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ABSTRACT: An interfacial engineering approach was adopted in order to optimize the
photovoltaic parameters and the stability of n-i-p planar perovskite solar cells (PSCs). A
thin manganese (Mn) porphyrin [(TMePyP)I,Mn(AcO)] layer was introduced between
the titania (TiO,) electron transport layer (ETL) and the perovskite absorber. The
introduction of porphyrin onto the TiO, substrate provoked a significant decrease in the
work function (Wg), which arose from the large local dipole moment. The modification o e
also provided a more hydrophobic environment that favored the growth of homogeneous ey

and large perovskite crystals. Moreover, the electron charge transport to the ETL was
facilitated via the highly paramagnetic character of the Mn porphyrin, whereas the
negative impact of humidity and oxygen on the PSC performance was hindered. Density
functional theory analysis justified the observed large decrease of the Wy and the strong
electronic coupling of porphyrin with the TiO, compact layer (following the porphyrin
deposition), which are beneficial for electron extraction. By combining the Mn porphyrin
and the CH;NH;Pbl; perovskite, significant enhancement of the stabilized power
conversion efficiency by 22% was recorded. The shelf-shield stability was also improved after more than 600 h of storage in the dark
under ambient conditions.
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1. INTRODUCTION corresponding type of charge carriers and the blocking of the
opposite as well as the beneficial alteration of physical contact
(i.e, reduced hydrophilicity and a lower surface roughness)
between the electrodes and the corresponding photoactive

Solar energy is one of the most important renewable energy
resources, thus research is focused on photovoltaic (PV)
devices that can directly convert solar energy into electricity in

an effective, eco-friendly, and economical way. Among the layer."> Besides the PCE increase, they also affect the overall
third-generation PV technologies, perovskite solar cells (PSCs) stability of PSCs, as these devices can also suffer from intrinsic
have revolutionized the field as they exceeded 25% power instability and/or degradation of the perovskite layer under
conversion efficiency (PCE) within only a few years of external strain such as UV light, thermal stress, or electric
development.' ™ Perovskite absorbers are characterized by bias."*
near-ideal optoelectronic properties,’ including the tunable Therefore, the functionality of ETL and HTL is crucial for
band gap, high carrier mobility,” and long carrier lifetime,® the device’s overall performance. Concerning the ETL,
enabling solution-processed and low-cost fabrication meth- compact titanium dioxide (TiO,) is among the best perform-
ods.” ance materials used in planar PSCs, disposing excellent
The state-of-the-art PSCs adopt the mesoporous'* scaffold transmittance and energy bands suitable for a large number

configuration, though the planaru‘12 structure is also of

interest because of fabrication simplicity and low manufactur-
ing cost. This structure, denoted n-i-p, consists of a perovskite
absorber sandwiched between a compact n-type electron
transport layer (ETL) and a p-type hole transport layer
(HTL). The presence of charge-selective contacts is crucial as
they ensure the transport of photogenerated electrons and
holes in the perovskite absorber toward the anode and cathode
electrodes. In general, their role concerns the optimization of
the energy barriers necessary for the selective extraction of the

of perovskite materials, while it can be easily synthesized and
deposited by solution-processed methods.'> Nevertheless,
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TiO, is also characterized by low conductivity and poor
electron mobility, along with many defects (oxygen vacancies
and Ti** ions) that are responsible for high carrier
recombination rates at surface trap states.”®™'® To confront
these issues, various modifications of the TiO, layer have been
proposed including element doping'”*° or bifacial engineering
with other electron transport materials, such as PCBM or
$n0, 222

In this context, a promising interface engineering ap-
proach®** is the incorporation of a dye molecule at the
ETL/perovskite interface, which can act as an electron
transport mediator and facilitate the electron extraction at
the anode. Following this concept, the modification of the
TiO, ETL by chemisorbing the hydrophobic D35 organic
dye™ resulted in an overall improvement in the PSC device
performance and stability attributed to the improved nano-
morphology of the photoactive layer and enhanced electron
injection rate toward TiO,. Until now, porphyrins have been
widely utilized in various energy-related applications (e,
organic solar cells, molecular hydrogen production, and so on)
because of their unique and easily tunable electrochemical and
optical properties.”*™*° In addition, the preparation of
symmetrical tetrasubstituted porphyrin macrocycles is a well-
established and low-cost approach, thus enabling the large-
scale application of such derivatives.”' —** Zinc (Zn)-metallated
porphyrins represent the most studied class of porphyrin
materials that have been widely applied as hole transporter
interlayers in organic and perovskite hybrid solar cells,
respectively.”> ™" As electron transport mediators, they have
only been recently introduced in the literature with intriguing
results.*”*" Thus, they comprise robust candidate materials for
interfacial engineering.42’43 We note, however, that until now
only zinc-metallated porphyrins have been applied as effective
interfacial modifiers despite a vast variety of other metallated
porphyrins having been proven to be beneficial in several
classes of energy-related applications.”"*> A notable exception
is the recent application of a europium (Eu) porphyrin as a
perovskite grain boundary-passivating agent, resulting in the
fabrication of PSCs with improved performance and stability.*®
In this work, the authors demonstrated that europium cations
may interfere with perovskite crystal formation, hence
improving the quality of the resultant perovskite films and
reducing the grain boundary-related defect states. Recently, the
incorporation of manganese (Mn) cations within the perov-
skite precursor has shown to have similar effects as it allowed
the fabrication of defect-passivated perovskite films and
enhanced the performance of the corresponding solar cells.””

Herein, we expand the investigation on porphyrin
compounds as interfacial materials by incorporating Mn
porphyrin in the ETL/perovskite interface of planar PSCs,
resulting in a significant increase in the stabilized PV efficiency.
We based our selection on the established role of Mn-bearing
compounds in controlling the grain size and passivating defects
in several types of perovskite materials.”® We found that the
role of the porphyrin interlayer above the TiO, substrate is
very crucial for the device operation. Indeed, it creates a more
hydrophobic environment that favors the growth of more
homogeneous and stable perovskite films with larger and better
crystallized perovskite grains. This leads to a net increase in the
photocurrent density, a fact clearly reflected in the total PCE
improvement. Moreover, the porphyrin interlayer improves the
electron transfer to the anode through a significant decrease in
the work function (Wy) of the ETL combined with
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suppression in charge recombination. The latter could be
related to the passivation effect of Mn in the perovskite
absorber in agreement with recent reports, which demon-
strated that Mn** could be easily inserted into the interstices of
octahedral [PbIg]*” to restrain the generation of vacancy
defects accompanying perovskite crystallization.””** As a
result, we obtained porphyrin-based PSCs enhanced by 22%
in terms of stabilized PCE compared to the reference ones,
reaching a PCE of 18.70% for the best device. Moreover, the
efficiency enhancement was accompanied by a clear stabiliza-
tion of the PSC, which retained 75% of the initial PCE after
1000 h of storage under dark and relatively dry conditions (RH
~ 20%). The results on Mn porphyrin together with those
obtained with zinc-metallated analogues expand the applica-
tion field of our approach and further highlight the promising
perspectives of metalloporphyrin molecules for interface
engineering in perovskite devices.

2. EXPERIMENTAL SECTION

2.1. Synthesis of (TMePyP)I;Mn(AcO). Free base porphyrin
(500 mg) was dissolved in 250 mL of dimethyl formamide (DMF).
The solution was heated and sluggishly stirred until complete
solubilization of the porphyrin. Then, 10 equiv of Mn(II) acetate
[Mn(AcO),] were added, and the solution was left until boiling. After
the reaction, the mixture was cooled down to room temperature and
transferred to an ice-cold, saturated solution of sodium chloride. A
green precipitate formed, which was rinsed with deionized water and
dried under air flow. Finally, it was transferred to a dry aluminum
oxide column whereby it was eluted with dichloromethane (CH,Cl,)
and afterward with a mixture of CH,Cl,/methanol (MeOH).
Recrystallization from CH,Cl, at 4 °C gave 80—90% yield."”>°

2.2. Fabrication of PSCs. Fluorine-doped tin oxide (FTO)
conductive substrates (20 mm X 15 mm, Dyesol 7 Q sq™') were
cleaned thoroughly by sonication in sequential baths with Hellmanex,
2-propanol, and acetone for 15 min each. The FTOs were also treated
by UV ozone for 15 min before the compact layer deposition. For the
ETL, a solution of titanium(IV) isopropoxide (Aldrich, 97%) in
ethanol was spin-coated at 2000 rpm for 60 s. The TiO, films were
annealed at 500 °C for 45 min with a temperature ramp rate of 5 °C
min~". For the porphyrin-modified films, a 0.5 mg mL™" methanolic
solution was spin-coated at 2000 rpm for 40 s on top of the TiO,
films. The samples were transferred into an argon-filled glovebox,
where the CH3;NH;Pbl; layer was deposited. For the perovskite
solution, 40 wt % of methylammonium iodide (Dyesol) and lead
acetate trihydrate (PbAc,-3H,0, 99.999% trace metal basis, Aldrich)
were diluted in anhydrous DMF in a 3:1 molar ratio. The perovskite
solution was completed by adding a small amount of hypophos-
phorous acid (50% w/w, aqueous solution, Alfa Aesar). The
perovskite films were obtained by spin-coating the solution on the
ETLs at 2000 rpm for 45 s. The films were then allowed to dry at
room temperature for 10 min and afterward annealed at 100 °C for 10
min. After cooling down, a 70 mM Spiro-MeOTAD (Solaronix)
solution in chlorobenzene, containing additives of lithium bis-
(trifluoromethanesulfonyl)imide lithium salt (>99%, Aldrich) in
acetonitrile, 4-tert-butylpyridine (96%, Aldrich), and FK209 Co(III)
TESI salt in acetonitrile, was spin-coated at 4000 rpm for 10 s. The
devices were completed outside the glovebox by thermally
evaporating 100 nm of patterned silver electrodes under a 107°
Torr vacuum at an ~1 A s™" rate.

2.3. Characterization Tools. A solar simulator (Solar Light
Company, Inc. 300W model 16S-300/1 sun, AM 1.5D, 1000 W m™2)
and an Autolab PG-STAT-30 potentiostat were used to illuminate the
devices and obtain the current—voltage (J—V) curves (scan rate: SO
mV s™') and record data for stabilized maximum power point (MPP)
conditions. Incident photon-to-current efficiency (IPCE) plots were
acquired using a custom-made apparatus consisting of an Oriel
monochromator and an Oriel Xe lamp working in combination with
cutoff optical filters (AM1.5D, AMO, and 400 nm) and the previously
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Figure 1. Molecular structure of (TMePyP)I,Mn(AcO) (a);
(TMePyP)L,Mn(AcO) films on silicon substrates (b).
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mentioned potentiostat. Electrochemical impedance spectroscopy
(EIS) measurements were also carried out under dark and 1 sun
illumination conditions using the PG-STAT-30 potentiostat and its
built-in frequency response analyzer. Raman spectroscopy was
performed using a Renishaw inVia Reflex microscope with a solid-
state Ar laser (4 = 514.4 nm) excitation source. The laser light was
focused on the samples using a XS0 objective lens of a Leica DMLM
microscope at a power density equal to 0.035 mW pm™ in order to
avoid sample heating. X-ray and ultraviolet (UV) photoelectron
spectroscopy (XPS and UPS) measurements were carried out for the
two samples [reference: TiO, and TiO,/Mn(AcO),]. The samples
were introduced into an ultrahigh vacuum chamber without any prior
treatment. XPS measurements were carried out using an unmono-
chromatized Al Ka line at 1486.6 eV (12 kV with 20 mA anode
current) and a Leybold EA-11 analyzer with a constant pass energy of
100 eV, giving a full width at half-maximum (fwhm) of 1.5 eV for the
Au 4f,, peak. In all XPS spectra, the binding energy (BE) of the C 1s
peak at 284.8 eV was used as a measured BE reference. UPS
measurements were carried out using Hel (212 eV), the same
analyzer, and a constant retarded ratio of 4. Also, a negative bias of
12.22 'V was applied between the sample and the analyzer in order to
separate the secondary electrons of the analyzer. The UV—vis
absorption and transmittance spectra were recorded with a
PerkinElmer LAMBDA 40 UV-vis spectrometer. The Fourier-
transform infrared (FTIR) spectra were collected with a Bruker
Tensor 27 spectrometer. The morphology of the perovskite films was
investigated with a field emission scanning electron microscope
(JEOL 7401F). X-ray diffraction (XRD) patterns were obtained with
a Siemens DS00 diffractometer. Photoluminescence (PL) measure-
ments were carried out on a HORIBA Jobin-Yvon iHR320
spectrometer with a He—Cd laser (325 nm) as an excitation source.

2.4. Computational Methods. All electronic structure calcu-
lations were done using the FHI-aims package®' with the nonlocal
hybrid HSEO6 functional. Standard convergence criteria for electronic
(107* e/A? for the charge density and 107> eV for the total energy)
and relaxation parameters (107> eV/A for forces) were applied. All
structures were first relaxed with a tier 1 atom-centered basis set,
followed by a relaxation in a tighter tier 2 basis. The magnetic ground
state was determined to be the Mn(III) high spin. The electric dipole
tensor was calculated from the self-consistent electron density. All
resulting isodensities were plotted with an isosurface value of 0.02S.

3. RESULTS AND DISCUSSION

Figure la presents the chemical structure of (TMePyP)I,Mn-
(AcO) porphyrin, hereafter termed (TMePyP)I,Mn(AcO),
while the detailed synthetic route of (TMePyP)I,Mn(AcO) is
presented in Figure S1. The FTIR spectrum of the
(TMePyP)[,Mn(AcO) (Figure 1b) film exhibits the typical
bands of pyrrole and phenyl rings.”>* The bands at 3018 and
1395 cm™" correspond to CH (pyrrole and phenyl), whereas
the bands at 2735 and 1480 correspond to NH (phenyl and
pyrrole) stretching. A strong band at 940 cm™' is due to the
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metalloporphyrin skeletal ring.”*>> Moreover, the band at 1640
cm™" is due to C=0 stretching. These bands are quite distinct
in the spectrum of TiO, coated by the porphyrin layer,
indicating successful anchoring of the metalloporphyrin onto
the oxide surface. Furthermore, new bands appear in the
spectrum of the porphyrin compound coated on TiO,. Those
centered at 1421 and 1328 cm™' are assigned to C—O
stretching, indicating that (TMePyP)I,Mn(AcO) is chemically
attached onto the oxide through the carbonyl group via the
formation of C—O—Ti bonds.”® Such chemical attachment
brings porphyrin molecules closer to the ETL, hence
strengthening their electronic coupling which is beneficial for
charge transfer.

Further evidence for the successful anchoring of porphyrin
onto the TiO, surface was obtained by XPS. Figure S2 shows
the N 1s, I 3d, and C 1s XPS peaks, respectively, detected on
TiO, coated with (TMePyP)I,Mn(AcO). Figure S2a shows
the XPS spectrum of the N 1s region. Two peaks can be seen,
one at 402.4 + 0.0.2 eV BE and one at 399.9 + 0.2 eV. The
high BE peak is attributed to the N* atoms of the porphyrin
bonded with I~ ions,”” whereas the other one corresponds to
the N atoms of the porphyrin ring bonded with the Mn
atom.>® In Figure S2b, the XPS spectrum of the I 3d region is
shown. The I 3d peak appears as a doublet because of the
spin—orbit-splitting (SOS) of the 3d;,, and 3d;,, components.
The 3ds,, peak is located at a BE of 617.7 + 0.2 eV with an
SOS of 11.7 + 0.2 eV for the XPS I 3d peak. In Figure S2c the
C 1s XPS spectrum is shown. The adventitious carbon cannot
be distinguished from the porphyrin carbon, as they are both
sp>bonded. Apart from the C—C bonds, other species are
present, C—0O, C=0, and O—C==0 at higher BEs both from
the porphyrin molecule and the atmospheric contamination.

The absorption and transmission spectra of the as-deposited
and porphyrin-coated TiO, (Figures S3 and S4, respectively)
confirm that the optical properties of TiO, films are not
significantly altered upon porphyrin functionalization. In fact,
the optical band gap of TiO, was estimated at 3.2 eV before
and after (TMePyP)I,Mn(AcO) coverage. Note that the low
absorption of manganese porphyrin in the visible region (400—
800 nm) (Figure S3) makes it suitable for anode interface
engineering in n-i-p PSCs as it does not compete with the
perovskite absorber for the incident photons. Particularly, the
absorption spectrum of (TMePyP)[,Mn(AcO) in methanol
shows a distinct Soret band at 425 nm and a weak Q-band
above 500 nm, representing excitations in the second and first
excited states, respectively.”’ Scanning electron microscopy
(SEM) images revealed the slight influence of the porphyrin
layer on the morphology of the TiO, substrate (Figure SS). In
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Figure 2. UPS spectra of TiO, (on FTO glass) and TiO,/(TMePyP)[,Mn(AcO) films: (a) schematic diagram of the interaction between
(TMePyP)L,Mn(AcO) and the TiO, substrate and (b) the corresponding dipole moment.

order to further evaluate the alteration in the surface and
physical properties of the TiO, substrate, we performed
contact angle measurements, which showed that (TMePyP)-
I,Mn(AcO) creates a more hydrophobic environment (Figure
S6). As is seen, the mean contact angle increases from 25.4 to
56.3° after TiO, is coated with porphyrin molecules. This
might affect the formation of the perovskite layer as it is well
established that nonwetting surfaces create an environment of
lower surface tension, associated with less nucleation centers in
comparison with the unmodified hydrophilic ones.”” As a
result, larger and more homogeneous perovskite crystals are
expected to be formed.

Moreover, changes in the surface electronic properties of
TiO, upon porphyrin coverage were probed using UPS. Figure
2 illustrates the results of the UPS measurements performed
over TiO, and (TMePyP),Mn(AcO)/TiO, layers coated
upon FTO substrates. In the right and left parts of Figure 2a,
magnified regions of the valence band (VB) and secondary
electron’s cutoff, respectively, are presented. With UPS, the W
is estimated by subtracting the secondary electron cutoft value,
based on a linear extrapolation toward the background, from
the He excitation source of 21.22 eV (® = 21.22 eV — E.).
Additionally, the VBM is determined by a linear extrapolation
toward the background in the low BE region, as shown in
Figure 2a (right part).

No change is observed at the VB, giving a VB maximum at
3.1 + 0.1 eV for both samples. Considering the W, however, a
large decrease by 0.7 + 0.1 eV is observed after the porphyrin
deposition, from 4.1 + 0.1 eV for the reference sample to 3.4 +
0.1 eV. This fact proves that (TMePyP)[,Mn(AcO) anode
modification induces a downward vacuum level (VL) shift that
modifies the Wy of the anode.’’ Such significant VL shift could
be the result of the formation of a large interfacial dipole with
the negative pole directed away from the substrate, as
illustrated in Figure 2b. This dipole could be related to the
interfacial electron transfer from porphyrin molecules to TiO,
upon chemical binding of porphyrin to the metal oxide
substrate through the —C=0 anchoring group.”> As the
porphyrin contains a paramagnetic metal (i.e, Mn with atomic
number Z = 25) containing five single electrons in 3d valence
orbitals, its strong electronic coupling with TiO, favors the
electron transfer toward the latter. This is supported by the fact
that TiO, is considered more electronegative compared to
porphyrin compounds. It could also be the result of the
orientation of porphyrin molecular dipole moment compo-
nents pointing away from the substrate or a combination of
both.” A molecular dipole moment pointing away from the
substrate denotes that the bulk chemical potential of the
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electrons is negative relative to the mean electrostatic potential
on the metal oxide interior due to charge transfer or by the
redistribution of the electron density on the surface. This
indicates that less energy is needed for the outer electrons to
be spilled out in the VL, which means that the surface Wy
decreases. The decrease of 0.7 eV in Wy could be detrimental
for the device operation, as it indicates that the Fermi level of
the modified TiO, lies above the conduction band of the
perovskite absorber. However, even if this is the case, the large
magnitude and direction of the formed interfacial dipole
significantly strengthen the device built-in voltage and sweep
electrons away from the perovskite absorber, hence substan-
tially facilitating electron transfer toward the anode. In
addition, it has been demonstrated that a significant decrease
in the surface W of TiO, (up to a final value of about 3.0 eV)
is generally considered beneficial for the performance of third-
generation solar cells because it can suppress or even eliminate
the electron extraction barrier.”*"°

The observations of a large dipolar shift are confirmed in our
theoretical calculations based on density functional theory
(DFT). Figure 3 shows the porphyrin with Mn(III) in a high-

Q tu‘

Figure 3. Relaxed Mn porphyrin structure obtained in DFT
calculations, with green arrow lengths showing the corresponding
dipole moment strength in the corresponding directions (left);
HOMO (bottom) and LUMO (top) of the molecule (right).

spin configuration after geometry relaxation and its corre-
sponding highest occupied and lowest unoccupied molecular
orbitals (HOMO and LUMO, respectively).

We can relate the molecular dipole moment to the change in
the work function Wy via the Helmholtz equation for
describing the potential difference across an electric double
layer at a surface®

Aav=H
gA (1)
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phases, respectively (a); UV—vis absorption and steady-state PL spectra of perovskite films grown on TiO, substrates with and without

(TMePyP),Mn(AcO) modification (b).

where p/A is the dipole moment surface density and & is the
permittivity of free space. Assuming the square planar base of
the porphyrin to be the surface, we calculate the out-of-plane
dipole moment to be 3.17 Debye, resulting in an upper
boundary of 0.69 V for the potential difference based on a fully
orientated layer of porphyrins with complete coverage.

Subsequently, XRD measurements were performed in order
to evaluate the crystallinity of the perovskite films. As shown in
Figure 4a, the absorber deposited on (TMePyP)I,Mn(AcO)/
TiO, exhibits higher crystallinity compared to the reference
one.

The XRD patterns of both samples contain characteristic
diffraction peaks (26 = 14.15, 28.65, and 32.03°) of crystalline
MAPDI; in agreement with the theoretically expected ones,
denoting a well-crystallized perovskite in the tetragonal
phase.””®” Moreover, a slight difference in the fwhm values
(assigned to the 110 peak) for the perovskite is observed
between the two patterns, 0.170 for the reference and 0.166 for
the modified sample. This difference reflects a higher
crystallinity for the perovskite films grown on the TiO,/
(TMePyP),Mn(AcO) substrate and leads to larger perovskite
grains, a hypothesis further examined by SEM analysis. In
every case, higher crystallinity and larger crystals represent an
additional advantage for the device performance as it indicates
higher charge-transport rates in the porphyrin-modified device.
The UV—vis absorption spectra of perovskite films with the
same thicknesses, deposited on TiO, and TiO,/(TMePyP)-
I,Mn(AcO) substrates, were quite similar (Figure 4b).
However, this is not the case of the steady-state PL spectra
(Figure 4b), where the large reduction of the PL intensity
observed on the perovskite film deposited on the porphyrin-
functionalized oxide substrate clearly suggests highly improved
electron injection rates in agreement with the strong electronic
coupling and barrier-free electron extraction discussed above.*
The latter is clearly attributed to the presence of porphyrin,
which facilitates charge extraction to the anode. In addition,
the PL quenching in the FTO/TiO,/perovskite structure,
observed after porphyrin modification, suggests that the
incorporation of (TMePyP)L,Mn(AcO) decreases the recom-
bination yield in the perovskite layer, hence highlighting an
effective electron—hole separation. Moreover, a slight blue shift
of the PL peak (774 nm for the modified PSC against 772 nm
for the reference one) implies a trap state passivation at the
TiO,/MAPD]; interface, which could be related to the
beneficial effect of Mn on the overall optoelectronic properties
of the perovskite absorber.”*®’
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The topology of both films was examined via SEM (Figure
5). As is clearly shown, the perovskite grown on the pristine

Figure 5. SEM topographies of perovskite films on TiO, (ab) and
TiO,/(TMePyP)L,Mn(AcO) substrates (c,d).

oxide exhibits obvious pinholes, whereas the perovskite
deposited on porphyrin is exempt of pinholes and presents a
more homogeneous morphology than the reference. Con-
sequently, the distribution of the grain size is presented in
Figure S7. From the data obtained, the mean grain size for the
reference sample is 650 nm, while for the modified one the size
is larger, about 690 nm. Moreover, the standard deviation of
the grain size is larger in the case of the reference sample (0.27
against 0.19 for the modified sample).

This means that more uniform perovskite films are grown on
top of the (TMePyP)L,Mn(AcO)-coated TiO,, a fact directly
related to different degrees of hydrophobicity of the two types
of substrates. Interfacial Mn-doping of the perovskite may also
occur, which is likely to influence both the lattice and the
surface energies of the absorber, as suggested previously.”’~">
Surface passivation during Mn-doping can also lead to
stabilization of the perovskite black phase even at room
temperature, which is highly beneficial for solar cell perform-
ance.

In order to investigate the influence of the porphyrin
interlayer on the performance of solar cells, we fabricated PV
devices with the following structures: FTO/TiO,/MAPbI;/
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Figure 6. Illustration of the PV device architecture after the insertion of the (TMePyP)I,Mn(AcO) interlayer (a); energy level diagram of the
device (b); and cross-sectional SEM image of a PSC containing the (TMePyP)L,Mn(AcO) interlayer (c).
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Figure 7. Reverse scan J—V curves (a); steady-state MPP tracking measurements (b); the corresponding IPCE spectra and integration currents (c);
and Nyquist plots registered under V,_ conditions (d). All curves were recorded for PSCs with the MAPbI; perovskite absorber grown on pristine
(TiO,) and porphyrin-modified [TiO,/(TMePyP),Mn(AcO)] substrates.

Table 1. Mean Values and Standard Deviation of PV Parameters for Solar Cells Prepared with Bare TiO, and

(TMePyP)L,Mn(AcO)-Modified TiO, ETLs"

Jie (mA cm™?)

2040 + 1.52 (22.62)
20.94 + 1.40 (23.52)

solar cell Voo (V)
TiO,

TiO,/Mn porphyrin

1.02 + 0.03 (1.05)
1.02 + 0.02 (1.04)

FF PCE (%) SPCE (%)
0.69 + 0.04 (0.71) 13.92 + 147 (16.94) 13.38
0.69 + 0.04 (0.75) 14.10 + 1.73 (18.70) 16.36

“Values inside brackets refer to the most efficient PSCs. V,: open-circuit voltage, J,.: short-circuit current density, FF: fill factor, PCE: power
conversion efficiency, and SPCE: stabilized PCE. All data were taken under a reverse scan at 150 mV s~

SpiroMeOTAD/Ag as the reference PSC and FTO/TiO,/
(TMePyP)I,Mn(AcO)/MAPbI,/SpiroMeOTAD/Ag as the
modified one. Details on the fabrication procedure can be
found in the Experimental Section.

Figure 6a depicts the architecture of the perovskite PV
devices including the addition of the porphyrin interlayer
between TiO, and the absorber. Figure 6b illustrates the
energy band diagram of the PSCs based on UPS and UV—vis
spectroscopy. In Figure 6c, the corresponding cross-sectional
SEM image indicates the layered structure of the device with
the successive films coated on the FTO substrate. The image,
taken at 55° tilt, permits the estimation of the layer thickness
of specific cell components as follows: FTO (650 nm), TiO,/
(TMePyP)I,Mn(AcO) (70 nm), MAPbI, (330 nm), Spiro-
MeOTAD (500 nm), and Ag (100 nm).

Figure 7a presents the J—V curves recorded for the
champion devices of each batch under 1 sun illumination
conditions (AM 1.5 G) at 150 mV s~! reverse scan rate, while
the resulting parameters are summarized in Table 1. From
these data, the increase in the PCE observed for the modified
PSCs can be attributed to the increase of J,. and FF values. On
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the other hand, V. is almost unaffected. Specifically, the short-
circuit current density for the champion-modified device is
larger by 4% compared to the reference one, reaching a value
of 23.52 mA cm > This stems from the presence of
(TMePyP)I,Mn(AcO), which is accompanied by a negative
dipole moment pointing out of the TiO, and facilitating the
charge transfer to the anode. Moreover, increased J. is also
associated with the better crystalized, homogenous perovskite
films grown on the hydrophobic porphyrin substrate. In the
case of fill factor (FF), the modified PSCs have a higher value
(0.75) against the reference ones (0.71). This behavior usually
implies smoother and more functional interfaces,” a fact that
may be associated with a change in the values of series and
charge transfer resistances for the modified PSCs. Besides the
best-performing PSCs, in Figure S8, the PV parameters for 30
devices of each configuration are presented.

The PV behavior of the devices was also evaluated by
measuring their efficiency when operating under MPP voltage
(Vmpp)- As depicted in Figure 7b, the stabilized efficiency of
the porphyrin-based PSC is 16.36%, a value clearly improved
in comparison to the reference device which presents a PCE
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equal to 13.38%. This difference in favor of the device
containing (TMePyP)[,Mn(AcO) proves the beneficial role of
porphyrin in the overall performance of the solar cells.
Moreover, IPCE measurements were performed and the
integrated current density values were calculated. The IPCE
curves (Figure 7c) present a similar trend; however, the
modified device shows higher quantum photon to electron
conversion efficiencies in the whole visible region, a fact that
affects the integrated J. values. The devices seem to primarily
absorb in the visible and IR regions, a fact consistent with the
energy band gap of the MAPbI; absorber. Moreover, the IPCE
maximum values are approximately 90% for the modified and
75% for the reference devices, respectively. Finally, the
integrated J . values are in good agreement with those derived
from the J—V characteristics, considering the omitted part of
the spectrum (UV).

In order to better understand the behavior of the
corresponding interfaces, the devices were further investigated
by EIS, the details of which are presented in Figure 7d and
Table 2. The EIS measurements were performed for solar cells

Table 2. Values of the Ohmic Resistances As Derived from
the Simulation of the Nyquist Plots”

solar cell R, (Q) R, (Q) R.. (kQ)
TiO, 20.5 131 1.64
TiO,/(TMePyP)I,Mn(AcO) 10.7 111 2.39

“Ry is the series, R, is the charge transfer, and R, is the
recombination resistance.

irradiated under 100 mW cm™? illumination, while the cells
were biased at a voltage equal to the V,_ value. The Nyquist
plots were taken while illuminating the solar cells in the 1 MHz
to 0.1 Hz range under 10 mV AC perturbation.

The Nyquist plots represent two distinct processes taking
place, namely, charge transfer and charge recombination. The
high-frequency semicircle is related to the charge-transfer
resistance (R,) and the low frequency one to the charge-
recombination resistance (R,,.). Moreover, the intercept of the
high-frequency arc with the x-axis corresponds to the series

resistance (R,). As the PSCs (except for the porphyrin) are
identical, any difference in the corresponding parameters may
be attributed to the presence of (TMePyP)I,Mn(AcO). The
ohmic resistance parameters were estimated after fitting the
curves under the equivalent circuit presented in the inset of
Figure 7d. The presence of porphyrin decreased both series
and charge-transfer resistances of the modified PSCs,
indicating that the porphyrin facilitates charge transfer to the
anode and improves the overall conductivity of the devices.
Moreover, the recombination resistance increased in the case
of the modified PSC. Lower recombination clearly proves that
the presence of porphyrin acts as a protecting barrier, retarding
electron transfer back from electrodes to the perovskite layer
and suppressing electron loss pathways.

Finally, we performed stability tests for the PSCs, against
humidity exposure and thermal stress. At first, devices with and
without porphyrin were fabricated and stored under dark and
relatively humid conditions (RH ~ 20%) in a sealed desiccator.
The J—V curves of the PSCs were recorded before storage,
while the samples were periodically taken out of the desiccator
in order to get their PV characteristics re-evaluated. The
measurements lasted for a 40 day period, and the results are
presented in Figure 8. The modified PSCs retained almost 70%
of the initial PCE, while the reference one lost approximately
three quarters of its efficiency. This trend is mainly attributed
to the decline of J,. and FF values. Especially, in the case of ],
the reference device loses almost 50% of its initial value; on the
contrary, the porphyrin-based ones retain 85% of it. Moreover,
in the case of FF, after an increase above the initial value, the
final value after 43 days is equal to the one that was initially
calculated. On the other hand, it must be noticed that V_ is
practically unaffected in the case of (TMePyP)I,Mn(AcO)-
containing devices, whereas in the case of the reference ones, it
loses 10% of its initial value. Porphyrins are generally
compounds of high hydrophobicity. As such, the deposition
of Mn porphyrin onto the TiO, surface is expected to reduce
its well-known hydrophilicity, hence prohibiting the adsorption
of water molecules prior to perovskite deposition. As the
adsorbed water molecules can act as degradation agents for the

25
(a) A (b) /:tI{.\——,,
— & . .
20 _AA/‘\A\ - 1.0 _“’ \.
— | \
| \
o .
A < \
§ 15k s .
Eﬁ > o9l
3
or : TiO,
—a—Tio, e To,
s e TiO
—A—TiO/(TMePyP)I Mn(AcO) ¢~ TiO,(TMePyP)l Mn(AcO)
5 . . . . . 08 . . : . :
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (h) Time (h)
80 20
(c) (d)
vV 18+ *
. _—V &
ol — w6l e -
\\y \ " . ——
14 [
| v :
60 v \v\ 12[* -
g v E qof \
w *.
i sof 8 of ~_
s .
40T _y—io, 4T —e—Tio,
—v—TiO,(TMePyP)| Mn(AcO) 2| —e—TiO/(TMePyP)| Mn(AcO)
30 . . . : . N . . : . :
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Time (h)

Time (h)

Figure 8. Evolution of the PV parameters over time for PSCs with pristine and porphyrin-modified TiO, substrates.
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Figure 9. Raman spectra for fresh and aged perovskite layers coated upon TiO, and porphyrin/TiO, substrates (a). Raman spectra of perovskite
layers coated upon TiO, and porphyrin/TiO, substrates, thermally stressed in air for 60 and 180 min (b).

perovskite absorber, porphyrin modification suppresses the
moisture-induced degradation of the final device.

The effect of humidity stress on the perovskite films was
further examined via Raman spectroscopy, and the results are
shown in Figure 9a. Specifically, the following layered
structures were fabricated: FTO/TiO,/perovskite denoted as
the reference one and FTO/TiO,/(TMePyP)[,Mn(AcO)/
perovskite denoted as the modified one.

As mentioned in ref 74, no Raman signal of the pristine
perovskite can be detected under on-resonance Raman
excitation because of laser-induced degradation and phase
transformations. Thus, only the Pbl, deterioration products
formed on the samples were recorded by Raman spectroscopy.
The aging effect was evaluated after the fabricated structures
were stored in the dark, inside a desiccator (RH ~ 20%) for 40
days. The reference device deteriorates significantly, as the
appearance of the intense vibration geak at 215 cm™ is
attributed to the formation of PbL,.”>’ On the contrary, the
perovskite structures containing porphyrin were not affected.
In fact, the obtained spectra did not present any Raman
vibration peaks at all, verifying the endurance of these samples
against moisture-provoked degradation. This condition was
further corroborated by images of films left outside the
desiccator under ambient conditions for 100 days (Figure S9).
As we can see, the reference sample has turned almost
completely yellow, a clear sign of Pbl, formation. On the
contrary, the modified structure remained intact making
obvious that the porphyrin layer, as it is hydrophobic,
effectively protects the perovskite absorber. To further examine
the stabilization effect of the porphyrin, we conducted
accelerated thermal stress experiments in perovskite films
grown on top of FTO/TiO, and FTO/TiO,/(TMePyP)-
L,Mn(AcO) substrates. As moisture and oxygen penetration
may be restricted via the encapsulation of the PSCs,”’ their
performance during high-operating temperatures constitutes a
very important issue toward large-scale applications.”*”” Solar
cells should be stable when operating at 85 °C which,
according to the International Standard for design qualification
and type approval of PVs (IEC 61646), is the value that
corresponds to the highest expected temperatures that PV
modules may develop when the air temperature reaches 45
°C.*" According to the literature, CH;NH;Pbl, alone is stable
up to 300 °C, and the material degrades only above this
temperature because of the decomposition of the CH;NH;"
component.®’ In this context, the films were heated at 85 °C
under ambient conditions and evaluated via Raman spectros-
copy after 60 and 180 min of thermal treatment. The results
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are presented in Figure 9b, where it is apparent that after 3 h
both samples are affected as the appearance of the Pbl, peak at
215 cm™!is a clear sign of deterioration. However, even in this
case, the porphyrin-based sample outperforms in stability, as
the Pbl, peak is substantially more intense in the case of the
reference structure.

4. CONCLUSIONS

In this work, we presented the beneficial effect of a Mn-
metallated porphyrin when inserted in planar PSCs as an
anode buffer interlayer. The porphyrin molecules are anchored
via carbonyl groups upon the TiO, substrate, altering its
electronic and physical properties, thus creating a waterproof
environment. Thus, the perovskite grown atop is characterized
by higher crystallinity and larger, more homogeneous crystals.
Moreover, the presence of (TMePyP)I,Mn(AcO) is accom-
panied by the formation of a strong negative interfacial dipole
moment pointing away from TiO,, resulting in a significant
decrease in the Wy of TiO,. This fact leads to the formation of
an optimized interface between the perovskite and TiO,, thus
facilitating electron transport to the anode electrode. The latter
is favored by the high-spin pa configuration of the porphyrin,
enabling high electron coupling with the TiO, underlayer.
Moreover, the hydrophobic character of the porphyrin shields
the cells against humidity and substantially improves their
shelf-shield stability. Excellent behavior was also observed after
prolonged thermal stress at high temperatures, a fact
highlighting the multidimensional role of (TMePyP)I,Mn-
(AcO) in the overall performance of the devices. The present
work highlights the advantages of interface engineering via Mn
porphyrin light-sensitive molecular chromophores as a totally
aspiring and innovative approach with multiple consequences
in the field of PSCs. The strategy can be expanded to a large
number of hydrophobic metalloporphyrins possessing appro-
priate optoelectronic and structural characteristics. Mn
molecular complexes show exceptional properties which can
be further tuned and optimized via additional magnetic
stimulus. This might result in specific interactions at the
corresponding interfaces between the compact layer, the
magnetic chromophore, and the perovskite absorber, enabling
the development of highly efficient and more robust energy
devices (solar cells, LEDs, FETs, etc.) against environmental
stresses.
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