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Presently, due to the rapid development of perovskite solar cells (PSCs), their commercialization is not
only attractive but perhaps the only choice to replace both thin film photovoltaics (PV) and conventional
silicon PV. However, although the power conversion efficiency (PCE) of PSCs is has reached above 25%,
which is suitable for their commercialization, their poor long-term stability with scalability remains a
challenge due to the sensitivity of perovskites under ambient conditions. Therefore, the top and bottom
layers sandwiching the perovskite layer are critical. In this case, the charge transport layers (CTLs) not
only enable charge extraction but also play the role of encrusting, passivating, and supporting the
perovskite layer. Therefore, the perovskite interface has a dominant influence on the performances of
PSCs. In this case, phthalocyanines (Pcs) have a large n-conjugated framework, outstanding thermal
stability, excellent physical/chemical stability, low cost, and can be endowed with a tunable energy band,
good carrier mobility, solubility in common solvents, and facile synthesis through their appropriate
design, making them a robust charge selective layer, passivation layer or both in PSCs. In this review,

Received 29th December 2022, we summarize the studies on the application of Pc compounds in PSCs, including dopant-free
Accepted 20th February 2023 macrocycle molecules, from the perspectives of molecular engineering, doped hole transporting
DOI: 10.1039/d2gm01369j material (HTM), and employment of Pcs as additives in the perovskite layer or HTMs. This review

provides helpful insight for further enhancing the efficiency of PSC devices, while improving their long-
rsc.li/frontiers-materials term operational life by utilizing Pc materials.

1. Introduction
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in the history of thin film photovoltaics, the commercialization
of PSCs can only be realized by achieving long-term stability
and scaling up their fabrication methods. Specifically, the
performance of PSCs in two aspects, ie., stability and PCE,
degrades when PSCs are scaled up.” The stability issues gene-
rally originate from the main absorber, i.e., the perovskite layer,
when it is exposed to ambient conditions.? At the beginning of
the development of PSCs, many efforts were devoted to length-
ening the lifetime of PSCs by adjusting the perovskite composi-
tions and crystal structures. Subsequently, the charge transport
layers (CTLs) were endowed with defect passivation and charge
transportation properties given that the CTLs have direct
interfacial contact with the perovskite layer. Accordingly, the
interfaces of perovskite have become crucial, and in this case
extra passivation layers have been incorporated to alleviate the
built-in defects in perovskite and protect it from the external
environment.* In general, PSCs can be divided into three
basic architectures including positive-intrinsic-negative (p-i-n),
negative-intrinsic-positive (n-i-p) and mesoporous n-i-p.
Regardless of the architectures, the perovskite/CTL interface
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is an opportunity to counter the built-in defects in the bulk
perovskite, at the surface, or in the grain boundaries.
In addition, the interfacial contact between the adjacent layers
directly influences the carrier extraction and recombination.’
Therefore, numerous techniques such as compositional,®
interfacial,” and passivation engineering® have been applied
mainly through the interactions between the perovskite/CTLs.
Nevertheless, another big concern is replacing the conventional
hole transport materials (HTMs) ((2,2’,7,7'-tetrakis(N,N’-di-p-
methoxyphenyl-amine)-9,9’-spirobifluorene  (spiro-OMeTAD),
poly[bis(4-phenyl)(2,5,6-trimethylphenyl)-amine] (PTAA), and poly-
(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)(PEDOT:PSS))
with new materials to enhance the cost-effectiveness and stability
of the device, where small molecules can play a vital role.” Small
molecules enable facile design modifications to achieve the
required properties, such as dopant-free HTMs, interlayers,
organic-inorganic hybrid HTMs or electron transport materials
(ETMs), or as additives to improve the formation of perovskite
crystals.”'® Conclusively, small molecules are beneficial to
enhance the properties of the bottom, top, and perovskite
layers. However, before the application of small molecules in
PSCs, several factors need to be considered, such as their
reproducibility, cost-effectiveness, solubility, stability, hydro-
phobicity, energy levels, and light absorption.'" Generally, most
of these properties are acquired through the selection of an
appropriate molecular core, and then further design modifica-
tions are applied with regard to the specific device.® Besides
these properties, the formation of a thin film with the desired
structural and morphological characteristics is one of the main
priorities, where conjugated w systems play a significant role."?

Phthalocyanines (Pcs), which are aromatic heterocyclic
compounds derived from porphyrins, are among the most
comprehensive  m-conjugated system-based molecules.'?
They possess four isoindole units bridged by nitrogen atoms,
forming a two-dimensional extended n-conjugated system with
18 delocalized electrons, which offers high thermal, chemical,
and photostability for Pc materials."® This extended
n-conjugated system also assists in the absorption of Pcs in
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the red/near-infrared (NIR) region of the solar spectrum, which
exhibit two characteristic bands, i.e., a Soret or B-band with a
generally weaker absorption and intense Q-band with a molar
extinction coefficient as high as 300000 M~ * cm ™ *.**>'® Subse-
quently, the ability to design and synthesize Pcs with different
properties make this interesting class of macrocyclic organic
compounds suitable for a variety of applications, including
dyes and pigments, photocatalysts, imaging and therapy,
chemical sensors, single-molecule magnets, and as active
materials in electronic devices, such as organic photovoltaics
(OPVs), thin-film transistors (OTFTs), light-emitting diodes
(OLEDs), dye-sensitized solar cells (DSSCs) and PSCs."” "

In addition to introducing various functional groups in Pcs
as substituents, strategies based on the n-m interactions of Pc
molecules and their orientations, electron-donor-acceptor
(D-A) systems including Pcs and other electron active subunits,
and covalent organic frameworks (COFs) were also developed in
last two decades for the design and synthesis of novel Pc-based
materials in the form of thin films, nanoparticles and
other ordered condensed matters, which can be employed for
the fabrication of devices with practical and potential applica-
tions.”*>® The first report on the synthesis of a Pc was pub-
lished in 1907 by Braun and Tchemiac.”® They obtained a small
amount of blue material as a by-product during the preparation
of 2-cyanobenzamide, which was H,Pc. However, at that time,
they did not know the structure of the blue material, and
therefore no name was given to it. Subsequently, a copper(u)
Pc compound was synthesized in 1927 during the preparation
of phthalonitrile.*® Similarly, the structure of this dark blue
material was not characterized. The structure of Pc compounds
was first published in 1934, and further characterized by
Robertson using X-ray diffraction analysis.*’® In the decade
after the characterization of the first Pc compounds, a variety of
strategies has been developed for the design and synthesis of
many types of Pc compounds, dividing this class of interesting
organic materials into several categories, including metal-free
or metal-coordinated Pcs, unsubstituted and symmetrical or
unsymmetrical substituted Pc compounds, binuclear, trinuc-
lear, tetranuclear, pentanuclear and octanuclear Pcs, fused-Pcs
and ball-type Pcs.*™**

Pcs, specifically in PSCs, are used as HTMs, interlayers or
additives in the absorber films or HTMs. Pc-based HTMs with
both structures (n-i-p or p-i-n) play a crucial role in enhancing
the performance of PSCs. In n-i-p devices, they act as a
protective layer on the perovskite, while in p-i-n, they act as
a support for the deposition of the perovskite. The general
trend is the use of PEDOT:PSS, PTAA or spiro-OMeTAD as
HTMs in efficient PSCs. However, these conventional HTMs
have serious drawbacks such as high cost, low reproducibility,
hygroscopicity and dopant requirement.*> These problems can
be overcome through the use of Pcs derivatives owing to their
high thermal stability, hydrophobicity and high hole mobility
and conductivity. In addition, Pcs can be decorated with
Lewis acid-base passivation capability and deposited on the
perovskite as an interlayer or HTM. Lastly, as additives in the
perovskite layer, Pcs enhance the film crystallinity and coverage
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and reduce the chance of defect generation in perovskites.
At each position in the PSC device structure, the required
properties of Pc compounds can be tuned by judiciously tailor-
ing their structures. Pcs often strongly chelate to metals or
metalloids of all groups of elements through two covalent and
two coordination bonds, forming stable metal Pcs (MPcs).***”
Additionally, regarding the designed target for a Pc compound,
different groups with various electronic and spatial structures
can be introduced in either the Pc ring as substituents or the
central ion as axial ligands, endowing it with new chemical and
physical features. The substituted groups may also occupy the
peripheral or non-peripheral positions on the Pc ring, resulting
in different properties in the final compound (Fig. 1a and b).*®
For example, while applied as a dopant-free HTM, an improve-
ment in the hole mobility can be achieved by enhancing
the charge flow in the molecule in the form of electron-
donor-acceptor (D-A) systems, intermolecular interactions via
n-conjugation extensions or enhancement in the molecule
planarity.**=>' Another approach is perovskite defection passi-
vation in the interlayer through the incorporation of Lewis
bases at the appropriate position in the structure.”® Further-
more, the approach of carrying two faces under one hood,
i.e., defect passivation and dopant-free HTM in a single layer,
can be applied.>?

Initially, when unsubstituted Pcs were demonstrated as
HTMs or interlayers, they faced the issues of low solubility,
low film coverage, and low hole extraction. These issues result
in a low open circuit voltage (Voc) and fill factor (FF), hindering
the PCE. Accordingly, to overcome the problems of insolubility
and low film coverage of Pcs, numerous fabrication techniques
have been developed to coat thin film layers of Pcs. Conse-
quently, the PCEs improved to a certain level. Furthermore, the
decoration of tetra-substituted or octa-substituted Pcs with
alkyl chains, diphenylamine (DPA), triphenylamine (TPA), thio-
phene, etc. resulted in many new properties in PSCs such as
D-A properties, energy level optimization, defect passivation,
dopant-free HTMs, solubility in different solvents, enhanced
film morphology, etc. (Fig. 1a and b). Pcs are mostly incorpo-
rated as HTMs (below the perovskite layer in p-i-n devices and
above the perovskite layer in n-i-p devices) and interlayers
(above the perovskite layer) (Fig. 1c). All these positions are
critical due to their direct contact with the sensitive perovskite.
Hence, Pc compounds have been designed using different
strategies such as enhancement of m-conjugation, inter or
intra-charge flow by changing their center or arms, decoration
with Lewis bases at the appropriate positions in their structure,
or enhancement of planarity by changing the linkage positions
or twisting angles of their arms. These designs govern the
properties of Pcs such as solubility in organic solvents, film
morphologies (perovskite and Pc-based layer), hydrophobicity,
charge extraction, defect passivation, perovskite crystallization
and hole mobility (Fig. 1d), which are essential for PSCs and
can be optimized by substituting the necessary blocks around
the Pc ring.

Due to their unique characteristics, Pc compounds have
recently attract great attention in perovskite-related studies,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 1 (a) Unsubstituted Pc, (b) substituted Pc, (c) Pc applications in different layers of PSCs and (d) design strategies linking the important parameters of

PSCs.

but there is a lack of reviews summarizing all the recent
developments in the literature and highlighting the unique
role Pc materials can play in the future commercialization of
PSC devices. Therefore, this review aims to present the basis of
the functionality of Pcs as certain layers in PSCs. In Section 2,
we discuss the applications of Pc compounds in five categories,
including molecular-engineered dopant-free HTMs in accor-
dance with the quantity of substituent, doped Pc, interfacial
modification layer, and Pc acting as an additive in the perovs-
kite film and HTMs. Finally, we present some remarks and
conclusions. The aim of this study is to provide readers
with comprehensive information about the applications of Pc
materials and the most notable achievements to date.

2. Application of phthalocyanines
in PSCs

2.1. Dopant-free phthalocyanine-based HTMs for PSCs

2.1.1. Unsubstituted Pc materials. In multilayer film
devices, pristine metal phthalocyanines easily aggregate through
n-n stacking interactions, resulting in high hole mobility
and conductivity, which make them suitable to obtain

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

high-performance perovskite solar cells. However, they are
barely soluble in common organic solvents such as chloro-
benzene and dichlorobenzene, limiting their use as a single
HTM in PSCs unless adopting relatively high-cost thermal
vacuum deposition methods. To date, although Pc materials
have been established to exhibit a satisfactory performance as
semiconducting dyes in OPVs, the first report on the use of a
Pc material as an HTM in a PSC device was only published in
2014.°* In the study by Lianos et al., they employed an unsub-
stituted copper(u) phthalocyanine (CuPc) as a dopant-free HTM
in a mesoscopic PSC, and the highest PCE of 5.0% was
achieved. In the following year, Fang and coworkers signifi-
cantly enhanced the efficiency of CuPc-based devices and
achieved the PCE of 15.43% for the PSCs with a thin layer of
C60 as an electron transporting material (ETM).”> They
observed that the CuPc film could absorb light in the wave-
length range of 550-750 nm, influencing the light absorption
intensity by the perovskite layer, and consequently decreasing
the final efficiency of the PSC device. In addition, a thick CuPc
film can induce a larger series resistance and reduce the FF
value of the PSC. Alternatively, a thin layer of CuPc cannot offer
full coverage over the perovskite layer, resulting in shunt paths
and poor hole extraction and electron blocking ability. Thus, by
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optimizing the thickness of the CuPc thin layer, devices with
effective hole extraction and electron blocking and with sub-
sequent low interface recombination have been fabricated,
exhibiting an improved FF value. In 2016, Sun and coworkers
employed a nanorod-like unsubstituted CuPc as an HTM,
together with a printable carbon cathode in a mesoscopic
PSC device, which achieved an efficiency of 16.1%.°® The
developed HTM had a matched energy level with the perovskite
layer and exhibited remarkably stronger hole extraction ability
compared with the spiro-OMeTAD HTM. The PSC device exhi-
bited improved Vo and short-circuited current density (Jsc)
values. Torabi et al. fabricated a needle-like structure as a CuPc
thin film by heating the substrate to 100 °C £ 5 °C during the
thermal deposition process. Using the needle-like CuPc mate-
rial crystallized in the a-phase monoclinic structure in the thin
film state as a dopant-free HTM in a mesoscopic device with an
Au electrode, a PCE of 14.89% was achieved.’” It was suggested
that the needle-like CuPc could offer a large interfacial contact
area with the perovskite film, which resulted in a higher hole
extraction ability for the HTM layer. Thus, due to these high
efficiencies and great potential to realize device stability,
unsubstituted CuPc attracted more attention in 2018. Liao
et al. fabricated PSC devices with an inverted planar structure
on both rigid and flexible substrates using a room temperature-
evaporated CuPc thin film as an HTM and achieved PCEs of
up to 15.4% and 12.8% for rigid and flexible devices,
respectively.’® With the established high performance of the
CuPc HTM, the same group continued their research on
optimizing the device performance by focusing on other active
layers in the device and achieved an improved PCE of 16.72%
for an inverted planar PSC, employing a cesium-containing
triple cation perovskite as the light absorbing material, CuPc
as the HTM and C60 with the optimized thickness of 18 nm as
the ETM.>® However, the performance of PSCs with the same
architecture and deposited on flexible polyethylene terephtha-
late (PET) substrates only exhibited a PCE of 12.96%. Liao’s
research group achieved an efficiency of 15.39% for PSCs with a
conventional structure, using CuPc as a dopant-free HTM, TiO,/
SnO, bilayer as the ETM, and a carbon counter electrode.®
Also, they successfully extended the proposed device structure
to a tandem module. Their research confirmed the versatility of
applying CuPc materials in PSCs with different architectures
and on different substrates. Employing a doping strategy for
the fabrication of the ETM layer, they continued their work on
CuPc-based PSCs with carbon counter electrodes. Also, planar
perovskite devices with Mg-doped and Ni-doped rutile TiO, as
the ETM were fabricated.®"*> The devices based on Mg-doped
TiO, ETM reached the PCE of 15.73%. Ni-doping could also
enhance the charge mobility of the TiO, thin film by shifting
the Fermi level of the ETM upward, resulting in an optimized
PCE of 17.46%. Importantly, it was demonstrated that without
the application of the CuPc-based HTM, the best-performing
Ni-doped TiO,-based device obtained a PCE of 10.79%. The
decreased performance of the devices without the CuPc hole
transport layer (HTL) can be mainly attributed to the fact that
the interfacial energy barrier at the perovskite/top electrode
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interface impedes the charge-collecting efficiency of carbon
and causes undesirable charge accumulation at the interface.
Furthermore, the use of highly stable CuPc and commercial
carbon led to excellent stability in the fabricated PSC devices,
with no obvious decline in PCE after being stored in ambient
air for 1200 h. This work presents an important step toward the
commercialization of carbon-based PSCs with high efficiency
and long-term stability. Wu et al. designed a bilayer HTM
for inverted PSCs, consisting of an inorganic VO, matrix and
CuPc buffer layer.®®> The fabricated devices showed PCEs of
up to 16.85% with negligible hysteresis and high stability. The
improved performance of PSCs using the developed bilayer
HTM compared with the reference cell based on PEDOT
originated from the appropriate energy level matching at the
HTM/perovskite interface and excellent conductivity of the
HTM. In 2019, Liao’s group pushed the efficiency of perovskite
devices based on dopant-free unsubstituted CuPc HTM to
higher values.®* The PSCs using the optimized Zn-doped
SnO, ETM, vacuum-deposited CuPc HTM, and a carbon coun-
ter electrode achieved the highest PCE of 17.78%. The cross-
sectional scanning electron microscopy (SEM) image of the
fabricated device is presented in Fig. 2a, showing the well-
defined structure of the PSC with the FTO/Zn:SnO,/perovskite/
CuPc/carbon configuration. Interestingly, most of the perovs-
kite grains are formed perpendicular to the substrate, which
favors efficient charge extraction and transfer. The j~V char-
acteristics of the best-performing devices employing either an
SnO, or Zn-doped SnO, film as the ETM layer are depicted in
Fig. 2b. The PSC with the doped SnO, ETM showed Vo, Jsc,
and FF values of 1.098 V, 23.4 mA cm 2, and 69.2%, respec-
tively, offering an efficiency as high as 17.78%. Employing a
CuPc HTM together with a carbon electrode could significantly
enhance the device stability. The fabricated PSCs could main-
tain 100% of their initial performance after storage in air for
1200 h (Fig. 2c). The excellent stability can be ascribed to the
hydrophobic nature of the CuPc and carbon layers, which is
expected to protect the perovskite from moisture. In 2021,
Tavakoli et al. fabricated inverted PSCs through all-vacuum
processing, using CuPc as the HTL, reaching an efficiency as
high as 20.3%, which is significantly higher than the PCE
(16.8%) of the devices based on solution-processed CuPc.®®
This is attributed to the better charge extraction and transfer
ability of the evaporated CuPc. The prepared PSCs also exhib-
ited superior operational stability with only 9% loss in perfor-
mance over 100 h under illumination. The PSCs prepared using
the same method on PET achieved a PCE of 18.68%. In a recent
study, Seok and coworkers discussed the necessity of using an
interlayer between the perovskite film and CuPc, which helped
in improving the Voc by blocking electron transfer at perovs-
kite/CuPc.®® Although the n-i-p devices using spiro-OMeTAD as
the HTL could achieve the PCE of 21.41%, the CuPc-based PSCs
with no interlayer showed an efficiency of 16.55%. Therefore, a
wide band gap material, poly(methyl methacrylate) (PMMA),
was inserted between the perovskite and CuPc to simulta-
neously improve the electron blocking ability of CuPc and
protect the perovskite against oxygen and moisture. PMMA

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 2 (a) High-resolution cross-sectional SEM image of the carbon-based planar-structured PSC, (b) J-V curves of the best-performing PSC with SnO,
or Zn-doped SnO, as the ETM, (c) and evolution of the J-V parameters of the Zn-doped SnO,-based devices stored in the ambient air with a relative

humidity of ~20%. Reproduced with permission.®* Copyright 2019, Elsevier.

could also improve the film quality of CuPc by reducing the
observed cracks and blocking the contacts between the top
electrode and perovskite film. Due to the enhanced V¢ and FF,
the PMMA-added devices showed a significant jump in perfor-
mance, reaching the PCE, Vo, Jsc, and FF values of 21.25%,
1.08 V, 24.87 mA cm ™2, and 79.29%, respectively, when a 0.75 M
PMMA solution in chlorobenzene was used in the device

fabrication process. The photovoltaic properties of some
selected perovskite devices using unsubstituted Pc compounds
as the HTM layer are summarized in Table 1.>*7>

Changing the metal center in Pc materials can alter their
electronic and structural properties dramatically. Unsubsti-
tuted Pcs with metal centers, such as Zn, Pb, Ni, Sn, VO, and
TiO,, have been employed as the HTM in PSCs. In 2015, Di

Table 1 Photovoltaic properties of some selected perovskite devices employing unsubstituted Pcs in their structure

Device architecture ~ HTM Hole mobility of HTM (cm®* V' 's™)  Voc (V)  Jsc (MAcm™)  FF (%)  PCE (%)  Ref.
Mesoscopic CuPc — 0.75 16.3 40 5.0 54
Planar, n-i-p CuPc ~1072 1.04 19.13 77.74 15.42 55
Mesoscopic Nanorod-like CuPc — 1.05 20.8 74.0 16.1 56
Mesoscopic Needle-like CuPc — 1.04 20.14 71.0 14.89 57
Inverted planar CuPc = 1.03 19.4 77 15.4 58
Inverted planar CuPc — 1.075 20.63 75.4 16.72 62
Planar n-i-p CuPc — 0.98 23.28 67 15.39 60
Planar n-i-p CuPc — 1.025 22.26 68.9 15.73 59
Planar n-i-p CuPc — 1.073 22.41 72.6 17.46 61
Inverted planar CuPc/VO, — 1.015 22.15 74.8 16.85 63
Planar n-i-p CuPc — 1.098 23.4 69.2 17.78 64
Inverted planar CuPc — 1.108 23.34 78.5 20.30 65
Planar n-i-p PMMA/CuPc — 1.08 24.87 79.29 21.25 66
Mesoscopic ZnPc 1.9 x 1073 0.83 22.8 43.4 8.13 67
Inverted planar ZnPc — 0.96 17.26 70 11.6 68
Mesoscopic TiOPc — 0.737 12.86 54 5.05 69
Planar n-i-p NiPc — 0.94 17.64 73 12.1 70
Inverted planar NiPc — 1.0 19.45 73.6 14.31 71
Inverted planar Cul/PbPc — 0.80 20.49 66 10.79 72
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Carlo and coworkers employed ZnPc as dopant-free HTM in
PSCs and reported an efficiency as high as 8.13% for a small
area device with a mesoporous TiO, ETM.%” They suggested
that the orientation and stacking direction of the ZnPc
molecules could significantly affect the electrical and optical
properties. The vacuum-deposited a-phase ZnPc HTM with a
thickness of 100 nm offered a hole mobility of around 1.9 x
103 em?® V ! s7% The comparison of the incident photo-to-
current efficiency (IPCE) spectra of the devices using ZnPc and
spiro-OMeTAD as the HTM layers confirmed the contribution
of ZnPc to the free charge generation process inside the PSC
device. The ZnPc layer could also act as a shield layer for the
perovskite against both light radiation and ambient moisture.
A year later, Fostiropoulos et al. improved the PCE of the ZnPc-
based PSC to 11.6% by using an ultrathin (5 nm) vacuum-
deposited ZnPc HTM in an inverted perovskite device.®® In their
study, a two-step vacuum deposition process was used for the
fabrication of the perovskite layer and the film quality was
improved by optimizing the deposition rate. Li and coworkers
used titanylphthalocyaine (TiOPc) as an HTM for PSCs with a
mesoscopic configuration. Specifically, p-form and o-form
TiOPc HTMs were fabricated via thermal vapor evaporation
under vacuum and solvent annealing, respectively. The p-form
TiOPc as the HTM achieved a higher PCE of 5.05% than the
a-form, which can be attributed to the better thin film mor-
phology and matching energy level of the HOMO.% Haider et al.
employed unsubstituted NiPc as a dopant-free HTM in a planar
n-i-p-structured PSC for the first time and achieved PCEs of
12.1% and 6.2% for small and large area devices, respectively.”’
NiPc showed excellent hole extraction ability from the perovs-
kite active layer, with a relatively high hole mobility of 1.0 x
107" em® V! s7%. The use of thermal evaporation deposition
allowed the small-size NiPc to permeate into the perovskite
grain boundaries and improve the efficiency of hole extraction
due to the enhanced interface contact. The thickness of the
NiPc layer was also optimized, with a 120 nm film achieving the
highest performance. The photoluminescence (PL) and impe-
dance spectroscopy studies indicated that the NiPc layer could
offer superior hole extraction and transfer ability compared
with the CuPc thin film. In another study by the same group in
2019, pristine NiPc was employed as an HTM in an inverted
PSC and a PCE of 14.3% was reported, indicating the potential
of NiPc materials for the fabrication of different PSC architec-
tures, which can compete with CuPc as the typical representa-
tive of MPc-based HTMs.”" To achieve the best performance for
the inverted perovskite devices, the NiPc HTM thickness was
optimized to 30 nm, where the undesirable direct contact
between the perovskite layer and the transparent electrode,
the reduced incident light transmittance, and the increased
series resistance were all avoided. Hou et al. used unsubstituted
PbPc in a p-i-n-structured PSC fabricated under high humidity
conditions.”” In their work, PbPc on a thin Cul layer was used
as the HTM in PSCs with inverted structures. The hydrophobi-
city of the PbPc was beneficial for the formation of a porous
Pbl, film and the fast preparation of a compact and homo-
geneous perovskite film with a large grain size. Consequently,
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reduced absorption in the visible area was achieved for the
Cul-PbPc layer, which was critical in maintaining the light
absorption level of the perovskite layer, especially in an inverted
PSC device. The prepared devices showed a PCE of 10.79%,
which is comparable with PEDOT:PSS-based PSCs, with good
long-term stability.

MPc materials offer a large and fully conjugated aromatic
framework and high thermal and chemical stability. They can
be thermally evaporated over large areas and are suitable for
the fabrication of both small and large area perovskite devices.
Altering the metal center in MPc compounds can adjust
their characteristics, such as electronic and optical properties,
charge transfer ability, carrier diffusion length, and solid-state
molecular alignment, which make them suitable choices for
various tasks. Studies have established the compatibility of
these materials for various device structures and their unique
potential to act as either the underlying smooth thin film or the
capping shield layer for the light absorbing perovskite film in
PSCs. However, it is worth noting that in a conventional n-i-p
PSC, Pc materials can also help PSC devices to absorb light in
the wavelength range of 550 to 800 nm as a result of their wide
Q band absorption. Therefore, the low energy photon penetrating
perovskite layer can be absorbed by the Pc-based HTM layer and
the photogenerated electrons in the Pc thin film can be injected
into the perovskite layer to enhance the PCE of the device.

2.1.2. Tetra-substituted Pc materials in PSCs. The intro-
duction of substituents in Pc macrocycles is another strategy
employed to modify their characteristics, such as enhancing
the solubility of Pc materials and their overall stability, improv-
ing the thin film morphology of Pcs and modulating their
optoelectronic and electrochemical properties. In 2016, the
Lianos team and our group introduced four methyl groups as
peripheral substituents in CuPc and explored the performance
of the substituted Pcs as HTMs in PSCs.”® Although the addi-
tion of methyl groups to CuPc did not significantly enhance its
solubility in common organic solvents, it had some impact on
its molecular packing patterns, and consequently the charge
mobility in the CuMePc (1) thin film. The authors compared the
performance of the CuMePc-based PSCs with their unsubsti-
tuted counterparts, and a slight enhancement was observed in
the overall performance of the substituted Pc-based device.
The PSCs with CuMePc as the dopant-free HTM exhibited an
efficiency of up to 5.2%, while the unsubstituted CuPc-based
perovskite devices achieved a PCE of 5.0%. However, methyl
substitution was only the first step, and this strategy was
followed by more drastic substitution to develop soluble
Pc-based HTMs for PSCs. Our research group developed PSCs
with the n-i-p planar architecture, employing an SnO, thin
film as the ETM and unsubstituted and tetra-methyl- and tetra-
ethyl-substituted CuPc as the HTMs.”* The results from the
field-effect transistor (FET) and space-charge-limited-current
(SCLC) methods confirmed the higher hole mobility of CuMePc
and CuEtPc (2) than CuPc. This was attributed to the shorter
stacking distances and stronger intermolecular face-to-face n-n
interactions of the Pc rings in CuMePc and CuEtPc compared
with CuPc. With the new device structure, PCEs of 9.1%, 11.7%,
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and 11.5% were achieved for the devices using CuPc, CuMePc
and CuEtPc as dopant-free HTMs, respectively. In 2018, con-
ventional planar PSCs utilizing peripherally tetra-propyl-
substituted CuPc (CuPrPc, 3) as a dopant-free HTM were
fabricated by our group, and the highest PCE of 17.8% was
reported.”® A high-quality CuPrPc thin film was fabricated via
solution-processed methods and formed a face-on molecular
orientation on the perovskite layer, which was ideal for higher
out-of-plane conductivity and hole mobility. This was also
projected in the high Jsc values obtained for the devices.
CuPrPc could also improve the stability of the PSC devices
through its good film coverage and high hydrophobicity. The
photovoltaic properties of some selected perovskite devices
using tetra-substituted Pc compounds as the HTM layer are
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50,53,73-96 The molecular structures of

summarized in Table 2.
the Pc materials used as dopant-free HTMs in PSCs are shown
in Fig. 3. Continuing our study on employing tetra-propyl-
substituted Pc compounds, we replaced the Cu metal ion with
Zn and Pd and fabricated PSC devices using ZnPrPc (4) and
PdPrPc (5) as dopant-free HTMs, respectively.”® It was argued
that the observed lower PCE of the MPc-based PSCs compared
with perovskite devices using the state of art spiro-OMeTAD
originated from the narrow bandgap (in the range of 1.6-2.0 V)
of the MPcs, which resulted in poor electron blocking and
higher charge recombination. Employing a heavy atom with 4d
and 5d valence orbitals, such as Pd, in MPcs can offer strong
spin-orbit coupling and improve the intersystem crossing (ISC)
rate of singlet to triplet excitons, which have a longer lifetime.

Table 2 Photovoltaic properties of some selected perovskite devices employing tetra- and octa-substituted Pcs as dopant-free HTMs

Chemical structure no. Device architecture HTM

Hole mobility of HTM (ecm? V' s71) Vo (V) Jsc (MA ecm ™) FF (%) PCE (%) Ref.

1 Mesoscopic CuMePc — 0.70  16.9 40 5.2 73
1 Planar n-i-p CuMePc 1.95 x 107° 0.968 23.11 52 11.7 74
2 Planar n-i-p CuEtPc 3.75 x 107* 1.01 22.81 49.9 115 74
3 Planar n-i-p CuPrPc 2.16 x 107° 1.01  23.2 76.0 17.8 75
4 Planar n-i-p ZnPrPc 1.948 x 1073 1.09  23.98 63.33 16.15 76
5 Planar n-i-p PdPrPc 1.057 x 103 1.07 23.81 71.04 18.09 76
6 Mesoscopic n-BuCuPc (5.0 £ 0.6) x 107 0.89 173 56 8.5 77
6 Mesoscopic n-BuCuPc — 1.04 20.9 66 14.4 78
6 Mesoscopic n-BuCuPc — 1.07  21.0 71 15.9 79
7 Mesoscopic t-BuCuPc (1.3 £0.2) x 107° 094 13.8 43 5.6 77
7 Mesoscopic t-BuCuPc — 1.07 22.6 77.5 18.8 80
7 Mesoscopic t-BuCuPc — 1.13 23.19 71.3  18.68 81
2 Planar n-i-p CuEtPc 20.4 x 107* 0.95 20.4 66.6 12.9 82
6 Planar n-i-p CuBuPc 12.6 x 10* 1.02 21.0 50 15.0 82
8 Planar n-i-p CuHePc 8.77 x 107* 097 174 68.1 115 82
9 Mesoscopic CuPc-TIPS — 1.01 214 65 14.0 83
10 Mesoscopic CuPc-OBu 1.23 x 1077 1.06  22.8 73 17.6 84
11 Mesoscopic CuPc-Bu 4.30 x 10°* 1.03 21.0 66 14.3 84
12 Planar n-i-p OMe-DPA-CuPc 1.55 x 107° 1.054 22.44 70.74 16.73 85
13 Planar n-i-p OMe-TPA-CuPc 6.39 x 107° 1.096 23.41 76.67 19.67 85
14 Planar n-i-p SMe-TPA-CuPc — 1.132 24.10 84.31 23.00 53
15 Mesoscopic ZnPcNO,-OPh 2.80 x 107° 1.071 20.832 64.4 14.35 86
16 Mesoscopic CuPcNO,-OPh 1.86 x 10° 1.064 20.461 58.4 12.72 86
17 Mesoscopic CoPcNO,-OPh — 1.04  11.79 64 8.24 87
18 Mesoscopic CuPcNO,-OMFPh  5.02 x 10° 1.02 20.01 60 12.52 88
19 Mesoscopic CuPcNO,-OBFPh  8.21 x 107° 1.04 20.62 64 13.66 88
20 Mesoscopic ZnPcNO,-OBFPh  11.4 x 107° 1.10  21.00 68 15.74 88
21 Mesoscopic ZnPc(t-Bu), — 0.879 17.19 34.1 5.16 89
22 Mesoscopic (n-Bu),ZnPc — 0.928 14.5 61.8 9.00 90
23 Mesoscopic ZnPcAE 66.10 x 10~* 1.064 21.19 63.2 14.25 94
24 Planar n-i-p RE-ZnBu,Pc 7.59 x 107* 0.94 21.83 63.10 12.94 91
25 Planar n-i-p ZnBu,Pc 478 x 107* 0.95 20.74 69.64 12.06 91
26 Mesoscopic H,-(t-Bu),Pc — 110 22.70 80.70 20.10 95
27 Mesoscopic OTPA-ZnPc 1.08 x 10°° 1.02 22.36 71.43 16.23 92
28 Mesoscopic ZnPH22 2.8 x 10°* 1.06  22.5 77.0 183 96
29 Mesoscopic Methoxyethoxy- 11 x10°° 113 23.92 78.66 21.23 50
NiPc
30 Mesoscopic NiPc-Cou 478 x 107° 1.061  19.50 49.4 10.23 93
31 Mesoscopic FePc-Cou 3.65 x 107 1.51 18.59 48.0 9.40 93
32 Planar n-i-p CuMe,Pc 4.79 x 1072 1.085 21.32 68 15.73 97
33 Planar n-i-p PdMe,Pc 3.42 x 107> 1.06  21.08 73 16.28 98
34 Planar n-i-p HMe,Pc 2.72 x 107> 1.035 21.28 70.8  15.59 99
35 Planar n-i-p ZnMe,Pc 1.80 x 102 1.005 21.03 70.8 1559 99
36 Planar n-i-p MegBu-ZnPc 6.85 x 10°* 1.09 23.09 69.18 17.41 100
37 Planar n-i-p NiEt,Pc 1.33 x 107° 0.96 18.65 48.32  8.63 101
38 Planar n-i-p NiPr,Pc 3.64 x 10~* 1.04 22.83 59.40 14.07 101
39 Planar n-i-p CuPc-(OMe)g 1.1 x 1073 1.05  22.1 79 18.3 102
40 Planar n-i-p P-SC6-TiOPc 1.16 x 10°° 0.95 19.92 36.04 6.82 103
11 Planar n-i-p NP-SC,-TiOPc 1.17 x 107* 1.06 22.31 71.34 16.87 103
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Fig. 3 Molecular structures of Pc-based dopant-free HTMs (1-41).

Therefore, substituting the Pd atom not only increased the
LUMO level and band gap but also offered a longer carrier
diffusion length. Due to the reduced hole electron recombina-
tion, a higher FF value was obtained for the PSCs using PdPrPc

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

I

(41)

as the HTM, resulting in PCEs of up to 18.09%, with increased
device stability.

Lianos and Xu’s group added longer alkyl chains, such as
n- and tert-butyl groups to the Pc ring (6 and 7) and investigated
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their performance as HTMs in PSCs, respectively.”” The long
alkyl groups increased the molecular ordering and crystallinity
of the Pc materials in the thin film samples. The higher
crystallinity of the n-butyl-substituted CuPc (n-BuCuPc) was
the origin of its higher hole mobility, which was almost 40 times
higher than that of the tert-butyl-substituted CuPc material.
Consequently, a better performance was observed for the
perovskite devices based on tetra-n-butyl CuPc, with a PCE as
high as 8.5%, compared with that of 5.6% for the PSCs employ-
ing tert-butyl-substituted CuPc as the dopant-free HTM. In
another work, Lianos’ group introduced a buffer layer of
graphene oxide (GO) between n-BuCuPc as the HTM and the
perovskite layer, which significantly improved the performance
of their devices.”® The presence of the buffer layer helped to
reduce the shunt paths towards the electrode, offered higher
stability to the perovskite layer, facilitated hole transfer, and
reduced the charge recombination due to the improved HTM
layer. Due to the mesoporous structure of GO, the extended
aggregation and presence of voids in the Pc-based thin film
were limited. Therefore, compared with the devices without a
buffer layer, the PSCs using n-BuCuPc as the HTM and GO as
the buffer layer in their structure showed enhanced FF and Voc
values and a dramatic increase in PCE from 7.3% to 14.4%.
A further increase in the cell efficiency was achieved when TiO,/
reduced GO was used as the ETM in a mesoscopic PSC instead
of TiO,, and a PCE of 15.9% was obtained.”®

Kim and coworkers fabricated mesoscopic PSCs with high
efficiency and thermal stability, utilizing tetra-ter¢t-butyl-substi-
tuted CuPc (¢-BuCuPc) as the HTM and a mixed perovskite of
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(FAPDI;)) s5(MAPDBr3)0 15 as the light absorbing material
(Fig. 4a).®° A virtually face-on orientation of t-BuCuPc was
expected at the interface of the perovskite crystal facets, which
was considered the main origin of the increase in both the
charge transfer efficiency and long-term stability of the devices.
The best-performing PSC achieved a PCE of 18.8%, with Vo,
Jsc, and FF values of 1.07 V, 22.6 mA cm > and 77.5%,
respectively. To investigate the long-term thermal stability of
the devices, the -BuCuPc-based PSC was kept on a hotplate at
85 °C for 1100 h inside a glovebox under an inert atmosphere.
The device could maintain 97% of its initial efficiency for more
than 1000 h of thermal annealing (Fig. 4b), which is particularly
important, given that the operating temperature of the solar
cells can easily become high under direct sunlight. Thus, the
use of Pc materials in the device structure can be advantageous
for PSCs working under high temperature. In 2018, Duong et al.
used the soluble ¢BuCuPc as the HTM in mesoscopic PSC
devices and achieved PCEs as high as 20% through interfacial
engineering.®' It was observed that the solution-processed
t-BuCuPc layer on top of the perovskite film possessed abun-
dant cracks on its surface, which caused direct contact between
the perovskite layer and the top electrode. Subsequently, heat
treatment at 85 °C was applied to the devices, which resulted
in negligible shunts and interface recombination (Fig. 4c).
Interestingly, the cracks persisted on the CuPc film, even with
the post heat treatment. However, it was verified that the Au
particles on the contact rearranged after the heat treatment and
migrated away from the cracks on the surface of the HTM layer.
It is worth noting that only by using highly thermally stable Pc
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Fig. 4 (a) Schematic architecture of CuPc-applied perovskite solar cells (PSCs) and the energy-level diagram of the components used in these devices.

(b) Long-term stability of the devices stressed at 85 °C in air (25-30% humidity), employing FAPbls/CuPc (black color) and FAPbIz/spiro-OMeTAD (blue
color). 1100 h stability of the device utilizing FAPbls/CuPc at 85 °C in a nitrogen-filled glove box (red color). Reproduced with permission.8® Copyright
2017, RSC. (c) Schematic illustration of the impact of the post-heat treatment on the ion migration paths in the device structure. (d) J—V scans of the
champion perovskite cell in both reverse and forward direction at a scan rate of 50 mV s*. The inset shows the photovoltaic parameters extracted from
the J-V curves. Reproduced with permission 8t Copyright 2018, ACS.
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materials as the HTM in PSC devices structure it is possible to
develop heating treatments for healing the device structure and
enhancing its performance and operating lifetime. The -V
characteristics, together with the performance parameters of
the champion device with the post heat treatment are pre-
sented in Fig. 4d, where negligible hysteresis can be observed
for the device. In a recent study, our research group focused on
the impact of the length of the alkyl group in peripherally tetra-
substituted CuPc compounds when used as dopant-free HTMs
on the PSC photovoltaic performance.®* The results confirmed
the role of the alkyl chain in the molecular orientation and
intermolecular n-n stacking of Pc materials, and subsequently
the hole mobility of their thin films. With an extended carbon
chain length, improved crystallization was observed. Matching
experimental data with calculations showed that alkyl-substituted
CuPc materials have a tilted orientation on the perovskite layer
with the angles of 46.56°, 39.58° and 34.00° for CuEtPc (2),
CuBuPc (6), and CuHePc (8), respectively. Although the lower tilt
angle of CuHePc was more beneficial for hole transport in the
PSC, its greater n-7 stacking distance suggested a weaker inter-
action, leading to lower hole mobility. The hole mobilities of
CuEtPc, CuBuPc and CuHePc were measured by the SCLC method
to be 20.4 x 107% 12.6 x 10 * and 8.77 x 10 * em* Vv ' s,
respectively. The CuBuPc-based PSCs exhibited a higher efficiency
(15%) compared with the devices using CuEtPc (12.9%) and
CuHePc HTMs (11.5%), which was attributed to the better mor-
phology of the CuBuPc films on perovskite and their high hole
mobility and more balanced charge transport.

Sun and coworkers introduced  triisopropylsilylethynyl
(TIPS) substituents in the periphery of the Pc ring to improve
its solubility and hydrophobicity. CuPc-TIPS (9) was explored
as an HTM in mesoscopic perovskite devices, in combination
with mixed-ion perovskite materials and vacuum-free carbon
counter electrode, resulting in a PCE of 14.0% under 1 Sun
illumination intensity.®* CuPc-TIPS showed significantly
higher conductivity (5 x 10°° S em™') than pristine spiro-
OMeTAD (1077-10"% S em™").®? In another work in 2019, the
same team developed two dopant-free HTMs based on CuPc
derivatives with non-peripheral substituents.®* Their study
confirmed that even small structural changes in the substitu-
ents could have a significant influence on the molecular
ordering in thin films and the hole transport ability. The PSCs
based on CuPc-OBu (10), with butoxy chains attached to
phenoxy substituents, exhibited the best PCE of 17.6%, which
was substantially higher than that of the devices employing the
CuPc-Bu (11) HTM (14.3%), bearing butyl chains on the
phenoxy groups. It was demonstrated that CuPc-OBu could
offer higher hole mobility and more effective charge collection
than CuPc-Bu due to the presence of extra oxygen molecules
and higher flexibility of the C-O bond, and consequently
a closer packing of the molecules. Recently, our research group
achieved remarkable PCEs for PSCs using dopant-free HTMs
based on arylamine-substituted CuPcs.®® Methoxydiphenyl-
amine-substituted copper phthalocyanine (OMe-DPA-CuPc,
12) and methoxytriphenylamine-substituted copper phtha-
locyanine (OMe-TPA-CuPc, 13) were employed as HTMs in
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planar n-i-p devices using Csgo5(MAg 13FA¢ 87)0.05Pb(Io.87BT0.13)3
as the light absorber and SnO, thin layer as the ETM, reaching
efficiencies as high as 16.7% and 19.7%, respectively. According to
the molecular dynamics (MD) simulation results, a higher density
was calculated for OMe-DPA-CuPc (1.26 ¢ cm™°) with respect to
OMe-TPA-CuPc (1.23 g cm ) in the bulk amorphous aggregates
(Fig. 5a). Focusing on the intermolecular radial distribution func-
tion between the molecular centers of mass, short-range aggrega-
tion was obtained for OMe-TPA-CuPc compared to OMe-DPA-
CuPc (Fig. 5b). In addition, the distribution of the intermolecular
alignment of the nearest neighboring molecules revealed
an orientation between about 80° to 85° for OMe-DPA-CuPc
compared with the orientation values approaching 0° for the
OMe-TPA-CuPc molecules, leading to more efficient n-n interac-
tions for the latter (Fig. 5¢). Due to the enhanced tendency of OMe-
TPA-CuPc to form partially ordered aggregates, a larger mobility
for OMe-TPA-CuPc can be expected with respect to OMe-DPA-
CuPc. Accordingly, a higher hole mobility was measured by the
SCLC method for OMe-TPA-CuPc (6.39 x 10> ecm® V' s7") than
OMe-DPA-CuPc (1.55 x 10~% cm® V! s ). Moreover, the synth-
esis cost of OMe-TPA-CuPc was estimated to be 28.19 $ per g,
which is much lower than that of spiro-OMeTAD. Moreover, in the
aging test, the OMe-TPA-CuPc-based devices showed good stabi-
lity, retaining 92% of their initial efficiency over 960 h (without
encapsulation, in air, at 25 °C and under 75% humidity).

In a recent publication, the same research group explored
the performance of methylthiotriphenylamine-substituted cop-
per phthalocyanine (SMe-TPA-CuPc) (14) as a dopant-free HTM
in PSCs with the n-i-p structure.>® It was demonstrated that the
SMe-TPA-CuPc molecules could diffuse into the perovskite
film, effectively passivating the defects in the grain boundaries,
as well as the surface of the film through the stronger interac-
tions between the under-coordinated lead sites in the film and
the methylthio moiety than the methoxy moiety of the Pc-based
HTM (Fig. 5d and e). This holistic approach for passivating the
perovskite layer resulted in an excellent performance and
stability for the devices, delivering an incredible efficiency of
23.0%. This is among the highest efficiencies reported to date
for PSC devices using dopant-free HTMs. After 3624 h of aging
at 85 °C, the optimized PSCs could maintain 96% of their initial
PCE. Guo et al. used asymmetric MPc materials as dopant-free
HTMs in PSCs and reported PCEs of 12.72%, 14.35%, and
8.24% for the devices employing Cu-, Zn-, and Co-based HTMs,
respectively.®*>®” With three phenoxy and a nitro substituent at
the peripheral positions around the Pc ring, acting as ‘“push”
and “pull” groups, the developed Pc-based HTMs offered a
donor-n-acceptor (D-n-A) structure, favoring their hole trans-
port ability. Moreover, the flexible phenoxy groups enhanced
the solubility of the MPc materials, as well as their molecular
packing order. The improved performance of the ZnPcNO,-
OPh (15)-based PSCs was attributed to the higher hole mobility
of ZnPcNO,-OPh and its lower series resistance compared with
CuPcNO,-OPh (16) and CoPcNO,-OPh (17). Guo and coworkers
extended their research on NO,-substituted asymmetric MPcs
by introducing either (4-methylformate)phenoxy or (4-butyl-
formate)phenoxy groups in the Pc macrocycle, using Cu and
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Zn as metal centers.*® Three novel dopant-free HTMs were
developed and denoted as CuPcNO,-OMFPh (18), CuPcNO,-
OBFPh (19), and ZnPcNO,-OBFPh (20) and incorporated in
mesoscopic PSCs. The higher hole mobility of ZnPcNO,-OBFPh
resulted in a higher Jsc value and better performance for the
cell in comparison to the PSCs utilizing the CuPc HTMs. The
best-performing devices based on ZnPcNO,-OBFPh presented a
PCE of 15.74%, with Vo, Jsc, and FF of 1.10 V, 21.00 mA cm >
and 68%, respectively. This study demonstrated the great
potential of tetra-substituted ZnPc materials as HTMs in PSCs.
In 2016, Wu et al. reported an efficiency of 5.16% and 7.98%
under forward and reverse scans, respectively, for a mesoscopic
perovskite device employing peripherally tetra-tert-butyl substi-
tuted ZnPc (21) as a dopant-free HTM.®*® Their device suffered
from a very low FF and severe hysteresis, which is mainly due to
the poor coverage of the perovskite layer on the mesoporous
TiO, film. Similarly, Katz and coworkers observed considerable
hysteresis in their PSC devices based on a tetra-n-butoxy-
substituted ZnPc ((n-BuO),ZnPc, 22) HTM and achieved PCEs
of 6.06% and 9.00% under forward and reverse scans,
respectively.”® Undesirable interfacial contact was considered
the main origin of the observed hysteresis behavior in the
devices. Consequently, by replacing one of the tert-butyl groups
in tetra-substituted Zn and CuPc compounds, six asymmetric
MPc materials were developed and used as dopant-free HTMs
in PSC devices.” MPcs often possess a narrow band gap of
1.4 to 2.1 eV, which cause poor electron blocking and increased
charge recombination at their interface with the perovskite
film.*® Thus, to overcome this problem, substituents are intro-
duced in various positions around the Pc ring to tune the band
gap of MPc materials. Additionally, through the appropriate
selection of the substituents, the carrier diffusion length and
the carrier mobility can be improved in the Pc thin film.
Perturbing the electron conjugated system in the Pc ring by
asymmetrically introducing different substituents will deliver a
unique set of photophysical and electrochemical properties in
the Pc compound. By investigating the charge carrier dynamics
of the thin films of the developed MPcs via transient absorption
spectroscopy (TAS), it was found that the charge carrier lifetime
was synergically controlled by both the core metal and the
different substitutes around the ring. Asymmetrically attached
substituents around the Pc ring can impact the triplet state
properties and deliver a longer lifetime for the generated
charges. Eventually, the evaluation of the photovoltaic perfor-
mance of the PSCs based on asymmetrical substituted ZnPcs
indicated a jump in the efficiency of the asymmetric device
(ZnPcAE (23)) with a PCE of 14.25% compared with that of the
tetra-tert-Bu-substituted ZnPc (PCE = 10.52%).

Recently, we compared the performance of PSCs using either
a pure isomer or isomer mixture of tetra-n-butyl-substituted
ZnPc as a dopant-free HTM in their structure.’® The use of pure
isomer materials in the device structure as the active layers has
been confirmed as an efficient approach to achieve a higher
performance and lifetime in the devices.'®*'*> It has been
verified that various isomers of a Pc compound can offer
different values of charge carrier mobility.’*® Accordingly, the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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use of a pure isomer Pc compound with the highest charge
mobility and conductivity may endow the PSC device with a
higher performance and stability. However, the common chro-
matography is not a suitable technique for separating and
purifying various isomers of a Pc compound with four similar
groups attached non-peripherally to the Pc ring. Therefore, a
ring expansion method was used to synthesize the pure isomer
ZnPc material (RE-ZnBu,Pc, 24). A considerably higher X-ray
diffraction peak intensity was observed for RE-ZnBu,Pc com-
pared to ZnPc with the isomer mixture (ZnBu,Pc, 25), proving
the greater tendency of the pure isomer compound to form
films with higher crystallinity, which is advantageous for its
charge carrier transport ability. The devices based on RE-
ZnBu,Pc showed a higher average performance with better
reproducibility in the fabrication process, as well as better
stability compared with the PSCs employing the isomer mixture
Pc-based HTM (ZnBu,Pc). The highest PCEs of 12.94%
and 12.06% were achieved for the planar devices based on
RE-ZnBu,Pc and ZnBu,Pc, respectively. The better film quality
with higher crystallinity and higher hole mobility of RE-ZnBu,Pc
than ZnBu,Pc were considered as the main reason for the better
performance observed for the devices using this HTM material.
The PSCs based on both pure isomer and mixture ZnPc materials
showed good long-term stability after storage in an atmosphere
with high relative humidity. In a study in 2021, the performance of
tetra-tert-butyl-substituted metal-free Pc (26) as an HTM for n-i-p
devices was explored, reporting efficiencies of over 20% for n-i-p
devices, and compared to that of metal-Pc HTMs.” It is well-
known that the pyrrolic nitrogen groups in the inner ring of the Pc
molecule are highly reactive towards metal ions, and therefore can
strongly interact with the under-coordinated Pb>* sites on the
surface of the perovskite film and passivate its defects, further
enhancing the Voc of the devices compared to their metal-
coordinated counterparts. Cui and coworkers modified the per-
formance of TPA-substituted ZnPc HTM by adding methoxy
groups to the TPA moiety.”> The methoxy groups endowed the
ZnPc material with enhanced solubility in various organic sol-
vents, leading to a more controlled thin film fabrication process
using solution-based deposition techniques. The methoxy func-
tional groups could also improve the interface between the
perovskite and HTM layers and passivate the defects in the
perovskite layer, leading to a better performance for the
devices. OTPA-ZnPc (27) was used as a dopant-free HTM in
PSC devices with a mesoporous TiO, ETM layer and mixed
perovskite ((FAPbI;), s5(MAPbBr3)y15) absorber. OTPA-ZnPc
showed a HOMO level of —5.58 €V, which is slightly higher
than that of the mixed perovskite material (—5.65 eV), and its
SCLC hole mobility was calculated to be 1.08 x 10> em?*V 's™ .
A smooth film of the HTM was uniformly formed on the top of
the perovskite layer, inhibiting the direct contact between the
perovskite layer and the electrode. The best-performing device
exhibited a PCE as high as 16.23% under the reverse scan.
In 2021, a series of ZnPc derivatives was synthesized bearing four
phenyl-based substituents around the Pc scaffold and employed
as dopant-free HTMs in n-i-p PSCs.”® The device using the best-
performing HTM, ZnPH22 (28), containing benzo[d][1,3]dioxole

Mater. Chem. Front., 2023, 7,1704-1736 | 1717


https://doi.org/10.1039/d2qm01369j

Published on 21 Februar 2023. Downloaded on 25.02.26 03:19:47.

Materials Chemistry Frontiers

peripheral substituents, could deliver a competitive PCE of 18.3%.
It was suggested that the cyclic/planar conformation of ZnPH22,
due to the unique structure of its peripheral groups, led to
superior charge extraction and transport capability for the devel-
oped Pc-based HTM.

A series of Pc materials (CoPc, NiPc, ZnPc and H,Pc) was
designed using four methoxyethoxy units and employed in PSC
devices as HTMs.* A record efficiency of 21.23% was achieved
for a conventional n-i-p-structured PSC device based on the
dopant-free tetra methoxyethoxy-substituted NiPc (29) (Fig. 6).
It was demonstrated that among the used metal ions, Ni as the
central atom could contribute more electrons to the Pc ring
and construct a larger intramolecular electric field, which
facilitated the interfacial charge extraction, improving the
performance of the PSCs. In addition, the presence of two
oxygen atoms in the methoxyethoxy substituents not only
enhanced the molecular dipole, but also modified the dipole
direction. The electron-hole pair density of four NiPc units can
form a single connected flow manifold by intermolecular n
orbitals, delivering efficient intermolecular charge transport
(Fig. 6b). The high hole mobility of 1.1 + 0.2 x 107" em®* V' 5!
was reported for the NiPc compound, which was considerably
higher than that of CoPc (8.8 + 0.3 x 10~ ® em® V' s7'), ZnPc
(1.5£0.4x 10 °em®>V *s1),CuPc (7.3+ 0.2 x 10 em®*V 's )
and HyPc (6.1 £ 0.3 x 10 > em® V' s7 ).

By introducing four 7-coumarinoxy-4-methyl groups in the
periphery of NiPc and FePc, Qi et al. developed new HTMs, which
were denoted as NiPc-Cou (30) and FePc-Cou (31), respectively.”
The coumarin groups facilitated a reduction in the aggregation of
the Pc molecules and enhanced their solubility in organic solvents.
PSCs with relatively good stability and PCEs of 10.23% and 9.40%
were fabricated based on NiPc-Cou and FePc-Cou, respectively.
NiPc-Cou showed a higher hole mobility (4.78 x 10~ ®em®> Vs %)
compared with FePc-Cou (3.65 x 10°° em® V' s7'). With its
HOMO level matched with that of perovskite layer and LUMO level
higher than FePc-Cou, NiPc-Cou could offer greater hole extrac-
tion and conduction, as well as better electron blocking ability.

It was evidently established that the electronic nature and
size of the substituents around the Pc macrocycle play a crucial
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role in defining the function of the Pc compound employed in
PSC devices and its efficiency. A suitable substituent can adjust
the solubility of the Pc materials in the appropriate solvents,
and subsequently improve the quality of the deposited thin
film by altering its morphology, crystallinity and thickness.
By changing the electronic structure of the Pc compound, a
substituent can help to match the energy levels of the frontier
molecular orbitals in optoelectronic devices. Substituents can
modify the intermolecular n-n stacking of the Pc core in the
thin film, as well as the electrochemical properties of the Pc
compounds, and consequently their performance as the active
charge selective layer in the perovskite device. The bulkiness of
the substituents can directly impact the aggregation of the Pc
derivatives and their molecular arrangement and orientation
inside the thin film, which successively influence their charge
transport ability. Various substituents can also regulate the
hydrophobicity of Pc compounds as an HTM layer in PSCs and
improve the long-term stability of the devices.

2.1.3. Octa-substituted Pc materials in PSCs. Our research
group studied peripherally substituted octamethyl Pc materials
without and with different metal centers as dopant-free HTMs
for PSCs, and considerable efficiencies have been achieved.
Octamethyl-substituted Pcs are not soluble in common organic
solvents, leading to the use of vacuum thermal evaporation for
thin film deposition on the perovskite layer. In a study in 2017,
the performances of PSC devices based on unsubstituted
CuPc and CuMe,Pc (32) were investigated and compared.’”
The devices employing CuMe,Pc exhibited a 25% higher PCE
and improved stability than that with CuPc. It was found that
CuMe,Pc could form face-on molecular alignment on the
perovskite surface, which resulted in high hole mobility, a
dense thin film, and a surface with high hydrophobicity. The
PSCs with a planar n-i-p structure and based on CuMe,Pc HTM
achieved the highest PCE of 15.73%. Later, in another study,
PdMe,Pc (33) was used as a dopant-free HTM in PSCs, and
efficiencies as high as 16.28% were reported.”® PdMe,Pc
offered a high hole mobility of 3.42 x 107> cm®> V'' s7' and
showed a long diffusion length (26.00 nm), thus limiting the
charge recombination. Similar to CuMe,Pc, PdMe,Pc could also

|Efficiency:21.2%|
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Fig. 6 (a) Structure of NiPc and direction of intramolecular electric field. (b) Hole—electron pair density isosurface (isovalue = 0.005 a.u.) in the simulated
4-periods NiPc structure unit. The pink and green isosurface represent electron and hole density, respectively. (c) J-V curve for the best-performing PSC
with NiPc as HTM (Inset: Schematic illustration of the PSC with NiPc as HTM). Reproduced with permission.®®> Copyright 2019, Wiley.
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adopt a face-on molecular alignment on the perovskite film. We
continued our study on metal free (HMe,Pc, 34) and ZnMe,Pc
(35) octamethyl-substituted Pc materials.’® The PSC devices
with an n-i-p planar architecture, employing an SnO, thin
layer as the ETM, CH3NH;PbI; as the light absorbing layer and
HMe,Pc and ZnMe,Pc as dopant-free HTMs, exhibited PCEs of
15.59% and 14.88%, respectively. Both HTMs showed suitable
HOMO levels matched with the perovskite layer and Au elec-
trode and high enough LUMO values to efficiently block the
electrons. The GIXRD results confirmed the face-on molecular
orientation of HMe,Pc and ZnMe,Pc when deposited on the
perovskite layer. However, HMe,Pc exhibited a slightly higher
hole mobility (2.72 x 107> cm® V™' s7') than ZnMe,Pc (1.80 x
1072 em® V' 571, together with a better quenching ability,
suggesting its higher efficiency to extract holes from the
perovskite film and transfer them to the electrode. The grain
size and morphology of both HTM thin films (HMe,Pc and
ZnMe,Pc) were very different. HMe,Pc exhibited particle-like
grains with a smaller size than ZnMe,Pc, which generated the
grains with wire-like structures. Therefore, ZnMe,Pc formed a
thin film with less coverage and more leakage on the perovs-
kite, which was the origin of its worse performance compared
with HMe,Pc HTM. Acknowledging the substantial role of
the peripheral methyl substituents in adopting particular mole-
cular positioning, we recently designed a new soluble ZnPc
derivative with the capability of forming full face-on alignment
on the perovskite layer.'° Hexamethyl-mono-n-butyl-substituted
ZnPc (Me¢Bu-ZnPc, 36) was molecularly engineered and syn-
thesized through a two-step ring expansion method. Although
the presence of six methyl groups induced a full face-on
molecular orientation, the higher solubility in common organic
solvents was guaranteed by the n-butyl substituent. The developed
HTM was applied in PSCs using a mixed perovskite (Csg s-
(MAg.13FA 87)0.05Pb(Io.87Bro.13)3) light absorber. Interestingly,
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this face-on positioning was only available on the perovskite
film due to the probable particular interactions between the
methyl groups and different sites of the perovskite material on
the surface (Fig. 7). The PSCs with MesBu-ZnPc achieved PCEs
of up to 17.41% and long-term stability and lost less than 10%
of their efficiency after the 1400 h stability test at 25 °C and
under a relative humidity of 75% without any encapsulation.
Continuing our research on octaalkyl-substituted MPc mate-
rials, we have recently reported the performance of PSCs
employing dopant-free HTMs based on NiEt,Pc (37) and
NiPr,Pc (38), with the alkyl groups attached to the non-
peripheral positions around the Pc ring.'*" It was found that
the length of the alkyl chain could play an important role in
defining the energy level of the thin film. Due to the better
alignment between the energy levels at the perovskite/HTL
interface, NiPr,Pc with a longer alkyl chain could offer reduced
charge recombination, and therefore higher Vo and Jsc values
for the device. The PSC based on NiPr,Pc could achieve the
PCE of 14.07%. Recently, non-peripheral methoxy-substituted
copper(u) phthalocyanine, denoted as CuPc-(OMe)g, 39, was
investigated by the Cheng group.'®> The solution-processed
CuPc-(OMe); film exhibited comparable conductivity and hole
mobility with the reference doped spiro-OMeTAD. Moreover,
the as-prepared CuPc-(OMe)s showed better energy alignment
with (FAPbI;), s5(MAPDbBI3)015 as a comparison of reference
HTMs. The deposited uniform and compact CuPc-(OMe)g thin
film could hinder the direct contact between the perovskite and
top electrode layers. Consequently, the dopant-free CuPc-
(OMe)g-based PSCs showed a champion PCE of 18.3% accom-
panied with the Voc, Jsc, and FF of 1.05 V, 22.1 mA cm ™2 and
79%, respectively. Recently, we developed two TiOPc derivatives,
possessing eight n-hexylthio groups attached to either the periph-
eral (P-SC4-TiOPc, 40) or non-peripheral positions (NP-SCs-TiOPc,
41) of the Pc ring and applied them as dopant-free HTMs in
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Fig. 7 GIXRD patterns of MegBu—ZnPc deposited on (a) SiO, and (b) perovskite (thin film thickness of ~60 hm). Molecular orientation model of MegBu—
ZnPc deposited on (c) SiO, and (d) perovskite. Reproduced with permission.’°© Copyright 2019, Wiley.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Mater. Chem. Front., 2023, 7,1704-1736 | 1719


https://doi.org/10.1039/d2qm01369j

Published on 21 Februar 2023. Downloaded on 25.02.26 03:19:47.

Materials Chemistry Frontiers

View Article Online

Review

P-SC,-TiOPc NP-SC-TiOPc
I 0 Y T (S S —— R
! »@ 2 2 : % J‘J\JJ 2 N :
i , o, | G S o 22832 . -9 :,J‘“'A‘a‘ i
: i A e —— ~ o - N - - P 2 i
12.3A b apen ¥ *15‘3” 9.7A
- L 2P0 |
| AR TP
: ¥ 25c P " o I
v
()
T 18 -
15| ===
100 12}
- g 9t
¥ ' ’ X w
. NP-sc.Tiore | PEE-E $
'h'RMS__.‘- ; < 3| COnPsc,Tiope ¢
~ [1P-SC,-TiOPe
0 0

Fig. 8 (a) DFT results of the side view of the P-SCg-TiOPc- and NP-SCe-TiOPc-optimized ground state geometry (Gaussian 09 optimization with DFT
B3LYP/6-31g(d)). (b) AFM images of P-SCg-TiOPc deposited and NP-SCg-TiOPc deposited on perovskite. (c) PCE statistics of devices fabricated from the

same batch. Reproduced with permission.’°® Copyright 2019, ACS.

planar n-i-p PSCs.'® According to density functional theory
(DFT) calculation results, a larger rotation angle for the substitu-
ents on the peripheral, compared with non-peripheral positions,
led to an increased height for the P-SCs-TiOPc compound, and
consequently a greater distance and weaker m-m interactions
between the molecules in the P-SC4-TiOPc thin film (Fig. 8a).
Therefore, significantly higher hole extraction and mobility were
obtained for NP-SC¢-TiOPc than the P-SC¢-TiOPc thin film.
Furthermore, the different sizes and intermolecular interactions
of the P-SC4-TiOPc and NP-SC4-TiOPc compounds resulted in
some alterations in their thin film morphology. A thin film with
an improved morphology, lower surface roughness, and better
coverage on the perovskite layer was achieved for NP-SCe-TiOPc
compared with P-SC¢TiOPc (Fig. 8b). The PSCs using NP-SCg-
TiOPc achieved the highest PCE of 16.87%, which was remarkably
higher than that of P-SCe-TiOPc-based devices (6.82%). It was
demonstrated that tuning the position of the attached substitu-
ents can be considered as an effective strategy to enhance the
performance of Pc-based PSC devices. Significantly higher repro-
ducibility was achieved for the devices based on NP-SC¢-TiOPc as
a dopant-free HTM due to its higher ordering and higher-quality
thin film (Fig. 8c). The photovoltaic properties of some selected
perovskite devices using octa-substituted Pc compounds in their
structure are summarized in Table 2,°*9%977103

2.2. Doped phthalocyanines for PSCs

The introduction of a bulky group at the peripheral sites of the
Pc core may suppress the aggregation and reduce the m-m
interaction.’® However, it also results in low hole mobility
and conductivity, which are unfavorable for efficient hole trans-
port in devices. Accordingly, a common method to overcome

1720 | Mater. Chem. Front., 2023, 7,1704-1736

this issue is the doping strategy. As a successful approach in
the case of spiro-OMeTAD, doping with bis(trifluoromethyl-
sulphonyl)imide (Li-TFSI), 4-tert-butylpyridine (¢BP) and tri(bis-
(trifluoromethane)sulfonimide) (FK209) led to a reduction in
the spiro-OMeTAD molecule LUMO level. Accordingly, the
energy gap between the pristine spiro-OMeTAD and the radical
cation species provides the driving force for charge hopping
between these two materials, significantly improving the con-
ductivity and mobility in the doped form."®” Considering this,
doping was utilized in Pc HTMs to improve the performance of
PSCs. The molecular structures of the Pc materials used as
doped HTMs in PSCs are shown in Fig. 9 (42-65).

In 2015, Nazeeruddin’s group explored the performance of
Zn(um)octa(2,6-diphenylphenoxy)phthalocyanine (TT80, 42) as a
doped HTM in PSCs and reported a PCE of 6.7% under AM1.5G
standard conditions.'®® The introduction of eight bulky sub-
stituents in the peripheral sites around the Pc ring led to the
suppression of aggregation and a significant increase in the
solubility of the ZnPc material, allowing the use of solution-
processed deposition techniques. The same research group
further introduced different secondary amine substituents in
the periphery of the ZnPc ring to develop new HTMs for
perovskite devices.'® The PSCs using the newly synthesized
HTMs, denoted as BI25 (43), BL0O7 (44), and BL08 (45), achieved
the PCEs of 11.75%, 6.65%, and 11.44%, respectively. In 2019,
they developed a series of octa-substituted MPcs with eight
secondary aromatic amines bound to the peripheral positions
of the macrocycle by C-N bonds, which were denoted as BL25
(46), BL38 (47), BL40 (48), BL50 (49), BL51 (50) and BL52 (51).**°
The results showed that the MPcs featuring bis(p-alkoxy-
phenyl)amino substituents delivered a better photovoltaic

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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performance than their 9H-carbazol-9-yl and diphenylamino
analogs, and the core metal in the Pc derivatives with the
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Fig. 9 Molecular structures of Pc as doped HTMs (42-65) and additive in HTM or perovskite layer in PSCs (66-75).

same structure had little effect on their overall performances.
A superior PCE of up to 18.10% was achieved by the HTM of

Mater. Chem. Front., 2023, 7,1704-1736 | 1723


https://doi.org/10.1039/d2qm01369j

Published on 21 Februar 2023. Downloaded on 25.02.26 03:19:47.

Materials Chemistry Frontiers

ZnPc bearing eight bis(p-butoxyphenyl)amino substituents
(BL40), which is comparable to that of spiro-OMeTAD with
dopants (19.25%). The explanation for the huge gap in the
PCE between BL25 and BL38 with the remaining ones
was investigated by PL decay kinetics, electric field dependent
time-resolved photoluminescence experiments, and photo-
current kinetics upon photoexcitation of the device with short
nanosecond laser pulses, indicating that the former two types
of HTMs have large nonradiative surface recombination and an
injection barrier for holes. In a recent study by the same group,
efficiencies of around 20% were reported by the same team,
using a newly synthesized HTM from the same family named
Zn-BL54 (52) with tetra-substituted Pc ring, and double or triple
cation perovskite materials as the light-absorbing film in the
device.""" The achieved efficiencies were comparable with that
of the reference devices using spiro-OMeTAD, while offering
considerably higher long-term stability for the non-encapsulated
devices. In 2017, Calio and coworkers altered the diphenyl groups
attached to the phenoxy by tert-octyl, and developed two new Pc
materials substituted by 4-tert-octylphenol groups, with Cu(u) and
Zn(u) as the metal center, which were denoted as (‘OctPhO)gCuPc
(53) and (‘OctPhO)sZnPc (54), respectively."> The MPc-based
HTMs were doped by adding lithium LiTFSI and (tBP) and tested
in PSCs with mixed perovskites ((FAPbBr3),s5(MAPbL;), 45), and
the thickness of their thin layers was optimized. It was demon-
strated that a thinner layer of either HTM could offer a lower
series resistance, and consequently an improved performance for
the devices. The best-performing devices based on (‘OctPhO)s.
CuPc and (‘OctPhO)sZnPc exhibited PCEs of 8.33% and 7.25%,
respectively. In their study, the Lianos’ group employed tetra-
phenylamine-substituted ZnPc (TPA-ZnPc, 55) as an HTM doped
with tBP and LiTFSI in PSCs, reaching an efficiency of 9.0%,
which was further enhanced to 13.65% in the presence of an Al,O;
buffer layer between the perovskite and HTM layers."** The
presence of the buffer layer offered a higher shunt resistance in
the device, as well as higher stability for the perovskite layer,
protecting it against the corrosive additives used in the HTM.
Moreover, the porous framework of Al,O; facilitated the formation
of a thin film as the upper HTM layer, leading to better hole
transfer and conduction and limited charge recombination.
According to the cross-sectional FESEM image, a thicker hole
transporting layer was achieved on the top of the Al,0O; buffer
layer compared with neat TPA-ZnPc. The performance of the
device was enhanced with the optimum thickness of 200 nm for
the buffer and HTM layers combined.

Sun’s group introduced eight butoxy groups in the non-
peripheral sites around the NiPc macrocycle (NiPc-(OBu)g, 56),
and in combination with vanadium(v) oxide (V,0s), developed
an organic-inorganic integrated hole transport layer for incor-
poration in mesoscopic PSC devices."'* The PSCs based on
pristine NiPc-(OBu)g exhibited efficiencies of up to 10.6%,
while doping NiPc—(OBu)g with LiTFSI and tBP, together with
an increase in its thin film thickness could significantly enhance
the PCEs of the devices to 17.9%. Although the pristine NiPc-
(OBu)s showed lower conductivity (1.18 x 10~* S cm™ ") than the
doped spiro-OMeTAD (1.91 x 10~* S em '), the doping strategy
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could considerably enhance its conductivity to a value of 1.97 x
10~* S em™". The use of a V,05 buffer layer on top of the dopant-
free NiPc—(OBu)s film led to the highest efficiency of 18.3% for the
devices. A PCE of 10.8% was achieved for the PSCs with only a
V,0s HTM, confirming the critical role of the organic-inorganic
HTM in achieving high efficiencies. The integrated HTM could
fully cover the perovskite crystals and lower the recombination
losses between the perovskite and Au electrode. Nazeeruddin’s
group introduced thiophene-based functional groups in the ZnPc
ring and studied their performance as an HTM in perovskite
devices.""® Using a hybrid interfacial hole transport layer, consist-
ing of a tetra 5-hexyl-2-thiophene-substituted ZnPc (Sym-HTPcH,
57) HTM and meso-Al,O; buffer layer, devices with efficiencies of
up to 12.8% were achieved.'” The device performance has
been considerably improved by changing the thiophene-based
functional groups around the ZnPc ring.''® Tetra-5-hexyl-2,2’-
bisthiophene-substituted ZnPc (HBT-ZnPc, 58) and tetra-5-
hexylthiophene-substituted ZnPc (HT-ZnPc, 59) were employed
in mesoscopic PSCs with (FAPbI;), g5(MAPDbBr3), 15 perovskite
absorber, showing the remarkable efficiencies of 15.5% and
17.5%, respectively. The higher efficiency of the HT-ZnPc-based
PSCs was attributed to the enhanced molecular packing order
of HT-ZnPc. Sun’s group studied non-peripherally substituted
CuPc materials by incorporating four 2,4-dimethyl-3-pentoxy
groups in the CuPc ring and used as them as the HTM in
mesoscopic PSCs based on (FAPDbI;),g5(MAPDBr3)o15 light
absorber and CuPc-DMP (60) HTM doped with LiTFSI and
tBP, achieving PCEs of up to 17.1%.""
Tetrafluorotetracyanoquinodimethane (F,-TCNQ) as a p-type
doping material has attracted significant attention because of
its strong electron affinity."'®** The prerequisite for molecular
doping is that the electron affinity of the dopant is in the range
of the ionization energy of the HTM. The extra mobile holes
induced by the p-type dopant boost the charge carrier density in
the HTM, leading to higher conductivity.*> Therefore, the
selection of a Pc with a suitable HOMO value matching the
LUMO of F,-TCNQ is feasible to realize a charge-transfer
reaction between Pc and the dopant. Liao’s group employed
TS-CuPc doped with F,-TCNQ in planar PSCs with normal and
inverted architectures."®* The addition of 2.5 wt% of F,-TCNQ
to the Pc material considerably enhanced the hole mobility of
the thin film from 2.3 x 107 * t0 9.2 x 10> em®> V"' s ". In
addition, an aqueous solution of TS-CuPc (61) with F,-TCNQ
showed a pH value of 7.4, which favored the long-term stability
of the devices. The use of the doped TS-CuPc as the HTM in an
inverted PSC led to a PCE of 16.14% compared to the reference
device based on PEDOT:PSS, with the highest efficiency of
13.22%. TS-CuPc:F,-TCNQ was also used as a hole modification
layer between spiro-OMeTAD as the HTM and Ag electrode in
n-i-p devices, which increased the efficiency of the PSCs from
16.23% to 20.16%. F,-TCNQ was also employed by Sun’s
research group as a dopant for non-peripherally substituted
tetra-4-(bis(4-tert-butyl)phenyl)amino)phenoxy copper phthalo-
cyanine (CuPc-OTPA‘Bu, 62) HTM in PSCs."*® As a well-known
electron donor, four triphenylamine (TPA) groups were introduced
in the CuPc ring via oxygen atoms. The attached tert-butyl chains
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Table 3 Photovoltaic properties of some selected perovskite devices employing doped Pcs in their structure

Chemical

Hole mobility of HTM

structure no.  Device architecture HTM (em®>v's™) Voc (V) Jsc (mAcm™) FF (%) PCE (%) Ref.
42 Mesoscopic TT80 0.80 16.35 50.3 6.7 108
43 Mesoscopic BI25 1.014 16.67 68.1 11.75 109
44 Mesoscopic BLO7 1.001 10.69 59.8 6.65 109
45 Mesoscopic BLO8 1.034 17.43 61.0 11.44 109
46 Mesoscopic BL25 0.69 20.07 35.7 4.93 110
47 Mesoscopic BL38 0.89 21.46 56.8 10.89 110
48 Mesoscopic BL40 1.07 22.92 73.5 18.10 110
49 Mesoscopic BL50 1.06 22.52 74.2 17.81 110
50 Mesoscopic BL51 1.04 22.58 69.4 16.25 110
51 Mesoscopic BL52 1.04 22.54 70.3 16.46 110
52 Mesoscopic Zn-BL54 1.07 23.87 79.0 20.18 111
52 Mesoscopic Zn-BL54 1.081 23.73 78.0 20.00” 111
53 Mesoscopic (“OctPhO)sCuPc 0.87 19.01 50.56 8.33 112
54 Mesoscopic (‘OctPhO)gZnPe 0.89 17.52 46.52 7.25 112
55 Mesoscopic TPA-ZnPc 0.95 20 72 13.65 113
56 Mesoscopic NiPc—(OBu)g 1.070 23.0 72.8 17.9 114
56 Mesoscopic NiPc—(OBu)g 1.90 x 107* 0.895 18.5 63.8 10.6 114
56 Mesoscopic NiPc—(OBu)g/V,05 1.080 23.1 73.4 18.3 114
57 Mesoscopic Sym-HTPcH 0.988 17.2 74 12.8 115
58 Mesoscopic HBT-ZnPc 1.10 20.16 69.4 15.5 116
59 Mesoscopic HT-ZnPc 1.05 20.28 80.3 17.1 116
60 Mesoscopic CuPc-DMP 1.04 23.2 71 17.1 117
61 Planar n-i-p spiro-OMeTAD/ TS-CuPc: 9.2 x 10 ° 1.12 24.32 74 20.16 125
F,-TCNQ
61 Planar p-i-n TS-CuPc:F,-TCNQ 9.2 x 107 0.96 21.71 77 16.14 125
62 Mesoscopic CuPc-OTPA‘Bu:F,-TCNQ 1.01 21.9 68 15.0 123
63 Mesoscopic ZnPc 1 2.83 x 107° 1.03 23.21 68.9 16.49 124
64 Mesoscopic ZnPc 2 1.50 x 107° 1.04 22.25 55.3 12.82 124
65 Mesoscopic ZnPc 3 4.08 x 1072 1.04 23.63 74.6 18.32 124

“ Refers to the device with double cation perovskite and. ? Refers to the device with triple cation perovskite.

also enhanced the solubility of the molecularly engineered HTM in
common organic solvents and improved the hydrophobicity of its
thin film. When 6 wt% of dopant was added to the HTM, the bulk
conductivity of the HTM significantly increased, leading to an
efficiency of 15.0% for the mesoscopic devices, which is compar-
able to the reference devices based on spiro-OMeTAD doped with
LiTFSI and tBP(highest PCE of 15.3%).

Linking two or more Pc compounds can expand their «
delocalization system and enhance their charge mobility.
Although an expanded 2D planar structure for Pc materials
can increase the risk of achieving rough and thick films with
low coverage due to the formation of extensive crystalline
domains, well-designed 3D structures can deliver more uni-
form films given that they have less intense intermolecular
interactions. In 2022, three ZnPc dimers were developed as
HTMs in perovskite devices.’** In their structures, three differ-
ent linkers, i.e., diketopyrrolopyrrole (DPP) (ZnPc 1 (63)), two
contiguous triple bonds (ZnPc 2 (64)), and spirobifluorene
(znPc 3 (65)), were used to endow the designed HTMs with a
wider range of electronic and structural properties. The PC
dimers were doped with ¢BP and LiTFSI and employed in n-i—p-
structured PSCs. The PCE of the devices using ZnPc 1, ZnPc 2
and ZnPc 3 were 16.49%, 12.82% and 18.32%, respectively,
compared to the reference device based on doped spiro-
OMeTAD with the PCE of 17.42%. The lower performance of
ZnPc 1 and ZnPc 2 was attributed to their lower solubility or
higher molecular aggregation. The photovoltaic properties of
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some selected perovskite devices using doped Pc compounds as
the HTM layer are summarized in Table 3,1087117:1227124

2.3. Phthalocyanines as hole modification layer in PSCs

Dai’s group introduced the insertion of a ZnPc hydrophobic
hole modification layer between the light harvesting layer and
doped spiro-OMeTAD to address the instability issue of PSCs.*°
The Bilayer HTM-based PSC with Nb-doped TiO, as the ETM
exhibited an improved PCE of 16.8% compared to 15.1% for the
unmodified HTM devices. With the introduction of the ZnPc
modification layer, the series resistance (R;) slightly increased,
while the interface resistance of the HTM/absorber (Ryry) and
the total resistance (Rs + Rurm) showed the opposite trend,
indicating that the addition of the interfacial buffer layer
reduced the charge recombination and resulted in lower resis-
tive voltage loss, current loss and higher PCE. Because of the
hydrophobic properties of the ZnPc, the modified devices
retained 91% of the initial PCE after 2400 h in an ambient
environment without encapsulation. In 2022, our research
group employed two thiophene-functionalized metal-free Pc
isomers, Pc S2 (66) and Pc S3 (67), as the passivating agent
for the MAPbI; perovskite in an n-i-p-structured device.”® The
Pc materials were added to the perovskite layer by dissolving in
an anti-solvent, allowing them to impact the perovskite crystal
growth mechanism. Using DFT calculations, the interaction
between the S atoms in the structure of the developed Pc
compounds and the under-coordinated Pb** was predicted.
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The Pc molecules not only passivate the bulk defect, but also
form a rigid thin film layer on the perovskite surface for surface
defect passivation. The introduction of the Pc materials in the
perovskite layer helped improve the grain size by slowing down
the crystallization step during the formation of the thin film
and drying process. However, the S atoms were located at
different positions in the two Pc materials, resulting in differ-
ent affinities toward the perovskite material. This led to a
higher quality for the Pc S3-added perovskite film and an
efficiency as high as 18% for the fabricated PSC based on the
same material. The maximum PCE obtained for the PSCs based
on MAPbI; without Pc and Pc S2-added perovskite was 16.88%
and 16.64%, respectively. Additionally, the passivated devices
showed a significant improvement in their moisture and ther-
mal stability.

2.4. Phthalocyanines as additives in HTMs

The introduction of a p-type dopant in the HTM is an effective
method to strengthen the properties of the composites, for
instance, enhancement in conductivity and reduction in ohmic
losses in the hole-selective layers and injection barriers at the
interface with the electrodes, which can be achieved by con-
trolling the energy levels of the dopants or HTMs.'*® The
composite HTM, accompanied by increased charge carrier
density and higher conductivity, facilitated the achievement
of a high PCE.

Sang Il Seok and coworkers reported the use of tert-butyl-
CuPC (CuPC) used as an additive in the HTM layer of po-spiro-
OMeTAD (po-spiro) in a PSC based on an (FAPbI;),g5(-
MAPDBr;), ;5 absorbing layer.'*” This optimized “bilayer” plat-
form achieved a high FF of 0.747, V¢ of 1.11 V and high PCE of
18.5%, whereas the single HTM-based po-spiro and CuPC
showed a modest FF of 0.718 and 0.663, V¢ of 1.09 V and
1.045 V, and PCE of 17.5% and 15.2%, respectively. The
improvement in the Vo and FF values was attributed to the
incorporation of CuPC in po-spiro, preventing the unwanted
electrons from crossing the energy barrier of po-spiro. Transi-
ent photovoltage decay (TPD) measurements showed that the
recombination lifetime of the device with CuPC-doped po-spiro
was higher than that of the device with single po-spiro HTM,
suggesting that the introduction of CuPC as a dopant in the po-
spiro HTM layer could retard charge recombination, and then
result in an enhancement in FF and V.

Lianos’ group and our group used n-butyl tetra-substituted
CuPc (CuBuPc, 6) as an additive in spiro-OMeTAD in a meso-
scopic perovskite device and achieved an impressive improve-
ment in the PCE values of the PSCs."*® This was associated with
the creation of deep traps in the hole transportation and better
blocking of the back-travelling electrons due to the low-lying
LUMO level of CuBuPc compared to that of spiro-OMeTAD. It
was also demonstrated that the presence of the Pc materials
could enhance the thin film quality of spiro-OMeTAD by
decreasing the size and number of pinhole defects. Accord-
ingly, with the decreased shunt paths, the FF and Vo¢ of the
cells increased, leading to a PSC with PCE of 15.4% for the
devices based on spiro-OMeTAD with 10% CuBuPc as the HTM.
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The reference device showed an efficiency of 10.4%. Liao’s
group developed a solution-processed composite HTM consist-
ing of PEDOT:PSS and copper phthalocyanine-3,4’,4",4""'-
tetrasulfonated acid tetrasodium salt (TS—CuPc, 61) and
investigated its performance in PSCs with an inverted p-i-n
structure.””® The results suggested an improved cell perfor-
mance and stability due to the incorporation of TS-CuPc in
PEDOT:PSS. The optimized composite film of TS-CuPc-doped
PEDOT:PSS (50 wt%) showed better film uniformity and lower
roughness compared with the pristine PEDOT:PSS and TS-CuPc
thin films. The composite HTM also offered better energy
alignment for efficient hole transport and extraction. In addi-
tion, the perovskite film fabricated on the composite HTM layer
offered higher crystallinity with a larger grain size, together
with better film coverage and enhanced carrier mobility.
Finally, PSCs with a PCE of 17.29% were achieved, while the
control device using pristine PEDOT:PSS exhibited an efficiency
of 13.29%. In 2018, our group studied composites based on
non-peripheral octamethyl-substituted CuPc nanowire (N-
CuMe,Pc, 68) and P3HT and employed them as HTMs in PSCs,
reaching PCEs of up to 16.61% for the optimized weight ratio of
1:1."%*° The composite thin films with this optimized ratio
showed both the best film quality and the highest hole mobi-
lity, resulting in a good performance. Achieving a high charge
carrier mobility for P3HT requires precise control of the mor-
phology and crystallinity of its thin film. The hole mobility of
P3HT can be enhanced with optimized n-n stacking of the
polymer side chain. Peng and coworkers produced a highly
crystalline P3HT thin film by blending it with CuPc and
employing a post-deposition solvent-annealing step with
chlorobenzene.®! According to the XRD results, a significant
improvement in crystallinity and conductivity of the thin film
occurred when the solvent annealing treatment was applied,
and a further enhancement was observed by blending P3HT
with CuPc. The devices based on the developed solution-based
composite HTM achieved a high efficiency of 21.6% for an
active area of 1 cm.” The use of the hydrophobic and thermally
stable P3HT:CuPc composite HTM could also increase the
stability of the PSC devices against light, moisture and heat.
The encapsulated devices could retain 91.7% of their initial
performance after 1000 h of exposure to damp heat and high
humidity (Fig. 10).

NiPcS, (69), containing four sulphonate sodium salt as
peripherally attached substituents, has been used as either a
dopant-free HTM or a dopant in PEDOT:PSS, and applied in
inverted PSCs.’®? The addition of 10 wt% of NiPcS, to PED-
OT:PSS led to PSCs with a PCE of up to 18.90%, which was
significantly higher than that for the PSCs based on other
components, iLe., 16.47% and 9.29% for PEDOT:PSS and
NiPcS,, respectively. The observed improvement in the perfor-
mance of PSCs was attributed to factors such as enhanced
photon absorption, improved film quality of perovskite,
enhanced work function of HTM and its hole transporting
ability, and increased cell stability. The photovoltaic properties
of some selected perovskite devices using Pc compounds as
additives in the HTM layer are summarized in Table 4,7>'277130:132
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Fig. 10 (a) Cross-sectional SEM image, (b) J-V performance and (c) SPO of nonencapsulated cells based on P3HT:CuPc and spiro-OMeTAD HTL
measured by Vmpp tracking under continuous 1 Sun illumination intensity. (d) SPO of encapsulated cells based on P3HT:CuPc and Spiro-OMeTAD HTL.

Reproduced with permission.** Copyright 2021, Science.

The molecular structures of the Pc materials used as additives in
HTMs or perovskite layers in PSCs are shown in Fig. 9.

2.5. Pc complexes using as additives in perovskite layer

In the process of fabricating polycrystalline organometal halide
perovskite thin films or operation of PSCs, defects are inevita-
bly generated in the films. These defects can be categorized as
1D point defects (vacancies, interstitial and anti-site atoms), 2D
defects consisting of grain boundaries and abundant surface
defects and 3D bulk crystal defects such as lead clusters."*
These intrinsic defects, such as halide and cation vacancies,
under-coordinated halide anions, lead cations, lead clusters
and lead-halide antisite defects exist at the grain boundaries
and surfaces, resulting in trap states, which cause non-radiative
recombination of the photo-induced carriers and undesirably
lower the photovoltaic parameters, and thus PCE. The hyster-
esis effect in the -V curves of PSCs can also be attributed to
these defects. Moreover, the instability issue of PSCs is asso-
ciated with the defective grain boundaries because heat and
moisture degrade the film from initiating at the surface of the
film. Then, the grain boundaries filled with defects finally
diffuse into the bulk perovskite.'*® The charged defects also
migrate through the grain boundaries under an electrical bias.

As one of the main approaches to passivate defects in
perovskite, diverse additives ranging from organic molecules
to salts and polymers have achieved an inspiring improvement

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

in the modification of PSCs. The method for the incorporation
of additives in perovskite films can be classified as two types,
i.e., the widely adopted introduction of additives in the per-
ovskite precursor solution and dissolving the additive in an
anti-solvent such as chlorobenzene, via a one-step dripping
process. In the former, the morphology of the perovskite film is
affected by the additives given that the dopant is scattered in
the precursor solution and the colloidal clusters serve as
nucleation centers for the growth and crystallization of the
perovskite film."*> In the latter, the additives, in most cases,
can remain in the surface of the film, influencing the surface or
grain boundaries of perovskite films."*® Therefore, the additive
engineering strategy can be utilized for the modulation of the
morphology of perovskite films, the dimensionality of the
perovskite, the band alignment, the durability of the harvesting
layer and passivation of the defects, or realization of
the combination of all of them."*”**® Many compounds as
additives employed in PSC have been reported. However, the
introduction of Pc as an additive in perovskite is rare to date
and its application is in its infancy.

Unsubstituted CuPc has been used as an additive in per-
ovskite or an interlayer to modify the surface and tailor the
interfacial structure in PSCs. Behjat et al. added different
amounts of CuPc to the perovskite material in PSCs and
achieved higher Jsc values for the devices using 0.05 wt% of
CuPc in CH;NH;PbI;."*® It has been suggested that CuPc can

Mater. Chem. Front., 2023, 7,1704-1736 | 1727
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Table 4 Photovoltaic properties of some selected perovskite devices employing Pc compounds as additives in the HTM layer or perovskite layer

Chemical Hole mobility of HTM Jsc
structures no. Device architecture HTM Additive (em*v's™) Voc (V) (mAcm™) FF (%) PCE (%) Ref.
66 Planar n-i-p spiro-OMeTAD Zn S2 1.012  22.57 71.45  16.64 52
67 Planar n-i-p spiro-OMeTAD Zn S3 1.033  22.75 76.55 18.01 52
6 Mesoscopic spiro-OMeTAD n-BuPc 0.97 24.9 64 15.4 128
71 Planar p-i-n PEDOT:PSS TS-CuPc 1.01 22.23 77 17.29 129
68 Planar n-i-p P3HT N-CuMe,Pc 3.84 x 107° 1.008 22.44 73.43 16.61 130
69 Planar p-i-n PEDOT:PSS NiPcS, 1.08 23.01 77 18.90 132
5 Mesoscopic po-spiro-OMeTAD  ¢-BuPc 1.11 22.3 74.7 18.5 127
Mesoscopic spiro-OMeTAD CuPc 0.88 15.30 61.7 8.4 139
5 Planar n-i-p spiro-OMeTAD t-BuCuPc 1.02 22.6 75 17.3 141
Planar n-i-p spiro-OMeTAD NiPc 1.10 23.29 74.78 19.18 140
70 Planar p-i-n PTAA HCuPc 1.032 25.57 81.05  21.39 142
71 Mesoscopic cobalt porphyrin  tetra-NH,-ZnPc 1.11 23.55 77.28  20.3 144
Mesoscopic spiro-OMeTAD CuPc 1112 22.7 78 19.7 143
72 Mesoscopic spiro-OMeTAD F16CuPc 1.145 229 77 20.2 143
73 Mesoscopic spiro-OMeTAD FeTAP 1.11 23.78 73.26  18.81 146
74 Planar n-i-p spiro-OMeTAD 8TPAEPC 1.123  24.0 82.00  22.10 147
75 Planar n-i-p spiro-OMeTAD NP-SC¢-ZnPc 1.09 23.18 71.4 18.04 145
41 Planar n-i-p spiro-OMeTAD NP-SCs-TiOPc 1.12 23.27 74.4 19.39 145

improve the quality of the perovskite thin film and enhance its
light absorption ability. The addition of CuPc to the perovskite
increased the PCE of the device by 2% compared to the
reference device with no CuPc in the perovskite layer. Also,
spiro-OMeTAD was used as the HTM in this study, and the
highest efficiency of 8.4% was achieved for the PSCs. Jin et al.
improved the PCE of their spiro-OMeTAD-based PSCs from
17.4% to 19.18% by introducing NiPc as an additive in the
perovskite layer."*® To achieve this goal, NiPc was added to the
anti-solvent chlorobenzene, and subsequently infiltrated in
the perovskite surface, which improved the crystal quality of
the perovskite film and slightly reduce the defects on its sur-
face, enhancing its interface with the HTM layer. The developed
method effectively reduced the recombination rate and
enhanced the charge extraction and transfer efficiency, leading
to a higher performance for the PSCs. Peng et al. used a very low
concentration (4.4 x 10~ mM) of +-BuCuPc as an additive in
perovskite materials in a planar PSC with a TiO, thin layer as
the ETM and spiro-OMeTAD as the HTM, improving the
performance of the solar cell from 15.3% to 17.3%."*' It was
found that #-BuCuPc could enhance the quality of the perovs-
kite layer with higher crystallinity and surface coverage. Dong
et al. synthesized a hyperbranched CuPc (HCuPc) (70) as an
additive to FAPbI, perovskite.'*> The developed Pc molecules
could encapsulate the grain boundaries at the molecular level
through their twisted Pc units and improve the phase stability
of the FAPbI; perovskite against humidity, as well as the charge
extraction and transport. The p-i-n devices using HCuPc
additive could achieve the remarkable efficiency of 21.39%.
The photovoltaic properties of some selected perovskite devices
using Pc compounds as additives in the perovskite layer are
summarized in Table 4."3°7%

Tang and coworkers explored the impact of post-treating the
MAPDI; perovskite layer using tetra-ammonium-substituted
ZnPc on the device performance.'** The two-dimensional
(znPc)o sMA,,_4Pb,l3,,1 was constructed in the grain boundaries
of the MAPDI; film by immersing the as-fabricated perovskite
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layer in an isopropanol solution of the ZnPc derivative (71),
resulting in the successful passivation of defects and reduced
trap-assisted recombination. The modified PSCs with doped
spiro-OMeTAD HTM showed improved PCEs of up to 20.3%
compared with 19.01% for the reference devices, and long-term
stability against humidity and heating, with self-repairing cap-
ability under mild heating. The use of the spin-coating method for
the deposition of the two-dimensional (ZnPc),sMA,,_1Pb, I3,
layer led to an efficiency of 19.6% for the modified PSC."*®
Unsubstituted CuPc and its fluorinated derivative F,¢CuPc
(72) were utilized as additives in the perovskite films reported
by Ma and coworkers in 2018.** The introduction of a dipole
layer not only aligned the interfacial energy levels but also filled
the grain boundaries and passivated the perovskite surface,
which led to significantly suppressed charge recombination.
The Pc-treated PSCs showed an improved PCE, where the best
PCE was 20.2%, Voc was 1.145 V, Jgc was 22.9 mA cm’z, and FF
was 0.77 for F;,CuPc, and a PCE of 19.7% coupled with Vo¢ of
1.112 V, Jsc of 22.7 mA cm > and FF of 0.78 for CuPc. In
comparison with the pristine device, the improvement in the
PCE of the modified devices is mainly attributed to the increase
in the Vp¢, stemming from the reduced interfacial recombina-
tion by the introduction of CuPc and F;sCuPc in the perovskite.
Furthermore, treatment with F,,CuPc and CuPc could also
preserve the perovskite layer from moisture penetration to
some extent. Hence, the PCE of the modified devices sacrificed
5% (F16CuPc) and ~10% (CuPc) after 1000 h storage under
atmosphere conditions without any sealing, while the control
devices retained around 80% of their initial PCE. In a recent
study, CuPc and F;,CuPc were studied as hole and electron
transport layers in an MAPI;-based PSC device, respectively,
through DFT calculations and compared to the state-of-art
charge transport materials TiO, and spiro-OMeTAD, suggesting
that better efficiency can be achieved for the Pc-based device.'*®
The device simulation study showed that an FF of 79.01% and
PCE of 22.30% can be expected for this PSC device. In 2022,
iron(n)-2,9,16,23-tetraamino-phthalocyanine (FeTAP) (73) was

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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used as an additive inside a mixed-halide perovskite layer to
passivate the defects at the surface and grain boundaries
through the formation of strong bonds between the unsatu-
rated Pb>" ions and N-H moieties.'*® This allowed the adjacent
crystal grains to be crosslinked in the perovskite film, resulting
in a high-quality thin film with improved charge extraction in
the device. This could additionally enhance the device stability
by inhibiting the perovskite film degradation process. The
best-performing FeTAP-modified device achieved the PCE of
18.81%. 8TPAEPC (74), a CuPc compound with eight tripheny-
lamine groups grafted into the peripheral side of Pc, was used
as the dopant for a mixed-ion perovskite film and enhanced the
PCE of the perovskite devices from 20% to 22.10%.'*” As a
narrow band gap additive, STPAEPC could extend the NIR
photo-response of the perovskite film from 760 to 850 nm,
which consequently enhanced the jgc value of the device from
22.8 to 24 mA cm ™. It was indicated that there are electrostatic
interactions between 8TPAEPC and perovskite molecules,
which assisted the crystal growth of the perovskite, leading to
more packed crystal grains and smoother surface in the final
film. Interestingly, using the p-type 8TPAEPC as a dopant-free
HTM, PSCs with a PCE of 20.42% were achieved.

In a study conducted by our research group, two types of Pc
derivatives, NP-SC¢-ZnPc (75) and NP-SC¢-TiOPc (41), could
successfully passivate the defects in the perovskite layer
(Fig. 11)."°° The lone electron pairs on the S, N and O atoms
in the Pc molecular structures provide the chance to form a
coordination bond with under-coordinated Pb*" in CH;NH,Pbl,
together with passivating Pb-I antisite defects, which was verified
by theoretical calculation and X-ray photoelectron spectroscopy
(XPS) analysis. Using DFT calculations, the absorption behaviors
of the Pc molecules (NP-SC¢-ZnPc and NP-SCq-TiOPc) were
investigated on the MAPbI; (001) surface. The computational
results confirmed that both Pc molecules prefer to absorb on
the Pb-I,-terminated (001) surface, with absorption energies of
—3.36 and —3.61 eV for NP-SC¢-ZnPc and NP-SC¢-TiOPc, respec-
tively, which indicates the efficient absorption of the developed
Pc molecules on the surface of MAPbI;. Moreover, an increase
in the absorption energies was observed when the NP-SCq-ZnPc
and NP-SC,-TiOPc molecules point to the I atoms in MAPbI;. It
was also demonstrated that the formation of the strong O-Pb
bond with a bond length of 2.34 A between NP-SC¢-TiOPc and
MAPbDI; molecules may play a crucial role in the absorption of
this molecule on the perovskite surface. The relaxed structures
of MAPDI;/NP-SCe-ZnPc and MAPDI;/NP-SCy-TiOPc are dis-
played in Fig. 11. The SEM study showed that Pc passivation
affected the perovskite growth and assisted the formation of
more condensed, continuous and uniform perovskite films
with larger grain sizes. The PSCs fabricated with Pc-decorated
CH,;NH;PbI; as the light harvesting layer showed a champion
PCE of up to 19.39% and 18.04% for the NP-SC,-TiOPc- and NP-
SCe¢-ZnPc-based devices, respectively, in comparison with the
additive-free modified devices (17.67%). The presence of
an oxygen atom coordinated to the axial position of the
metal center in NP-SC¢-TiOPc enabled the easier formation of
coordination bonds with the under-coordinated Pb>" and better

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 11 (a) Top and (b) side views of MAPblz/NP-SCg-ZnPc. (c) Top and (d)
side views of MAPbIs/NP-SCe-TiOPc for relaxed structures by DFT calcu-
lation. Reproduced with permission.t>® Copyright 2021, Wiley.

passivation effect compared with the NP-SCq-ZnPc counterpart.
Furthermore, the resultant high-quality perovskite film with
reduced traps and hydrophobic Pc displayed good durability
both in the moisture and thermal test. Employing a thin
passivation layer of the hydrophobic Pc materials on the top
of the perovskite film can offer effective protection against
humidity. Exposing the bare perovskite film to a high moisture
level led to a color change from black to yellow after 60 s.
Simultaneously, the MAPDbI;/NP-SC,-TiOPc film showed signifi-
cantly higher resistance to high humidity. Furthermore, both
passivated devices showed high stability against elevated tem-
perature. Although the control PSC lost 67% of its initial
performance after increasing the temperature to 200 °C, the
champion PSC with the perovskite film passivated by NP-SCe-
TiOPc could maintain over 80% of its initial efficiency.

3. Conclusion and prospects

Perovskite solar cells have experienced astounding progress
in their efficiency in the last 10 years, almost approaching
the Shockley—Queisser theoretical efficiency. However, their
instability and the adaption of industrial-scale fabrication
techniques are the two main factors hindering their commer-
cialization. Several factors, such as thermal treatment, light
illumination, and humidity, affect the stability of the devices,
among which moisture is verified to be one of the leading
causes of the degradation of perovskites. Li-salt-doped spiro-
OMeTAD as the HTM in PSCs has achieved great success.
However, the hydrophilic property of the additive induces
moisture to invade the perovskite films, leading to their decom-
position. Thus, to address the instability problem, numerous
novel semiconducting materials have been explored to improve
the stability of PSCs, while keeping the PCEs of the devices
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Fig. 12 Required characteristics of Pcs for minimizing the defects in
perovskites or on their surface, enhancing their interfacial contact with
the active layer and inhibiting the incursion of moisture.

high. Among them, phthalocyanine compounds are the most
promising candidates, owing to their excellent carrier mobility,
chemical/physical stability, low cost, suitable energy levels, etc.
However, to match the industrial-scale film-coating techniques,
the fabrication of thin and dense organic layers, especially
small molecule-based layers, is rarely reported, which can be
an upcoming research direction.

In this review, the applications of Pc materials were sum-
marized in categories including Pcs employed in perovskite
layer, functioning as passivate agents or pinhole/crack filler,
and HTM layers, interfacial films and dopants in HTMs. The
ultimate challenge for Pc-based PSCs is to achieve a high PCE
comparable to the widely used spiro-OMeTAD, as well as a long
operation time in the ambient environment. Thus, to achieve
this goal, novel Pcs with the following properties (Fig. 12)
should be considered to minimize the defects in perovskites
or on their surface, enhance their interfacial contact with the
active layer and inhibit the incursion of moisture.

(1) Low cost: newly developed materials should be cheaper
with regard to both material price and production cost than
the commonly used spiro-OMeTAD for their potential mass
industrialization.

(2) Introducing heteroatoms or groups in the periphery of
the Pc ring, as well as the axial ligands, which can act as Lewis
acids/bases and passivate the perovskite defects; peripheral
groups containing heteroatoms of N, O and S as well as some
Lewis-base groups such as carbonyl can favor efficient hole
transport and interface passivation; besides, axial ligands con-
nected with the central metal in the Pc core can also provide the
site for perovskite passivation.

(3) Good hydrophobicity: as an HTM in the device with n-i-p
structure, Pc should possess both high mobility and good
hydrophobicity given that it functions as not only a hole
extraction and transport layer but also a capping layer to protect
the perovskite film from moisture ingress. Alternatively, as an
additive in perovskite for the passivation of the perovskite film
or filling the cracks, moderate hydrophobicity is desirable
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because high hydrophobicity may cause the wetting issue in
upper HTMs.

(4) Amorphous morphology: Pc films with high crystal-
lization generally offer higher mobility but at the expense of
the thin film quality. Consequently, the low film quality can
have a negative effect on the charge transfer and device
performance. Therefore, an amorphous film with smooth and
pinhole-free morphology is a prerequisite for realizing a high
performance in PSCs. Besides, a dense film also inhibits
moisture flow from the ambient conditions. Regarding the
solution-based deposition techniques for the fabrication of Pc
films, the size and nature, and attached position of the sub-
stituents around the Pc ring can notably manipulate the solid-
state interactions between Pc molecules, and therefore, should
be selected wisely to balance the n-n interaction level and the
spatial hinderance to form a thin film with sufficient crystal-
linity and good film quality with smooth surface morphology.

(5) High mobility and conductivity: the modification of
peripheral substituents can alter optoelectronic and electro-
chemical properties of Pc, while this modulation may weaken
the degree of aggregation of the Pc, which is not beneficial to
achieve a high PCE in PSCs given that high conductivity and
hole mobility are required in the device. In this regard, some
structural engineering in Pcs should be conducted under the
guidance of computational simulations, realizing n-n stacking
interactions as well as high conductivities.

(6) Finally, a suitable energy level and resistance to thermal,
optical, chemical, and environmental stresses.

In summary, newly designed Pcs should be closely coordi-
nated with perovskite passivation and improved hydrophobi-
city for elevating the PCE and durability of PSCs. This review
presented a summary of the recent progress and insights into
the future development of Pc-based HTMs, and we anticipate
that it can offer new insight for developing novel preeminent
Pc-based semiconducting materials to further enhance the
efficiency and stability of PSCs.
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