Published on 09 Januarie 2023. Downloaded by Fail Open on 2025-07-23 10:07:25 vm..

¥® ROYAL SOCIETY

Journal of OF CHEMISTRY

Materials Chemistry C -

REVIEW View Article Online

View Journal | View Issue

) Check for updates Phthalocyanines, porphyrins and other porphyrinoids
as components of perovskite solar cells

Cite this: J. Mater. Chem. C, 2023,

11,7885 Desiré Molina, 2 Jorge Follana-Berna 2 and Angela Sastre-Santos () *

Perovskite-based solar cells (PSCs) are third-generation devices that are reluctant to leave the laboratory to
reach the market due to their limitations, such as their sensitivity to humidity, heat and light. Thus, there is a
large volume of research to develop materials and manufacturing methods that make such a step possible.
Phthalocyanines (Pcs) and porphyrins (Pors) constitute two families of molecules that have been showing a
real utility in improving these devices in terms of efficiency and stability, therefore, a multitude of scientific
works focused on this sense can be found. This is because, together with their outstanding and tunable
Received 19th October 2022, optoelectronic properties, they are stable materials against the elements. In addition, they could be obtained
Accepted 18th December 2022 industrially at low cost and applied on a large scale using techniques such as roll-to-roll. The best works
DOI: 10.1039/d2tc04441b from 2019 to 2022 on Pcs, Pors and other porphyrinoids applied in PSCs are here reviewed. We attempt to
relate the molecular structure with the performances obtained when applied in certain roles to guide the
rsc.li/materials-c design of improved structures, maybe capable of pushing this experimental technology to an industrial level.

10th anniversary statement

We would like to congratulate Journal of Materials Chemistry for the 10th anniversary and will like to thank the journal for let us publish four different reviews
and two full articles during this decade. We are organic chemists working in the synthesis of different materials as phthalocyanines, perylenediimides and
diketopyrrolopyrroles, among others, for applications as components in solar cells and J. Mater. Chem. has help us a lot to disseminate our work with different
reviews where our molecules were components in dye sensitized solar cells, bulk heterojunction solar cells, and as single molecules in photovoltaic
technologies. This review highlights the importance of the phthalocyanines, porphyrins and other porphyrinoids as components of perovskite solar cells acting
as hole transporting materials, additives, and interlayers. Our contribution in this field is quite active and it has been published in J. Mater. Chem. C, 2022, 10,
11975-11982 (10.1039/D2TC01187E) in a full paper where the different diethynyl-conjugated zinc-phthalocyanine dimers were incorporated in perovskite solar
cells as hole-transporting materials for improved stability. Our future directions are going in the search of new materials improving their semiconductor
capabilities as well as their self-assembly organization that could help to a better performance in the photovoltaic devices.
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1. Introduction

Among the emerging photovoltaic (PV) technologies, perovskite
solar cells (PSCs) stand out for the high performance they offer.
Indeed, PSCs have revolutionized the research of PV technolo-
gies in a few years, from 3% efficiency in 2009" to more than
25.5% efficiency at the moment.>* This great development is
not only due to the exceptional optoelectronic properties of
perovskites, such as high absorption coefficients,* low recom-
bination ratio,” high charge mobility,® as well as a tunable band
gap,” but also because perovskite are low-cost materials® that
can be easily processed from solution and can even be applied
in flexible devices (Fig. 1).”'°

The main challenge regarding PSCs to reach the market is
the loss of efficiency since it decreases under heat and light
soaking due to ionic migration and segregation,'* and because
perovskite is very unstable against humidity due to its ionic
nature."” In short, PSCs are not stable enough to rival the solar
panels that dominate the market. In this sense, the layers that
are in contact with the perovskite layer play a crucial role, since
the correct choice of materials as well as their correct deposi-
tion determine the performance of the PV devices, including
long-term stability. These layers generally are the hole trans-
porting layer (HTL) and the electron transporting layer (ETL).
Thus, it is very important that these materials conduct the
corresponding charges efficiently while at the same time insu-
lating the active layer from moisture. Archetypal hole-transporting
materials (HTM) in n-i-p devices are the single molecule 2,20,7,-
70-tetrakis(NV, N-di-p-methoxyphenylamine)-9,90-spirobifluorene
(spiro-OMeTAD) and the polymer poly(triarylamine) (PTAA)
(Fig. 2a and b), both p-type organic semiconductors. Although
these materials are widely and successfully used at an experi-
mental level, the truth is that they are too expensive to be
profitable at an industrial level. Furthermore, the need to add
hydrophilic dopants-such as 4-tert-butylpyridine (¢tBP) and the salt
lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI)- to improve
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its performance generates stability issues."> On the other hand,
archetypal ETLs are fullerene derivatives, such as PCqBM
(Fig. 2c). Fullerenes are n-type semiconductors that are often
weakly coordinated with the perovskite layer, which limits the
performance of the devices.'* Because of these limitations, a wide
range of organic semiconductors are being investigated both as
HTM and ETL.">™"

Macrocyclic porphyrinoids, such as phthalocyanines (Pcs),
porphyrins (Pors) and other macrocyclic compounds based on
Pors, are a set of interesting materials to be applied in PSCs.
These compounds are thermally and photochemically stable,
with remarkable optoelectronic properties, for instance, an
intense absorption in the visible and near infrared region.
Besides, their chemical versatility allows such properties to be
modulated by changing the central metal, the substituents in
different positions and varying the degree of molecular sym-
metry. In view of such properties, it is not surprising that these
materials are used in various types of applications, from pig-
ments for their robustness and intense colors, going through
sensors,'® in photodynamic therapy against cancer (PDT),"’ as
catalysts,?® to active materials in organic and dye-sensitized PV
cells (OSCs and DSSCs).>'** Furthermore, Pcs, Pors and other
porphyrinoids are real candidates to be part of PSCs when they
reach the industrial level. Indeed, they have hitherto been
applied in PSCs at an experimental level in various roles with
promising results.'>**

In this review article, the most significant works on porphyr-
inoids in PSCs from 2019 to the present along with the current
records will be exposed and analyzed. From the point of view of
molecular structure, we will try to establish what central metal,
and what substituents are the most appropriate to obtain the
best performance, and we will compare phthalocyanines and
porphyrins in terms of efficiency and stability.

2. Phthalocyanines in perovskite solar
cells

Pcs are macrocycles analogs to Pors with 18-r electrons in their
central ring (Fig. 3b-d).

A Pc can be metal-free (H,Pc) or metallated (MPc), being able
to complex a wide variety of metal ions such as Cu, Zn, Mn, Mg,
Ti, Fe, Co and Ni. Substituents can be introduced in the o (non-
peripheral) and/or B (peripheral) positions (Fig. 3d) to modify
properties such as solubility; the aggregation in the solid state,
and thus control the morphology of the layers; the optoelec-
tronic properties, depending on the electronic nature of such
substituents. Based on the substituents, Pcs can be classified
according to whether they are in peripheral or non-peripheral
positions, or there are no substituents at all and according to
the functional group in question, so alkyl-Pcs, amino-Pcs,
alkoxy-Pcs, thioalkyl-Pcs, etc., can be found.

The works on Pcs as HTMs that provide a PCE higher than
14% in PSCs are discussed below, being the most abundant
literature; then most important contributions dedicated to Pcs
as additives in the active layer will be shown; to continue, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Representation of the perovskite crystalline structure; (b) a 3D or mesoporous n—i—p architecture PSC; (c) a planar n—i—p architecture PSC;
and (d) a planar p—i—n PSC.
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Fig. 2 Chemical structures of (a) spiro-OMeTAD, (b) PTAA, and (c) PCgBM.
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Fig. 3 Chemical structure of (a) an unsubstituted porphyrin, (b) an unsubstituted phthalocyanine, (c) representation of n-clouds in the phthalocyanine
macrocycle, and (d) a phthalocyanine with the indicated peripheral (B) and non-peripheral (o) positions. M = H, or a metal.
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results of de Pcs as passivating agents and as interlayers will be
presented; and finally, we will talk about the Pcs in other roles
within the PSCs devices.

2.1. Phthalocyanines as HTM in n-i-p PSCs

Pcs are good alternatives to spiro-OMeTAD and PTAA for their
application as HTM in PSCs. Indeed, the works to be exhibited
here show that Pcs can offer better performance than com-
monly used materials, both from the point of view of costs,
efficiency and/or stability. Given the volume of publications
found in the last four years and to give coherence to the
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s-CuPC: solution
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discussion, the Pc-based HTMs applied in n-i-p PSCs are
classified according to the in non-substituted, alkyl/aryl-
substituted (B-substitute, o-substituted and dimers), amino-
substituted and alkoxy/phenoxy-substituted.

2.1.1. Non-substituted Pcs. This type of Pc is characterized
by its low solubility in common organic solvents, that is why
vacuum evaporation is frequently used as a deposition method.
Liao’s group published in 2019 an article in which they used
vacuum deposited CuPc (Fig. 4a and Table 1) as HTM in planar
devices, where the typical gold electrode was replaced by a
carbon electrode deposited by the doctor blade method. The
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Fig. 4 Chemical structures of (a) non-substituted CuPc, (b)
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B-alkylZnPcs, (d) ZnPc-BTBT derivatives, (e) TB4CuPc, (f) H,Pc, (g) PdPrPc

and ZnPrPc, and (h) symmetrically and asymmetrically substituted CuPcs and ZnPcs applied as HTM in n—i—p PSCs.
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work is focused on studying if the doping with zinc (2 mM) of
the ETL made of SnO, gives rise to better performance than the
ETL without doping. The champion device yielded a power
conversion efficiency (PCE) of 17.78%. Furthermore, the
authors state that both the carbon electrode and the CuPc
HTL contribute to excellent long-term stability of the devices,
stored in ambient air with a humidity &~20% without encapsu-
lation, and virtually retaining 100% of starting PCE. This was
supported by showing the hydrophobicity of the CuPc layer
with a contact angle with a water droplet of 84°, combined with
the carbon electrode hydrophobicity, whose contact angle was
111.7°.*° CuPe (Fig. 4a and Table 1) was also applied as dopant-
free HTM by Kam et al. in all-vacuum sequential deposition
planar devices in 2019. The work focused on showing a simple
and economical method of manufacturing PSCs by depositing
all the layers that make up the device under high vacuum. The
authors chose CuPc because of its low cost and chemical and
thermal stability. Devices containing CuPc as HTM yielded a
PCE of 15.14%, and a superior stability to that of the reference
HTM, showed that it is a fabricating method to be considered.>®
2.1.2. Alkyl/aryl-substituted Pcs. This group is very broad
and includes both monomeric and dimeric Pcs whose principal
substituents are alkyl and aryl groups. In order to make reading
less dense, the works analyzed in this section are presented in
three subsections: p-alkyl/aryl-substituted Pcs, o-alkyl/aryl-
substituted Pcs and dimers of alkyl/aryl-substituted Pcs.

2.1.2.1. B-Alkyl/aryl-substituted Pcs. In 2019, Feng et al. pre-
sented 3 low symmetrical CuPcs with different peripheral alkyl
substituents: ethyl, butyl and hexyl (CuEtPc, CuBuPc and
CuHePc; Fig. 4b and Table 1), applied as dopant-free HTMs
in planar devices and presenting a maximum PCE of 15.0% for
those PSCs that contained CuBuPc. Although these different
substituents do not produce noticeable optoelectronic differ-
ences, they do affect the final morphology of the HTL and the
stability. Thus, the authors affirm that said morphology
improved the longer the side chain was, being the CuHePc
derivative the one that provided better stability than the other
materials under study, attributing such a result to the greater
hydrophobicity of this compound.”” Also in 2019, Hu et al.
carried out a study comparing two asymmetric ZnPcs (MegBu-
ZnPc and HeBu-ZnPc; Fig. 4¢c and Table 1) synthesized by the
ring-expansion method and applied as dopant-free HTMs in
planar devices with triple-cation perovskite layer. The HTM that
offered the best features was MegBu-ZnPc (PCE = 17.41%),
unlike H¢Bu-ZnPc (PCE = 10.30%). The origin of this difference
was attributed to the self-ordering ability of MesBu-ZnPc due to
the presence of the methyl substituents, in such a way that it
adopted face-on molecular orientation on perovskite layer,
forming a dense and smooth film with high crystallinity and
small grain, which seems to favor a good hole mobility and low
recombination rates at interfaces. Another item that improved
in the case of MegBu-ZnPc was the long-term stability of the
devices, losing less than 10% of their initial PCE after 1400 h at
25 °C and with a RH of 75% without any encapsulation, which
was also attributed to the good quality of the films and the
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hydrophobicity of the HTM.*® The same year, Zanotti et al.
published the synthesis and characterization of two ZnPcs
covalently attached to [1]benzothieno[3,2-b][1]benzothiophene
(BTBT) units through triple bonds (ZnPc-BTBT and ZnPc-
(BTBT),; Fig. 4d and Table 1). In general, when applied as
HTMs in 3D PSCs, better performances were obtained when the
dopants ¢BP and Li-TFSI were used (9.0% and 14.4% PCE, for
ZnPc-BTBT and ZnPc-(BTBT),, respectively). Nevertheless, these
compounds were not better in terms of efficiency neither than
doped spiro-OMeTAD (PCE = 18.7%) nor than the well-known
tetra-tert-butyl ZnPc (PCE = 16.0%; TB,ZnPc, Fig. 4), and,
furthermore, their possible advantage in terms of long-term
stability were not explored.>® For their part, Kim et al, in the
same year, applied a tetra-tert-butyl-H,Pc (Pc; Fig. 4f and
Table 1) as doped HTM in 3D triple cation PSCs, comparing
it with tetra-tert-butyl-CuPc, the same CuPc as the study sum-
marized above. In this study, the best Pc-based HTM in terms of
performance was the metal-free Pe, providing a PCE of 20.1%.
The authors found that the NH groups of the pyrrolic nitrogens
coordinate with the uncoordinated lead ions, so that they
passivate the surface, improving interfacial interactions and
reducing the surface defect density, proven by measuring
ideality factors and photoluminescence lifetimes. Regarding
stability, only devices with undoped metal-free Pc provided an
actual promising stability, retaining close to 100% PCE for over
400 h under 25 °C and 85% RH conditions on non-
encapsulated devices, while the PCE of those devices with
doped Pc fell to almost 20% of the initial value.*® Li et al
incorporated two p-tetrapropylPcs, ZnPrPc and PdPrPc, as
dopant-free HTMs into planar triple-cation PSCs (Fig. 4g and
Table 1). It was compared how the nature of the central metal of
the Pc affects the performance of PV devices, starting from the
premise that the introduction of heavier atoms endows the
material with a longer carrier lifetime and a longer carrier
diffusion length, which lead to better performance of PSCs.
Indeed, this hypothesis was confirmed in this article. Both
materials have similar hole mobilities, but PdPrPc has a higher
LUMO level than ZnPrPc (—3.26 eV vs. —3.45 eV), which reduces
hole-electron recombination at the perovskite/HTL interface. As
a result, PdPrPc presented a PCE of 18.09%, compared to
16.15% of ZnPrPc. In this study, the stability of the devices
was tested in ambient condition with a RH of 75%, exposed to
room light at room temperature for more than 1100 h, compar-
ing these Pcs with doped spiro-OMeTAD. As expected, both
dopant-free Pc-based HTMs provided greater stability to the
PSCs than the doped spiro-OMeTAD, retaining ZnPrPc and
PdPrPc 88% and 91% of the initial PCE, respectively.*! In an
interesting study from 2021, Sastre-Santos, Shahzada et cols.
applied various MPcs as dopant-free HTMs in 3D PSCs, where
M could be Zn or Cu. These asymmetric MPcs had an A;B
substitution, where A was tert-butyl and B was tert-butyl
(ZnPcTB4 and CuPcTB4), 2-aminoethoxy (ZnPcAE and CuPcAE),
4-(bis-(methoxyphenyl)amino)thiophen-2-yl (ZnPcTTPA and
CuPcTTPA) or thiadiazole (ZnPcTDZ and CuPcTDZ) (Fig. 4h
and Table 1). These HTMs were studied in devices with archi-
tecture FTO/c-TiO,/m-TiO,/Perovs./Pc/Au, although ZnPcAE
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was also studied in a FTO/c-TiO,/SnO,/Perovs./Pc/Au architec-
ture, giving rise to the best result of 15.61% PCE. Comparing
the different materials in the same type of device, the best of all
turned out to be CuPcTB4 with a PCE of 14.87%, followed by
CuPcTTPA (PCE = 14.35%). On the contrary, the worst perfor-
mance was obtained with ZnPcTTPA (PCE = 9.97%). Unfortu-
nately, stability tests were performed only in ZnPc-based
devices. Thus, three stress conditions were tested: (1) on
unencapsulated devices under the ambient conditions with
30-70% RH for 900 h; (2) on unencapsulated devices under
continuous thermal stress (85 °C) in air with 30-70% RH for
around 500 h, and (3) maximum power point tracking (MPPT)
of the unencapsulated devices under 30-70% RH with constant
1 sun illumination at room temperature. By and large, ZnPc-
based devices were more stable than control devices based in
doped spiro-OMeTAD in all cases. In the light of the PCE
averages between ZnPcs (12.01%) and CuPcs (12.96%) when
applied in the same type of device, it can be seen that the CuPcs
provide superior performance in the PSCs.** Recently, in 2022,
Kim et al. studied how the interposition of a ultrathin layer of
poly(methyl methacrylate) (PMMA) between the perovskite
active layer and the doped tetra-tert-butyl-CuPc HTM (Fig. 4e
and Table 1) affected the PV performance and the stability of
the devices. Although PMMA is an insulating polymer, it has
been seen that placing an ultrathin layer of PMMA on the
interfaces reduces phenomena such as recombination and
improves the morphology of the layers that are deposited on

33 Indeed, this article not only reconfirms this hypothesis, but
also presents a high PCE of 21.25%. The authors point out that
the PMMA layer makes the CuPc layer effectively block elec-
trons, also improves the series resistance, and decreases the
concentration of non-radiative defects on the perovskite sur-
face. On the other hand, the stability of the devices against a
wide variety of conditions is also enhanced with CuPc, provid-
ing greater stability than spiro-OMeTAD, regardless of whether
the perovskite surface was modified with PMMA.**

2.1.2.2. o-Alkyl/aryl-substituted Pcs. Prof. Xu’s group pub-
lished a study in which the HTL was constituted by N-
CuMe,Pc/P3HT nanocomposites (Fig. 5a and Table 1). The
properties of the pristine P3HT layer were compared to those
containing N-CuMe,Pc, finding that the latter had better qua-
lities and reduced trap densities. With a PCE = 16.61% as the
best efficiency, it was the N-CuMe,Pc/P3HT 1: 1 ratio that led to
the best performance. Regarding long-term stability, the
devices with the N-CuMe,Pc¢/P3HT 1:1 HTL retained 90% of
their initial PCE after 800 h of storage with a relative humidity
of 75%.% In 2021, Qi et al. published a study comparing two
a-octaalkyl-NiPcs as dopant-free HTMs in planar PSCs, namely
NiEt,Pc and NiPr,Pc (Fig. 5b and Table 1). The objective of this
study was to determine the influence of the length of the a-side
chains on the optoelectronic and photovoltaic properties of
these derivatives. The hole mobility of NiPr,Pc was higher than
that of NiEt,Pc by more than an order of magnitude (3.64 X
107* vs. 1.33 x 107> em® V' s "), In addition, it was deter-
mined that the LUMO of NlPrch (—3.43 eV) was more favorable

This journal is © The Royal Society of Chemistry 2023
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to avoid charge carrier recombination in the perovskite/HTL
interface than that of NiEt,Pc (—3.61 eV). Thus, NiPr,Pc-based
devices presented better performance than those based on its
counterpart NiEt,Pc (14.07% and 8.63%, respectively). In this
work, the long-term stability of the devices that incorporated
these HTMs was not studied.?®

2.1.2.3. Dimers of alkyl/aryl-substituted Pcs. A relatively novel
approach is the application of Pc dimers as HTMs in PSCs. The
first example is from 2019, when Molina et al. presented the
dimer ZnPc-p-ZnPc 1, which consists of two ZnPc rings linked
through positions 1 and 4 of a phenyl bridge (Fig. 6a and
Table 1). In this work, the synthesis and characterization of the
dimer, and its application as HTM in 3D PSCs are described.
In the study, the efficiency of the devices with the dimer
ZnPc-p-ZnPc 1 was compared with those containing the non-
dimer TB,-ZnPc (Fig. 4h and Table 1). The maximum efficiency
reached on that occasion for the dimer was 15.2% when doped
with ¢BP and LiTFSI, superior of that of the non-dimer
(14.4%).%” Later, in 2020, Sastre-Santos group in collaboration
with Hagfeldt’s group published another work in which they
applied this same dimer (but now named ZnPc-p-ZnPc 4),
comparing it with other ZnPc dimers (ZnPc-th-ZnPc 1, ZnPc-
flu-ZnPc 2 and ZnPc-DPP-ZnPc 3, Fig. 6a and Table 1) and again
the non-dimer TB4-ZnPc, all as dopant-free HTMs in 3D PSCs,
and using doped spiro-OMeTAD in control devices. The best
performance was obtained with the HTM ZnPc-DPP-ZnPc 3
(PCE = 16.8%), while with dimers 1, 2 and 4 and the non-
dimer TB,-ZnPc¢ maxima PCEs were 15.5%, 15.6%, 15.7 and
16.6%, respectively. Besides, dimer 3 showed the most reduced
hysteresis behavior and fewer pinholes on the surface. Dimer 3
had a push-pull electronic nature, in which the central diketo-
pyrrolopyrrole (DPP) unit is an electron acceptor and the Pc
units are electron donors. The results of this study indicated
that donor-acceptor-donor systems can be very interesting for
their application in PV technologies because they allow the
modulation of energy levels, especially the HOMO. Addition-
ally, two stability tests were performed: stability in storage
conditions, RH < 20% for more than 500 hours and under
thermal stress in environmental conditions of the laboratory,
heating the devices at 50 °C on a hotplate in the air with a RH
> 60%. All devices with Pcs-based HTM were more stable than
those with doped spiro-OMeTAD, and the non-dimer provided
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ZnPc-t-Spiro-t-ZnPc, applied as HTM in n—i—p PSCs.

the highest stability.>® Very recently, Sastre-Santos group in
collaboration with Shahzada’s group studied ethinyl-ZnPc
dimers in 3D PSCs as doped HTMs, namely ZnPc-t-DPP-t-
ZnPc 1, ZnPc-t-t-ZnPc 2 and ZnPc-t-Spiro-t-ZnPc 3 (Fig. 6b).
These derivatives were analogs to the previous ones described,
although their Pc units were linked by diethinyl aromatic
bridges: diethinyl-DPP (dimer 1), diethinyl (dimer 2) and
diethynyl-spirofluorene (dimer 3). The maximum PCEs that
were reached with dimers ZnPc-t-DPP-t-ZnPc 1 and ZnPc-t-t-
ZnPc 2 were 16.49% and 12.82%, respectively, the best PCE with
ZnPc-t-Spiro-t-ZnPc 3 was 18.32%, which exceeded the PCE
achieved with doped spiro-OMeTAD (17.42%). All the PSCs
based on the dimers, but especially ZnPc-t-Spiro-t-ZnPc 3,
demonstrated greater stability against various conditions such
as humidity, heating, and illumination than those based on
spiro-OMeTAD.*’

2.1.3. Amino-substituted Pcs. Included here are Pc with
alkyl or aryl amines as substituents. Feng et al., published a
work in 2019 in which two CuPc (OMe-DPA-CuPc and OMe-TPA-
CuPc; Fig. 7a and Table 2) were designed and synthesized
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guided by computational modeling, and were applied as
dopant-free HTMs in planar triple-cation perovskite devices.
OMe-TPA-CuPc exhibited the best PSC performance, with the
record so far for dopant-free HTMs in PSCs of 19.67% effi-
ciency. Besides, stability tests without encapsulation with a
relative humidity of 75%, exposed to room light and at room
temperature for more than 960 h showed that these derivatives
provide greater long-term stability to PSCs than doped spiro-
OMeTAD."* Cho et al. presented that same year a study in which
they synthetized six symmetric diarylamino octasubstituted
Pcs, two CuPcs (BL52, BL50) and four ZnPcs (BL25, BL38,
BL51 and BL40) as doped HTMs in planar triple-cation PSCs
(Fig. 7b and Table 2). Those Pcs with bis(4-butoxyphenyl)amino
substituents gave rise to the best performances, with a PCE of
17.81% for the CuPc BL50 and a 18.10% in the case of the ZnPc
BL40. In addition, it is observed that the efficiency is greater the
shallower the HOMO level is. On this occasion, the ZnPc has
shown better performance than that of CuPc, with a maximum
PCE 1.6% higher.*> Another example of aminoPc is the one
presented in the work of Cui et al, in which the Pc named
OTPA-ZnPc (Fig. 7c and Table 2) is compared as dopant-free
HTM in mesoporous PSCs with doped spiro-OMeTAD.
Although the reference HTM was better than OTPA-ZnPc in
terms of initial performance (18.23% vs. 16.23%), the stability
test which consisted in storage for 720 h in ambient air, showed
that this material was superior to doped spiro-OMeTAD.*® In
2020, in a work by Huang et al. ZnTTPc was presented as
dopant-free HTM on 3D devices (Fig. 7d and Table 2). This
poorly symmetric Pc had four (((4-methoxyphenyl)amino)-
phenyl)thiophen-2-yl pendant groups, which provide a hydro-
phobicity superior to that of spiro-OMeTAD, which was
revealed with the contact angle of a water droplet, being that
of ZnTTPc 98° and that of spiro-OMeTAD 76°. ZnTTPc-
based devices were superior in initial performance to those
based on pristine spiro-OMeTAD (14.50% vs. 5.14%, respec-
tively), although the doped spiro-OMeTAD was superior (PCE =
18.47%). As expected, ZnTTPc outperformed the reference
material in long-term stability after more than 3000 h of aging,
retaining 88% of initial PCE.*” In 2022, Klipfel et al published a
study in which four diarylamine-Pcs incorporating either Zn(u)
(zn-BL54 and Zn-BL58; Fig. 7e and Table 2) or Cu(u) (Cu-BL57
and Cu-BL61; Fig. 7e and Table 2) with n-butoxy (Zn-BL54 and
Cu-BL57) or 2-ethylhexyloxy (Zn-BL58 and Cu-BL61) side chains
were used as doped HTMs in 3D and planar n-i-p PSCs. The
devices studied contained triple cation or double cation per-
ovskite active layer. The authors found that the performance of
the devices depended not only on the central metal, but also on
the alkoxy chains that are attached to diarylamine groups. The
best results in terms of PCE were obtained using Zn-BL54 as
HTM in both types of PSCs (20.00% for triple cation and
20.18% for double cation). Despite being the least hydrophobic
material, Zn-BL54 provided the best stability in 3D triple cation
devices after 1000 h under constant illumination. In the case of
the double cation planar PSCs, the best stability was achieved
with Cu-BL61, which is also the most hydrophobic material
under study. The authors highlight that the alkoxy side chains

This journal is © The Royal Society of Chemistry 2023
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influenced the molecular packing in the solid state of the
HTMs, in a way that determined their ability to conduct charges
and in the interaction with the perovskite layer.*® In a recently
published study, the application of a methylthiotriphenyl-
amine-substituted CuPc (SMe-TPA-CuPc; Fig. 8 and Table 2)
as dopant-free HTM in planar PSCs was reported. When SMe-
TPA-CuPc was applied on the perovskite layer, it gave rise to
PSCs with a maximum efficiency of 20.75%, and after a thermal
annealing treatment (85 °C for 22 hours in Ar atmosphere), the
PCE improved to 21.51%. The authors attributed this improve-
ment to the fact that Pc penetrates the perovskite layer due to
the heat treatment, thus passivating defects not only on the
surface but also in the grain boundaries. Analogous PSC

This journal is © The Royal Society of Chemistry 2023

devices were studied but adding the additive QAPyBF4 in the
perovskite layer, which further improved the PCE up to 23.00%,
which is the current record for PSC devices with Pcs as HTM.
Furthermore, the long-term stability of these last (encapsu-
lated) devices was higher than when the HTM was spiro-
OMEeTAD or PTAA, retaining 96% of the initial PCE after more
than 3600 h at 85 °C in the dark.*®

2.1.4. Alkoxy/phenoxy-substituted Pcs. This group includes
those Pcs substituted in the o and/or B positions with alkoxy,
phenoxy, alkylthio and arylthio substituents. In the work of Guo
et al. (2019) three asymmetric Pc A;B with three phenoxyl
groups (A) and one nitro group (B) in their peripheral positions
were studied as dopant-free HTMs in planar PSCs. In this case,
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two CuPc (CuPcNO,-OMFPh and CuPcNO,-OBFPh) were com-
pared with a ZnPc (ZnPcNO,-OBFPh) (Fig. 9a and Table 3). The
three Pcs showed good thermal stabilities and appropriate
energy levels but was ZnPcNO,-OBFPh the one that had the
highest hole mobility (11.4 x 107> em® V' s7"), leading to the
best performance (PCE = 15.74%). Additionally, the latter
provided better stability than that of the other two Pcs and
Spiro-OMeTAD, under continuous light irradiation at 60 °C and
MPPT in ambient air without encapsulation after 500 h.*° Jiang
et al. presented the same year two CuPcs as dopant-free HTMs
for 3D PSCs, CuPc-Bu and CuPc-OBu (Fig. 9b and Table 3). The
small difference in molecular structure, by replacing butyl
groups by butoxy groups, led to a better morphology of the
HTL with the consequent higher hole mobility in the case of
CuPc-OBu (4.30 x 10 * em® V' s7') than CuPc-Bu (1.23 x 10 *
em? V' s7"), and better PSC performance, with a PCE of 17.6%
for CuPc-OBu vs. 14.3% for CuPc-Bu. Stability studies showed
that CuPc-OBu provides greater stability than doped spiro-
OMeTAD after 120 h in ambient conditions with a RH of

N
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Fig. 9 Chemical structures of alkoxy/phenoxy-substituted Pcs applied as HTM in n—i—p PSCs.
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“ The names of the HTMs are the same as in the original publications. ? MA is methylammonium ([CH;NH;]"), FA is formamidinium ([CN,H;]"). ¢ ¢ is compact layer and m means mesoporous

layer. — = not provided.
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85%.>" The application as dopant-free HTM of two titanyl Pc (P-
SC¢-TiOPc and NP-SCe-TiOPc; Fig. 9c and Table 3). in planar
PSCs was studied by Hu et al. in 2019. The difference between
these two Pcs is that they are octasubstituted with n-hexylthio
groups at the o (P-SC4-TiOPc) or B positions (NP-SC¢TiOPc).
The authors determined through experimental and theoretical
studies that substituents in B-positions leaded to weaker n-n
interactions than if they were in the a-position due to less
spatial hindrance and larger rotation angles of the B-
substituted Pcs. Thus, that resulted in lower crystallinity and
low-quality film formation with poor coverage, leading to lower
hole mobility, high recombination rates at the interfaces and
the fast degradation of the underlying perovskite layer in the
PSC devices. In this way, PSCs containing NP-SC¢-TiOPc had
better performances (PCE = 16.87%) than those with P-SC¢-
TiOPc (PCE = 6.82%). NP-SC¢-TiOPc also showed better long-
term stability than its counterpart and doped spiro-OMeTAD at
25 °C under the relative humidity of 75%.°> Ding et al. pub-
lished that year an article in which they compared a octa-
methoxy-CuPc (CuPc-(OMe)g; Fig. 9d and Table 3) as dopant-
free HTM in planar PSCs to doped spiro-OMeTAD. This
a-substituted Pc was slightly inferior to its counterpart in terms
of performance (PCE = 18.3% vs. 18.7%), but the CuPc-(OMe)s-
based devices had a higher stability after 30 days stored without
encapsulation (RH 40-50%), maintaining 90% of their initial
efficiency, which was attributed to the absence of dopants and a
greater hydrophobic nature of Pc, which was demonstrated
with the contact angle of a water droplet.” In triple cation lead-
based 3D PSCs, Li et al. studied a Pc named CuPc-OBu as
dopant-free HTM also in 2020 (Fig. 9¢ and Table 3). In this
study, this CuPc-OBu was processed in solution with ¢BP, after
which the latter was removed by thermal annealing, then
considering it virtually dopant-free HTM. Compared with
doped spiro-OMeTAD, CuPc-OBu-based devices were efficient
enough (PCE= 19.01% vs. 19.96% for spiro-OMeTAD-based
devices) and more stable than the spiro-OMeTAD-based devices
when subjected to 85 °C with 45% RH for 1000 h. Besides, in
Sn-based 3D PSCs, and comparing it this time with the polymer
PTAA, CuPc-OBu-based devices were more efficient and more
stable than its polymeric counterpart.>* In a work published by
Yu et al. in 2021, a really interesting comparison can be found
between Pcs with different central metals but with the same
peripheral methoxyethoxy substituents (CoPc, NiPc, CuPc, ZnPc
and H,Pc; Fig. 9f and Table 3). All these materials were applied
as dopant-free HTMs on 3D PSCs. The HOMO levels of these
Pcs were similar, between —5.22 eV and —5.25 eV, except in the
case of CoPc, which was —4.97 eV. The Pc with the highest hole
mobility was NiPe (1.1 + 0.2 x 10~* em® V™' s71), whilist CoPc
had the lowest (8.8 & 0.3 x 107 % cm® V~' s7'), all the others
were of the order of 107> cm?® V! s™'. After optimizing the
thickness of the HTMs (30 nm), NiPc revealed an impressive
PCE of 21.23% (certified 21.03%), in contrast to the maximum
PCE of 5.41% that was obtained with CoPc-based devices. CuPc,
ZnPc and H,Pc-based devices performed PCEs of 19.61%,
16.43% and 19.68%, respectively. Only the stability provided
by NiPc compared to control devices with spiro-OMeTAD was

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Chemical structures of phenoxy substituted ZnPcs applied as
HTM in n—i—p PSCs.

studied. The unsurprising result was that the NiPc-containing
devices were more stable both in air at room temperature with a
humidity of 65%, at 85 °C in N, atmosphere (thermal stability
test) and at AM 1.5G illumination in N, atmosphere (photo-
stability test). NiPc-based devices retained 90% of their
initial PCE after 1000 h, while spiro-OMeTAD devices lost
90% of their initial efficiency after 700 h in thermal a photo-
stability tests.>® Chen et al. applied four ZnPcs as dopant-free
HTMs in 3D PSCs, in 2021 as well. These are tetra-f-substituted-
Pcs that are mixtures of regioisomers, with 3-methoxyl
(znPH13), 4-methylthio (ZnPH15), 4-methoxyl (ZnPH14) and
benzo[d][1,3]dioxole (ZnPH22) groups (Fig. 10 and Table 3).
ZnPH22 is the derivative with the shallowest LUMO (—3.38 eV)
and the highest hole mobility (2.8 x 10~* em® V' s %), which,
together with its better morphology in a thin layer, resulted in
the best performance of 18.3% PCE. In the stability studies, the
four ZnPc were compared to doped spiro-OMeTAD as reference.
While after 480 h of aging at 25-30 °C at 35-40% RH, ZnPH13,
ZnPH14, ZnPH15 and ZnPH22 based devices retained 85%,
87%, 88% and 90% of the initial PCE, respectively, spiro-
OMeTAD-based device lost more than 80% of the initial PCE.
Furthermore, a ZnPH22-based device was also tested at 85 °C
for 25 minutes, demonstrating better stability than that of
control device.*®

2.2. Phthalocyanines as HTM in p-i-n PSCs

The most relevant examples of PCs applied as HTM in inverted
devices (p-i-n) are exposed in this section. In the first place, the
works that involved non-substituted Pcs as HTM will be
exposed and then those that involved substituted Pcs.

2.2.1. Non-substituted Pcs. Some of the non-substituted
Pcs that are going to be exposed here have already been
mentioned in Section 2.1.1. Haider et al. applied in 2019 the
non-substituted NiPc (Fig. 11a and Table 4) and CuPc (Fig. 4a
and Table 4) as HTMs in planar devices to study which one is
the most suitable HTM. NiPc was the HTM that provided the
highest efficiency (PCE = 14.3%) and showed a lower hysteresis
behavior, while CuPc resulted in a PCE of 14.1%. For the
stability tests, NiPc was compared to PEDOT:PSS as HTM, the
former being superior to the latter under the conditions
tested.>” In 2020, Tavakoli et al. made planar PSCs by using
an all-vacuum processing technique with CuPc (Fig. 4a; named
e-CuPC) as HTM. When they compared the performance of

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 Chemical structures of (a) NiPc and (b) HoPc applied as HTMs in
p—i—n PSCs.

these devices with those of solution processed-CuPc-HTM PSCs
(Fig. 4a; named s-CuPC), a superior efficiency was found in the
case of all-vacuum processed PSCs, that is, 20.3% PCE for
e-CuPC versus 16.8% PCE for s-CuPC. Additionally, flexible PSCs
were fabricated on a polyethylene terephthalate (PET) substrate,
with a PCE of 18.51%. The devices based on e-CuPC showed a
higher stability than those based on s-CuPC.’® In 2021, Seto
published an article comparing CuPc (Fig. 4a and Table 4)
with PEDOT:PSS as dopant-free HTMs in planar devices. As
usual, CuPc outperformed its polymeric counterpart both in
terms of efficiency and stability, reaching a PCE of 16.13%
under reverse scan and retaining the initial PCE after 30 days
of aging in air.>® Recently, in 2022, Zhao et al. mixed the
metal-free H,Pc (Fig. 11b and Table 4) with NiO, to form the
HTL in p-i-n PSCs. The conductivity of NiO, increased over
300% when mixed with H,Pc (2 mg mL '), which caused an
improvement in PCE from 19.74% to 21.68%, and an enhanced
stability, retaining over 95% of the initial PCE after 85 °C aging
for 800 h.*

2.2.2. Substituted Pcs. Aktas et al. presented the asym-
metric Pc TT1 (Fig. 12a and Table 4) as a unit capable of self-
organizing in self-assembled monolayers (SAMs) to form an
ultrathin HTL in planar devices. Compared to PEDOT:PSS
(PCE = 13.71% in forward scan), TT1 provided a higher perfor-
mance, with a PCE of 14.85% in forward scan. The author
related this result to the HOMO difference between both HTMs.
There were no stability studies in this article.’® Dalkili¢ et al.
published a study in 2020 where they applied two ZnPcs and
their two copper analogs tetra and octa-substituted with
(2,4-dichlorophenyl)thio substituents as dopant-free HTMs in
planar devices to compare how the different peripheral sub-
stitution affects the optoelectronic properties of these materials
and, therefore, their photovoltaic performance. They concluded
that tetra-substituted Pcs provided better performances than
octa-substituted ones, although any of them was better than
PEDOT:PSS-based control devices. Regarding the central metal,
CuPcs were better than ZnPcs in this case. In this work, the
stability of the devices was not investigated either.®® Han et al.,
in 2021, applied a doble HTL in planar PSCs This doble HTL
was made up of undoped spiro-OMeTAD and CuPc 3,4’,4" 4"""-
tetrasulfonated acid tetrasodium salt (TS-CuPc; Fig. 12¢ and
Table 4). With a PCE of 14.85%, devices with this double HTL
were superior in terms of efficiency and stability than pristine
spiro-OMeTAD (11.53% PCE), pristine TS-CuPc (14.45% PCE),
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NiO, (13.88%), and PEDOT:PSS (3.56% PCE) and their combi-
nations counterparts. Those devices with double HTL showed
greater stability than those with only spiro-OMeTAD-based HTL
in both the thermal test (85 °C in N, for 450 h) and the humidity
test (25 °C at 60-70% RH for 1200 h).°® This same year another
article was also published in which TS-CuPc (Fig. 12c¢ and
Table 4) doped with PEDOT:PSS was applied, comparing it with
TS-NiPc (Fig. 12d and Table 4) also doped with the same
polymer. The performance and stability of the devices with
both types of doped TS-MPcs were compared to pristine PED-
OT:PSS. Thus, the best performances were achieved by adding
10% PEDOT:PSS to the Pc solutions. Doped TS-CuPc was the
best HTM, with a PCE of 14.65%, while PCEs of 12.70% and
11.02% with TS-NiPc and PEDOT:PSS were respectively
obtained. Self-stability was tested storing the unencapsulated
devices in ambient air for 336 h. Unlike TS-CuPc and TS-NiPc,
which retained about 70% of the initial PCEs, PEDOT:PSS
rapidly degraded.®*

2.3. Phthalocyanines as perovskite additives in PSCs

In this section, some articles are going to be reviewed in which
the use of Pcs as additives in the active layer of perovskite is
described. The first one is from 2019, where Suzuki et al
applied a metal-free Pc (H,Pc; Fig. 13a and Table 5), a silicon
Pc (SiPc; Fig. 13b and Table 5) and a germanium naphthalo-
cyanine (GeNc; Fig. 13c and Table 5) perovskite additives in
n-i-p 3D devices (Fig. 13 and Table 5). Among the three
compounds tested, SiPc gave rise to the best results in terms of
device performance (PCE = 10.79%). This result was attributed to
an improvement in crystal growth, which led to suppression of
defects and pinholes.®® In the following work, from 2021, the
addition of small amounts of CuPc in the ultrathin active layer
MAPDI; in n-i-p planar devices was described. The authors
study both the concentration of CuPc (% weight) and the
thickness of the perovskite layer, being their objective to
determine if adding CuPc in the active layer can retain the
performance of standard devices in devices with ultrathin
active layers. They found that adding 15% CuPc in an active
layer of about 150 nm, 82% of PCE of a standard device (around
450 nm perovskite thickness) was retained (12.7% PCE vs.
15.4% PCE).°® The third work was recently published by Li
et al., in which they present a Pc pentamer (HCuPc; Fig. 13d
and Table 5) included as additive in FAPbI; p-i-n planar
devices. When 0.05% by weight of HCuPc was added to the
perovskite mixture, the performance of the devices was signifi-
cantly improved, going from a PCE of 18.73% without HCuPc to
21.39% with HCuPc, which was a record for p-i-n devices based
on FAPDI; processed under ambient conditions with RH of
85%. Devices containing the additive HCuPc were more stable
than without it under illumination (1 sun in N,, 600 h), heating
(N, atmosphere at 80 °C, 450h), and electric field conditions (in
air, 30-40% RH, 100h).*” Recently, a work has been published
in which the iron tetraaminophthalocyanine FeTAP (Fig. 13e
and Table 5) was used as an additive in the perovskite layer
of 3D n-i-p devices. According to this study, the addition of
0.2% wt of FeTAP in the active layer led to a higher quality of

This journal is © The Royal Society of Chemistry 2023
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the crystals, since they were larger than without the additive. It
is also shown that the grain boundaries were filled and that the
uncoordinated lead cations were passivated with the Pc mole-
cules. Additionally, a lower hysteresis behavior was observed by
using FeTAP. All this led to a maximum PCE of 18.81% for
FeTAP additive devices, compared to 16.80% for devices with
the pristine active layer. An improved stability was also stab-
lished after 30 days of storage under an inert N, atmosphere.®®

2.4. Phthalocyanines as passivating agents and interlayers in
PSCs

In this section, the most important works on Pcs applied as
passivating agents and interlayers will be presented. In 2019,
Zhang et al. dissolved Pc (also named H,Pc in Fig. 13a and
Table 5) in anisole to drop it as antisolvent in the perovskite
processing in planar n-i-p PSCs. This molecule remained in
the superficial layers of the perovskite and the grain bound-
aries, passivating the defects. In this way, the efficiency
improved from a PCE of 18.5% for control devices to 19.8%
for devices optimally passivated with Pe. Stability was also
improved, retaining more than 90% of the initial PCE after
500 h under continuous illumination in air at 30% RH. All
these improvements were ascribed to the decreased perovskite
hole trap state density, the increased perovskite hole mobility,
improved charge carrier transfer and extraction, and partially
sealed channels to impede moisture diffusion because of the Pc
passivation.®® This same year, SnPe¢ (Fig. 14a and Table 5) was
applied as an interlayer in 3D n-i-p PSCs by Lai et al. This
interlayer improved the hole transport and reduced charge
recombination, leading to a performance improvement from
13.2% PCE for pristine devices to 16.52% PCE for those with the
interlayer. Due to the hydrophobicity of SnPc, the stability was
also improved, retaining 84% of the original PCE after 90 days
in air at around 30% RH.”° Xie et al. studied the same year a
silicon Pc (SiPc-Py-2; Fig. 14b and Table 5) as an interlayer but
this time between the perovskite layer and the ETL in fullerene-
free p-i-n PSCs. SiPc-Py-2 has two 2-(pyren-1-yl)acetoxy substi-
tuents in the axial positions, that is, bonded to the central
silicon atom. It was found to passivate the trap states on the
surface of perovskite through interactions as a Lewis base. The
champion device reached 19.2% PCE and showed greater
thermal stability in unencapsulated devices (160 h at 90 °C).”*
Later, in 2020, Hu et al. applied NP-SC¢-ZnPc and NP-SC¢-TiOPc
as passivating agents in planar n-i-p PSCs (Fig. 14c and
Table 5). These derivatives have eight thioether chains in the
a-positions, in fact NP-SC¢-TiOPc has already been discussed as
HTM in n-i-p PSCs in the alkoxy/phenoxy-substituted-Pcs
part.>® The presence of N, O, and S heteroatoms with lone pairs
of electrons in the Pc macrocycles makes possible Lewis acid-
base interactions with uncoordinated Pb>" cations, which leads
to the passivation of defects, thus improving the morphology of
the active layer with the consequent improvement in perfor-
mance, from 17.67% PCE for devices with pristine perovskite to
19.39% and 18.04% for devices containing perovskite passi-
vated with NP-SCe-TiOPc and NP-SCe-ZnPc, respectively. As
expected, those devices with the passivating layer were more

This journal is © The Royal Society of Chemistry 2023
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Fig. 14 Chemical structures of (a) SnPc, (b) SiPc-Py-2, (c) NP-SC¢-TiOPc
and NP-SCg-ZnPc, (d) S2 and S3 and (e) 8TPAEPC used as passivators and
interlayers in PSCs and the PCE of the champion devices.

stable versus moisture and thermal stress than pristine ones.”
Another relevant example was the application of two non-
metalated Pcs (S2 and S3; Fig. 14d and Table 5), which
are isomers of each other, as passivating agents. These Pcs
have butoxyl substituents in all a-positions and ethynylthio-
phene in all PB-positions, 2-thiophenylethynyle for S2 and
3-thiophenylethynyle for S3. According to the HOMO and
LUMO levels provided by the authors (—5.49 eV and —4.13 eV
for S2, and —5.53 eV and —4.15 eV for S3), these materials
would work better in the ETL part, however they were inter-
posed between the active layer and the HTL (spiro-OMeTAD).
Devices with pristine MAPbI; performed worse than devices
passivated with S3, going from a PCE of 16.88% to one of
18.01%. On the contrary, in the case of S2 there was no
improvement, with PCE slightly lower than that of the devices
without passivation (16.64%). S3 provided better stability
than S2 and the pristine perovskite.”> Finally, the addition of
the CuPc 8TPAEPC (Fig. 14e and Table 1) dissolved in the
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antisolvent (chlorobenzene) on the perovskite layer gave rise to
the improvement of the PCE from 20% to 22.10%, which was
attributed not only to the extension of the NIR photoresponse
from 760 to 850 nm, but also to defect suppression due to a
better crystallization of the active layer as well as a reduction of
the trap-state density through the interaction with the I
anions. Devices containing 8TPAEPC retained 80% of the initial
PCE after 500h at 70-80% RH, whilst pristine PSC dropped 50%
of the initial PCE. 8TPAEPC was also applied as dopant-free
HTM yielding 20.42% PCE and showing that also provides good
moisture stability.”*

2.5. Phthalocyanines in other roles in PSCs

Apart from HTM, perovskite additive and interlayer, Pcs could
be applied in other roles within PSCs,”® although only one
relevant example has been found in the period studied. In that
work, published in 2019 by He et al., the inclusion of CuPc
(Fig. 4a and Table 5) in the carbon electrode of planar n-i-p
PSCs is described. Carbon electrodes can replace gold in PSCs,
being cheaper and providing greater long-term stability. How-
ever, they do not offer the same performances as gold, due to
the energy level mismatch and the ineffective hole extraction at
the carbon electrode/perovskite interface. That is why modifi-
cations are being investigated to improve these aspects. Devices
with the architecture FTO/c-TiO,/Perovs./Carbon-CuPc (or Car-
bon) were fabricated, finding that the presence of CuPc
improved the work function and the hole extraction of the
carbon electrode. When CuPc was not included in the device,

x

N-CuMe,Pc
e

o, (O
0] E i W _
A

J/ NiPc

View Article Online
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the PCE was 11.4% and, including CuPc as HTM, PCE was
12.8%, but when the carbon-CuPc electrode was used, PCE
improved to 14.8%, still far from the traditionally used tandem
spiro-OMeTAD/Au, with a 16.8% PCE. There are no stability
studies in this article.”®

2.6. Structure versus PCE properties in Pcs

In Fig. 15 is represented a graphic with the structure of
different Pcs and their best PCE value of each different section.
As HTMs in n-i-p PSC devices: CuPc (17.78%) in non-
substituted Pcs; TBCuPc (21.25%) in B-alkyl/aryl-substituted
Pcs; N-CuMe,Pc (16.61%) in o-alkyl/aryl-substituted Pcs;
ZnPc-t-Spiro-t-ZnPc 3 (18.32%) in Pc dimers; SMe-TPA-CuPc
(23.00%) in amino-substituted Pcs; NiPc (21.23%) in alcoxy/
phenoxy-substituted Pcs. As HTMs in p-i-n PSC devices:
H,Pc (21.68%) in non-substituted Pcs; Ts-CuPc/Spiro-OMeTAD
(14.85%) in substituted Pcs. As additives, passivating agents,
and interlayers: HCuPc oligomer (21.39%); STPACEPc (22.10%).
It is remarkable to conclude that CuPcs are outstanding versus
the other Pcs probably due to their better mobility. The
best PCE value obtained so far using Pcs, 23%, correspond to
a metyltioltriphenylamine substituted CuPc (SMe-TPA-CuPc)
used as HTM in a n-i-p PSC device.

3. Porphyrins in perovskite solar cells

Pors are macrocycles that can be found in nature playing
different roles, for example, chlorophylls in photosynthetic

o

NC  ©N NC

Fig. 15 Structure versus the best PCE value in Pcs as HTMs in n—i—p PSC devices (blue), as HTMs in i—-n—p PSC devices (green) and as additives,

passivating agents, and interlayers (brown).
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[ meso 3
B B
B B
B meso 3
Porphyrin

Fig. 16 Chemical structure of a porphyrin with the indicated pyrrolic (8)
and meso positions. M = H, or a metal.

systems. Structurally, consist of four pyrrole units linked via
methine bridges (Fig. 16). From the point of view of applic-
ability in different technologies, Pors have remarkable charac-
teristics such as high molar absorptivity coefficients in the blue
and the red region of the visible spectrum; customizable
optoelectronic properties by straightforward synthetic modifi-
cations at the periphery (meso) and B-positions, and variations
of the metal centre (Fig. 16); high air stability and robustness;
good thermal stability; strong two-photon absorption; and
efficient electron transfer. Some technologies in which Pors
are applied are PDT, catalysis, and PVs, among others.”” Inside
photovoltaic technologies, porphyrins have been widely applied
in 0SCs and DSSCs.”® " A moderate number of articles can be
found in which this type of material applied in PSCs is studied
since 2019. The most common role in which Pors have been
applied in PSCs is as HTM, but there are relevant works as
additives and interlayers as well. In this part we will try to relate
the molecular structure of the Pors with the performance
presented by the PSCs in which they are included.

3.1. Porphyrins as HTM in PSCs

Donor-n-acceptor porphyrin systems have been used in dye-
sensitized solar cells obtaining good efficiencies up to 13%.%
Following this idea, different tetrasubstituted donor-n-acceptor

MeQ OMe

MeO Me

SRS
MeO OMe

M = H,, Po; PCE = 14.80%
M = Co, CoP; PCE = 16.91%

View Article Online

Review

systems were tested in PSCs and, although the results have not
been as good as expected, with maximums of 7%, this study
contributed to the application of free porphyrins as HTM in
PSCs.®? To increase the PCE value, the modification of donor—m-
acceptor systems to donor-m-donor systems was made. This
modification allows to increase the m-m stacking and to bring
the HOMO level of the Por closer to the perovskite valence band.*?
Within this type of porphyrin systems, we can find those functio-
nalized in the meso-positions by arylamines, phenothiazine and
alkyl anilines. As has been done in the case of Pcs, the works on
Pors as HTMs that provided PCEs greater than 14% will be
presented below.

3.1.1. Arylamine-substituted Pors. In 2019, Shah et al
synthesized two new tetrakistriarylamine-Pors, one free (Po)
and the other one with a cobalt central ion (CoP), and were
applied as HTM in a p-i-n PSCs to study the effect of cobalt in
the hole-extraction and the charge recombination at the
perovskite-HTL interface (Fig. 17a). CoP exhibited a HOMO
level (—5.30 eV) energetically favourable with the perovskite
(—5.40 eV) and 0.27 eV deeper than the Po (—5.03 eV), improv-
ing the hole extraction and the electron blocking. In addition,
XRD studies and SEM images evidenced that CoP enhance the
formation of polycrystalline layers in the perovskite. Besides,
CoP showed a contact angle with a water droplet of 98.4°, much
higher than for Po (34.9°). As expected, CoP got a maximum of
PCE higher than Po (16.9% vs. 14.5%; Table 6). Finally, before
120 h kept in dark, CoP provided greater stability.®*

Zhang et al. studied that same year the importance of the
ligand conjugation and molecular packing between a ZnPor
(Y4) and a disconnected porphyrin ring from the pyrroles at o-
positions (Y3) (Fig. 17b). They conclude that the conjugated
core Y4 increase the hole mobility and conductivity as macro-
scopic material in 3D n-i-p PSCs, much more than that for Y3
and, indeed, a greater PCE (16.05 vs. 0.01%) was achieved
(Table 6). Stability tests showed that Y4 offers less stability
than spiro-OMeTAD after 30 days in the dark at 25 and

MeO OMe
/ / -
N\ /N
N / Zn N
N/ \N
/ o |
MeO OMe

Y3, PCE =0.01%

Fooh

Y4, PCE = 16.05%

NGNS

e

e

Fig. 17 Chemical structures of arylamino-substituted Pors (a) Po, and CoP, (b) Y3, and (c) Y4 applied as HTMs in PSCs.
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RH = 50%, which was attributed to the higher concentration of
additives in the case of Y4.%° The effects of bulky donor groups
at the meso-positions also have an important role when Pors are
applied as HTMs in PSCs.

Recently, three D,;, symmetric ZnPors (MDA4, MTA4 and
MDAS) were synthesized by Mai et al. (Fig. 18). The donor-n—
donor Pors consisted in two diarylamine or triarylamine
groups, which allowed a favourable energy level alignment with
the perovskite. These data were corroborated by optical, elec-
trochemical, single-crystallography, and DFT calculations.
MDA4-based PSCs showed the best PCE value of 22.67%
(22.19% certified) (Table 6). The authors considered that the
best photovoltaic parameters for MDA4 in comparison to MTA4
and MDAS were since the triarylamine group gave a much lower
HOMO for MTA4 that damage the hole extraction and the
longer alkoxyl chains in MDAS8 lead to pinhole-filled films
and lower intermolecular interactions. Finally, ZnPors showed
a great stability due to the hydrophobic character of alkoxyl
chains. The hygrothermal stability of encapsulated device with
MDAA4 was performed at 60% RH and 60 °C in dark conditions
retained 90% of initial PCE after 264 h. The photostability was
also measured showing a retention of 93.9% of initial PCE after
200 h according to the ISOS-L-1 standard.®®

3.1.2. Alkyl aniline-substituted Pors. In 2020, Chou et al.
demonstrated that novel push-push or push-pull Pors functio-
nalized at 5,15-meso-positions can be used as HTMs with good
cell performance in substitution of the benchmark spiro-
OMEeTAD. Thus, four alkyl 5,15-aniline-meso-substituted Pors were
synthesized in a simple strategy with only two synthetic steps
(YZT1, YZT2, YZT3, and YZT4; Fig. 19b). Theoretical studies and
PL quenching experiments showed that there were different
molecular packings induced by the alkyl chains for push-push
and push-pull Pors with perovskite layer. Thus, the doped and
non-doped Pors acting as HTMs showed similar values of PCEs
than the spiro-OMeTAD (17.77%) (Fig. 19b and Table 6). Stability
studies were carried out without dopants under the dark with RH
40% and showed that YZT4 retain 85% of the initial PCE after
340 h which is much better than that of spiro-OMeTAD.*”

3.1.3. Acylhydrazone-substituted Pors. In 2019, based in
previous reports,®®® a tetrasubstituted ZnPor (ZnPy) in the
meso-positions with phenyl acylhydrazone was synthesized and
used as HTM to prepare mesoporous n-i-p PSCs (Fig. 19¢c). N
atoms from pyridine acted as Lewis bases and O and N atoms
from acylhydrazone, linked the under-coordinated Pb atoms
within the perovskite, so, passivating the defects sites and
obtaining a power conversion efficiency up to 17.82%
(Table 6). At the same time, the devices including ZnPy showed
a contact angles of water droplets around 107° compared to 80°
in the case of spiro-OMeTAD, providing greater stability of the
device against moisture at room temperature with RH of 70%
and a thermal stability at 85 °C in N, atmosphere keeping
almost all the original PCE after 100 h.°° One year later,
inspired by blue copper proteins, since the redox couple
Cu())/Cu(u) has a high self-exchange rate for electron
transfer,”"°> Si et al. synthesized a new CuPor (CuP) with
acylhydrazone groups (Fig. 19c¢) for its application in
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Table 6 Hole mobilities and HOMO levels of different Pors used as HTMs in PSCs, along with perovskite composition, device configuration and performances of the best devices

HTM*
Po
CoP
Y4
MTA4
MDAS
YZT1
YZT2
YZT3
YZT4
ZnPy
CuP
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Fig. 19 Chemical structures of (a) aniline-substituted-Pors, and (b) acylhydrazone-substituted applied as HTMs is PSCs.

mesoporous n-i-p PSCs as HTM. Devices including CuP
reached a maximum PCE of 18.21% compared with the PCE
of ZnPy (17.8%). The thermal stability at 85 °C in N, atmo-
sphere of these new devices with CuP as HTM also exceeded
that of the spiro-OMeTAD-based PSCs.”

3.2. Porphyrins as perovskite additives

Different studies indicate that the formation of defects at
perovskite layers and grain boundaries by the iodide or

This journal is © The Royal Society of Chemistry 2023

ammonium ions cause the instability of PSCs. For example,
under high heat and/or moisture, methylammonium ions
(MA") can be released from the perovskite lattice generating
under-coordinated Pb and Pb-I antisite defects.”>*> To avoid
this, several additives were used to modify the perovskite
film.%%%°

3.2.1. Eu-Por in 2D/3D PSCs. Feng et al. fabricated a new
Eu-porphyrin (Eu-pyP; Fig. 20a) and applied it as additive in the
fabrication of mesoporous n-i-p PSC. This rare-earth ion was
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ZnP; PCE = 18.26% (large area), 20.46% (small area)

COOH

Q
N
M = Zn, ZnP; PCE = 19.01% (large area) 20.01% (small area)
M = Ni, NiP; PCE = 22.81% (large area), 24.16% (small area)
M = Cu, CuP-S81; PCE = 20.29%
M = Cu, CuP-82; PCE = 24.15%

MeQ
MeO
ZnTFP-DPP; PCE = 19.30%
R
9) F K
o MeO
MeO I O
F
O OMe
FPD; PCE = 23.00% OMe ©
F Ni-P; PCE = 8.86%

Fig. 20 Chemical structure of Pors (a) Eu-pyP, (b) ZnP, (c) ZnP, NiP, CuP-S1 and CuP-S2, (d) YD2-0-C8, (e) ZnPP, (f) ZnTFP-DPP, (g) FPD, and (f) Ni-P
applied as additives in PSCs.
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chosen because of its charge-transfer absorption band in the
UV region, and its emission spectra mainly located in the
visible region.'® A value of 18.35% PCE (Table 7) was obtained
and, although it was slightly less than the reference one, that is,
without Eu-pyP as additive (18.96%), the stability from moist-
ure, heat and light was improved (85 °C, 45% RH, AM 1.5G).
Finally, authors also demonstrated by XRD spectra that Eu-pyP
can achieve the self-repairing process due to the decrease of
Pbl, in the 0.5% Eu-pyP doped PSCs.""!

3.2.2. Monoammonium and monoamine Pors. In 2019, the
Cao’s group published a monoammonium ZnPor (ZnP;
Fig. 20b) that was determined to anchor on the perovskite
surface and avoid the cationic escape reducing the defects
formation, i.e. constructing a molecular encapsulation and
surface passivation of perovskite layer. Additionally, by intro-
ducing this additive, it was possible to fabricate devices with a
large surface area (16 cm®) and it was obtained an unprecedent
high value of 18.26% PCE with a large-area of 1.96 cm?, while
the value for the small-area (0.1 cm?) was 20.46% (Table 7).
Additionally, the ZnPor-based PSCs showed a significant moist-
ure and thermal stability retaining 90% of its initial PCE over
1000 hours at 85 °C with 45% RH, while the control PSCs failed
under 300 h.'%*

Cao and co-workers published three articles with several
porphyrins able to react with the organic ions in the perovskite
to yield monoammonium MPors (Fig. 20c). These protonated
MPors can passivate defects increasing the hole transport
within perovskite lattice and enabling their use in the fabrica-
tion of large area PSCs. In the first one, when ZnPor (ZnP;
Fig. 20c) was used, there was no escape of iodide from solutions
indicating that the monoammonium ZnPor (ZnPor-H') was
linked to the surface and the grain boundaries of the perovskite
film to retard ion migration. It was obtained a good PCE of
19.01% in the blade-coating large-area PSCs (1.96 cm®) and a
20.01% PCE for small-area PSCs (0.1 cm?). Furthermore, after
treating the ZnP-doped perovskite film with ZnP crystals it was
achieved a 1D coordination polymer with a great charge extrac-
tion and an excellent 20.01% of PCE (Table 7). This coordina-
tion polymer also improved thermal and moisture stability.
0.05% ZnP-polymer based films kept over 90% of its initial PCE
after 6000 h in the humidity of 45% compared with pure
perovskite that failed after 5000 h. Regarding thermal and
photostabilities at 85 °C in N, atmosphere or AM 1.5G contin-
uous illumination, ZnP-polymer remain over 90% of its initial
PCE over 2000 h, while control PSCs failed after 600 h.°* In the
following work, five MPors were synthesize (M = Co, Ni, Cu, Zn
and H) and added into a perovskite precursor solution to
passivate perovskite grain layer and realize the efficient hole
extraction. Only in the case of NiP (Fig. 20c), a strong dipole
moment was detected for NiP-H' along the direction of the
ammonium side chain and polarons were obtained periodi-
cally, causing passivation of defects. The best PCE was up to
24.16% (23.70% certified; Table 7) with a small area (0.096
cm®). Regarding large area PSCs (1.0 cm?®), the best PCE value
was 22.81% (22.10% certified). The values were remained stable
retaining 90% of initial PCE after 5000 h at room temperature

This journal is © The Royal Society of Chemistry 2023

Table 7 Hole mobilities and HOMO levels of different Pors used as additives in PSCs, along with perovskite composition, device configuration and performances of the best devices
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and 3000 h at 85 °C, while control PSC without NiP maintained
only less than 10% of initial PCE value at the same
conditions.'® In the last research work, two types of supramo-
lecular ordering (namely CuP-S1 and CuP-S2; Fig. 20c) were
studied after doping the perovskite layer with a monoamine
CuPor to investigate the effects of different intermolecular
interactions. By post-annealing treatment at 120 °C for 24 h,
CuP-S1 was transformed into CuP-S2 changing the n-n stacking
interaction on the Pors backbones. Crystal structures and
theoretical data for CuP-S2 revealed a stronger interaction
between the amine units and the central Cu atoms in the
neighbouring Pors. Photovoltaics parameters confirmed that
the formation of homogeneously large polarons in CuP-S2
increased the charge transport and hole extraction increasing
the PCE values from 20.29% to 24.15 for CuP-S1 and CuP-S2,
respectively (Table 7). Stability studies also confirmed that
both, CuP-S1 and CuP-S2, maintained 90% of the initial PCE
value at room temperature and at 85 °C, with high humidity,
after more than 3000 hours. On the contrary, the reference PSCs
devices almost completely failed in the stability tests.'*®

3.2.3. Donor-n-acceptor type Pors. Two donor-n-acceptor-
type ZnPors were studied as additives whose structure included
a carboxylic acid (YD2-0-C8; Fig. 20d) or pyridines (ZnPP;
Fig. 20e) in planar n-i-p PSCs. These functional groups should
interact with uncoordinated Pb>* and donor groups to tailor the
electron density distribution in the acceptor groups and
increase the anchorage to Pb*>" cations.'®'®” ZnPors were
incorporated during the antisolvent treatment process and
checked by Xray photoelectron spectroscopy (XPS)
measurements on the perovskite films. It was proven that
YD2-0-C8 helped to obtain a better morphology and
crystallinity in the perovskite layer and a proper energy
alignment for the charge extraction, obtaining a PCE of
20.50% (Table 7). Moreover, alkyl chains increased the
hydrophobicity helping to retain 93% the stability of the
devices under dark conditions for 30 days (25-40 °C, 20-40%
RH).'% The ZnPP also increase the quality of perovskite layer
reducing the trap density and achieving a PCE of 21.08% with
an FF as high as 82.91% (Table 7). The stability tests of
unencapsulated devices showed a retention of 98% PCE after
1000 h with 50% RH.'° Zheng et al. synthesized a conjugated
antiaromatic donor-acceptor type Por-diketopyrrolopyrrole
(ZnTFP-DPP; Fig. 20f) to apply as a light absorber additive in
planar n-i-p PSCs. Compared with a classical aromatic Por,
antiaromatic ZnTFP-DPP showed a higher HOMO level, a
narrower bandgap, and more red-shifted light absorption.
According to the authors, the diketopyrrolopyrrole (DPP)
moiety allowed to obtain a better alignment of the HOMO
energy level and an increase of the light absorption. With this
new features, ZnTFP-DPP-based devices exhibited a maximum
PCE of 19.30% versus 18.4% for reference PSCs, mainly due to
Jse (24.30 mA cm™?) enhancement compared with the non-
additive reference one (22.7 mA cm™?; Table 7). There are no
stability studies in this article."* Finally, in 2022, a fullerene-
Por dyad (FPD; Fig. 20g) was synthesized by Liang et al. and
incorporated as additive into planar n-i-p PSCs. The fullerene
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had the capability to interact with the iodide ions, the Por
showed excellent passivation and stability effects and the
fluorine, and the ester groups could interact with hydrogen
and lead atoms also passivating the defects and enhancing the
stability. FPD showed an improvement efficiency of 23%
(Table 7) compared to the control device (20.99%). Moreover,
the FPD-modified PSC exhibited an improved stability,
retaining more than 83% PCE after 1500 h of MPPT. Finally,
as an additional benefit, it was observed an in-situ
sedimentation of a water-insoluble FPD-Pb complex, which
could prevent the dreaded lead contamination.'™

3.2.4. NiPor in Sn-based PSCs. Guo et al. added a NiPor (Ni-
P; Fig. 20h) into the perovskite precursor to improve the
crystallization of lead-free FASI;-based p-i-n PSCs. The ester
group in Ni-P was chosen to bind with SnI, and restrain
nucleation. As a result, a delay of crystallization was observed,
improving the PCE from 6.18% without Por to 8.86% with Ni-P
(Table 7). Furthermore, electronic cloud of Ni-P provided anti-
oxidative properties which protect the perovskite layer from
degradation. Additionally, PSCs retained 80% of PCE after
300 h under air environment and 75% of PCE after 40 h under

1 sun irradiation.***

3.3. Porphyrins as interlayers in PSCs

3.3.1. MnPors. In 2020, GKkini et al. used a tetrasubstituted
methylpyridine-MnPor ((TMePyP)[;Mn(AcO); Fig. 21a) in a
n-i-p planar PSCs. The MnPor was introduced between the
TiO, electron transport layer and the perovskite absorber to act
as an electron transport mediator. The researchers demon-
strated that MnPor created a hydrophobic environment and
improved the growth of a homogeneous and crystallized per-
ovskite layer. Moreover, a decrease in the work function of TiO,
was measured since Mn>" could introduce into the interstices of
perovskite to limit the generation of defects."**''* PCE values
showed an increase of 22% compared with reference one and a
final value of 18.70% (Table 8). Finally, stability studies were
carried out, retaining 75% of initial PCE value after 1000 hours
under dark and 20% of humidity."*?

3.3.2. Diammonium and diamine Pors. CsPbBr; quantum
dots (QDs) have been used in several studies between the
perovskite layer and the HTL to avoid the charge recombina-
tion, improve the ion migration and passivate the
defects."'*"'® However, passivated organic ligands used to
anchor QDs to the perovskite film are inconvenient to charge
transport.’*® To improve the conductivity Feng et al. employed
a diammonium ZnPor salt (ZnPy-NH;Br; Fig. 21b) as an inter-
layer to treat the zero-dimensional CsPbBr; QDs structure on a
Cs-based perovskite layer. The ZnPy-NH;Br was able to enhance
the PCE up to 20.02% from the 19.12% based on pure per-
ovskite and 19.50% based on QDs-perovskite (Table 8). Further-
more, the new device maintained 85% of initial efficiency after
450 h."* Xiao et al. used a diamine CoPor (Co(u)P; Fig. 21c) as
interlayer between perovskite film and the HTM to construct
in situ a Co(u)P-based coordination polymer on the perovskite
layer. In this polymer, two amino groups were coordinated with
a central cobalt from a different molecule establishing a three-

This journal is © The Royal Society of Chemistry 2023
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Co(ll)P, PCE = 21.28%

CuP 2, PCE = 21.76%

dimensional structure. The new generated polymer with Co(u)
was able to reduce the liberated I, in the perovskite to I" and
cause its regeneration. Last, the Co(u)/Co(ir) redox pair in the
polymer afforded an effective charge transport, increasing
the PCE up to 21.28% (Table 8). Regarding the stability, with
the humidity of 45%, the device maintained more than 90%
of the original PCE after 3000 h. Moreover, at 85 °C and AM
1.5G illumination under N, atmosphere retained 90% of the
initial PCE after 2000 h, whereas the control PSC failed at the
same time in both cases.""

3.3.3. Thiol CuPors. In 2021, Yan et al. designed a mole-
cular modification of the perovskite film using a tetra-thiol

This journal is © The Royal Society of Chemistry 2023
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ZnPy-NH;3Br, PCE = 20.02%

L

CuP 1, PCE = 20.71% SH

SH

Cu-Por, PCE = 21.24%

Fig. 21 Chemical structure of Pors (a) (TMePyP)I4Mn(AcO), (b) ZnPy-NH3Br, (c) Co(i)P, (d) CuP 1, (e) CuP 2, and (f) Cu-Por used as interlayers in PSCs.

CuPor (CuP 1; Fig. 21d). The thiol was chosen to passivate the
perovskite through the coordination of Pb>" and prevent the
lead leakage. DFT calculation also showed that CuP 1 can
achieve the effective fixation of I and I,. The best PCE value
was enhanced up to 20.71% (Table 8). Furthermore, CuP 1 was
able to produce an effective encapsulation of the perovskite
film improving the device stability. The devices showed a retain
of 90% of the initial PCE after 2000 h and 45% RH and over
90% after 1000 h at 85 °C. The photostability was also measured
at AM 1.5G illumination in N, atmosphere remained 90% after
1000 h, whereas the control devices lost the initial performance
after this time.’** A few months later, Xiao et al. developed a
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similar strategy using a thiol CuPor (CuP 2; Fig. 21e). They
observed the same coordination effect between the thiol group
and Pb®>" and an efficient tuning of the electron distribution of
porphyrin © ring due to the Cu(u) ions, reducing the defects
caused by the I and I, leakage. Finally, CuP 2 gave the best
PCE of 21.76% (certified 20.97%; Table 8). Regarding the
stability, at 45% RH and after 3000 h, CuP 2 retained 90% of
the original PCE. They also measured the thermal and photo-
stability. In the first case, at 85 °C in N, atmosphere, the devices
with CuP 2 preserved 90% of initial PCE after 2000 h. In the
second case, measurements were carried out at the AM 1.5G
illumination in N, atmosphere showing a retention of 90% of
initial PCE after 1000 min."** The last research so far using
thiol-CuPor was made by Li et al. with a secondary amine group
(Cu-Por; Fig. 21f). IR experiments confirmed the presence of
hydrogen-bonds between the side chain N-H group in Cu-Por
with I” and I,. This extra interaction allowed to increase the
PCE value up to 21.24% (Table 8). The new Cu-Por-based
devices without encapsulation retained 90% of the initial PCE
after 2000 h at the illumination of AM 1.5G and after 2200 h at
85 °C, in N, atmosphere.'**

3.3.4. Donor-n-acceptor type ZnPors. Different donor-n-
acceptor porphyrins have been used as interlayers in PSCs.
The first example is formed by a ZnPor-bodipy (BZnTPP; Fig. 22a)
and it was implemented as electron transfer mediator from the
perovskite film to the TiO,. The “push-pull” character of BZnTPP
enhanced the PCE values from 16.63% to a maximum of 17.34%
(Table 8). Finally, the stability of unencapsulated BZnTPP-based
PSCs was measured. At room temperature and 40% HR, the
devices with BZnTPP retained 85% of the initial PCE after 26
days compared to 61% in the reference cell.'® The second
example consists in three ZnPors each formed by two octyloxi
groups, one in front of the other, a diphenylamine group as
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Architecture®

electron donor and cyanoacrylic acid as electron acceptor.
Moreover, last two group is separated from the ZnPor ring by a
different n-bridge: phenylene, thiophenylene and dithio-
phenylene (CS0, CS1 and CS2, respectively; Fig. 22b). The
ZnPors were located between perovskite film and HTM to act as
a passivators and reduce the defects caused by Pb*" cations. The
best PCEs values improved from 21.04% for the control one to
22.14% CS0, 22.37% CS1 and 22.17% CS2 (Table 8). It was
measured the long-term stability of the ZnPor-modified devices
without encapsulation at room temperature and under 30% RH
and the modified devices retained more than 90% of their initial
PCEs after 50 days."*®

3.3.5. Other Pors. A free porphyrin-involved benzene-1,3,5-
tricarboxamide dendrimer (Por-BTA; Fig. 22¢) was synthesized
and applied, for the first time, as interface material between the
perovskite and the HTL in PSCs. The structure showed not
only a strong tendency to self-assemble providing a channel for
hole transport, but also carbonyl units were able to passivate
defects in the perovskite surface through coordination with
Pb®" cations. It was obtained an improved PCE of 22.30%
(Table 8). Finally, unencapsulated PSCs of Por-BTA-treated
devices retained 66% of its initial PCE after 45 days at 20 °C
and 50-60% RH while that the control PSC dropped to 17%.%”
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“ The names of the interlayers are the same as in the original publications. * MA is methylammonium ([CH;NH;]"), FA is formamidinium ([CN,H;]"). ¢ ¢ is compact layer, m means mesoporous

Table 8 HOMO levels of different Pors used as interlayers in PSCs, along with perovskite composition, device configuration and performances of the best devices

layer, EA is OCH,CH,NH; and QDs is quantum dots.
perovskite and Por. — = not provided.
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M = Ni, NiTPPS,, PCE = 13.65% o

M = H,, TPPS,, PCE = 13.19%

Fig. 22 Chemical structure of Pors (a) BZnTPP, (b) Cs0, Csl1 and Cs2, (c) Por-BTA, (d) MTPPS4, and (e) ZnP used as interlayers in PSCs.

In 2020, a series of metallic porphyrins were inserted as the HOMO-LUMO levels to get closer to this of perovskite but
interlayers between PEDOT:PSS and perovskite layer in an also promoted the hole extraction. The best PCE value was
inverted PSCs (Fig. 22d). The different MPors not only changed obtained with CuTPPS, (14.61%; Table 8) compared with
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11.65% from the control device, but they were not as high as
other publications. This fact was explained due to the orienta-
tion of interfacial MPor in which the ring was parallel to the
ITO surface and the thickness of porphyrin. There are no
stability studies in this article."*® Liang et al. employed an
acryloyl ZnPor (ZnP, Fig. 22e) to its in situ polymerization on the
perovskite surface through thermal procedure confirmed by
FTIR spectroscopy. Moreover, UV-vis analysis suggested that
the carbonyl groups were able to fix Pb>" cations into the
perovskite and avoided the non-radiative recombination. The
photovoltaic performance was measured obtaining a maximum
PCE value of 20.53% (Table 8). Finally, thermal stability studies
confirmed that ZnP-polymer-based devices retained 77% of
PCE after 900 hours at 85 °C, while light stability studies
retained 86% after 630 h at AM 1.5G."*°

3.4. Structure versus PCE properties in Pors

In Fig. 23 is represented a graphic with the structure and the
best PCE value of each different section. As HTMs in PSC
devices: MDA4 (22.67%) in arylamine-substituted Pors. As
additives: CuP-S2 (24.16%) in amino Pors. As interlayers: Cs1
(22.37%) in donor-n-acceptor type ZnPors. Although ZnPors
are the most study systems with very impressive numbers, the
use of arylamino substituted CuPors as additive is the best PCE
value, 24.16%, obtained in Pors systems.

4. Other porphyrinoids in perovskite
solar cells

In addition to Pcs and Pors, the porphyrinoid family has more
members that were incorporated into PSCs. In this section, the
works that study tetrabenzotriazacorroles (TBC) and subphtha-
locyanines (SubPc) will be presented. These materials also have
excellent chemical and thermal stability, as well as great
chemical versatility, which allows their optoelectronic proper-
ties to be tuned.

Csl

(Interlayer) 22.37%
CuP-S2

(Additive)
MDA4
(HTM) 22.67%

View Article Online
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R = halide, hydroxy,

9 ariloxy, etc
Nl N N

Fig. 24 General chemical structures of (a) HsTBC, (b) MTBC, and (c)

SubPc.

On the one hand, TBC, also known as tetrabenzocorroles,
triazatetrabenzocorroles and tetrabenzocorrolazines, are macro-
cycles that belong to the families of porphyrins, phthalocyanines,
and corroles, and are structurally like Pcs that have lost a meso-
nitrogen (Fig. 24a and b). Due to m-contraction, the TBC macro-
cycle is somewhat twisted. So that, they have unique optoelectronic
properties, for instance, while Pcs absorb weakly in the blue
region, TBCs do so strongly. Like Pcs, TBCs may (Fig. 24b) or
may not (Fig. 24a) coordinate an atom in the center of the ring.'*°
On the other hand, subphthalocyanines (Fig. 24c) are aromatic
chromophores with 14 delocalized n-electrons in their central ring,
with a central boron atom coordinated. These porphyrinoids are
not flat either, since they have a concave structure, which prevents
their excessive aggregation even in the solid state.

4.1. Tetrabenzotriazacorroles

Two articles on TBCs as HTM can be found, both published in
2020. In these works, both the optoelectronic and photovoltaic
properties of TBCs and their precursor Pcs are compared. In the
first one, Zhang et al., described the synthesis, characterization,
and PV properties as dopant-free HTMs in 3D n-i-p PSCs of
three TBCs, TBC-1, TBC-2, and TBC-3, compared to the f-
tetraphenoxy Pc (H,Pc-1, precursor of TBC-2) and undoped
spiro-OMeTAD (Fig. 25a and Table 9). Compared to its Pc
counterpart and spiro-OMeTAD, all TBCs had higher hole
transport mobility, broader light absorption, and shallower

Fig. 23 Structure versus the best PCE performance in Pors as HTM (MDA4), as additives (CuP-S2) and as interlayer (Cs1).
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Fig. 26 Chemical structures of SubPcs (a) OPh,I-SubPc, (b) ClgSubPc,
(c) F-SubPcClg and Cl-SubPcFg, and (d) Cl-SubPcFg, Cl-SubPcF;, and
Cl-SubPcCl,; applied in PSCs.

strong interactions with iodine. After device optimization, a
PCE of 22.0% (certified 21.3%) was reached with a negligible
hysteresis behavior. Differently, when only Cg, or only ClsSubPc
was used as ETL, the reached PCEs were 20.82% or 20.5%,
respectively. Additionally, devices that included double ETL
ClgSubPc/Cso showed unprecedented long-term stability,
retaining 95% of PCE over 1200 h of outdoor testing, 90% of
PCE under illumination and MPPT for over 2000 h."*® Labella
et al. published a similar work, in which they used SubPc-based
ETLs in two types of inverted p-i-n PSCs In this study they
compared F-SubPcClg and Cl-SubPcClg (Fig. 26¢ and Table 9)
to Cgo. Although CIl-SubPcClg was better than F-SubPcClg,
when SubPc under study were included, the general perfor-
mance of the devices worsened, including the long-term stabi-
lity. The best PCEs reached were 10.8%, 10.3% and 13.0%
with CI-SubPcClg;, F-SubPcClg and Cg, under forward scan,
respectively.'®” In a more recent study, this same group applied
the SubPcs Cl-SubPcF;,, CI-SubPcF, and Cl-SubPcCl,, (Fig. 26d
and Table 9) as part of a double ETL together with Cg in p-i-n
PSCs. Again, the general performance of the devices that
included these porphyrinoids worsened compared to the refer-
ence that presented only Cgo. Comparing the PSCs containing
2 nm of SubPcs, the best results were obtained with CI-SubPcFg,
with a PCE = 13.0% under forward scan, improving this value
up to 13.6% in devices that contained 0.5 nm films of Cl-
SubPcFg, which is the minimum thickness studied, but remain-
ing below the PCE of the reference PSCs (14.5%). These results
could be explained because the LUMO values of these deriva-
tives are quite close to that of the perovskite LUMO, which
perhaps hinders the flow of electrons towards the electrode and
facilitates interfacial perovskite/SubPc recombination. Posi-
tively, water droplet contacts angle essay revealed that the
porphyrinoids under study formed more hydrophobic films
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than only Ceo. By monitoring the PCE at the maximum power
output point as a function of time was stated that Cl-SubPcF¢
and Cl-SubPcCly, provided better stability than Cl-SubPcF,,
and only Cq, after 600 s."3®

5. Phthalocyanines versus porphyrins
5.1. Hole transporting materials

Pcs have been more extensively studied as HTM in PSCs than
Pors, so it is not surprising that the maximum PCE obtained
each year of the period under study are higher in the case of the
former (Fig. 27). It is striking that the most successful Pc
structure in 2019 (OMe-TPA-CuPc, PCE = 19.67%) is an analo-
gue of the current champion Pc-based HTM (SMe-TPA-CuPc,
PCE = 23.00%). Something to keep in mind is that the Pcs with
the best PCEs are usually those with a central Cu atom, except
for NiPc in 2021 (PCE = 21.23%). Another structural peculiarity
is the presence of heteroatoms (O, S and N) in the substituents,
which allow stronger interactions with the perovskite layer and
passivation of defects through interactions with the bare ions
of the crystal structure. In this respect, the arylamines give very
good results, perhaps because of their tendency to arrange
themselves in a more favorable way. In the case of the Pors,
the scarcity of trials makes it more difficult to establish a trend
or a structural pattern. What is observed is that, like the Pcs,
the presence of heteroatoms in the substituents gives rise to the
type of interactions necessary for improved performance of the
PSCs. The great PCE of 22.67% obtained for the Por MDA4 in
2022 makes us think that these porphyrinoids could easily rival
Pcs in terms of efficiency but still far in stability.

5.2. Additives

Undoubtedly, Pors and Pcs as additives in the perovskite layer
led to improved performance of PSCs (Fig. 28). In this
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application, the Pors stand out against the Pcs, whose maxima
PCEs in 2021 and 2022 were greater than 24% with the
molecules NiP and CuP-S2, almost 3% better than that of the
best Pc (HCuPc, PCE = 21.39%). In fact, Pors-based additives
have been improving since 2019, when the maximum PCE
obtained was 20.46%, to the maximum value reached in 2021
and 2022 (>24%), which seems to have stagnated. Thus, both
Ni and Cu offered better performance than Zn in the case of
Pors. The PSCs added with Pcs have also been improving to
date, going from PCE = 10.79% (SiPc) in 2019 to PCE = 21.39%
in 2022, although they are still far from their Pors analogs.
Unlike the Pors, the molecular structures of the best Pcs are
quite varied; from an axially substituted SiPc, through a CuPc
without substituents and ending in a star-shaped oligomer
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CuPc, which is also the one that has given rise to the best
performance among Pcs in this application.

5.3. Interlayers

Until 2021, the best results as interlayers had been obtained
with Pors, but quite recently in 2022 the Pcs surpassed them
(Fig. 29), although the best PCE was set in 2021 for the Por CS1
(22.37%), and its value has not yet been exceeded so far. From a
structural point of view, CS1 is an asymmetric molecule of the
donor-n-acceptor type. As in the cases of HTMs and additives,
the presence of heteroatoms in porphyrinoid substituents is
related to stronger interactions with the perovskite crystal layer,
leading to passivation of defects.

6. Conclusions and future outlook

The most relevant works on Pcs, Pors and other porphyrinoids
as components of PSCs from the last four years have been
reviewed. With only a few exceptions, all the molecules pre-
sented here showed to provide better performance for PSCs
than spiro-OMeTAD, especially in terms of stability. However,
there are still plenty of work to be done in structural modifica-
tion of phorphyrinoids to increase PSC performance and here
we will propose some. From the structural point of view, it
seems that, in general, the central Cu atoms improve photo-
voltaic performance in all vacuum and in solution processed
devices. No CuPc dimers have been prepared so far and they
could be quite interesting systems to increase the PSC perfor-
mance and stability. The incorporation of other metals yielding
highly conductive macrocycles, as for example radical lantha-
noid bisphthalocyanines,'*® LiPc,"*® PbPc,'*! could be a pro-
mising route to explore. The presence of more O, S or N
heteroatoms in the long alkyl chains would favor the LUMO
levels and improve the conductivity, as they would act by
passivating defects through interactions with partially naked
ions in the crystal lattice of the perovskite layer. Their incor-
poration also will increase the stability taking into considera-
tion that hydrophobicity seems to be a critical parameter. The
donor-acceptor-donor approach in Pcs, which allows the mod-
ulation of energy levels, especially the HOMO, is still unex-
plored. In the case of Pcs, the arylamino-substituted
compounds stand out, especially the ethynyl derivative with
more than 23% PCE. The study of this substitution pattern in
CuPors could be interesting. Higher extension of the conjuga-
tion, synthesis of 2D and 3D systems, and looking for NIR
photoresponse phorphyrinoids are unexplored strategies that
could be adequate to suppress defects due to a better crystal-
lization of the active layer as well as a reduction of the trap-state
density through the interaction with the I anions. On the other
hand, where Pors stand out is as additives in the active layer,
providing PCEs beyond 24% and good stabilities. As they are
added in a small proportion, it is an option to consider in the
fabrication of PSCs. While Pcs as additives also stand out for
the stability they provide, although they still lag behind Pors in
terms of efficiency. There is no doubt that the synthesis of
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push-pull ABCB substituted Pcs would have all the adequate
characteristics to be explored as HTM and as additives. How-
ever, these unsymmetrically substituted Pcs, due to the syn-
thetic difficulty, remain as an exciting challenge that the best
synthetic phthalocyanine groups should pursue. Regarding
other porphyrinoids, tetrabenzotriazacorroles showed promise
as dopant-free HTMs. Regarding subphthalocyanines, there are
few studies, mainly as ETM, and the obtained results are
disparate, so we consider that there is still a long way to go,
and it is worth going further.

Thus, Pcs and Pors have proved to be strong candidates for
perovskite-based solar panels coming to market soon, not only
because they can rival other materials in terms of efficiency at
lower cost, but also because they provide better stabilities than
most other materials.
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