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In this review, we summarize the application of porphyrins and phthalocyanines in perovskite solar cells to
date. Since the first porphyrin- and phthalocyanine-based perovskite solar cells were reported in 2009, their
power conversion efficiency has dramatically increased from 3.9% to over 20%. Porphyrins and
phthalocyanines have mostly been used as the charge selective layers in these cells. In some cases, they

have been used inside the perovskite photoactive layer to form two-dimensional perovskite structures. In
Received 10th April 2020 th th d at the interf t . th . l L Thi . .
Accepted 10th August 2020 other cases, they were used at the interface to engineer the surface energy level. This review gives
a chronological introduction to the application of porphyrins and phthalocyanines for perovskite solar

DOI: 10.1039/d0ra03234d cells depending on their role. This review article also provides the history of porphyrin and
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1. Introduction

Solar energy is so abundant that every hour the Sun provides
enough energy to meet humankind's annual energy consump-
tion (4.6 x 10?° J).! The energy provided by the sun in just 1.5
days is equivalent to all the world's fossil fuel resources.? For the
past three billion years, nature has taken advantage of the vast
amount of solar energy through photosynthesis.* At the heart of
photosynthesis is the organometallic pigment chlorophyll,
which absorbs green light and plays key roles in solar energy
conversion. There are two archetypal planar heterocyclic
macrocyclic chemicals, porphyrins (Fig. 1b) and phthalocya-
nines (Pcs), both of which resemble naturally occurring chlo-
rophyll. Porphyrins are composed of four modified pyrrole
subunits interconnected at their o carbon atoms via methine
bridges (=CH-). On the other hand, Pcs have nitrogen instead
of CH at the meso-position of porphyrin. Both porphyrins and
Pcs can form organometallic compounds (metal coordination
complexes) just like chlorophyll. Porphyrins and Pcs exhibit
excellent thermal and chemical stability, and they also have
a wide range of optical and electronic properties, which can be
tuned by synthetic modifications, such as attaching functional
groups to the periphery of the molecule. Therefore, the
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phthalocyanine derivative development from the perspective of perovskite solar cell applications.

application of porphyrins and Pcs in photovoltaics has been
actively researched in both organic solar cells and dye-
sensitized solar cells. Tang and Albrecht introduced organic
solar cells using chlorophyll in 1975.° Later in 1986, Tang used
CuPc as the p-type layer in a two-layer p-n junction system.
Long-wavelength absorption and good thermal stability of CuPc
led to a PCE of 1%.° Various other porphyrins and Pcs have
subsequently been evaluated in organic solar cells.” Kay and
Gritzel also reported the application of different porphyrins
including chlorophyll in dye-sensitized solar cells.*® This was
followed by numerous reports on the application of porphy-
rins'®** and Pcs.">™*

In this review, we focus on recent progress in perovskite solar
cells using porphyrins and Pcs as interface materials instead of
polymer semiconductors, organic semiconductors, and inor-
ganic oxides. We narrow our focus because research on
solution-processed perovskite solar cells has expanded rapidly
over the past 5 years." Also, porphyrins and Pcs with improved
molecular design have gradually penetrated into perovskite
solar cell research.'® Porphyrin and Pc interface materials
have several advantages over their polymer counterparts. Firstly,
the fact that they exhibit no molecular weight dependence
means they have higher purity and less batch-to-batch vari-
ability. Secondly, they have higher charge carrier mobility due to
their better structural organization. Lastly, they have greater
flexibility in terms of chemical modifications, which means it is
easier to tune their energy levels and control their solubility. A
number of reviews have covered the application of porphyrins
and Pcs in organic thin-film solar cells,”>* so we give only
a short summary of reported porphyrin- and Pc-based organic
solar cells, moving on to the use of porphyrins and Pcs as charge
selective layers in perovskite solar cells.

This journal is © The Royal Society of Chemistry 2020
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2. Application of porphyrins and
phthalocyanines in photovoltaic
devices

2.1 Porphyrin- and Pc-based organic solar cells

When porphyrins and Pcs were first used in photovoltaic
devices, they had low solubility making it difficult to form
uniform thin films and therefore had to be thermally evapo-
rated.” However, the development of a series of soluble
tetrahedral-shaped oligothiophene molecular donors by Ron-
cali and colleagues in 2007 enabled solution processing of
porphyrin and Pc films.** This was a watershed moment in the
advancement of organic solar cells.

Porphyrins were initially used in either side chains or in the
backbone of polymer donors to improve light harvesting, but
this approached had limited success.**** One of the authors of
this review reported a p-i-n junction organic solar cells that
used a soluble porphyrin precursor to tetrabenzoporphyrin with
bis(dimethylphenylsilylmethyl)[60]fullerene (SIMEF).* In 2012,
the authors of this review firstly employed the strategy of using
an ethynyl linker at the meso-position to maximize the conju-
gation effect.”” A major step forward came in 2013, when Peng
and colleagues combined porphyrin with diketopyrrolopyrrole
(DPP).?® An electron-withdrawing moiety, DPP is amenable to
synthetic modification and substitution of various aromatic
groups at the 2,5-position.> DPP-based electron donor mate-
rials gave PCEs of less than 5%.%**' By flanking DPP units with
two thiophene (T) wunits, the solar cell performance
improved.**?** Then, porphyrin-integrated T-DPP-T led to
7.23% PCE, which was a breakthrough.*® In their molecular
design, the porphyrin core had two T-DPP-T units a two ethynyl
linkers. The substituents attached to the porphyrin unit were
then modified to improve intermolecular -7 stacking of the
porphyrin core by using a shorter alkyl chain. The morphology
of the porphyrin-based bulk heterojunction with phenyl-Cg;-
butyric acid methyl ester (PCs;BM) was comprehensively
studied by grazing incidence X-ray diffraction (GIXRD), reso-
nant soft X-ray scattering, atomic force microscopy (AFM), and
transmission electron microscopy for various fabrication
conditions.*”

The key feature of Peng's design strategy was the A-m-D-1-A
configuration. Sharma, Langa, and co-workers also constructed
analogous A-t-D-1v-A systems with ethynylene linkers between
Zn-porphyrin and thienylene vinylene thiophene with the ends
capped by dicyanovinylene or 3-ethylrhodanine groups. These
types of active layer materials also show outstanding PCEs of 7-
10%.%® The authors of this review investigated the substituent
effects of the aryl group on Mg-porphyrin with the A-m-D-m-A
structure® and used tetraethynyl Mg-porphyrin to maximize the
intramolecular charge transfer effect, finding an optimized
structure of D-(7-A),.** Zhu, Wong, and co-workers developed
direct peripheral meso-alkyl substitutions onto the porphyrin
ring, leading to improved solubility and charge transport
property and ultimately to excellent PCEs.**

Because of their well-known electron-donating ability,
porphyrin-based molecules had long been used only as donor
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materials. In 2017, Li and co-workers first developed a powerful
non-fullerene acceptor based on Zn-porphyrin tethered to four
perylene bisimide (PDI) units via ethynyl linkers.** This spurred
many follow-up works.** To date, porphyrin-based organic solar
cells have made great progress and this work has provided
a solid foundation for other device applications, such as
perovskite solar cells.

2.2 Porphyrins as hole-transport materials in perovskite
solar cells

First, Chou et al applicated porphyrin derivatives as hole
transport materials (HTMs) for perovskite solar cells. They
created two kinds of materials based on the porphyrin skeleton
for use as new HTMs (1 and 2) (Fig. 1).** In general, HTMs in
perovskite solar cells should be transparent so as not to hinder
light absorption by the perovskite layer. Although porphyrin
derivatives were seemed to encumber the light absorption of
perovskite layer, the absorption spectra of perovskite films with
and without 1 revealed that porphyrin materials were able to
work as HTMs instead of photosensitizers. While the device
using 1 as HTMs showed a PCE of 16.6%, compound 2 bearing
dodecyl groups gave a only 10.6% (Table 1). This deference was
depended on the morphology of surface on HTM layer. Scan-
ning electron microscopy (SEM) images explained that the
pinholes were observed in the case of 2 and those reduced the
photocurrent and FF due to the recombination.

To achieve higher efficiency, Chou et al. also developed
porphyrin HTMs (3 and 4). Those porphyrin dimers 3 and 4 gave
a PCE of 19.4% and 17.8% respectively.*® The authors explained
that the extended 7t-conjugation of the porphyrin dimers resulted
in stronger intermolecular interaction than that of the corre-
sponding monomers. This gave not only high hole mobility but
also reduced pinholes during the film formation, which was
advantageous for high-performance photovoltaic devices. They
also investigated the stability toward humidity, light and thermal
stress. The device using a porphyrin dimer 3 as HTMs was more
stable than the conventional device using 2,2',7,7-tetrakis-(N,N-
di-4-methoxyphenylamino)-9,9'-spirobifluorene (spiro-OMeTAD).
In particular, 3-based devices were stable against humidity,
maintaining at least 90% of their initial PCE even after 800 h,
whereas the PCEs of spiro-OMeTAD based devices dropped to
80% or less of the initial level within 300 h. To explain this
difference, they focused on the hydrophilicity of 3 and spiro-
OMeTAD and measured the contact angle of each device. As
a result, the contact angle of 103° using 3 was higher than that of
spiro-OMeTAD (65°). This showed that 3 was highly hydrophobic
and effective in protecting the perovskite layer from moisture in
the atmosphere. However, those porphyrin compounds were
required multistep synthesis and it was a commercial problem.

Chen et al. synthesized symmetrical porphyrins (5 and 6)
with triphenylamine-based substituents at four meso posi-
tions.** Those porphyrin derivatives could be prepared on
a gram scale from aldehydes and pyrroles in only two steps. The
highest occupied molecular orbital (HOMO) levels of 5 and 6
were —5.29 eV and —5.37 eV, respectively, which were similar to
that of spiro-OMeTAD (—5.22 eV). Therefore, effective hole
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Fig. 1 Structures of porphyrins and phthalocyanines for charge transport layers.

transfer from the perovskite layer to a gold electrode could be
expected. On the other hand, the lowest unoccupied molecular
orbital (LUMO) levels of —3.35 eV in 5 and —3.40 eV in 6 were

32680 | RSC Adv, 2020, 10, 32678-32689

lower than that of spiro-OMeTAD, —2.28 eV. The authors
explained that those lower LUMO levels prevented the inflow of
electrons and suppress charge recombination in the HTM layer.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Photovoltaic performance of perovskite solar cells using porphyrins and phthalocyanines as hole-transport materials

Compound HOMO [V] LUMO [V] pn [em? Vs E, [eV] Voc [V] Jsc [mA em 2] FF [%)] PCE [%)] Ref.
1 —5.22 -3.39 2.04 x 107" 1.83 0.99 22.82 73.34 16.60 44
2 -5.21 -3.32 1.53 x 107° 1.89 1.01 17.80 58.69 10.55 44
1 —5.22 —3.45 3.20 x 107° 1.77 1.09 22.62 73.02 17.93 45
3 —5.14 ~3.54 4.20 x 107* 1.60 1.10 22.60 78.52 19.44 45
4 —5.11 -3.53 9.30 x 10~° 1.58 1.04 22.97 74.75 17.84 45
5 —5.29 -3.35 3.06 x 107* 1.94 1.10 22.69 71.3 17.78 46
6 —5.37 —3.40 2.89 x 107* 1.97 0.71 21.60 66.3 15.36 46
7 ~5.20 ~3.26 3.37 x 107* 1.94 1.10 21.07 70.4 16.37 48
8 —5.40 -3.41 3.91 x 107" 1.99 1.12 22.21 75.4 18.85 48
9 ~5.29 ~3.34 3.54 x 107* 1.95 1.11 21.86 72.7 17.70 48
9 —5.13 -3.23 3.51 x 107" 1.90 1.03 19.76 61.0 12.40 49
7 —5.20 -3.26 3.38 x 107* 1.94 1.03 19.35 60.0 11.96 49
10 —5.23 -3.37 3.85 x 107" 1.86 1.04 20.28 64.0 13.52 49
11 ~5.36 ~3.46 4.10 x 107* 1.90 1.05 20.74 65.0 14.11 49
12 -5.35 -2.55 — 2.80 1.09 22.29 73.12 17.82 50
13 —5.05 — — — 1.000 19.66 57.3 11.26 51
14 5.2 -3.5 — 1.7 0.75 16.3 44 5.0 52
15 — — — — 0.797 16.35 50.3 6.7 53
16 —5.20 —3.40 — 1.80 0.67 22.10 40.0 5.60 54
17 —5.19 ~3.43 — 1.72 0.98 17.15 72.0 12.30 56
18 —4.96 —-3.24 — 1.72 1.01 16.67 68.1 11.75 57
19 ~5.39 ~3.57 — 1.82 1.00 10.69 59.8 6.65 57
20 —5.18 -3.39 — 1.79 1.03 17.43 61.0 11.44 57
21 -5.31 ~3.49 1.82 0.89 16.79 43.7 5.16 58
21 -5.32 —3.49 — 1.83 1.03 20.19 66.3 13.3 59
22 —5.19 —3.44 — 1.75 1.05 20.28 80.3 17.1 59
23 —5.15 —4.42 — 1.73 1.10 20.16 69.4 15.5 59
24 —5.42 ~3.69 — 1.73 1.01 21.40 65.0 14.00 60
25 —5.22 -3.57 — 1.65 1.01 21.90 68.0 15.00 61
26 -5.35 —3.58 — 1.77 0.87 19.01 50.56 8.33 64
27 —5.26 -3.34 — 1.92 0.89 17.52 46.52 7.25 64
28 —5.06 -3.61 1.90 x 107* 1.45 1.07 23.00 72.8 16.80 65
29 —5.20 -3.50 4.79 x 1072 1.70 1.08 21.32 68.0 15.73 67
30 —-5.13 —3.36 2.16 x 107° 1.77 1.09 23.20 76.0 17.80 70
31 -5.11 -3.30 3.42 x 107* 1.81 1.06 21.08 73.0 16.28 71
32 —5.30 ~3.70 1.80 x 1072 1.60 0.99 18.80 55.0 11.50 72
14 -5.2 -3.5 3.85 x 107* 1.70 1.01 20.90 64.0 14.89 74
14 —5.28 — — — 1.015 22.15 74.8 16.85 74
33 — — — — 1.15 23.60 74.2 20.09 75
33 —5.20 —3.50 — 1.70 1.07 22.60 77.5 18.80 76
34 —4.98 -3.21 5.02 x 107° 1.77 1.02 20.01 60.0 12.52 77
35 —4.96 -3.23 8.21 x 107° 1.73 1.04 20.62 64.0 13.66 77
36 —4.95 -3.24 11.4 x 107° 1.71 1.10 21.00 68.0 15.74 77
37 —5.06 -3.61 3.84 x 107° 1.99 1.01 22.44 73.43 16.61 78

To investigate the hole mobility of 5 and 6, they measured
space-charge limited current (SCLC). Hole mobilities of 5 (3.06
x 107%) and 6 (2.89 x 10~ *) were higher than that of spiro-
OMeTAD (1.58 x 10™*). Moreover, they calculated the hole
reorganization energy (ER). The calculated values were 303 meV
in 5, 374 meV in 6 and 495 meV in spiro-OMeTAD. Those ER
values showed compounds 5 and 6 had advantages as HTMs.
The PCEs of devices using 5 (17.8%) and 6 (15.4%) were
comparable to the PCE of the spiro-OMeTAD system (18.6%)
under the same conditions. At that time, the PCE of over 17%
was the highest yet reported for perovskite solar cells with
porphyrin- or Pc-based HTMs. The device using 5 also showed
excellent stability. The spiro-OMeTAD systems require hygro-
scopic dopants,*” which results PCE decreasing by 45% after 30

This journal is © The Royal Society of Chemistry 2020

days in the atmosphere (20-25 °C, 40-45%), whereas the devices
using 5 showed a decrease of only 15%.

Azmi et al. synthesized three types of zinc porphyrins bearing
triphenylamino groups (7-9) to investigate the effect of intro-
ducing fluorine, an electrophilic group, on the porphyrin
substituents with the aim of improving electrochemical prop-
erties and device performance.”* The HOMO levels by CV
measurement were —5.14 eV for 7, —5.37 eV for 8, and —5.24 eV
for 9. Introducing more fluorine atoms or positioning a fluorine
atom close to the porphyrin core lowered the HOMO level. A
similar trend was also observed using ultraviolet photoelectron
spectroscopy (UPS). The PCEs when lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) and 4-tert-butylpyridine
(¢-BP) were used in the HTM layer were 16.4% for 7, 18.9% for 8,

RSC Adv, 2020, 10, 32678-32689 | 32681
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and 17.7% for 9. The difference of the HOMO levels clearly
affected open-circuit voltage (Voc). To evaluate hole injection
from the perovskite layer into the HTM layer, Azmi et al. per-
formed photoluminescence (PL) measurement. While a strong
peak was observed around 770-780 nm. In only perovskite layer,
the PL peaks were remarkably small in the devices using 7-9.
This observation reflected the transport of holes from the
perovskite layer to the HTM layer. Among the three, 8 had the
smallest peak. From this result, they considered that the
introduction of fluorine not only lowers the HOMO levels but
also facilitates effective hole transport between the perovskite
layer and the HTM layer. Furthermore, 2D-GIXRD showed that
7-9 were layered with a face-on orientation with respect to the
perovskite layer. Among them, compounds 8 and 9 were tightly
stacked compared with compound 7, indicating that fluorine
improved the intermolecular interactions. For the stability of
the device in the atmosphere, the additive-doped compound 8
system was also more stable than the additive-doped spiro-
OMEeTAD system. After 40 days, the order of their PCEs was
reversed (8: 17.0%; spiro-OMeTAD: 16.5%).

The same research group synthesized compounds 10 and 11,
in which the phenyl group closest to the porphyrin core was
replaced with a pyridine-based electron-deficient group. They
investigated the effect on the performance of HTMs.* In addi-
tion, by using ZnO instead of TiO, as the electron-transport
material (ETM) layer, a low-temperature process was demon-
strated in which the temperature required for the entire device
fabrication process was only 140 °C. Compounds 10 and 11
containing pyridine have lower HOMO levels than the
triphenylamine-type compounds. As a result, the electron-
donating property of the arylamine to the porphyrin core was
suppressed. The trend of HOMO levels was reflected in Voc.
Compound 11 having the lowest HOMO level gave the highest
Voc (1.05 V). The PCE for 11 was 14.1%, which was close to that
of the reference using spiro-OMeTAD (14.6%) prepared under
the same conditions. The difference between short-circuit
current density (Jsc) obtained from the actual measurement
and the external quantum efficiency (EQE) spectrum was less
than 4% for all the compounds. 2D-GIXD measurements
showed that pyridine-substituted compounds 10 and 11 had
stronger face-on stacking than the triarylamine compounds.
Because the pyridine-containing compounds were relatively
superior in terms of hole mobility according to SCLC, the
pyridine moiety was considered to promote the face-on stacking
and consequently improve the hole mobility.

Because perovskite solar cells using doped spiro-OMeTAD as
HTMs are unstable to the atmosphere and humidity, consid-
erable efforts have been devoted to improving stability by
various approach. In recent years, it has been found that at
around 80 °C, CH;NH;' and I™ ions in the perovskite layer
diffuse into the spiro-OMeTAD layer, lowering device efficiency.
Lv et al. reported the use of a zinc porphyrin derivative (12) with
acylhydrazone substituents as HTMs to improve the thermal
stability of perovskite solar cells.*® Their previous studies have
shown that acylhydrazone-substituted porphyrins exhibited
excellent charge carrier mobility. To investigate the effect of 12
on the perovskite layer, Fourier-transform infrared spectroscopy

32682 | RSC Adv, 2020, 10, 32678-32689
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was performed for the device with a structure of TiO,/perov-
skite/12, which exhibited an absorption peak derived from Pb-
N vibration at 418 cm™". This result showed that the acylhy-
drazone of 12 and the nitrogen atom of the pyridine site were
effective for electronic passivation of Pb** in the perovskite
layer. In addition, electrochemical impedance measurements
showed that the device using 12 had a lower resistance to hole
transport and a higher charge recombination resistance than
the spiro-OMeTAD system. The device using 12 showed a high
PCE of 17.8%. The thermal stability of the fabricated devices
was investigated at 85 °C under a nitrogen atmosphere. After
100 h, the PCE of the spiro-OMeTAD-based device dropped to
nearly 20% of the initial value, whereas the 12-based device
showed almost no change, with PCE remaining above 90% of
the initial value. This result suggested that 12 was useful for
improving the thermal stability of perovskite solar cells.
Recently, Reddy et al. reported porphyrin 13 having a D-t-D
configuration with N-octyl phenothiazine units.** Interestingly,
the device using 13 as HTMs was fabricated through a screen-
printing process. This method enabled fabrication of large-
area devices and minimized the waste of materials. The device
using 13 without a dopant gave a good Jsc of 19.66 mA cm ™ and
a PCE of 11.26%. This was the highest reported efficiency at the
time in a porphyrin hole-transport layer (HTL)-based perovskite
solar cells using a carbon-graphene composite as a cathode.

2.3 Phthalocyanines as hole-transport materials in
perovskite solar cells

Thus far, we have discussed examples in which not only
porphyrins but also various Pcs were used as HTMs in perov-
skite solar cells. The use of Pcs as HTMs in perovskite solar cells
was first reported in 2015. The first copper phthalocyanine
(CuPc, 14) HTM was introduced into perovskite solar cells by
vacuum thermal evaporation by Kumar et al.,*> who obtained
a PCE of 5.0%. Then, Ramos et al. reported a non-aggregated
Zn(m)octa(2,6-diphenylphenoxy)Pc (15) used as a solution-
processable HTM for perovskite solar cells.*®* A PCE of 6.7%
was obtained with the use of LiTFSI and ¢BP additives. The
Lianos group reported a soluble zinc Pc with four triphenyl-
amine groups (16) and a triphenylamine-based substituent for
fabrication of devices through spin-coating.** The obtained PCE
achieved 5.60% under the optimized conditions. Subsequently,
they increased the PCE to 13.65% by using a mixture of 16 and
Al,O; as the buffer layer.>

Gao et al. synthesized a symmetric zinc Pc 17 bearing four
thiophene groups with low bandgap characteristics as a HTM in
perovskite solar cells.”® They observed the time-resolved PL
decay at the perovskite/compound 17 interface and revealed
that 17 exhibited the quick quenching as same as spiro-
OMEeTAD. A device with a structure of fluorine-doped tin oxide
(FTO)/TiO,/meso-TiO,/CH3NH;Pbl;/17/Au gave a PCE of 4.21%.
This low PCE was attributed to the shunt path between the
perovskite layer and the gold electrode. The low solubility of 17
resulted in insufficient film thickness and inhomogeneity of the
HTM layer. The authors proved this inference by a cross-
sectional SEM measurements of the devices. To address this
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problem, they inserted aluminum oxide as a buffer layer at the
perovskite-HTM interface. Aluminum oxide increases the
thickness of the HTM layer and prevents contact between the
perovskite layer and the gold electrode. In the device with
aluminum oxide (FTO/c-TiO,/meso-TiO,/CH;NH;PbI;/meso-
Al,03/17/Au), the conversion efficiency improved to 12.8%.

Compounds 18-20 are zinc phthalocyanine compounds
bearing secondary amines.”” Computational studies showed
that the introduction of secondary amines significantly affected
the photochemical and electrochemical properties of Pcs.
Compound 18-20 bearing amines as electron-donating group
had high HOMO/LUMO levels and narrow bandgaps according
to electrochemical measurements. The V¢ of perovskite solar
cells using these compounds were high, exceeding 1 V. The
maximum PCE of 11.8% was recorded using 17.

Spiro-OMeTAD and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)
amine] (PTAA) are currently most famous HTMs, however these
compounds are expensive because they require multistep
synthesis and purification. For this reason, the development of
alternative materials with reduced manufacturing costs is
required for perovskite solar cells. The excellent stability and
conductivity of Pcs make them a possible alternative to spiro-
OMeTAD and PTAA. As of 2016, examples of using Pc
complexes with copper as the metal center had been reported,
but HTM layers using these complexes required a vacuum
deposition process for device fabrication. Therefore, these
compounds were not suitable for reducing the manufacturing
cost. Wu et al. synthesized a zinc phthalocyanine compound (21)
with improved solubility to enable the film formation by spin-
coating.”® Cross-section SEM image indicated that 21 was coated
on the perovskite layer sufficiently with uniformity. The PCE of
the resulting device was 5.16%, and the fill factor (FF) was 0.341,
which is rather low. The current density and voltage (J-V) curve
showed significant hysteresis. Although the authors thought this
modest device performance was derived from their immature
device fabrication procedure, they concluded 21 was suitable for
the solution process and had a potential for the low-cost HTMs.

Cho et al. selected three Pc derivatives with different bulki-
ness of substituent (21-23) to investigate the impact of steric
effects and aggregation of Pc derivatives on charge-transfer
properties.* Compound 22 was a new compound, but the
other two had already been reported. The PCEs were 13.3% for
21, 17.1% for 22, and 15.1% for 23. SEM images of the surfaces
of Pc derivatives by spin-coating showed that the flower-type
brunched micrometer-size aggregates were observed in the
case of compound 22. They mentioned the aggregation
enhanced the device performance. Compound 22 also showed
excellent lateral conductivity of the HTM layer of 8.0 x
10> S cm ™! compared with 21 (5.0 x 1077 S em™ ') and 23 (6.0
x 1077 Sem™).

A copper phthalocyanine (24) with triisopropylsilyl groups
for improving the solubility and enabling solution process-
ability has been reported.®® According to DFT calculations, 24
had a lower recombination energy than that of spiro-OMeTAD
(24: 239 meV; spiro-OMeTAD: 495 meV). The authors, Jiang
et al., employed a low-cost carbon electrode for the device with
24. The device performance using 24 as HTMs without dopant
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gave a PCE of 14.0%. According to the stability test in the dark,
the device using 24 maintained 90% of its PCE for 30 days, while
that of the spiro-OMeTAD device decreased to 80% or less. This
difference in stability was attributed to the hydrophobicity of
the HTM layer. The water contact angles of the surface of
compound 24 and spiro-OMeTAD were 104.5° and 82.5°,
respectively. That indicated that the thin film of 24 was highly
hydrophobic.

To improve the solubility, Jiang et al. reported a copper phtha-
locyanine derivative (25) with tert-butyl triphenylamine groups.®
Although the hole mobility of 25 was as low as 5 x 107 S ecm ™', it
was improved to 8.9 x 107 ® S ecm ™' by adding the p-type dopant
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F,-TCNQ; 6%
w/w). The authors employed carbon electrode to enable solution-
processing for all fabrication process owing to avoidance of
vacuum deposition.®” PCE was 10.5% using 25 compared to 9.3% in
absence of HTL. This PCE was further increased to 15.0% when 25
was used with F,-TCNQ (6% w/w). They thought compound 25 layer
was prevented direct contact between the perovskite and the carbon
electrode. The HTL using 25 consequently restrained charge
recombination and extract a hole.® To further investigate the elec-
trochemical properties, they measured electrochemical impedance
measurements (EIS) and showed that the HTM-free device had
higher hole transport resistance and the device using 25 had high
charge recombination resistance at any voltage.

Calio et al. also synthesized 26 and 27 with 4-tert-octylphe-
noxy substituents for spin-coating deposition.** Spin-coating
process could control the thickness of HTL by the concentra-
tion of HTMs. The authors found the thinnest HTL with 10 mM
gave the best PCE of 8.33%, a V¢ of 0.87 V, Jsc of 19.01 mA cm >
and FF of 50.56%. They concluded this result was caused from
a decrease in series resistance. The series resistance decreased
from 211.22 to 71.55 Q cm? for 30 mM to 10 mM concentrations.

Cheng et al. reported the use of a new nickel-centered Pc
derivative, 28.%> Although the device using 28 gave a PCE of
9.9%, there was a problem of a low V. The factor affecting V¢
generally is considered from the HOMO level of the HTMs,
however, the author focused on the morphology of the HTL.*
SEM images showed that the spiro-OMeTAD layer (80 mg mL™ ")
uniformly covered the crystals of the perovskite layer, whereas
the crystals of the perovskite layer were visible on the surface of
28 (30 mg mL™"). Thus, they thought the recombination of
holes and electrons might decreased Vo and FF. To solve this
problem, they considered two methods. One was the increasing
of the film thickness of the HTL, and the other was the intro-
ducing an additional buffer layer between the HTL and the gold
electrode. Although the former was simple because it could be
accomplished by increasing the HTM concentration, an addi-
tive was required to prevent the FF from decreasing with
increasing film thickness. The PCE increased to 17.0% when the
concentration of 28 was increased to 50 mg mL™~ " and LiTFSI
and ¢-BP were used as additives. On the other hand, a buffer
layer did not require the use of additives. Vanadium oxide, a p-
type metal oxide, was employed as the buffer layer and it gave
a PCE of 17.6%. In this system, the HTL using 28 was fabricated
from a 30 mg mL " solution, and no additives were required.
SEM images confirmed that no crystals of the perovskite layer
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were visible on the surface of the vanadium oxide layer. Since
the efficiency of the device using only vanadium oxide as the
HTM was about 10.9%, they concluded that the combination of
the 28 as the HTL with the inorganic buffer was important for
improving performance. In stability testing, the device using 28
with vanadium oxide showed slower deterioration of PCE
compared with the spiro-OMeTAD system. The order of the
PCE:s of the two systems reversed within 10 days at 20-25 °C and
40-45% relative humidity. This was derived from the low
hygroscopicity of the 28 and vanadium oxide combination. The
device surface did not change after 30 days for the 28 and
vanadium oxide system, whereas the doped spiro-OMeTAD
system showed deterioration of the perovskite layer.

The effect of orientational differences during the formation
of Pc films was investigated by Yang et al. They compared
unmodified copper phthalocyanine (CuPc) with a methylated
CuPc derivative (29).%” GIXRD showed that pristine CuPc had an
edge-on orientation and 29 had a face-on orientation on the
perovskite layer. Time-resolved PL measurements of each device
indicated that the system with 29 had a shorter PL lifetime. This
suggested that the face-on orientation of 29 was superior to the
edge-on orientation of the pristine CuPc system for the
extracting of hole from the perovskite layer. The PCEs were
12.6% for the pristine CuPc system and 15.7% for the
compound 29 system. The pristine system had hole mobility of
7.25 x 107" em® V s~ while that of the 29 system was 4.79 x
1072 cm® V s~ . The latter value was also superior to that of the
spiro-OMeTAD system. This result came from the strong m—m
stacking of 29 in the face-on orientation. The difference of
orientation also greatly influenced the device stability.®® AFM
measurement of HTL showed the particle sizes of the surface
were about 100 nm using pristine CuPc and 20 nm using 29. The
water contact angles on the surface also were 81.2° for the
pristine CuPc and 119.6° for 29. The difference of contact angle
was attributed to the additional hydrophobicity of the methyl
group as well as the difference in orientation.”® In stability
testing at 25 °C and 50% humidity in air, the PCE after 2000 h
kept over 95% in the HTL using 29. Therefore, it is presumed
that the face-on orientation contributes greatly to the stability of
these perovskite solar cells.

Furthermore, the same research group reported orientation
studies using soluble compounds which could be employed for
solution processes.®””® They used a new compound with propyl
chains (30) that had excellent solubility. GIXRD explained that
30 showed an edge-on orientation on the FTO glass surface,
whereas the mixture of edge- and face-on orientation on the
perovskite layer. Hole mobility on the face-on orientation was
superior to that of the edge-on orientation. PL measurements
showed that the luminescence peak of the perovskite layer/30
was weaker than that of the perovskite layer/spiro-OMeTAD.
Similarly, in time-resolved PL measurement, the carrier life-
time of the perovskite layer/30 was shorter than that of the
perovskite/spiro-OMeTAD. Excellently, the best PCE using 30
reached 17.8% compared with a PCE of 17.5% using spiro-
OMeTAD. The authors also verified that covering the surface
of the perovskite layer using 30 was effective for ensuring device
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stability. In stability testing at 25 °C and 75% humidity, over
94% of an initial PCE was maintained even after 800 h.

To reduce charge recombination, Zheng et al. synthesized
compound 31 with a palladium atom at the Pc core.” Compared
with the octamethylated CuPc complex 29,* the triplet state of
heavy elements, such as palladium metal, has been shown to
increase carrier diffusion length (Lp). Transient absorption
spectroscopy showed that 31 had a carrier lifetime of 7.7 ns.
This lifetime was longer than that of 3.4 nm using corre-
sponding copper complex 29. Although a long charge lifetime
was likely to lead to charge recombination, compound 31
showed an increase in the hole mobility due to the strong spin-
orbit interaction of a palladium atom. As a result, the Ly, of 31
was 26.00 nm, which was an improvement from the Ly, of 29
(20.45 nm). The employment of 31 gave a PCE of 16.28%.

Dao et al. investigated the effect of annealing of HTL to the
device performance.” They fabricated a device using a metal-
free Pc derivative (32) and confirmed a significant improve-
ment in PCE from 6.1% to 11.5% after treatment under the
optimum annealing conditions at 130 °C for 10 min compared
with the case without annealing. They then compared other
indicators in the case of pristine/annealed devices. In the EQE
spectrum, the yield at 480 nm was improved from 78% to 84%,
and the emission suppression of the perovskite layer in the PL
spectra also increased from 65% to 72% after annealing.
Furthermore, the hole mobility obtained by photo-charge
extraction by linearly increasing voltage (photo-CELIV)
measurements was nearly 10 times for the annealed device
compared with the unannealed device (1.8 x 107% ecm® V s *
versus 2.8 x 10~* em® V s7'). Those results demonstrate that
annealing is effective for improving device performance.

The influence of the temperature during vacuum deposition
of the HTL to device performance was also investigated using
a generic CuPc (14).” As a result, PCE was improved from 7.80%
at 30 °C to 14.9% at 100 °C. This value was superior to the
efficiency achieved with spiro-OMeTAD produced under the
same conditions (13.4%). When SEM images of the HTL formed
at 30 °C and 100 °C were compared, needle-like aggregates were
observed at 100 °C. It was speculated that the acicular aggre-
gates provided an ideal interface with the perovskite layer and
were effective for the extracting of hole. Lei et al. also manu-
factured a flexible device using the same compound CuPc 14 on
polyethylene terephthalate (PET)-ITO substrates.”* CuPc was
inserted between a vanadium oxide layer and the electrode as in
their previous report.** They achieved a high PCE of 16.9% in
a device using 14 and vanadium oxide as the HTL on a glass
substrate. Notably, they also fabricated devices using PET-ITO
substrates, and even in this system, a High PCE of 14.4% was
obtained. It was slightly lower than that of the device on a glass
substrate owing to the large series resistance and the low
transparency of the PET substrate. However, the fabrication of
flexible devices using PET-ITO substrates did not require high
temperature more than 60 °C throughout the all process. This
was advantageous for improving the manufacturing process in
perovskite solar cell research.

With respect to device stability, Duong et al. studied the
morphology of HTL for high thermal stability.” In the HTL
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using Pc or porphyrin derivatives stacked by spin coating,
cracks were obtained. Those cracks led to short-circuiting and
charge recombination due to the direct contact between the
perovskite layer and the metal electrode. The authors produced
a device using a commercially available and soluble CuPc
derivative with four tert-butyl groups (33) and confirmed that
cracks appeared in the HTM layer. To address this problem,
they proposed a thermal treatment at 85 °C for 20 h in nitrogen
atmosphere. This thermal treatment improved the PCE from
7.5% to 18.7% on average. Notably, the champion efficiency
with this approach reached to 20.1%. SEM images explained
that the cracks were observed on the HTL before thermal
treatment while those cracks disappeared and gold particles of
Au electrode were formed after the annealing. The authors
explained that the gold particles at the contact area migrated
and were rearranged between the perovskite layer and the gold
electrode by the thermal treatment. Those particles thereby
shut the cracks and suppressed short-circuiting and charge
recombination. GIXRD and UPS measurements did not show
changes on the surface of the HTL before and after thermal
treatment. However, in the case of thin Au layer of about 5 to
10 nm, the work function changed after the thermal treatment.
From this change, the authors speculated that the gold nano-
particles penetrated into the HTM layer during the thermal
treatment.

Regarding the stability of perovskite solar cells, many papers
have discussed device stability against humidity and light irra-
diation, but there have been few reports on thermal stability.
Duong et al. studied the thermal stability of devices” using 33
as HTM.”® The fabricated device gave a PCE of 18.8% under the
optimal conditions. The rate of decrease of PCE by the thermal
treatment in a nitrogen atmosphere was tested. The devices
using general spiro-OMeTAD or PTAA as HTMs exhibited
a sudden decrease at 85 °C. Then, at 130 °C, the efficiency had
decreased by more than 60% compared with that of devices kept
at room temperature. However, for the devices using 33, there
was almost no decrease in PCE even after thermal treatment at
130 °C for 30 min. Furthermore, the devices using 33 were
stable even after 50 thermal cycles from —45 °C to 85 °C. The
authors speculated that the strong interaction between the
perovskite layer and the HTM layer led to the good performance
of the devices. GI-XRD revealed that 33 was stacked on the
perovskite layer in a face-on orientation. In addition, the
physical adhesion of the perovskite layer and the HTL were
confirmed by the tape test.

Guo et al. synthesized three Pc derivatives (34, 35, and 36)
with different types of substituents and different central
metals.”” The PCEs of the fabricated devices were 12.5% for 34,
13.7% for 35, and 15.7% for 36. SEM images of the compounds
showed that the film of 36 had few pinholes. The film of 36 also
exhibited the highest hole mobility. Because hole mobility was
related to the hysteresis of the devices, few hysteresis was found
in the device for 36. They also investigated device stability under
light irradiation at 60 °C. The spiro-OMeTAD based device
fabricated under the same conditions showed an efficiency drop
of more than 90% after 500 h of irradiation. Interestingly, the
performance decreased less than 30% for the devices with 36.
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This difference of stability was derived from the hydrophilicity
of the HTL. The water contact angle on the film of 36 was 92.27°,
whereas that of the spiro-OMeTAD film was 58.22°.

Hu et al. reported the mixture HTL composed form Pc
derivatives and another organic compound.” They employed
a low-cost octamethyl Pc derivative (37) and poly(3-
hexylthiophene-2,5-diyl) (P3HT). The optimal ratio of
compound 37 : P3BHT was 1 : 1, which gave a PCE of 16.6%. This
value was superior to that of the spiro-OMeTAD device (16.1%)
fabricated under the same conditions. The device using 37 with
P3HT showed better hole mobility than that of a device with
only P3HT as HTL. AFM measurements confirmed that the film
containing both 37 and P3HT was smoother. The contact angle
of the 37/P3HT composite was larger than that of P3HT alone,
and the efficiency of the device with the 37/P3HT composite
maintained 90% of its device efficiency even after 800 h at 75%
humidity.

2.4 Porphyrins and phthalocyanines at other places in
perovskite solar cells

There are a few examples of using Pcs as additives in the HTLs
of perovskite solar cells. Zhang et al. reported perovskite solar
cells using the water-soluble Pc 38 (Fig. 2) as an additive in
a  poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) HTL of a perovskite solar cell.”” A PCE of 18.90%
was obtained when 10 wt% 38 was added to PEDOT:PSS (Table
2). Wang et al. also reported the use of 38 with F,-TCNQ as
a dopant for high device performance.** Due to the strong
electron affinity of F,-TCNQ, 38 was effectively p-doped,
reducing the series resistance of the devices. As a result, the
device employing 38 : F,-TCNQ as the HTM exhibited a PCE of
16.14% in a p-i-n structure and 20.16% in an n-i-p structure,
respectively. Interfacial engineering has also been reported in
which porphyrin derivatives were used as a cathode buffer layer
in perovskite solar cells. Liu et al. synthesized a porphyrin 39
that was soluble in alcohol through introduction of pyridinium
acetylene at the meso position.** By making the compound
soluble in alcohol, it could be used as a substitute for bath-
ocuproine (BCP), which has been widely used in solar devices.
Compound 39 was used as a cathode buffer because it has
a LUMO level equivalent to that of BCP and a HOMO level
higher than that of PCBM according to electrochemical
measurements. When the device was fabricated, V¢, Jsc, and
FF improved compared with those using BCP, and PCE
increased from 15.6% to 17.5%.

Cao et al. synthesized Co(u)/(m) porphyrins (40 and 41) that
have lower HOMO and LUMO levels than those of spiro-OMe-
TAD.*” They anticipated smooth charge carrier transfer by
energy level alignment with the perovskite layer. When Co(u)/(1)
porphyrin was used as an HTM instead of spiro-OMeTAD, the
PCEs of 30 devices were slightly improved from 19.1 + 1.0% to
19.7 £ 1.1%. The device using Co(u)/(m) porphyrin was ther-
mally stable, and PCE was almost entirely maintained after
annealing at 85 °C for 1000 h in a nitrogen atmosphere, whereas
the PCE of the device using spiro-OMeTAD dropped to 20% of
its initial value. After thermal annealing, cross-sectional SEM
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Fig. 2 Structures of porphyrins and phthalocyanines for interface engineering.

measurements showed that the crystal structure of perovskite The Huang group reported the use of porphyrin 42 between
was disrupted in the spiro-OMeTAD-based devices, but was the PEDOT:PSS and perovskite layers in inverted perovskite
maintained in the Co(u)/(n) porphyrin-based device. solar cells.** The HOMO levels of 42 are located between those

Table 2 Photovoltaic performance of perovskite solar cells using porphyrins and phthalocyanines at various places

Type HTM, ETM hybrid, or active layer Voc [V] Jsc [mA em™?] FF [%] PCE [%] Ref.
HTL PEDOT:PSS + 38 (10 wt%) 1.08 23.01 77.0 18.90 79
HTL 38 + F,-TCNQ (2.5 wt%) 0.96 21.71 77.0 16.14 80
HTL Spiro-OMeTAD/38 + F,-TCNQ (2.5 wt%) 1.12 24.32 74.0 20.16 80
ETL 39 1.07 21.15 77.75 17.5 81
ETL BCP 1.02 19.98 76.0 15.6 81
HTL 40 + 41 (ETM, TiO,) 1.12 23.61 74.45 19.61 82
HTL 40 + 41 (ETM, TiO,:sinapoyl malate) 1.13 23.62 76.66 20.47 82
HTL PEDOT:PSS/42 0.93 21.90 69.0 14.05 83
Hybrid 43 0.93 18.19 56.3 9.52 84
Hybrid 43:PCs,BM 1.04 23.32 78.4 19.00 84
Active layer 33 1.02 22.60 75.0 17.30 85
Active layer 444 5 MA,_1Pb,I5,11 1.11 23.55 77.28 20.26 86
Active layer 45 + MAI + PdI, 1.09 22.64 73.66 18.26 87
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of PEDOT:PSS and perovskite, so smooth hole transport can be
expected. In fact, it contributed to the elimination of hysteresis
and improvement of Vo, Jsc, and FF, and PCE improved from
11.35% to 14.05%.

The group of Peng and Jen succeeded in reducing intermo-
lecular recombination by using porphyrin derivative 43 and
PCs;BM as a bulk heterojunction (BHJ) layer on the perovskite
layer in perovskite/BH]J hybrid solar cells.** This BH]J layer works
as an HTL in this hybrid system, enabling the absorption of
long-wavelength light. The device performance of this system
was higher than that of the porphyrin only system and the PCE
remarkably improved from 9.38% to 18.3%, surpassing the
spiro-OMeTAD-based device (17.1%). This was because Jsc
improved from 21.37 to 23.32 mA cm ™.

An example of using tetrakis(tert-butyl) compound 33 as an
additive in the perovskite active layer has been reported by Wu
et al.*® They showed that PCE increased from 15.3% to 17.3% by
doping a small amount of 33 (4.4 x 10> mM) into the perov-
skite photoactive layer. SEM images of the perovskite layer
showed pinholes in the films without the additive, which dis-
appeared upon addition of 33. Pinholes are known to cause
charge recombination by allowing contact between the perov-
skite and TiO, layers respectively above and below the HTM
later. Therefore, prevention of pinholes by the addition of 33
was effective in suppressing the charge recombination. It was
also found that using 33 as an additive can reduce device
hysteresis. Furthermore, the EQE and UV-Vis spectra showed
that the efficiency of light absorption was also improved by the
addition of 33. This was reflected by the Jsc value (no addition:
20.0 mA cm™?; with addition: 22.6 mA cm™?).

Cao et al. used a Pc derivative bearing cationic ammonium
groups (44) as a passivating layer to form a 2D perovskite.®
Coating this compound on the perovskite layer induced inter-
action between the perovskite grains to form a 2D structure. As
a result, both PCE and stability improved. When combined with
the above-mentioned Co(u)- and Co(m)-based porphyrin
compounds,® the PCE was initially higher than 20% and the
initial efficiency remained at more than 90% of this value under
45% humidity at 85 °C for 1000 h. Furthermore, large-scale
application was made possible by stabilizing the perovskite
grains. A large-area device with mono-ammonium zinc
porphyrin 45 with an effective area of 1.96 cm? showed a PCE of
18.3%.%

3. Conclusion

This review summarized the application of porphyrin and Pcs in
perovskite solar cells as HTMs, as additives in photoactive
layers, and as interfacial layers for energy level engineering. For
example, spiro-OMeTAD, a typical HTM can be replaced with
porphyrin and Pc derivatives to improve the stability of perov-
skite solar cells. In some cases, the improved stability came
from the hydrophobicity of the porphyrin and Pc layers even at
high humidity and temperature. Advantages related to the face-
on orientation of porphyrins and Pcs were realized by spin-
coating on a perovskite layer. Some porphyrin and Pc deriva-
tives have good solubility in organic solvents allowing solution
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processing on flexible substrates for flexible perovskite solar
cells.

In addition, porphyrins and Pcs have been used to construct
hybrid organic and perovskite solar cells, where a BHJ con-
taining porphyrins absorbs long-wavelength light and act as the
HTL of the perovskite solar cells. Porphyrins and Pcs were also
used to modify interfaces to obtain good morphology of the
active layers and interfaces. For instance, porphyrins containing
cationic parts can act as an interfacial material to form a 2D
perovskite structure. We hope this review article is useful for
understanding how porphyrins and phthalocyanines can be
used in perovskite solar cells to improve device performance
and stability.
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