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ABSTRACT

This paper gives an overview on the recent advances on the oxide/metal/oxide (OMO) on flexible plastic sub-
strates and their applications as electrodes for organic and perovskite solar cells. The morphological, optical and
electrical characteristics of different type of OMO electrodes such as: IMI (ITO/Metal/ITO), ZAZ (ZnO/Au or Ag/
Zn0), NAN (NiO/Ag/NiO), TAT (TiO,/Ag/TiO,), DMD (MoO3/Ag/Mo0s, SnO5/Ag/Sn0; etc.) collected from lit-
erature are presented and analyzed. This analysis allows to identify the most promising materials and the best
choices in term of layers thickness for obtaining high quality electrodes with high transmission coefficients, high
electrical conductivity and low roughness. The solar cells performances using these three layer electrodes are
compared with those of the same devices in the classical configuration using ITO or FTO on plastic substrates as
bottom electrodes or Au and Ag silver as top electrodes. It results a mean variation of about +15% in efficiency
performances in function of materials or technologies. The organic or perovskites solar cells classical configura-
tion is: glass or PET substrate/ITO or FTO bottom electrodes/active layers/Au or Ag top electrodes. In the new
configuration the usual bottom or top electrodes are replaced with OMO electrodes. Hence the new configura-
tions are: 1) PET substrate/OMO bottom electrode/active layers/Au or Ag top electrode, or 2) PET substrate/ITO
or FTO bottom electrode/active layers/OMO This last configuration lead to the developed of a new class of tan-
dem or semi-transparent flexible solar cells based on organic or perovskite materials, which performances are
very competitive with those deposited on classical configurations. The advantage of OMO are their mechanical,
electrical and optical stability and their reduced cost by the reduction or suppression of some rare materials such
as ITO.

1. Introduction

cells fabrication processes are also much more economic and the energy
production consumption is reduced.

Flexible electronics and photonics devices on lightweight substrates
are the new technologic and scientific challenges for the next genera-
tion applications [1-11]. There are many reasons for the development
of the technologies in this direction. First, the reduction of device
weight is of major importance in the energy reduction consumption and
of crucial importance in the case of spatial applications. The second rea-
son is related to the raw material crisis and the scarcity of some materi-
als involved in the device fabrication such as In, Ge, Sb, rare earth etc.
[12]. Moreover, polymers flexible substrates can be prepared form cel-
lulose but also from the already too much existing plastic wastes such as
PET. PET - Poly(Ethylene Terephthalate), as glass, can be easily melt
and reuse many times without and no any industrial production from
primary resources would be necessary [13]. The new generation solar
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In the case of monocrystalline and polycrystalline silicon solar cells,
the front electrodes are generally silver paste grid. These electrodes
mask a part of the active surface area of the cell, reducing the number
of the photo carriers that would be possible to generate. In the case of
thin films solar cells, the front electrodes are transparent conducting
electrodes based generally on ITO (Tin doped Indium Oxide) [14-17],
FTO (Fluor doped Tin Oxide) [18], IZO or AZO (Indium or Aluminum
doped Zinc Oxide) [19-25]. These oxide semiconductor materials, if
they are highly doped conduct to a degeneration of the semiconducting
character and they become what we call “degenerate-semiconductors”
having excellent conducting properties close to the one of metallic ma-
terials [26]. There are few materials belonging to this class of transpar-
ent conductors, as generally increased doping rises the conductivity but
reduces the transmission and vice-versa. Hence, to achieve achieve
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Fig. 1. On the left side are given the classical architectures and on the right side the new architectures with oxide/metal/oxide (OMO) as electrodes for a) OPV solar
cells b) PVK solar cells with OMO electrodes as bottom electrode c¢) PVK solar cells with OMO electrodes as top electrode.

both high electrical conductivity and high optical transparency in the
visible domain is difficult. An alternative to these transparent conduct-
ing oxides are also few transparent conducting polymers such as PE-
DOT:SS [27,28], graphene, carbon nanotubes or silver nanowires [29].
Not all these materials are suitable for deposition on flexible polymer

substrates, as an issue related to the elasticity of the structure is the me-
chanical stability of the electrodes. The oxide thin films are brittle and
crack after few successive bends. The conducting polymers or the
nanostructured carbon or silver electrodes are mechanically compatible
with the flexible substrates. However, they can be concerned by other
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Fig. 2. SEM micrographs of transparent oxide films on PET substrates.

Table 1

Summary of the root mean square (RMS) and average (RA) roughness values
of the oxide top layer of the multilayer structures oxide/metal/oxide de-
posited on PET substrates.

Multilayer structure on PET  Thickness RMS values  RA values Reference
substrate (nm) (nm) (nm)
ITO/Ag/1ITO 20/7/20 3.0 1.9 [33]
ITO/Au/ITO 20/8/20 1.9 1.5 [33]
ITO/Ag/Au/ITO 20/7/7/20 2.4 1.8 [33]
ITO/Ag/ITO 40/9/40 2.0 - [35]
ITO/Ag co Cu/ITO 40/5/40 0.36 - [35]
ZnO/Ag/Zn0O 25/8/25 10.8 8.5 [33]
ZnO/Au/ZnO 25/8/25 5.7 4.6 [33]
Zn0/Ag/Zn0O 30/14/30 4.2 - [34]
AZO/Au/AZO 40/7/40 2.8 2.2 This
work
TiO,/Ag/TiO, 24/8/37 13.1 10.3 [36]
TiOy/Au/TiOy 30/7/30 5.7 4.0 This
work
TiOy/Au/TiOy 30/10/40 8.3 - [37]
TiO,:Nb/Ag/TiOo:Nb 34/8/42 26.5 20.7 [36]
NiO/Ag/NiO 42/8/72 6.8 5.4 [36]
NiO/Ag/NiO 35/11/35 1.7 - [38]
Biy03/Au/Biy03 120/7/120 2.7 1.2 This
work
MoO3/Ag/MoO3 40/10/40 8.5 [39]

problems such as their chemical stability, or difficulties on large scale
manufacturing. An alternative which overcome the problems of the me-
chanical fragility and conserve the high chemical stability, high trans-
parency and electrical conductivity is the oxide/metal/oxide hetero-
structure. This multilayer structure combine all the required qualities
and despite the increased number of layers the total electrode thickness
is reduced. Indeed, if the usual thickness of the ITO, FTO, AZO single
films ranges between 150 nm and 250 nm, in the multilayer structures
only 20-40 nm thick oxide layers are used in combination with 7-8 nm
metallic interlayer. Hence, the total thickness of the multilayer elec-
trodes varies from 47 nm to 88 nm (20/7/20 minimum to 40/8/40
maximum). Therefore, if we compare the quantity of ITO needed for a
single layer (about 150-160 nm) with the quantity of ITO used in a
there layer electrode ITO/metal/ITO (20/7/20) it is easy to observe a
reduction by 4 of the ITO quantity necessary for the fabrication of the
multilayer electrodes. The reduction of the single layer electrode thick-

Table 2
Contact angle wetting properties of the oxide top layer of the multilayer
structures oxide/metal/oxide compared to single oxide layer.

Interlayer Thin film layer Thickness (nm)  CA values (deg)  Reference
Au ITO 45 92 [401]
ITO/Au/ITO 45/7/45 60 [40]
AZO 40 109 [40]
AZO/Au/AZO 40/7/40 60 [40]
TiOy 30 78 [40]
TiO,/Au/TiO, 30/7/30 70 [40]
Biy05 35/11/35 84 [40]
Biy03/Au/Biy03 120/7/120 82 [40]
Ag TiO, 28 55 [36]
TiO,/Ag/TiO, 28/8/37 95 [36]
TiO2:Nb 28 70 [36]
TiO,:Nb/Ag/TiOxNb  34/8/42 91 [36]
NiO 63 93 [36]
NiO/Ag/NiO 42/8/72 96 [36]

ness under 120 nm would induce a dramatically decrease of the electri-
cal conductivity due to the well-known semiconductors dimensional ef-
fect. This reduction by four of the material quantity is necessary and
quite imposed, because ITO is a material intensively used in the fabrica-
tion of all today electronic and optoelectronic devices (computers, mo-
bile phones, panels, light emitting diodes, solar cells etc.) and the deple-
tion of the very limited resources of Indium on Earth will soon conduct
to a crisis in this area, if a replacement or consumption reduction solu-
tions are not found. Alternative indium free multilayer oxide/metal/ox-
ide structures, studied since now are: ZnO/Metal/ZnO, AZO/Metal/
AZO, TiOy/Metal/TiO;, NTO/Metal/NTO, (NTO meaning Niobium
doped Titanium oxide), NiO/Metal/NiO, BiyO3/Metal/Bi;O3,
MoO,/Metal/MoOy, SnO,/Metal/Sn0O,, the metallic interlayer being
generally: Au or Ag.

In this paper we present a selection of the main properties of these
oxide/metal/oxide multilayer structures used as bottom or top elec-
trodes in organic (OPV) and perovskite (PVK) solar cells deposited on
flexible substrates. The performance of the devices using these new
electrodes are compared with their performances in the classical config-
uration using ITO or FTO single layer electrodes on the same flexible
substrates.
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Fig. 3. a) Transmission spectra for different series of oxide/metal oxide thin
films b) reflection spectra for the same samples.

2. Fabrication and structural characterization of the
oxide/metal/oxide electrodes

The most employed method for oxide/metal/oxide (OMO) elec-
trodes manufacture is DC or RF magnetron sputtering. The oxide layers
can be deposited from the corresponding oxide materials target or from
metallic targets in reactive atmosphere. The metallic interlayer is de-
posited in neutral conditions, generally under Argon atmosphere. The
deposition by sputtering has several advantages such as a very good
control of deposition parameters and a very high reproducibility. The
rate of deposition is acceptable (between few nanometers by minute up
to few hundreds nanometers in function of the deposition system power
and materials nature) and the method can be used at industrial scale for
deposition on surfaces of several meters square at room temperature.
Other methods used are: e-beam evaporation, thermal evaporation and
self-assembling. For e-beam evaporation and self-assembling the repro-
ducibility and the parameter control are good, but the rate of deposition
is low. The thermal evaporation is a less reproducible method and the
thin films deposition can become difficult in the case of some oxides
due to the very high melting point of these materials (1843 °C for TiO-,
1975 °C for ZnO, 1955 °C for NiO, 1630 °C for SnO,) but can be used for
the deposition of MoO3 (795 °C), Bi»O3 (817 °C), Au (1064 °C) and Ag
(962 °C).

Optical Materials X xxx (xxxx) 100122

The full device preparation for OPV and PVK perovskite varies
slightly from a laboratory to another. Generally the active layers are de-
posited from solutions by spin coating or Doctor Blade method, differ-
ent additive or buffer layers are used to increase the solar cells effi-
ciency. For the classical electrode configuration, with ITO on glass sub-
strates, in 2021 the world record for OPV solar cells was of 18% and the
detailed fabrication procedure of theses solar cells is given in Ref. [30].
For PVK solar cells, the world record to date is of 25.6% for a solar cells
using as active material the FAPbI3 [31], and FTO on glass as transpar-
ent electrode.

The classical and new architectures, using oxide/metal/oxide bot-
tom or top electrodes, of organic and perovskite solar cells are given in
Fig. 1.

From technological point of view, in order to obtain a good trans-
parency and a high electrical conductivity of the oxide/metal/oxide
multilayer structures, the thickness of oxide and metallic layers should
be optimized and chosen carefully. Especially the thickness of the
metallic inter-layer is critical. The optimal value of this thickness is gen-
erally of about 7 or 8 nm. If the metallic film is too thin the obtained
electrodes are not enough conducting and if this layer is too thick the
electrode is not enough transparent and the reflection coefficient is too
high. Of course, in both cases the solar cells performances will be re-
duced. The excellent mechanical performances to bending of these elec-
trodes comparing to single oxides ITO or FTO are due to the ductility of
the metallic films.

The optimization from optical and electrical point of view of the
multilayer architecture can be done not only experimentally, but also
theoretically by ellipsometry modelling [32].

The morphology of the transparent oxide films on PET substrates is
given, as an example, for a series of materials used for oxide/metal/ox-
ide electrodes in Fig. 2. Electrode’s flatness is an important parameter,
especially in the case of bottom electrodes, as roughness can conduct to
short-circuit into the device. Table 1 gives the values extracted from lit-
erature completed with some new data, of the roughness of multilayer
structures deposited on plastic substrates.

As a general remark, the roughness of oxide/metal/oxide films is
higher when the deposition is done on PET substrates than on glass
[33,34]. Also, as can be remarked from Table 1, the roughness is in-
creased in the three layer structures using silver interlayer compared
with those using gold. In the case of structures using Ag, the reduction
of the roughness can be done by the deposition of a second different
metallic layer (Au) as suggested by Girtan in Ref. [33] for ITO/Ag/Au/
ITO (RMS 1.2 nm on glass and 2.4 nm on PET) vs. ITO/Ag/ITO (RMS
2.8 nm on glass and 3 nm on PET), or by co-evaporation of a second
metal (Cu) by Spinelli et al.: ITO/Ag/Cu/ITO on PET (RMS 0.36 nm) vs.
ITO/Ag/ITO on PET (RMS 2.02 nm) [35].

The contact angle measurements (see Table 2) reveal the fact that,
comparing to single oxide thin films, the contact angles decrease for the
multilayer oxide/metal/oxide structures with Au interlayer metallic
thin films and increase for the ones with Ag. These results are in agree-
ment with the observations concerning the roughness measurements.

3. Optical and electrical oxide/metal/oxide thin films transparent
electrodes characteristics

The quality of transparent conducting electrodes is generally appre-
ciate in function of their figure of merit. There are two figures of merit
(FOM) generally used: the figure of merit of Fraser and Cook (1) and the
figure of merit of Haake (2), which formulas are given below:

T
Fre=— 1
7R, €8]
TIO
D =
c= % 2)

q
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Fig. 4. a) The architecture of a CH3NH3PbI3 perovskites solar cell on glass substrate using a MoO3/Au/MoO3 multilayer structure as top electrode b) SEM image in
cross section of a complete device c) Enlarged view of the multi-layer top electrode and schematic of its structure d) transmission spectra of the MoO3/Au/MoOj3 the
top electrode (e) SEM image of Au film f) SEM image of the bottom MoO3/Au film and inset of the two samples. Reprinted with permission from Nano Energy 13

(2015) 249 [41].

here T being the transmission coefficient and Ry, the sheet resis-
tance.

The transmission spectra of different multilayer structures oxide/
metal/oxide are given in Fig. 3 in comparison with the transmission
spectra of transparent ITO commercial thin films used for the prepara-
tion of solar cells and other optoelectronic devices.

Also, as an example, the SEM micrographs and the transmission
spectra of a MoO3/Au/MoO3; multilayer structure used as top electrode
in the architecture of a CH3NH3PbI3 perovskites solar cell on glass sub-
strate are given in Fig. 4.

It can be remark from Figs. 3 and 4, that the optical transmission of
oxide/metal/oxide layers, with few exceptions, is generally lower,
around 80% vs. 90-95% for ITO commercial films. Higher transmit-
tance coefficients or comparable were remarked (see Table 3) for ITO/
Metal/ITO (IMI) multilayer structures when the metallic interlayer do
not exceed 7 or 8 nm. Moreover, from the reflection spectra, it could be
noticed that the reflection coefficients for ITO/Ag/ITO and ITO/Au/
ITO are smaller than those of commercial ITO: 15% vs. 25% at 400 nm.

Hence, from optical point of view, we can mention that the optical
properties of IMI thin films electrodes are comparable or even better
than those of usual ITO. Other good candidates are ZnO/Metal/ZnO
structures with high transmission and low reflection coefficients.
TiO2/Metal/TiO, layers, have high transmittance but also they are
more reflecting, hence their use can be more interesting as back reflect-
ing electrodes combined with another oxide/metal/oxide electrode for
the manufacturing of semitransparent or multi-junctions solar cells.

The combined electrical and optical data collected from literature
are summarized in Table 3 for the films presented previously. The val-
ues marked with a star (*) correspond to the values calculated using the
formulas (1) and (2) when these respective values were not given di-
rectly by the authors. The values of FOM allow to identify faster the se-

ries of materials having the most promising properties. However, it
should be mentioned that their absolute value shouldn’t be taken “ad
literam” or as unique criteria because the calculated values of FOM take
into account the transmission coefficient only for a unique value of the
wavelength (here A = 550 nm) which could be not relevant in we take
into account the absorption domain of solar cells. For the multilayers
structures deposited on plastic substrate, the highest values of Haake
FOM are obtained for ITO/metal/ITO films, followed by equivalent val-
ues for the structures using ZnO, AZO, NiO, TiO,, TiO2:Nb and MoOs.
According to a first study results [40], films of Bi,O3/Au/Bi,O3 present
poorer qualities, but it possible that these characteristic could be im-
proved by an optimization of the deposition parameters.

From electrical characteristic point of view, a major difference of
multilayer structures, comparing to the classical ITO or FTO electrode,
is that one that the electrical conductivity of oxide/metal/oxide is sta-
ble in function of temperature and will not vary during the device func-
tioning as is the case of ITO of FTO films [42].

4. Organic and perovskite solar cells on flexible substrates using
oxide/metal/oxide electrodes

The potential of oxide/metal/oxide and among them, the ones of
IMI (ITO/Metal/ITO) and ZMZ (ZnO/Metal/ZnO) electrodes on plastic
substrates and their advantages compared to classical ITO, was men-
tioned for the first time in 2012 by Girtan in Ref. [33]. In 2014, P. Kubis
et all realized for the first time a flexible module using IMI sputtered
stack as transparent electrode (see Fig. 5).

The IMI electrode characteristics were ITO (40 nm)/Ag (10 nm)/
ITO (40 nm) having a transmission coefficient more than 85% at
550 nm and a sheet resistance of 7.7 Q/sq, which is 7 time less than the
sheet resistance of usual single ITO films on PET (47.4Q/sq) [43]. The
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Table 3

Fraser and Cooke and Haake figures of merit respectively, for the multilayer structures oxide/metal/oxide deposited on PET substrates, calculated at 550 nm

transmittance.

Substrate Multilayer structure Thickness (nm) Ry (/) T(%) » = 550 nm Figure of merit (10-3Q"1) A = 550 nm Reference
Fraser - Cook Haake

PET ITO/Ag/ITO 20/7/20 25 97 39 29 [33]
PET ITO/Au/ITO 20/8/20 16.7 88 53 16 [33]
PET ITO/Ag/Au/ITO 20/7/7/20 6.7 84 127 24 [33]
PET ITO/Ag/ITO 40/10/40 7.7 88 114* 36* [43]
PET ITO/Ag/ITO -/9/- 11.3 70 61.9° 2.5% [35]
PET ITO/Ag/Cu/ITO 40/5/65 16 78.5 49¢ 5.5% [35]
PET ZnO/Ag/Zn0O 25/8/25 16.7 77 46 4 [33]
PET Zn0/Au/Zn0 25/8/25 16.7 82 49 8 [33]
PET Zn0O/Ag/Au/Zn0O 25/8/9/25 10 83 83 15 [33]
PET Zn0O/Ag/ZnO 30/14/30 8 76.5 96* 8.6 [34]
PEN ZnO/Ag/Zn0O 40/10/20 8.61 80 93 12.5% [44]
PET AZO/Au/AZO 40/7/40 - - 32 8 [40]
PET TiOy/Ag/TiOy 24/8/37 1014 84 0.8 0.2 [36]
PET TiOy/Au/TiO, 30/7/30 - - 8 1 [40]
Cellophane TiO/Au/TiO, 30/10/40 9.5 82.1 86 14.6 [37]
PET TiO2:Nb/Ag/TiO2:Nb 34/8/42 11.9 83 69 13 [36]
PET NiO/Ag/NiO 42/8/72 16.4 74 45 3 [36]
PET NiO/Ag/NiO 35/11/35 7.6 80 105* 14.17 [38]
Glass NiO/Ag/NiO 10/15/30 4.2 920 214 83 [45]
PET Bi,03/Au/Biy03 120/7/120 - - 6 0.5 [40]
PET MoO3/Ag(film)/MoO5 40/10/40 6.12 69.8 114.05% 4.47 [39]
PET MoO3/Ag(grid)/MoO3 40/10/40 5.88 76.5 130.1* 11.6 [39]
PET Zn:Sn0,/Ag/Zn:Sn0, 30/12/30 7.5 85 113.3% 26.25 [46]

3 Calculated from available data Rgq and T % from graphs.

Fig. 5. Picture of flexible module using IMI (ITO/METAL/ITO) sputtered stack
as a transparent electrode. Reprinted with the permission from Organic Elec-
tronics 15 (2014) 2256 [43].

layer sequence of all devices was: PET/ITO/Ag/ITO/AZO/P3HT:
PCBM/PEDOT:PSS/Ag with a maximum efficiency of 3.3%, corre-
sponding to a J,. = 0.66 mA/cm?, a Vo, = 8.13V and an FF = 61.60%
under standard illumination of 1000W/m? Solar simulator with
AM1.5G, for a module with a total surface of 70 mm X 50 mm
(3500 mm?).

In 2015, the first large-scale demonstration of fully solution coated,
semitransparent, flexible organic photovoltaic modules deposited on

PET using IMI electrodes was presented at the Universal Exhibition Mi-
lan (see Fig. 6).

The active layer of these cells is a polymer: fullerene blend (PBTZT-
stat-BDTT-8:PCBM) and the efficiency of the modules PET/ITO/Metal/
ITO/PEDOT:PSS/PBTZT-stat-BDTT-8:PCBM/Ag, with a surface of
114.5 cm? is around of 4.5% [47].

More recently (2021) the IMI multilayer structures were used as top
electrodes for the manufacturing of semi-transparent perovskites solar
cells deposited on PET substrate (see Fig. 7) [35].

An increase of the efficiency of perovskite solar cells using three lay-
ers oxide/metal/oxide electrodes
PET/IZO/PTAA/PVK/C60/Sn0O,/ITO/Ag/ITO (PCE = 9.02%) was re-
marked compared to the standard structure using a single layer ITO
electrode PET/IZO/PTAA/PVK/C60/SnO,/ITO (PCE = 7.96%), [35].

The studies of OPV and PVK solar cells using oxide/metal/oxide
electrodes, in general, and in particular on flexible substrates are very
limited up to now. In some cases, due to the lack of data, in the Table 4
here below, the performances of devices deposited on glass substrates
are given as example in the case of some unique investigations, as for
example for TiO,/Ag/TiO, (TAT) electrodes for OPV solar cells or NiO/
Ag/NiO (NAN) for PVK solar cells. Table 4 summarized the data col-
lected from literature concerning the OPV and PVK solar cells deposited
on PET or other flexible substrate using ITO/Metal/ITO (IMI), ZnO/Ag/
ZnO (ZAZ), TiO,/Ag/TiO, (TAT), NiO/Ag/NiO (NAN) or other DMD
(dielectric/metal/dielectric) or OMO (oxide/metal/oxide) transparent
electrodes. In fact, all these multilayer structures are DMD or OMO mul-
tilayers structures, but as it does not exist yet a unified admitted abbre-
viation, the one indicated in Table 4 corresponds to the abbreviation
chosen by the majority of authors in their respective papers. Hence, the
MoO3/Au/Mo0Os electrodes are usually designated as DMD electrodes
and not MAM as one can expected compared to the other multilayer
structures mentioned previously. The performances of the devices using
oxide/metal/oxide top or bottom electrodes, are compared (when these
data are available) with the performances of the devices of the same se-
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Fig. 6. Images of A) a commercial module fabricated by BELECTRIC OPV using ITO/Metal/ITO electrodes on plastic substrates B) chemical structure of the
polymer used: PBTZT-stat-BDTT, and C) large scale deployment of BELECTRIC OPV modules at the Universal Exhibition Milan 2015. Reprinted with permission

from Advanced Science 3 (2015) 1500342 [47].

ries in standard configurations. In this case, the variation of the effi-
ciency (VAR PCE%) is given in the fifth column of solar cells perfor-
mances after Jg, Vo, FF and PCE.

As one can see, the performances of the devices using oxide/metal/
oxide electrodes are comparable to the standard ones. The usual rela-
tive variations in efficiency (Nwith oMo - Nstandard)/Mstandard are of +25%.

For OPV Solar cells using NiO/Ag/NiO electrodes on PET substrates
an increase of the efficiency from 4.42% for the classical architecture
PET/ITO/PEDOT:PSS/PBDTT-C:PCBM/LiF/Al to 5.55% was obtained
when ITO was replaced with an NAN electrode: PET/NiO/Ag/NiO/PB-
DTT-C:PCBM/LiF/Al. The I-V characteristics of these devices are given
in Fig. 8 [38].

Another successful device is a PVK solar cell realized in 2019 by
Hongjiang Li et all. of an ultra-flexible and biodegradable perovskite so-
lar cells with an efficiency of 13% utilizing ultrathin cellophane paper
substrates and TiO2/Ag/TiO; transparent electrodes (see Fig. 9).

Other recent research mentioned the manufacturing of flexible PVK
solar cells using Titanium or paper substrates and MoO,/Ag/MoOy as
top electrodes [48,49]. The efficiencies obtained for the devices de-
posited on Titanium foil were of 14.5% and for those on paper of 2.7%.

The interest of transparent oxide/metal/oxide electrodes increase
constantly last year due also to their potential in the fabrication of semi-
transparent solar cells and also as intermediate electrodes for tandem

solar cells. However, until now the majority of existing data refers on
devices deposited on glass substrates.

5. Conclusions

The present work offers a novel approach in successfully exploiting
the oxide/metal/oxide as bottom or top electrodes for organic and per-
ovskite solar cells.

The properties of different type of oxide/metal/oxide electrodes
such as: ITO/Metal/ITO, ZnO/Au or Ag/Zn0O, NiO/Ag/NiO, TiO2/Ag/
TiO2, MoO3/Ag/Mo03, SnO2/Ag/Sn02 etc. are analyzed. The most
promising materials and the best choices in term of layers thickness are
identified for obtaining high quality electrodes. The solar cells perfor-
mances using these three layer electrodes are compared with those of
the same devices in the classical configuration using ITO or FTO on
plastic substrates as bottom electrodes or Au and Ag silver as top elec-
trodes.

The unique mechanical, optical and electrical properties of oxide/
metal/oxide electrodes make them more suitable for the deposition on
flexible substrates such as paper, cellophane, PET, recycled PET or
other plastic substrates than the classical ITO or FTO films which are
brittle and do not resist to bending, torsion or other mechanical stress.
These properties associated with a highly efficient lightweight and flex-
ible device, demonstrate that these new structures can replace easily
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Fig. 7. Schematic of a High Bandgap perovskite solar cell of p-i-n configuration
on PET substrate with an ITO/Ag/ITO top electrode. Reprinted with permission
from Applied Physics Letters 118 (2021) 241110-1 [35].
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the classical ITO of FTO electrodes. This replacement will lead to the re-
duction or the suppression of a series of rare materials used for solar
cells fabrication and also offers the possibility to use recycled materials
or biodegradable materials as supports. Moreover, transparent conduct-
ing oxide/metal/oxide can also replace the Au or Ag top electrodes,
opening hence the area for the development of a new class of solar cells,
the one of semi-transparent organic and perovskites solar cells on flexi-
ble substrates.
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Table 4
OPV and PVK solar cells performances using oxide/metal/oxide electrodes in comparison with their characteristics in the classical (standard) configuration using
ITO, 1ZO, FTO (bottom) or Ag, Au (top) electrodes.

Type of structure OMO or DMD vs. Standard  Cell  Cell architecture Best solar cells performances compared  Year Ref.
configuration single ITO or FTO type to standard architecture
Jse Vo FF  PCE Var

(mA/em?) (V) (%) (%) PCE
(%)

IMI ITO/Ag/ITO OPV PET/ITO/Ag/ITO/AZO/P3HT:PCBM/PEDOT:PSS/Ag (cell) 8.86 0.57 64.0 325 - 2014
ITO/Ag/ITO PET/ITO/Ag/1TO/AZO/P3HT:PCBM/PEDOT:PSS/Ag (module) 0.66 8.13 61.6 3.3 -
ITO (Standard) PET/ITO/AZO/P3HT:PCBM/PEDOT:PSS/Ag - - - -
ITO/Metal/ITO PET/ITO/Metal/ITO/PEDOT:PSS/PBTZT-stat-BDTT-8:PCBM/Ag 12.6 0.77 67 6.5 - 2015 [47]
(cell)
ITO/Metal/ITO PET/ITO/Metal/ITO/PEDOT:PSS/PBTZT-stat-BDTT-8:PCBM/Ag 9.8 0.78 64 4.8 -
(module)
ITO (on glass) glass/ITO/PEDOT:PSS/PBTZT-stat-BDTT-8:PCBM/Ag (cell) 14.3 08 68 75 -
ITO (Standard) PET/ITO/PEDOT:PSS/PBTZT-stat-BDTT-8:PCBM/Ag - - - -
ITO/Ag/ITO PVK PET/IZO/PTAA/PVK/C60/SnOx/ITO/Ag/ITO (top electrode) 13.20 1.03 66.4 9.02 +13.3 2021 [35]
ITO/Ag/Cu/ITO PET/1ZO/PTAA/PVK/C60/Sn0x/ITO/Ag/Cu/ITO (top electrode) 13.70 1.03 63.1 8.91 +11.9
ITO (Standard) PET/IZO/PTAA/PVK/C60/SnOx/ITO 13.20 1.04 57.9 7.96
ZAZ ZnO/Ag/ZnO OPV glass/ZnO/Ag/Zn0O/MoO3/P3HT:PCBM/Al 9.50 0.54 50.0 2.58 -13.7 2013 [50]
ITO (Standard) glass/ITO/MoOs/P3HT:PCBM/Al 10.90 0.54 51.0 2.99
ZnO/Ag/ZnO PET/Zn0O/Ag/Zn0O/P3HT:PCBM/PEDOT:PSS/Ag 6.00 0.51 60.0 1.86 -25.6 2014 [34]
ITO (Standard) PET/ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag 8.30 0.52 58.0 2.50
ZnO/Ag/ZnO PEN/Zn0O/Ag/Zn0O/PIDT-PhanQ:PCBM/Mo0O3/Ag 11.00 0.87 64.0 6.04 +8.2 2014 [44]
ITO (Standard) PEN/ITO/PIDT-PhanQ:PCBM/Mo003/Ag 11.90 0.82 57.0 5.58
TAT TiO,/Ag/TiO, OPV  glass/TiO2/Ag/TiO2/PTB7:PCBM/PEDOT:PSS/Ag 17.54 0.76 658 870 +16 2015 [51]
ITO (Standard) glass/ITO/TiO,/PTB7:PCBM/PEDOT:PSS/Ag 15.64 0.75 64.3 7.50
TiO,/Ag/TiO, glass/TiOx/Ag/TiOx/ZnO/P3HT:PCBM/PEDOT:PSS/Ag 8.37 0.52 62.0 2.70 -14.0 2016 [52]
ITO (Standard) glass/ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag 9.17 0.53 63.0 3.14
TiO,/Ag/TiO, glass/TiO2/Ag/TiO2/MoOs/P3HT:PCBM/LiF/Al 8.78 0.51 49.0 218 + 2016 [53]
101.8
ITO (Standard) glass/ITO/MoO3/P3HT:PCBM//LiF/Al 6.04 0.44 44.0 1.08
TiO,/Ag/TiO, PVK cellophane/TiO2/Ag/TiO2/C60 pyrrolidinetris-acid (CPTA)/ 17.75 1.04 70.0 13.00 - 2019 [37]
CH3NH3PbI3/Spiro-OMeTAD/Au
TiO,/Ag/TiO, glass/TiO2/Ag/TiO,/C60 pyrrolidinetris-acid (CPTA)/ 19.80 1.04 72.0 14.88 -
CH3NH3PbI3/Spiro-OMeTAD/Au
FTO (Standard) cellophane/FTO/TiO2/C60 pyrrolidinetris-acid (CPTA)/ - - - -
CH3NH3PbI3/Spiro-OMeTAD/Au
NAN NiO/Ag/NiO OPV glass/NiO/Ag/NiO/PBDTT-C:PCBM/LiF/Al 13.37 0.71 64.0 6.07 +2.8 2014 [38]
ITO (standard) glass/ITO/PEDOT:PSS/PBDTT-C:PCBM/LiF/Al 13.92 0.70 61.0 5.90
NiO/Ag/NiO PET/NiO/Ag/NiO/PBDTT-C:PCBM/LiF/Al 12.91 0.71 61.0 5.55 +25.5
ITO (standard) PET/ITO/PEDOT:PSS/PBDTT-C:PCBM/LiF/Al 13.20 0.70 48.0 4.42
NiO/Ag/NiO PVK glass/FTO/TiO,/CH3NH3PbI3/SpiroOMeTAD/NiO/Ag/NiO (top 19.96 1.06 73.1 15.80 -13.1 2018 [45]
electrode)
NiO/Ag/NiO glass/Eu(TTA)y(Phen)MAA/FTO/TiO,/CH3NH3PbI3/ 27.10 - - 19.50 +7.1

SpiroOMeTAD/NiO/Ag/NiO/Lantanides doped NaYF4/Ag
(intermediate electrode in tandem solar cells)

Au (standard) glass/FTO/TiO,/CH3NH3PbI3/SpiroOMeTAD/Au 22.60 1.07 74.7 18.20

NiO/Ag/NiO glass/ITO/NiO/Ag/NiO/MAPbI3/C;,/BCP/Ag (hole transport 20.07 094 619 11.68 +5.9 2020 [54]
layer)

NiO (standard) glass/ITO/NiO/MAPDI3/C;,/BCP/Ag (hole transport layer 19.45 0.94 60.3 11.02

NiO/Ag/NiO glass/ITO/NiO/Ag/NiO/FAMA.,/C70/BCP/Ag (hole transport 22.97 095 581 12.67 -
layer)

NiO (standard) (hole transport layer) - - - -

DMD (OMO) MoO3/Au/MoO3 OPV glass/Al/ZnO-np/P3HT:PCBM/Mo0O3/Au/MoOs (top electrode) 6.70 0.59 63.0 250 -19.3 2012 [55]
MoO3/Au/MoO3 PET/Al/ZnO-np/P3HT:PCBM/Mo00O3/Au/MoOj (top electrode) 6.50 0.60 62.0 2.40 -225
MoO3/Ag/MoOs3 glass/Al/ZnO-np/P3HT:PCBM/Mo03s/Ag/MoOs3 (top electrode) 5.50 0.59 61.0 2.00 -35.4
ITO & Mo0O3/Al (standard) glass/ITO/ZnO-np/P3HT:PCBM/Mo03/Al 8.10 0.62 61.0 3.10
MoO3/Ag/MoO3 PET/Mo0O3/Ag/Mo0O3/P3HT:PCBM/Ca/Ag 6.63 0.63 64 2.50 2015 [56]
ITO (standard) PET/ITO/P3HT:PCBM/Ca/Ag - - - -

MoO3/Ag/MoO3 glass/MoO3/Ag/Mo0Q3/P3HT:PCBM/Ca/Ag 6.21 0.64 64 271 -49

ITO (standard) glass/ITO/P3HT:PCBM/Ca/Ag - - - 2.85

Mo0O3/Ag/MoO3 glass/ITO/Alqs/Cgo/SubPc/M003/Ag/Mo0Os3 (top electrode) 5.04 0.94 48.0 234 -22 2021 [57]
MoO5/Al (standard) glass/ITO/Alqs/Cgo/SubPc/M0o03/Al (top electrode) 5.60 0.94 57.0 3.00

(continued on next page)
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Type of structure OMO or DMD vs. Standard  Cell  Cell architecture Best solar cells performances compared  Year Ref.
configuration single ITO or FTO type to standard architecture
Jse Voe FF  PCE Var
(mA/em?) (V) (%) (%) PCE
(%)
MoO3/Au/MoO3 PVK glass/FTO/CH3NH3PbI3/SpiroOMeTAD/Mo0O3/Au/Mo0Oj3 (top 20.40 0.98 58.0 13.60 - 2015 [41]
electrode)
Au (standard) glass/FTO/CH3NH3PbI3/SpiroOMeTAD/Au - - - -
MoO,/Ag/Au/MoOx glass/ITO/TiO/CH3NH3PbI3/Spiro-OMeTAD/MoOy/Ag/Au/ 14.6 1.05 751 11.5 -30 2015 [58]
MoOx (top electrode)
Au (standard) glass/ITO/TiOx/CH3NH3PbI3/Spiro-OMeTAD/Au 21.10 1.07 73.4 16.5
MoO3/Au/Ag/MoO3 NOA63 (polymer)/MoOs/Au/PEDOT:PSS/CH3NH3PbI3/PCBM/ 14.67 0.94 623 8.60 - 2016 [59]
MoO3/Au/Ag/MoOs/Alqs
MoO3/Au/Ag/MoO3 NOA63 (polymer)/ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Mo00O3/  18.21 0.94 70.0 12.02 -
Au/Ag/MoO03/Alqs
Au (standard) NOA63(polymer)/ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Au X - - -
MoO,/Ag/MoOy glass/FTO/TiO,/CH3NH3PbI3/Spiro-OMeTAD/MoO,/Ag/MoOy 18.29 1.00 68.0 1245 - 2019 [49]
(top electrode)
MoO,/Ag/MoOy Ti foil/TiO,/CH3NH3PbI3/Spiro-OMeTAD/MoOy/Ag/MoOy (top  18.1 1.07 75.0 145 -
electrode)
Au (standard) glass/FTO/TiO,/CH3NH3PbI3/Spiro-OMeTAD/Au - - - -
DMD SnOy/Ag/SnOy OPV  glass/ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/AZO/SnOx/Ag/SnOx  11.2 0.86 73.0 11.2 +12 2017 [60]
Ag (standard) glass/ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/AZO/Ag 10 0.84 70.2 10
0
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Fig. 8. (a) The architecture and (b) the I-V characteristics of an OPV solar cells using NiO/Ag/NiO electrodes on PET substrates. Reprinted with permission from ACS
Applied Materials and Interfaces 6 (2014) 16403 [38].
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Fig. 9. PVK solar cell on cellophane substrate having the following architecture: cellophane/TiO/Ag/TiO2/C60 pyrrolidinetris-acid (CPTA)/CH3NH3PbI3/Spiro-
OMeTAD/Au. Reprinted with permission from Solar Energy 188 (2019) 158 [37].
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