
1

T A N DEM P HO T O VO L T A IC DEVICECO M BIN IN G A S IL ICO N -BA S ED S U B-CEL L A N D A
P ER O VS KIT E-BA S ED S U B-CEL L CO M P R IS IN G A N N -L A YER W IT H CO N T R O L L ED CA R BO N

CO N T EN T

DES CR IP T IO N

T ECHN ICA L FIEL D

T he present invention relatesto the field oftandem -type photovoltaic

devices,in particulartandem -type photovoltaic cells,com bining asilicon-based sub-cell

and aperovskite-based sub-cell.

M ore particularly, it relates to such silicon/perovskite tandem

photovoltaic devices,including,at the perovskite-based sub-cell,aN -type layerw ith a

controlled carbon content, allow ing reaching im proved perform ances in term s of

photovoltaicconversionefficiency.

P R IO R A R T

P hotovoltaic devices,and in particular photovoltaic cells,generally

com prise am ultilayerstackincludingaphoto-active layer,called the“ active” layer.In so-

called perovskite-type photovoltaic cells,the active layer consistsof a halogenated

perovskite type m aterial,w hich m ay be an organic-inorganichybrid orpurely inorganic.

T hisactive layerisin contacton eitherside w ith an N -type conductive orsem iconductor

layerand aP -type conductive orsem iconductorlayer.T histype ofm ultilayerassem bly,

com prising the superposition ofthe active layerand ofthe tw o P -type and N -type layers

described hereinabove isconventionally referred to as“ N IP ” or“ P IN ” depending on the

stackingorderofthedifferentlayersoverthesubstrate.

Forexam ple,asrepresented in Figure 1,asingle-junction perovskite-

type photovoltaic cell,w ith aN IP structure,typically includesam ultilayer structure

com prising,in thisstacking order,a transparent substrate (S ),a first transparent

electrode also called the low er electrode (E1),such asalayer m ade of transparent

conductive oxide (T CO ),an N -type conductive orsem iconductorlayer,aperovskite (P K)

type active layer,aP -type conductive orsem iconductorlayerand asecond electrode,
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also called the upperelectrode (E2)(w hich m ay be m ade ofm etal,forexam ple silveror

gold).

In order to increase the efficiency of photovoltaic cells, tandem

photovoltaic devices have recently been developed. T hese tandem devices allow

w idening the absorption range ofthe electrom agnetic spectrum ,by association oftw o

cellsabsorbingphotonsofdifferentw avelengths.

T andem devicesm ay consist ofaperovskite-based celland asilicon-

based cell. Different structure typeshave been developed,such astw o-term inal(2T )

structuresand four-term inal(4T )structures,asschem atically represented in Figure 2.In

general,the 2T structuresinclude tw o electrodes,each form ing an anode and acathode

com m on to the tw o sub-cells,w hile the 4T structuresinclude fourelectrodes,each sub-

cellhavingitspairofelectrodes.

For exam ple,Figure 3 representsatandem device in a2T structure

including afirst silicon-based sub-cell,forexam ple w ith asilicon hom ojunction (c-S i),

surm ounted by aperovskite-based sub-cellin aN IP structure and connected to the

silicon-based sub-cellthrougharecom binationlayer(R C).

In thisperovskite-based sub-cell type,the N -type conductive layer

generally consistsofaN -type sem iconductoroxide,forexam ple ZnO ,AZO (alum inium -

doped zincoxide),S nO 2 orT iO x (x<2).T hislayerm ay be in the so-called m esoporousor

planar form . In turn, the P -type conductive layer consists, in m ost cases, of a

sem iconductor organic m aterial w hich m ay be a π-conjugated polym er, like for exam ple 

poly(3-hexylthiophene) or P 3HT ,or a sm all m olecule like S piro-M eO T AD (2,2',7,7'-

T etrakis[N ,N -di(4-m ethoxyphenyl)am ino]-9,9'-spirobifluorene).

At the present tim e,the best photovoltaic perform ancesare obtained

w ith devicesforw hich aN -type m etaloxide based dense conductive layerisobtained

upon com pletion ofaheat treatm ent at high tem perature,typically at tem peratures

strictly higherthan 200°C.Forexam ple,such heat treatm entsat high tem perature,in

particularat atem perature higherthan 400°C,are im plem ented forthe preparation of

photovoltaic cellsw here the N layerisform ed from atitanium oxide in am esoporous

form .T hisisalso the case form aking N -type layersby asol-gelprocess,in particular

basedontinoxide(S nO 2)generatedfrom aS nCl2 precursor.
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U nfortunately,the im plem entation of these heat treatm entsat high

tem perature cannot be considered form aking N layersat the surface ofstructuresthat

donotw ithstand thesehightem peratures,forexam pleforheterojunction siliconcellsfor

2T tandem typephotovoltaicdevices.

T o overcom e thisdraw back,alternative m ethodshave already been

suggested proceedingw iththepreparation oftheN layeratlow tem perature,typically at

tem peratureslow er than 150°C. For exam ple,an alternative for preparing a N -type

conductive layerat low tem perature foraphotovoltaic cellin aN IP structure,w ithout

affecting the photovoltaic efficiency ofthe cell,consistsin adding afullerene layer,for

exam pleofP CBM ,betw eentheN -typem etaloxideandtheoverlyingactivelayerm adeof

perovskite,in order to facilitate the extraction of the charges. N onetheless,such a

m ethod iscom plex to im plem ent,in particularbecause the thicknessofthe deposited

fullerenelayershouldbeextrem ely sm all,typically intherangeofafew nanom etres.

Ithasalsobeensuggested,inordertoprepareaN -typeconductivelayer

in low -tem perature conditions,to carry out depositionsvia vacuum techniques,for

exam ple by aatom ic thin layer deposition processAL D (standing for “ Atom ic L ayer

Deposition” )orelse by electron beam evaporation.N evertheless,these techniquesare

stillm orecom plex toim plem ent.

Consequently,there isstillaneed foran easy m ethod forpreparing,in

low -tem peratureconditions,aN -typeconductivelayerinaperovskite-based sub-cell,and

allow ing reaching high photovoltaicefficienciesofthe tandem device,integrating such a

perovskite-based sub-cell.

S U M M A R Y O FT HEIN VEN T IO N

T he present invention aim sspecifically to provide anew m ethod for

preparing,at low tem perature,aN -type conductive oxide based conductive layerin a

perovskite-based sub-cellusefulfortandem photovoltaicdevices,in particular2T HET /P K

type ones, allow ing reaching excellent perform ances, in particular in term s of

photovoltaicefficiency.

U nexpectedly,the Inventorshave noticed that it w aspossible to m ake

tandem photovoltaic devicesfeaturing excellent perform ances,including aperovskite-
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based sub-cellintegratingaN -typem etaloxidebased layerprepared atlow tem perature,

subjecttothecontroloftheatom concentrationofcarboninsaidN layer.

M ore specifically,according to a first aspect thereof,the present

invention relatesto atandem photovoltaic device,com prising,in thissuperim position

order:

A/asilicon-basedsub-cellA com prisingatleast:

- a substrate m ade of crystalline,for exam ple m onocrystalline or

polycrystalline,siliconinparticularN -typeorP -typedoped;and

-at least one layer,distinct from said substrate m ade of crystalline

silicon,ofam orphousorpolycrystallinesilicon,N orP doped;

and B/aperovskite-based sub-cellB,includingatleast:

-a N -type conductive or sem iconductor layer,also called “ electron

transportinglayer” (alsodenoted “ ET L ” standingfor“ ElectronT ransportingL ayer” );

- a P -type conductive or sem iconductor layer, also called “ hole

transportinglayer” (denoted“ HT L ” standingfor“ HoleT ransportingL ayer” );and

-aperovskite-typelayerthatisactivefrom aphotovoltaicpointofview ,

called “ photo-active layer” or“ active layer” ,interposed betw een said N -type and P -type

conductiveorsem iconductorlayers,

w herein said N -type conductive or sem iconductor layer isbased on

individualised nanoparticlesofN -type m etaloxide(s),and hasan atom iccarbon content

low erthanorequalto20% .

T he active layerisin contactw ith the individualised nanoparticlesofN -

type m etaloxide(s) ofthe N -type conductive orsem iconductorlayer. In otherw ords,

thereisnointerm ediatelayerbetw eenthenanoparticlesandtheactivelayer.

Asdetailed in therestofthetext,theperovskite-based sub-cellB ofthe

tandem device according to the invention m ay have aN IP orP IN structure,preferably a

N IP structure.

M ore particularly, a perovskite-based sub-cell B according to the

inventionm ay com prise,inthissuperim positionorder,atleast:
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-aconductive orsem iconductorlayerofthe N type (“ ET L ” )asdefined

before,in the case ofaN IP structure,oraconductive orsem iconductorlayerofthe P

type(“ HT L ” )inthecaseofaP IN structure;

-aperovskite-typeactivelayer;

-aconductive orsem iconductorlayerofthe P type (“ HT L ” )in the case

ofaN IP structure,oraconductiveorsem iconductorlayeroftheN type(“ ET L ” )asdefined

before,inthecaseofaP IN structure;and

-anelectrode,called upperelectrode,E2B.

According to another aspect thereof, the invention relates to a method for

manufacturing a tandem photovoltaic device according to the invention, comprising at least

the following steps:

(a)m akingasilicon-based sub-cellA,asdefinedbefore;and

(b)m akingaperovskite-basedsub-cellB asdefinedbefore,atleastvia:

-astep ofform ing said N -type conductive orsem iconductorlayerfrom

adispersion ofN -type m etaloxide nanoparticlesin asolvent m edium ,at atem perature

low erthan orequalto 150°C,and in operating conditionsadjusted so asto obtain the

desiredatom iccarboncontentinsaidN layer,low erthanorequalto20% ,and

-astep during w hich the active layerisform ed overthe surface ofthe

N -typem etaloxidenanoparticles.

Asillustrated in the follow ing exam ples,the controlof the carbon

content in the N -type layer,form ed in low -tem perature conditions,allow saccessing

deviceshavingexcellentphotovoltaicperform ances,inparticularinterm sofphotovoltaic

conversionefficiency.

Asdetailed in the rest ofthe text,according to afirst alternative,the

carbon contentintheN -typelayerform ed accordingtotheinvention m ay beadjusted by

im plem enting a dispersion of m etal oxide nanoparticles having a reduced carbon

precursorlevel,such that it allow sleading to the desired atom iccarbon content,low er

thanorequalto20% ,intheform ed N layer.Forexam ple,suchdispersionsofm etaloxide

nanoparticles consist of dispersions stabilised via the surface potential of the

nanoparticles,and consequently havingareduced levelofcom patibilisingagents.
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Accordingto anotheralternative,thecarboncontentintheN -typelayer

according to the invention m ay be adjusted by subjecting,after deposition of said

dispersion ofm etaloxide nanoparticlesand priorto thedeposition ofthe overlyinglayer,

the N -type layerto atreatm entforelim inatingcarbon,in particularby U V irradiation,by

U V-ozone,w ithozoneand/orby plasm a,inparticularoxidising.

M oreover,advantageously,the low -tem perature conditions,preferably

low erthan orequalto 120°C,advantageously low erthan orequalto 100°C,in particular

low erthanorequalto80°C and m oreparticularly low erthanorequalto50°C,enablethe

form ationoftheN layerin sub-cellsw ith variousstructures,inparticularatthesurfaceof

structuressensitive to high tem peratures.In particular,the m ethod forpreparing aN

layeraccording to the invention tlow tem perature allow sconsidering form ation thereof

at the surface of aperovskite-type active layer in the case of asub-cellB in aP IN

structure.

Asdetailed in the rest of the text,the tandem photovoltaic device

accordingtotheinventionm ay forexam plehaveastructurew ithtw oterm inals(2T ).

O ther features,variantsand advantagesof the tandem photovoltaic

devicesaccording to the invention,and ofpreparation thereof,w illappearbetterupon

reading the follow ing description, exam ples and figures, given as a non-lim iting

illustrationoftheinvention.

BR IEFDES CR IP T IO N O FT HEDR A W IN GS

Figure 1 schem atically represents,in a vertical sectional plane,a

conventionalsingle-junctionphotovoltaiccell,w ithaN IP structure.

Figure 2 schem atically illustratesatandem photovoltaicdevice having2

term inals(2T )or4 term inals(4T ).

Figure 3 schem atically represents,in a vertical sectional plane,a

conventionaltandem photovoltaic cell,having asilicon-based sub-cellA (“ c-S i” ) and a

perovskite-based sub-cellB w ithaN IP architecture.

Figure 4 schem atically represents,in a verticalsectionalplane,the

structure ofaHET /perovskite tandem cellin a2T structure according to the invention,
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com prising a silicon heterojunction sub-cell A and a perovskite-based sub-cell B

integratingaN -typelayer(” ET L ” )accordingtotheinvention.

Figure 5 schem atically represents,in a verticalsectionalplane,the

structure ofaT O P Con/perovskite tandem cellaccording to the invention,com prising a

silicon-based sub-cellA according to a first variant w ith a T O P Con structure and a

perovskite-based sub-cellB integratingaN -typelayer(” ET L ” )accordingtotheinvention.

Figure 6 schem atically represents,in a verticalsectionalplane,the

structure ofaT O P Con/perovskite tandem cellaccording to the invention,com prising a

silicon-based sub-cellA according to asecond variant w ith aT O P Con structure and a

perovskite-based sub-cellB integratingaN -typelayer(” ET L ” )accordingtotheinvention.

Itshould be noted that,forclarity,the differentelem entsin the figures

are plotted in free scale,the actualdim ensionsof the different portionsnot being

com pliedw ith.

Figure 7 show sthe evolution ofthe atom icconcentration ofcarbon in a

N layer based on AZO nanoparticlesasafunction of the duration of the U V-ozone

treatm ent,intheconditionsofExam ple1.b.

Figure 8 schem atically show s,in averticalsectionalplane,asingle-

junction photovoltaiccell,w ith aN IP structure,w ith illum ination from the top,astested

inExam ple2.

Figure9 isaphotograph,intopview ,oftheP V devicetested inExam ple

2,com posedby fivestripsconnectedinseries.

In the rest ofthe text,the expressions“ com prised betw een...and...” ,

“ rangingfrom ...to...” and “ varyingfrom ...to...” are equivalentand are intended to m ean

thattheboundsareincludedunlessstated otherw ise.

DET A IL ED DES CR IP T IO N

Asindicated before,the invention relates,according to afirst aspect

thereof,to a tandem photovoltaic device,in particular a tandem photovoltaic cell,

com prising,inthissuperim positionorder:

A/asilicon-basedsub-cellA com prisingatleast:
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- a substrate m ade of crystalline,for exam ple m onocrystalline or

polycrystalline,siliconinparticularN -typeorP -typedoped;and

-at least one layer,distinct from said substrate m ade of crystalline

silicon,ofam orphousorpolycrystallinesilicon,N orP doped;

and B/aperovskite-based sub-cellB,includingatleast:

-a N -type conductive or sem iconductor layer,also called “ electron

transportinglayer” (alsodenoted “ ET L ” standingfor“ ElectronT ransportingL ayer” );

- a P -type conductive or sem iconductor layer, also called “ hole

transportinglayer” (denoted“ HT L ” standingfor“ HoleT ransportingL ayer” );and

-aperovskite-type active layer,interposed betw een said N -type and P -

typeconductiveorsem iconductorlayers,

w herein said N -type conductive or sem iconductor layer isbased on

individualised nanoparticlesofN -type m etaloxide(s),and hasan atom iccarbon content

low erthanorequalto20% .

It also relatesto am ethod form anufacturing atandem photovoltaic

device,inparticularatandem photovoltaiccell,com prisingatleastthefollow ingsteps:

(a)m akingasilicon-based sub-cellA,com prisingatleast:

- a substrate m ade of crystalline,for exam ple m onocrystalline or

polycrystalline,siliconinparticularN -typeorP -typedoped;and

-at least one layer,distinct from said substrate m ade of crystalline

silicon,ofam orphousorpolycrystallinesilicon,N orP doped;

(b)m akingaperovskite-basedsub-cellB,com prisingatleast:

-anN -typeconductiveorsem iconductorlayer(” ET L ” );

-aP -typeconductiveorsem iconductorlayer(” HT L ” );and

-aperovskite-type active layer,interposed betw een said N -type and P -

typeconductiveorsem iconductorlayers,

w herein said N -type conductive layerisform ed from adispersion ofN -

type m etaloxide nanoparticlesin asolvent m edium ,at atem perature low erthan or

equalto 150°C,and in operating conditionsadjusted so asto obtain the desired carbon

contentinsaidN layer.
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Asschem atically represented in Figures4 to 6,the illum ination ofa2T

tandem device according to the invention isdone through the upperelectrode ofthe

perovskite-based sub-cellB

U nless indicated otherw ise, an N -type (respectively P -type) layer

according to the invention m ay consist ofone single N -type (respectively P -type)doped

layerorofam ultilayerstack ofat least tw o sub-layers,forexam ple ofthree N -type

(respectively P -type)doped sub-layers.

S IL ICO N -BAS ED S U B-CEL L A:

Asstated before,the perovskite-based sub-cellB isstacked over a

silicon-based sub-cellA com prisingatleastonesubstratem adeofcrystalline,forexam ple

m onocrystalline orpolycrystalline,silicon possibly N -type orP -type doped; and at least

one layer,distinct from said substrate m ade of crystalline silicon,of am orphousor

polycrystallinesilicon,N -orP -doped.

T hus,a sub-cell A im plem ented in a tandem photovoltaic device

according to the invention com prisesatleasttw o distinctm aterials,asubstrate m ade of

crystalline,in particularm onocrystalline,silicon in particularN -type orP -type doped,on

the one hand,and adistinct layerm ade ofN -orP -doped am orphousorpolycrystalline

silicon.T hus,itdiffersinparticularfrom asiliconhom ojunctionsub-cell

Accordingtoafirstvariant,thetandem photovoltaicdeviceaccordingto

theinventionm ay com priseasiliconheterojunctionsub-cellA (alsocalled“ HET ” ).

According to another variant,it m ay consist of a sub-cell A in a

“ T O P Con” typearchitecture(standingfor“ T unnel-O xide-P assivatedContact” ).

S uchstructuresw illbem orespecifically detailed intherestofthetext.

S iliconheterojunctionsub-cellA:

According to a particular em bodim ent, the photovoltaic device

according to the invention includesa silicon heterojunction sub-cellA. Any type of

conventionalsilicon heterojunction cellm ay be suitable for the photovoltaic device

accordingtotheinvention.

In particular,asilicon heterojunction sub-cellA com prisesasubstrate

m adeofcrystalline,forexam plem onocrystallineorpolycrystalline,siliconin particularN -

type orP -type doped and including,on eitherside ofsaid substrate,tw o conductive or



10

sem iconductorlayersm ade ofam orphoussilicon,N and P doped,orhighly N + and P +

doped. Advantageously,an interm ediate so-called passivation layer,generally alayer

m ade ofintrinsic am orphoussilicon,i.e.non-doped,isdisposed betw een the substrate

m adeofsiliconandeachoftheconductiveorsem iconductorlayers.

As represented in Figure 4,the sub-cell A m ay m ore particularly

com prise,inthisstackingorder:

-afirstelectrodedenoted E1A;

-alayerm adeofN -doped (orP -doped)am orphoussilicon;

-advantageously,alayerbased on intrinsic am orphoussilicon,serving

asapassivationlayer;

-asubstratem adeofcrystallinesiliconasdescribed before,inparticular

m onocrystalline,inparticularN -typedoped;

-advantageously,alayerbased on intrinsic am orphoussilicon,serving

asapassivationlayer;

-alayerm adeofP -doped (orN -doped)am orphoussilicon;and

-optionally,asecond electrodeE2A.

T he first electrode E1A m ay be form ed ofam etallised conductive or

sem iconductortransparent layer,in particularoftransparent conductive oxide(s)(T CO )

such astin-doped indium oxide (IT O ),alum inium -doped zincoxide (AZO ),gallium -doped

zincoxide (GZO ),indium -doped zincoxide (IZO )and m ixturesthereof,orbe form ed ofa

m ultilayerassem bly,forexam pleAZO /Ag/AZO .

Itm ay also be form ed ofanetw orkofnanow ires,in particularm ade of

silver.

For exam ple,the first electrode E1A m ay consist of a m etallised

transparentconductiveoxidelayer,inparticularam etallised IT O layer.

Itm ay haveathicknessrangingfrom 40 to200 nm ,inparticularfrom 50

to100 nm ,forexam pleabout70 nm .

T he sub-cellA m ay com prise asecond electrode E2A w hen the tandem

devicehasa4-term inal(4T )structure.

W hen present,the second electrode E2A isadvantageously form ed ofa

m etallised conductive orsem iconductortransparent layer,in particularasdescribed for
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the first electrode E1A.Furtherm ore,it m ay have the characteristicsm entioned forthe

firstelectrodeE1A.

T he m etallisation ofthe firstelectrode E1A and,w here appropriate,the

second electrodeE2A,m ay becarried outby evaporationofam etal(gold orsilver).Itm ay

alsobecarried outby screen-printingorby inkjet.Ingeneral,itconsistsinform ingagrid.

Advantageously,thelayerm adeofN -doped am orphoussilicon isalayer

m ade ofhydrogenated am orphoussilicon (denoted “ a-S i:H(n)” ).It m ay have athickness

com prisedbetw een1 and 30 nm ,inparticularbetw een1 and10 nm .

Advantageously,the layerm ade ofP -doped am orphoussilicon isalayer

m ade ofhydrogenated am orphoussilicon (denoted “ a-S i:H(p)” ).It m ay have athickness

com prisedbetw een1 and 30 nm ,inparticularbetw een5 and15 nm .

M ore particularly, said passivation layer(s) m ay be m ade of

hydrogenated am orphoussilicon((i)a-S i:H).T hey m ay have,independently ofeachother,

athicknesscom prisedbetw een1 and30 nm ,inparticularbetw een5 and15 nm .

Advantageously,the crystalline silicon (“ c-S i” ) substrate isa silicon

m onocrystalline substrate,in particularofthe N type. In particular,it hasathickness

com prisedbetw een50 and500 nm ,inparticularbetw een100 and300 nm .

T he crystalline silicon substrate ispositioned betw een the N -doped

am orphoussilicon layer (“ a-S i:H(n)” ) and the P -doped am orphoussilicon layer (“ a-

S i:H(p)” ),w hereappropriatebetw eenthetw opassivationlayers(“ a-S i:H(i)” ).

P reparationofthesiliconheterojunctionsub-cellA:

T he silicon heterojunction sub-cellA m ay be m ade by m ethodsknow n

toapersonskilled intheart.

A silicon heterojunction sub-cellA m ay be m ade according to the

follow ingsteps:

-texturing the surface and cleaning asubstrate m ade of crystalline

silicon,inparticularm onocrystalline,possibly N -doped;

-advantageously,chem ical-m echanicalpolishing(CM P )atleasttheface

ofthe substrate m ade ofsilicon intended to face the perovskite-based sub-cellB,and

cleaningafterpolishing;
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- advantageously,depositing a layer based on intrinsic am orphous

silicon (a-S i:H(i))serving asapassivation layerovereach ofthe facesofthe substrate

m adeofcrystallinesilicon;

-depositingalayerm ade ofN -doped am orphoussilicon (a-S i:H(n))over

one ofthe facesofthe substrate m ade ofcrystalline silicon,advantageously overthe

passivationlayer;

-depositing alayerm ade ofP -doped am orphoussilicon (a-S i:H(p))over

the other face of the substrate m ade of crystalline silicon,advantageously over the

passivationlayer;

-depositing an electronically conductive orsem iconductorlayerover

the layerm ade ofN -doped (orP -doped) am orphoussilicon,and m etallisation ofsaid

electronically conductive or sem iconductor layer,so asto form afirst electrode E1A,

called thelow erelectrode;

-optionally,depositing an electronically conductive orsem iconductor

layeroverthe layerm ade ofP -doped (orN -doped)am orphoussilicon,and m etallisation

ofsaid electrically conductive orsem iconductorlayer,so asto form asecond electrode

E1B,inthecaseofastructurew ithfourterm inals.

Advantageously,the step ofcleaning the substrate m ade ofsilicon m ay

becarried outby theso-called “ saw dam agerem oval” (S DR )technique.Itallow savoiding

the costly and tim e-consum ing lapping and polishing process,by proceeding w ith w et

etchinginanalkalinesolutionsuchaspotassium hydroxide(KO H)orsodium hydroxide,in

ordertoelim inatedam agescaused by thesaw (“ saw dam age” )ontheplatesaftercutting

thereof.

Conventionally,texturing iscarried out,after cleaning the substrate

throughatleastoneanisotropicetchingstepusinganalkalinesolution,suchaspotassium

hydroxide(KO H)orsodium hydroxide(N aO H).

T he chem ical-m echanical polishing (“ CM P ” ) allow sobtaining a low

surface roughness. Cleaning after polishing allow s rem oving the contam ination

introduced by polishing,com posed ofm icro-and nano-particles,organic and m etallic

contam ination,w ithout degrading the surface m orphology.In general,it iscarried out

through aw etprocess.In particular,itm ay becarried outby successive soakingin abath
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underultrasound ofw aterand isopropylalcoholat 80°C and/orU V-O zone treatm ent,in

particularforadurationrangingfrom 1 to60 m inutes,inparticularabout30 m inutes.

T he deposition of the different layersm ade of P -doped or N -doped

am orphoussilicon m ay be carried out by plasm a-enhanced chem icalvapourdeposition

(P ECVD standing for“ P lasm aEnhanced Chem icalVapourDeposition” ),during w hich a

dopinggasisintroducedinordertodopethelayersm adeofam orphoussilicon.

T he electronically conductive orsem iconductorlayerintended to form

the first electrode E1A m ay be deposited by physicalvapourdeposition (“ P VD” standing

for“ P hysicalVapourDeposition” ),inparticularby sputtering.

T he sam e appliesforthe form ation ofthe second electrode E1B,w hen

present.

Asdetailed intherestofthetext,m etalcontactsareform ed afterw ards

in the contextofm anufacture ofthe tandem device overthe layerintended to form the

firstelectrode E1A,and possibly,in the contextofa4T structure,overthe layerintended

toform thesecondelectrodeE1B.

O fcourse,the invention isnotlim ited to the HET sub-cellconfiguration

described before and schem atically represented in Figure 4. O therstructuresm ay be

considered,forexam pleintegratingapassivationlayerm adeofsiliconoxideS iO x.

S ilicon-basedsub-cellA inaT O P Con-likestructure

According to anotherparticularem bodim ent,the photovoltaic device

according to the invention includes a sub-cell A in a “ T O P Con” -type architecture

(according to the nam ing ofthe FraunhoferIS E “ T unnelO xide P assivated Contact” ,also

called “ P O L O ” standing for “ P O L y silicon on O xide” according to the nam ing ofthe

Institute forS olarEnergy R esearch in Ham eln (IS FH))[2].Any type ofknow n cellofthe

T opContypem ay besuitableforthephotovoltaicdeviceaccordingtotheinvention.

S everalT O P Con-typestructurevariantsm ay beconsidered.

Asrepresented in Figures5 and 6,a sub-cellA in a T O P Con-type

architecturem ay com priseatleast:

-asubstrate m ade ofN -orP -doped crystalline silicon (“ c-S i(n)” or“ c-

S i(p)” ),inparticularN -doped;
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-at the face ofthe substrate intended to form the rearface ofthe

tandem photovoltaicdevice (FAR ),alayerm ade ofhighly N + (“ poly-S i(n+)” )orP + (“ poly-

S i(p+)” ) doped polycrystalline silicon,said layer m ade of highly doped polycrystalline

silicon being separated from the substrate by apassivation layerm ade ofan oxide so-

called “ tunneloxide” ,inparticularofsiliconoxideS iO x orofalum inium oxideAlO x;

-on the side ofthe opposite face ofthe substrate,at least one layer

m ade ofhighly P + orN + doped crystalline orpolycrystalline silicon ofthe electricaltype

oppositetothatofthesubstrate.

It hasbeen dem onstrated that the joint use ofalayerm ade oftunnel

oxideand alayerm adeofhighly N + (orP +)doped polycrystallinesiliconattheFAR allow s

havingexcellentsurfacepassivationasw ellasaneffectivetransportofcharges.Contactis

m aintained because the passivation layer m ade of silicon oxide enablesthe charge

carriers(electronsand holes) to passthrough by tunneleffect thanksto aquantum

phenom enon.

Advantageously,the crystalline silicon substrate isan N -type silicon

crystalline substrate (c-S i(n)).In particular,it m ay have athicknesscom prised betw een

50 and500 nm ,inparticularbetw een100 and 300 nm .

T he silicon substrate iscovered successively atitsface intended to form

therearfaceofthephotovoltaicdevice,w ithapassivationlayerand w ithalayerm adeof

highly dopedpolycrystallinesilicon.

T he tunneloxide layer m ay be alayer m ade of S iO x or of AlO x,in

particularofS iO 2.Advantageously,ithasathicknesscom prised betw een 0.5 and 10 nm ,

inparticularbetw een1 and5 nm .

According to aparticularem bodim ent,the layerm ade ofhighly doped

polycrystallinesiliconm ay beanoxygen-orcarbon-richlayer.

According to aparticularem bodim ent,the layerm ade ofhighly doped

polycrystallinesiliconisoftheN + type(poly-S i(n+)).

By “ highly doped” ,it should be understood that the layerhasadoping

levelhigherby at least one orderofm agnitude w ith respect to the doping levelofthe

substrate.W e then talkaboutN + orP + dopingin case ofhigh dopinginstead ofN orP in

case ofdoping ofthe sam e orderofm agnitude asthat ofthe substrate.Forexam ple,a
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so-called “ highly doped” layerm ay have adoping w ith aconcentration ofelectrically-

active dopantshigher than 1017 at.cm -3,in particular betw een 1017 and 1022 at.cm -3,

preferably betw een1019 and1021 at.cm -3.

T he layerm ade ofhighly doped polycrystalline silicon atthe FAR ofthe

device m ay have athicknesscom prised betw een 5 and 500 nm ,in particularbetw een 10

and250 nm .

Accordingtoafirstem bodim ent,asrepresented inFigure5,asub-cellA

inaT O P Constructure,m ay com priseinthisstackingorder:

-alayerm ade ofhighly N + (orP +)doped polycrystalline silicon “ poly-

S i(n+)” ;

-alayer,called passivation layer,m ade ofsilicon oxide,in particularof

S iO 2;

-asubstratem adeofN -doped (orP -doped)crystallinesilicon“ c-S i(n)” ;

-alayerm ade ofhighly doped crystalline silicon ofthe electricaltype

oppositetothatoftheP + (orN +)substrate“ c-S i(p+)” .

In the restofthe text,asub-cellA havingthe aforem entioned structure

w illbereferredtoas“ T O P Con1” structure.

T he layersm ade ofhighly doped polycrystalline silicon,the passivation

layerm ade ofsilicon oxide and the substrate m ade ofcrystalline silicon m ay have the

previously-describedfeatures.

T he layerm ade ofhighly doped crystalline silicon ofthe electricaltype

opposite to that ofthe P + (orN +)substrate “ c-S i(p+)” m ay have athicknesscom prised

betw een50 nm and1 µm ,inparticularbetw een200 and700 nm .

Asdetailed in the rest ofthe text,am etallisation layerm ay be form ed

afterw ardson the surface of the layer m ade of highly doped polycrystalline silicon

form ingtheFAR ofthetandem device.

Accordingtoanotherem bodim ent,asrepresented inFigure6,asub-cell

A inaT O P Constructurem ay com priseinthisstackingorder:

-alayerm ade ofhighly N + (orP +)doped polycrystalline silicon “ poly-

S i(n+)” ;
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-alayer,called passivation layer,m ade ofsilicon oxide,in particularof

S iO 2;

-asubstratem adeofN -doped (orP -doped)crystallinesilicon“ c-S i(n)” ;

-alayer,called passivation layer,m ade ofsilicon oxide,in particularof

S iO 2;

-alayerm ade ofhighly doped polycrystalline silicon ofthe electrical

typeoppositetothatoftheP + (orN +)substrate“ poly-S i(p+)” ;

-alayerofvery highly doped polycrystallinesilicon oftheelectricaltype

opposite to thatofthe underlying layerm ade ofN ++ (orP ++)polycrystalline silicon “ poly-

S i(n++)” .

In the restofthe text,asub-cellA havingthe aforem entioned structure

w illbereferredtoas“ T O P Con2” structure.

T he layer m ade of highly doped polycrystalline silicon, the first

passivation layerm ade ofsilicon oxide and the substrate m ade ofcrystalline silicon m ay

havethepreviously-describedfeatures.

T he second passivation layer m ade of silicon oxide m ay have the

characteristicsdescribedbeforeforthefirstpassivationlayer.

T helayerm adeofhighly P + (orN +)doped polycrystallinesiliconcovering

the second passivation layer,m ay have the characteristics,in particular in term sof

thicknessand dopinglevel,described beforeforthelayerm adeofhighly N + (orP +)doped

polycrystallinesiliconlocatedattheFAR ofthedevice.

T he layerm adeofvery highly N ++ (orP ++)doped polycrystallinesilicon is

characterised by ahigherdoping levelcom pared to the doping levelofan N + (orP +)

doped layer.In particular,aso-called “ very highly doped” layerm ay haveadopingw ith a

concentration ofdopantshigherthan 1020 at.cm -3,in particularcom prised betw een 1020

and1022 at.cm -3.

T he layerm ade ofvery highly N ++ (orP ++)doped polycrystalline silicon

m ay have athicknesscom prised betw een 5 nm and 60 nm ,in particularbetw een 20 nm

and40 nm .

Asdescribed in the restofthe text,in the case ofthislastvariantofthe

T O P Con type A sub-cell,the sub-cellA and the superim posed perovskite-based sub-cellB
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m ay be connected forthe preparation ofthe tandem device w ith tw o term inals,w ithout

im plem entingaso-calledtherecom binationlayer.

P reparationoftheT O P Con-typesub-cellA:

A sub-cell w ith a T O P Con structure,asdescribed before,m ay be

preparedby m ethodsknow ntoapersonskilledintheart.

Forexam ple,asub-cellA w ith aT O P Con 1 structureasdescribed before

m ay forexam plebem adeaccordingtothefollow ingsteps:

-texturingthe surface and cleaning asubstrate m ade ofN -doped (orP -

doped)crystallinesilicon;

-advantageously,polishing at least the face ofthe substrate m ade of

siliconintendedtofacetheperovskite-based sub-cellB,andcleaningafterpolishing;

-depositing alayerofsilicon oxide S iO x,in particularS iO 2,serving asa

passivationlayerattheoppositefaceofthesubstratem adeofcrystallinesilicon;

-depositing overthe passivation layeralayerm ade ofhighly N + (orP +)

dopedpolycrystallinesilicon“ poly-S i(n+)” ;

-depositing overthe face ofthe substrate opposite to thatcoated w ith

the passivation layer,alayerm ade ofhighly doped crystalline silicon,ofthe electrical

typeoppositetothatofthesubstratem adeofP + (orN +)silicon,“ c-S i(p+)” .

A sub-cellA w ith aT O P Con 2 structure asdescribed before m ay be

m adeaccordingtothefollow ingsteps:

-texturingthe surface and cleaning asubstrate m ade ofN -doped (orP -

doped)crystallinesilicon;

-advantageously,polishing at least the face ofthe substrate m ade of

siliconintendedtofacetheperovskite-based sub-cellB,andcleaningafterpolishing;

-depositing alayerofsilicon oxide S iO x,in particularS iO 2,serving asa

passivationlayeroneithersideofthesubstratem adeofcrystallinesilicon;

-depositing a layer m ade of highly N + doped polycrystalline silicon

“ poly-S i(n+)” overoneofthepassivationlayers;

-depositing alayerm ade ofhighly doped polycrystalline silicon,ofthe electricaltype

oppositetothatofthesubstrate,P + “ poly-S i(p+)” (orN +)overtheotherpassivationlayer;
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-depositing,overthe surface ofthe layerm ade ofhighly P + (orN +)

doped polycrystalline silicon,ofthe electricaltype opposite to that ofthe substrate,a

layerm ade ofvery highly doped polycrystalline silicon ofthe electricaltype opposite to

thatoftheunderlyinglayer,N ++ ” poly-S i(n++)” (orP ++).

Advantageously,the preparation steps(texturing,cleaning,chem ical-

m echanical polishing) m ay be carried out as described before for the silicon

heterojunctionsub-cellA.

T hepassivationlayer(s)m adeofsiliconoxidem ay beform ed by therm al

or chem icaloxidation at the surface ofthe substrate m ade ofcrystalline silicon. T he

therm aloxidation ofthe substrate m ade ofcrystalline silicon m ay be carried out in a

furnace in the presence ofan oxygen-rich atm osphere at m oderate tem peratures(600-

700°C).T he in situ therm aloxidation ofthe crystalline silicon,directly in the deposition

cham ber by L P CVD (“ L ow -P ressure Chem ical Vapour Deposition” ) used for the

subsequent deposition ofthe silicon layer,hasalso been described. Forexam ple,the

chem icaloxidation ofthecrystallinesilicon m ay becarried outinhotnitricacid (HN O 3)or

in asolution ofdeionised w aterand ozone (DIO 3).M ore recently,the form ation ofthis

passivation layerm ade ofS iO x by plasm aoxidation hasalso been reported,forexam ple

directly in the plasm achem icalvapourdeposition cham ber(P ECVD standing for“ P lasm a

Enhanced Chem icalVapourDeposition” )used forthe subsequent deposition ofsilicon-

based layers.O therdry oxidation processesinvolving an excim erU V orhalogen lam p

havealsobeendescribed.

T helayersm adeofhighly P + orN + doped orvery highly N ++ orP ++ doped

polycrystalline silicon m ay be m ade by chem icalvapourdeposition (CVD standing for

“ Chem icalVapourDeposition” ),m ainly by L P CVD,but also by P ECVD. O therm ethods

have also been described,forexam ple by P VD (“ P hysicalVapourDeposition” )orby CVD

activatedby hotfilam ent.

P ER O VS KIT E-BAS ED S U B-CEL L B:

Asindicated before,aphotovoltaic device according to the invention

includes a perovskite-based sub-cell B com prising a perovskite-type active layer

interposed betw een aN -type conductive orsem iconductorlayerand aP -type conductive
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or sem iconductor layer,w herein said N -type layer isbased on N -type m etaloxide

individualised nanoparticles,and hasan atom ic carbon content low erthan orequalto

20% .

M oreparticularly,thesub-cellB m ay com priseinthisstackingorder:

-optionally afirstelectrodeE1B;

-alow erconductive orsem iconductorlayerofthe N type (denoted

“ ET L ” )in the case ofaN IP structure orofthe P type (denoted “ HT L ” )in the case ofaP IN

structure;

-aperovskite-typeactivelayer;

-an upperconductive orsem iconductorlayerofthe P type (denoted

“ HT L ” )in the caseofaN IP structureoroftheN type (denoted “ ET L ” )in the case ofaP IN

structure;

said N -type layer being based on N -type m etaloxide individualised

nanoparticles,andhavinganatom iccarboncontentlow erthanorequalto20% ;

-atransparent second electrode,called upper electrode,E2B,and m ore particularly

form edby am etallisedtransparentconductiveoxidelayer.

N -typeconductiveorsem iconductorlayer:

A N -type (or“ ET L ” layer)conductive orsem iconductorlayerofthe sub-

cellB according to the invention ism ore sim ply referred to in the rest ofthe text as“ N

layer” .An “ N -type” m aterialrefersto am aterialthat enablesthe transport ofelectrons

(e-).

M ore particularly,the N layer of the sub-cell B according to the

inventionm ay beform ed ofN -typem etaloxideindividualised nanoparticles.

In particular,the N -type m etaloxide nanoparticlesm ay be selected

from am ong nanoparticlesof zinc oxide ZnO ,titanium oxidesT iO x w ith x com prised

betw een 1 and 2,tin oxide (S nO 2),doped zincoxides,forexam ple alum inium -doped zinc

oxide (AZO ),indium -doped zinc oxide (IZO ),gallium -doped zinc oxide (GZO ),doped

titanium oxides,forexam pletitanium doped w ithnitrogen,phosphorus,iron,tungstenor

m anganeseand m ixturesthereof.

In particular,the N -type conductive orsem iconductorlayerofthe sub-

cellB according to the invention m ay be form ed ofm etaloxide nanoparticlesselected
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from am ong tin oxide (S nO 2)nanoparticles,doped zincoxide nanoparticles,in particular

alum inium -dopedzincoxide(AZO )and m ixturesthereof.

According to a particular em bodim ent, the N -type conductive or

sem iconductorlayerofthesub-cellB isform ed oftinoxide(S nO 2)nanoparticles.

T heN -typem etaloxideindividualised particlesoftheN -typeconductive

orsem iconductorlayerin the sub-cellB according to the invention m ay have an average

particlesizecom prised betw een2 and 100 nm ,inparticularcom prised betw een5 and 50

nm ,in particularcom prised betw een 5 and 20 nm and m ore particularly betw een 8 and

15 nm .

T heparticlesizem ay beassessed by transm issionelectronm icroscopy.

In the case ofparticlesw ith asphericalorgenerally sphericalshape,the

average particle size relatesto the diam eter of the particle. In the case w here the

particleshaveanunevenshape,theparticlesizerelatestotheequivalentdiam eterofthe

particle. By equivalent diam eter,it should be understood the diam eterofaspherical

particle thathasthe sam e physicalproperty w hen determ ining the size ofthe particle as

them easuredparticlew ithanunevenshape.

In particular,the N -type m etaloxide particlesm ay have aspherical

shape. By “ sphericalparticle” ,it should be understood particleshaving the shape or

substantially theshapeofasphere.

In particular,sphericalparticleshave asphericity coefficienthigherthan

orequalto 0.75,in particularhigherthan orequalto 0.8,in particularhigherthan or

equalto0.9 and m oreparticularly higherthanorequalto0.95.

T he sphericity coefficient of a particle isthe ratio of the sm allest

diam eteroftheparticleto the largestdiam eterthereof.Foraperfectsphere,thisratio is

equalto1.

By “ individualised” nanoparticles,it should be understood that the

particleskeep theirstate ofindividualparticlesw ithin the N layerofthe m ultilayerstack

accordingtotheinvention,inparticularthey donotm ergetogether.

In particular,lessthan 10% ofthe N -type m etaloxide nanoparticlesin

said N layerarem erged,preferably lessthan5% ,andpossibly lessthan1% .
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Forexam ple,thiscould be clearly view ed by observing the N layerby

electronm icroscopy.

In particular,the N layerbased on individualised N -type m etaloxide

nanoparticle(s)differsfrom sintered layers,in w hich the particlesare m erged together.

T hus,theN layeraccordingtotheinventionisanon-sinteredlayer.

S tructuringoftheN -type layerin asub-cellB accordingto the invention

dem onstratesin particularthat itspreparation,asdetailed in the rest ofthe text,does

not involve any step ofheat treatm ent at high tem perature,typically at atem perature

strictly higherthan150°C,inparticularhigherthan200°C.

T he presence ofindividualised N -type m etaloxide particles,in other

w ordsnot m erged together,at the N -type layer of the sub-cellB according to the

invention m ay also be reflected by asurface roughnessofsaid N -type layer,m easured

before form ing the overlying layer,higherthan that obtained forexam ple forasintered

layer.

In particular,aN layerofthe sub-cellB according to the invention m ay

havearoughnessaveragevalueR M S largerthanorequalto3 nm ,inparticularcom prised

betw een5 and 10 nm .

T hesurfaceroughnessm ay bem easuredby m echanicalprofilom etry.

M oreover,the N -type conductive orsem iconductorlayerofthe sub-cell

B according to the invention ischaracterised by alow carbon content (atom ic carbon

content),inparticularlow erthanorequalto20% .

P referably,aN layerofthe sub-cellB according to the invention hasan

atom ic carbon content low erthan orequalto 17% ,preferably low erthan orequalto

15% ,in particular com prised betw een 0 and 15% . T he carbon content of aN layer

accordingto the invention m ay be determ ined by X -ray photoelectron spectroscopy (X P S

standingfor“ X -R ay photoelectronspectroscopy” ).

An N -type conductive orsem iconductorlayer(” ET L ” )ofthe sub-cellB

according to the invention m ay have athicknesscom prised betw een 5 and 500 nm ,in

particularbetw een10 and 80 nm ,and m oreparticularly betw een30 and50 nm .
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T he thicknessm ay be m easured w ith aprofilom eter,forexam ple from

the brand KL A T encororw ith an atom icforce m icroscope,forexam ple from the brand

VEECO /IN N O VA.

P erovskite-typeactivelayer:

T hisactive layerisform ed ofaperovskitem aterial.Advantageously,the

perovskite m aterialisam aterialincluding 1,2 or 3 cationsand anions,for exam ple

halides,inparticularCl-,Br-,I-and m ixturesthereof.

M ore particularly,the perovskite m aterialofthe active layerofthe sub-

cellB accordingtotheinventionm ay beam aterialofgeneralform ulaABX 3,w ith:

.A representingacationoracom binationofm etallicororganiccations;

.B representing one orm ore m etallicelem ent(s),such aslead (P b),tin

(S n),bism uth(Bi)and antim ony (S b);and

. X representing one or m ore anion(s),in particular one or m ore

halide(s),and m ore particularly selected from am ong chloride,brom ide,iodide and

m ixturesthereof.

In particular,such perovskite m aterialsare described in the docum ent

W O 2015/080990.

Asexam plesofperovskitem aterials,m entionm ay inparticularbem ade

of organic-inorganic hybrid perovskites. M ore particularly,these hybrid perovskite

m aterialsm ay beoftheaforem entioned ABX 3 form ula,w hereinA com prisesoneorm ore

organicornon-organiccation(s).

T he organic cation m ay be selected from am ong organo-am m onium

cationssuchas:

-the alkyl-am m onium cationsofgeneralform ulaR 1R 2R 3R 4N +,w ith R 1,

R 2,R 3 and R 4 beingindependently ofeach otherahydrogen atom oraC1-C5 alkylradical,

suchasam ethyl-am m onium (M A+)typecationand

-the form am idinium cations(FA+) of form ula[R 1N CHN R 1]+,w ith R 1

possibly representingahydrogenatom oraC1-C5 alkylradical.

T he organiccation(s)ofthe hybrid perovskite m aterialm ay possibly be

com binedw ithoneorm orem etalliccation(s),forexam plecaesium .
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As exam ples of hybrid perovskite m aterials, m ention m ay m ore

particularly bem adeoftheperovskitesofform ulaABX 3,w ith:

-A representing an organo-am m onium cation,for exam ple of the

m ethyl-am m onium (M A+)type,aform am idinium cation (FA+)oram ixture ofthese tw o

cations,possibly associatedw ithcaesium (Cs+);

-B beingselected from am onglead,tin,bism uth,antim ony andm ixturesthereof;and

-X being selected from am ong chloride,brom ide,iodide and m ixtures

thereof.

In particular,the perovskite m aterialm ay be CHaN H3P bI3,also called

M AP I,w ith lead being replaceable by tin orgerm anium and iodine being replaceable by

chlorineorbrom ine.

T he perovskite m aterialm ay also be acom pound ofform ulaCsxFA1-

xP b(I1-yBry)3 w ithx<0.17;0<y<1 andFA sym bolisingtheform am idinium cation.

T he perovskite-type active layer of the sub-cellB according to the

invention m ay have athicknesscom prised betw een 50 and 2,000 nm ,in particular

betw een200 and400 nm .

P -typeconductiveorsem iconductorlayer:

A “ P -type” m aterialrefersto am aterialenabling the transport ofholes

(h+).

Forexam ple,the P -type m aterialm ay be selected from am ong N afion,

W O 3,M oO 3,V2O 5 and N iO , π-conjugated conductive or sem iconductor polym ers, possibly 

doped, and m ixtures thereof. P referably, the P -type m aterial is selected from  am ong π-

conjugatedconductiveorsem iconductorpolym ers,possibly doped.

As an illustration of π-conjugated sem iconductor polym ers, possibly 

doped,m ention m ay in particularbe m adeofpoly(3,4-ethylenedioxythiophene)(P EDO T ),

preferably in a form com bined w ith a counteranion such as P EDO T :P S S ; poly(3-

hexylthiophene) or P 3HT ,poly[N -9’-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-

2’,1’,3’-benzothiadiazole or P CDT BT , poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-

ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2,6-diyl]] or P CP DT BT ,

poly(benzo[1,2-b:4,5-b’]dithiophene– alt– thieno[3,4-c]pyrrole-4,6-dione) or P BDT T P D,
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poly[[4,8-bis[(2-ethylhexyl)oxy] benzo [1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-

ethylhexyl) carbonyl]thieno[3,4-b]thiophenediyl]] or P T B7, poly[bis(4-phenyl)(2,4,6-

trim ethylphenyl)am ine]orP T AA.

A preferred P -type m aterialisam ixture ofP EDO T and P S S ,orP T AA,

possibly doped w ith a lithium salt,such aslithium bis(trifluorom ethane)sulphonide

(L iT FS I)and/or4 -tert-butylpyridine(t-BP ).

T he P -type m aterial m ay also be selected from am ong P -type

sem iconductorm oleculessuchas:

-porphyrin;

- the: 7,7’-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b 2]dithiophene-

2,6-diyl)bis(6-fluoro-4-(5’-hexyl-[2,2’-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole): p-

DT S (FBT T h2)2;

-boron-dipyrom ethenes(BO DIP Y);

-m oleculesw ithatriphenylam ine(T P A)core.

A P -type conductive orsem iconductorlayer(” HT L ” ) ofthe sub-cellB

according to the invention m ay have athicknesscom prised betw een 5 and 500 nm ,in

particularbetw een10 and 150 nm .

Alternatively,aP -type layer m ay be in the form ofaself-assem bled

m onolayer(or“ S AM ” standing for“ S elf-Assem bled M onolayer” ),and have athicknessin

therangeofonenanom eter.Forexam ple,thedocum entby Al-Ashourietal.[3] discloses

the preparation de S AM from carbazole-based m olecules,such asthe (2-{3,6-bis[bis(4-

m ethoxyphenyl)am ino]-9H-carbazol-9-yl}ethyl)phosphonic acid (V1036), the [2-(3,6-

dim ethoxy-9H-carbazol-9-yl)ethyl]phosphonicacid (M eO -2P ACz)and the [2-(9H-carbazol-

9-yl)ethyl]phosphonicacid (2P ACz).

P referably,sub-cellB ofatandem photovoltaicdevice according to the

invention has a so-called N IP structure. T he sub-cell B m ay then com prise, as

schem atically represented inFigures4 to6,inthissuperim positionorder:

-optionally afirstelectrodeE1B;

-an N -typelow erconductive orsem iconductorlayer(denoted “ ET L ” )as

definedbefore,

-aperovskite-typeactivelayerasdescribedbefore;
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-aP -type upperconductive orsem iconductorlayer(denoted “ HT L ” ),in

particularasdescribedbefore,and

. atransparent second electrode,called the upper electrode,E2B,in

particularform ed ofam etallised layerm adeoftransparentconductiveoxide(T CO ).

Alternatively,in thecaseofaP IN structure,thesub-cellB m ay com prise

inthissuperim positionorder:

-optionally afirstelectrodeE1B;

-aP -type low erconductive orsem iconductorlayer(denoted “ HT L ” ),in

particularasdefinedbefore,

-aperovskite-typeactivelayer,inparticularasdescribedbefore;

-anN -typeupperconductiveorsem iconductorlayer(denoted “ ET L ” )as

described before,and

-atransparentupperelectrode,E2B,inparticularform ed ofam etallised

layerm adeoftransparentconductiveoxide(T CO ).

T heupperelectrodeE2B m ay bem adeofaconductiveorsem iconductor

m aterial,and m etallised. Advantageously,it ism ade ofam aterialselected from the

group oftransparent conductive oxides(T CO ),forexam ple IT O (indium -tin oxide),AZO

(alum inium -zincoxide),IZO (indium -zincoxide)orIO H (hydrogenated indium oxide).

Accordingto aparticularem bodim ent,itconsistsofan upperelectrode

m adeofIT O and m etallised.

T he upper electrode E2B,in particular m ade of IT O ,m ay have a

thicknesscom prised betw een 50 and 300 nm ,in particularbetw een 100 and 250 nm and

m oreparticularly about200 nm .

W hen present asisthe case in particularfortandem devicesw ith a4T

structure, the first electrode E1B m ay be m ade of a transparent conductive or

sem iconductorm aterial,and m etallised.T hese m ay consist ofthe m aterialsm entioned

forthe upperelectrode E2B.Furtherm ore,itm ay have the characteristics,in particularin

term softhickness,m entionedfortheelectrodeE2B.

P reparationoftheperovskite-basedsub-cellB:

Asindicated before,the perovskite-based sub-cellB according to the

invention is prepared by proceeding w ith form ing the N -type conductive or
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sem iconductorlayerfrom adispersion ofN -type m etaloxide nanoparticlesin asolvent

m edium ,at atem perature low erthan orequalto 150°C,and in operating conditions

adjustedsoastoobtainthedesired carboncontentinsaidN layer.

M ore particularly,m aking ofasub-cellB according to the invention

im plem entsatleastthefollow ingsuccessivesteps:

-form ing alow er conductive or sem iconductor layer of the N type

(denoted “ ET L ” )inthecaseofaN IP structureoroftheP type(denoted “ HT L ” )inthecase

ofaP IN structure;

-form ing,on the surface ofsaid low erconductive orsem iconductor

layer,saidperovskite-typeactivelayer:

-form ing,on the surface o said pervoskite-type active layer,an upper

conductive orsem iconductorlayerofthe P type (” HT L ” )in the case ofaN IP structure or

oftheN type(” ET L ” )inthecaseofaP IN structure;

- depositing an electronically-conductive layer over the upper conductive or

sem iconductor layer so asto form a transparent electrode E2B,called the upper

electrode,inparticularm adeofT CO .

Form ationoftheN -typeconductiveorsem iconductorlayer:

Advantageously,said N -type conductive orsem iconductorlayerofthe

perovskite-based sub-cellB m ay be form ed in conditionsoftem perature low erthan or

equalto 120°C,in particularlow erthan orequalto 100°C,in particularlow erthan or

equalto 80°C,preferably low erthan orequalto 50°C,and m ore particularly at room

tem perature.

It should be understood that,depending on the N IP orP IN structure of

the sub-cellB according to the invention,and the nature ofthe considered tandem

device,forexam ple ofthe HET /perovskite orT O P Con/perovskite type asdetailed in the

rest ofthe text,the nature ofthe underlying layer,at the surface ofw hich the N -type

layeraccordingtotheinventionisform ed,varies.

In the case ofasub-cellB in aN IP structure,the N -type layerm ay thus

be form ed at the surface ofthe recom bination layer(R C)intended to connect in series

the sub-cellsA and B in the case ofa2T structure,atthe surface ofthe upperelectrode
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E2A ofthe sub-cellA in the case ofa4T structure oratthe surface ofthe upperlayerof

the sub-cellA ifno recom bination layerisim plem ented (forexam ple,atthe surface ofa

layerm ade ofvery highly doped polycrystalline silicon,forexam ple “ poly-S i(n++)” in the

caseofaT O P Con2 typestructureasdescribed before).Inthecaseofasub-cellB inaP IN

structure,the N -type layerm ay be form ed at the surface ofthe perovskite-type active

layer.

In the case ofform ing aN -type layeraccording to the invention forthe

preparation ofasub-cellB w ith aN IP structure,the m ethod according to the invention

m ay com prisem oreparticularly thestepsconsistingin:

(i) providing asilicon-based sub-cellA,asdescribed before,possibly

coated,at the surface of the upper layer m ade of silicon of the sub-cellA,w ith a

recom bination layer(R C)in the case ofa2T structure oran upperelectrode E2A in the

caseofa4T structure;

(ii) (ii) form ing,at the surface of said sub-cell A,a N -type (ET L )

conductive or sem iconductor layer,at atem perature low er than or equalto 150°C,

preferably low erthanorequalto100°C and m orepreferably low erthanorequalto80°C,

from adispersion ofN -type m etaloxide nanoparticlesin asolventm edium ,in operating

conditionsadjusted so asto obtain an atom iccarbon contentintheN layerlow erthan or

equalto20% ;and

(iii) (iii)successively form ing,at the surface ofsaid N -type conductive

layerform ed uponcom pletionofstep(ii),inthissuperim positionorder:aperovskite-type

(P K) active layer,a P -type (HT L ) conductive or sem iconductor layer and a second

electrodeE2B,calledupperelectrode,inparticularasdefinedbefore.

(iv) M ore particularly,the form ation ofsaid N -type layerby asolvent

processaccordingto the invention im plem entsthe deposition ofsaid dispersion ofm etal

oxidenanoparticles,follow edby theelim inationofsaid solvent(s).

T he deposition ofthe dispersion m ay be carried out by m eansofany

technique know n to aperson skilled in the art,forexam ple selected from am ong spin-

coating orcentrifugalcoating (” spin-coating” ),scraperdeposition,blade-coating (” blade-

coating” ),deposition by ultrasonic spray,slot-die coating (“ slot-die” ),inkjet printing,

rotogravure,flexography andscreen-printing.
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T hesolventm edium ofsaid dispersionofm etaloxidenanoparticlesm ay

com prise one or m ore solvent(s) selected from am ong polar solventssuch asw ater

and/oralcohols,orethers(forexam ple alkylethersand glycolethers)oresters(acetate,

benzoate or lactonesfor exam ple). For exam ple,it m ay consist of w ater and/or an

alcohol,suchasbutanol.

O fcourse,the nature ofthe solvent(s)isselected w ith regardsto the

nature of the underlying layer at the surface of w hich said N -type conductive or

sem iconductorlayerisform ed.

Itshould be understood thatthe elim ination ofsaid solvent(s)iscarried

out in tem perature conditionslow erthan orequalto 150°C,in particularlow erthan or

equalto 120°C,preferably low erthan orequalto 100°C and m ore preferably low erthan

or equalto 80°C. For exam ple,drying of the N layer m ay be carried out at room

tem perature.By “ room tem perature” ,it should be understood atem perature of20°C±

5°C.

Accordingto afirstvariant,thecarbon contentintheN -typeconductive

layer(” ET L ” )iscontrolled by adjusting the levelofcarbon precursorcom poundsofthe

im plem enteddispersionofm etaloxidenanoparticles.

In other w ords,the N -type layer according to the invention m ay be

form ed by depositionofadispersionofm etaloxidenanoparticleshavingalevelofcarbon

precursorcom poundssuchastheresultingN layerhasthedesired residualatom iccarbon

content,low erthan20% .

In particular,the dispersionsof m etaloxide nanoparticleshaving a

reduced levelofcarbonprecursorscom poundsconsistofdispersionshavingalow levelof

com patibilising agents. M ore particularly,such dispersionscom prise lessthan 5% by

w eight,in particularlessthan 1% by w eight,ofcom patibilising agent(s),w ith respect to

thetotalw eighofthedispersion.

In particular,such dispersionsconsist ofdispersionsofnanoparticles

stabilised viathe surface potential(zetapotential)ofthe nanoparticles,m ore specifically

by theim plem entationofcounter-ions.

For exam ple,such colloidaldispersionsof m etaloxide nanoparticles

m ay beavailableonthem arket.
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According to anothervariant,the carbon contentin the form ed N layer

(” ET L ” )m ay be adjusted,afterdeposition ofthe dispersion ofm etaloxide nanoparticles

and priorto the deposition ofthe overlying layerin the sub-cellB,forexam ple priorto

the deposition ofthe perovskite (P K) active layerin the case ofasub-cellB in aN IP

structure,by subjectingtheN -typelayertoacarbonelim inationtreatm ent.

Itshould beunderstood thatthecarbonelim inationtreatm entiscarried

outin low -tem perature conditions,in particularatatem perature low erthan orequalto

150°C,in particularlow erthan orequalto 120°C,in particularlow erthan orequalto

100°C,preferably low erthan orequalto 80°C and m ore particularly low erthan orequal

to 50°C. For exam ple, the carbon elim ination treatm ent is carried out at room

tem perature.

M ore particularly,such acarbon elim ination treatm ent m ay be aU V

irradiationtreatm ent,by U V-ozone,w ithozoneand/orby plasm a,inparticularoxidising.

In the context of im plem entation of such a carbon elim ination

treatm ent,itispossible to obtain said N -type conductive orsem iconductorlayer,having

thedesired atom iccarbon contentlow erthan 20% ,startingfrom any dispersion ofm etal

oxidenanoparticles,regardlessofthecarboncontentofsaiddispersion.

O fcourse,in aparticularem bodim ent forpreparing asub-cellB ofa

device according to the invention,it ispossible to com bine the aforem entioned tw o

variantsto reach the desired carbon content in the form ed N -type conductive or

sem iconductorlayer.

A person skilled in the art is capable of adjusting the operating

conditionsof im plem entation of the carbon elim ination treatm ent,in particular the

durationofexposureofthefreesurfaceofsaid N layertoU Vs,U V-ozone,toozoneortoa

plasm a,in particularoxidising,to reach the desired reduced carbon contentaccording to

theinvention.

M ore particularly,the treatm ent underaU V radiation m ay consist in

irradiatingthefreesurfaceofsaid N layerform ed by aU V lightw ithtw ow avelengths,for

exam ple185 and 256 nm .
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Any U V lightsource allow ing irradiating the surface ofsaid N layerm ay

be used forsuch an irradiation.Forexam ple,m ention m ay be m ade ofam ercury-vapour

lam p.

T he treatm ent ofsaid layerby U V irradiation m ay be carried out fora

durationrangingfrom 5 to60 m inutes,inparticularfrom 10 to30 m inutes.

Asindicated before,itiscarried outunderlow -tem perature conditions.

P referably,the U V irradiation iscarried out at atem perature low erthan orequalto

150°C,in particularlow erthan orequalto 100°C,preferably low erthan orequalto 80°C,

and pore particularly low erthan orequalto 50°C.M ore particularly,the U V irradiation is

carried outatroom tem perature.

T he treatm ent by U V irradiation m ay be perform ed undervacuum or

undergas.

In particular,the treatm entby U V irradiation m ay be carried outunder

am bientatm osphere,theU V radiationthen transform ingoxygenfrom theairintoozone;

inthiscase,thisisreferredtoasU V-ozonetreatm ent.

T he treatm entby U V irradiation m ay also be carried outunderan inert

gassuchasnitrogen.

According to another particular em bodim ent,the carbon elim ination

treatm entm ay consistofatreatm entby ozone(intheabsenceofany U V irradiation).

Forexam ple,such atreatm entby ozone m ay be carried outby bringing

the free surface ofthe N layer in contact w ith an atm osphere containing the ozone

generated by the U V irradiation,the sam ple being placed behind afilterprotecting it

from said radiation.

According to stillanother variant,the elim ination of carbon m ay be

carried outby plasm atreatm ent,inparticularw ithanoxidisingplasm a.

Forexam ple,the oxidising plasm aisaplasm acom prising oxygen ora

plasm aofam ixtureofoxygen and argon.P referably,thetreatm entiscarried outw ith an

oxygen plasm a. A person skilled in the art iscapable ofim plem enting the equipm ent

necessary forgeneratingsuchaplasm a.

T he otherlayersofthe perovskite-based sub-cellB m ay be m ade by

techniquesknow n to aperson skilled in the art.Advantageously,they are m ade by aw et
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process,by conventionaldeposition techniques,i.e. by techniquesim plem enting the

depositionofaninkintheliquidstate.

In particular,the deposition of a solution during the m anufacturing

m ethod,in particularto form aP -type conductive orsem iconductorlayer(” HT L ” )and a

perovskite-type (” P K” ) active layer,m ay be carried out by m eansof atechnique as

described beforeforthepreparationofaN -typeconductiveorsem iconductorlayer.

O therdepositiontechniquesm ay beconsidered,suchasanatom iclayer

depositiontechnique(“ Atom icL ayerDeposition” or“ AL D” ).

Advantageously,allofthelayersform ed duringthestepsofthem ethod

m ay be perform ed using a unique technique selected from am ong those described

hereinabove.

Advantageously, the preparation of the perovskite active layer

im plem entstheso-called “ solventquenching” m ethod,asdescribed in the publication by

X iao et al. ([1]). M ore particularly,it consistsin dripping precursorsofthe perovskite

activelayeroverthew etfilm ,duringspin-coating,anam ountofanti-solvent,forexam ple

tolueneand chlorobenzene,to inducerapid crystallisationoftheperovskite.T headdition

ofan anti-solvent,by rapidly reducing the solubility ofthe perovskite precursorsin the

solvent m edium ,advantageously allow sprom oting nucleation and rapid grow th ofthe

perovskite crystals. It has been dem onstrated that such a “ quenching” operation

advantageously allow sim proving the crystallinity of the perovskite m aterial,upon

com pletion ofthe therm alannealing,and thusthe quality ofthe resulting perovskite

activelayer.

O ther techniquesm ay also be im plem ented to form the perovskite

active layer and crystallise the perovskite, for exam ple using an air blade (” gas

quenching” )inthecaseofa“ slot-die” coating,by aflashvacuum m ethod (” vacuum flash-

assisted solution process” orVAS P ),by aflash infrared annealing m ethod (called “ flash

infraredannealing” orFIR A),etc.

T he electronically-conductive layer intended to form the upper

electrode E2B m ay be deposited by physicalvapour deposition (“ P VD” standing for

“ P hysicalVapourDeposition” ),inparticularby sputtering.
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Advantageously,theform ationoftheupperelectrodeE2B iscarried out

w ithout preheating to lim it asm uch aspossible the degradation ofthe perovskite-type

activelayer.

T AN DEM P HO T O VO L T AIC DEVICE:

A tandem photovoltaic device according to the invention com prisesa

sub-cellA asdescribed before,based on silicon,in particularselected from am ongsilicon

heterojunction sub-cellsand sub-cellsin a T O P Con-type architecture,over w hich is

stacked aperovskite-based sub-cellB asdescribed before,com prising in particularaN -

type conductive orsem iconductorlayerasdescribed before,having acontrolled atom ic

carbonconcentration.

T he invention also relatesto am ethod for m anufacturing atandem

photovoltaic device according to the invention,in particularatandem photovoltaic cell

accordingtotheinvention,com prisingatleastthefollow ingsteps:

(a) m aking a silicon-based sub-cellA according to the invention,as

defined before,in particularw ith silicon heterojunction orin aT O P Con-type architecture

asdescribedbefore;

(b)m akingaperovskite-based sub-cellB asdefined before,w hereinsaid

N -type conductive orsem iconductorlayerisform ed from adispersion ofN -type m etal

oxide nanoparticlesin asolventm edium ,atatem perature low erthan orequalto 150°C,

and in operatingconditionsadjusted so asto obtain the desired carbon contentin said N

layer.

T he invention w illbe described m ore particularly in the restofthe text

w ith reference to astructure w ith tw o term inals(2T ),w herein the sub-cellsA and B are

placed in series.O fcourse,the invention isnot lim ited to 2T tandem devicesand other

structuresm ay beconsidered,forexam pleastructurew ithfourterm inals(4T ).

Asdescribed m ore specifically in the rest ofthe text,the m ethod for

m anufacturing a tandem photovoltaic device according to the invention,w ith a 2T

structure,m ay m ore particularly com prise form ing on the surface ofthe silicon-based

sub-cellA and prior to m aking of said perovskite-based sub-cellB,an electronically

conductivelayer,alsocalledtherecom binationlayer.
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HET /P Ktandem device:

Accordingtoafirstvariant,thetandem photovoltaicdeviceaccordingto

the invention com prisesasilicon heterojunction sub-cellA and aperovskite-based sub-

cellB.S uchatandem deviceism oresim ply referredtoasthe“ HET /P Ktandem device” .

Inthecaseofa2T HET /P Ktandem device,thesub-cellsA and B arethen

placed in series. T hus,the tandem photovoltaic device com prisesone single first

electrode,the low erelectrode E1A ofthe sub-cellA and one single second electrode,the

upperelectrodeofthesub-cellB E2B.

In thiscase,the sub-cellsA and B are separated by an electronically

conductivelayer,alsocalledtherecom binationlayer(denoted R C).

T hus, in a HET /P K tandem device in a 2T structure, the upper

am orphoussilicon-based layeroftheP -doped (a-S iH(p))(orN -doped)(a-S iH(n))sub-cellA

and the low erconductive orsem iconductorlayerofthe sub-cellB,ofthe N type (ET L )in

the case ofaN IP structure orofthe P type (HT L ) in the case ofaP IN structure,are

separatedby arecom binationlayer(R C).

T herecom binationlayerm ay haveasm allthickness,typically com prised

betw een 1 and 20 nm ,in particularbetw een 1 and 15 nm and m oreparticularly about12

nm .

T he recom bination layerisintended to electrically contactthe P -doped

orN -doped am orphoussilicon layerofthe low ersub-cellA and the N -type orP -type

conductive orsem iconductorlayerofthe uppersub-cellB,w ithoutthe chargeshavingto

crossaP N junctionopposingtheirtransport.

Advantageously,the recom bination layerofatandem device in a2T

structure according to the invention istransparent to the electrom agnetic radiation.In

particular,it m ay be m ade ofam aterialselected from the group ofT CO s(transparent

conductive oxides) including IT O (Indium T in O xide),AZO (Alum inium Zinc O xide),IZO

(Indium ZincO xide),IO H (Hydrogenated Indium O xide),AZO /Ag/IZO ,IZO / Ag/IZO ,IT O H,

IW O ,IW O H (indium -tungsten oxide w ith or w ithout hydrogen),ICO ,ICO H (indium -

caesium oxidew ithorw ithouthydrogen),and silvernanow ires.Itm ay alsoconsistofGZO

(gallium -dopedzincoxide).
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Accordingtoaparticularem bodim ent,theinterm ediatelayerism adeof

IT O .

T he recom bination layerofaHET /P K tandem device according to the

invention,in particularthe IT O recom bination layer,m ay have athicknesscom prised

betw een1 and 20 nm ,inparticularbetw een1 and 15 nm ,forexam pleabout12 nm .

Advantageously,the recom bination layercom prisesaslittle oxygen as

possibletom axim isetheconcentrationofcarrierstoprom oterecom binations.

T hus,atandem photovoltaic device in a2T structure according to the

inventionm ay m oreparticularly com prise,inthissuperim positionorder,atleast:

-asub-cellA asdescribed before,com prising in thissuperim position

order:

. A first electrode denoted E1A,in particular form ed of am etallised

conductivetransparentlayer;

.alayerm adeofN -doped (orP -doped)am orphoussilicon,preferably of

N -dopedhydrogenatedam orphoussilicon“ a-S iH (n)” (orP -doped “ a-S iH (p)” );

. advantageously, a layer based on intrinsic am orphous silicon,

preferably hydrogenated“ a-S iH(i)” servingasapassivationlayer;

. asubstrate m ade ofcrystalline silicon,in particularm onocrystalline

(“ c-S i” ),andinparticularN -doped;

. advantageously, a layer based on intrinsic am orphous silicon,

preferably hydrogenated“ a-S iH(i)” servingasapassivationlayer;

.alayerm adeofP -doped (orN -doped)am orphoussilicon,preferably of

P -doped hydrogenated am orphoussilicon“ a-S iH (p)” (orN -doped “ a-S iH (n)” );

-an electronically conductive or sem iconductor interm ediate layer,

called “ recom binationlayer” ;

-asub-cellB asdescribed before com prising in thissuperim position

order:

. alow erconductive orsem iconductor layer ofthe N type (denoted

“ ET L ” )in the case ofaN IP structure orofthe P type (denoted “ HT L ” )in the case ofaP IN

structure;

.aperovskite-typeactivelayer;
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.an upperconductive orsem iconductorlayerofthe P type (denoted

“ HT L ” )in the caseofaN IP structureoroftheN type (denoted “ ET L ” )in the case ofaP IN

structure;

said N -type layerbeing based on individualised nanoparticlesofN -type

m etaloxide(s),andhavinganatom iccarboncontentlow erthanorequalto20% ;

. a second electrode,called the upper electrode E2B,in particular

form ed ofam etallisedtransparentconductiveoxidelayer.

According to a particular em bodim ent,asillustrated in Figure 4,a

tandem photovoltaic device in a2T structure according to the invention com prisesthe

E1A/a-S iH (n)/a-S iH (i)/c-S i/a-S iH (i)/a-S iH (p)/R C/ET L /P K/HT L /E2B stack.

It should be understood that the layersof thisstack m ay have the

characteristicsdescribedbeforeforeachoftheselayers.

T he firstelectrode E1A and the second electrode E2B m ay be associated

w ith am etalgrid in orderto prom ote externalelectricalcontacts.In particular,thisgrid

m ay bem adeofsilverorcopper.

T he invention also relates to a m ethod for m anufacturing a

HET /perovskitetandem photovoltaicdevicew ithtw oterm inals,in particularasdescribed

before,com prisingatleastthefollow ingsteps:

1/m akingasiliconheterojunctionsub-cellA containing:

.afirstelectrodedenoted E1A,inparticularm etallised;

.alayerm adeofN -doped (orP -doped)am orphoussilicon,preferably of

N -dopedhydrogenatedam orphoussilicon“ a-S iH (n)” (orP -doped “ a-S iH (p)” );

. advantageously, a layer based on intrinsic am orphous silicon,

preferably hydrogenated“ a-S iH(i)” servingasapassivationlayer;

. asubstrate m ade ofcrystalline silicon,in particularm onocrystalline

(“ c-S i” ),andinparticularN -doped;

. advantageously, a layer based on intrinsic am orphous silicon,

preferably hydrogenated“ a-S iH(i)” servingasapassivationlayer;

.alayerm adeofP -doped (orN -doped)am orphoussilicon,preferably of

P -doped hydrogenated am orphoussilicon“ a-S iH (p)” (orN -doped “ a-S iH (n)” );
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2/ form ing,on the upperam orphoussilicon layerofthe P -doped (orN -

doped) sub-cellA,an electronically conductive or sem iconductor interm ediate layer

(denoted“ R C” ),calledtherecom binationlayer;

3/ m aking a perovskite-based sub-cellB according to the follow ing

steps:

-form ing,on said recom bination layerR C,aN -type “ ET L ” (orP -type

“ HT L ” )conductiveorsem iconductorlayer,called thelow erlayer;

-form ing,on the surface ofsaid low erconductive orsem iconductor

layer,saidperovskite-typeactivelayer;

-form ing,on the surface ofsaid perovskite-type active layer,aP -type

“ HT L ” (orN -type“ ET L ” )upperconductiveorsem iconductorlayer.

said N -type conductive layerbeing form ed from adispersion ofN -type

m etaloxide nanoparticlesin asolventm edium ,atatem perature low erthan orequalto

150°C,and in operating conditionsadjusted so asto obtain an atom iccarbon content in

said N layer,low erthanorequalto20% ;

-form ing,on said upperconductive orsem iconductorlayer,asecond

electrode,calledtheupperelectrode,E2B,inparticularm etallised.

A person skilled in the art isable to adapt the orderofthe different

stepsform anufacturingatw o-term inaltandem cell.

M oreparticularly,the silicon heterojunction sub-cellA m ay beprepared

accordingtothepreviously-described steps.

Advantageously,the P VD deposition ofthe thin recom bination layer,in

particularm ade ofIT O ,iscarried out before that ofthe electrically conductive layer,

w hichisthicker,inparticularm adeofIT O .

Advantageously, the recom bination layer is subjected at its face

intended to support the N -type orofP -type conductive orsem iconductorlayerofthe

upperperovskite-based sub-cellB,to apriorU V-O zone treatm ent,in particularfora

durationrangingfrom 1 to60 m inutes,inparticularabout30 m inutes.

T he perovskite-based sub-cell B m ay be form ed according to the

previously-describedsteps.
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Advantageously,the face ofthe P K:P orP K:N com posite layerform ed

according to the invention iscovered,priorto the form ation ofthe upperelectrode E2B,

w ith athin m etalliclayer(gold orsilver)in particular0,1 to 1 nm thick,so asto im prove

thetransportattheinterfaceofthecom positelayerandtheupperelectrode.

T he m etallisation ofthe electrode E1A (intended to form the rearface

“ FAR ” ofthe tandem device)and ofthe upperelectrode E2B (intended to form the front

face“ FAV” ofthetandem device),m ay becarried outby silverevaporation.Itm ay alsobe

carried outby screen-printingorby inkjet.Ingeneral,itconsistsinform ingagrid.

In the case ofm aking by screen-printing,thisstep iscarried outonly at

theend ofthem anufactureofthetandem device,sim ultaneously forthem etallisationof

the frontface and the rearface ofthe device.T he m etallisationsatthe frontface and at

therearfacearedeposited andannealed together.

T opCon/P Ktandem device:

Accordingto anothervariant,the tandem photovoltaicdevice according

to the invention com prisesasub-cellA w ith aT O P Con-type structure and aperovskite-

based sub-cellB. S uch atandem device ism ore sim ply referred to asa“ T O P Con/P K

tandem device” .

For exam ple,the sub-cellA m ay have one of the tw o architectures

“ T O P Con1” and“ T O P Con2” detailedbefore.

For exam ple,a P K/T O P Con 1 tandem photovoltaic device in a 2T

structureaccordingtotheinventionm ay com prise,inthissuperim positionorder,atleast:

-asub-cellA asdescribed before,com prising in thissuperim position

order:

.am etallisationlayer;

.alayerm ade ofhighly N + (orP +)doped polycrystalline silicon “ poly-

S i(n+)” ;

. aso-called passivation layer,for exam ple m ade ofsilicon oxide,in

particularofS iO 2;

.asubstratem adeofN -doped (orP -doped)crystallinesilicon“ c-S i(n)” ;
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.alayerm ade ofhighly doped crystalline silicon ofthe electricaltype

oppositetothatoftheP + (orN +)substrate“ c-S i(p+)” ;

-an electronically conductive or sem iconductor interm ediate layer,

called “ recom binationlayer” ;

-asub-cellB asdescribed before com prising in thissuperim position

order:

. alow erconductive orsem iconductor layer ofthe N type (denoted

“ ET L ” )in the case ofaN IP structure orofthe P type (denoted “ HT L ” )in the case ofaP IN

structure;

.aperovskite-typeactivelayer;

.an upperconductive orsem iconductorlayerofthe P type (denoted

“ HT L ” )in the caseofaN IP structureoroftheN type (denoted “ ET L ” )in the case ofaP IN

structure;

said N -type layerbeing based on individualised nanoparticlesofN -type

m etaloxide(s),andhavinganatom iccarboncontentlow erthanorequalto20% ;

. a second electrode,called the upper electrode E2B,in particular

m etallised.

According to one em bodim ent,asillustrated in Figure 5,aT O P Con/P K

tandem photovoltaic device in a2T structure according to the invention com prisesthe

poly-S i(n+)/S iO 2/c-S i(n)/c-S i(p+)/R C/ET L /P K/HT L /E2B stack,the m etallisationsnot being

represented.

It should be understood that the layersof thisstack m ay have the

characteristicsdescribedbeforeforeachoftheselayers.

Advantageously, the recom bination layer is m ade of transparent

conductiveoxide(s)(T CO ),inparticularasdescribed beforefortherecom binationlayerof

aHET /P Ktandem deviceina2T structure.

For exam ple,it m ay be m ade of indium -tin oxide (IT O ),alum inium -

doped zinc oxide (AZO ),gallium -doped zinc oxide (GZO ),indium -doped zinc oxide (IZO )

andm ixturesthereof,orbeform ed ofam ultilayerassem bly,forexam pleAZO /Ag/AZO .

T he upper electrode E2B m ay be associated w ith a m etal grid as

described inthecontextoftheHET /perovskitedevices.
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Accordingto anotherem bodim ent,aT O P Con/P K photovoltaicdevice in

a2T structure m ay com prise asub-cellA in aT O P Con 2 type architecture asdescribed

beforeandaperovskite-basedsub-cellB asdescribedbefore.

For exam ple, a T O P Con/P K photovoltaic device in a 2T structure

accordingtotheinventionm ay com prise,inthissuperim positionorder,atleast:

-asub-cellA asdescribed before,com prising in thissuperim position

order:

.am etallisationlayer;

.alayerm ade ofhighly N + (orP +)doped polycrystalline silicon “ poly-

S i(n+)” ;

. aso-called passivation layer,for exam ple m ade ofsilicon oxide,in

particularofS iO 2;

.asubstratem adeofN -doped (orP -doped)crystallinesilicon“ c-S i(n)” ;

. aso-called passivation layer,for exam ple m ade ofsilicon oxide,in

particularofS iO 2;

.alayerm ade ofhighly doped polycrystalline silicon ofthe electrical

typeoppositetothatoftheP + (orN +)substrate“ poly-S i(p+)” ;

. a layer m ade of very highly doped polycrystalline silicon of the

electricaltypeoppositeto thatoftheunderlyinglayerm adeofN ++ (orP ++)polycrystalline

silicon“ poly-S i(n++)” ;

-asub-cellB asdescribed before com prising in thissuperim position

order:

. alow erconductive orsem iconductor layer ofthe N type (denoted

“ ET L ” )in the case ofaN IP structure orofthe P type (denoted “ HT L ” )in the case ofaP IN

structure;

.aperovskite-typeactivelayer;

.an upperconductive orsem iconductorlayerofthe P type (denoted

“ HT L ” )in the caseofaN IP structureoroftheN type (denoted “ ET L ” )in the case ofaP IN

structure;

said N -type layerbeing based on individualised nanoparticlesofN -type

m etaloxide(s),andhavinganatom iccarboncontentlow erthanorequalto20% ;
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. a second electrode,called the upper electrode E2B,in particular

m etallised.

According to a particular em bodim ent,asillustrated in Figure 6,a

P K/T O P Con tandem photovoltaic device in a2T structure according to the invention

com prisesthe poly-S i(n+)/S iO 2/c-S i(n)/ S iO 2/poly-S i(p+)/poly-S i(n++)/ET L /P K/HT L /E2B

stack,them etallisationsnotbeingrepresented.

It should be understood that the layersof thisstack m ay have the

characteristicsdescribedbeforeforeachoftheselayers.

Advantageously,asdescribed in the rest ofthe text,in the case ofthis

last variant of the T O P Con-type sub-cell A,the sub-cell A and the superim posed

perovskite-based sub-cellB m ay thusbe connected forthe preparation ofthe tandem

devicew ithtw oterm inals,w ithoutim plem entingaso-calledtherecom binationlayer.

T he upper electrode E2B m ay be associated w ith a m etal grid as

described inthecontextoftheHET /perovskitedevices.

T he invention also relates to a m ethod for m anufacturing a

T O P Con/perovskite tandem photovoltaic device w ith tw o term inals,in particular as

described before,com prisingatleastthefollow ingsteps:

1/ m aking asilicon-based sub-cellA in aT O P Con-type architecture,in

particularasdescribedbefore,w itha“ T O P Con1” or“ T O P Con2” structure,com prising:

.am etallisationlayer;

.alayerm ade ofhighly N + (orP +)doped polycrystalline silicon “ poly-

S i(n+)” ;

.alayer,called passivation layer,m ade ofsilicon oxide,in particularof

S iO 2;

.asubstrate m ade ofN -doped (orP -doped)crystalline silicon “ c-S i(n)” ;

and

inthecaseofaT O P Con1 structure:

.alayerm ade ofhighly doped crystalline silicon ofthe electricaltype

oppositetothatoftheP + (orN +)substrate“ c-S i(p+)” ;

or,inthecaseofaT O P Con2 structure:
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.alayer,called passivation layer,m ade ofsilicon oxide,in particularof

S iO 2;

.alayerm ade ofhighly doped polycrystalline silicon ofthe electrical

typeoppositetothatoftheP + (orN +)substrate“ poly-S i(p+)” ;

. a layer m ade of very highly doped polycrystalline silicon of the

electricaltypeoppositeto thatoftheunderlyinglayerm adeofN ++ (orP ++)polycrystalline

silicon“ poly-S i(n++)” ;

2/ possibly,in particularin the case ofa“ T O P Con 2” structure,form ing,

on the layerm ade ofhighly P + doped (orN + doped)crystalline silicon,an electronically

conductive or sem iconductor interm ediate layer, called the recom bination layer,

advantageously indium -free;

3/ m aking a perovskite-based sub-cellB according to the follow ing

steps:

-form ingon the upperlayerofthe sub-cellA,in particularon said layer

m ade ofvery highly N ++ (orP ++)doped polycrystalline silicon in the case ofaT O P Con 1

structure,or,ifitexists,on therecom bination layer,in particularin the case ofaT O P Con

2 structure,an N -type “ ET L ” (orP -type “ HT L ” )conductive orsem iconductorlayer,called

thelow erlayer;

-form ing,on the surface ofsaid low erconductive orsem iconductor

layer,saidperovskite-typeactivelayer;

-form ing,on the surface ofsaid perovskite-type active layer,aP -type

“ HT L ” (orN -type“ ET L ” )upperconductiveorsem iconductorlayer.

said N -type conductive or sem iconductor layer being form ed from a

dispersion ofN -type m etaloxide nanoparticlesin asolvent m edium ,at atem perature

low erthan orequalto 150°C,and in operating conditionsadjusted so asto obtain an

atom iccarboncontentinsaidN layer,low erthanorequalto20% ;

- form ing, on said upper conductive or sem iconductor layer, an

electrode,calledtheupperelectrode,E2B,inparticularm etallised.

A person skilled in the art isable to adapt the orderofthe different

stepsform anufacturingatw o-term inaltandem cell.
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T he sub-cellA w ith aT O P Con structure m ay be prepared according to

thepreviously-describedsteps.

T hem etallisation layer(intended toform theFAR ofthetandem device)

m ay be form ed ofdeposition by screen-printingofan alum inium paste,on the surface of

the layerofhighly N + (orP +)doped polycrystalline silicon “ poly-S i(n+)” ,follow ed by rapid

annealingathightem perature.

W hen present,the recom bination layer,in particularm ade ofIT O ,m ay

beform ed ofP VD deposition(cathodesputtering).

Advantageously, the recom bination layer is subjected, at its face

intended to supporttheN -typeorP -typeconductiveorsem iconductorlayeroftheupper

sub-cellB,to apriorU V-O zone treatm ent,in particularforaduration ranging from 1 to

60,inparticularabout30 m inutes.

T he perovskite-based sub-cell B m ay be form ed according to the

previously-describedsteps.

T hem etallisationoftheupperelectrodeE2B (intended toform thefront

face of the tandem device),m ay be carried out as previously described for the

HET /perovskitetandem device.

O fcourse,the tandem photovoltaicdevicesaccording to the invention

m ay furtherinclude electricalconnection m eans,w hich allow connecting the electrodes

tosupply anelectricalcircuitw ithcurrent.

T hetandem photovoltaicdevicem ay furthercom priseananti-reflection

coating on the surface,for exam ple m ade of M gF2. For exam ple,the anti-reflection

coating m ay have athicknesscom prised betw een 50 and 200 nm ,in particularbetw een

90 and110 nm ,forexam pleabout100 nm .

T he invention w ill now be described by m eans of the follow ing

exam ples,givenofcourseasanon-lim itingillustrationoftheinvention.

Exam ple1-

R elationship betw een the residualcarbon content in the N -type layer

andtheefficiency ofasingle-junctionperovskite-basedcell:
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First,the efficiency ofaN -type layerhavingacontrolled carbon content

istested on asingle-junction photovoltaic cell,in a“ N IP ” structure,asrepresented in

Figure1.

-T hesupport(S )isasubstratem adeofglassw ith athicknessof1.1 m m

coveredw ithanIT O conductiveoxidelayerform ingthelow erelectrode(E1).

-T w o typesofperovskite m aterialsare tested: the CH3N H3P bI3 type

(also denoted M AP bI3) or the “ double-cation” perovskite type CsxFA1-xP b(IyBr1-y)3,FA

sym bolisingtheform am idinium cation.

-T heN -typelayer(orET L )isform edasdescribedhereinbelow .

-the P -type layer(orHT L )iscom posed ofP T AA doped w ith alithium

salt,w ithan80 nm thickness.

-theupperelectrodeE2 isagoldlayer,w itha100 nm thickness.

Assessm entoftheperform ances:

T he active surface ofthe devicesis0.28 cm ² and theirperform ances

have been m easured at 25°C understandard illum ination conditions(1,000 W /m ²,AM

1,5G).

M ore particularly,the photovoltaic perform ances of the cells are

m easured by recording the current-voltage characteristicsofthe deviceson aKeithley®

S M U 2600 deviceunderanAM 1,5G illum inationatapow erof1,000 W .m -2.

T he tested cellisillum inated throughout the Glass/IT O face using an

O rielsim ulator.

A m onocrystalline silicon cellcalibrated in Fraunhofer IS E (Fribourg,

Germ any) isused asareference to ensure that the lum inouspow erdelivered by the

sim ulatorisactually equalto1,000 W .m -2.

T he characteristic param etersofthe operation ofthe devices(open-

circuit voltage Voc,short-circuit current density Jsc,form factor FF and conversion

efficiency P CE)aredeterm inedfrom thecurrent-voltagecurves.

1.a.Form ation ofthe N -type layerfrom an ink containing acontrolled

carboncontent:
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DifferentN layersoftin oxide (S nO 2)are tested in asingle-junction cell

asdescribedbefore.

T he N layers,w ith athicknessofabout 50 nm ,are form ed by spin-

coating,carried out at room tem perature,from distinct com m ercialsolutions(called

“ inks” )ofS nO 2 nanoparticles:

-tw o dispersionsof S nO 2 particlesin w ater (Disp 1 and Disp 2),

stabilised viathe surface charge ofthe particles,and w hich differfrom each otherby the

natureofthecounter-ions;and

-adispersion(denotedDisp3)ofS nO 2 particlesinabutanolm ixture.

Forthesethreedispersions,thesizeoftheparticlesisintherangeof10-

15 nm .

T he dispersions1 and 2 contain a reduced levelof com patibilising

agents,sourceofcarbon,incom parisonw iththedispersion3.

Afterapplication by spin-coating,the dispersions1 and 2 lead to layers

ofS nO 2 nanoparticlescontaining about 15 atom % ofcarbon,w hereasthe dispersion 3

leadstoaS nO 2 layercontainingabout40 atom % ofcarbon.

T he carbon content (atom ic concentration) isdeterm ined by X -ray

photoelectronspectroscopy (X P S standingfor“ X -R ay photoelectronspectroscopy” ).

N opost-depositiontreatm entoftheN layersthusform ed iscarriedout.

R esults:

T he carbon content for each ofthe form ed N layers,asw ellasthe

perform ancesofthe different single-junction photovoltaic cellsform ed from these N

layers,arereported inT able1 hereinafter.

Ink Carbon content (%atom) PCE (%)
PK MAPbI3

PCE (%)
Double-cation

PK
Disp. 1 ~ 15 12.2 17.4
Disp. 2 ~ 15 - 18.0
Disp. 3 ~ 40 9.3 12.0

[T able1]
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1.b.Form ationoftheN -typelayerw ith controlofthecarboncontentby

carbonelim inationpost-depositiontreatm ent:

DifferentN layersofalum inium -doped zincoxide (AZO )and oftin oxide

(S nO 2)are tested in asingle-junction cellasdescribed before,com prising aM AP bI3-type

perovskitelayer.

T he N layers,w ith athicknessofabout 50 nm ,are form ed at room

tem perature, by spin-coating from distinct com m ercial solutions of AZO or S nO 2

nanoparticles,w here appropriate follow ed by acarbon elim ination treatm ent,by U V

irradiation,by U V-ozoneorw ithozone,asdetailed hereinbelow .

T hedispersion4 (Disp4)isadispersionofAl-doped ZnO orAZO ,w ithan

averagesizeof12 nm ,in2-propanol.

T he treatm ent by U V irradiation ofthe N layer,afterdeposition ofthe

dispersion by spin-coating,iscarried outfor30 m inutes,ataw avelength of185 nm and

256 nm ,underaninertatm osphereand atroom tem perature.

T hetreatm entby U V-ozone iscarried outby exposureto aU V radiation

generatingozone ofthesurface oftheN layer,afterdeposition ofthe dispersion by spin-

coating,underroom atm osphereand tem perature,for30 m inutesinequipm entfrom the

brand JetL ight.

T hetreatm entw ith ozone iscarried outin the sam e JetL ightequipm ent

and underthe sam e conditions,exceptthatthe sam ple isplaced behind afilteravoiding

exposure to the U V radiation but suitable forexposure to the generated ozone for30

m inutes.

T he different treatm ents (U V, U V-ozone, ozone irradiation) allow

reducingthe carbon contentofthe deposited layer.Forexam ple,Figure 7 representsthe

evolution ofthe carbon contentin aN layerbased on AZO nanoparticlesasafunction of

thedurationoftheU V-ozonetreatm ent.

R esults:

T he carbon content for each ofthe N layersthusform ed,after the

carbonelim inationtreatm ent,asw ellastheperform ancesofthedifferentsingle-junction

photovoltaic cellsintegrating each ofthese N -type conductive layers,are reported in

T able2 hereinafter.



46

Ink Treatment
(duration)

Carbon content (%atom) PCE (%)
PK MAPbI3

AZO Disp. 4 - 29 < 2.0
AZO Disp. 4 UV-O3

(30 min)
8 11

SnO2 Disp. 3 - 39 9.3
SnO2 Disp. 3 UV-O3

(30 min)
12.5 12.5

SnO2 Disp. 3 UV
(30 min)

12.5 12.9

SnO2 Disp. 3 O3

(30 min)
12.5 12.6

[T able2]

Exam ple2-

T est ofthe im plem entation ofaN -type layerw ith acontrolled carbon

contentinasingle-junctioncellw ithillum inationfrom thetop.

A single-junction cell is built according to an architecture, as

represented in Figure 8,w ith illum ination from the top (transparent upperelectrode),

sim ilartothatoftheperovskitejunctioninatandem device.

-T hesupport(S )isasubstratem adeofglassw ith athicknessof1.1 m m

coveredw ithanIT O conductiveoxidelayerform ingthelow erelectrode(E1).

-T he perovskite m aterialisCs0.05FA0.95P b(I0.83Br0.17)3,FA sym bolisingthe

form am idinium cation.

-T he N -type layer(orET L ),w ith a40 nm thickness,isform ed from the

dispersion“ Disp2” asdescribed inExam ple1;

-the P -type layer(orHT L )iscom posed ofP T AA doped w ith alithium

salt,w ithan80 nm thickness.

- the upper electrode E2 is an IT O (T CO ) layer, form ed by P VD

(sputtering)w itha200 nm thickness.

T hem adeP V deviceiscom posed offivestrips(cells)connected inseries

(photograph in Figure 8).T he w idth ofthe stripsisadjusted (w hich w idth?)in orderto

lim ittheresistivelossesintheupperT CO layerw hoseconductivity isrelatively lim ited.
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T he characteristic param etersof the operation of the device (open-

circuitvoltage Voc,short-circuitcurrentdensity Jsc,form factorFFand pow erconversion

efficiency P CE)aredeterm inedfrom thecurrent-voltagecurves.

T heobtained resultsarereportedinT able3 hereafter.

Single-junction device Voc

(mV)

Jsc

(mA/cm²)

FF

(%)

PCE

(%)

With a N layer formed from the Disp. 2 5,773

+/- 13

3.4

+/- 0.2

66.9

+/- 1.3

13.2

+/- 0.9

[T able3]

Exam ple3-

M aking of a HET /perovskite tandem device w herein the perovskite-

based sub-cellintegratesaN layerw ith acontrolled carbon content according to the

invention

M akingofaHET /perovskitetandem cellaccordingtotheinvention

A HET /perovskite tandem cellasrepresented in Figure 4 and w hose

perovskite-based sub-cellintegratesaN layer (ET L ) w ith acontrolled carbon content

according to the invention m ay be prepared according to the follow ing m anufacturing

process:

-Cleaningby S DR (“ saw dam agerem oval” )andtexturing(w ithKO H)ofa

siliconw afer;

-Chem ical-m echanicalpolishing (CM P ) of one face of the w afer to

facilitatethehom ogeneity oftheliquiddepositionsoftheuppersub-cell;

-P ost-CM P cleaning: successive soaking in ultrasound bathsofw ater

and IP A at 80°C.U V-O zone treatm ent: 30 m inutes.T reatm ent w ith an alkaline solution

(S C1),w ithapow erfuloxidisingagent(S C2)thenw iththehydrofluoricacid (HF);

-P EVCVD depositionofthenon-doped (i)and (n)and (p)type(excessof

electronsandholesrespectively)dopedam orphoussiliconlayers;

T hicknessof the layers(i): betw een 5 and 15 nm ; of the layer (n):

betw een1 and 10 nm ;ofthelayer(p):betw een5and15 nm .
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- PVD (cathode sputtering) deposition of two layers of indium-doped tin

oxide (ITO):

.70 nm overthe textured rearface (FAR ),therefore overthe a-S i(n)

layerinaN IP architecture;

.12 nm overthe otherCM P polished face,therefore overthe a-S i(p)

layerinaN IP architecture,thislayerbeingintendedtoform therecom binationlayer.

-FAR m etallisationby silverevaporation:200 nm .T hism etallisationstep

isdone only atthe end ofthe m anufacture ofthe devicesin the case w here itiscarried

out by screen-printing.T he FAV and FAR m etallisation are then deposited and annealed

together.

-U V-O zonetreatm entonthefacecovered by therecom binationIT O :30

m inutes;

-Inglovebox:

.Deposition ofthe S nO 2 layerby spin-coating from the dispersion “ Disp

1” or the dispersion “ Disp 2” described in Exam ple 1,containing areduced levelof

com patibilisingagents,sourceofcarbon.

Afterw ards,the layerisannealed for1 m inute at 80°C on ahot plate.

T heform edN layer(ET L )is40 nm .

. Deposition of the perovskite layer by spin-coating. An anti-solvent

(chlorobenzene)isdispensed 5 secondsbefore the end ofthe rotation.Annealing1 hour

at100°C.T heform edperovskite-typelayeris250 nm .

. Deposition of the P T AA layer by spin-coating. N o annealing. T he

form ed P layer(HT L )is25 nm .

-Au,0.2 nm ,evaporation.T hislayerisintended to im provetransportat

thecom positelayer/IT O interface;

-P VD deposition ofthe IT O in FAV:200 nm ,w ithoutpreheatingto lim it

asm uchaspossiblethedegradationoftheheat-sensitivelayers;

-Evaporation ofthe Au contacts:200 nm (unlessthe contactsare m ade

by screen-printing).
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T he characteristic param etersofthe operation ofthe tandem device

(open-circuit voltage Voc,short-circuit current density Jsc,form factor FF and pow er

conversionefficiency P CE)aredeterm inedfrom thesecurrent-voltagecurves.

T heobtained resultsarereportedinT able4 hereafter.

PK/HET tandem device Voc

(mV)

Jsc

(mA/cm²)

FF

(%)

PCE

(%)

With an ETL layer formed from the Disp.

1

1,769

+/- 12

12.3

+/- 0.4

67.6

+/- 1.2

14.7

+/- 0.3

With an ETL layer formed from the Disp.

2

1,688

+/- 53

11.9

+/- +

50.8

+/- 10.1

10.4

+/- 3.3

[T able4]
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CL A IM S

1. A tandem photovoltaic device,com prising,in thissuperim position

order:

A/asilicon-basedsub-cellA com prisingatleast:

- a substrate m ade of crystalline,for exam ple m onocrystalline or

polycrystalline,siliconinparticularN -typeorP -typedoped;and

-atleastone layer,distinctfrom said substrate,m ade ofN -orP -doped

am orphousorpolycrystallinesilicon;

and B/aperovskite-based sub-cellB,com prisingatleast:

-anN -typeconductiveorsem iconductorlayer;

-aP -typeconductiveorsem iconductorlayer;and

-aperovskite-typelayerthatisactivefrom aphotovoltaicpointofview ,

interposedbetw eensaidN -typeand P -typeconductiveorsem iconductorlayers,

w herein said N -type conductive or sem iconductor layer isbased on

individualised nanoparticlesofN -type m etaloxide(s),and hasan atom iccarbon content

low erthanorequalto20% ,

the active layer being in contact w ith the N -type m etal oxide

individualised nanoparticles.

2. T he tandem photovoltaic device according to the preceding claim ,

w herein said sub-cellA isasilicon heterojunction sub-celloraT O P Con-type architecture

sub-cell.

3. T he tandem photovoltaicdevice according to claim 1 or2,w herein

said sub-cellA isasilicon heterojunction sub-cell,in particularcom prises,in thisstacking

order:

-afirstelectrodedenoted E1A;

-alayerm adeofN -doped orP -dopedam orphoussilicon;

-advantageously,alayerbased on intrinsic am orphoussilicon,serving

asapassivationlayer;
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-said substratem adeofcrystalline,in particularm onocrystalline,silicon

inparticularN -typedoped;

-advantageously,alayerbased on intrinsic am orphoussilicon,serving

asapassivationlayer;

-alayerm adeofP -doped orN -dopedam orphoussilicon;and

-optionally,asecond electrodeE2A.

4. T he tandem photovoltaicdevice according to claim 1 or2,w herein

said sub-cellA isaT O P Con-typearchitecturesub-cell,com prisinginparticular:

-saidsubstratem adeofN -orP -doped crystallinesilicon;

-at the face ofthe substrate intended to form the rearface ofthe

tandem photovoltaicdevice,alayerm adeofhighly N + orP + doped polycrystallinesilicon,

said layer m ade of highly doped polycrystalline silicon being separated from said

substrate by apassivation layer m ade ofoxide so-called “ tunneloxide” ,in particular

siliconoxideS iO x,inparticularS iO 2,oralum inium oxideAlO x;

-on the side ofthe opposite face ofthe substrate,at least one layer

m ade ofhighly P + orN + doped crystalline orpolycrystalline silicon ofthe electricaltype

oppositetothatofthesubstrate.

5. T he tandem photovoltaic device according to any one of the

preceding claim s,w herein said N -type m etaloxide nanoparticlesare selected from

am ongparticlesofzincoxide,titanium oxidesT iO x w ith x com prised betw een 1 and 2,tin

oxide,doped zinc oxides,forexam ple alum inium -doped zinc oxide,indium -doped zinc

oxide,gallium -doped zinc oxide,doped titanium oxides,for exam ple titanium oxide

doped w ith nitrogen,phosphorus,iron,tungsten orm anganese;and m ixturesthereof;in

particular from am ong tin oxide nanoparticles,doped zinc oxide nanoparticles,in

particularalum inium -dopedzincoxideand m ixturesthereof.

6. T he tandem photovoltaic device according to any one of the

preceding claim s,w herein said m etaloxide nanoparticleshave an average particle size
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com prised betw een 2 and 100 nm ,in particularcom prised betw een 5 and 50 nm ,in

particularcom prisedbetw een5 and 20 nm andm oreparticularly betw een8and15 nm .

7. T he tandem photovoltaic device according to any one of the

precedingclaim s,w hereinsaid N -typeconductiveorsem iconductorlayerofthesub-cellB

hasan atom iccarbon contentlow erthan orequalto 17% ,preferably low erthan orequal

to15% ,inparticularcom prisedbetw een0 and15% .

8. T he tandem photovoltaic device according to any one of the

preceding claim s,w herein said perovskite-type active layerofthe sub-cellB isform ed by

aperovskitem aterialofform ulaABX 3,w ith:

A representingacationoracom binationofm etallicororganiccations;

. B representing one or m ore m etallic elem ent(s),such aslead,tin,

bism uthandantim ony;and

. X representing one or m ore anion(s),in particular one or m ore

halide(s),and m ore particularly selected from am ong chloride,brom ide,iodide and

m ixturesthereof;

said perovskitem aterialbeinginparticularofform ulaCsxFA1-xP b(I1-yBry)3

w ithx<0.17;0<y<1 andFA sym bolisingtheform am idinium cation.

9. T he tandem photovoltaic device according to any one of the

preceding claim s,w herein said perovskite-based sub-cellB com prises,in thisstacking

order:

-optionally afirstelectrodeE1B;

-said low erconductiveorsem iconductorlayeroftheN typein thecase

ofaN IP structureoroftheP typeinthecaseofaP IN structure;

-saidperovskite-typeactivelayer;

-said upperconductiveorsem iconductorlayeroftheP typein the case

ofaN IP structureoroftheN typeinthecaseofaP IN structure,

said N -type layerbeing based on individualised nanoparticlesofN -type

m etaloxide(s),andhasanatom iccarboncontentlow erthanorequalto20% ,
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-atransparent second electrode,called the upperelectrode,E2B,and

m oreparticularly form edofalayerm adeofm etallisedtransparentconductiveoxide.

10. T he tandem photovoltaic device according to any one ofclaim s3

and 5 to 9,said device being ofthe HET /perovskite type w ith a2T structure,com prising,

inthissuperim positionorder,atleast:

-asub-cellA asdescribed according to claim 3,com prising in this

superim positionorder:

said first electrode denoted E1A,in particularform ed ofam etallised

conductivetransparentlayer;

.said layerm ade ofN -doped orP -doped am orphoussilicon,preferably

m adeofN -dopedorP -dopedhydrogenated am orphoussilicon;

. advantageously,said layer based on intrinsic am orphous silicon,

preferably hydrogenated,servingasapassivationlayer;

.said substrate m ade ofcrystalline,in particularm onocrystalline and in

particularN -typedoped,silicon;

. advantageously,said layer based on intrinsic am orphous silicon,

preferably hydrogenated“ a-S iH(i)” servingasapassivationlayer;

.said layerm ade ofP -doped orN -doped am orphoussilicon,preferably

P -doped orN -dopedhydrogenatedam orphoussilicon;

-an electronically conductive or sem iconductor interm ediate layer,

called “ recom binationlayer” ;

-asub-cellB asdefined in claim 9,com prising in thissuperim position

order:

.said low erconductive orsem iconductorlayeroftheN type in the case

ofaN IP structureoroftheP typeinthecaseofaP IN structure;

.said perovskite-typeactivelayer;

.said upperconductiveorsem iconductorlayerofthe P type in the case

ofaN IP structureoroftheN typeinthecaseofaP IN structure,and

. said second electrode,called the upperelectrode,E2B,in particular

form ed ofam etallisedtransparentconductiveoxidelayer.
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11. T he device according to any one of the preceding claim s,

characterised in that the N -type m etaloxide individualised nanoparticlesare m ade of

S nO 2.

12. A m ethod ofm anufacturingatandem photovoltaicdeviceaccording

toany oneofclaim s1 to11,com prisingatleastthefollow ingsteps:

(a)m akingsaid silicon-based sub-cellA;and

(b)m aking said sub-cellB viaat least one step ofform ing said N -type

conductive orsem iconductorlayerfrom adispersion ofN -type m etaloxide nanoparticles

in asolvent m edium ,at atem perature low erthan orequalto 150°C,and in operating

conditionsadjusted so asto obtain the desired atom ic carbon content in said N layer,

low erthanorequalto20%

and astep during w hich the active layerisform ed overthe surface of

theN -typem etaloxidenanoparticles.

13. T he m ethod according to the preceding claim ,w herein said N -type

conductive orsem iconductorlayerisform ed at atem perature low erthan orequalto

120°C,in particularlow erthan orequalto 100°C,in particularlow erthan orequalto

80°C,preferably low erthanorequalto50°C,andm oreparticularly atroom tem perature.

14. T he m ethod according to claim 12 or 13,w herein the carbon

content in said N -type conductive orsem iconductorlayeriscontrolled by adjusting the

levelof carbon precursor com poundsof the im plem ented dispersion of m etaloxide

nanoparticles,in particularby im plem enting adispersion ofm etaloxide nanoparticles

stabilised viathesurfacepotentialofthenanoparticles.

15. T he m ethod according to any one ofclaim s12 to 14,w herein the

carbon content in said N -type conductive or sem iconductor layer iscontrolled,by

subjecting,afterdeposition ofsaid dispersion ofm etaloxide nanoparticlesand priorto

the deposition ofthe overlying layer,the N -type layerto atreatm ent forelim inating
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carbon,in particularby U V irradiation,by U V-ozone,w ith ozone and/orby plasm a,in

particularoxidising;preferably by atreatm entby U V irradiation,by U V-ozoneand/orw ith

ozone.


