Journal Pre-proof

Journal of

ALLOYS
AND COMPOUNDS

New dielectric/metal/dielectric electrode for organic photovoltaic cells using Cu:Al
alloy as metal

L. Cattin, A. El Mahlali, M.A. Cherif, S. Touihri, Z. El Jouad, Y. Mouchaal, P.
Blanchard, G. Louarn, H. Essaidi, M. Addou, A. Khelil, P. Torchio, J.C. Bernéde

PII: S0925-8388(19)34220-3
DOI: https://doi.org/10.1016/j.jallcom.2019.152974
Reference: JALCOM 152974

To appearin:  Journal of Alloys and Compounds

Received Date: 20 July 2019
Revised Date: 8 November 2019
Accepted Date: 10 November 2019

Please cite this article as: L. Cattin, A. El Mahlali, M.A. Cherif, S. Touihri, Z. El Jouad, Y. Mouchaal,

P. Blanchard, G. Louarn, H. Essaidi, M. Addou, A. Khelil, P. Torchio, J.C. Bernede, New dielectric/
metal/dielectric electrode for organic photovoltaic cells using Cu:Al alloy as metal, Journal of Alloys and
Compounds (2019), doi: https://doi.org/10.1016/j.jallcom.2019.152974.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier B.V.


https://doi.org/10.1016/j.jallcom.2019.152974
https://doi.org/10.1016/j.jallcom.2019.152974

100000
80000 = 5
S Cu
60000 5 A ¢
= 60F " e —
E \ /. \0 _m ./
40000 = L \<
g 4ot / po el
20000 8 AR A/
g 20 I eee® :. .\. w Sa
0 T ! ! ! g OC'/:AAA‘An 1 \.T 1 o A| e VrrnA'""
303. di 400 ?(1/0) 600 0 100 200 300 400 500 600
inding energy (e

Etching time (s)

o N B~ O

J (mA/cm %
)

_8 '%«ﬂ‘ SRIARAAAAA v' I I I
0 200 400 600 800 1000 250 0 250 500 750 1000
V (mV) V (mV)




New Dielectric/Metal/Dielectric electrode for organic photovoltaic cells
using Cu:Al alloy asmetal.

L. Cattint, A. El Mahlalt, M. A. Cherif®, S. Touihri”’, Z. El Jouad*, Y. Mouchaal® P.
Blanchard, G. Louard, H. Essaidt®, M. Addod, A. Khelil®, P. Torchidand JC Bernéde

Ynstitut des Matériaux Jean Rouxel (IMN), CNRS-UMIBD2,Université de Nantes, 2 rue de
la Houssiniere, BP 32229, 44322 Nantes Cedex BcEra

“Aix-Marseille Université, Institut Matériaux Micrégetronique Nanosciences de Provence —
IM2NP, CNRS-UMR 7334, Domaine Universitaire de $diéréme, 13 397 Marseille Cedex
20, France

3UPDS, Faculté des Sciences de Tunis, UniversifBudés El Manar, Tunis, Tunisia

“LMVR, FST, Université Abdelmalek Essaidi, Tangenclenne Route de I'’Aéroport, Km
10, Ziaten, BP: 416, Morocco

Université d'Oran 1 - Ahmed Ben Bella, LPCMME, BB24 ELM Naouer 31000 Oran,
Algeria

*MOLTECH-Anjou, UMR 6200, UNIV Angers, CNRS, 2 bd \asier, 49045 ANGERS
Cedex, France.

"MOLTECH-Anjou, CNRS-UMR 6200, Université de Nant@srue de la Houssiniére, BP
92208, Nantes, F-44322, France

8 Faculté des Sciences Exactes, Université de Mad8ata305, 29000 Mascara, Algeria

Abstract

Given the rapidly increasing demand for flexiblel amexpensive optoelectronic devices, it is
necessary to find a substitute for ITO (Indium Tride). Among the considered alternatives,
we have chosen in the present work Dielectric/MBialectric (D/M/D) trilayer structures
deposited under vacuum. In these D/M/D structumbgn Ag is the metal, highly performing
and stable Transparent Conductive Electrodes (T@gspbtained. When Ag is replaced by
Cu, which is far less expensive, results are noilar due to the tendency of Cu to diffuse
into the transition metal oxides. Therefore we iaver the stability of the new TCEs by using
the Cu alloy Cu:Ag in ZnS/M/W@structures. The best results were obtained whea M
Cu:Ag (16 nm)/Ag (1 nm). Flexible and quite stabléEs were obtained.

These new TCEs are conductive and transparentanfitjure of merit of 6.5 x I8 and a
quite small Root Mean Squared Roughnessis (RMS 1=nin). Therefore, they were
introduced as anode in organic photovoltaic ced®Vs). In the same time, ZnS/Ag/TO
TCE were probed. These ZnS/Ag/TiGtructures were transparent and conductive with
optical and electrical performances similar to tha$ ITO, but, when used as anode, the
OPVs performances were limited by the presencegétithe surface of the structures. In the
other hand, the results obtained with ZnS/M/A\&Iructures were very promising with an
open circuit voltage, Voc, and a short circuit eaty Jsc, whose values are slightly higher
than those obtained with ITO. Nevertheless thefdititor FF is sensibly smaller, which is
attributed to the presence of some Cu at the sudhthe electrode.

Keywords. Transparent conductive electrode / Indium free tedde / Cu:Ag alloy /
dielectric-metal-dielectric structures / organiofdvoltaic cells.
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1. Introduction

Flexible organic photovoltaic cells (OPVs) attrdegjh interest for solar energy. They are
based on organic films sandwiched between two relees, one of them being transparent
and conductive [1, 2]. ITO (Indium Tin Oxide) isetlCE the most often used because it
presents many advantages such as excellent opgiroglerties and good conductivity.
However, it has also some disadvantages such asnindcarcity, the use of aggressive
techniques of deposits for organic materials anttidovess [3]. Therefore, an urgent need for
alternatives to ITO by new Transparent Conductilecttode (TCE) arises. This TCE must
have similar electrical and optical performancdTd3. The elements constituting should be
abundant and neutral environmental and integrate the framework of sustainable
development. The techniques used for its depostlwould be as gentle as possible. The
flexibility of the TCE and adhesion must be comipiatiwith the use of a plastic substrate.
Several solutions have been explored to replace [405]. Among them, multilayer
structures of Dielectric / Metal / Dielectric (D/M) [6-8] are very promising. In the context
of research on organic compounds, many works aretelé to wet deposition, because they
appear inexpensive [9]. However, dry process umaeuum allows stacking many layers
without difficulty. These layers are pure and th@ioperties are reproducible which reduces
the cost of a large-scale production [10]. Thug pinesent manuscript is dedicated to the
realization of high-performance and stable D/M/Bustures using a Cu alloy as metal. After
characterization, these new TCEs are introducextganic photovoltaic cells (OPVs), which
are based on planar heterojunctions (PHJ), theend®lices being deposited under vacuum.
In addition to confirmation of the Ag’s effectivesge as metal in ZnS/Ag/TiOstructures
through the use of such electrodes as cathode®WsQour investigations are focused on Cu
that is far cheaper than Ag. However, Cu has a tegldency to diffuse in transition metal
oxides [11]. We have already shown that using Qoyslsuch as Cu:Ni or Cu:Al allows
temperate significantly this parasitic effect [13]. Nevertheless, some difficulties are still
present. For instance in the case of the Cu:Niallois difficult to increase the D/Cu/D
structure stability through an increase of the Nhaentration by simple evaporation, its
melting point being far higher than that of Cu [1@) the other hand, in the case of Al we
have shown that the stability of the electrodes sigmificantly improved through the
introduction of a thin Ag layer (2 nm) between #iy Cu:Al and the top dielectric layer.
Actually, this ultra-thin film permits to imprové¢ stability of the alloy by diffusing it in its
volume [13]. Therefore, in the present work we ®aur interest on Cu:Ag alloy. After
raising at least partially this technological olsta the new electrodes were introduced in
OPVs. It must be noted the focus of this work ididated to ITO free electrodes. So the cells
realized with these electrodes were only to shosvpbssible utilisation of these electrodes
and not to compete with the best cells today preduhat is why we used a classical already
known multilayers planar hetero-junction structusased on Boron subphthalocyanine
chloride/fullerene (SubPckg) junction.



2. Description of approach and techniques

2.1 New transparent conductive electrode deposaimhcharacterization techniques
The substrates used during this work were eithedadine glass or poly(ethylene
terephthalate) (PET). TCE structures were depositeglass or on PET (150n thick). The
cleaning of the substrates and the deposition peoaee described in supporting information
S1 [14]. Multilayer structures D/M/D were depositgithout breaking the vacuum.
After deposition the structures were systematicaljpomitted to optical and electrical
characterizations. Optical and electrical char@&zaé@ipn techniques are reported in S2.
From optical and electrical measurements, in otdedeterminate the best compromise
“Conductivity-Transmission”, we calculate the figuof merit (Py) proposed by Haack using
the empiric formulae [15]:
by = TlO/O'Sh.

where T is transmission aad, sheet resistance,
Thanks to this formula it is possible to compare thpto-electrical” performances of the
different electrodes.
The surface morphology of the D/M/D multilayer stiures was studied with a field emission
scanning electron microscope (SEM, JEOL F-7600) andatomic force microscope.
(Supporting information S3).
The scotch tape method [16] was used to estimageatthesion of the structures to the
substrate (See S4.1). The flexibility of the D/MébBuctures was studied using a laboratory
made bending test system (See S4.2). The deptliepodfthe structures was studied by
recording successive XPS spectra obtained aftendaom etching for short periods (S4.3).

2.2 Realization and characterization techniquesrgénic photovoltaic cells using new TCE.
D/M/D multilayer structures were used as electrade®PVs to test their potential. To this
end, we made OPVs using the planar heterojunceomgtry, namely [17]:

Glass substrate/TCE anode/Cul/SubRgEICP/Al, in the case of classical OPVs, and Glass
substrate/TCE cathode/BCR#SubPc/Al, in the case of inverted OPVs.

In these structures, Cul is the hole transportaygid (HTL) [17], BCP is the exciton blocking
layer (EBL) [18], Al the cathode (classical celts)the anode (inverted cells), while SubPc is
the electron donor (ED) andsgds the electron acceptor (EA) of the planar hgterction of

the OPV. With regard to the transparent electrege used our new TCEs, and also ITO in
reference OPVs. The ITO thin film was 100 nm-thaeid its sheet resistance was(2Bq, in

the case of glass substrates, and Q@ in the case of PET substrates.

The electrical characterization of the OPVs wadqgpered with an I-V tester, in the dark and
under sun global AM 1.5 simulated solar illuminati@-V curves under illumination were
used to calculate the series resistance (Rs) amdsliant resistance (Rsh) of OPVs to
investigate the charge carrier collection. Theeseresistance, Rs, of OPVs is equal to the
reciprocal of J-V curve slope at Voc, while the shesistance, Rsh, is equal to the reciprocal
of J-V curve slope at Jsc.



3. Resultsand discussion

3.1 D/M/D multilayer modeling

Before any experimentation we carried out opticaldeling, which aims to model and
simulate the optical properties of D/M/D multilagdrelectrodes and of complete solar cells.
The ability to numerically optimize the opto-geonesl parameters of the new TCE, as well
as the intrinsic absorption inside the active lapdérthe devices, allows guiding the
experimental studies by providing the values ofdpgmal thicknesses of the oxide layers of
the TCE and of the layers of whole devices [19]. that, the optical constants of organic and
inorganic materials, constituents of the solarsgedlere incorporated in our Transfer Matrix
Method (TMM) numerical model [20, 21, 22]. The ttnesses of the multilayer can then be
optimized by taking into account the interferentemomena induced by all interfaces, in
order to locate the maximum power electromagneigsipiated in the excitons generating
active layer.

The efficiency of this optical modeling has beeroved through its application to
ZnS/AQ/TIO, based-TCE (ZAT-TCE) [23]. As an example, the Fegur presents the
compared data of optical properties from a simdlated fabricated ZAT-TCE. A broad [365-
695] nm transmission range where T is above 80%\saled, while the sheet resistance is
measured below 1@/sq. Optical results are in good agreement betwieory and
experience. The small observed difference couldhgsty be due to the morphology of Ag,
which is not fully homogeneous but presents somm+slands (for this 10 nm-thick layer).
This can result in enhanced absorbance due to plasmesonances, involving a decreased
transmittance for the manufactured electrodes comdpato the theoretical ones
(heterogeneities in morphology are not taken imas@eration by TMM simulation) [24].
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Figure 1: Comparison between simulated and measalads of transmittance (T),
reflectance (R) and absorbance (A) for a ZnS (3%/ngy (10 nm) / TiQ (25 nm) electrode

Similar theoretical-experimental dialectic was useaptimize the others D/M/D structures.
For instance, it results that the optimum bottoyetahickness was 50 nm, 45 nm and 35 nm
for ZnS, MoQ and WQ respectively, while it was 45 nm, 37.5 nm and 20 for the
corresponding top layer [21-24]. When the meta\gs the optimum thickness is around 11-
13 nm. Below this thickness the Ag film is discowmibus involving that the structures are
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insulating, beyond this thickness their reflectamoeeases and therefore their Figure of merit
decreases.

Thanks to this figure of merit®y, it is possible to compare the « opto-electrical »
performances of the different electrodes. For mstathe averagedby value of the
ZnS/Ag/TiO, structures presented above is arodngl = 15 x 10° Q*, which is of the same
order of magnitude than that of ITO [7].

Similar results were obtained with W®I/WO3 and ZnS/M/WQ@structures. After this optical
modeling, which allows estimating the optimum timekses of the dielectric layers, that of
the metal being also strongly dependent of theireduconductivity, we proceeded to the
experimental study of D/Cu/D structure using Cualgy as metal layer.

3.2 D/Cu/D multilayer characterizations

As evocated in the introduction, it should be bette substitute Cu to Ag that is quite
expensive. Nevertheless it is not so easy to olgarforming D/M/D multilayer with Cu as
metal because, if the electrical properties of @ureearly similar to that of Ag, its diffusion
coefficient is significantly higher, which makedfatult to obtain stable D/Cu/D structures.
For instance, in the case of MgOu/MoQ; structures, we have shown that it is necessary to
insert ultra thin Al layers (1 nm-thick) between &ud MoQ to obtain conductive structures
[11]. One possibility to improve the stability dfe Cu-based structure is to substitute a Cu
alloy to Cu pure metal. Thus, we have proved tlsatgiCu:Ni alloy permits to increase the
stability of the D/Cu/D structures [12]. Moreoverevhave shown that better results are
obtained when W@is substituted to Mo§) due to the higher density of the Wlayers. The
WO3/Cu:Ni/WQO; structures are far more stable than the MGOG/MoG; structures.
Nevertheless, at the percolation thickness of thdCayer,i.e. when the structure commutes
from the insulating to the conductive state, whichresponds to its maximum transmission,
the sheet resistance of the structure increasesyslbut continuously, with time (Figure 2).
Moreover, as shown by XPS profiles, there is somea€cumulation at the surface of the
structures which has a negative effect on the pmdaces of the organic photovoltaic cells
using these structures as anodes [12]. Actually,weee unable to overpass an atomic
concentration of 1% of nickel in the Cu metal althye to the higher melting temperature of
Ni, our deposition technique using simple Jouledffor the evaporation. Therefore, in order
to persist in the use of the simple depositionnepe based on Joule effect heating, we used
Cu:Al alloy in a second attempt, Al being far easi@n Ni to evaporate.

Thus, in a recent study [13] we have shown thatube of Cu:Al allows improving the
stability of the WQM/WOj3 structures by comparison with those using Cu aldviereover,
the insertion of a thin (2 nm) Ag layer between &Aand the WQ bottom layer permits to
obtain far more stable TCEs. Furthermore theress ICu accumulation at the surface of the
electrode which leads to more performing OPVs. Wofwately, here also the stability of the
sheet resistance is not as high as that of steswsing Ag as metal [25] (Figure 2). To try to
understand this behaviour we had performed XPSiedutb examine the profile of the
multilayer structures. Surprisingly, the XPS prefibf the WQ/Ag/Cu:Al/WO; structures
showed that Ag has diffused all along the thicknelsshe Cu:Al layer. It means that Ag
diffuses spontaneously into Cu to form a quite Istaddloy. It was concluded that the
formation of Cu:Ag alloy has a positive effect e tstability of the structures.
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Figure 2: Evolution with time of the sheet resis@of
WO3/Cu:Ni/WO;( A),WO3/Cu:Al/Ag/WO; (e) and ZnS/Cu:Ag/Ag/WQ(m) structures.

As a matter of fact, it must be noted that Ag andhave large miscibility and a relative
atomic size difference of only 12%, which allowdstimiscibility and eutectic possible
formation [26]. The maximum solubility of Ag in Gs 7.47 at.%, which may possible the Ag
diffusion in the present structures, the maximumAgf in the profile being 4 at.% [13].
Therefore, since Ag forms spontaneously a staldg atith Cu, we decided to work with the
alloy Cu:Ag instead of using Cu:Al and Ag. Therato concentration of Ag in the starting
alloy was 5 at.%. Moreover, since the Cu diffusimio ZnS is smaller than that into transition
metal oxides, we chose ZnS as bottom dielectrierld®27], while we kept W@ as top
dielectric layer, due to its high efficiency as HiIL OPVs. Finally, the different structures
studied were as follows:

ZnS/Cu:Ag(x nm)/Ag (y nm)/WEZCAW), with 14 nm< x <19 nmand 0 <y <2 nm. The
optimum thicknesses of ZnS (45 nm) and YM@0) have been estimated theoretically as
discussed above.

Cu:Ag T (%) T (%) Rsh > QY D QY

(x nm) maximum average* (Q/sq) maximum average*
14 79.5 66.4 63 0.0016 2.6 x10
15 83.1 71.6 33 0.0047 0.0011
16 85.2 76.2 31 0.0065 00021
17.5 80.8 715 27 0.0044 0.0013
18 80.6 71.3 21 0.0055 0,0016
19 80.3 71.0 19 0.0058 0,0017

* Average value between 400 and 700nm.

Table 1: Variation of the main parameters of th& Z#5 nm)/Cu:Ag (x nm)/Ag (1 nm)/\WO
(20 nm) multilayer structures with the thicknes®fxCu:Al layer, the Ag layer thickness
being fixed aty =1 nm.
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Figure 3: Variation of the light transmission oéth
ZnS (45 nm)/Cu:Ag (x nm)/ Ag (1 nm)/MW@20 nm) structures with different thicknesses for
the Cu:Ag layer.

The evolution of the transmission spectra of thacstires with the Cu:Ag layer thickness,
that of the ultra-thin Ag layer being y = 1 nm,slsown in Figure 3 and is summarized in
Table 1. The maximum of transmissiomal = 85.2% al\uwax = 565 nm is obtained when the
Cu:Ag layer thickness is 16 nm. Its averaged trassion is 76.2% between 400 nm and
700nm.

Ag Cu:Ag T (%) T (%) Rsh JooQh  oooQh
(y nm) (x nm) maximum  average* (Q/sq) maximum  average*
0 17 85.9 78.1 36 0.0060 0.0023
1 16 85.2 76.2 31 0.0065 0.0021
2 15 83.9 71.9 30 0.0057 0.0012

Table 2: Variation of the main parameters of th& Z#5 nm)/Cu:Adx nm)/Ag (y nm)/WQ
(20 nm) multilayer structures, y, the Ag thicknassl x the Cu:Ag thickness being used as
parameters, while the sum x+y is constant: 17 nm.

After optimization of the Cu:Ag film thickness, x 26 nm, with y = 1 nm of Ag, we have
checked the influence of the thickness of the yjlevive kept the total metal thickness
constant, x + Y = 17 nm. The results obtained agsgnted in Table 2. It can be seen that that
fairly close performances are obtained. Nevertlseldse presence of an ultra-thin Ag layer
permits improving TCE stability [13]. Therefore wahoose to work with the following
structures ZnS (45 nm)/Cu:Ag (16 nm)/Ag (1 nm)/WZD nm), since this structure gives the
highest figure of meritpy = 6.5 x 10°Q™. A so thin thickness value, y = 1 nm, corresponds
to an average value and not to a real continuduos thick of 1 nm. Nevertheless the
knowledge of this averaged thickness allows tomesteé the quantity of Ag present in the
alloy Cu:Ag, since Ag diffuse into the Cu layereaftieposition.



As usual in this kind of D/M/D structures, the tsamission of light increases with the metal
film thickness up to a crtical optimum value, h&Gnm, then, beyond this thickness it starts
to decrease. It must be noted that this optimukti@ss corresponds to the commutation of
the resistance of the film from insulating to coatthg state. Actually this critical thickness
corresponds to the percolation of the metal laydrich becomes homogeneous. Below this
thickness the metal film is not continuous and,omdy it is insulating, but the heterogeneities
present in the discontinuous film induces lightfudifon. Beyond this thickness the sheet
resistance of the structures decreases slowlytheutght transmission decreases sensibly and
the optimum figure of merit is obtained for thetical metal layer thickness.

A surface visualization of a ZnS/Cu:Ag/Ag/W6Kructure is visible in Figure 4a. This surface
is homogeneous, for higher magnification, its gfanmorphology is clearly visible (inset in
Figure 4a). In Figure 4b we show the cross-seatiwage, in the backscattering mode, of a
ZnS/Cu:Ag/Ag/WQ structure. It is known that this mode allows distnating between the
domains of different composition, since the brilte of the image increases with the atomic
weight of the element present in this domain. lguFé 4b, two grey domains enclose a white
stripe. Since the averaged molecular weight oftle¢als is higher than that of the dielectrics,
the central stripe corresponds to the metal laymitewthe two grey domains correspond to
ZnS (left) and WQ (right).

Figure 4: a-Surface visualization of a ZnS(45 n8Y/Ag (16 nm)/ Ag (1 nm)/W@(20 nm)
multilayer structure; inset: same film at highergmification.



Figure: b- Cross section visualization in the Isacktering mode of a ZnS(45 nm)/
Cu:Ag (16 nm)/ Ag (1 nm)/W@(20 nm) structure.

Figure 5: AFM image of the surface of a ZnS(45 n@Y/Al (16 nm)/ Ag (1 nm)/W@(20
nm) multilayer structure.

An AFM image of such TCE is presented in Figurdtan be seen that it appears quite
homogeneous. Its Root Mean Squared Roughnessis RMS nm. This small value is
encouraging for organic optoelectronic devicesizatibn, since too high roughness could
induce leakage currents.
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Samples were also deposited onto PET flexible satiest in order to check their flexibility
(S4.2). The films were submitted to inner and olending, for a bending radius of 6 mm
and a bending frequency of 1 Hz, it can be seenainle 3 that the variation of the sheet
resistance is negligible for the ZnS/Cu:Ag/Ag/d&ructures while it is not the case for ITO,

Number of cycles 0 1 5 10 50 500 1000 2000
Inner bending 00 0 O 0 O 0 0
AR/Ry(%) Outer bending 00 0 0 0O 05 1 2
ITO (outer bending)0 2 4 8 13 19 25 29

Table 3: Resistance evolution after outer bendind @mner bending as a function of the

number of bending cycles for PET/ZnS(40 nm)/ Cy3d nm)/ Ag (1 nm)/W® (35 nm) and
PET/ITO structures.

About the adhesion of the structures using Cu:Ahasal, the structures pass the tape test
(S4.1) without difficulty, the films are not at akmoved from the substrate. The electrical

resistance of the structure is not modified bytdses.

In order to check the composition of the metalygllwe have estimated the composition of a

film thick of 200 nm by microprobe analysis. Theratc concentrations obtained are 95 at%

of Cu and 5 at% of Ag, which corresponds to theceairation of the alloy source (bulk
alloy).
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Figure 6: XPS profiles of Glass/ZnS (45 nm)/Cu:A§ 6m)/Ag (1 nm)/WQ@ (20 nm) and
typical structural diagram of a structure.
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We have also checked the profiles of concentratibthe different atoms present in the
structures. A typical profile of a ZnS/Cu:Ag/Ag/W&ructure is shown in Figure 6.

It can be seen that the three stacked layers, Zn&¢DNO; are clearly visible, which
confirms that the top ultra-thin layer of Ag hadfubed into the Cu layer, even if a small
“memory” effect is present as shown by the fact the Ag concentration peak is slightly
shifted towards the surface of the structure. Tioenac concentration of Cu at the surface of
the structure, 5 at.%, is far smaller than thatimietd with others alloys probed [12, 13].
Nevertheless, while it can be seen that the Ag &t@aoncentration tends towards zero when
the etching time increases, that of Cu only dee®atowly. It corresponds probably to an
artifact due to the etching process, which buriedams. Such parasitic effect testifies that
if the diffusion of Cu is significantly decreasdds not completely blocked, which explains
the slow evolution of the sample resistance oveetfFigure 2).

However, as shown in figure 2, the Cu:Ag alloyhe tmore stable among the three alloys
probed. Therefore, as a conclusion of the charaeten of the new D/M/D’ structures, it can
be said that the new TCEs present the requestegenies to be used as electrode in
optoelectronic devices.

3.3 Organic solar cells with new transparent etelds

After the characterization of the ZnS/Ag/hi@nd ZnS/Cu:Ag/Ag/W®@ structures we have
introduced these TCE in inverted and classical Of@Yshe former structure and in classical
OPVs for the latter structure. It is well known tthea good band matching at the organic
material/electrode interfaces is necessary fociefiit carrier collection. Usually, a high work
function @y) material is introduced on the anode side to abpa&irforming hole collection
and one with a lowby, at the cathode side for efficient electron coltatt Fortunately, W@

is well known as very efficient hole transportimyér (HTL) on the anode side, while i
known as good electron transporting layer (ETL)tloe cathode side, which makes that our
D/Ag/D structures should be easily used as anodie case of W¢as top dielectric and as
cathode, in the case of TiONevertheless, we have already shown that, ifeth€8. and ETL
layers are efficient, it is possible to optimize tperformance of the OPVs by covering these
layers with a thin layer of Cul for the HTL [28] éa layer of BCP for the ETL.

In order to compare easily the performances ofnew TCEs to that of ITO, we used a very
simple PHJ-OPV, based on the heterojunction Sukpagouple ED/EA.

The first OPVs probed were inverted cells with ¢befiguration:

Substrate/Cathode/BCP (9 nmgéB5 nm)/SubPc (16 nm)/MaO(7 nm)/Al, the cathode
being either ZnS/Ag/Ti@or ITO. The thicknesses of the different layersemveptimized in
earlier studies [29].

Typical results are given in Figure 7 and Table 4.
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Figure 7: J-V characteristics of inverted OPVs (©ae/BCP/GySubPc/Mo@Al) with
ZnS/AQ/TIO, (o) or ITO ( A) as cathode.

It can be seen that the efficiency obtained with ZImS/Ag/TiQ cathode is smaller than that
obtained with ITO. This difference originates mgiflom Voc and FF values. They can be
related to the difference of shunt resistance wlaetually, Rsh = 130Q for ITO and only
130Q for ZnS/Ag/TIG, (ZAT-TCE).

Cathode Voc Jsc FF n Rs Rsh
(V) (mA/cn) (%) (%) () (©)
ITO 1.03 4.22 50 2.14 25 1300
ZnS/AQITIO; 0.83 3.96 34 1.13 52 130

Table 4: Comparison of the parameters of the OPMs 2nS/Ag/TiQ, or ITO as cathode.

The sheet resistance of ZAT-TCE being oaly= 10 Q/sq, i.e. smaller than that of the ITO
used in the present worlog = 20 Q/sq), such difference in the Rsh values cannot be
attributed toos, The small Rsh value, can originate from a togdelRMS value of the bottom
electrode, because a too large roughness can inkhad@ge currents. Therefore, we
proceeded to an AFM study. A typical AFM image ®wn in figure 8. The surface of the
ZAT-TCE is highly homogeneous with a RMS of 1.4 romly small scarce holes are visible
in the TCE. Such small RMS cannot justify the srikalh value.
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Figure : AFM imae of the surfce of ZnS/Ag/}i0

On the other hand, since in the case of classié&W<) we have already shown that the
optimum thickness of SubPc is 20 nm and not 16 snm @he case of inverted OPVs [28], it
is likely that Rsh of the classical OPVs is highieain that of inverted OPV. Therefore, as it
has been shown that any metal with small work fonc¢tsuch as Al, can be used as anode in
OPVs when it is covered by a Metayer [30], we have used ZnS/Ag/T#MoO; as anode in
Anode/SubPc/gy/BCP/AlI OPVs. Typical results are shown in FigureV@ith ZnS/Ag/TiIQ
we obtained Voc = 0.70 V, Jsc = 4.34 mAfciiF = 52% andj = 1.56 %, Rs = 5@, Rsh =
1000Q while with ITO we had Voc =0.84 V, Jsc = 5.29 mN, FF = 56% and) = 2.50%,
Rs = 20Q, Rsh = 105Q2. Here, even if with 20 nm of SubPc the Rsh valwasared with
the ZAT anode is of the same order of magnitude that obtained with ITO, the device
efficiency is smaller. Actually, Voc and Jsc argngiicantly smaller than the corresponding
values obtained with ITO anode.

J (mA/cm ?)

St ITO/MoO, .

0 200 400 600 800
V (mV)

Figure 9: J-V characteristics of classical OPVsdéd&/MoQ/SubPc/GyBCP/Al) with ITO
(o) or ZnS/AQ/TIQ (o) as anode
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In order to understand the decreases of the paeasneftthe OPVs using ZAT TCE, after the
AFM study we proceeded to a surface analysis by.XRf@ survey spectrum obtained is
shown in Figure 10. It can be seen that if, as etgae Ti and O are detected, Ag is also
present at the surface of the ZAT-TCE, while Znas.
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Figure 10: XPS survey spectrum of a ZnS/Ag/Agbucture.

More precisely, the relative atomic concentratidnAg is 14% for 86 at.% of Ti. The
presence of Ag randomly distributed to the elearsdrface may explain the decrease of cell
parameters. The binding energy of the peak Ag3dgogoorly sensible to Ag oxidation state,
it is difficult to determine precisely the oxidatistate of Ag. Nevertheless the samples being
stored in room air before to be used as electriiesurface atom of Ag must be, at least
partially, oxidized. It means that the work functiof Ag present at the surface of the
electrode is situated between 4.5 eV and 5 eV. \dlise is too high to give a good cathode,
but too small to give a good anode. That can empglae limitation of the OPVs using ZAT
electrodes. About the small value of Rsh in Tahlagtishown by the presence of Ag at the
surface of ZnS/Ag/TiQstructures, if the diffusion of Ag atoms is smatlean that of Cu, it is
not negligible. It was already shown that, in tlasec of silver/semiconductor/metal devices,
during J-V characteristics scans, Ag can diffugemfrthe electrode to the semiconductor,
forming a conductive filament in the semicondud8i]. Therefore, the surface concentration
of Ag atoms being as high as 149%he ability of Ag to diffuse makes it possible fieak
paths to appear through the thin organic layemnenmdy a quite high saturation current and a
small Rsh. In the future, it will be possible tooal the presence of Ag at the surface of the
structure by increasing the thickness of the,Hin.

After showing that ZnS/Ag/Ti@structures can successfully be used as cathodaaate in
OPVs, we probed ZnS/Cu:Ag/Ag/WGtructures as anode in OPVSs.

Here the OPVs were as follows: Anode/Cul (1.5 n8)bPc (20 nm)/g (35 nm)/BCP (9
nm)/Al, the results obtained are presented in [edurand Table 5.
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Figure 11: J-V characteristics of classical OPVadé@de/MoQ/Cul/SubPc/GyBCP/Al) with
ZnS/Cu:Ag/Ag/WQ(V) or ITO (m). The curve with full symbol was obtained in treldthat
with open symbol under AM1.5 illumination.

Anode Voc Jsc FF n Rs Rsh
V) (mA/cn) (%) (%) (©) ()
ITO 0.94 6.80 57.5 3.63 32 1020
ZnS/Cu:Ag/Ag/WQ 0.98 7,14 43 3.02 73 815

Table 5: Comparison of the parameters of the OPWk #nS/Cu:Ag/Ag/WQ or ITO as
anode.

Promising results were obtained even if ITO giveghér OPVs efficiency. It can be seen in
Table 5 that nearly similar Voc are obtained, whike of OPV using ZnS/Ag/\W{as anode

is higher than that of classical OPVs using ITOvétheless, FF is significantly smaller
which results in smaller efficiencies for OPCs gsine new electrode. Since the roughness of
the ZCAW electrodes is of the same order than thaifO, around one nanometer, it is
necessary to look for another explanation. Actyalyin the case of ZAT TCE, there is some
metal present on the surface of the ZCAW electrbéee Cu, which may explain the small
FF value. This negative effect is visible in Tabléhrough the series resistance Rs and shunt
resistance Rsh values. The Rs valueQ/® large, while that of Rsh, 813 is quite small.
The large value of Rs can be attributed to a pamdbmatching at the interface anode/SubPc.
Actually, the work function of Cu being around €V while the Highest Occupied Molecular
Orbital of SubPc is 5.6 eV, which induces a baddbasatching at the interface anode/SubPc
and a small FF value. Therefore this poor band Immagcincreases Rs, which penalizes the
OPVs performances. On the other hand, the higltyabfl Cu to diffuse makes it possible for
leak paths to appear through the thin organic layelucing a quite high saturation current
and a small Rsh.
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4. Conclusions/ Per spectives

New TCEs based on D/M/D structures are very staltlen Ag is the metal while it is not
with Cu. Here, we show that the substitution of&Qpalloy to pure Cu improves significantly
the stability of the structures. The best resufts @tained with W@ (45 nm)/Cu:Ag(16
nm)/Ag (1 nm)/WQ (20 nm) multilayer structures. Its maximum transsron is 85.2 % and
its sheet resistance is 8¥sq. When they are used as anode in OPCs, theselretkodes
allow achieving performances of the same order afmtude than those obtained with ITO.
The smaller value of FF is attributed to the preseof a small concentration of Cu atoms
present at the interface TCE/organic material. Kbeéess, the obtained results with the
Cu:Ag alloy confirm that ZnS/Cu:Ag/Ag/W43tructures open new promising perspectives for
using Cu in D/M/D TCE. These results are clearlftdrethan those obtained with Cu:Ni or
Cu:Al alloys, even if the presence of Cu traceshat surface of the TCE still limits hole
collection. Surprisingly, similar difficulty is eoantered in the case of ZnS/Ag/TiO
structures. Here, Ag is present on the electrodéasa which limits significantly their
performances. In the future, it will be necessargavoid the presence of metal at the surface
of the structure either by increasing the thicknesshe dielectric film or by covering the
metal film with a diffusion barrier such as Cr, WN.
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Figures

Figure 1: Comparison between simulated and measalads of transmittance (T),
reflectance (R) and absorbance (A) for a ZnS (3%/mag (10 nm) / TiQ (25 nm) electrode.
Figure 2: Evolution with time of the sheet resis@of WQ/Cu:Ni/WGO; (A),
WO3/Cu:Al/Ag/WO; (o) and ZnS/Cu:Ag/Ag/WQ(m) structures.

Figure 3: Variation of the light transmission oétstructures

ZnS (45 nm)/ Cu:Ag x nm)/ Ag (1 nm)/Ws@20 nm)

with different thicknesses for the Cu:Ag layer.

Figure 4: a: Surface visualization of a ZnS(45 n@)/Al 16 nm)/ Ag (1 nm)/WQ(20 nm)
multilayer structure; inset: same film at highergmification.

b- Cross section visualization in the backscattenmode of a ZnS(45 nm)/ Cu:Ag (16
nm)/ Ag (1 nm)/WQ (20 nm) structure.
Figure 5: AFM image of the surface of a ZnS(45 n@y/Al 16 nm)/ Ag (1 nm)/WQ(20

nm) multilayer structure.

Figure 6: Figure 6: XPS profiles of Glass/ZnS (4&)fCu:Ag (16 nm)/Ag (1 nm)/WeX(20
nm) and typical structural diagram of a structure.

Figure 7: J-V characteristics of inverted OPVs (©ae/BCP/GySubPc/Mo@Al) with
ZnS/Ag/TiO,( o) or ITO ( A) as cathode.

Figure 8: AFM image of the surface of ZnS/Ag/3iO

Figure 9: J-V characteristics of classical OPVsd@e'MoQ/SubPc/GyBCP/Al) with ITO
(o) or ZnS/Ag/TIQ (o) as anode

Figure 10: Figure 10: XPS survey spectrum of a Z2g&/iO2 structure.

Figure 11: J-V characteristics of classical OPVadé@e/MoQ/Cul/SubPc/GyBCP/Al) with
ZnS/Cu:Ag/Ag/WQ(V) or ITO (m). The curve with full symbol was obtained in treldthat
with open symbol under AM1.5 illumination.

Tables

Table 1: Variation of the main parameters of th& Z45 nm)/ Cu:Al (x nm)/Ag (1 nm)/W{
(20 nm) multilayer structures with the thicknessCaf Al layer, the Ag layer thickness being
fixed at 1 nm.

Table 2: Variation of the main parameters of th& Z#5 nm)/Cu:Agx nm)/Ag (y nm)/WQ

(20 nm) multilayer structures, y, the Ag thicknesal x the Cu:Ag thickness being used as
parameters, while the sum x+y is constant: 17 nm.

Table 3: Resistance evolution after outer bendind mner bending as a function of the

number of bending cycles for PET/ ZnS(40 nm)/ CutBlnm)/ Ag (1 nm)/W@ (35 nm) and
PET/ITO structures.

Table 4. Comparison of the parameters of the OPMs2ZnS/Ag/TiQ,or ITO as cathode.
Table 5: Comparison of the parameters of the OPWtB ¥nS/Cu:Ag/Ag/WQor ITO as
anode.
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Highlight:

- ZnS/IAQ/TIO2 and ZnS/Metal/WO3 can be used as transparent conducive electrode

-Cu :Ag (5at.%) alloy stabilizes properties of ZnS/Metal/WO3 structures.

-ZnS/Ag/TiO2 modeling permits to estimate the optimum thickness of the different layers

-Organic solar cells using these ITO free electrodes achieve promising performances.



Dear Editor,
We would like to submit for publication in your iew Journal of Alloys and Compounds the
manuscript entitled (new title):
“New Dielectric/Metal/Dielectric electrode for orgamc photovoltaic cells
using Cu:Al alloy as metal.”
By L. Cattin, A. El MahlaliM. A. Cherif, S. Touihri, Z. El Jouad. Y. Mouchagl,
Blanchard, G. Louarn, H. Essaidi, M. Addou, A. Kihé?. Torchio and JC Bernéde.

The manuscript has been corrected in the lighh®@ftbmments of the reviewers. We thank
them for their help in improving our manuscript;

We confirm that:

1. The article is original and has not be submittedther review.

2. The article has been written by the stated astldo are all aware of its content and
approve its submission to Journal of Alloys and @ounds.

Sincerely yours

J C Bernede
Corresponding author

E-mail jean-christian.bernede@univ-nantes.fr




