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Novel approaches and scalability prospects of
copper based hole transporting materials for
planar perovskite solar cells

Maria Bidikoudi and Emmanuel Kymakis (2 *

A decade after their first appearance as components of solar cells, perovskites are still at the center of
solar research. Material and device engineering has led to high PCE values that now surpass 22%. Even
though the lion’s share is devoted to the development of perovskite structures, which has been crucial
for the leap in efficiency values, the charge transport layers — electrons and holes — have a significant
effect on the corresponding devices' performance as well. The determining effect of these layers’
properties is particularly reflected in the stability of devices, especially when moving from lab scale to
large scale. For the ability of PSC technology to make a step towards their commercialization, stable and
low cost, large area PSCs need to be demonstrated and even though significant advances have been
made in demonstrating stable modules and panels, the cost remains an inhibiting factor for potential
investments in this field. Among the components of a PSC, the HTL is responsible for a great part of the
cost, since the most efficient devices so far incorporate expensive HTMs, such as spiro-OMeTAD and
PTAA. The inverted structure PSCs offer a wide range of alternative HTLs, since in this device
configuration the HTL is deposited below the easily destructible perovskite layer. Hence, any material
with modest hole mobility is a potential alternative for the replacement of the costly HTMs used so far.
In this context, we have gathered the most recent works that have been demonstrated, regarding Cu
based materials applied as HTMs in planar p-i-n structure PSCs. This family of materials is receiving an
increasing amount of interest in the scientific community, owing to their favorable charge transfer
properties (e.g. high hole mobility), their physical properties (e.g. solubility in various solvents), their
ability to form dense, uniform and smooth films, with numerous methods and most importantly their
low cost. We expect that this review, by presenting and discussing the applications of Cu based
materials as HTMs in planar PSCs, in a clear and thorough way, will highlight their importance and
capabilities in the field and provide a motivation towards their further exploration.

realization of large area and tandem devices."* Finally, Perovskite
Solar Cells (PSCs) have also now been demonstrated to be stable

Organic-inorganic perovskites have completed ten years in the
spotlight, after the first report on their implementation in solar
cells," which has established a new field of research, with
continuously growing, highly promising results, at both the
material and the consequent device level. With a wide variety of
applications in optoelectronics, perovskites have been the most
widely studied material in this field after the Si revolution.
The advances during the last ten years have been huge: new
perovskite structures have emerged,> innovative charge trans-
port layers have been proposed,® ' novel nanomaterials have
been synthesized and used as highly efficient interlayers,"* ™
while intensive research on device engineering has led to the
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for thousands of hours under conditions that should mimic
those that a real device can be exposed to."> However, there are
still several drawbacks that hinder their secure penetration into
the market, with the most important of these being the device
stability under real time operational conditions, the environmental
impact of the modules with concerns around lead and tin still being
debated, the performance loss when upscaling to large-area devices,
and remaining gaps in the fundamental materials physics.'®
From the commercialization point of view, the hole trans-
porting material (HTM) utilized in the PSC structure is a key
component, since it currently dominates both the performance
and cost of the PSC. Organic HTMs, such as 2,2/,7,7'-tetrakis-
[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (spiro-
OMeTAD) and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA), currently dominate the PSC field, mainly due to their
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mild processing conditions compatible with perovskites. However,
because of their organic nature, these HTMs exhibit relatively low
hole mobility and, therefore, they require the presence of chemical
dopants to improve their efficiency. The employed additives
induce device degradation due to their hygroscopic properties.
On top of that, both spiro-OMeTAD and PTAA are highly expensive
(the price of spiro-OMeTAD is 23 times and PTAA is 57 times
higher than that of gold). Hence, the utilization of low-cost, scalable
but also abundant and possibly environmentally sustainable HTMs
is highly desired to improve the progress of PSCs towards
commercialization.

Copper based inorganic p-type semiconductors, such as
copper iodide (Cul), copper thiocyanate (CuSCN) and copper
oxide (CuO), have several unique properties, including ease of
fabrication correlated with low production cost, suitable band
alignment with the perovskite active layer, high hole mobility/
conductivity, solution-processability and high chemical stability.
These merits make the Cu based p-type semiconductors promising
HTM candidate materials that can be explored in PSCs.

In this review, an overview of Cu based HTMs will be
presented, with a focus on their implementation in PSCs of
the inverted structure. Starting from an introduction to the
device configuration of p-i-n PSCs, where the advantages over the
normal structure will be highlighted, we move to the demonstration
of the most commonly used HTMs and the recent trend in this field.
Special attention is paid to the challenges related to the large-scale
application of the current state-of-the-art HTMs, which is also a
motivation for turning the attention to high mobility Cu derivatives.
The scope of this review is (i) to demonstrate the great potential of
inverted structure PSCs, regarding their large scale application, from
a materials’ point of view, (ii) to provide a clear and thorough
illustration of the present status and the novelties of research on Cu
derivatives as HTMs in p-i-n structure PSCs and (iii) to constitute a
motivation towards further investigation of these materials, by
demonstrating their capability for large area, low cost, highly
efficient and stable devices.
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2. Device architecture, advantages and
challenges
2.1 Inverted PSCs: short description, advantages

The first PSC that was reported came as a development of earlier
generation solar cells: the dye sensitized solar cells (DSCCs),
which have been at the center of research since the early 90s and
by 2009 had already reached the commercialization level, being
produced by several companies (e.g. GreatCell Solar, G24, H.
Glass, Exeger, Solaronix, etc.). The perovskite was used in that
cell as the sensitizer, which, combined with a solid state, hole
transport medium, such as spiro-OMeTAD, achieved promising
efficiency.” It is no wonder therefore that the first PSCs, and the
most widely explored ones, are based on the mesoscopic normal
structure (n-i-p). Despite the high power conversion efficiency
(PCE) that this structure is able to achieve, their large scale
application is inhibited by two factors: the first one is the high
temperature demanding oxides, which are mainly used as the
electron transport material (ETM), and the second one is the
pricey and unstable spiro-OMeTAD that is used as the HTM.
These two parameters, combined with the perovskite instability as a
material itself, make the upscaling of the devices unfeasible.

After the establishment of the bipolar nature of the perovskite,
in 2012," it was evident that a mesoporous scaffold is not
necessary for achieving an operating PSC. Researchers also found
that the charge carrier diffusion length was high enough (100 nm
for CH;NH;PbI; and 1 pm for CH;NH,PbI;_,Cl,)'®"° to ensure
efficient charge transport in the perovskite films, thus opening
the road towards new device configurations. Based on the organic
photovoltaics (OPVs), Jeng et al. developed the first inverted
planar heterojunction PSC in 2013.”° In this configuration, the
p-type layer was deposited prior to the perovskite film, while
the n-type layer was deposited after the perovskite film. This
architecture was defined as the p-i-n structure or inverted
structure. In the typical inverted, planar structure (p-i-n) the
Hole Transport Layer (HTL) is deposited, with the appropriate
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Fig. 1 Moving from OPVs to PSCs: device configuration (left) energy level
diagram of a typical inverted PSC (right).
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deposition technique from a starting Hole Transport Material
(HTM), on a conductive substrate, typically ITO. The perovskite
film is grown on the HTL, on top of which the ETL is deposited.
To close the circuit, a low work function metal is evaporated on
the ETL (Fig. 1). In this pioneering work, typical OPV materials
were introduced into PSCs, which helped to bridge the gap
between PSCs and OPVs. Thus, the advantages of OPVs, such as
easy fabrication, high throughput, and material diversity, can all
be combined into the inverted PSC.**

2.2 Types of perovskites that have been used; performance
and stability of devices

Organometal trihalide perovskite materials have been the first
type of perovskite materials to attract considerable research inter-
est for solar cell applications, owing to their many intriguing
optical and electronic properties, such as very high absorption
coefficient, high charge carrier mobility, long carrier recombina-
tion lifetime, and unique defect physics. Benefiting from these
excellent properties, the PCE of PSCs has been greatly improved
from 3.8%> to over 20% in their ten years of development. Among
the different hybrid organic inorganic perovskites (HOIP) that have
been used, methylammonium lead triiodide (CH;NH;Pbl;) is the
one that has been most intensively investigated. It is characterized
by high carrier mobility, excellent absorption coefficient, bandgap
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tunability, long diffusion length, and low material cost, making it a
highly promising material.

However, MAPbI; perovskites rarely reach efficiencies larger
than 20% despite the numerous attempts made since the early
days of research in the field, while there are serious concerns with
respect to their stability, such as the structural phase transition at
high temperature and degradation upon contact with moisture.
In the case of “mixed halide” perovskites CH;NH;PbBr,I(3_y),
thermal stability as well as light-induced trap-state formation and
halide segregation also remains a drawback, concerning the
stability of devices. The poor stability of CH;NH;Pb-halides
severely limits their commercialization potential.

Another widely used perovskite material is CH(NH,),Pbl,
(FAPDI;). Owing to the reduction of symmetry, the bandgap of
FAPDbI; is estimated to be 1.48 eV, whereas that of MAPbI; is
1.52 eV. MAPDI; and FAPDI; have been used as light-absorbing
layers in devices, where FAPDbI; exhibited higher PCE than the
MAPDI;-based device and at the same time it appeared to be fully
stable without decomposition at 150 °C in air, whereas MAPbI;
broke down into Pbl, and CH;NHj;, indicating that FAPbI; has
higher thermal stability than MAPbI;.>* Despite the several
advantages of FAPbI; over MAPDI;, FAPDI; has not been studied
intensively, mainly due to its instability against humidity.

The instability of black perovskite FAPbI; is due to the
instability of either the black phase or formamidinium itself in
the presence of water. Black perovskite FAPbI; has been reported
to convert to the yellow non-perovskite phase in the presence of
solvents while the formamidinium cation dissociated to ammonia
and sym-triazine in the presence of water, although both were
stable under a dry atmosphere. For stabilization of black
FAPDI;, the mixed cation and/or halide system of FA; _,MA,PbI;
or FA, ,MA,Pbl;_,Br, has been suggested.**

One approach to stabilize perovskites is the use of more
complex compositions, such as double-cation, double-halide
perovskites (using MA, FA or Cs, FA) that show a stable
“black phase” at room temperature. These perovskites exhibit
unexpected, novel properties; for example, CsFA mixtures sup-
press halide segregation enabling band gaps for perovskite/
silicon or perovskite/perovskite tandems (Fig. 2). The strategy of
mixed-cation perovskites has been extended further to triple
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(a) Comparison of number of papers published (ball size) and average efficiencies (y-axis) obtained with various perovskites through years.

(b) Comparison of average PCEs of mixed cation perovskites. (c) Distribution of PCE in the database obtained with different common perovskites in an

inverted (p-i-n) cell structure.®
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Table 1 Performance of some representative inverted PSCs with various perovskite compositions (FA = CH(NH,),", MA = CH3zNH3*)

Perovskite PCE [%] HTL Stability Ref.
MAPbDI; 20.2 Poly[(9,9-dioctyl-fluorenyl-2,7-diyl)-co-(4,4'-(N-(4-secbutylphenyl)- 90% - 30 days 27
diphenylamine))] (TFB)
CS005(FAossMAogs)0osPb(IossBro1s)s 20.7 Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) 60% - 7 days 28
MA 50FA¢.20PbI;_,Cl, 18.14 Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) N/A 29
MAPDCLI;_, 17.1 Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) N/A 30
(FA0.95PbI; 95)0.85(MAPDBI3)0. 15 20.91 Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) 85% - 500 hours 31
CsPbl o5[(FAPDI;)o.8o(MAPbBr3) 11]0.05 20.3 Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) N/A 32
FAg s5sMA.15Pb(Io.g5Bro.15)3 21 Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) 86% - 25 hours 33
(FAPDI;), g(MAPDBr3), » 20.3 Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) 84% - 170 hours 34
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Fig. 3 (a) Perovskite structure.® (b) Matrix of the potential ion combinations for a library of ABXs perovskites including: Cs*, ammonium NH,* (M),
hydroxylammonium NHzOH* (HA), hydrazinium NH,NHs" (DA), methylammonium CHzNH3z" (MA), formamide NHzCOH* (FM), formamidinium
CH(NH,),* (FA), ethylammonium CH3CH,NHs™ (EA), dimethylamine NH,(CHs3),* (DEA) and guanidine amine C(NH,)s* (GA) for the A site; Ge, Sn and
Pb group-I1V metalloids (M") for the B site; and Cl, Br and | halogens (X"} for the X site. Each column of the matrix corresponds to one class of the nine
compounds with fixed A cation. The red and the grey squares indicate the more (selected) and the less (abandoned) promising ion combination to
prepare ABXz perovskites for solar cell application, respectively. The selection takes into account stability, band gap, effective electron—hole masses (me*
mp*), exciton binding energy and defect tolerance. Lead-free combinations are highlighted in yellow in the last row® (reprinted with permission from
Chem. Mater., 2017, 29(2), 524-538. Copyright 2019, American Chemical Society).

cation CsMAFA perovskites, which suppress the detrimental
yellow phase impurities in highly efficient MAFA compounds,
which has been a key insight improvement for enabling reproduci-
ble, high quality films that are less sensitive to “hidden” processing
parameters (such as environmental temperature and solvent
vapours). The triple cation perovskites resulted in a stabilized
PCE of 21.1% in 2017 and have been adopted by various groups
since.”® Thus, a design for mixing cations and halides in
perovskite compounds is necessary to improve the thermal
and structural stability (Table 1).

By exploring more of the numerous potential compositions,
advances in tailoring material properties are expected from pure
and mixed combinations, which will increase both the stability
and efficiency of devices, making this technology mature enough
to reach the commercialization state (Fig. 3).

2.3 Common HTLs and trend

The anode of an inverted structure PSC (p-i-n), which is the part
of thin film solar cells where the holes are collected from the
active layer, consists of a Hole Transport Layer (HTL) deposited
on a glass or flexible substrate. This substrate is doped, in order
to be conductive, most commonly with Indium Tin Oxide (ITO);

This journal is © The Royal Society of Chemistry 2019

however, recent research has demonstrated ITO free substrates
based on graphene, allowing for the anode to be deposited with
low temperature and less costly environmentally friendly techniques,
on any type of substrate and even to be freestanding.””>° The
selection of the most suitable Hole Transport Material (HTM) that
will create the thin HTL film needs to be based on certain criteria. It
should have high conductivity, combined with high hole mobility
(ideally >10"° em”> V' s7"), as well as thermal and photochemical
stability and the ability to create pinhole free, homogeneous and
dense films, using solvent based techniques. Its two-fold role is to
prevent the direct contact between the perovskite and conductive
glass, which minimizes charge recombination and avoids short
circuits, and to extract positive charges (holes) from the perovskite
and transport them to the electrode. These features can have a major
impact on device parameters, e.g. open circuit voltage (Voc) via quasi
Fermi level splitting. Furthermore, transparency in the visible spec-
trum is desirable to avoid the absorption screen effect towards the
active materials/absorber. In order to avoid crystallization, an amor-
phous phase with a glass transition temperature above 100 °C is also
required. Finally, the thickness optimization of the HTM layer
(namely, the HTL) is also important to minimize the increase
in the series resistance, which directly correlates with the cell

J. Mater. Chem. C, 2019, 7, 13680-13708 | 13683


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9tc04009a

Open Access Article. Published on 26 August 2019. Downloaded on 1/20/2026 8:12:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

fill factor (FF) reduction. Usually, the optimal thickness of the HTL
lies within the 20-100 nm range for the planar inverted type devices.

It is the first component during the device fabrication
process and the most critical one, since this is the layer on
which the perovskite crystals will be grown. It has been shown
that the under-layer has a major influence on the perovskite
crystal orientation, grain size and morphological defects. These
factors are crucial for highly efficient PSCs. Being the under-
layer in the case of inverted planar PSCs, the HTL has a great
effect on the crystallization process. Large perovskite grain size
is generally believed to result in increased carrier diffusion
length and mobility of carriers. Furthermore, a crystal structure
with large grains can provide good surface coverage and a small
grain boundary area, which are also desirable since they can
minimize the presence of pinholes and charge traps, effectively
reducing carrier recombination.’® In this context significant
attention has been paid to employing the optimum hole
transporting materials that yield devices with high PCE and
good stability.

In particular, for the p-i-n structure devices, the first HTM
that has been used is the polymer mixture of poly(3,4-ethylene-
dioxythiophene) polystyrene sulfonate (PEDOT:PSS). This HTM
has been widely used in OPVs, the “ancestor” of inverted PSCs,
for many years and the existing expertise has led to devices that
exceed 17% of efficiency.’’ However, this high efficiency device
was achieved after doping of PEDOT:PSS with 2,3,5,6-tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ), a fluorinated
molecular p-type dopant, while the reference, undoped device
reached only 13.3%, which is the typical PCE obtained with this
particular HTM. Other dopants, such as NaCl and NH,, have also
managed to raise the FF to over 80% and achieve devices with
extremely high V¢ values (1.08 V), still with control devices of
undoped PEDOT:PSS not exceeding 15% though.*” In general,
pristine PEDOT:PSS suffers from very low conductivity and
inhomogeneous electrical properties. Moreover, it can cause
degradation of the device and reduce the device durability
because of the detrimental effects of its strong acidity (pH ~ 1)
and hygroscopicity. Additionally, other drawbacks of PEDOT:PSS,
compared to inorganic material layers, are the tricky control of
the perovskite deposition onto a soft polymeric surface and
relatively small open circuit voltage (Voc) values of PSCs.*

The record high PCE in inverted PSCs belongs to the organic
polymer poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine) (PTAA),
which has achieved a stabilized power output approaching 21%
at the maximum power point.>* PTAA is an excellent hole-
transporting and electron-blocking semiconducting material
due to its electron-rich components. It has been reported that
the use of PTAA can substantially improve the open-circuit
voltage (Voc) and fill factor (FF), thus making PTAA the best
polymer HTL yet for perovskites, typically achieving a PCE over
20%.*

Great advances have also been made in the preparation of
inorganic hole transport materials. Especially nickel oxide has
emerged to be highly promising, reaching efficiencies that
exceed 20%, comparable to the ones with the organic HTLs.*
NiO, has a wide band gap, low absorption losses in the visible

13684 | J. Mater. Chem. C, 2019, 7, 13680-13708
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spectral range, good chemical stability, and suitable energy
level alignment with the perovskite layer, which can facilitate
hole collection and improve the stability of devices. However,
the performance of NiO, in PSCs is still not satisfactory because
of lower fill factor (FF) or short-circuit current density (Jsc)-
One of the key reasons is the low intrinsic conductivity of NiO,,
which increases the chances of charge recombination and
reduces the charge collection.*®*” In order to surpass this
problem and enhance the beneficial electrical characteristics
of NiO,, several materials have been used as dopants, such as
lithium (Li),*® rubidium (Rb),*® silver (Ag),** lanthanum (La),*®
cobalt (Co)*" and copper (Cu); the latter having also exhibited
the potential of flexible devices.>> However, as in the case of
most HTLs that are being used so far, the necessity of a dopant
is crucial in NiO, as well, for obtaining highly efficient devices.

Apart from nickel oxide and its derivatives, other oxides have
also been used and have exhibited interesting results. Vanadium
pentoxide (V,0s) has been incorporated in inverted CH;NH;Pbl;
PSCs and, combined with P3CT salt as the hole transport layer,
has led to the realization of devices with very high FF values
(0.77), which in combination with high Jsc values of over
23 mA cm ™2 and a Vi close to 1.1 V, achieved a final PCE close
to 20%. Additionally the devices exhibited good stability, retain-
ing more than 86% of their PCE for 30 days.>

Molybdenum trioxide (MoO;) has been widely used in
organic solar cells (OPVs) as a buffer layer and as a HTL, replacing
PEDOT:PSS, presenting better environmental stability, high work
function, high optical transparency, and non-toxic nature. In PSCs
the incorporation of MoO; in an inverted perovskite solar cell, of
the structure ITO/molybdenum trioxide (MoO;)/PEDOT:PSS/
CH,;NH;Pbl;/fullerene (Cq)/bathocuproine (BCP)/lithium fluoride
(LiF)/aluminum (Al), has led to a PCE of 18.8%, with a high V¢
close to 1 V and a short circuit current density of 22.6 mA cm™2.>*
After elimination of the ITO, by replacing it with graphene, a TCO
free device attained a PCE of 16.1%, which is highly promising for
flexible devices, as well as for reducing the cost of large area
devices, which arises from the TCO substrate used so far. Despite
some promising results reported in the literature, the use of
MoO; in PSCs has been restricted by the demanding deposition
methods, namely thermal evaporation, which is used in the
highest performing devices.

Finally, some attempts at employing tungsten trioxide (WO3;)
as a HTL in inverted perovskite solar cells have also been
reported, with the devices exhibiting a PCE of less than 10%
though,>® even though the low toxicity is an argument in
favor of WO; (Table 2).

Among the inorganic materials that are currently at the
center of research as alternative HTLs, materials based on Cu
have demonstrated the most promising results so far. Cu based
materials have been used in photo-electrochemical cells for
many years. In fact, the simplest electrochemical cell can be
made from Cu and zinc metals with solutions of their sulfates.
In the process of the reaction, electrons can be transferred from
the zinc to the Cu through an electrically conducting path as a
useful electric current. Hence, it is not groundbreaking that
these materials would be efficient as electrodes in PV cells of

This journal is © The Royal Society of Chemistry 2019
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Table 2 Summary table of structure, charge transport ability, price and PCE of the most commonly used, highly efficient HTLs

Un Price per gram [€]
[em®>v's™]

HTM Structure (indicative) PCEpax [%]  Ref.
PEDOT:PSS: poly(3,4-ethylenedioxythiophene)polystyrene sulfonate AP 1x1072 166 17.22 41
PTAA: poly(triarylamine) 10721073 1145 21.51 31
Spiro-OMeTAD: 2,2,7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]- _s 23 (normal
s . 1.67 x 10 422 10
9,9'-spirobifluorene structure)
NiO,: nickel(u) oxide 0.14 14 20.65 45
V,0s: vanadium pentoxide 0.23 49 19.7 53
[¢]
MoO;: molybdenum trioxide /N‘L\ 0.4 22 18.8 54
" =0
o o
WOj;: tungsten trioxide 0.25 15.6 7.68 55

this type. In DSSCs, Cu derivatives have been used with great
success as a redox couple in the electrolyte,”” as a dye compound,’®
as counter electrodes® and in full Cu based devices,*® which have
all exhibited very promising results. It is worth noting that one of
the highest efficiencies obtained in DSSCs, reaching 12%, has
been with the use of a Cu redox mediator,** while a solid state
DSSC has been introduced, where Cu has been used as the HTM.®?
This is one clear indication that Cu based materials have the
ability of efficient charge transport. In addition, materials based
on Cu have been widely used in quantum dot sensitized solar
cells, mainly as counter electrodes, and recently as a dopant,®®
which is an additional indication of their capability for efficient
charge transport.

Their main advantage compared to other inorganic HTMs is
their wide range of combinations, which result in novel materials
that can be achieved with simple, low temperature and low-cost
methods, giving them the potential of scale up. It is no wonder,
then, that a lot of effort is made in incorporating these materials
in PSCs, not only as HTLs, but also in different parts of the
device, thus unraveling their limitless applications.

2.4 Challenges related to device upscaling, with a focus on
stability and cost

In order to move to the upscaling of PSCs, several factors need
to be taken into account, considering the manufacturing para-
meters that determine the PCE, the stability and the cost of the
corresponding modules and panels. The fabrication techniques
for each layer that PSCs are comprised of are an important
parameter for the commercialization of this technology. Simple,
fast, low temperature and low-cost methods are required in
order to minimize energy and material losses and to maximize
the potential profit. Taking into consideration that the HTL is
one of the most costly layers of a PSC, it is of high importance
that it can be prepared by using a variety of alternative methods. This
is determined by the HTM that will be employed. The deposition

This journal is © The Royal Society of Chemistry 2019

methods that have been used so far for the fabrication of large area
solar cells and modules are solvent based: spin coating, doctor
blading, screen printing, drop casting and slot die coating are the
most commonly employed techniques regarding the deposition
of the HTL. Even though high PCEs have been obtained using
these methods (Table 3), the amount of material that is “lost”
during the deposition, combined with the high cost of organic
and polymeric HTMs (e.g. spiro-OMeTAD, PTAA), increases the
final price of the product.

Research on metal and transition metal oxides, and other
inorganic and organic materials as potential HTMs is intensive
and has presented very promising results. However, it is very
important to note that there is a great variation when these
results move to the application from small area to large area
devices. The processing methods, the stability of materials as
well as the interfaces that are formed, and the cost are of prime
concern. Even though the “champion devices” that have been
achieved so far incorporate organic molecules, namely spiro-
OMeTAD in the normal structure, and PTAA for the inverted
structure, their stability problems and high cost make them far
from ideal candidates for large scale application (Fig. 4).

PEDOT:PSS, which is widely used as the HTL in inverted
PSCs, is hygroscopic, which is detrimental to the stability of the
PSC. NiO, is another popular alternative to PEDOT, and it can be
deposited using scalable deposition techniques such as sol-gel,
spray pyrolysis, atomic layer deposition, sputtering and electro-
deposition.** However, NiObased HTLs are usually annealed at
300-500 °C to increase their crystallinity and conductivity, which
hinders the use of NiO,-based HTLs on flexible substrates.

Other potential HTLs for PSCs with long-term stability are
inorganic HTLs, such as carbon nanotubes, Cul and CuSCN,
which are generally denser than their organic counterparts. In one
example, CuSCN was used as the HTL in a PSC, and the device
achieved a lifetime of more than 1000 h (retaining >95% of the
initial PCE) under full-sun illumination at 85 °C.** These first results
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Table 3 PCE obtained with a range of active area devices
PCE [%] Active area [em®’] HTM Institute Ref.
1 20.1 0.049 Spiro-OMeTAD University of Toronto 64
2 18.1 0.096 PEDOT:PSS Kyung Hee University 65
3 20.44 0.1 Spiro-OMeTAD Xi’an Jiaotong University 66
4 18.55 0.12 Spiro-OMeTAD NREL 67
5 17.04 0.125 Spiro-OMeTAD/P3HT CHOSE 68
6 221 0.16 PTAA UNIST 69
7 14.6 0.64 Spiro-OMeTAD EPFL 4
8 20.9 0.991 N*,N*' N’ ,N”'-Tetrakis(9,9-dimethyl-9H-fluoren-2-yl)-N>,N*' ,N’ ,N”'- KRICT 10
tetrakis(4-methoxyphenyl)-9,9'-spirobi[fluorene]-2,2’,7,7'-tetraamine
9 20.18 1 Spiro-OMeTAD EPFL 70
10  20.3 1 PTAA Potsdam University 32
11  19.7 1 PTAA UNIST 69
12 18.75 1.02 NiO NIMS 71
13 162 1.02 NiMgLiO NIMS 72
14 195 1.1 Spiro-OMeTAD University of Toronto 64
15 17.33 1.2 Spiro-OMeTAD NREL 67
16  17.05 1.1275 Spiro-OMeTAD Xi’an Jiaotong University 66
17 16.7 1.3 PEDOT:PSS RCNPV 73
18 14 9.06 PTAA GIST 74
19 18.7 9.1 Spiro-OMeTAD NREL 75
20 13 10.1 Spiro-OMeTAD/P3HT CHOSE 68
21 12.2 10.5 N/A Solliance 76
22 14.06 11.09 Spiro-OMeTAD NREL 67
23 154 11.25 PEDOT:PSS RCNPV 73
24 10 16.5 N/A IMEC 77
25 17.3 17.277 N/A Microquanta Semiconductor 78
26 15.8 17.6 Spiro-OMeTAD Shanghai Jiaotong University 79
27  10.46 31 Carbon NTUS 80
28 124 36.1 Spiro-OMeTAD Shanghai Jiaotong University 79
29 129 40 PEDOT:PSS Kyung Hee University 65
30 10.4 49 Carbon Huazhong University 81
31 11.2 50 Spiro-OMeTAD EPFL 4
32 12.6 50 Spiro-OMeTAD CHOSE 14
33 10.74 70 Carbon NTUS 80
34 101 160 N/A Solliance 76
35 6.6 198 Carbon Swansea University 82
36  11.7 703 N/A TOSHIBA 83
37 11.6 802 N/A TOSHIBA 83
24 based materials as HTLs, besides their favorable charge transport
22 Quest properties, is their ease of handling and their low cost. Cost analysis
B P P i:‘: is an important asPect of optimizing PSM design. A competitin: low
e 5 T o cost of raw materials and processing for PSM manufacture is an
18 s °° & important factor beyond PCE and lifetime for their potential
16 4 e commercial application. Cai et al. calculated the cost of materials
o o @
S 14 O . for both mesoporous structure (Module A) and planar structure
3] =g (Module B) PSMs as shown in the pie charts of Fig. 5(a) and (b),
o 124 G respectively.® It is clear from these charts that the main cost of the
10 4 devices comes from the transparent conductive oxide (TCO) that is
- being used for the deposition of electron (in n-i-p) or hole (in p-i-n)
o . transport layers. So, indirectly, this cost is also dependent on the
6  Lab scale (smallarea)| Lab scale (largearea)]  Mini modules Modules corresponding charge transport layer. For the inverted structure, in
B ey e e
0.1 1 10 100 1000 particular, having a material that can be deposited with simple

active area (cm”2)

Fig. 4 PCEs for lab-scale and large area cells and modules.

indicate that there is great potential for Cu based materials for
enhancing the stability of devices, bringing commercialization one
step closer. Further research needs to be performed, though, for the
optimization of both materials and processing techniques; however
there is a lot of space for investigation. The main advantage of Cu

13686 | J. Mater. Chem. C, 2019, 7, 13680-13708

techniques (such as coating or blading) and that does not require a
high annealing temperature opens the road towards TCO free
devices. By using other, low cost materials, rather than ITO, as
HTL substrates the consequent device cost may be significantly
decreased and even though one may miss out on the highest PCE
reported for the typical ITO of FTO based devices, the PCE can still
remain high enough so that the energy payback time will lie within
satisfactory limits. If someone adds the typical low cost of Cu based
materials themselves, as the HTL precursor, it becomes obvious that

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Cost distribution of materials (80% material usage ratio has been considered) for (a) Module A and (b) Module B; (c) PSM cost as a function of
module efficiency; and (d) the relationship between levelized cost of electricity (LCOE) and lifetime.®”

these materials are worth investigating, and are bound to achieve
significant results in the near future (Fig. 5).

Another significant advantage of Cu based HTMs is that they
can be deposited with various methods, which can be additionally
performed in ambient conditions for the inverted structure, some-
thing that further facilitates the fabrication process and at the
same time reduces the cost, by minimizing the equipment supply
and maintenance cost.

Additionally, the elimination of dopants, which are optional
in Cu based HTLs, owing to the high hole mobility of these
materials, combined with the low cost of the materials themselves,
renders them ideal candidates for large area applications.

With the development of materials science, more alternatives
to conventional electron and hole transport layers are expected
to be developed for future commercialization, among which Cu
based materials seem to be of high interest and promise. In the
following section by focusing on these materials, we intend to
provide insight into the most recent approaches that have been
reported in the literature, thus drawing the attention to novel
designs of one of the most important parts of an inverted
perovskite solar cell.

3. Cu based materials in p-i-n PSCs

The most significant advantage of the inverted structure PSCs
is, as aforementioned, the potential for large scale application,
owing to their low-temperature fabrication process, lack of
hysteresis and higher stability, compared to the corresponding

This journal is © The Royal Society of Chemistry 2019

normal-structure mesoscopic devices. In order to further improve
these assets, and at the same time reduce the cost of the resulting
solar cells, significant research has been performed towards the
replacement of organic HTLs that have been used so far.

Inorganic HTLs being robust and humidity resistive in nature are
benign for stable devices. In particular, inorganic semiconducting
Cu-based HTMs, such as Cu thiocyanate (CuSCN), Cu iodide (Cul),
Cu oxide (CuO) and Cu dioxide (Cu,O), have been widely used in the
early third generation solar cells, while solution process techniques
are widely used for depositing these materials uniformly and with
good pore-filling. p-Type inorganic Cu based HTMs are economical
and chemically stable. They exhibit suitable energy levels, high hole
mobility, high conductivity, and excellent transmittance. Even
though in the normal structure there is a great challenge for
solution processing of inorganic materials on top of the perovskite,
since non-suitable solvents dissolve the perovskite, this drawback is
eliminated in the inverted structure devices, where the HTL is
deposited prior to the perovskite. This means that this structure
has great potential for exploring different materials.

From the commercialization point of view, the fabrication of
solar cells using organic hole transport layers has faced a lot
of obstacles, the most important of which is that they are
expensive materials with stability issues. Metals such as gold and
platinum are much cheaper than high purity spiro-OMeTAD and
PTAA. The use of Cu based hole conductors has shown promise
because they offer interesting properties, such as suitable band
alignment with the perovskite active layer, high conductivity, high
hole mobility and solution-processability (Table 4). Furthermore,
while p-type dopants, such as Co and Li based salts, are commonly
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Table 4 Typical Cu-based materials that have been used in p-i-n structure PSCs, their chemical structure, properties and deposition methods that can

be applied for the consequent thin film fabrication

Material ~ Structure E, [eV]

tn [em? Vs

Deposition method

CuSCN 3.8

CuSeCN G G 3.1 0.002

Cu—I 4

Cul 3.1 0.5-2

CuS -Cu 2.2

CuPc i 1.7 0.02

1.3 0.129

Cuo 0 =Cu

2.2 100

Cu,O

CuAlo, 4.5 3.6

CuCrO, 3.3 7.7

CuGaO, 3.6

used as additives in organic HTMs to enhance the conductivity,
these are hygroscopic in nature and therefore affect the overall
stability of the PSCs. Cu based materials in addition to being
non-hygroscopic, possess high conductivity, which makes them
efficient without the addition of dopants.

Additionally, in-depth understanding of interface charge
transfer and recombination is necessary for developing novel
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3. Electrodeposition
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. Vacuum sputter

. DC sputtering

. Pulsed laser deposition

. RF magnetron sputtering

. Chemical solution deposition
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. Spin coating

. Chemical solution deposition

. Reactive magnetron sputtering
. Spray deposition

W N =

. Spin coating

. Pulsed laser deposition
. Spray pyrolysis

. Drop casting

INGICII SN

inorganic HTMs. From the perspective of optimizing the film
quality of inorganic HTMs, it is of great importance to prepare
high-quality homogeneous inorganic HTM films with less
defects and desirable conductivity by optimizing or developing
deposition techniques (vacuum deposition, spin-coating, electro-
deposition, drop casting, doctor blade, pulsed laser, screen
printing, spray pyrolysis and so on). A very important feature of

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9tc04009a

Open Access Article. Published on 26 August 2019. Downloaded on 1/20/2026 8:12:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Cu based inorganic HTMs lies in their ability to form thin films,
with tunable properties, with simple, low cost, solution-based
methods, as shown in Table 4. Finally, these materials are
characterized by high optical transmittance, which is essential
in the case of an inverted structure in order to avoid losses of
incoming photons. Taking the above features into consideration,
the trend of research moving to these inorganic HTLs is only
rational and many groups have been focusing on replacing the
organic HTLs used so far with Cu based materials as will be
discussed in detail in this section.

3.1 Cyanates (CuSCN and CuSeCN)

CuSCN is a molecular, metal pseudohalide of singly ionized
copper, the properties of which have been studied since the
first half of the twentieth century.®® CuSCN as an inorganic
HTL has exhibited the most promising results, hence it has
been the latest trend in PSCs. It has been initially used in
organic solar cells, where the potential for increased PCE using
this material has been demonstrated,®® while novel preparation
strategies have further raised the efficiencies obtained. In
particular, Du et al.°° have proposed an environmentally friendly
way to prepare CuSCN films, from aqueous solutions, replacing
in that way the commonly used organic solvent DES (diethyl
sulfide), with a simple spin coating process applied under
ambient conditions. The organic solar cells that have been
fabricated with this method yield efficiencies of 10.7%, higher
than the 9.2% achieved with the CuSCN HTL prepared in DES as
a solvent and higher than the 9.7% achieved with PEDOT:PSS.
Additionally, the devices exhibited enhanced stability, retaining
>95% of the initial FF value for more than 600 h of constant
illumination. The same procedure has been applied for HTL
films that were further used in inverted structure solar cells
employing the CH;NH;Pbl; perovskite. A remarkable increase
in the PCE values has been noted, when changing from PEDOT:
PSS to CuSCN, from 12.4% to 17.2% respectively, making this
approach highly promising for application in large area devices
(Fig. 6). However, to the best of our knowledge, this method has
not yet been applied widely to inverted PSCs and its application
in PSCs containing multiple cation perovskites, that have
exhibited the highest efficiencies so far, would be highly intriguing.
Additional doping of CuSCN with the fluorinated fullerene
derivative CgoF45 has led to a further increase of the obtained
Voc values and FF of organic solar cells, which reached a final
PCE of 6.4%; however this technique has not been applied to
PSCs yet, but looks promising.”*

Another method that has been used to increase the PCE of
CuSCN devices and has actually yielded the highest efficiencies
so far, combined with excellent stability, is the addition of a
conductive reduced graphene oxide spacer layer between CuSCN
and the metal electrode in the normal structure devices.’>

A stabilized PCE of 20.2% has been recorded with the triple
cation CSFAMAPbDI,_,Br, (FA = CH(NH,),", MA = CH;NH;"). A
similar approach has been successfully applied in the inverted
structure by Chowdhury et al.®® An ultrathin layer of CuSCN
HTL has been introduced as an interlayer in low temperature
processed r-GO based inverted planar PSCs (Fig. 7). With a

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Schematic cross-section of the cell architecture employed;

(b) corresponding material energetics; and (c) J-V characteristics measured
under simulated 1 sun solar illumination for the champion CHsNHzPbls solar
cells based on CuSCN/NH; (aq) and PEDOT:PSS HTLs.%°
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Fig. 7 (a) Transmittance spectra of ITO, ITO/r-GO, ITO/CuSCN, ITO/

r-GO/CUSCN; (b) schematic diagram of the fabricated PSC; (c) energy
level diagram of the fabricated PSC; and (d) light soaking stability of the
unsealed PSCs fabricated by r-GO, CuSCN and r-GO/CuSCN HTLs.*®

matched energy level, the r-GO/CuSCN bilayer HTM successfully
prevented the recombination at the interface with the MAPDI;
absorber layer. Simultaneously, the r-GO/CuSCN bilayer HTL led
to faster hole extraction. The r-GO/CuSCN bilayer HTL based
PSC showed a PCE of 14.28% with photovoltaic parameters of
Voc = 1.031V, Jsc = 18.21 mA cm ™2 and FF = 0.76. Additionally,
enhanced stability has been observed for the r-GO/CuSCN
bilayer HTL based PSCs retaining over 90% of the initial PCE
after 100 h light soaking.
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Fig. 8 (a) The as-prepared device configuration; (b) the J-V curves of the
corresponding devices with and without the KSCN post-treatment layer; and
(c) time-dependent PCE of PSCs depending on post-treatment with KSCN at
continuous illumination under one sun (the devices were encapsulated).®*

In 2019 Park et al. have proposed the post-treatment of
CuSCN films with a second -SCN containing layer, as a way to
further increase the PCE of inverted PSCs.”* In their work, a
solution-processed p-type CuSCN thin film was prepared for an
inverted CH3NH;PbI; perovskite solar cell. This film has been
further post-treated with a solution containing a SCN™~ anion
salt (e.g. KSCN and NaSCN). The devices showed a notable
enhancement of the PCE from 11.9% to 14.9% for the post-
treated films (Fig. 8). At the same time, this study revealed that
the thiocyanate anion plays a critical role in improving photo-
voltaic performance. It was reported that excess SCN™ could
increase the hole conductivity of CuSCN film. In contrast, the nature
of the cation of the SCN bearing salt did not have a significant effect
on the device performance. The substantial improvement of Jsc
after post-treatment was related to improved charge collection by
KSCN treatment, rather than optical modulation. The absorbance of
the as-prepared films was hardly affected, which evidenced that the
improved Jsc was related to the improved conductivity of CuSCN
and/or the better interface formed on the KSCN-treated CuSCN film.

In addition, the PCE of the devices based on untreated
CuSCN degraded by 60% after 50 days in ambient humidity
conditions, while 90% of the initial PCE was retained for the
devices employing KSCN-treated CuSCN. The post-treated
CuSCN proved to be more tolerant against humidity than the
untreated one while it was also confirmed that the KSCN-treated
CuSCN showed better photo-stability than the untreated. The
relatively better moisture- and photo-stability was attributed to
the improved interface between the perovskite and the KSCN-
treated CuSCN.

An interesting approach has been recently reported by Li et al.,
wherein a new, facile method has been proposed to deposit high-
quality CuSCN films, by using a delayed annealing treatment.’®

13690 | J. Mater. Chem. C, 2019, 7, 13680-13708
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After the CuSCN deposition, the films were left to dry at RT for
10 min and were then annealed. During the drying process, the
slow evaporation of the solvent provided sufficient assembly time
for the CuSCN molecules to form a dense, smooth and uniform
precursor film, which then fully crystallized at 100 °C. In contrast,
the direct annealing process causes the CuSCN film to form a
porous structure full of voids and unavoidable structure defects
and deformations due to the hasty solvent evaporation and fast
crystallization processes. The PCE of the corresponding n-i-p
planar device has been enhanced to 13.31%, compared to
10.32% for the direct annealed device. Moreover, by taking
advantage of the superior transparency of the CuSCN films, the
authors have demonstrated bifacial semitransparent n-i-p planar
PSCs to avoid compromising the absorption of the perovskite
absorber for the rear incidence, achieving a maximum PCE
of 12.47% and 8.74% for the front and rear incidence of
bifacial PSCs, respectively. This method has been reported for
CuSCN deposition onto the perovskite FA, sMA, sPbl; ,Cl, (FA =
CH(NH,),", MA = CH;NH;") absorber, in a normal structure solar
cell, while its potential in the inverted structure has not yet been
explored.

The co-deposition of a hole conductor and a perovskite layer
as a strategy to simplify the preparation process of PSCs has also
been demonstrated and yielded promising results, when CuSCN
has been added in the CH;NHzPbl;_,Cl, perovskite.”® A hybrid
precursor solution, containing both CuSCN and CH3;NH;PbI;_,Cl,,
has been prepared and converted to a thin film, by spin coating on
ITO substrates and solvent annealing. The device was completed by
vacuum deposition of Cg as the electron transporter, bathocuproine
as the hole blocker and Ag as the anode.

After optimizing the concentration of the CuSCN additive, a
maximum PCE of 18.1% with almost no J-V hysteresis has been
obtained, which is comparable to that of traditional PSCs
prepared using a hole conductor and a perovskite layer by a
two-step deposition process (Fig. 9). This type of PSCs with both
high performance and simple preparation process are of great
importance, since they have the potential of dramatically reducing
the production cost of PSCs and promoting their practical
application.

A new approach towards maximizing inorganic, SCN based
HTL'’s performance has been the combination of CuSCN with
other Cu® bearing materials. Wang et al.”” demonstrated a
simple but effective approach to improve the performance of
inverted planar PSCs based on the Cul HTL by introducing a Cu
thiocyanate (CuSCN)/Cul composite, in inverted PSCs employing
the CH;NH;Pbl; perovskite. Compared to pristine Cul, the

o

Energy (eV)

MAPb, Gl
(CuSCNy

Fig. 9 (a) The schematic illustration and (b) cross-sectional SEM image of
the hybrid perovskite/CuSCN device configuration; and (c) the energy level
diagram of each layer in the device.®®

This journal is © The Royal Society of Chemistry 2019
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incorporation of CuSCN significantly improves the quality of the
film, while maintaining high electrical conductivity, as evidenced
from the results of scanning electron microscopy (SEM) and
conductive atomic force microscopy (c-AFM) measurements. As
a result, the champion PSCs based on the composite Cul/CuSCN
HTL afforded an impressive PCE of 18.76%, which is consider-
ably higher than the corresponding values of the respective
devices using pristine Cul and CuSCN (14.53% for Cul and
16.66% for CuSCN). It is worth noting that compared with typical
organic HTMs, CuSCN shows almost two orders of magnitude
lower price, making it more promising for large-scale application.

Finally, very recently CuSCN has been successfully used as a
dopant of the commonly used, high performance HTM poly-
(triarylamine) (PTAA). By adding 2% wt of CuSCN in the typically
used solution of PTAA, Liu et al.”® have achieved an impressive
increase in the PCE of Csg 05FAg g1MAy 14Pbl, 55Brg 45 perovskite
based devices, from 14.22 to 18.16%. It was demonstrated that
when CuSCN was doped into PTAA, the perovskite film showed
a smoother surface morphology with a smaller RMS roughness,
which might be induced by an increased perovskite grain size.
The perovskite on CuSCN-doped PTAA showed a large grain size
(approximately 850 nm), indicating the improved crystallization
upon using the doping technique. The use of CuSCN resulted in
the highest conductivity and the most p-type nature of the PTAA
film, which is more suitable for charge extraction from the
perovskite, while the hydrophobic property of CuSCN-doped
PTAA also induced the improved perovskite quality, which
further ensured a large improvement of PCE (Fig. 10).

In addition to the most widely studied Cu derivatives, such
as CuSCN, there has also been, to our knowledge, only one report
on Cu(i) selenocyanate (CuSeCN) as an efficient hole transport
material. CuSeCN is a metal pseudohalide that is structurally
similar to CuSCN; however, charge transport properties and
applications of CuSeCN have not been experimentally investigated.
In the report of Wijeyasinghe et al.*® in 2017, the authors focused on
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Fig. 10 AFM height and phase images of the perovskite films on different
PTAA layers: (a and c) pristine, (b and d) CuSCN-doped cases; (right) J-V
curves of the PSCs based on pristine and doped PTAA as HTLs (up) and
normalized PCE (down) of the PSCs based on pristine and doped PTAA for
200 h. (central image) Device architecture®® (reprinted (adapted) with
permission from ACS Appl. Energy Mater., 2019, 23, 1932-1942, Copyright
2019 American Chemical Society).
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the 3D phase of CuSeCN, which is the most stable. They synthesized
the compound, by adding potassium selenocyanate (KSeCN) to
a solution of Cu(1) ions, and they further proceeded to preparing
a CuSeCN solution in diethyl sulfide (DES). When the CuSeCN/
DES solution was spin cast on a glass substrate and annealed
at 140 °C in a nitrogen atmosphere, an optically transparent
layer was formed, having a typical thickness of 12-16 nm.
The CuSeCN layers were incorporated in organic bulk hetero-
junction (BH]) solar cells as the HTL, and the performance of
these cells was compared with the cells based on the standard
PEDOT:PSS HTLs. While devices based on PEDOT:PSS demon-
strated a marginally better power conversion efficiency (PCE =
3.6%) with respect to cells containing CuSeCN HTLs (PCE =
3.3%), an enhancement in the open-circuit voltage (Voc) from
0.55 V (PEDOT:PSS) to 0.57 V was observed in cells containing a
CuSeCN interlayer, which was primarily attributed to the deeper
VBnax energy of CuSeCN (—5.1 eV) relative to the work function
of PEDOT:PSS (—5.0 eV); these preliminary results revealed the
potential of CuSeCN as a novel HTL material for solar cell applica-
tions. However, its application in PSCs has not yet been reported.

3.2 Iodides (Cul)

Apart from Cu thiocyanate, Cu iodide (Cul) has also attracted
great attention due to the large bandgap, high conductivity, low
cost and solution processability, and has been widely used as a
HTL in organic solar cells,'*>'*" dye-sensitized solar cells,"*>
and PSCs. Copper(1) iodide (Cul) is an ionic solid that exhibits
three crystalline phases, namely, o, B, and v, of which the y-Cul
zinc blende structure (cubic), known to form at deposition
temperatures below 390 °C, is the most interesting for application
in optoelectronics.'®?

Although doctor-bladed Cul has been used in conventional
PSCs to replace spiro-OMeTAD, the relatively low PCE of
6.0%"** resulting from low open-circuit voltage (Vo) suggests
that there is still much room for improvement in performance.
In spite of their relatively low efficiency, the low-cost and decent
air stability of Cu-based inorganic HTLs make them potentially
feasible replacements for organic HTLs in PSCs, which represents
a promising step toward further development.

One of the first reports on p-i-n PSCs, incorporating Cul as
the HTL, with promising results has been the work of Tian
et al.'® in 2015. In this report, a low cost, solution processed
method has been used to prepare hydrophobic Cu iodide (Cul)
films, that served as a HTL to replace PEDOT:PSS in inverted
planar heterojunction PSCs with the structure of FTO/Cul/
CH;NH;PbI;/PCBM/AL A power conversion efficiency (PCE) of
13.58% was achieved by employing Cul as the HTL, slightly
exceeding the PEDOT:PSS based device with a PCE of 13.28%
under the same experimental conditions. Furthermore, Cul
based devices exhibited better air stability than PEDOT:PSS
based devices. A similar approach was at the same time reported
by Chen et al.,'*® who used a different, one-step, fast deposition-
crystallization method for the CH;NH;PbI; perovskite film, in
an ITO/Cul/CH3;NH;PbI/fullerene (Cgg)/bathocuproine (BCP)/
Ag device configuration, and managed to increase the PCE to
16.8%. Furthermore, the optimized PSCs based on the Cul HTL
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Fig. 11 (a) SEM image of Cul film; (b) AFM image of Cul film; (c) schematic
illustration of the structure of a PSC based on the Cul hole transport layer;
(d) SEM cross-sectional image of the corresponding perovskite device; and
(e) PCE of unencapsulated PSCs with Cul or PEDOT:PSS HTLs as a function
of exposure time to ambient atmosphere!®® (reproduced from ref. 106
with permission from The Royal Society of Chemistry).

exhibited better air stability, retaining more than 90% of the
PCE for 300 h of illumination (Fig. 11).

In order to further enhance the PCE, Wang et al.’®” synthe-
sized Cul film by exposing a thermally evaporated Cu film to
iodine vapor and applied it as a HTM in inverted planar PSCs. A
PCE of 14.7% was achieved along with long-term stability under
ambient conditions due to the hydrophobic nature of the Cul
layer. This work implies that development of novel preparation
methods of Cul could hold great potential in achieving highly
efficient and stable PSCs. Very recently, a different approach
was proposed by Cao et al.'°® In their work they prepared a
hybrid nanostructure of Cu@Cul with Cu NWs embedded in Cul
films, which was then employed as the HTM to fabricate inverted
planar PSCs, incorporating the triple cation (CSFAMA)Pb(Brl);
(FA = CH(NH,),", MA = CH;NH,") perovskite. The outer Cul
achieved efficient charge extraction, and the inner Cu then
facilitated the rapid charge transfer, further resulting in an
improved photovoltaic performance (Fig. 12). The best PCE for
PSC devices was up to 18.4%. These devices outperformed the
reference devices based on pure Cul (17.5%) and commonly used
PEDOT:PSS (16.9%). Furthermore, together with the introduction
of the mixture of PCBM and ZnO nanoparticles as the ETM,
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Fig. 12 (a) Cross-sectional SEM image of an inverted PSC with Cu@Cul as

the HTM and PCBM as the ETM; (b) best J-V data; (c) histograms of cell
efficiencies among 30 cells of PSCs with various HTMs; and (d) stability of
PSCs with PCBM as the ETM and various HTMs stored in air at RT with a
humidity of about 45%.1°8
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Fig. 13 (a) Cross-sectional SEM image of the device with Cu(Tu)l as the
transport layer; (b) the corresponding schematic illustration of the device
architecture; (c) J-V curves of the device with Cu(Tu)l in the perovskite
layer measured in the forward and reverse scan directions; and (d) schematic
illustration of the possible mechanism for the trap state passivation109
(reprinted with permission from J. Am. Chem. Soc., 2017, 139(22), 7504—
7512, Copyright 2017 American Chemical Society).
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the best PCE of inverted planar PSC devices was remarkably
improved up to 18.8%.

The long-term stability of the corresponding PSCs against
humidity was further improved unprecedentedly, and the
chemical reaction of the perovskite and metal electrode was
avoided. Their results demonstrated that the integration of the
Cu@Cul hybrid nanostructure as the HTM and the mixture of
PCBM and ZnO as the ETM is a good approach to solve the PCE
and stability problems in inverted PSCs.

A very promising and novel approach which has yielded the
highest PCE so far in Cul based materials used as HTLs in
inverted structure PSCs is that proposed by Ye et al'® By
incorporating a novel p-type conductor Cu(thiourea)l [Cu(Tu)I]
in the perovskite layer, they have managed to effectively passivate
the trap states of the perovskite via interactions with the under-
coordinated metal cations and halide anions at the perovskite
crystal surface.

In their study they have shown that the incorporated Cu(Tu)I
can participate in the construction of the p-i-n bulk heterojunctions
with the perovskite, leading to an increase of the depletion width
from 126 to 265 nm, which is advantageous for accelerating hole
transport and reducing charge carrier recombination. After optimi-
zation, the p-i-n structure PSCs that have been fabricated, with the
ITO/MAPDI; _,Cl,/Ce,/BCP/Ag configuration, have reached a PCE of
20%, with an impressively high V¢, exceeding 1.1 V (Fig. 13).

3.3 Sulfides (CuS)

Copper sulfide is a binary inorganic material with the general
formula Cu,S,. It is present in both synthetic materials and
minerals in the form of CuS (covellite) and Cu,S (chalcocite)
and is one of the most important metal chalcogenides, attracting
much interest in research due to its special properties and
potential applications. Owing to its high electrocatalytic activity,
CuS has been widely used as a counter electrode in high PCE
solar cells, mainly quantum dot and dye sensitized solar cells,
while it has also been proposed as a potential p-type absorber for
thin film solar cells and as an interfacial layer for PSCs."'*™""?

This journal is © The Royal Society of Chemistry 2019
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Cu sulfide (Cu,S, 1 < x < 2) has been found to form p-type
transparent films and show beneficial electrical and optical
properties. So far the Cu-deficient phase CuS and the mixed-
phase Cu,S have only been employed as HTMs in normal structure
PSCs; however the research findings foretell that there is still
potential for their implementation in the inverted structure as well.

Lei et al."** reported a high-mobility, room-temperature-
deposited Cu,S (x = 1.75) polycrystalline film for use as a
robust interfacial functional material for PVSCs of the normal
structure. The inorganic Cu,S polycrystalline film was deposited
on the surface of spiro-OMeTAD to form a hybrid bilayer HTL,
and this HTL was proven to perform better than the state-of-the-
art HTL spiro-OMeTAD in terms of device PCE and long-term air
stability. This bilayer HTL showed higher hole mobility owing to
the high p-type conductivity and mobility of Cu,S, while it also
provided a better protection of the perovskite and improved
device stability owing to the coverage of pinholes in the spiro-
OMEeTAD layer and the high hydrophobicity of Cu,S. Benefitting
from the good hole transport properties of Cu,S and the barrier
protection from the insertion of Cu,S between the spiro layer
and the Au electrode, the device with the configuration of FTO/
SnO,/MAPbDI;/spiro-OMeTAD/Cu,S/Au produced a high PCE of
18.58% and demonstrated enhanced stability, both of which are
superior to those of spiro-OMeTAD devices. Benefiting from the
hydrophobic nature of Cu,S, PVSCs retained over 90% of their
initial efficiency, even after storage in air with approximately
40% humidity for 1000 h without encapsulation (Fig. 14).

An interesting approach has been proposed by Han et a
A solution-processed organic-inorganic-integrated hole trans-
port layer which is composed of the undoped spiro-OMeTAD
and CuoSs layer has been used in normal structure, CH;NH;PbI;
perovskite based devices, which exhibited a maximum PCE of
17.10 and 96% retention of PCE after 1200 h in an air atmo-
sphere without any encapsulation; however this concept has not
been applied in inverted structure devices.
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Fig. 14 (a) Schematic illustration of the device structure of a planar n-i-p
MAPbI3 solar cell, with the spiro-OMeTAD/Cu,S bilayer; (b) energy band
diagram of the PSC; (c) PCE, FF, Jsc. and Ve as a function of ambient
storage time of devices with different HTLs.}**
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Tirado et al.'™® have proceeded to the synthesis and char-
acterization of p-type Cu sulfide nanoparticles that have been
applied as a low-cost, fully inorganic HTM in mesoscopic n-i-p
PSCs. By employing CuS combined with two different perovskites,
CH;3;NH;Pbl; (MAPbI;) and (FAPbL;), ,5(MAPDBr3) 14(CSPbI3)g 08
(CSFAMAPDIBr), very high current densities and fill-factors were
observed, suggesting an effective hole-extraction at the Cus inter-
face, which has led to a PCE close to 14%. As a remark, the PCE
values were limited by a reduced open-circuit voltage around 0.8 V,
due to the phenomena occurring at the perovskite/CuS interface
such as increased non-radiative recombination, caused by the
considerable difference in the valence band value, and the effect
of CuS metallic character. These findings contribute to fill the
knowledge gap about the behavior of CuS as a HTM in PSCs due to
the previously reported impossibility of having high performance
CusS films on perovskites. However, this problem could be com-
pletely overcome when switching to the inverted structure, where
the perovskite is deposited on the HTL and not the other way
round, something that has not been performed yet, though
appearing very attractive. Moreover, these results pointed out
CuS as a potential extremely low-cost and stable solution-
processed alternative to the state-of-the-art organic HTMs in
PSCs, opening the door for new improvements and applications
of this material in large-scale low-temperature produced opto-
electronic devices.

An interesting approach has been adopted in 2016 by Rao
et al.'” and is actually the only report so far of the CuS HTL
implemented in p-i-n structure PSCs of high efficiency. By
using a simple solution based process they have prepared
CuS nanoparticles, which were used to modify the ITO surface
and practically act as a hole extractor, in CH;NH;PbI; PSCs of
the ITO:CuS/CH3;NH;PbI;/Cgo/BCP/Ag structure, which yielded
efficiencies of 16.2%. In addition it was noted that the hysteresis
effect is less conspicuous in the CuS NP-modified devices in
comparison with devices based on the pristine ITO.

In a completely different context, the same group have
presented semitransparent electrodes prepared with Cu sulfide
thin films (Cu,S) that were used for the first time in inverted-
planar PSCs.'*® The resulting hole-transporting-material-free
and indium-tin-oxide-free (ITO-free) device showed an unpre-
cedented 5.9% PCE. The p-type Cu,S semitransparent electrode
exhibited a high electrical conductivity of 1094 S cm ™', com-
parable to state-of-the-art transparent conductive electrodes
(TCE) (Fig. 15). Surface photovoltage analysis of the grown
perovskite was made, which indicated that the Cu,S electrode
induced an optimal band alignment in the perovskite surface
while trap states were favored by using Cu,S with regards to
the ITO.

These results suggest that photovoltaic parameters of Cu,S-
based PSCs can be still improved by a better control of perovskite
growth. Finally, material cost per square meter (US$ per m?) was
estimated for Cu,S electrodes and an impressive reduction of
77.6% was observed compared to commercial ITO. These results
highlight the potential application of Cu,S film as a low-cost,
non-toxic and scalable p-type semitransparent electrode in PSCs
and other optoelectronic devices.
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Fig. 15 Morphology of Cu,S films and the perovskite. (a) XRD pattern
revealing covellite and digenite phases with the inset showing the image of
a typical Cu,S electrode on a glass substrate; (b) dependence of the film
thickness and roughness on the deposition cycles. Inset A: AFM image of a
4 cycles film (black symbols). Inset B: AFM image of a 7 cycles film
(magenta symbols). AFM topography of the perovskite surface grown on
(€) ITO; (d) 4 cycles Cu,S; and (e) 7 cycles Cu,S. 18

3.4 Phthalocyanines (CuPc)

Phthalocyanine is an aromatic, intensely blue-green hetero-
cyclic compound. Its structure is similar to that of porphine
(the framework of molecules such as chlorophyll) with four
fused benzene rings. It forms dye complexes with most metals
in the periodic table, notably copper.

Copper phthalocyanine is a brilliant blue dye with numerous
applications in industrial coatings, fine art pigments, textile and
paper manufacturing, and organic photovoltaic cells. It is avail-
able in both o and p forms and it is not toxic to either animals or
plants. It is a typical p-type semiconductor with excellent photo-
electric performance, widely employed in bulk heterojunction
solar cells owing to its advantages, including high hole mobility,
suitable highest occupied molecular orbital (HOMO) energy
level, which matches well perovskites, long exciton diffusion
length, thermal and chemical stability, low cost, and ease of
synthesis. The hole mobility of CuPc (107> to 10> ecm?* V™' s,
as compared with 4 x 107> ecm® V" 57" for spiro-OMeTAD) is
sufficient for efficient hole extraction when employing CuPc as a
HTL in PSCs (>10"% ecm® V' s7%), indicating a promising
potential.

Even though there have been reports on normal structure
PSCs employing CuPc and its derivatives, which have exhibited
high PCE values reaching 18% and increased stability,"****° the
reports on the incorporation of CuPc in inverted structure PSCs
that present satisfactory PCE values (>10%) are only few.

In 2018, Han et al. introduced CuPc in inverted planar PSCs,
by depositing dopant-free CuPc films on ITO via a room
temperature thermal evaporation process.'*" Using this method
they were able to obtain PSCs with high reproducibility and
uniformity. The CuPc films were used as HTLs in single cation
CH;NH;I; and multication Csg ¢sFAg g1MA, 14PbI, 55Br, 45 PSCs
of the structure ITO/CuPc/perovskite/PCBM/BCP/Ag. An optimal
CuPc film thickness of 10 nm was applied in subsequent devices
and the optimized device with the single cation perovskite
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Fig. 16 (a) J-V curves of the best-performing flexible and rigid PSC based

on CuPc HTLs. The inset table shows the main parameters of the device;
(b) the PCE distribution of CuPc based flexible PSCs; and (c) PCEs of
flexible PSCs based on CuPc HTLs for bending cycles. The inset figure is
the photograph of the corresponding flexible solar cell.'?*

yielded a Jsc of 18.9 mA cm 2, a Voc of 0.97 V, and a FF of
0.80, leading to a champion PCE of 14.5%, higher than the
control device with PEDOT:PSS, of a maximum PCE of 13.9%.
Switching to the high PCE triple cation perovskite absorber has
further raised the PCE of the devices to 15.4%, while the same
device configuration when transferred to flexible substrates
(ITO/PEN) has yielded PSCs with a Jsc of 18.5 mA cm ™2, a Vo
of 0.99 V, and a FF of 70%, with a maximum PCE of 12.8%
(Fig. 16). The small drop in PCE observed with flexible devices,
when compared with the rigid ones, is related to the higher
series resistance of the flexible device;'®® however, the flexible
devices have exhibited excellent bending stability retaining
~85% of the original PCE after 3000 bending cycles at r =
5 mm. Additionally, the PSCs with CuPc as the HTL exhibited
better stability than PEDOT:PSS based devices when exposed to
ambient air (temperature: 20-25 °C, humidity: 40-50%) without
encapsulation.

By employing Cg as the ETL, replacing PCBM, the same
group have further improved the PCE of CuPc HTL based PSCs
to 16.72%, in a device employing the triple cation Csg osFA g1~
MA, 14Pbl, 55Bro 45 perovskite,'* owing to a salient increase in
Jsc and Voc. This has been ascribed to the higher conductivity
and electron mobility of Cso compared to PCBM, contributing to
a faster electron transport and suppressed recombination loss.
It should be noted at this point that the well-known practice of
solvent annealing has been applied to these devices, during the
perovskite annealing, which has been proven to deliver uniform
films of high quality, with increased crystallinity, fewer low-
dimensional defects and larger grain size combined with less
scattering of grain boundaries and a negligible Pbl, residual.
Additionally, the devices present negligible hysteresis, as also
confirmed by the low value of the hysteresis index (HI) that has
been calculated. The corresponding flexible devices achieved a

This journal is © The Royal Society of Chemistry 2019
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Fig. 17 (a) The J-V curves of the best-performing flexible PSCs based on

Cgo and PCBM ETLs, measured under both the reverse and forward
scan direction; (b) image of the as-prepared flexible PSC; histograms of
the PCE for 20 cells with (c) Cgo and (d) PCBM ETLs and (e) normalized
PCE of the flexible PSC as a function of bending cycles with a radius
of 5 mm.*22

PCE of 12.96%, which is a very promising result for flexible
PSCs. Both the Cgy-based and PCBM-based flexible devices
maintain 81.3% and 79.6% of their initial PCE after 3000
bending cycles with a bending radius of 5 mm, exhibiting
excellent stability, something that clearly indicates the suitability
of CuPc as an efficient hole extraction layer in highly efficient and
stable flexible PSCs (Fig. 17).

The CuPc derivative Cu phthalocyanine-3,4’,4"",4'"'-tetra-
sulfonated acid tetra sodium salt (TS-CuPc) possesses good
solubility in polar solvents, which allows its application as a
HTL in low-cost PSCs. By using an aqueous solution process
Wang et al.’® have prepared composite films of Cu phthalo-
cyanine-3,4',4" 4""-tetra-sulfonated acid tetra sodium salt
(TS-CuPc), doped with tetrafluoro tetracyanoquinodimethane
(F,-TCNQ) with improved film conductivity and hole mobility.
These films have been then incorporated in inverted structure
CH;NH;PbI; PSCs that yielded efficiencies of 16.14%, with
a simultaneous increase of both current density and open
circuit voltage, compared to the reference PEDOT:PSS device
that reached 12.88% PCE in the same system. The TS-CuPc:F,-
TCNQ-based device additionally exhibited better stability com-
pared to the PEDOT:PSS-based one. After 350 h storage in air at
room temperature, the TS-CuPc:F,-TCNQ (2.5 wt%)-based
device maintained 88% of the initial PCE. In contrast, the
PCE of the PEDOT:PSS-based device was rapidly reduced by
half (Fig. 18). This obvious improvement of the device stability
has been ascribed to the stable TS-CuPc:F,-TCNQ, with almost
neutral precursor solution. However, it is worth noting that the
undoped TS-CuPc did not perform well enough, yielding PCE
values lower than 8%, something that constitutes a drawback
regarding the cost of the corresponding devices.

However, the presence of transition metals in the structure
of organometallic HTMs, like CuPc, is a critical issue because
these elements can lead to toxicity and carcinogenicity, which
potentially cause health problems. In addition, the poor solubility
of unmodified CuPc in the most common organic solvents
restricts its application in solution-processable PSCs.

This journal is © The Royal Society of Chemistry 2019
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Fig. 18 (a) Schematic diagram of the device structure in inverted PSCs
incorporating different HTMs; (b) J-V curves of the PSCs using PEDOT:
PSS, TS-CuPc, TS-CuPc:MoOs (15 wt%) and TS-CuPc:F4-TCNQ (2.5 wt%)
as the HTMs measured under simulated AM 1.5 sunlight of 100 mW cm™2;
(c) histogram of PCEs measured from 50 TS-CuPc:F4-TCNQ (2.5 wt%)-
based inverted PSCs; (d) UV-vis absorption spectra of CHzNHzPbls_,Cl,
perovskite films deposited on different HTMs; (e) Nyquist plots of
CH3NH=Pbls_,Cl,-based PSCs measured in the dark, at an applied voltage
of 0.96 V; (f) PCEs as a function of time in the PEDOT:PSS and TS-CuPc:
F4-TCNQ (2.5 wt%)-based PSCs without encapsulation under identical
storage conditions (in atmosphere, at RT).}**

3.5 Oxides (CuO, Cu,0 and CuO,)

Copper oxide is a compound from the elements of copper and
oxygen and may refer to copper(i) oxide (cuprous oxide, Cu,0),
copper(u) oxide (cupric oxide, CuO), copper peroxide (CuO,) or
copper(m) oxide (Cu,03). Due to the natural abundance of Cu,
CuO, has become a promising alternative to PSC components.
Stable Cu oxides (CuO,), namely, cupric oxide (CuO) and cuprous
oxide (Cu,0), are well-known p-type semiconductors. Cupric
oxide (CuO) has a band gap of 1.21-2.1 eV and a monoclinic
crystal structure, while cuprous oxide (Cu,O) has a band gap of
2.2-2.9 eV and a cubic crystal structure. With their valence band
maximum in good alignment with that of the most commonly
used high PCE perovskites, a good photovoltage is expected from
this type of HTMs when they are used as HTLs in PSCs. The first
attempt to use these materials for PV application was in the late
70s and since then various techniques have been used to
fabricate Schottky junction, hetero-junction, and homo-junction
devices using them as light harvesters.’**"'?® However, low device
performance was observed due to low absorption in the long
wavelength region because of the high energy gap. Owing to their
low electron affinity and high hole mobility, Cu oxides have been
suggested as a potential hole transport material in heterojunction
based solar cells. CuO,-based solar cells have mainly been
studied by creating p-n junction device structures. The use of
Cu,0 has been reported in an Al-Ga-O thin-film solar cell with a
maximum PCE of 6%, which is achieved using the Al,-Ga;_,-O/
Cu,0 heterojunction. Achieving high PCEs using these materials
is still under investigation, though, because of the difficulty
involved in identifying a suitable n-type semiconductor as well
as concerns with the chemical instability of the CuO, surface."”

A solvothermal synthetic route has been applied by Savva
et al."*® to prepare cupric oxide (CuO) NPs that were synthesized
from the thermal decomposition of CuCl in DMSO at low tempera-
ture (80-120 °C) and within a short reaction time (30 minutes).
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Dispersions of CuO NPs were used to fabricate interfacial layers
of CuO without any post deposition annealing or solvent
washing step. The CuO substrates exhibited a high work func-
tion, transparency and good surface properties, such as
increased hydrophobicity, thus facilitating the growth of high
quality perovskite layers, with increased grain size compared to
PEDOT:PSS. By using CuO NPs as interfacial layers between ITO
and CH;3;NH;PbI;, a PCE of 15.3% was obtained in a CuO-NPs/
CH;3NH;PbI;/PC,,BM/AZO/Al configuration device. High Voc
values of 1.09 V and more than 50% increase in PCE compared
to PEDOT:PSS-based p-i-n perovskite-based solar cells were
obtained, indicating that the nanoparticulate nature of the
CuO interfacial layer leads to light management benefits for
the device performance of the p-i-n PSCs. In addition, the
photovoltaic performance of the CuO-based PSC is stable for
more than 30 minutes under continuous 1 sun illumination,
indicating no photo-chemical interaction between CuO HTL
and CH3;NH,;PbI;. This work highlights the potential for the
incorporation of CuO as a HTL in large area PSCs.

A different approach has recently been proposed by Sun
et al.,"”® wherein electrospun CuO nanowires are used as a
buffer layer in ITO/CuO NWs/PEDOT:PSS/CH;NH,;PbI;/PCBM/
Bphen/Ag inverted PSCs (Fig. 19). When CuO NWs were added
to the flat and pinhole-free reference film, the surface of the
perovskite retained a smooth and dense morphology. More-
over, some large crystal grains with an average grain size of
770 nm could be found, indicating that the introduction of
NWs does not alter the crystallinity of the perovskite layer.
The introduction of CuO NWs led to a negligible decrease in
light transmission relative to the ITO/PEDOT:PSS reference
film, indicating that the light absorption of CuO NWs had no
influence on the performance of PSCs.

The dark current of the CuO NW device was lower than that of
the reference device in the low voltage/current regime, indicating
a higher interface-dependent shunt resistance (Ry,) and hence an
improvement in charge extraction efficiency. Overall, under one
sun simulated illumination, the reference device yielded an
average open circuit voltage (Voc) of 0.97 V, an average short
circuit current density (Jsc) of 18.33 mA ¢cm™>, an average fill
factor (FF) of 0.76, and an average PCE of 13.50%. The general
trend when CuO is used as a hole transport layer instead of
PEDOT:PSS is for the Vo to change, since the valence band of
CuO is lower than the HOMO of PEDOT:PSS. However, in the
case of CuO NWs, Vo was kept nearly constant, implying that

a Electrospinning

= 14 14

Fig. 19 (a) Schematic illustration of the main fabrication procedure of
CuO nanowires. (b) Schematic device structure of the proposed PSC?°
(reprinted with permission from ACS Appl. Mater. Interfaces, 2018, 10(13),
11289-11296, Copyright 2018 American Chemical Society).
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under 100 mW cm~2 illumination (AM 1.5G) and Nyquist plots of PSCs
without and with the optimal coverage of CuO-NWs in the dark and
(b) schematic illustration of hole transport with CuO NWs.12°

CuO NWs do not change the electrode work function. With the
increase of CuO NW coverage, the average Jsc increased to
21.72 mA cm 2, while the PCE obtained with the optimal
coverage of 4.2% had an average value of 16.35%, which is an
enhancement of over 21% compared with that of the reference
device of 13.5%. Moreover, it was found from EIS measurements
that the corresponding device had the lowest series resistance
(Rs) and the highest recombination resistance (Ry.) (Fig. 20).

These results demonstrated the feasibility of using CuO
NWs as a buffer layer for improving the PCE of PSCs.

Even though there have been several reports, from 2015 and
on, of planar inverted PSCs using Cu,O as the HTM, reports on
efficiencies that exceeded 10% have only been few. Zuo et al.
used the method of in situ conversion of Cul film in aqueous
NaOH solution, to prepare Cu,O films that were later on used
as the HTL for inverted PSCs of the ITO/HTM/CH;NH;PbI;/
PCy;BM/Ca/Al structure. The devices exhibited efficiencies
of 13.35%, with a distinctively enhanced open circuit voltage
(1.07 V) compared to the equivalent PEDOT:PSS based devices,
which yielded a Voc of 0.95 V and a final PCE of 11.04%."*° In
the same work, CuO films were also prepared by simply heating
Cu,O films in air (Fig. 21). The corresponding devices with CuO
as the HTL exhibited efficiencies of 12.16%, again achieving a

(a) 2Cul + 2NaOH = CuyO + 2Nal +H,0 2Cu,0+ 0, = 4CuO

10 mg/ml. NaOH
Cul — 10 mpml NeOH Cu0

250 °C in air

AZY

(b) (©

Ca/Al

La

-I‘

Fig. 21 device

structure; and (c) energy level diagram.

(@) Preparation process of Cu,O and CuO films;
130
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high V¢ value of 1.06 V, but hindered by lower FF and Jsc
values, compared to the higher performing Cu,O based devices.
The significance of this work lies in the facile and low tem-
perature method used for the preparation of films, which has
the potential of applicability in solar modules of large area.

A variety of deposition methods have been proposed for
Cu,O based, inverted structure devices, such as the successive
ionic layer adsorption and reaction®*! (SILAR) and the electro-
deposition**> methods; however the resulting PSCs’ efficiencies
were not very promising (8.23% and 9.64% respectively). The
SILAR method resulted in low Jg¢ values that were attributed to
the large thickness of the Cu,O film,"** which increases the
device’s series resistance and optical losses from the light
absorption of Cu,0 in the partial visible region, while the poor
surface morphology was responsible for the low Vo obtained.
On the other hand, the low Vo and FF of the electrodeposited
devices were attributed to the higher energy level offset at the
ITO/CH;NH;PbI; interface, which leads to a low charge collection
PCE and a high electron-hole recombination probability, and
thus restricts the photovoltaic performance.

CuO, on the other hand have provided very promising results
since the report of a CuO, hole transport layer, prepared from a
solution-processed method, that was introduced into inverted
planar CH;NH;PbI; PSCs, which exhibited efficiencies of >17%,
by Sun et al.'®* Further incorporation of ZnO as the electron
transport layer (Fig. 22), replacing BCP and Cg, has led to an
increase in the PCE of CuO, CH;NH;PbI; PSCs, which reached
17.43%."%°

By switching to a mixed halide perovskite, MAPbI; ,Cl,, an
impressive PCE of 19% was achieved by Rao et al'*® The
perovskite that was used in that work is MAPbI;_,Cl,, with various
Cl doping proportions, while a PCBM (phenyl-Cg;-butyric acid
methyl ester)/Cgo double fullerene layer was deposited as an
electron acceptor and collection layer. Finally, a thin film of
bathocuproine (BCP) and a silver layer were thermally evaporated as
the hole blocker and anode, respectively. The less intrinsic defects in
the MAPbI; ,Cl, film, compared to MAPbIL;, are greatly beneficial

(a) (b)
o mwf —
ZnO NPs S Zn0O
PCBM NP
MAPU, | /
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Fig. 22 (a) Schematic of the CuO,/ZnO based device structure; (b) energy-
level diagram of the corresponding device; (c) J-V curves and (d) EQE
spectra of the PVSCs without or with different HTLs.»*®
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for reducing the recombination of charge carriers in the device.
Furthermore, studies on the hole and electron mobility of the
MAPDI; and MAPbI;_,Cl, films revealed that the hole mobility
of the MAPbI; ,Cl, film is much higher than that of the MAPbI;
film and the difference of electron mobility for the films
is negligible. Taken together the results of the remarkable
morphology and hole mobility improvement of the MAPbI,_,Cl,
film, conspicuous intrinsic defects reduction in the film and the
prominent increase of the device recombination resistance, the
MAPDI;_,Cl, based device possesses higher V¢, FF and Jsc,
thus leading to an outperforming PCE. This is a significant
result, which reveals the potential of further improvement of the
CuO, device performance when perovskites with mixed anions
and mixed cations are employed, something that has not been
investigated so far, to the best of our knowledge.

Ternary, Cu based, metal oxides, such as CuAlO,, CuCrO,
and CuGaO,, have also been used as HSCs in PSCs. CuAlO,,
CuCrO, and CuGaO, known to have a delafossite structure
with the general formula of ABO,, where a sheet of linearly
coordinated A cations are stacked between edge-shared octa-
hedral BO6 layers, have been investigated in DSSCs and organic
photovoltaics as p-type semiconductors. These materials, con-
trary to Cu,O and CuO, possess a large bandgap of over
3.5 eV with a modest hole mobility in the range of 0.1 to
10 em® V' 57, have a high transmission in the broad wave-
length range and have been tested in both regular and inverted
PSCs. This type of metal oxides are generally synthesized using
the hydrothermal method and then spin-coated on top of the
conductive substrate in p-i-n structured PSCs.

An impressive increase in the PCE of inverted PSCs has been
achieved when films of CuGaO, nanoparticles, prepared by a
surfactant-assisted hydrothermal synthesis, have been used as
the HTL, replacing PEDOT:PSS. With an impressive Voc of
1.09 V for the CH;NH,PbI; perovskite and a short circuit current
density of 19.52 mA cm 2%, the devices employing CuGaO,
achieved a PCE of 15.3%, while the PCE of the equivalent
PEDOT:PSS devices did not surpass 9.3%"3” (Fig. 23).

When incorporated, in combination with NiO,, as a bilayer
inorganic hole transport film in inverted planar and mesoporous
structure PSCs, CuGaO, has achieved a stabilized PCE of 20%,
which is one of the highest reported for inverted PSCs with
inorganic HTMs. Additionally, the unencapsulated PSC device
retains more than 80% of its original PCE when subjected to
thermal aging at 85 °C for 1000 h in a nitrogen atmosphere, thus
demonstrating the superior thermal stability of the device.’*® In
this very interesting approach, an inverted PSC with mesoporous
HTMs has been designed, in which an ultrathin NiO, (<10 nm)
was introduced as the compact layer and mesoporous CuGaO,
was then deposited on it to form a bilayered, graded band
alignment inorganic HTM (Fig. 24). The graded energy alignment
of the VBM between NiO,, CuGaO,, and perovskite resulted to be
very favorable for charge carrier transfer and collection. In this
work the potential of metal oxide layers as HTLs for stable PSCs
is highlighted: the CsFAPbIBr double cation perovskite is a
thermally stable perovskite system in comparison with the methyl-
ammonium (MA)-containing perovskites, while the inorganic
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Fig. 24 (a) Schematic illustration of the mesoporous CuGaO, device
configuration and a typical cross-sectional SEM image; (b) energy-level
diagram demonstrating the collection process of photo-induced holes;
(c) J-V curves of the devices based on the planar and mp CuGaO, HTM;
(d) IPCE curves and the corresponding integrated photocurrent for devices
based on the planar and mp CuGaO, HTM; (e) the steady output PCE
of the champion device based on the mp CuGaO, HTM around the
maximum output power point as a function of time under simulated 1 sun
illumination.**°

NiO,/mesoporous CuGaO, is even more thermally stable than
the (FA, Cs) double cation perovskite, which enabled the
devices to retain more than 90% of their initial PCE after being
stored for two months under ambient conditions. An additional
doping with Zn has led to a remarkable PCE of 20.67%,"*° in a
methylammonium-free device, which retained over 85% of its
initial PCE after thermal annealing at 85 °C for 1000 h in
a nitrogen atmosphere, demonstrating the superior thermal stability
of the present PSCs with the metal doped inorganic HTM.

To make a reference to another one of the highest performing
examples, a composite oxide of CuGaO, has been employed by
Zhang et al."*® as the HTL in normal structure, mesoscopic PSCs of
the FTO/c-TiO,/CH;NH;PbI;_,ClL/CuGaO,/Au structure. In their
work, CuGaO, nanoplates have been synthesized hydrothermally
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and then dense films prepared, with an optimum thickness of
345 nm, which presented flat morphology with a root mean square
roughness value of only 21.32 nm, by a solution process method.
The best performing device achieved a Jsc of 21.66 mA cm™ 2,
a Voc of 1.11 V, and a FF of 0.77, leading to an overall PCE of
18.51% under the standard AM1.5 solar illumination, higher
than the 17.14% obtained from the control spiro-OMeTAD
device. The higher Voc has been attributed to better energy
alignment at the CuGaO,/perovskite interface, which minimizes
the charge-extraction barrier and enhances the built-in potential
across the device. In addition, the enhanced Joc and FF have
been interpreted as the consequences of efficient hole extraction
and electron blocking of the CuGaO, layer. Most importantly, the
CuGaO, HTL imparts not only better photovoltaic performance,
but also greatly retards the decomposition of the perovskites. The
PCE of the CuGaO,-based device maintained the majority of
the original device performance up to 30 d, whereas that of the
organic HTL (spiro-OMeTAD)-based device decayed dramatically
from ~17% to 3% within the first week. Interestingly, these
results have not yet been explored in the inverted structure
devices, most probably because of the relatively high thickness
of the CuGaO, film that is required; however it would be
interesting to evaluate the performance of this composite in the
p-i-n structure as well, together with the combination with the
multication mixed halide perovskites that are currently exhibiting
the highest efficiencies in both structures (n-i-p and p-i-n).

On the other hand, it has been demonstrated that a a:CuAlO,
hole selective buffer layer between the ITO electrode and
PEDOT:PSS, in p-in structure CH3;NH;3Pbl; perovskite based
devices, can increase the PCE of PEDOT:PSS devices from 11.1%
to 14.52%, while at the same time increasing their stability."**
The PCE improvement stems from the enhanced charge extrac-
tion and reduced charge recombination due to the incorpora-
tion of a:CuAlO, with increased conductivity and suitable work
functions. The origin of this improved device performance can be
traced to the increased conductivity of the added a:CuAlO, layer
and its formation of adequate energy level alignments with the
PEDOT:PSS layer (Fig. 25). The pristine a:CuAlO,-based solar cell
also showed markedly improved ambient stability as compared to
the pristine PEDOT:PSS and a:CuAlO,/PEDOT:PSS-based devices.
The pristine a:CuAlO,-based device retained more than 90%
of the initial PCE even after 240 h of storage in air. In addition,

(b)

1o 3
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Fig. 25 (a) Structure of a PSC with the a:CuAlO, buffer layer and (b)
energy level diagram of the device components along with various
thicknesses of a:CuAlO;: red line (5 nm), blue line (10 nm), pink line
(15 nm) and olive line (20 nm)*** (reproduced from ref. 141 with permission
from The Royal Society of Chemistry).
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the a:CuAlO,/PEDOT:PSS-based device retained 80% of its initial
value while the PCE of the pristine PEDOT:PSS-based device
degraded to less than 35% of its initial value. This lower stability
has been implied to originate from the acidic characteristics of
PEDOT:PSS that erode the ITO electrode.

Recently, a composite, transparent CuAlO,/Cu-O hole trans-
port film has been prepared by flame spray pyrolysis and
incorporated in an ITO/[CuAlO,/Cu-O)/CH;NH;PbI;/PC,,BM/
AZO configuration inverted perovskite solar cell, which achieved
a PCE of up to 16.3% with a negligible hysteresis effect."*?
However, even though this value is one of the highest in a novel
composite material, the high temperature that is required for
the preparation of the oxide films is a limiting factor when it
comes to the large area application of this process. An interest-
ing work has been presented by Qin et al,'*® where they
introduced a novel Cu-chromium binary metal oxide as the
hole-transporting material for application in inverted structure
PSCs. Delafossite CuCrO, has a direct band gap of ~3.1 eV,
much larger than that of Cu oxides. Owing to its high conductivity
and non-toxicity, it is a promising p-type conductive material for
optoelectronic applications. By using a low temperature, sol-gel
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method, the authors prepared Cu acetylacetonate and chromium
acetylacetonate solutions that were mixed with different volume
ratios. Following, they prepared Cu,Cr,0, films on ITO and PEN
substrates by the simple spin coating method, on top of which
the perovskite layers were grown. By varying the volume ratio of
chromium acetylacetonate in the mixed solution, they were able
to tune the E, from 2.8 to 3.62 eV demonstrating that the
corresponding Cu,Cr,O, films are promising candidates for
HTLs in PSCs (Fig. 26).

In this work, the dependence of the energy levels and phase
compositions of Cu,Cr,0, films on the different Cu acetyl-
acetonate (y)/chromium acetylacetonate (z) volume ratios in
the reacting solution precursors has been investigated and
Cr-terminated polar CuCrO, has been shown to provide
Cu,Cr;0, films with superior wettability and compatibility with
perovskite precursor solution, enabling the formation of high
coverage uniform perovskite films. The binary metal oxide HTL
shows superior PSC performance over the mono-metal oxide
HTL, and CH3;NH;PbI; perovskite based devices have led to
efficiencies of 17.19% in rigid and 15.63% in flexible devices
(Table 5).
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Fig. 26 Energy levels of the Cu-based materials discussed in this review (left) and graph of power conversion efficiencies for each material, with the

corresponding reference number (right).

Table 5 Summary table of the highest efficiencies obtained with each Cu based material reported in this review

Cu based material Perovskite ETL PCE [%] Ref.
CuSCN CH,NH,PbI, PCqoBM 17.50 90

CuSCN/Cul CH,;NH,PbI, PCq,BM 18.76 97

Cul Cs5(MAo 17FAo 53)05Pb(Io.63BT0.17)3 PC,,BM 17.50 108
Cu@Cul Cs5(MA17FA.g3)5Pb(Io.63BT0.17)3 ZnO/PC,,BM 18.80 108
cus CH,NH,PbI, Ceo 16.20 117
CuPc CS0.05FA¢.81MAg 14PbI, 55Brg 45 Ceo 16.72 122
CuO NWs CH;NH;PbI; PC¢:BM 16.35 129
CuO, CH,NH,Pbl, ,Cl, PCg:BM/Cyo 19.00 136
CuGaO, CH,NH,PbI, PC,oBM 15.30 137
CuGa0,-NiOy Cs,(CH;(NH,),)1,Pb(Br.1; )3 PC¢;BM 19.95 138
CuGa0,-Zn (Cs0.15FA0.85)Pb(Ip-9Bro 1)3 PC4,BM 20.67 139
CuAlo, CH,NH,PbI, ,Cl, PCq,BM 14.52 141
CuAlO,-CuO CH;NH;PbI; PC,,BM 16.30 142
CuCro, CH,NH,PbI, PC¢,BM 17.20 143
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Moving one step further, in order to optimize the electrical
properties of delafossite materials and increase their conductivity,
by doping M™ atoms, Jeong et al.*** presented Mg doped CuCrO,
with a high conductivity of 220 S em™ ", this value being higher
than those of other delafossite materials such as Mg:CuAlO, (8 x
107> S em™ )™ and Fe:CuGaO, (1 S ecm™')."*® The as-prepared
Mg-doped CuCrO, nanocrystalline particulate films were used
as HTLs in PSCs with the FTO/CH;NH;Pbl;/PC¢;BM/BCP/Ag
structure, which presented a mediocre PCE of 13.1%; however
the enhanced photocurrent density values that were obtained,
combined with the significantly increased stability of the
devices, compared to the reference PEDOT:PSS device, still
render this material promising after optimization.

There have also been reports on other Cu-based HTMs, such
as Cu,ZnSnS,, Cu,BaSnS, and Cu;SbS,, that have been used in
both normal and inverted structure PSCs; however the efficiency
of the resulting devices still remains low (<10%),"*”"**° while
the energy levels of these materials present mismatches with the
most commonly used perovskites (such as MAPbI;), implying
the need for structural and interface engineering in order for
them to be efficient.

4. Conclusion and outlook

In their simplest definition, PSCs are described as perovskite
sandwiched between ETL and HTL. Serving as a major component
of PSCs, the HTL has a significant influence on light harvesting,
carrier extraction and transport, perovskite crystallization, stability,
and cost of PSCs. With more characteristics being identified,
research of PSCs shows a rising concern for high stability and
low cost.

In this review we have summarized the latest advances in
hole transport materials based on Cu and their application in
inverted structure PSCs. The research interest in this topic is
continuously growing and many novel fabrication techniques
and material combinations have been demonstrated. This
arises from the materials’ favorable properties, combined with the
ease of electrode preparation, through solution-based techniques
which are applicable in large area devices. At the same time, the
structure of p-i-n PSCs itself is favorable for a variety of deposition
techniques, since, contrary to the normal structure counterpart, the
HTL is deposited directly on a substrate, thus not affecting the
perovskite film. While Cu based HTMs have shown significant
advance in the normal structure PSCs, achieving high PCEs and
good stability, their potential is highlighted in the inverted structure
PSCs, where the great flexibility of deposition methods provides
a broad range of applications. A representative example is the
demonstrated application of Cu HTMs (CuSCN and CuPc) in
high efficiency and stability p-i-n PSCs, processed from aqueous
media, a method that is forbidden from being applied in
normal structure devices, since this would cause the immediate
destruction of the perovskite film.%*'??

As demonstrated in Section 3, Cu derivatives are able to
achieve devices with PCEs that compete with those offered by
the typical organic HTMs that have been used so far, while at

13700 | J. Mater. Chem. C, 2019, 7, 13680-13708

View Article Online

Review

the same time exhibiting higher stability and reduced cost. In
addition, their energy levels can be easily tailored to match
all of the different perovskite compositions, rendering these
materials appropriate for a wide range of applications, such as
light emission and lasing, apart from solar cells.

CuSCN has led to the highest performing devices, with great
stability records, especially in normal structure PSCs. The main
drawback of this material is its low solubility in most organic
solvents, while strong solvents, such as diethylsulfide (DES),
that have been used can destroy the underlying perovskite
layer. This problem is eliminated by moving to the inverted
structure; however the use of strong solvents, especially the
sulfur containing ones, should be eliminated when working in
inert atmosphere conditions, namely inside a glove box, since
they can have detrimental effects on the reactor and sensors of
the box. An additional advantage of the p-i-n structure, in this
direction, is that the HTL, being deposited before the perovskite
layer, can be prepared in ambient conditions. In that way, by
investigating a variety of solvents and precursor compositions,
highly efficient electrodes, with adjustable properties, can be
fabricated. A first promising result in this context has been
demonstrated by Anthopoulos et al.,’® while there is still plenty
of room for improvements and for the maximum exploitation of
the excellent properties of CuSCN as a hole transporter. In
addition, a variety of complexes of Cu with the cyanide (CN)
ion, such as SeCN, as well as a combination of CuSCN with
other -SCN bearing salts (e.gz KSCN) and doping with 2D
materials and GRMs (graphene related materials) can deliver
interesting results in terms of PCE and stability, making this
group of materials worth for further study.

Even though the reports of inverted PSCs incorporating Cul
as a HTL and with a PCE exceeding 15% are few, the achieving
of an open circuit voltage of 1.1 V by combining it with thiourea
is a clear indication that this material is capable of achieving
high Vi values, under appropriate modifications, with organo-
sulfur compounds or amides and after its conjugation with
other Cu based materials. These modifications should be targeted
in increasing the trap-state passivation, which at the same time will
reduce the recombination rate, thus leading to the high Vo values
expected. A significantly favorable property of Cul is that it can be
easily deposited to form homogeneous films with a variety of simple
techniques, which are compatible with large area applications.

CusS has been long established as a highly efficient counter
electrode in solar cells, owing to its high electrocatalytic activity
and metallic character. Even though it is able to deliver an
efficient p-type electrode for inverted PSCs, its most promising
potential comes from the ability to modify the transparent
conductive oxide (TCO) ITO/FTO and even replace it in efficient
and very low cost TCO free devices.

In general, the presence of transition metals in the structure
of organometallic HTMs, like CuPc, is a critical issue because
these elements can lead to toxicity and carcinogenicity, which
potentially cause health problems. In addition, the poor solubility of
unmodified CuPc in the most common organic solvents restricts its
application in solution-processable PSCs. CuPc has been scarcely
used in inverted PSCs, and one of its drawbacks when implemented

This journal is © The Royal Society of Chemistry 2019
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in devices is that it does not perform well if not doped. Even though
the doped CuPc devices that have been mentioned have
achieved PCE values >16% and some impressive results of
flexible devices have been demonstrated, the need for doping is
an inhibitory factor for their further application in p-i-n PSCs.
Even though CuPc is characterized by high hole mobility, which
results in PCEs of undoped CuPc based devices of the order of
16%, when combined with the appropriate ETL (e.g. Cso), the
highest efficiencies are being delivered by the equivalent doped
material. This is a result of a better CuPc/perovskite interface
that is formed. The improvement of this interface is attributed
to the beneficial effects of the dopants on the solubility of the
material in organic solvents, in most of which CuPc is not
soluble. In addition, dopants contribute to the increased wett-
ability of the corresponding films’ surface, which allows for the
optimized deposition of perovskites, in pinhole, homogeneous
layers. In that way, by increasing both the solubility of CuPc (e.g.
with alkyl chain substitution) and the better film formation
ability, new, solvent based deposition techniques can be investi-
gated, eliminating the most commonly used vacuum evaporation,
which has been shown to be not ideal for thin film applications.

Finally, a great potential exists for the Cu oxide group of
materials, namely cupric oxide (CuO) and cuprous oxide (Cu,0),
which are established as efficient p-type semiconductors for
solar cell applications, yielding high photovoltage values. Even
though the PCEs of the devices that have been reported so far
are very mediocre, further research on these materials could
lead to significant improvements. A big advantage of Cu based
oxides is their controllable synthesis procedures, which gives a
wide range of electrode preparation methods, that can, in turn,
be tuned according to the application prospects and the desir-
able properties. In addition, further doping and mixing with
other oxides, in single or multilayered configuration electrodes,
open new roads towards high efficiency, low-cost PSCs.

As a general view, the devices based on Cu based HTMs have
recently demonstrated PCEs over 20%, which are comparable to
PCE:s of devices based on organic HTMs. Most importantly, the
stability of PCSs is much improved by the Cu based HTM.
However, there remain some drawbacks to be tackled. To start
with, the balance between perovskite and HTM is very important,
rather than focusing only on the selective contact materials. Type
II band alignment is highly desired, since it is favorable for
efficient hole extraction. It is necessary to find a suitable perov-
skite material with appropriate band alignment with the Cu
based materials, or to engineer the interfaces to ensure enough
hole extraction driving force and inhibit back electron transfer.
To further enhance the performance of inverted planar PSCs, the
fabrication of a compact and pinhole-free Cu HTM layer is of
great importance to effectively avoid direct contact between the
ITO electrode and the perovskite layer and thus a leakage path.
Interface engineering between the inorganic HTM and the perov-
skite layer, such as trap-state passivation, would be an effective
strategy to lower charge-recombination losses and thus to further
improve the performance. In addition, the PCE significantly
depends on the preparation methods of the HTM layer. The
templating role of the HTL needs to be considered carefully for
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further PCE optimization of inverted PSCs. Many researchers
have highlighted the critical function of the template in the
process of nucleation and crystal growth of high-quality perov-
skite grains. Finally, the interface degradation problem should be
resolved, possibly with the development of novel interface
engineering. Overall, there is plenty of room for improvement
when moving from organic HTLs to Cu based HTLs, which is in
a direct relation to the different type of material to be used.
Depending on the material, this would be the energy band
alignment, the deposition method, the interface stability or a
combination of all.

To conclude, the most promising Cu based HTM that has
been reported so far is CuSCN in terms of efficiency values that
it can deliver; however in terms of ease of fabrication, the
iodide and oxide counterparts dominate. There is still plenty of
room for improvement, by exploring more Cu based materials
as hole transporters in PSCs and by testing the already reported
ones regarding their stability, with respect to both small and
large area devices.

Having all the aforementioned in mind, it is safe to say that
Cu based materials represent a new class of highly promising
inorganic hole transport materials that can lead to the realization of
inverted PSCs with high PCE and increased stability, with a low cost.
Further research at both material and device engineering level could
lead to impressive results that will push the potential of perovskites
one more step further towards their commercialization.
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