. egtri.cal n t.,to
col | ect gﬁé%?&&héﬁeﬁwg%§n%6%%?ﬁ% Cgﬁ gﬁggﬁégﬁggﬁ%hgﬁé@%% éﬁgu%%ﬁ1ﬂ%ccording
to claiml1, wherein the first photoactive subcell conprises a substrate, a
(i1 st el cEupISHE. I bt BRVERD S0 Lchiash, Conpsan, SENGRee: GACH s i ¢ 1 ng

| ayer disposed on the first electrode, a first 31  photoactive |ayer

di sposed atoalersropjcrastive pehselonlntqugresihodimeny, thageaphene fiim byehprogides a
transporting | ayer disposed on the first photoactive |ayer and a second

el ect r odeseticaposadaa wé thet damef palaityholeectt panepoptbelagrdmay estive subcellskd. The

t andem organi ¢ photovoltaic cell according to claim210, wherein the second
phot oact i dpHesWhERk! o&RoMNED BREfm.hi rd el ectrode, a second el ectron
transporting | ayer gisposed on the third el ectrode, a second photoactive

| ayer di sposed on the second el ectron transporting |ayer, a second hole

transpor tipg] aywhildi $HROgRM Ot RS %%El?”l%iarﬁaﬁwcstﬂo% 'aggreaeseﬂﬁeda jhourth

el ectrode di sposed over the second hole transporting | a
conjunction with a preferred embodiment thereof, it will be appreciated that variations
and modifications will occur to those skilled in the art. Therefore, it is to be

understood that the appended claims are intended to cover all such modifications and

changes as fall within the true spirit of the disclosure.

29



12. The tandem organi c photovoltaic cell according to claim1l, wherein the
second el ectrode of the first photoactive subcell and the third el ectrode

of the segondizpheioeacti ve subcell form a reconbi nati on eefisedbi2Z0ee: t hat
conprises the internedi ate | ayer conprising graphene. 13. The tandem
organi ¢ photovoltaic cell according to claim 12, wherein the reconbination
cont act ggﬂ§qﬁ§wnnd fromthe internedi ate | ayer conprising graphene is
confi gur et both positive and negative charges reconbi ne fromthe
first phoveass élvgnedubcel I and t he second photoactive subcell, and wherein
the first electrode of the first photoactive subcell is configured as an
electrical contact to collect electrons while the fourth el ectrode of the
second phot oacdt i ve As{apdn orgaicRiptoltasdedscnpiédiegt ri cal contact to
col | ect hol es. 14. The tandem organi ¢ photovoltaic cell according to
claim9 or 13, wherein the first electrode of the first photoactive subcel
and the fourt hfestgphbtaadaevefubeelhe second phot oacti ve subcell have an

el ectrical connection that is used to drive an external | oad. . 15.
The tandem organi ¢ photovoltaic cell according to claim9 or 13, wherein

t he el ect r ode aceddndghbrgctiv sbcélgand wor k function that is greater than 4.5
eVv. 16. The tandem organi ¢ photovoltaic cell according to claim9 or
13, wherein the electrode collecting electrons has a work function that is

| ess than 4.5 ag¥atermediate layér co 1&@&@%&&9&%&6@59&@\4ﬁ)m@ﬁﬁt cell according
to claim1, wherein the first otoactive subcell conprises a substrate, a

first el ﬁ&t%&ﬁﬁrg%ht?%ﬂ%ﬁﬂ e?setcp ?H&gé&i%%?béuf {haﬁ Oacfclﬁlérg@?t ransporting

| ayer d| pose ayer di sposed
on the first ctr tra ortln first hole.tra rting |ayer
o' sposed et fipm 8F it aPaGaritpadlitad sceodebrfedinectPOaE i sposed
over the first hole transporting |ayer.

2. The tandem organic photovoltaic cell according to claim 1, wherein the

intermediate layer has a sheet resistance that is less than 1k ohm per square.

3. The tandem organic photovoltaic cell according to claim 1, wherein the

intermediate layer has an optical transparency that is greater than 80%.

4. The tandem organic photovoltaic cell according to claim 1, wherein the
first photoactive subcell and the second photoactive subcell are electrically coupled in

series.

5. The tandem organic photovoltaic cell according to claim 1, wherein the
first photoactive subcell and the second photoactive subcell are electrically coupled in

parallel.

6. The tandem organic photovoltaic cell according to claim 1, wherein the
first photoactive subcell comprises a substrate, a first electrode disposed on the

substrate, a first hole transporting layer disposed on the first electrode, a first
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18. The tandem organi c photovoltaic cell according to claim17, wherein the
second phot oactive subcell conprises a third el ectrode, a second hol e

t ranspor twogoisapeessdi sposed on the third el ectrode, a secusd2phobesctive

| ayer di sposed on the second hole transporting |ayer, a second el ectron
transporting | ayer disposed on the second photoactive |ayer and a fourth

el ectrode d d ov ectron_transpor a 19.
The't andnr SPORE ey iEbstal %%smnoie sPa R TR BT her ei n the
second el ectrode of the first éﬁ%éve subcell and the third el ectrode

of the s ﬁd“%ﬁ%@d@d?ﬂ%ﬁe%9%3€I‘3? agtixe laypnand) ecPmbRdedt e conpri ses

the internedi ate | ayer conprising graphene. WO

2013/ 02240pPET SER OeLiredeason transparOng tHyer.t andem or gani ¢ photovoltalc cel
according to claim 19, wherein the comon el ectrode formed fromthe
internedi ate | ayer conprising graphene is configured to collect holes
gener ated from t he Thenaidephaigasic phyeveldic e¢ll aa@oeiinh o daiaobidvipitenabet | ve
subcell, and wherein the first electrode of the first photoactive subcel

and the feusntipheloastveadBcafl cdristisesa el ABQERRCA atend HQEQtahsl%rﬁnglsed as
el ectrical contacts to collect electrons generated fromthe first

phot oact Il gﬁ%hlonemg lﬂtujdeelesc%ggda s%@gt]icp ttoa ?vé nggﬂk%m{s% gn ftl?el The tandem

organi c aic ce accordi’ng to c irst
photoactlve bce ses substrate, a first electrod sposed on
bhe substs?ca’t“a% st Rg 155 raa?ﬁg?ﬂsf%'t%cnﬁavétorapgtfaste%sm%eﬁ RR UK T st

el ectrode, a first photoactive |ayer disposed on the first hole

t r anspor £¢G9§d [Phgtepctive lﬂyqr@daf@@th elactredgriisnosed evgr thaseeonyl dedEwd on t he
first photoactive |layer and a second el ectrode di sposed over the first

el ect r on tlansposto fayerg | ayer .

- 8. The tandem organic photovoltaic cell according to claim 7, wherein the
second electrode of the first photoactive subcell and the third electrode of the second
photoactive subcell form a recombination contact zone that comprises the

intermediate layer comprising graphene.

0. The tandem organic photovoltaic cell according to claim 8,.wherein the
recombination contact zone formed from the intermediate layer comp'tising graphene
is configured to let both positive and negative charges recombine from the first
photoactive subcell and the second photoactive subcell, and wherein the first electrode
of the first photoactive subcell is configured as an electrical contact to collect holes
while the fourth electrode of the second photoactive subcell is configured as an

electrical contact to collect electrons.

10.  The tandem organic photovoltaic cell according to claim 1, wherein the
first photoactive subcell comprises a substrate, a first electrode disposed on the

substrate, a first electron transporting layer disposed on the first electrode, a first
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22. The tandem organi c photovoltaic cell according to claim21l, wherein the
second phot oactive subcell conprises a third electrode, a second el ectron

t ranspor tWago13dpa40sdi sposed on the third el ectrode, a s@CHHrG2pHOPE8EL | ve

| ayer di sposed on the second el ectron transporting |ayer, a second hole
transporting | ayer disposed on the second photoactive |ayer and a fourth

el ect rOdethJtéa‘&ﬁ%ﬁﬁaéx%%FgésE@ on @}feloﬁ'xgt é]@étf‘ontt'iﬁﬁg&‘gilhgijﬂ]%gaaf% hole. ~ 23. The

tandem organic p alc ce ccording t 2, erein the second

el ectrode,_of the first.photoactiye subcell and the thir | ectrode of the
Second_ phtsRRT el BB RURRThe KR BIMER e 30r sie bRl cBieBPiE s e
internmedi ate | ayer conprising graphene. WD 2013/022405PCT/ S&G2012/ 000281
24. The tHPRRSEY BYG4hs BIshRole SPBPROTIRE BEFT according to claim 23, wherein the
common el ectrode forned fromthe internediate | ayer conprising graphene is
configured to collect electrons generated fromthe first photoactive

subcel | and thbl.secbidtapdem oeganiomhosensdiaic| cell aaeprdingrte ckimHE, whersin el ect r ode
of the first photoactive subcell and the fourth el ectrode of the second
phot oact i the ssuid hbtoacteveussbekliaongdrases a tidal elewridacd second elettr@ct hol es
generated fromthe first photoactive subcell and the second photoactive

subcel | . transportid® layEh@ishGRE MRYE hivdi Fedploas QvRLdrii @d@&ichv@%@f Gispgelio claim
20 or 24, wherein the first electrode of the first photoactive subcell and

the fourtl) gl&Clhadcbn WfspHREYyAN2LQRAE hSR RiBSSHihg NAYEARPoEh B M T cal

connecti on.

the second photoactive layer and a fourth electrode disposed over the second hole

transporting layer.

12. The tandem organic photovoltaic cell according to claim 11, wherein
the second electrode of the first photoactive subcell and the third electrode of the
second photoactive subcell form a recombination contact zone that comprises the

intermediate layer comprising graphene.

13.  The tandem organic photovoltaic cell according to claim 12, wherein
the recombination contact zone formed from the intermediate layer comprising
graphene is configured to let both positive and negative charges recombine from the
first photoactive subcell and the second photoactive subcell, and wherein the first
electrode of the first photoactive subcell is configured as an electrical contact to
collect electrons while the fourth electrode of the second photoactive subcell is

configured as an electrical contact to collect holes.

14.  The tandem organic photovoltaic cell according to claim 9 or 13,

wherein the first electrode of the first photoactive subcell and the fourth electrode of
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26. The tandem organi c photovoltaic cell according to claim?20 or 24,
wherein the common el ectrode and the first electrode of the first

phot oact iwe 2e18/eedof have an el ectrical connection that PETSS2a21000281i ve an
external | oad. 27. The tandem organi c photovoltaic cell according to
claim 20 or 24, wherein the electrode collecting holes has a work function

that is : ; el ' ltaic cell
accordi ngt'htg g&?ﬁlg&)ﬁ]@aég% Sg%,\’euv\l}laé’ Far %ﬁetc Hlecjag?&en%'? ggggne&%%?ﬂgec%[@%fvg?égct rons has
a work functi %rat is less than 4.5 eV. 29. A tandem photovoltaic cell,
conpri si negic.terf‘%go mor e photoactive subcells; a graphene filmlayer

di sposed between each pair of photoactive subcells in the two or nore

phot oactive subcells, the graphene film/|ayer providing an el ectrical
connection beteen ERgctandpm pragnicitheteysbiaiossll agerading 4o claiB P«rd 3¢ he gr aphene
filmlayer

’ i wherein the electrode collecting holes has a work function that is greater than 4.5 eV.

16. The tandem organic photovoltaic cell according to claim 9 or 13,

wherein the electrode collecting electrons has a work function that is less than 4.5 eV.

17.  The tandem organic photovoltaic cell according to claim 1, wherein the
first photoactive subcell comprises a substrate, a first electrode disposed on the
substrate, a first electron transporting layer disposed on the first electrode, a first
photoactive layer disposed on the first electron transporting loyer, a first hole
transporting layer disposed on the first photoactive layer and a second electrode

disposed over the first hole transporting layer.

18. The tandem organic photovoltaic cell according to claim 17, wherein
the second photoactive subcell comprises a third electrode, a second hole transporting
layer disposed on the third electrode, a second photoactive layer disposed on the
second hole transporting layer, a second electron transporting layer disposed on the
second photoactive layer and a fourth electrode disposed over the second electron

transporting layer.

19.  The tandem organic photovoltaic cell according to claim 18, wherein
the second electrode of the first photoactive subcell and the third electrode of the
second photoactive subcell form a common electrode that comprises the intermediate

layer comprising graphene.
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provi des a sel ective contact of a sane polarity to each pair of photoactive
subcells to collect charges generated therefrom 30. The tandem

phot ovol twoeoal2b40accordi ng to clai m 29, wherein each pacn/sconhodsacti ve
subcells in the two or nore photoactive subcells are electrically coupled

in series. 31. The tandem phot ovol tai c cell accor ding to claim 30,
wherei n the graphe fi er. f i na n contact, zane that is
configured to 2@ Il e t%‘b‘{nﬁl %‘égﬁ“ﬁ 8t°é{ﬂ %g?‘fc\% g‘%}?eé‘flad from
each pair_ of photoactive subce The tandem phot ovol tai c cell

accor di nghg epremgn glegigode feped ﬁo@ééﬁllﬁ%edtﬂ‘e [sprer camnrising rapResElis in the two
or nore photoactive subcells are electrically coupled in parallel.

33. The tcanidguregrotadleot icdéscgenetatedfemn thti gt plwotodctivens@Rell\ahé thed secorie
graphene filmlayer forns a common el ectrode that is configured to collect

hol es gepao@béivefsubsalk asdwhaieln e fpkieleaocté veths Uhaghbiacti dubcél ged r odes
associ ated with each pair of photoactive subcells that are out vvardl y S

di sposed gfd RithREcHbAPHENE sé%oklg]&hé%g w%rsﬁb&@rege ASe ARG G Lo I&?&t s to

col l ect el ectrons generated each pair of photoactive su

o aphone I RL IR BRI e ARERITRAR o} Syfeef ORI in gl

t andem phgt ovoltaic cell according to claim 29, wherein the
otoactive subcell.

21. The tandem organic photovoltaic cell according to claim 1, wherein the
first photoactive subcell comprises a substrate; a first electrode disposed on the
substrate, a first hole transporting layer disposed on the first electrode, a first
photoactive layer disposed on the first hole transporting layer, a first electron
transporting layer disposed on the first photoactive layer and a second electrode

disposed over the first electron transporting layer.

22. The tandem organic photovoltaic cell according to claim 21, wherein
- the second photoactive subcell comprises a third electrode, a second electron
transporting layer- disposed on the third electrode, a second photoactive layer disposed
on the second electron transporting layer, a second hole transporting layer disposed on
the second photoactive layer and a fourth electrode disposed over the second hole

transporting layer.

23.  The tandem organic photovoltaic cell according to claim 22, wherein
the second electrode of the first photoactive subcell and the third electrode of the
second photoactive subcell form a common electrode that comprises the intermediate

layer comprising graphene.
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graphene filmlayer conprises nore than one |ayer of graphene. WO

2013/ 022405PCT/ SG2012/ 000281 36. The.tandem phot ovol taic cell
accor di ngvoaodae4vs29, wherein the graphene filml ayer Ira3/S&20ihi00628ess t hat
is greater than 0.5 nm 37. The tandem photovoltaic cell according

to claim36, wherein the graphene filmlayer has a thickness that ranges
;ng} Sibﬁ;t ¢ 8' giféglmn;[ 'glée‘:itgaﬁeté? g?g?g?grpélotovoltaic%%ll a-(lz_poerdlln%r?g ed 59:[ v grleltnai c cell
the common electrode fbrmed from the intermediate layer comprising graphene is
| configured to collect electrons generéted from the first photoacﬁve subcell and the
second photoactive subcell, and wherein the first electrqde of the‘ .ﬁrst photoactive
subcell and the fourth electrode of the second photoactive subcell are used as

electrical contacts to collect holes generated from the first photoactive subcell and the

second photoactive subcell.

25.  The tandem organic photovoltaic cell according to claim 20 or 24,
wherein the first electrode of the first photoactive subcell and the fourth electrode of

the second photoactive subcell have an electrical connection.

26. The tandem organic photovoltaic cell according to claim 20 or 24,
wherein the common electrode and the first electrode of the first photoactive subcell

have an electrical connection that is used to drive an external load.

27. The tandem organic photovoltaic cell according to claim 20 or 24,

wherein thé electrode éollectihgi holes has a work function that is gfeéter than 4.5 eV.

28.  The tandem organic photovoltaic cell according to claim 20 or 24,

wherein the electrode collecting electrons has a work function that is less than 4.5 eV.
29. A tandem photovoltaic cell, comprising:
two or more photoactive subcells;

a graphene film layer disposed between each pair of photoactive subcells in
the two or more photoactive subcells, the graphene film layer providing an electrical

‘connection between each pair of photoactive subcells, wherein the graphene film layer
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graphene filmlayer has a sheet resistance that is |l ess than | k ohm per
squar e. 39. The tandem photovoltaic cell according to claim 29,
wherei n twe 2grsapbmse fil m | ayer has an optical transpar eoTrsceiaiooes: gr eat er
than 80% 40. A tandem optoel ectronic device, conprising: two or nore

opt oel ectroni c active subcells; and a graphene filmlayer disposed
bet ween each .pair,of. optoel ectroni ¢ actiye subcell.s.in the t r _nore

opt ool ectiBAIE ARy SRR« Ak ol ierBh R Py sUPGHIR o n

el ectrical ,.connection between each pair of optoelectronic active subcells,
wher ei n t9oUegfchpisengenerated theyadiomyr ovi des a sel ective contact of a sane
polarity to each pair of optoelectronic active subcells to collect charges
generated therefrom ’ 41. A nethod of fabricating a tandem organic

phot ovol t ai ¢ ¢l |, Eeenprdesh pptovditadd enllmgcardingiotrdaim 39, whetedly each pair
“of photoactive subcells in the two or more photoactive subcells are electrically

coupled in series.

31.  The tandem photovoltaic cell according to claim 30, wherein the
graphene film layer forms a recombination contact zone that is configured to collect

both positive and negative charges generated from each pair of photoactive subcells.

32.  The tandem photovoltaic cell according to claim 29, wherein each pair
of photoactive subcells in the two or more photoactive subcells are electrically

coupled in parallel.

33. The tandem photovoltaic cell according to claim 32, wherein the
graphene ﬁim layer forms a common electrode that is configured to collect holes
generated from ‘ea_ch pair of photoactive subcells, while electrodes associat_ed_ wiph
each pair of photoactive subcells that are outwardly disposed from the graphene film
layer are used as electrical contacts to collect electrons generated from each pair of

photoactive subcells.

34.  The tandem photovoltaic cell according to claim 29, wherein the

graphene film layer comprises a single layer of graphene.

35.  The tandem photovoltaic cell according to claim 29, wherein the

- graphene film layer comprises more than one layer of graphene.
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di sposi ng the graphene filmlayer as an internedi ate | ayer between two or
nore organi ¢ photoactive subcells; and electrically connecting the
two or nowe 2013gamos phot oactive subcells through the graphmsceof2iobepsi ayer to
col l ect charges generated fromthe two or nore organi c photoactive

subcel | s.

42. The net hod according to claim4l, wherein obtaining the

P e et hod o e PR B S kR o R ST ST o mpene

43. The netho
filmlayer co
accor di n@r"ﬂ’%
applying a ch
according to
| ayer with a
to claim43,

npri ses gromnng t he graphene film]ayer. 44. The net hod

erq Ginplayst %P&kﬁesérﬂéﬁh%&eﬂﬁéﬂﬁpé?psn@ﬁe filmlayer conprises

em cal vapor deposition process. 45. The net hod
claim43, further conprising doping the grown graphene film

édndudﬂﬁwmﬂ&ﬂeﬂwﬁncmﬂgCnB@aﬁHdmgtocth66 whereinethhod accor di ng .

further conprising nodifying the grown graphene filmlayer

wi th a mgeliphenyd filgn lagyelias a thickness that ranges from about 0.5 nm to about 30 nm.

38. The tandem photovoltaic cell according to claim 29, wherein the

graphene film layer has a sheet resistance that is less than 1k ohm per square.

39. The tandem photovoltaic cell according to claim 29, wherein the graphene

film layer has an optical transparency that is greater than 80%.

40. A tandem optoelectronic device, comprising:
two or more optoelectronic active subcells; and

a graphene film layer disposed between each pair of optoelectronic active

subcells in the two or more optoelectronic active subcells, the graphene film layer

providing an electrical connection between each pair of optoelectronic active subcells,

wherein the graphene film layer provides a selective contact of a same polarity to each

pair of

compri

optoelectronic active subcells to collect charges generated therefrom.

41. A method of fabricating a tandem organic photovoltaic cell,

sing:
obtaining a graphene film layér;

disposing the graphene film layer as an intermediate layer between two or

more organic photoactive subcells; and
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47The net hod according to claim46, wherein the nodifying | ayer conprises a
PEDOT pol ynmer. 48. The nethod according to claim43, further conprising:
t ransf er rvogotidne2gsown graphene filmlayer onto a targetret/SeaorndEs]
transferring the graphene filmlayer fromthe targeted materi al onto one of
t he organi c photoactive subcells; and attachi ng anot her organic
phot oacti ve sulcel.l onto a_si f the graphene film.layer that poses the
bne of ¢ he-or gar o adiisdte fis b e FERET Bporkefi By Blegh WHbudPPO3SS ThE
met hod according tg claim48, wherein transferring the grown grapherie film
| ayer ont§etgr?é)hﬁ%ﬁ o Layerigrcollpgiichaigan geneaaied, Epmhs twe or MOEHQBARIChased on a
pol ydi met hyl si | oxane (PDM5) stanp.

photoactive subcells.

~42. " 'The method according to claim 41, wherein obtaining the graphene

film layer comprises synthesizing the graphene film layer.

43.  The method according to claim 42, wherein synthesizing the graphene

film layer comprises growing the graphene film layer.

44.  The method according to claim 43, wherein growing the graphene film

layer comprises applying a chemical vapor deposition process.

45.  The method according to claim 43, further comprising doping the

grown graphene film layer with a conductivity-enhancing dopant.

46.  The method according to claim 43, further comprising modifying the

grown graphene film layer with a modifiying layer.

47 The method according to claim 46, wherein the modifying layer

comprises a PEDOT polymer.
48.  The method according to claim 43, further comprising:
transferring the grown graphene film layer onto a targeted material;

transferring the graphene film layer from the targeted material onto one of the

organic photoactive subcells; and
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50. The nethod according to claim48, wherein transferring the grown
graphene filmlayer onto the targeted material conprising applying an

et chi ng pVOceB22405 51. The nethod accordi ng to cl aPETAG201206¢281 n
obtaining a graphene filmlayer conprises obtaining a nol ybedenum oxi de
(Mb03) graphene filmlayer. 52. A series tandem organi c photovoltaic

'l devi ' o '
Candem or gant ¢ RRATB G & OB TPRGRe GPRLTEAR avide gfie BRReREAREL C2 o
unoer s e i GBI ohe o R gant miionliidy ke HFEER bEsR ovor t ¢

cell device produced fromthe nmethod of claim4l. : 55. The parall el
t andem or gani c hot o oI taic cel I device of claimb54, wherein the device has
a short circuit curr cegrding toiclgim;48, hstein transéering hestena sum of

t wo photoactlve subcells I n the device.
‘ graphene film layer onto the targeted material comprisesusing a dry transfer based on

a polydimethylsiloxane (PDMS) stamp.

50.  The method according to claim 48, wherein transferring the grown
graphene film layer onto the targeted material comprising applying an etching

Process.

51.  The method according to claim 41, wherein obtaining a graphene film

layer comprises obtaining a molybedenum oxide (MoOs3) graphene film layer.

52. A series tandem organic photovoltaic cell device produced from the

method of claim 41.

53.  The series tandem organic photovoltaic cell device of claim 52,
- wherein the device has an open circuit V. that is about 1V for a sum of two organic

photoactive subcells in the device.

54. A parallel tandem organic photovoltaic cell device produced from the

method of claim 41.

55.  The parallel tandem organic photovoltaic cell device of claim 54,
wherein the device has a short circuit current density Jg. that is about 11.6 mA/cm? for

a sum of two photoactive subcells in the device.
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WD 2013/ 022405PCT/ SG2012/ 000281 56. The Parallel tandem organic

phot ovol taic cell device of claimb54, wherein the device has a power
conver si oNOebfIwpeacy that is up to 2.9% for a sum of tROTSGAOICACI28Y e
subcells in the device. 57. 'Th-e' device of clains 52 or 54, wherein
t he graphene filmlayer has a sheet resistance that is | ess than |k ohm per

squar e. 88. The.; I cl al 24 er. el aphene film
| ayer has an o%?’i ca?ﬁet ?ag%lgeggarn@%gly&?ﬁg P?é“’gér;léag% %?1}"@% é% (ﬁt(fﬁ'%q% 4,
wherein the device has a power conversion efficiency that is up to 2.9% for a sum of

two photoactive subcells in the device.

57.  'The device of claims 52 or 54, wherein the graphene film layer has a

sheet resistance that is less than 1k ohm per square.

58. The device of claims 52 or 54, wherein the graphene film layer has an

optical transparency that is greater than 80%.
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