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Organic photovoltaic (OPV) devices have demonstrated a high
potential due to their light weight, low cost, ease of fabri-

15 cation and mechanical flexibility. One route towards low cost
OPV is to fabricate thinner photovoltaic cells that can sig-
nificantly reduce the amount of expensive OPV materials util-
ized. The advantage of a thin photoactive layer is a shorter
carrier pathway that favors the effective charge carrier

20 transport with a reduced charge carrier recombination loss.
However, a drawback is a relatively weak light absorption in a
thinner photoactive layer. So, an efficient light trapping
mechanism is needed for an improved device performance without
using a thicker photoactive layer. One promising approach is a

25 utilization of surface plasmons to enhance the optical absorp-

tion of the photoactive layer.

Surface plasmons (SPs) can be optically excited in metallic
nanostructures including nanoparticles, nanorods and nanowires.
30 The surface plasmons in 1-D structures are also known as
transverse plasmons since, unlike volume plasmons, surface
plasmons comprise an oscillation component which is transverse

to the propagation direction of the plasmons. The metallic



WO 2012/ 137037PCT/ 1B2011/ 051450 2 nanostructures provide a | arge surface to
volunme ratio which is advantageous for the excitation of the surface

pl asnmons. wOROEMI3703g nanostructures are of particul ar i nPeTaB01betasise of
their surface plasnon resonances (SPRY in the visible region. 5 At
resonance condition, the |local electromagnetic fields near the netal
surface can be many orders of magnitude hi gher than the incident fields.
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for their SP resonance properties. However, to date there is
only a limited number of quantitative studies on SP resonance
properties of metal nanowires. Several OPV devices with SP ac-
20 tive Au and Ag nanoparticles have been demonstrated in which

the properties of plasmonic nanoparticles could be adapted for

increased photocurrent in the device.

There are currently three main strategies for the assembly,
25 patterning, and alignment of 1D nanostructures, such as nan-
owires, on surfaces. The first is by standard lithographic
methods, where a material is etched or deposited into 1D
structures on a surface through a patterned resist. Electron
beam or scanning probe lithography is used for features below
30 100 nm. This method allows for excellent alignment with con-
trol of the pitch and the generation of complex patterns. On
the other hand, extremely small diameter (<10 nm) nanostruc-

tures are difficult to fabricate and they are limited to
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20
It is an object of the application to provide photovoltaic
cells with an enhanced light absorption. Among others, the
coverage of plasmonic nanoparticles and the mode of deposition
is improved.

25

More specifically, the application provides improved metallic
nanostructures which increase the light absorption of a photo-
active material by harnessing surface plasmon excitations of
the nanostructures. According to the application, the metallic
30 nanostructures can be used to improve the efficiency of the
most diverse types of photovoltaic cells. Further objects com-
prise an improved photovoltaic device and a production method

of metallic nanostructures for an improved photovoltaic device.



15 diation. For brevity, these nanowires are referred to as "nanow res" or
"metal nanowi res". The photoactive |ayer is characterized by the ability of
produci ngva wol/3age di fference in response to incident PCghB2@00ivases. |t
conprises a hole conducting organi c ahwd/ or inorganic sem conductor and an
el ectron conducting organi c and/ or inorganic sem conductor and the hol e
conducting sem conductor and the el ectron conducting sem conductor are in
contact with each other. 25 In addition, the nanowires may be covered by a
buffer material such as a hole conductor, an electron conductor or a
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extend up 40 & feywmonans. he dianetels offhe nanowdes capy bedrade 50 nm
or larger. This dianeter range is particularly useful for inorganic solar
cel | s wheraasoral ab aetart iofe'7-190 nrhe sspage it tardyr ilses plasmons can
be excited on the surface of the nanowires by an incident ra-
15 diation. For brevity, these nanowires are referred to as "nan-

owires" or "metal nanowires".

The photoactive layer is characterized by the ability of pro-
ducing a voltage difference in response to incident light

20 waves. It comprises a hole conducting organic and/or inorganic
semiconductor and an electron conducting organic and/or inor-
ganic semiconductor and the hole conducting semiconductor and
the electron conducting semiconductor are in contact with
each other.

25
In addition, the nanowires may be covered by a buffer material
such as a hole conductor, an electron conductor or a dielec-
tric material. In one embodiment, the buffer layer is provided
by the material of a layer which is adjacent to the photo-

30 active layer and in which the nanowires are provided. In an-
other embodiment in which the nanowires are placed within the
photoactive layer, the buffer layer is provided in the form of

an insulating spacer layer around the nanowires in order to



20 ful for organic solar cells. The dianeters and spacings of the nanowre
al so depend on the production nethod as for exanple el ectrospinning,
el ectr odewo2nt/BmM3Tnt o tenplates etc. In particul ar, i nrPomaBEXDOMMFENt, the
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the plasnpni c mearsfdgld efdigctsas. welicas d o mke sure, thatptheigeq
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typi cal Ty~ t4nge $¥0m about 100 nmto several nicroneters. 25

15
The lengths of the nanowires typically extend up to a few mi-
crons. The diameter of the nanowires can be made 50 nm or lar-
ger. This diameter range is particularly useful for inorganic
solar cells whereas a diameter of 7-9 nm is particularly use-

20 ful for organic solar cells. The diameters and spacings of the
nanowire also depend on the production method as for example
electrospinning, electrodeposition into templates etc. In par-
ticular, in one embodiment, the nanowires are arranged in bun-
dles of nanowires which have a height of about 7 - 9 nm and a

25 width of about 100 - 150 nm. The ultrathin nature of the
nanowires allows for easy vertical integration, resulting in

minimal perturbations on the layers deposited above.

In one embodiment, nanowires are provided in bundles of nan-
30 wires which are arranged essentially parallel to at least one

layer of the photovoltaic device in a two dimensional network

structure. This arrangement provides a flat layer of nanowires

which can be placed close to the photoactive layer. However,



The application al so provides enbodi ments for thicker solar cells with
phot oactive | ayers nore than 200 nmin which case it is advantageous to
choose t hwodhevst®r of the nanowires in the range of 50P200Brt1/031A50 hi cker
solar cells, these diane- 30 ters allow the utilization of a strong

pl asnoni c scattering effect which is different fromthe near-field effect
ment i oned above. The |l ength of the nanowires for thick solar cells my
typically range fromabout 250 nmto several mcr
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anot her enbodi nent, a buffer |ayer i'n which the nanow res are arranged
conprises an el ectron conducting material or m x- tures of electron

CO”dUthﬁé’Jggf¥é§¥1o§75E5¥géé¥ ém égi$é%ts for thin solar cells with

15 photoactive layers thinner than 200 nm in which case it is ad-
vantageous to choose the diameter of the nanowires in the
range of 2-50 nm. This diameter specification takes into con-
sideration the harnessing of the plasmonic near-field effect
as well as to make sure that the integration of the nanowires

20 will not disturb the existing layers within the photovoltaic
device that comprises the photoactive layers, electron con-
ducting layers etc. The length of the nanowires for thin solar
cells may typically range from about 100 nm to several mi-
crometers.

25
The application also provides embodiments for thicker solar
cells with photoactive layers more than 200 nm in which case
it is advantageous to choose the diameter of the nanowires in
the range of 50-200 nm. In thicker solar cells, these diame-

30 ters allow the utilization of a strong plasmonic scattering
effect which is different from the near-field effect mentioned
above. The length of the nanowires for thick solar cells may

typically range from about 250 nm to several micrometers.



30 provided between a cathode | ayer and the photoactive layer. In an
arrangenent in which the cathode layer is made of a reflective material,
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15 is provided between one of the electrode layers and the photo-

active layer.

Furthermore, in one embodiment, a buffer layer in which the
nanowires are arranged comprises a hole conducting material or
20 mixtures of hole conducting materials and wherein the buffer
layer is provided between an anode layer and the photoactive
layer. This arrangement is beneficial if the hole conducting
layer is at a side of incident light in which case the nan-
owires within hole conducting layer are also placed at a side

25 of incident light.

In another embodiment, a buffer layer in which the nanowires
are arranged comprises an electron conducting material or mix-
tures of electron conducting material. The buffer layer is

30 provided between a cathode layer and the photoactive layer. In
an arrangement in which the cathode layer is made of a reflec-
tive material, the nanowires can be used to enhance absorption

of the reflected light. According to the application, a combi-
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Theoappbliaadd afl &S0 wb StoH 0 S0 teo e ol my@f ca/ncdlmgaxmdmerd@ net-wor k on

a substrate. Oeylamne and triisapropylsilane are added to a solution of

met al %thIWkéq’ ERF STV VBY §H ARG A A0 I St JtiorPERL bt ai ned
by Iettdng YO 012/ 137 03APCH 182011 Q51430 0, pe achieved by form-

ing a buffer layer of thin self assembled monolayers, for ex-
ample monolayers with thiol or amine functional groups.

15
In a further embodiment, the nanowires are provided in a tan-
dem configuration in which a first photoactive layer, a second
photoactive layer and an intermediate layer is provided. The
intermediate layer comprises a hole conducting layer and an

20 electron conducting layer and the nanowire network is sand-
wiched between the hole conducting layer and the electron con-
ducting layer. The tandem configuration allows to further en-
hance absorption, for example by choosing photoactive layer
which are sensitive in different spectral ranges.

25
In a further embodiment, the nanowire network is embedded at
the interface of a p-type semiconducting layer and an n-type
semiconducting layer in which one or both semiconducting lay-
ers are photoactive. In this way, a photovoltaic device with

30 inorganic semiconducting layers can provide a high efficiency
even if the layers are made very thin. This in turn facili-
tates new improved applications such as semitransparent solar

cells or others.



the solution of nmetal ions, oleylam ne and triisopropylsilan react until a
col or change is observed. The nanowire solution is washed with et hanol and
redi sper swo 20i2x13743¢xane. The nanowi re sol ution i s deposipCedBuni/esigsbstrat e
by a solution 5 based techni que as nmefti oned above. The deposition causes a
self assenbly of a nanowire network. In particular, the deposition nmay be
ef fected by dipping the substrate into the nanowi re sol ution. Possible
substrates conprise, anong others, glass or quartz with an el ectrode | ayer
and flexible polynmers. 10 The application will now be explained in further

detai | MW th fefelencant e thend old oW Mg, figues:d e Wi chuRigiedidiustyates a
synthesis nethod for gold nanowi res 15(Au-NW), Fig. 2shows transm ssion

el ect r oh A Ostopie (BT iveges of 3dedwyiiteredizedl Rit tvRe hFemIARRTNV i n two
differe | ut.i ons i )€ - e of - n a
subst raﬁ?{%ﬁ%g%&ﬁs%nocgs% h%%n%@ﬁ@%ﬁﬁ lt eélrs'l Il?ég%nl%bagt rate,

Fi g5 Ssdhiomis] 41 gind tradas o ptdlorves peot riee of sl -t sendre duatd zyarfaw INWés on an | TO

| ayer and, Au- NW_ on an ITOIa\yer which is coated with a PEDOT: PSS | ayer,
wher ei e embodiment can have ana Sgie? het totiph HF of - The’ €t ons in

the 25nanawid 88y Wid mﬁélﬂémgjﬁmgfﬁéjgmay& G r S5NOWSHAM BRSO RE4 On
enhancenent for a PE- DOT: PSS/ P3HT/ Al system wi th incorporated Au- N\,
The application furthermore discloses an electricity generator,
10 which comprises one or more of the abovementioned photovoltaic
devices which are connected in series or parallel to an input
and an output connection of the electricity generator. More-
over, the application also discloses a light sensor which com-
prises one or more of the abovementioned photovoltaic devices
15 which are connected in series or in parallel to an indicating

means of the light sensor.

In addition, the application discloses a method for producing
a photovoltaic cell. A nanowire network is provided on a sub-

20 strate and the nanowire network on the substrate is coverd
with a buffer layer. A photoactive layer is provided on top of
or around the buffer layer. An electrode layer is provided on
top of the photoactive layer. In a more specific embodiment,
the step of providing a nanowire network on the substrate com-

25 prises deposting a nanowire solution on the substrate by a so-
lution based technique. The solution based technique may be
one of several methods such as spin coating, dip coating,

spray coating, screen printing and Langmuir-Blodgett methods.

30 The application also discloses a method of providing a
nanowire network on a substrate. Oleylamine and triisopropyl-
silane are added to a solution of metal ions, which are dis-

solved in hexane. A nanowire solution is obtained by letting



Fig. 7shows a schematic view of an OPV device with inte- grated Au-NW\
according to the application, 30 Fig. 8 shows current density to voltage
char act erwetog13ed37a photovoltaic cell with an active | ag@nBihi/ekagss of 80
nmw th and wi thout Au-NWs and with awwd without illum nation of 100 nmW cn®,
WO 2012/ 137037PCT/ 1B2011/ 051450 11 Fig. 9shows current density to voltage
characteristics of a photovoltai c cell with an active |ayer thickness

of 60 n
relativ

uanH%the ex

eri ntal on tlons of Fi

. 10shows th
9 Tk s R A ol R I L R R S L RS

in the 400-700hnm sfpe@dlr@& srangee fof @gnséﬂécw thhd Magat.ed AUrN¥W th

respect to the control

device (active layer thickness of 80nn), wherein the

i nset slrm@%hfed absol Rt aPCE Apected FRAT SThtHoth despiaee arthan OPV 10wi t h

i ncor por at 4 %}?N\%s&e‘:@l%@t pﬁoé%é@é‘%@“ﬁﬁpcae of 1 B3HI, with and

a photocurrent versus e ECtIVE

appbi ed;a/méd atgﬁchmejde fay rerconinead R3He POBM cteazpmtzmm farusas Au- NS

i nt egra}g

wi t hout

i ncor por d deV|ce
shows a[srfe VAR ¢
cat hode; si dg,

bot h having an active |ayer thickness of about 60 nm
4 JUARore i 1 WHi Th &IYW @ ittre O}%ﬁ ¥h the

$PVSe alr ARV devi ¢ ey Ganfd gurad | Qi d - clhqt%u M are

integrated on the cathode and on the anode side, shows an OPV device
conf i guratdwicd rs i ehprau-INwes drlee estbetidesd: e tmmpnw,pmmtdveeﬁ%,yer,

glass or quartz with an electrode layer and flexible polymers.
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15

20

25

30

The application will now be explained in further detail with

reference to the following figures in which

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

1 illustrates a synthesis method for gold nanowires
(Au-NWs) ,
2 shows transmission electron microscopy (TEM) images

of the synthesized ultrathin Au-NWs in two different

resolutions,

3 shows a 2-D self assembly of Au-NWs on a substrate,
4 shows the assembled Au-NWs on the silicon substrate,
5 shows light absorption spectra of Au-NWs on quartz,

Au-NWs on an ITO layer and Au-NWs on an ITO layer

which is coated with a PEDOT:PSS layer, wherein the

inset shows the coupling of the electrons in the

nanowires with the incoming light,

6 shows an absorption enhancement for a PE-

DOT:PSS/P3HT/Al system with incorporated Au-NWs,

7 shows a schematic view of an OPV device with inte-

grated Au-NWs according to the application,

8 shows current density to voltage characteristics of

a photovoltaic cell with an active layer thickness

of 80 nm with and without Au-NWs and with and with-

out illumination of 100 mW/cm?,



shows a tandem sol ar cell configuration wwth Au-NW in an interlayer, shows
a cross sectional view of a p-n junction solar cell with Au-NW at the
i nt erf aceayoghews7@7cr oss sectional view of extrenely thiPpaTABZOLDEASN ETA)
type solar cells with Au-NW in an inktlerl ayer, shows | PCE characteristics
in the 400-700 nm spectral range for an OPV with and w thout integrated
Au-NWs for an active |layer thickness of 60nm and WO
2012/ 137037PCT/ 1B2011/ 051450 12 Fi g., 20shows, surface norphol ogies for a
Chin PEDTO PSS | ayith o 10 T I d i Dot e T Hrd 1 The
fol I owing, 1TO refeafisotd dndimdd n oxide,aPEc®iRON 4R ershidness
pol y(3, 4- et hyl endi oxyt hi ophene), PSS refers to EOl y(styrenesul fonate), P3HT
refers to pol y(3-crv‘ex§/@tmmo%@%)tlaﬁdem%mm@ﬂé@ £ONERE1IPOF| €éfehdg- 8/
derivatgyve [£, 6] - |+ CB1- putyric i yl. est er, T. plication
provi deslgg' mGaOt ho or t gsyent es‘{és eorfﬁgrgﬁ%%n%nowcfeg aenéor}%l?&edg%osi ting
t he5gol d nanow r gsh@ivra tsubsitadre: dihel adedrhod | SPdR)s eich arhea 40 0l ® and
rapid wet-chem stry and is e%o ed_at roomtenperature. The steps of the
synthesis are il "USt3<€d3h r@@/e o950 PR 1St ST Bmy o HlicLa.
3H20 is dissol ved,ih Z-asgdc0ft hexane:d.0: abt aidy, @ gol f-hexane, wol ution. In
a next step, 100 pl of Oeylam ne are added to the gol d-hexane sol ution.
According to the dpptinsas onf &hen)d eyicam e s userbfassiowt abdie 20 i zer
and as a One_d'ngﬂaHJleIﬁgéwggééé¥gﬂfgflcontrol device and an OPV
10 with integrated Au-NWs,
Fig. 11 shows a steady-state photoluminescence of P3HT with
and without incorporated Au-NWs,
Fig. 12 shows a photocurrent J ph versus effective applied
voltage V _eff for a control P3HT-PCBM device and for
15 an Au-NWs incorporated device, both having an active
layer thickness of about 60 nm,
Fig. 13 shows an OPV device configuration in which Au-NWs

are integrated on the cathode side,

Fig. 14 shows an OPV device configuration in which Au-NWs
20 are integrated on the cathode and on the anode side,
Fig. 15 shows an OPV device configuration in which Au-NWs

are embedded within the photoactive layer,

Fig. 16 shows a tandem solar cell configuration with Au-NWs
in an interlayer,

25 Fig. 17 shows a cross sectional view of a p-n junction solar
cell with Au-NWs at the interface,

Fig. 18 shows a cross sectional view of extremely thin ab-
sorber (ETA) type solar cells with Au-NWs in an in-
terlayer,

30 Fig. 19 shows IPCE characteristics in the 400-700 nm spec-
tral range for an OPV with and without integrated

Au-NWs for an active layer thickness of 60nm, and



In a next step, 150 pl of Triisopropylsilane (TIPS) are added. According to
the application, TIPS is used as an effective reduction agent in the

synt hesi sw02812A6e0r7di ng to the application, the yell ow foraB2oanosfisk he pre-
vious step is allowed to react under Blow stirring until it transfornms into
a dark-red solution. Preferentially, a reaction tinme of 9 hrs at room
tenperature is enployed. The change 30 of color indicates the excitation of
surface_ plasnmons in the optical ra . Asimlar dark r ol can al so be
observaidn A ar A Se A Ao MR I BT 1 oo T il Bt
met al ot her than geoldgh i sraised Wi ch exdidid sagurd ace plasnon WO

2012/ 137037PCT/ 1B2011/ 051450 13 excitations in the visual range, the color
change may be different. In a next step, the dark-red solution is washed

wth et I - ri i t 0] in follao Y &

r edi spe%%]egnar?%b%? g@% fo%l e@gnn $ ]I%—%? %énﬁ)élgn%/ggs% ijlgnaﬁlg% 15c)) rltcf\q%lddA%{- l\m t he
sol Gt i drmoT sralfappech oo loppet-arh vl antl ex iiEM dpteges ) S FECaradidrs [to t he TEM
i mges de- 10 picted in Fig. 2, the Au-NW are |on nd ultra-thin with a
O aivet G7° b {2 MRS, L6 b A o S8t et et il erEsel P pRcieEd Au- Mg
whi ch foran sime keds dundl es.hThe, bundl gs ganihe- best|segndriedhe-dirst imge
of Fig. 2 whilst the individual nanowi res can be best seen in the second

i mage dfutRigfc Z&cidh ety prexthfiti on process, the investigation steps may be
omtted or used for quality control. Fig. 3 illustrates a step 9of self
assenbly of AuNWS on a substrate such as Si, ITO or quartz. The Au- NW
solgti orhd saggbrication provides a method for the synthesis of gold

nanowires and for depositing the gold nanowires on a substrate.
The method is based on a simple and rapid wet-chemistry and is
employed at room temperature. The steps of the synthesis are
illustrated in Fig. 1.

15
In a first step, 3mg of HAuCl,: - 3H,0 is dissolved in 2.5 ml of
hexane to obtain a gold-hexane solution. In a next step, 100
1l of Oleylamine are added to the gold-hexane solution. Ac-
cording to the application, the Oleylamine is used as a stabi-

20 lizer and as a one-dimensional growth template.

In a next step, 150 pwl of Triisopropylsilane (TIPS) are added.
According to the application, TIPS is used as an effective re-
duction agent in the synthesis.
25
According to the application, the yellow solution of the pre-
vious step is allowed to react under slow stirring until it
transforms into a dark-red solution. Preferentially, a reac-
tion time of 9 hrs at room temperature is employed. The change
30 of color indicates the excitation of surface plasmons in the
optical range. A similar dark red color can also be observed
in stained glass windows with gold particles, for example. If

a metal other than gold is used which exhibits surface plasmon



20 luted with hexane to a ratio of 1:15 m/m . For the abovenentioned data,
the substrate is dipped in the solution for 15 mn to allow for the

sel f - assewbl2g12037@7t wo di nensi onal network of Au-NW onPCmaBzubsimsx e. For
ot her substance anmounts, the self-assenbly tine may be | onger or shorter.
25 For an investigation of the Au-NW on the substrate, the re- sulting
Au- NW decor ated substrate is scanned by an atom c force m croscope (AFM.
The AFM t opography | e of, Fig. 4 shows_that the packing structure of the
Au- NV GET B T he 50 FEM | Tl 618 g, 1F 1 Bresal v e 10 G 1 ower
resol ut¢oreof . the AFM the fine parallel wres of Fig. 2 are not resol ved
in Fig. 2. A closer investigation reveals that the bundl es of AuUNW have a
di mension of 7-9 nm hei ght and 100-150 nm w dth. WO

2012/ 137037 RCT{ 1BR04]] 0531450, 14 The I duesid gald on. S1.eps, f@y Agdeff out in
a production process or they may be use Tor quality control . igs. 5
and56 showdn tght fahsor pti b Char@cteri std asiroffametered af sa whe s eotpri se

t he Au- NW. For (s%)t i ni the three absorption curves of Fig. 5, the AuNW,
whi ch at eyt e i@d nggf&ﬁ-@f}?g to the abovenentioned method, and are
respectively deposited onto a quartz substrate, 10 onto an |ITO substrates
and onto an I TO substrate that is coated with a PEDOT: PSS | ayer. The

nanow riesr om theysubsiatates af etlie riadidied Wie raluan ol etditernddidl e

(UV-vis) light and the a ption is neasured, F gs., 5 6 _show t he
absor ptclgodorpelqrn g<3lr$1]bclgtarnacr?ya uni slr%%geu.])sf ]i'—eocrorccgerr%'arﬂlrgotnk,le tqﬁé;giln%ae eSoféﬁ:i g. 5
1518howsi dthed excittiad j an, ofheel 2NN Sa i oy edrbe dded: god rdi rhanow res whi ch
exhi bit surface plasnon resonances that are not influenced by the enbeddi ng
mat er i &12AHET rislet? i notD W Pt S E TS SR T aHsorptI Tt tur ve

for th%aef‘é]?&i TGS fral dion: iay be, ot aineds Rys I efleali o Jeasyy gents on
sput- 20 tered gold |l ayers, for exanple.
best seen in the first image of Fig. 2 whilst the individual

nanowires can be best seen in the second image of Fig. 2. In a
15 production process, the investigation steps may be omitted or

used for quality control.

Fig. 3 illustrates a step 9of self assembly of AuNWs on a sub-
strate such as Si, ITO or quartz. The Au-NW solution is di-

20 luted with hexane to a ratio of 1:15 ml/ml. For the abovemen-
tioned data, the substrate is dipped in the solution for 15
min to allow for the self-assembly of a two dimensional net-
work of Au-NWs on the substrate. For other substance amounts,
the self-assembly time may be longer or shorter.

25
For an investigation of the Au-NWs on the substrate, the re-
sulting Au-NW decorated substrate is scanned by an atomic
force microscope (AFM). The AFM topography image of Fig. 4
shows that the packing structure of the Au-NWs grids in the

30 TEM image of Fig. 2 is preserved. Due to a lower resolution of
the AFM, the fine parallel wires of Fig. 2 are not resolved in
Fig. 2. A closer investigation reveals that the bundles of Au-

NWs have a dimension of 7-9 nm height and 100-150 nm width.



A first UV-vis absorption spectrumof Fig. 5 indicates that the absorption

maxi mum of Au-NWs on a quartz substrate is located at 516 nm This

absor pti oNOraK/1I3Ws7i s caused by a trans- 25 verse pl asmpoTnBxonese® of t he

Au- N\Ws. A second absorption spectrumBf Fig. 5 shows that the resonance of

Au-NW on | TO broadens and is red-shifted to 575 nm The broadening and red
shift is caused by the sensitivity of 30 the position and bandw dth of the

surfacgyg%asnon resonance to the dielggg i c_environment

0)
2012/ 1 7RCTH B U5 145 15 i rf BbsBtpt o Pttt Um Bt FHY ™ 5 which
s obtalgechf oman iy WY desar ated 40 substate that is coated with an

PEDOT: PSS spacer |ayer of thickness 15 nm shows an additional red-shift in
t he surface plasnon resonance peak position. The peak is 5 positioned at

around 620 n T ppl icati i.scl os ﬁg!y_g:-t' ) q%§ r_a
sol ar CESI S'wir@t harlﬁgc%r%bérvg?lel golaalfnoa oévﬁérrgs&%% er eln%?la %Teé?t e éﬁﬁl\l\/\ﬁ
whi 6h arles symitdie st e iase otk rigaiNdvd he abovenenti oned 10 nethod are

deposited on an I TO substrate and spin coated with a PEDOT: PSS spacer
|l ayer. In a further step, a photovoltaic polynmer P3HT |ayer of thickness 40

nmis spun o dhe REDGE RS copted-ddQmidh-she Au-rilp N6 sandwiched in
between. In the present application, the photovoltaic polynmer P3HT is also
referreédis.o sl kirrl fntighotey) aatdyved substandee armi e correspondi ng

| ayer ki nd, of "(ph ive. | ayer"”, . I n_order t i_myl ate th
cond T BHe G Bant o Do Ror LT carrssiEhd PafPed Aa R CiBo SR s
vacgumeveaparat Brb arutioprofed henphottoacin verd ayesstitatee finst sS4 epatd-hn a
next step, UWis absorption spectra are recorded on these systens. An SP

i nduced® @l drhtd dEENhaRcenehtc s Jhs eIVt 115 e ARNW IR e 5 gt ed
system; According 0.1 he @ppli catd on, <fheahsorpiiens enhancengni 4k the
P3HT nol ecul es Is generated by an increased local electritc field in the
phot oactlh s R3HIN wh gied suted n Fsygenerated byhow the absorption in
arbitrary units (a.u.). For comparison, the inset of Fig. 5
15 shows the excitation of electrons in non-embedded gold
nanowires which exhibit surface plasmon resonances that are
not influenced by the embedding material. The inset is not
drawn to scale. The spectral absorption curve for the electron

excitation may be obtained by reflection measurements on sput-

20 tered gold layers, for example.

A first UV-vis absorption spectrum of Fig. 5 indicates that
the absorption maximum of Au-NWs on a quartz substrate is lo-
cated at 516 nm. This absorption maximum is caused by a trans-

25 verse plasmon resonance of the Au-NWs.

A second absorption spectrum of Fig. 5 shows that the reso-

nance of Au-NWs on ITO broadens and is red-shifted to 575 nm.

The broadening and red shift is caused by the sensitivity of
30 the position and bandwidth of the surface plasmon resonance to

the dielectric environment.



30 the SP resonance of the Au-NWs. The interaction between |ocalized
surface plasnons in the netal nanostructures and incident photons creates a
hi gh denswOyorf13piset ons at the near-field di stance and &C3tBzngoiiemal

el ectromagnetic field builds up. WO @012/ 137037PCT/1B2011/ 051450 16 When
this resonant frequency matches the absorption band of photoactive

nol ecul es, the absorption in the photoactive nol ecules is enhanced which

| eads to creased phot ogenerati on of c e carriers. hi gher
e 11 i ency ot (T PO ST AT Col T Ear Bt Wuath 4 T her Tttt mont
of a pfml@%@'d@é&r&@éd MW L e STOWhd N o Godk@ndyRisan podbssd he
Au-NW are integrated into or- ganic photovoltaic cells conprising a

P3HT: PCBM 3l kl et erel 1ol Glmts o mit etheais abraddigeedtd ealeq, shhet

hot oacy 1 end of pol
(p3 hex I}Vﬁ e%cse( gﬁ%@gdp%c%e%%go% E{%ﬁéfé&hn&&? %ﬁ%l anm dIo d
net Byl pﬁﬂfﬂ14ﬁ§&%@tl&kd¢n$ e&nbadh nment. According to the application, a

bl end sol ution of P3HT and the PCBMwith a 15 weight ratio of (10:8) is
prepared in 1,2 dichol orobenzene to obtain a final concentration of 18

mg/ . e zﬁiﬁ&ca?tfd}d diks dSsshoa 50 eatd & "MOHR s caf iguatdon” of

el ectrodes in which an anode |layer is provided in contact wwth a substrate
whi | e aseclalt W@deh | ‘ayer i er prayi deld drﬁramolmﬁ)-s@reefs@l&enwalalm Protact i ve

| ayer. dh an i i nvertsneesclonefcil qur at atl r‘cé"’%k?eh atbhoeve 1 ma%cerl al is
provi de e substiate and a ca rfga IS provi eof1 e opposite
si de ohéth&;@@ﬁ@&ﬁpd@ﬂ@yem i&n aﬂlﬂS@ spﬂ&StlJbilt% drid tdiein nuertsel with
configuration the arrangenent of the hole- and el ectron conducting |ayer

is 25 With $apectl a6t he normal configuration.

In a further step, a photovoltaic polymer P3HT layer of thick-
ness 40 nm is spun on the PEDOT: PSS coated ITO with the Au-
15 NWs sandwiched in between. In the present application, the
photovoltaic polymer P3HT is also referred to as a kind of
“(photo)active substance” and the corresponding layer as a

kind of “(photo)active layer”

20 In order to simulate the conditions in organic photovoltaic
cells, the reflective Al (100 nm) is vacuum-evaporated on top
of the photoactive layer in a first step. In a next step, UV-
vis absorption spectra are recorded on these systems. An SP
induced absorption enhancement is observed in the Au-NW inte-

25 grated system.

According to the application, the absorption enhancement in
the P3HT molecules is generated by an increased local electric
field in the photoactive P3HT which in turn is generated by

30 the SP resonance of the Au-NWs. The interaction between local-
ized surface plasmons in the metal nanostructures and incident
photons creates a high density of photons at the near-field

distance and a strong local electromagnetic field builds up.



An optically active material in the sense of the current application

conpri ses a donor conponent and an acceptor conponent. The donor conponent
of a bul kwbeverwBjwsncti on (BH]J) mate- 30 rial fornms pat heCrhBmhi/h&ash to an
anode of a photovoltaic device and the acceptor conponent fornms paths which
| ead to a cathode of the photovoltaic device. By anal ogy, these paths or
junctions are also referred to as percolation paths. After WO

2012/ 13@)37P / 1B2011/ 051450 17 creation of an electron-hole Cﬂir t hr ough

i nci demt™§% gt S t'He® BlEtt rio FHHVe "4 Ot He actept gt ¢ t°%to the

cat hodeyrdbddei -hol tdavied s, fiam dde, donan companedhdsddel anagele -
respectively, and generate a photoelectric voltage. Mire spe- 5 cifically,
t he el edtkoh-TolIpHI¢ed siiyererats i 1P tde donore sohponemosse et oval i zed

eXCitonofTé}?areieecéa(rofHélrssthﬁ%fékﬂ%ﬁaﬂﬂf 4.0 dhe acee Oc!fc@r(@gcﬂ?&éo—. .
whereby the exciton is split up. By an alternative nechani sm &n exciton is
genér atwedl tiai ¢ hee lalccept dre anthiseshid e is transferred to the donor. The bul k
10 heterojunctions of the BHJ material are advantageous in pro- viding a

cl ose di stance between donor and acceptor material such that a charge

separ atpn 1c ciso Pafaies the exgidan decays agal ninfar exami &by a
fluorescence of the donor. For P3HT: PCBM the P3HT provides the donor

conponeritd whi land Helds. PCBM prlovitdes eVl capst o eaporrecht 1N FRorothe

P3HT: PCBM BHJ terial,. the full erene conpon f % P%M terial
provi de%analc%epp}%%gtnoc‘@o%aleq e(%:%lrlos‘nsc.O e thal n' gégl%lﬁ'eP I\}ifurra ek%nélata?ropr ovi des

solgbi | junyctfidn easieri Pr 0eassd Ngpe 20r 1ldel pp) vitex whad de@fitdhel RaHT is
material, on the other hand, provides a hol e caonduction path. P_3HT can be

regar détf A& i orhahiie Pt SEri Cohitiet 'orOtantPPCBNE B ArP orkany c(3 7
Than that bf PSR TS provi t an of fective sogarakion of the exeln = "
acid methyl ester (PCBM) in this embodiment. According to the
application, a blend solution of P3HT and the PCBM with a
15 weight ratio of (10:8) is prepared in 1,2 dicholorobenzene to
obtain a final concentration of 18 mg/ml. The Figs. 7 and 13 -
16 show a so called "normal configuration" of electrodes in
which an anode layer is provided in contact with a substrate
while a cathode layer is provided on an opposite side of a
20 photoactive layer. However, an inverse configuration in which
the anode material is provided on the substrate and a cathode
layer is provided on the opposite side of the photoactive
layer is also possible. In the inverse configuration, the ar-

rangement of the hole- and electron conducting layer is

25 swapped with respect to the normal configuration.

An optically active material in the sense of the current ap-
plication comprises a donor component and an acceptor compo-
nent. The donor component of a bulk heterojunction (BHJ) mate-
30 rial forms paths which lead to an anode of a photovoltaic de-
vice and the acceptor component forms paths which lead to a
cathode of the photovoltaic device. By analogy, these paths or

junctions are also referred to as percolation paths. After



25 ton's electron. O her materials with simlar properties may be used for
t he photoactive material, such as polyners or dyes for the electron donor
conponentweandi2o3hesr ful | erene derivatives for the el ect Pom/IBRTGEPI18F0
conponent. 30 The el ectrodes of an origani c photovoltaic cell are often
provi ded by a transparent conducting oxide (TCO and by a netal,
respectively. In the enbodinents of Fig. 7 and Figs. 13 to 16, the TCOis
provided by I1TO and the netal is provided by alu-. WO .

5012) 13 (B2 OSTAS HE M i CUHET OFoc Pty He LSEF s i as
flouri ne dopedh timwxi gerand alsn@idieiomiadhsondt dd tise essedal that
the el ectrodes have a different Ferm |evel to provide a charge separation.
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conductdinfyi dayler, |tsheral decbrbero 1l gaveen ¢ heerphod toattivechmatdasnat and t he
anode. In the enbodinents of Fig. 13 to 16 an el ectron cor]rgjucti ng |layer is
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bet ween an el ectron conducting | ayer and a 15 hol e conducting |ayer. An
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sul fides ana nitrides, specifi- 20 car Y, but not - exclusi vel y, conpri sing
t he omatrest et &) U2 1 D @i ok Hed 2R . maA ol €1 comel uedh g d s my e pr ovi ded
by all p-_ type sem conducting layers including thiophene derivatives,
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excl usively. 1o i sl ngyd heegmteri @l ;B3 REBTRT  the exciton decays
again, for example by a fluorescence of the donor. For
P3HT:PCRBM, the P3HT provides the donor component while the

15 PCBM provides the acceptor component.

For the P3HT:PCBM BHJ material, the fullerene component of the
PCBM material provides acceptance of electrons. The chain of
the PCBM material provides solubility for easier processing.
20 The polymer chain of the P3HT material, on the other hand,
provides a hole conduction path. P3HT can be regarded as an
organic p-semiconductor and PCBM as an organic n-semiconductor.
The lowest unoccupied molecular orbital of PCBM is lower than
that of P3HT to provide an effective separation of the exci-
25 ton's electron. Other materials with similar properties may be
used for the photoactive material, such as polymers or dyes
for the electron donor component and other fullerene deriva-

tives for the electron acceptor component.

30 The electrodes of an organic photovoltaic cell are often pro-
vided by a transparent conducting oxide (TCO) and by a metal,
respectively. In the embodiments of Fig. 7 and Figs. 13 to 16,
the TCO is provided by ITO and the metal is provided by alu-



25car bon nanot ubes, graphenes, PEDOT: PSS, SPDPA, PTFE, M02, W2, V205,

Ni O, AgOx. According an enbodi nent of the application, the PEDOT: PSS | ayer
is used nwD20mp7@3 a hol e conducting | ayer but al so aspram/BDi1eHiesn i ve
buffer [ayer between the Au-NW and a@tive |ayer to prevent the quenching
of excitons in the netal nanostructures by reconbination of charge
carriers. Since the SP resonance is an evanescent wave, the PEDOT: PSS | ayer

should be as thj as 2012/.137037PCT/ 1B2011/051450 1 ossi ble in order
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PEDOT: PSS buffer layer is performed in a nitrogen glovebox. In a production
process“t‘ne | ayer deposition is realized by an aut omated process such as
spin coating in a spin coater, chem cal vapor deposition or physical vapor
depo- 15 sition. A functional photovoltaic cell 10, which is shown in Fig.
7, is obtairrsl bio errepiofa dépositdhger etthode! | dyerergfoddngnis M with a
t hi ckness_of, 100 y. evapor at ion deposition followed by a st of | ow

t emper g%ﬁ e 7a(nn"jenaciyﬂini]n%; Tt T oolre 7 quﬁuocu?lsr?g Alc%errgilnsg Q%O‘f]h%ecggop i cation,
a hogh twerperaiairneh b asuiesd inngd1Si AV airtedid araer. th kaep dieodiabri cati on
process conpatible to plastic substrates. Hi gh tenperature annealing my be
used, tHdtgh,°d fFi%he ]ugetcbfl% Hl S5t SUbSTIHES 118 nltY§htehdddin or der

to achieve @ dasi&ln aeall N PLOCRS Snad dh Q10 DA thigul alogihodippnt ,  the

effective cell area defined by 25 the geonetrical overlap between | TO and
Al is Clonen®,. Thetled urdmmiamm d@yergwertvies: ast a'icat hidde andyu-div t he sane
tinme, ht which ha been absor bed, back

. aarm 'rsroran mir'ccqler fll ects |1 Ctr n-cson tc ayer arn .
into t?\i PHot dactive 1@ et PRFIH geheratc i i %%/a%]tré%e W&t Pt Vi de
onest r anspareMdetectd odeydayer and one reflective el ectrode |ayer in a
phot ovol tai ¢ device. For the enbodiment of Fig. 7, the transparent
An electron conducting layer may be provided by all n-type
semiconducting layers including C60 and other fullerene de-
rivatives, metal oxides, metal sulfides and nitrides, specifi-
20 cally, but not exclusively, comprising the materials TiO;, ZnO
and Cs;C0O;. A hole conducting layer may be provided by all p-
type semiconducting layers including thiophene derivatives,
carbazole derivatives and other semiconductors, specifically,
but not exclusively, comprising the materials P3HT, PCDTRT,
25 carbon nanotubes, graphenes, PEDOT:PSS, SPDPA, PTFE, MoO;, WOs,
V205, NiO, AgOx.

According an embodiment of the application, the PEDQT:PSS lay-
er is used not only as a hole conducting layer but also as an
30 effective buffer layer between the Au-NWs and active layer to
prevent the quenching of excitons in the metal nanostructures
by recombination of charge carriers. Since the SP resonance is

an evanescent wave, the PEDQT:PSS layer should be as thin as



WO 2012/ 137037PCT/ 1B2011/ 051450 20 el ectrode |l ayer is provided by the ITO

| ayer and the reflective electrode |ayer by the alumniumlayer. Fig. 7
shows an wobodi/1sewsy of a photovoltaic cell 10 which is PCobBziinedi4fy t he
abovenenti oned production nethod. Thel9photovoltaic cell conprises, fromthe
side of the incident light, a glass layer 11, an anode |ITO |layer 12, a AuNW
network 13, a PEDOT: PSS hol e conducting |ayer 14, a P3HT: PCBM | ayer 15, in

whi ch the het t i s indicated, and t hod | um n- ' I
16, *I'n T ShEod T 21 e R Prgtn 11 6 TEYT-14 Merbs ag.

buf fer layetadar dhe AN dhe-thicknesses: 0f Adhe REXI: RSSHaygs- 14, the
P3HT: PCBM | ayer 15 and the alum niumlayer 16 are 15nm 60nm and 100nm

respect®Vetgtiamy Filg.1s ahithirrIrs i owi Nyt Enodi amt s-ofcigiitovol taic 15
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anal ysis step, an incident ‘photon to current” etficiency ( P measur enent
i s éar riedNrotto usd ngnea 1507 W Newpord -drial, 2eh Xanomothghthasoly cpea

Cor ner st one, 260 1/ 4M nonachronmator, an optical chopper set . at 60 Hz and a
Ver 11 1 Hod GIta9 Sy eter T T GHS potiert torsi 1y | cald brated W ih
Hananatﬁufga{ﬂwo phot odi ode. A neasured | PCE enhancenent is shown in the
inset of Fig. 10. 25 The wavel engt h dependence of the photocurrent
enhancement was recorded for the 80 nmand 60 nmthick devices. The | PCE

char Lol ZUER, Aasroanilnd g SeRe b I BR I8l 13
from 400 ttim4 oci65fk i s e @wdar tdermmanaly st s st ephtcuientTaensidy to
voltage (J-V) curves of the photovoltaic devices are recorded with an HP
layer "and the PEDOT:PSS buffer layer is performed in a nitro-
gen glovebox. In a production process the layer deposition is
realized by an automated process such as spin coating in a
spin coater, chemical vapor deposition or physical vapor depo-
15 sition. A functional photovoltaic cell 10, which is shown in
Fig. 7, is obtained by a step of depositing a cathode layer of
aluminium with a thickness of 100 nm by evaporation deposition
followed by a step of low temperature annealing at 60 °C for
2.5 hours. According to the application, a high temperature
20 annealing is avoided in order to keep the fabrication process
compatible to plastic substrates. High temperature annealing
may be used, though, if the use of a plastic substrates is not
intended in order to achieve a faster annealing process. In
one particular embodiment, the effective cell area defined by
25 the geometrical overlap between ITO and Al is 0.071 cm’. The
aluminium layer serves as a cathode and, at the same time, as

a mirror which reflects light which has not been absorbed back

into the photoactive layer.

30 In general, it is advantageous to provide one transparent
electrode layer and one reflective electrode layer in a photo-

voltaic device. For the embodiment of Fig. 7, the transparent



WO 2012/ 137037PCT/ 1B2011/ 051450 21 4155 sem conductor anal yzer under
illumnation by a solar sinulator (San-E XES-300, AAA rating). The J-V
curves arwoghowi7e3n Figs. 8 and 9. 5 Figs. 8 and 9, respetuBal/gji4si spl ay
the current density to voltage characderistics of 80 nmand 60 nmthick
devices in the dark and under illum nation. Further device paraneters are
tabulated in the Table 1 below and are the nean values fromten cells. Upon

integrating th u- N\Wstructure accordin 0 the application, the short

Gl T obl (£ LU ST -1 F ey Tt rehs et 1o P67 1970, 0% T 1n the 80
nm deviicese anddi:Md. B8/d:0 1y 864 GiH: d Mk hes #0- hm devi ces. The

phot ocurrent is thus enhancedy by 14.6% and by 23.2%in the 80 nmand 60 nm

devices, respectively. 15 Table 1. Power conversion efficiency increase
F gcl:zt o?h%é'a?drsé%oﬁﬂetsar&gﬁkgﬁin%gﬁé%fa]t %%%ﬁﬁ]lo éﬁgéne A%ulv | av?f‘r?licco\@ gl{c:)Sr aI :aljl
devbcesomudare AN .. e dlagvand run aradd ar avdidr iar @0ilensi tThofpHOh MmN cni.
PCE(% égﬁié{gvéé ééég?és S,Fﬁhﬁ%gﬁhugqg'de of the incident light, a
glass layer 11, an anode ITO layer 12, a AuNW network 13, a
PEDOT:PSS hole conducting layer 14, a P3HT:PCBM layer 15, in
which the heterostructure is indicated, and a cathode alumin-
10 ium layer 16. In the embodiment of Fig. 7, the hole transport-
ing layer 14 serves as buffer layer for the AuNWs. The thick-
nesses of the PEDOT:PSS layer 14, the P3HT:PCBM layer 15 and
the aluminium layer 16 are 15nm, 60nm and 100nm, respectively.
In Fig. 7 and in the following embodiments of photovoltaic

15 cells, connections to the anode and to the cathode are not

shown.

In an analysis step, an incident photon to current efficiency
(IPCE) measurement is carried out using a 150 W Newport-Oriel
20 Xenon light source, a Cornerstone 260 1/4M monochromator, an
optical chopper set at 60 Hz and a Merlin radiometry system.
The light power-density is calibrated with Hamamatsu silicon
photodiode. A measured IPCE enhancement is shown in the inset
of Fig. 10.
25
The wavelength dependence of the photocurrent enhancement was
recorded for the 80 nm and 60 nm thick devices. The IPCE char-
acteristics are shown in the inset of Fig. 10 and in Fig. 19.
It is found that the IPCE of both devices were enhanced in the

30 spectral region from 400 nm to 650 nm.

In a further analysis step, current density to voltage (J-V)

curves of the photovoltaic devices are recorded with an HP



Control (80nm) 2.44 -7.87 0.65 0.48 19.75 Wth Au-NWs (80nm) 2.72 -9.02
0.65 0.46 20.73 Control (60nm) 2.31 -6.38 0.65
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4155 semiconductor analyzer under illumination by a solar sim-
ulator (San-Ei XES-300, AAA rating). The J-V curves are shown

in Figs. 8 and 9.

5 Figs. 8 and 9, resgpectively, display the current density to
voltage characteristics of 80 nm and 60 nm thick devices in
the dark and under illumination. Further device parameters are
tabulated in the Table 1 below and are the mean values from
ten cells. Upon integrating the Au-NW structure according to

10 the application, the short circuit current density (J sc) in-
creased from 7.87 to 9.02 mA/cm’ in the 80 nm devices and from
6.38 to 7.86 mA/cm2 in the 60 nm devices. The photocurrent is
thus enhanced by 14.6% and by 23.2% in the 80 nm and 60 nm de-
vices, respectively.

15
Table 1. Power conversion efficiency increase PCE, short cir-
cuit current density J sc, open current voltage V oc, fill
factor FF and series resistance Rs of the control and Au-NWs
incorporated devices under AM 1.5 solar illumination with in-

20 tensity of 100 mW/cm’.

PCE (%) J sc V oc FF Rs (Q cm’)
(mA/cm®) | (V)
Control 2.44 =-7.87 0.65 0.48 19.75
(80nm)
With Au-NWs |2.72 -9.02 0.65 0.46 20.73
(80nm)
Control 2.31 -6.38 0.65 0.56 19.45
(60nm)
With Au-NWs |2.45 -7.86 0.65 0.48 23.65
(60nm)




0.56 19.45 Wth Au-NW (60nm) 2.45 -7.86 0.65 0.48 23.65 WO

2012/ 137037PCT/ 1B2011/ 051450 22 In all devices, the open circuit voltage (V
oc) remaiweaoz3ant at 0. 65V suggesting that the PEDOPCTRB®1v03IPiet €l y
covers the Au-NW and does not act as?2a reconbi nation center for the |ight

i nduced charge carriers. The nodification of contact 5 properties such as
injection barriers can lead to changes in the series resistance Rs of the

devi ce._ The exam nation of the current density tqQ_voltage curve in the dark
oveal S L RETGon. Harted | 1A N e GHHor Tth devi W S B val ues

listed dinrkabde d. ane abjpdnechdycddheard yedndti ngsd heorgdrariger 1 Qov-
density-voltage (J-V) curve under illum nation around the point (J = 0).

AFM t opogft dphy Auteges aHbwlatmtntthe HWorgphat oy BTt PBHTPCBEM Y ay®f i s
essent 'ﬁf’ﬂé yllwaﬂgﬁgcéc[] é%éjeevéacrerslﬂéh ﬂ@ modification of contact
5 properties such as injection barriers can lead to changes in
the series resistance Rs of the device. The examination of the
current density to voltage curve in the dark reveals that Rs
is not changed in Au-NW incorporated device. The Rs values
listed in Table 1 are obtained by linearly fitting the charge
10 density-voltage (J-V) curve under illumination around the

point (J = 0).

AFM topography images show that the morphology of the P3HT-
PCBM layer is essentially unchanged in the devices with and

15 without Au-NWs indicating that the Au-NWs below the PEDOT:PSS
results in a minimal perturbation to the active layer morphol-
ogy. This can be seen in Fig. 20. The left side of Fig. 20
shows a surface morphology of a PEDOT:PSS layer on ITO without
integrated Au-NWs and the right side of Fig. 20 shows a sur-

20 face morphology of a PEDOT:PSS layer on ITO with integrated
Au-NWs. A statistical evaluation yields an RMS roughness of
2.4 nm for the PEDOT:PSS layer without integrated Au-NWs and
of 2.7 nm for the PEDOT:PSS layer with integrated Au-NWs. This
difference shows up in the slightly different range of the

25 greyscales.

Fig. 10 shows a calculated relative enhancement (%) of the
power conversion efficiency against wavelength. This relative
enhancement is obtained according to the formula

30 Enhancement in %= 100 X (IPCE Au-NW- IPCE Standard)/IPCE Stan-
dard, where IPCE Standard is the IPCE value for a photovoltaic
value of the photovoltaic cell with integrated Au-NWs. The

IPCE is significantly enhanced around 620 nm coinciding with



15 wi thout Au-NW indicating that the Au-NW bel ow the PEDOT: PSS results in
a mninmal perturbation to the active layer norphol- ogy. This can be seen
in Fig. 28020asrefit side of Fig. 20 shows a surface norphaBmgyozfisea

PEDOT: PSS | ayer on I TO wi thout integrzted Au-NW and the right side of Fig.
20 shows a sur- 20 face norphol ogy of a PEDOT: PSS | ayer on I TOw th
integrated Au-NWs. A statistical evaluation yields an RVS roughness of 2.4
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measurenments, the current enhancenment is nore pronounced in thinner
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determned in the device are |inked to the increased photoabsorption on the
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mol ecul ®stith G riech- privki PAHY 1O RN ot i ta XS IBt o erhahedibnt in
the steadysgtate photol umaescence.dntepsify dndieatdngd hatoa, lagger
nunber of excitons are generated wthin the photoactive PSHT film The
i ncreageescence intensity indicating that a larger number of excitons
are generated within the photoactive P3HT film. The increase
15 in the number of excitons is ascribed to a coupling between
the excited P3HT molecules and the electron vibration energy
in Au-NWs at surface plasmon resonance. The increased number
of excitons generated by increased absorption of light in the

photoactive layer leads to an enhancement of photocurrent in

20 the solar cells.

These conclusions are also supported by calculations of the
maximum exciton generation rate (Gmax) and exciton dissocia-
tion probability from measurements shown in Fig. 12. According

25 to Fig. 12, the photocurrent Jph is plotted as a function of
effective voltage (Vo-V) for the 80 nm-thick device. Jph is
the difference between the dark current (JD) and the current
under illumination (JL) while Vo is defined as the compensa-
tion voltage applied when JL equals JD. At higher effective

30 voltages, all free charge carriers are extracted (zero recom-
bination) and Jph saturates to g*G*L, wherein G is the maximum
exciton generation rate, g is the elementary charge and L is

the thickness of photoactive layer. In this regime, all bound



15 in the nunber of excitons is ascribed to a coupling between the excited
P3HT nol ecul es and the el ectron vibration energy in Au-NW at surface
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energy(&ffﬂQi%ﬁ:q%%téégﬁga§h£§§zﬂ!q%%maﬁo&g,tfg%pectively. An elec-
tron conducting layer 17 is provided as buffer layer at the
cathode and a hole conducting layer 14 is provided as buffer
25 layer at the anode. According to the application, the addi-
tional layer 13' of nanowires further enhance the absorption

of the reflected light in the photoactive layer.

According to the application, the metal nanostructures are

30 provided close to photoactive materials where photoexcitation
occurs as the electromagnetic field has an evanescent nature.
Furthermore, in order to avoid exciton quenching by non-

radiative energy transfer due to the close placement of the
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thin photoactive |ayers 15, 15 wth c | enent ary absorpti on

char act'eti St ¥ ar %&pa%wgal%jh £ [RGH 11 g G P et Tt y
conductiyes reconbi nad | om dayele e w0 e-o 20 MBI aDPSO PEHON o -
characteristics may be realized by providi ng photoactive |ayers 15, 15

with senstiidviad eshed reali Fferlaite s part ral 1 g dgesr e i imrerd faytdre 2o jiar

provi ded ich acts as a .reconbinati 25 site for oppositely charged
carri er(;se]\flﬁr]olrﬁ1 téihee tcoopnvaenndt bottom el Iofs}.llsl'r‘}jerocnﬁéel% eayaglrploi'bs gtoﬁr/reprél]osrenga a hole
conductiingh l@yeindthat dfesingkentofldhe' catthiogde andstaswrel @ctrion. cohducti ng
| ayer 19 at the side of the cathode. The interlayer 20 ensures that the
subcel 'S HE ¥ Uh deih Cot TP 12N T ef 1% AU T 3P%iGurati on

and t he,photomald@gss @dd up1 | na typi cale confd guratd ol i whichs the |ight
is incident fromone side only, the subcell closer to the |ight perneable

el ect r odee imarefiergedteo bMWD RO 2/ 1137 037RCT d BROULAO5IAS A 2B81mshdr ont cel |
and theen%ohc?irmesnucb,cevlvlrlliéhs irsefs rorwergi itno EalsgubraeCkl E?eclolmprises a tandem ar-
15 chitecture in order to enhance the spectral sensitivity of so-
lar cells and for realizing a higher efficiency. In the tandem
structure, thin photoactive layers 15, 15' with complementary
absorption characteristics are stacked via a light transparent
and electrically conductive recombination layer. The comple-
20 mentary absorption characteristics may be realized by provid-

ing photoactive layers 15, 15' with sensitivities in different

spectral ranges.

An interlayer 20 is provided which acts as a recombination

25 site for oppositely charged carriers from the top and bottom
cells. The interlayer 20 comprises a hole conducting layer 18
at the side of the cathode and an electron conducting layer 19
at the side of the cathode. The interlayer 20 ensures that the
subcells of the tandem solar cell 10'''' are in a series con-

30 figuration and the photovoltages add up. In a typical configu-
ration in which the light is incident from one side only, the

subcell closer to the light permeable electrode is referred to



I n an exenpl ary enbodi ment for an organic solar cell 10"" 5 according to
Fig. 16, the photoactive |layers 15, 15 of the front and back cells are
PCPDTBT: MZBRhowsp33i t es and P3HT: PCBM conposi tes whi ch aca/1Bmgpesitiovel y
separated by an interlayer system 19,2618 of Ti Ox- PEDOT: PSS. An Au- NW
network 13 is sandw ched between the Ti Ox | ayer 19 and t he PEDOT: PSS | ayer
18 in 10 the interlayer 20, such that the enhanced Iight scatteri ng and

charge carrier_concentr tlon ch i sed b t he
it st dor BT CehatT e oA 1 RAh 1S M8 e S AP AT uscr at e

Ccross sectional vi evvs of nore gen- 15 erallzed enbodi nrents 30, 30" of
phot ovol taic cells which can be inplenented in thin filmsolar cells as
well as in silicon solar cells. In the enbodinments of Fig. 17 and 18, the

A Ler nak ] Vel Y I Lot nale TAyar 16 oF  BOLIY ol ect e 1 yera 20 mmy be

pro%i dext@srdiransparieins . |ayerthe Iphsiddcoivesaarecel1s, &b hanovitie |ayer 13

i s enbe ded at % -n%%uﬁictlon |nterface bet ween an n-sem conduct or | ayer
21 and c@fﬂfﬁc e 25 PR SHG  PEGE LI 1 & ST 3ot sol ar

cell, té&nﬁb@ﬁ&bsﬂ yReh |a?&yé9r1§e§g§é‘-‘cﬂ’@&l£l;gf é’gpé)fé)c%d atelan doped-Siydayers. In

a 25 thin filmsolar cell accordin for exanple a CI'GS cell,
the n tsppetdnraylet, clah dfe WE-RﬂD@HQS/h Il‘én tzﬂe-l‘]ﬁAI typerday elr3 i s rerded of

Cul nGaSe2 %%Esvge%nrgst eorTltéégu g@%}r&e& sréf erPEbd‘ld'ﬁ’sr@ lgaal i ujfné and
I e2

selenlun1|n he  conposition wherein X can romo to
1. 180 Hme ﬁ&éﬁmgsejarm hetudtypehaof dHe mr&odrafectelﬂ@mmtc@ﬂmrg send@n
absorber | ayer 23 between an el ectron conducting Iayer 21 and a hol e

conduct§Hy Tay&t 22T Wi le TayEti a3 1% FiRed Pwghe Au-Nws 13
2012/ 13703TRCT 48204/ 051450 21 beteen. £ he, hol e, candusti ng layer 22 and

the el ectron conducti'ng | ayer Coat ed nanow res may al so be provided in
t he enmbodi nents of Fi gs 17 and 18. Advant ageously, the gold nanowires are

pl aced ¢l ose to th rber 23to i mpr ov phot ocur r ent
generatElcjo% W]IﬂI Cfheseojd]e tcrea? I tHe %g]aqr%?glntvjoﬁw% Pni%r © ekt'tenely
thig absedbese£edhisod At assmel 10 a%ﬂy@mlﬂgﬁﬂ sollad weldn (RSC) such
as Gatzel cells may be used. 10 According to the application, netal

nanow re® netinei i tpriove-ftHe Jﬁa]e]r“# O?Qﬂeﬁffcec%lflf‘soflsarw%ﬂ S tllfﬁ o’iﬂg]hqu{br easi ng

the coupling hetyeen f hed nahdsninddaht, and 4 he ahsprbes, | ayers, dhese
nanow re networ ks are synt hesi ze dep05| t hr oug 'so Utl on
pr ocesslabfer meansi s Thea rsyod hesti S aﬂ rJatcEJg:;aumwy bieth iabove 1ightbeams.
Alternatively, the cathode layer 16' or both electrode layers
20 may be provided as transparent layers. In silicon solar cells,
a nanowire layer 13 is embedded at the p-n junction interface
between an n-semiconductor layer 21 and a p-semiconductor lay-
er 22, as shown in Fig. 17. In a silicon solar cell, the p and
n type layers are made of appropriately doped Si layers. In a
25 thin film solar cell according to Fig. 17, for example a CIGS
cell, the n type layer can be made of CdS while the p-type
layer is made of CulInGaSe,;. CIGS stands for the components cop-
per, indium, gallium and selenium in the composition CulnxGai-
x)3ey wherein x can vary from 0 to 1.
30
Fig. 18 shows another type of thin solar cells which comprise
an absorber layer 23 between an electron conducting layer 21'

and a hole conducting layer 22'. A nanowire layer 13 is placed



15 can be used to form nanostructures out of other plasnonically active
materials such as Al, Cu, Ag and Pt. Herein, "Plasnonically active" refers
to the campakni¥t3yo3ef exhi biting surface plasnon resonan®e€s/1Bw1/h4dpt i cal
to ultraviolet frequency range. 20 Acording to the application, the
ultrathin nature and also the orientation of the nanowires which is
essentially parallel to the substrate surface allows for easy verti cal
integration, resulting in mnimumperturbatjons. on the | ayers deposited 25
above, NETES/ErLNG et T UM o HAnGPAT T i 4 e hartini T e 4o ot Basi | y
aggl omeqiateinghisydacili t at@scddendHaduedd o pfassNanostraetdse with a

| arge surface area. According to the application it is furthernore

advant agedURNR BrOVE Deo hahioid r €57 vititcth | ondidengiase ass hanosts et es. The
long I engt s of the. 30, nanew oefe 343 ow d O&[bs%ﬁ?é@ri'ag%/éf r%tﬁei@?cﬁ% ation
nt- o e appllic

]
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over |arge areas. An "arrangene nanow res according to ation

pr 0%i desha weoimetu i cerad vwanicage: byn whi tchira 1o hasmoni cal | yhacimve

nanow re achieves_a sim/l|ar effect a row of nan

- W

2012/ 1 T 1820749 054%5 98 PHrtY ot t%o&@ef a5kl B2 & ose
proxi M1 Ayneiworde0f i Nanow des; aceordi ngsdo dihe, appld.cation provd des an
easi er way of nmaking a substrate plasnonically active. The nanoparticle
appr oackey e omedast requires careful assenbly over a large 5 area at high
densities to give plasnonic advantages. WD 2012/ 137037PCT/1B2011/ 051450 29
Cl ai nms

10 According to the application, metal nanowire networks improve

the performance of solar cells through increasing the coupling
between the incident light and the absorber layer. These
nanowire networks are synthesized and deposited through solu-
tion processable means. The synthesis strategy described above

15 can be used to form nanostructures out of other plasmonically
active materials such as Al, Cu, Ag and Pt. Herein, “Plasmoni-
cally active” refers to the capability of exhibiting surface
plasmon resonances in the optical to ultraviolet frequency
range.

20
According to the application, the ultrathin nature and also
the orientation of the nanowires which is essentially parallel
to the substrate surface allows for easy vertical integration,
resulting in minimum perturbations on the layers deposited

25 above. Moreover, in contrast to nanoparticles, nanowires do
not easily agglomerate. This facilitates the production of a
nanostructure with a large surface area. According to the ap-
plication it is furthermore advantageous to provide nanowires
with long lengths as nanostructures. The long lengths of the

30 nanowires allow for plasmonic structure integration over large
areas. An arrangement of nanowires according to the applica-
tion provides a geometric advantage by which a long, plasmoni-

cally active nanowire achieves a similar effect a row of nano-



1. A photovol taic device conprising: a first electrode |ayer, 5- a second
el ectrode layer, at |east one photoactive |ayer which is arranged between
the firstwelzectBowe | ayer and the second el ectrode | ayePCTHREN@DI1450
plurality of nanowires is provided im8proximty to the at |east one

phot oactive layer. 10 2. Photovoltaic device according to claim1, wherein
t he nanowi res are covered by a buffer material. 3. Photovoltaic device

accord to clai claim 15wherein the ot oactive |ayer. is_thinner
I R T PR LU AT TR L S

Phot ovald @i deyiLe-@ecaidi g 41 s M Gt Wherneidy B Aver ages 1 engidy Of t he
nanowires is at |east 100 nm 20 5. Photovoltaic device according to claim

1 or claf makingher et thed photloaetdviecd-ayeraq sl i cker 1araP200 hirk and a
di anet eJ s b and, 20 5 hotovol t ai c
devi ce apég%r%&ﬁg tgé)éé}dfgreés% s vﬁﬁje%elegn cganr av- e%rsgsge leiﬁgt\g of tlﬁe <J(1anowi res

is at lesst 25high denPhotevold ai ovaevi cenaccoraivanh ttaageone of the
precedi ng clai ns, wherein the nanowi res are arranged essentially 30parallel
to at | east one |ayer of the photovoltaic device. 8. Photovoltaic device

according to one of the preceding clains, wherein the nanowi res conprise a
mat eri al whi ch



WO 2012/ 137037PCT/ 1B2011/ 051450 30 is selected fromgold, silver, platinum
al um ni um and copper or from alloys thereof. 9. Photovoltaic device

accor di ngvoeoms7@f7 t he precedi ng 5cl ai ns, wherein the mamaB2messiase
provided within a buffer |ayer of thedbuffer material and wherein the
buffer layer is provided between one of the el ectrode |ayers and the

phot oactive layer. 10 10. Photovoltaic device according to claim9, wherein
the buffer. | ayer conprises a hole conducting naterial or mxtures of hole
conduct Traterial s and wherein the buffer layer is provided between an
anode | ayer and the photo-active layer. 15 11. Photovol tai c device
according to claim 10, wherein the buffer |ayer conprises an el ectron
conductd ng raterd el vortan ktdf eiscofc@Ret$ B conduct i ng material and wherein

the buffer |ayer-i rovi ded t a cathode | ayer and the 20phot oacti ve
| ayer. 12. Pho‘fjteojillo%&;tieglé evi c(geealc oérkdi ng to one of the preceding clains,

whebei n t he hanowtaend s lcoatetbdyl @yl el ectric |ayer. 25 13. Photovoltaic

device according to claim12, wherein the dielectric |layer is provided by a
nonol ayer , p"oli/‘?%e]rgf&b“cooﬁg? YroHmt § Forgaric Thst a?t%r?ly%fﬁlﬁeéﬁ IqtF@h"ot ovol taic

devi ce accorgdidi ti,one; of ¢ the precedi ng, ol al s, cwheseidnd he anayd es are
integrated within the photoactive | ayer.
layer, wherein a plurality of nanowires is provided in
proximity to the at least one photoactive layer.
10
2. Photovoltaic device according to claim 1, wherein the

nanowires are covered by a buffer material.

3. Photovoltaic device according to claim 1 or claim 2,
15 wherein the photoactive layer is thinner than 200 nm and

a diameter of the nanowires is between 2 and 50 nm.

4, Photovoltaic device according to claim 3, wherein an av-
erage length of the nanowires is at least 100 nm.
20
5. Photovoltaic device according to claim 1 or claim 2,
wherein the photoactive layer is thicker than 200 nm and

a diameter of the nanowires is between 50 and 200 nm.

25 6. Photovoltaic device according to claim 5, wherein an av-

erage length of the nanowires is at least 250 nm.

7. Photovoltaic device according to one of the preceding
claims, wherein the nanowires are arranged essentially

30 parallel to at least one layer of the photovoltaic device.

8. Photovoltaic device according to one of the preceding

claims, wherein the nanowires comprise a material which



WD 2012/ 137037PCT/ 1B2011/ 051450 31 15. Photovol tai c device according to one
of the preceding clains, the photovoltaic device conprising a first

phot o- actwoeoi2zaper3y7 a second photoactive |ayer and an i mCeneedi/eiiesd ayer,
wherein the internedi ate | ayer conpri¥®es a 5hol e conducting |ayer and an

el ectron conducting | ayer and wherein the nanowi res are sandw ched between
the hol e conducting | ayer and the el ectron conducting |ayer. 16.

Phot ovol t ai ¢, device accordi ng to. one of the precedin 10. cl ai ns, wherein
the nanowi r e ar'dl SHEGHdEE BRI HY | T BF Y aoe B 5 Bor yHe SaH Bbrittibt | ng

| ayer and an-dpdyPessemm&onductyNg-Hayesrin which one or both
sem conducting | ayers are photoactive. 15 17. Photovol taic device according

to one of the preceding clains, wherein the nanowires are enbedded within a

photoacy | ve Lipyer, i £ 15, sandug ched: By, & p-4ype, s conducting, layer and

an n-type sem con I'ng Tayer. ectricity generator,
el eétricity genersat orhaonpt i Siaghanes are sroaree afrdhiedghotiovolt ad ¢ devi ces

according tq o of . t he previous clains, the photovoltaic devices being
connect ed t%%ﬂfe?%p]gﬂy%oo nt%ts%h%&c]i)ﬁ??etceiri Gt HE LIt riies ty
generator. 25,48 Li gl sensoroyvidey ldahlesensqr conpid sd ng-wongyor nore of
t he photovol tai c devices according to one of the previous clains, the

phot ovol t ai clakss < esndeilry Pdonerted’e olawed ndi cati ng means of the |ight
sensor. 30 20. Method for producing a photovoltaic cell, the nethod
conprising steps of - providing a nanowire network on a substrate; WO
2012/ 13703 7RI B2 051450 ce according to claim 9, wherein the

buffer layer comprises a hole conducting material or mix-
tures of hole conducting materials and wherein the buffer
layer is provided between an anode layer and the photo-
active layer.
15

11. Photovoltaic device according to claim 10, wherein the
buffer layer comprises an electron conducting material or
mixtures of electron conducting material and wherein the
buffer layer is provided between a cathode layer and the

20 photoactive laver.

12. Photovoltaic device according to one of the preceding
claims, wherein the nanowire is coated by a dielectric
layer.

25

13. Photovoltaic device according to claim 12, wherein the

dielectric layer is provided by a monolayer, polymeric

coating or an inorganic insulator.

30 14. Photovoltaic device according to one of the preceding
claims, wherein the nanowires are integrated within the

photoactive layer.



32 covering the nanowire network on the substrate with a buffer |ayer;
provi ding a photoactive |ayer on top of the buffer layer; 5- providing an
el ect r odewbayer13m37t op of the photoactive |ayer. 21. Thecmashodofisocl ai m
20, wherein the step of providing a nrdnowire network on the substrate
conprises 10- depositing a nanowire solution on the substrate by a sol ution
based techni que, mherein t he sol ution based technique S selected fromthe

group of Spl coatin (f coathg (ﬁﬁﬁ% coatlng, Green H{ng,
it 1B DR TS S SoP S r T R Th a1 HE Tt
claims, the photovoltaic device comprising a first photo-
active layer, a second photoactive layer and an interme-
diate layer, wherein the intermediate layer comprises a
5 hole conducting layer and an electron conducting layer
and wherein the nanowires are sandwiched between the hole

conducting layer and the electron conducting layer.

16. Photovoltaic device according to one of the preceding
10 claims, wherein the nanowires are embedded at the inter-
face of a p-type semiconducting layer and an n-type semi-
conducting layer in which one or both semiconducting lay-

ers are photoactive.

15 17. Photovoltaic device according to one of the preceding
claims, wherein the nanowires are embedded within a
photoactive layer which is sandwiched by a p-type semi-

conducting layer and an n-type semiconducting layer.

20 18. Electricity generator, the electricity generator compris-
ing one or more of the photovoltaic devices according to
one of the previous claims, the photovoltaic devices be-
ing connected to an input and an output connection of the

electricity generator.

25
19. Light sensor, the light sensor comprising one or more of
the photovoltaic devices according to one of the previous
claims, the photovoltaic devices being connected to an
indicating means of the light sensor.
30

20. Method for producing a photovoltaic cell, the method com-
prising steps of

- providing a nanowire network on a substrate;



10

15

21.

WO 2012/137037 PCT/IB2011/051450

32

- covering the nanowire network on the substrate with a
buffer layer;

- providing a photoactive layer on top of the buffer
layer;

- providing an electrode layer on top of the photoactive

layer.

The method of claim 20, wherein the step of providing a
nanowire network on the substrate comprises

- depositing a nanowire solution on the substrate by a
solution based technique, wherein the solution based
technique is selected from the group of spin coating, dip
coating, spray coating, screen printing, Langmuir-

Blodgett and electrodeposition methods.



