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Electrodeposition as a Versatile Preparative Tool for
Perovskite Photovoltaics: Aspects of Metallization and
Selective Contacts/Active Layer Formation

Diego Di Girolamo* and Danilo Dini*

Perovskite-based photovoltaics (PV) is expected to play a central role in sus-
tainable energy production during the next decades. Several companies are
investing intensively to develop a market-ready product with efficiency and
stability rapidly improving. The craft of making perovskite solar cells (PSCs)
consists in the art of thin-film deposition, with electrodeposition (ED) repre-
senting one of the most versatile techniques available. The ED’s role in the
development of perovskite PV with its advantages, drawbacks, and perspectives
is analyzed herein. The ED of inorganic or organic/polymeric selective contacts
enables high-efficiency devices. Moreover, by exploiting properly designed
functional barriers it is possible to rely on ED for the metallization of perovskite
solar cells through the deposition of copper. The latter aspect could be partic-
ularly relevant for the development of silicon/perovskite tandem PV at the TW
scale. On the other hand, the ED of the active layer is less successful to date
mainly due to solubility issues of the perovskite in electrochemical polar solvents.

1. Introduction

In general terms, electrodeposition (ED) can be defined as the
electrochemical technique that allows the deposition of thin films
onto a conductive substrate the deposited film being a product of
a redox reaction driven electrochemically. To a certain extent, ED
could be considered a hybrid approach that shares most of the
advantages of both chemical and physical thin-film deposition
techniques. ED is conducted from precursor solutions without
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the need for vacuum as most printing/coat-
ing techniques. In contrast, ED allows a
strict and direct control over nucleation
and growth of the target film like gas
phase-based techniques. As it will be dis-
cussed in the conclusive part of this per-
spective article (vide infra), ED is gaining
momentum in the photovoltaics (PV)
industry mainly due to the promising
results on copper metallization with the
primary intention of replacing the screen-
printed silver busbars in silicon PV.
However, in thin-film PV, the versatility
of ED could be exploited much more inten-
sively with respect to what is presently
accomplished with ED in the ambit of
PV. Perovskite PV is the emerging thin-
film technology within PV and with regard
to ED, the surface enclosing the potentiali-
ties of PV has been just scratched. In this
perspective article, we will report a concise
description of the fundamental theory of ED in the initial section.
In the successive section, the advancements concerning the ED
of selective contacts will be reviewed including a discussion of
the potentialities and limits of active layer electroplating. In
the final section, the recent developments on metallization for
perovskite solar cells (PSCs) via ED will be highlighted.

2. ED for PV Purposes: General Features

Figure 1 shows the experimental electrochemical setup (an ordi-
nary three-electrode cell) for the conduction of an ED process
(sketch 1a), and the voltammogram (plot 1b) and the chronoam-
perogram (plot 1c) recorded with the apparatus of 1a when a hole-
transporting layer of NiOOH is electrodeposited onto indium tin
oxide (ITO).!" This specific case is characterized by the presence
of a nucleation loop in the voltammogram (Figure 1b), which is
originated from the succession of the redox processes of oxidative
electrodeposition of NiOOH and oxygen evolution reaction (OER)
when the potential is scanned in the region of oxidative ED.
The loop is originated by the increasing electrochemical
activity of the ITO substrate (working electrode (WE)) after the
NiOOH is deposited on ITO. In the cathodic branch, the deposit
of NiOOH is reduced to the Ni(II) hydroxide Ni(OH),. With the
appearance of the loop, cyclic voltammetry becomes a useful
technique to identify the potential range within which ED takes
place. The chronoamperogram starts with a low current value
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Figure 1. a) Schematic representation of the ED setup with a three-electrode electrochemical cell: working electrode (WE), counter electrode (CE), and
reference electrode (RE). WE represents the ED substrate while CE assures the passage of the current through the electrolyte and warrants electrical
continuity with the external circuit. RE allows the control of the potential of WE with respect to the constant potential value of RE (non-polarizable
electrode). b) Typical cyclic voltammetry with the nucleation loop at high potential (regime of oxidative ED). c) Representative current transient recorded
during the potentiostatic ED process of NiOOH on ITO (same system of Figure 1b).

due to the kinetic barrier for the nucleation of the electroactive
NiOOH deposit. Afterward, the current increases due to the
growth of the deposit as schematically reported in the inset of
Figure 1c. The analysis of the current transient provides insights
into the mechanism, kinetics, and dimensionality of ED as
reported in.["

ED consists of the formation of a new adherent phase at the sur-
face of WE through the occurrence of an electrochemical
reaction conducted under potential/current control. In ED, the
WE is then the substrate for the deposition of the film while the
counter electrode (CE) serves to warrant the current flow through
the circuit and is the site at which a second redox reaction occurs
(the redox process at CE is not necessarily known or precisely
defined). The employment of reference electrode (RE) allows the
control of WE potential thanks to the fact that WE and RE are,
respectively, polarizable and non-polarizable electrodes. The three
electrodes setup (Figure 1a) allows a strict control over the current
density (J) — voltage (V) relationships of the electrochemical system:
the current flows between WE and CE and through the external
circuit, while the voltage is continuously measured between the
WE and RE. There exists various REs the Ag/AgCl being the most
popular. CE is usually a metal (e.g., platinum) and there is not much
interest into the details of the corresponding redox processes (vide
supra), its only requirement being the ability to sustain the desired
current. In contrast, the electrochemical reaction at the CE surface
can affect the whole ED process in a twofold way: 1) the soluble
products of the CE reaction alter the composition of the electrolyte
and, consequently, the electrochemistry of the system (with varia-
tions of the electrical potential of redox reaction); and 2) the CE sur-
face in contact with the electrolyte can alter its chemical
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composition and morphology with time thus leading to a modifi-
cation of the redox process at CE and its corresponding potential.

These considerations urge the operator to realize a clever
design of the cell to achieve a reproducible and predictable
ED process. The recovery of the side products of ED is another
crucial aspect to reduce the costs and limit the environmental
impact of this technique.

The characterization of the electrochemical properties of the
deposits can be accomplished with the technique of cyclic vol-
tammetry: it consists of the scan of WE potential versus the fixed
potential value of a RE within a predefined range and at an adjust-
able rate. This allows the identification of the potential values at
which the WE surface generates an electrochemical process. In
Figure 1b, we show the typical cyclic voltammetry for Ni(AcO),
aqueous solution electrolyte with ITO as WE and Ag/AgCl as RE
(CE: Pt wire). The cyclic voltammetry is conducted at a very slow
scan rate (2mV s~ ') to minimize kinetic effects due to the slow
diffusion of reactants, and to identify accurately the potential val-
ues at which electrochemical processes occur (for the details of
the technique of cyclic voltammetry please refer to?)). In this spe-
cific case, we observe a first voltammetric peak highlighted in red
in the figure, which is attributed to the oxidation Ni*" — Ni**
with resulting precipitation/deposition of NIOOH. Upon poten-
tial increase, oxygen evolution reaction (ORR) takes place and
governs the electrochemistry of the system. When the potential
scan is reversed a nucleation loop is observed (cathodic and
anodic branches overlap), thus proving the modification of
WE electrochemical activity. The presence of a nucleation loop
is an indicator for the occurrence of deposition. The loop in the
voltammogram usually arises for the faster kinetics of the
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growth with respect to the nucleation process: the step of target
film nucleation accelerates the reaction of deposition.
In contrast, side reactions can complicate the quantitative
analysis of the process of film deposition since the current
density associated with the ORR is larger than that associated
with the NiOOH electroplating with the loop originated by the
faster oxidation of water on NiOOH (the growing target film)
than on ITO (the substrate). In case the electrodeposited
film is an electrical insulator, the electrochemical activity of
the surface-modified WE will drastically decrease after the
occurrence of the deposition.

In some cases, the cyclic voltammetry can be also considered
as a potentiodynamic deposition route® for PV purposes and
complements the other more common ED procedures of
galvanostatic and potentiostatic deposition.* In galvanostatic
deposition, the current density value between WE and CE is
set at a predefined fixed value, while in the potentiostatic mode
it is the voltage between WE and RE to be the fixed parameter. In
both cases, if the values selected are suitable for the deposition,
the film will grow with time and a chronopotentiogram (for the
galvanostatic mode) of chromoamperogram (for the potentio-
static mode) will be recorded. Figure 1c shows the typical chro-
noamperogram for the system displaying the cyclic voltammetry
of Figure 1b. The occurrence of a simple electron transfer reac-
tion would have manifested itself with a J(t) profile presenting a
time decreasing current until the reach of a steady-state value
(kinetics under diffusion control in accordance to Cottrell
equation'>>®)). It is observed, instead, an increase of the current
density with time (Figure 1c) thus proving the enhancement of
the electrochemical activity of the continuously modifying WE.
At the onset of the applied potential, the reaction is slow (small
current density) due to the kinetic barrier associated with the
nucleation of the new phase. Successively the reaction accelerates
with the growth of the deposited film until a steady state is
reached. These kinds of transients are very insightful since
provide an in situ monitoring of the electrochemical deposition.
In this regard, several models®'" have been developed over the
years to extract information such as the nucleation rate, the
nuclei density, or the growth dimensionality. The application
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of an appropriate model allows a precise and rational manipula-
tion of the process without any additional complication to the
instrumental setup with this representing one of the greatest
advantages of ED over nonelectrochemical deposition
techniques.

3. PSCs

PV based on metal halide perovskite as photoactive material is
one of the most interesting technologies for the future of solar
energy harvesting.'¥ The unprecedented combination of high
efficiency and ease of production, via low-cost printing
techniques, promises a broad application ranging from tandem
with silicon cells in MWh solar fields™™! to building-integrated
photovoltaics!** and solar-assisted electric transport, just to name
a few. A PSC is based on a p-i-n junction (Figure 2), where the
perovskite is the (pseudo)intrinsic layer that harvests the light
and, consequently, creates pairs of free electrons and holes.
The contacting n and p layers act selectively for collecting
electrons and holes, respectively.

The p-i-n junction is sandwiched between two electrodes,
which can be either transparent (ITO or fluorine-doped tin
oxide (FTO)) or opaque (metals or carbon). The fabrication of
PSCs consists of the sequential deposition of the various func-
tional layers. On a lab scale, spin-coating is the prevailing tech-
nique for the deposition of each layer (except for the electrodes
or specific materials such as Cgp, which is evaporated).
However, spin coating has a limited attraction when consider-
ing industrial production for several reasons: it can’t be imple-
mented in sheet-to-sheet and roll-to-roll production lines and,
most importantly, is not suitable for up-scaling. Therefore, it
is not surprising that the record efficiencies of perovskite PV
have been achieved with small area devices (less than
1 cm®™®)). In contrast, ED is suitable for upscale and, in certain
configurations, also for in-line production. In the following, we
will discuss how ED of the perovskite layer has certain intrinsic
limitations or difficulties, while the most interesting results
have been achieved when looking at the ED of selective contacts
and of substrate-electrodes.

electrode

ETL

electrode

perovskite

planar p-i-n

Figure 2. Various configurations of PSCs. Left sketch: The n-i-p configuration, also known as “direct architecture”, presents the n-type selective contact
(electron-transporting layer, ETL) on the transparent substrate of the solar cell and can be either planar or mesoporous (middle sketch). The latter
comprises a mesoporous layer of n-type metal oxide, such as TiO,. Right: the p-i-n or “inverted” architecture is characterized by the p-type selective
contact coating the transparent substrate. The inverted configuration employs a commonly planar hole-transporting layer (HTL) and much less frequently
a mesoporous one. Reproduced with permission.' Copyright 2013, American Chemical Society.
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4, Selective Contacts ED

Several transition metal oxides (TMOs) have been implemented
as selective contacts in PSCs: TiOz,“G’m NiO,[lg‘w] CuO,[Zol
V,05.2' When ED of TMOs from aqueous electrolytes is consid-
ered, the electrochemical generation of an oxy-hydroxide
precursor phase at the WE represents the target.*?% The elec-
trochemical reaction can involve a metal cation or the solvent
with the process consisting of either a reduction at the cathode
or an oxidation at the anode. In case of NiO, a p-type contact
mainly implemented in the p-i-n architecture®*?*! (Figure 2)
as HTL, it has been demonstrated that ED can be conducted both
in anodic and cathodic modes. For such a reason of synthetic
versatility, NiO represents a useful example for discussing the
two different ED routes. In the anodic electrodeposition, the
oxidation of Ni** at the WE drives the nucleation and growth
of the NiOOH phase onto the WE substrate. The overall reaction
can be represented as follows

NiZF SNt + e— (1)
Ni** + 20H=NiOOH + H* @)

This two-step mechanism comprises the succession of an
electrochemical (I) and a chemical (II) step for the formation
of NiOOH precursor. The latter species, in turn, is transformed
into NiO upon thermal annealing at 300 °C (final step of dehy-
dration).*®?”] The authors conducted anodic ED from an aque-
ous solution of Ni(AcO),. An interesting nanoflakes morphology
in the NiO/NiOOH deposit was observed, which can be precisely
tuned when the deposition is conducted potentiostatically when
the potential value falls within the range 0.9-1.1V versus Ag/
AgCl (Figure 3a). Notably, the corresponding power conversion
efficiency (PCE) of the NiO-based solar cells (Figure 3b) strongly
correlates with the morphology of the resulting NiO film,
especially for the direct influence morphology exerts on the
parameter of the fill factor (FF, Figure 3c). Similar observations
were reported by Park and coworkers®® who exploited the
cathodic ED of NiO. In this case, Ni(NOs), is required as precur-
sor [with Ni(II) as a starting reacting species] since the deposition
proceeds through the following steps

NO;~ + 7H,0 + 8¢ =NH; + 100H~ (3)
Ni** 4+ 20H~=Ni(OH), (4)

Here, the electrochemical reaction involves the counteranion
of the Ni(II) salt, i.e., nitrate (or alternatively the oxygen in the
electrolyte) with the local increase of the pH acting as the driving
agent of the precipitation of Ni(OH),. The latter (vide supra) con-
verts into NiO following the thermal annealing and dehydration.

Similar to our case, Park reported a higher efficiency for the
more compact film, confirming the importance of controlling the
morphology of the NiO layer. The high FF is attributable to excel-
lent hole extraction benefiting from the nanoscale roughness of
electrodeposited NiO. These results show that the control over
the morphology of the hole selective contacts is important to
increase the performances of PSCs.***® The mechanisms going
through the couples of steps (I)/(II) and (I1I)/(IV) can apply also
for the deposition of other TMOs like TiO,,*7! ZnO,?

Sol. RRL 2022, 2100993 2100993 (4 of 10)
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Sn0, B*** or Cu0.®>! CuSCN, which is another suitable choice
for a stable p-type interface®® could be electrodeposited in a
p-i-n configuration by reducing Cu*™ in an SCN™ containing
electrolyte (mimicking the cathodic route for TMOs).?”)

As an alternative to metal oxides and other inorganic materi-
als, various organic selective contact can be implemented into the
PSCs as selective contacts. These include polymers®® or “small-
molecules.” The main advantages of organic materials are the
possibility to alter the chemical structure and, consequently, to
tune finely the energy levels and the chemical interaction with
the perovskite surface.*” The main drawback is the poor ability
as a physical barrier for moisture, oxygen, or migrating ions
within the device despite the possibility of intervening with
the addition of nonpolar groups as substituents. Self-assembled
monolayers appear as a promising solution to this problem,
owing to their covalent bond with the transparent electrode.!*>*!!
Alternatively, extensive fluorination of the organic compounds
improves the properties as a barrier for moisture.*” The ED
of organic polymers is usually referred to as electropolymeriza-
tion.**** A particularly interesting example is the work from
Mei and coworkers, who demonstrated an efficiency above
20% exploiting an electropolymerized polyaniline (PAN) hole
selective layer on FTO, in inverted architecture!*! (right sketch
of Figure 2 and 3d-f). Electropolymerization of aniline proceeds
during anodic polarization in presence of an acidic species. Mei
employed dodecylbenzene sulfonic acid (DBSA) to conduct the
anodic electropolymerization; however, it replaced the bulky
organic anion with chloride to improve the properties as a
substrate for the perovskite growth (Figure 3d). Benefiting from
the improved conductivity of the CI-PAN film with respect to
DBS-PAN (Figure 3e) the efficiency of solar cells exceeded
20%, with respect to the literature reporting around 15% of
PCE (Figure 3f). One of the advantages of electropolymerization
is the low cost of reactants, since only the monomers are required
when ED cell, solvents, and electrolytes are available. The aspect
of reagents cost is in favor of the electrochemical preparation of
conducting polymers from monomer electropolymerization
versus the chemical routel*® since high purity polymers with
a low polydispersity index are usually extremely expensive for
the high costs of purification. Besides PAN, the electropolyme-
rization of PEDOT on top of perovskite has been considered to
show some limits in the performance of the resulting device.!*”)
A possible step further in the use of conductive polymers as
selective contacts in perovskite PV could be moved by employing
different types of poly- and oligo-thiophenes (especially the alkyl-
substituted ones)**~*! when this class of materials is deposited
onto the substrate of interest via ED."**”] Besides the synthesis
via electropolymerization, the class of polythiophenes (PTs)
presents the additional advantage of being indifferently p-5#-¢"
and n-doped'®***! via an electrochemical procedure of oxidation
and reduction, respectively. This feature can lead to the prepara-
tion of electrochemically deposited and electrochemically doped
hole-transporting layer HTL and electron-transporting layer
(ETL) based on the same substrate of PT (or oligothiophene).
Interestingly, oligothiophenes can undergo also phenomena of
solid-state polymerization!®*! due to the electrochemical coupling
of these species (with typically 3-6 thiophenic units) when these
are adsorbed and immobilized onto the substrate of interest. The
phenomenon of oligothiophenes’ solid-state polymerization
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Figure 3. a) Morphology of NiO-HTL obtained from the thermal annealing of NiIOOH after anodic potentiostatic ED. Porosity of the nanoflakes network
is controlled through adjustment of deposition potential. Smaller pores and a more compact morphology is obtained at higher ED potentials (corre-

sponding to faster ED). Reproduced with permission.*®! Copyright 2019,

Elsevier B.V. b) PCE of inverted PSCs employing electrodeposited NiO at

different potentials. PCE increases with the plating potential due to FF increase (c). d) Schematics of ED of polyaniline (PAN) and chemical conversion
into the dodecyl benzenesulfonic acid (DBSA) doped DBS-PAN to obtain chloride doped polyaniline (CI-PAN). CI-PAN is obtained through an exchange
reaction between the DBSA and HCl. ) The electrical conductivity of CI-PAN results is larger than that of DBS-PAN with the consequent increase of the
PCE of the PSCs due to larger J.., Vo, and FF (f). Reproduced with permission.*! Copyright 2021, American Chemical Society.

could be profitably exploited in perovskite PV in case the operator
wishes the polymerization of a limited number of adsorbed
thiophenic units to attain films of selective contacts approaching
the monolayer limit.

An important aspect that should be considered here is the
effect of the TCO sheet resistance on the large area uniformity
of the electrodeposited selective layer. With TCO substrates
larger than a few cm?, an increasing voltage loss will be experi-
enced moving away from the contacting area. The voltage drop
will be larger for higher currents. Therefore, a possible strategy to
minimize the non-uniformity of the film is to work with as low as
possible current densities. However, this approach limits the
versatility of the electrodeposition. A possible solution has been

Sol. RRL 2022, 2100993 2100993 (5 of 10)

proposed by De Rossi and coworkers,®* who exploited a metallic
grid to contact the TCO substrate for the electrodeposition.
Notably, the grid could fit the dead-area of the p1-p2-p3 scribing
employed to design Z-connected solar modules.[*®!

5. Electrodeposited Perovskites

Undoubtedly, the most important and characteristic part of a
PSC is the photoactive layer of halide perovskite itself. For that,
it is fundamental to achieve a high quality of the perovskite in
terms of crystallinity, phase purity, and morphology to minimize
detrimental nonradiative recombination and push the efficiency

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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close to the Shockley—Queisser limit. In this respect, ED appears
as an intrinsically problematic technique for the deposition of the
perovskite film with all the reported desirable characteristics. The
main reason for that is the not negligible solubility of perovskite
in the polar solvents commonly used in electrochemistry. An
important study has been reported by Samu and coworkers,
who benchmarked the possibility to conduct electrochemical
experiments on lead halide perovskites.!®”! The only solvent that
has been recognized to allow the conduction of electrochemical
experiments on perovskites is dichloromethane (CH,Cl,). This is
a popular solvent in electrochemistry, but its use brings about
serious concerns in terms of toxicity and safety. The latter two
aspects are the priority when the industry has to consider the
eventual adoption of electrochemical processes versus well-
established, outperforming printing techniques, e.g., ink-jet print-
ing or slot-die coating. Moreover, the solubility of the perovskite
precursors in this solvent is quite limited (this is why CH,Cl, is
compatible with perovskite) leaving small room for the design and
the compositional variability of the electroplating solution.
Some interesting attempts to conduct part of the perovskite
synthesis via an intermediate electrochemical step have been
reported. In all cases, the perovskite synthesis is a multistep

(@)

Stage 1. Electrodeposition

Stage 2. Chemical conversion

www.solar-rrl.com

process in which only one is electrochemical. Unlike the ED
of TMOs, one of the perovskites presents the (important) differ-
ence that the different steps are conducted in different processes
and environments and not at the same time. For the electro-
chemical preparation of perovskites, two different pathways
can be outlined (Figure 4): it is possible to deposit lead oxide
PbO, (Figure 4a)l*®*% or PbO"? similarly to what discussed
in the case of transition metal oxides. The PbO, film requires
a Pb*" reduction step, which can be carried out with H,""! or
halohydric acids.!®®”? The PbO film is converted to Pbl, by acid
leaching in hydroiodic acid (HI) solution and then submerged to
a methylammonium iodide (MAI) solution to obtain the perov-
skite in the final state of utilization. Alternatively, the conversion
steps from lead oxides to lead halide perovskites can be con-
ducted in the gas phase,”? as demonstrated on textured Si.”"

This route can be simplified by the direct electrodeposition of
PbI,,”?! by exploiting the reduction of I, in a Pb*" containing
solution. However, the differences in solubility between Pb*"
and I, make the electrolyte composition complicated with the
additional requirement of an acid to stabilize it. PbS has
been also considered as a precursor for perovskite ED.”*
Alternatively, metallic lead Pb can be cathodically electrodeposited

Stage 3. Chemical conversion

in HI solution in CH3NH;I solution

— Y G-§-

Route
SIS m
TiO, scaffold TiO,/PbO,
(b)
Metallic Lead
Route

Step 2: =
Converting to CsPbBr.

3

090 ¢
Vosed]

TiO,/Pbl,

Ti0,/CH;NH;Pbl;

Figure 4. a) The lead oxide (PbO,) route for perovskite ED. Reproduced with permission.®¥ Copyright 2015, Elsevier Ltd. In this process, PbO is electro-
deposited on the conductive substrate of TiO; as a precursor for lead iodide (Pbl,). The latter is obtained by exposing the PbO layer to the hydroiodic
aqueous solution. Finally, the perovskite is obtained by dipping the Pbl, film in a methylammonium iodide (MAI) solution. b) The metallic Pb route for
perovskite ED: Pb is initially deposited on the conductive electrode via cathodic ED from a Pb*" solution. After that, Pb is inserted in the perovskite
structure (CsPbBrs in this case) via dipping in a CsBr solution and the anodic polarization of the substrate to oxidize Pb. Reproduced with permission.”!
Copyright 2020, American Chemical Society.
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from a Pb*" solution.l””! Following that, the conversion to perov-
skite can occur in a single step by exposure to an acid solution
containing the A-site cation and the halide. The main drawback
of this procedure is the possibility to include unreacted metallic
lead within the perovskite films with obvious adverse effects in
terms of light absorption and shunt pathways into the device.
In principle, the polyiodide melt route developed by Tarasov
and coworkers”® could be applied to electrodeposited lead films.
This should minimize the amount of unreacted lead within the
semiconducting layer. Another interesting study was conducted
by Rakita and coworkers,””) who evaluated the possibility to
achieve lead-free tin perovskites by oxidizing Sn film with the
obtainment of CsSnl; and MA,Snls. Despite the partial success
in stabilizing the correct oxidation state of tin Sn(lI), this result
suggests that via electrochemistry it might be possible to control
(and minimize) the amount of Sn*" inside the tin perovskite
films if the conversion of Snl, to perovskite is conducted with
an electrochemical setup and a cathodic polarization is applied.

6. Metallization

The metallic electrode of PSCs is of central relevance when con-
sidering the issue of long-term stability. The interaction between
the metallic electrode and the perovskite film, through the
selective contacts, has been soon identified as the common
reason for device failure. For instance, thick carbon electrodes

D
R

Ag mg/W

% global silver

www.solar-rrl.com

in mesoporous triple stack PSCs have been exploited to pass
the International Electrotechnical Commission (IEC) test the
reverse bias stability,”® important for the partial shadowing
and, except for a few cases,””” ignored so far. Gold (Au) electro-
des have been observed to diffuse within the perovskite layer
shunting the solar cells,® while photogenerated iodine from
perovskite can react and decompose the metallic layer upon pro-
longed light exposure.®’) Wu and coworkers identified bismuth
(Bi) as a stable metallic interlayer,’®? while others extended the
lifetime of solar cells by introducing metal oxide nanoparticles®’!
or sputtered ITO.®* The latter method is particularly interesting
and attractive since it is compatible with silicon/perovskite tan-
dem PV, where a transparent electrode must be deposited on top
of the perovskite wide gap cell.®>) The coupling of silicon and
PSCs is considered one the most useful application of perovskite
PV thanks to the mature industrial chain of silicon PV. However,
such a coupling can bring about some concern in terms of
material availability if the goal is the reach of the TW scale.
Silver (Ag) is the top-performing metallic contact in PV but could
represent an important issue toward the TW-scale. A recent anal-
ysis by Zhang and coworkers®® estimated an upper limit well
below 1TW of the yearly production of PV if screen-printed
Ag remains the electrode of choice for silicon (and therefore
silicon/perovskite tandem) PV (Figure 5a).

To date, the best alternative to Ag is the electrodeposited
copper (Cu) grid, which is approaching the ideal properties in
terms of mechanical adhesion and conductivity required to avoid
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Figure 5. a) Ag consumption in mg/W for the relevant silicon PV technologies and derived silicon/perovskite tandem technologies (data extracted from
table 3 of Ref [86]). In blue and red, the share of the total amount of Ag globally commercialized yearly to produce 1 and 3 TWp from the same silicon and
silicon/perovskite PV technologies. The dashed line represents a share of 20%. It is possible to see that for most technologies the goal of 3 TWp per year is
largely beyond the worldwide Ag availability, pointing to alternative metallization schemes for silicon and silicon/perovskite tandem PV. b) Architecture of
PSCs with electro-deposited copper (Cu) grid as an alternative to Ag. C) By employing an atomic-layer-deposited Al,O5 protecting layer, it is possible to
electrodeposit Cu without PCE losses. Reproduced with permission.®”) Copyright 2021, Wiley-VCH. d) Picture of the solar cells submerged in the aqueous
copper electrolyte for Cu plating and optical micrograph of Cu stripes with the profile. Reproduced under terms of the CC-BY license.®”! Copyright 2021,
The Authors, Solar RRL published by Wiley-VCH GmbH.
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optical or electrical losses. However, Cu electroplating on top of a
PSC appears troublesome for the very same reason perovskite ED
is difficult: perovskite is soluble in polar solvents and would not
withstand the contact with the electrolyte. In this regard,
it deserves to be highlighted the recent work by Hatt and
coworkers,®”) who introduced an ultrathin atomic layer deposited
Al, 05 coating on top of a C60/SnO,/ITO triple stack electron
selective layer (Figure 5b). Such a stratagem enabled the successful
Cu electroplating on top of that, with negligible losses with respect
to the control device (Figure 5c). This approach allowed to dip the
perovskite devices in an aqueous electrolyte (Figure 5d) to deposit
Cu lines with sizes compatible with that of the metallization
schemes usually applied in silicon PV. Such a possibility brings
the exploitation of perovskite PV closer to industrial feasibility.

7. Perspectives

The electrochemical synthesis of selective contacts appears to be
the most relevant application of ED for perovskite PV. The
strategies for the deposition of metal oxides and inorganic
materials are well known with a few of them that have already
demonstrated their effectiveness in perovskite PV. In this
ambit, future efforts should be directed toward the attainment
of deposits uniform over large areas (in the order of at least
1m?). This aspect is affected by the resistivity of the transparent
conducting oxides (TCOs), which act as substrates. Also, up-
scaling to relevant size for industrial production needs to be
demonstrated.

The use of conductive polymers should be considered more
extensively in perovskite PV since these can be formed and doped
electrochemically in situ onto a substrate of interest. This repre-
sents a good choice for the reduction of the costs of the chemical
precursors and presents the additional advantage of tailoring the
polymer properties in a more efficient way for the application of
interest.

The attempts of electrodepositing materials on top of the
perovskite or the perovskite itself are academically interesting
but the poor stability of perovskite in common electrolytes!®”]
needs to be addressed more carefully before those procedures
will gain a wider interest.

As far as the aspect of metallization is concerned, it is believed
that the ED of the Cu grid is suitable for the mass-scale produc-
tion of this technology, but further work in this direction is still
necessary. The advancement in such a direction will have a
tremendously important impact.
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