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Tuning the Optical and Structural Properties of Halide
Perovskite by PbS Quantum Dot Additive Engineering for

Enhanced Photovoltaic Performances

Kunnummal Mangott Muhammed Salim, Loreta A. Muscarella, Imme Schuringa,
Ramses Alejandro Miranda Gamboa, Jeevan Torres, Carlos Echeverria-Arrondo,
Andrés F. Gualdron-Reyes, Jhonatan Rodriguez-Pereira, Marina E. Rincon, Bruno Ehrler,

lvdn Mora-Serd,* and Sofia Masi*

The combination of inorganic PbS quantum dots (QDs) and lead halide perovskite
in one nanocomposite is considered as a promising approach to overcoming the
limitations of metastable perovskites. However, to date, only a few examples of
improved optoelectronic perovskites are realized with such materials. One of the keys
to unraveling the full potential offered by the PbS QDs/perovskite material is the
ability to purposefully modulate the interfacial electronic energy levels by changing the
PbS QDs capping shell. Herein, this approach to adjust the offsets of the energy levels
of the perovskite is demonstrated. To prepare the perovskite films with embedded
PbS QDs, the organic capping of QDs is exchanged by a halide perovskite shell. Film
properties are correlated to the structural changes of the soft perovskite matrix and
their optical properties. Interestingly, this approach can be used to adjust the energy
levels in the whole nanocomposite film, without changing the original bandgap, and
thus paves the way for novel functional materials for optoelectronic devices. The
applicability of this method is exemplified by fabricating solar cells with the perovskite
nanocomposite, observing that the introduction of PbS/FAPI QDs into FAPI matrix
boosts the average performance from 17.9% to 18.9% (21.3% champion device).

1. Introduction

Solar cells from the emerging halide perov-
skites (HPs) are the most promising and
efficient potential successors to the existing
nonrenewable energy harvesters. This
stems from their facile and low-cost fabri-
cation methods at various atmospheric
conditions that contend with the existing
silicon photovoltaics."! Moreover, their
favorable properties like higher absorption
coefficient, tunable bandgap, low exciton
binding energy, high charge carrier mobil-
ity, and defect-tolerant nature have a posi-
tive impact on the use of HPs in several
optoelectronic applications.!’

Recently, PbS quantum dots (QDs) have
been used as an external additives® to con-
trol the growth and stabilization of methyl-

ammonium lead iodide (MAPI)! and the
metastable HPs like formamidinium lead
iodide (FAPI) and cesium lead iodide
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(CsPI) without changing their optical bandgap,® and it is evident
how the heterointerface plays a pivotal role in energetic stabili-
zation.”™®! Although such advancements have been achieved in
chemistructural stabilization using PbS QDs, the resulting
perovskite composites can still show either advantageous or
deleterious optoelectronic properties, depending upon the perov-
skite composition investigated, the amount of embedded PbS
QDs used in the final composition, and the shell between
the PbS QDs and the perovskite matrix.”) The potential for
improved efficiency of the corresponding solar cell or other
optoelectronic devices shows the promise of these hybrid
material combinations,**3*#]

It is worth noting that, from the perspective of fundamental
studies, the PbS—shell-perovskite matrix provides a platform to
directly visualize the epitaxial growth in the whole bulk. There
have been several advantages by the hybridization of PbS QDs
with the perovskite matrix and the lattice mismatch has been
identified as an important criterion for the growth and stability."”!
For instance, the all-inorganic metastable HP, CsP], is shown to
have nearly zero lattice mismatch values with the PbS QDs
matrix.® The inclusion of PbS QDs helps the generation of
seed-like nucleation regions for the growth of high-quality HP
absorbers with enhanced phase stability, but also leaves an
opportunity to study the charge transfer and optoelectronic
behaviors.”” Significant works concerning the charge transfer
in perovskite devices have focused on modifying the work func-
tion of conductive electrode materials and thereby minimizing
charge injection barriers at the interface with the perovskite.”!
Yet, reports on changes of the HP energy-level positions in the
bulk, without changing the bandgap, correlated to a different
morphological order of the HP grains/crystals are limited.
This is due to the lack of control at the morphological level of
the HP growth. In fact, the dual ionic and covalent nature of
the HPs bonds makes them prone to uncontrolled growth and
easy mechanical deterioration under the imbalance between
compressive and tensile strains, which can lead to HP phase
degradation.!'!!

In this framework, MAPI and FAPI represent two examples,
with substantial structural and in turn optical differences, even
when the PbS QDs are used to control their growth. The MAPI
matrix intrinsically possesses a residual compressive strain due
to a tolerance factor ¢ < 1; thus, the more compressive lattice
strain (reduction of d space, where d is the interplanar spacing
in a crystal, d(110) = 0.62 nm, d(220) = 0.31 nm)!'? in the MAPI
matrix is directly correlated with increased defect density and
nonradiative recombination.’® On the other hand, the
existence of a residual tensile strain (increase in d spacing,
d(200) =0.32nm, with a cubic unit cell dimension of
~6.36 A)' in a-FAPI (tolerance factor t > 1) triggers the trans-
formation to nonphotoactive yellow 8-FAPI to increase the lattice
parameter and relieves the strain in the anisotropic crystal
plane.™ In contrast to strain in the MAPI matrix, the compres-
sive strain (i.e.,, with PbS QDs in the matrix) hinders the
transition of cubic a-FAPI to hexagonal 8-FAPL.P>6110:15.16]

On this basis, developing one material having both the
structural features, the desired bandgap, and the suitable energy
alignment should be significantly advantageous for perovskite
solar cells (PSCs). Therefore, it is of great interest to study
how to exploit the structural stability along with the promotion
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of the charge transport and reduction of the energy losses in
these systems and how this depends upon the PbS—capping shell
when the QDs are embedded in these matrices.”? As com-
mented earlier, this is quite challenging due to the complexity
of optimizing the energy band structures of several layers, and
studies associated with the modification of energy offset level
in the bulk, avoiding the addition of extra interlayers, are still
under represented. At the same time, it should be feasible to pre-
pare nanocomposite films where PbS QDs are properly embed-
ded into the HP matrix. In this context, note that, as-synthesized
PbS QDs are capped with organic ligands that prevent them from
dissolving into the HP precursor solution that is used for the
spin-coating process. This problem is commonly solved by a
ligand exchange where the organic capping is replaced by a
HP shell.**!

In this work, the structural, optical properties, and the inter-
facial energy-level alignment have been accordingly determined
for six scenarios. They are FAPI and MAPI matrices with no PbS
QDs, PbS QDs with FAPI shell (FAPI-PDbS), and MAPI shell
(MAPI-PbS) in both FAPI and MAPI matrices, in order to high-
light the role of shell capping interlayers in tuning the crystal
phase growth, strain, and energy-level positions, with the photo-
luminescence (PL) features, and ultimately to the PSC perform-
ances. Firstly, we found that the FAPI-PbS and MAPI-PbS shells
induce compressive strain in the FAPI matrix corroborated by
the shift of diffraction Bragg peaks to the higher 26 and blueshift
of Raman spectra, respectively. In contrast, the shifting of Bragg
peaks to the lower 20 and redshift of the Raman spectra are
observed for the MAPI matrix, indicating the lattice expan-
sion/distortion by the inclusion of PbS QDs. In the electron back-
scatter diffraction (EBSD) measurements we see that inclusion of
PbS QDs in the FAPI matrix leads to an increased alignment of
the (111) crystal plane with the sample surface. Interestingly,
both FAPI and MAPI matrices showed different photophysical
properties with FAPI-PbS and MAPI-PbS inclusions. All films
with FAPI matrix are found to suffer from the nonradiative
recombination centers by photogenerated charge transfer to
PbS QDs, which reflected unfavorably on the optical properties.
In contrast, enhanced photophysical properties are observed for
all films with MAPI matrix and are substantiated by the reduced
nonradiative recombination and better perovskite morphology.
Finally, the interfacial energy-level alignment has been experi-
mentally and theoretically determined. The changes in the
FAPI matrix energy-level offset in the presence of MAPI-PbS
and especially with FAPI-PbS surpass the limitation dictated
by the optical properties, thus resulting in higher performance
in PSCs. In the case of the FAPI matrix, the balance between
the limited optical properties and a slight change in the perov-
skite bulk energy-level position with FAPI-PbS shell leads to a
higher power conversion efficiency of 21%.

2. Results and Discussion

Two types of perovskite shells, FAPI and MAPI, are used to
replace the long-chain oleic acid ligands and to make the PbS
QDs surface polar in nature, to subsequently mix them into
the solvents used for the fabrication of HP thin films. The details
regarding the ligand exchange processes are described in the
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Supporting Information. The reference names used for the
samples are as follows: FAPI matrix (as FAPI), FAPI-PbS in
FAPI matrix (as FAPI-PbS-F), MAPI-PbS in FAPI matrix
(as MAPI-PbS-F), MAPI matrix (as MAPI), FAPI-PbS in
MAPI matrix (as FAPI-PbS-M), and MAPI-PbS in MAPI matrix
(as MAPI-PbS-M).

The perovskite phase, crystallographic orientation, and local
strain in thin films of FAPI and MAPI matrices with different
core/shell PbS QDs were studied by EBSD.'"”! EBSD is an
SEM-based technique that involves the interaction of the electron
beam with a crystalline substance, where the backscattered elec-
trons result in the generation of patterns on a 2D detector, also
known as Kikuchi patterns. These patterns arise from incoherent
wide-angle electron scattering, specifically thermal diffuse scat-
tering, within the specimen. The acquired Kikuchi patterns pro-
vide valuable information regarding the identification of grains,
including their size, shape, and the characteristics of the bound-
aries between them. Through pattern fitting, it becomes possible
to determine the crystal phase and grain orientation, and detect
strain within the material. The crystal structures used for index-
ing the Kikuchi patterns are tetragonal (space group I4/mcm) for
the MAPI matrices and cubic (space group Pm-3m) for the FAPI
matrices, and in the case of presence of PbI,, trigonal (space
group P-3mI). To study the trends in orientation in the FAPI
and MAPI matrices as a function of PbS QDs introduction,
we combined the data from multiple EBSD scans and reported
the results using discrete inverse pole figure (IPF) plots, see
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Figure 1 and S1-S2, Supporting Information. These IPF show
which planes are aligned perpendicularly to the z-axis of the
sample, to the sample normal. The perovskite grains in FAPI,
FAPI-PbS-F, and MAPI-PbS-F thin films are randomly
oriented with some preferential orientation of the (111) plane
parallel to the plane of the sample substrates, see Figure la—c.
This orientation preference becomes slightly more prominent
when the PbS QDs are embedded in the perovskite matrix,™®!
considering that PbS nanoparticles introduce seed-like nucle-
ation sites to favor the orientation of perovskite crystals, being
beneficial for the carrier transport and the increase of the device
performance.'* We note that not all regions on the film resulted
in clear Kikuchi patterns, which means that the preferential
orientation could arise either from more regions oriented in
the (111) plane or from better data quality from these regions.
Previously it was predicted that (111) twin boundaries are
relatively stable in FAPI perovskite and do not induce electron-
or hole-trapping states at these grain boundaries."®'”) The
absence of major changes in the crystal orientation upon inclu-
sion of PbS QDs in the FAPI maps is in agreement with the X-ray
diffraction (XRD) patterns. Apparently, the dominating (100)
peak in the XRD patterns could be explained by the fact that
the XRD patterns give an average across the bulk, whereas
EBSD probes at the surface.

The discrete IPF plots of the thin films with MAPI matrix
(Figure 1d—f) show a different trend with the inclusion of
QDs in comparison to those with the FAPI matrix. The films

(a) FAPI n=2 (b) FAPI-PbS-F n=4 (c) MAPI-PbS-F  n=4
® » o » ® »
y Yy y
vX 111 vX 1944 X
<&
001 101 001
(d) MAPI n=2 (e) FAPI-PbS-M  n=3 (f)
o » r— ®
y y
v 110 v 110 X

Figure 1. Discrete IPF plots of multiple maps per composition to show the change in orientation along z-axis with inclusion of PbS QDs in the FAPI/MAPI
matrices. Every point in the orientation map that was reliably indexed (Cl > 0.1) is represented by a point in the discrete IPF plot. All plots show the
orientation of the inverse pole (normal to a plane) along the z-axis. The number of maps included per discrete IPF plot n is indicated at the top right of
each subplot. a—c) IPF discrete plots of FAPI (a), FAPI-PbS—F (b), and MAPI-PbS—F (c), all indexed with the cubic crystal structure of FAPI (Pm-3m), and
d-f) for MAPI (d), FAPI-PbS-M (e), and MAPI-PbS-M (f), all indexed with the tetragonal crystal structure of MAPI (space group |4/mcm).
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show a preferential alignment of the (001) and (101) planes in
plane with the sample surface. The FAPI-PbS-M and MAPI-
PbS-M films show a very similar orientation pattern compared
to MAPI. EBSD mapping can also reveal the microstrain within a
perovskite grain.?%! We find the presence of considerable strain
in the FAPI grains by observing the gradual color change within
various grains in the IPF orientation maps, see Figure Sla—d,
Supporting Information. In all FAPI films, we find grains with
a strain up to 6°, with outliers of 16°, see Figure S3 and S4,
Supporting Information. Histograms of the grain orientation
spread (GOS) values from all maps per composition, see
Figure S5, Supporting Information, show that the inclusion of
PbS QDs does not lead to a change in strain within grains for
the FAPI-based films nor the MAPI-based films. Based on the
GOS histograms, the difference in the average strain between
the films with FAPI and MAPI matrix seems limited, see
Table S1, Supporting Information, but the FAPI-based films con-
tain multiple heavily strained grains. Due to the limited number

www.solar-rrl.com

of grains measured, a more detailed investigation is necessary to
confirm this trend.

We further studied the perovskite crystallinity, structural
changes, and lattice strain effects in the thin films of FAPI
and MAPI matrices with FAPI-PbS and MAPI-PbS QDs by
XRD and Raman spectroscopy. As shown in Figure S6a,
Supporting Information, the reference FAPI, FAPI-PbS-F,
and MAPI-PbS-F perovskite films showed almost identical
XRD patterns with the presence of remnant Pbl, (12.70°) and
8-FAPI phase (11.80°).1° The diffraction Bragg peaks at 13.98°,
19.84°, 24.34°, 28.13°, 31.52°, 34.68°, 40.24°, and 42.78° in all
spectra correspond to (100), (110), (111), (200), (210), (211),
(220), and (221) crystal planes and are related to the cubic, space
group Pm-3m, crystalline black phase of FAPI (a-FAPI). The
FAPI-PbS-F and MAPI-PbS-F films showed a slight shift to
a higher 26 angle for the (100) and (200) diffraction Bragg peaks
with relatively broader width when compared to FAPI film, see
Figure 2a,b.
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Figure 2. The Gaussian fit of the magnified XRD Bragg peaks: a) (100) and b) (200) of FAPI, FAPI-PbS—F, and MAPI-PbS—F thin films. The Gaussian fit of
the magnified diffraction Bragg peaks, c) (110) and d) (220) of MAPI, FAPI-PbS—-M, and MAPI-PbS-M thin films. The corresponding Raman spectra of
e) FAPI, FAPI-PbS—F, and MAPI-PbS-F, f) MAPI, FAPI-PbS—M, and MAPI-PbS—M-based perovskite thin films. The Raman spectra are shown without
any spectral correction or normalization and the vertical lines indicate spectral mode assignment: green lines correspond to vibrations of the inorganic
[Pblg] cage, yellow lines to 8-FAPI phase, black lines to a-FAPI, and red lines to vibrational and torsional mode of the MA cation in MAPI.
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This is an indication of lattice contraction by the generation of
local compressive microstrains in the matrix offered by embed-
ded PbS QDs, with smaller lattice parameters than perovskite;
thus, it signifies a heteroepitaxial growth of FAPI epilayer by
the templating effect of PbS QDs through chemical and struc-
tural benefits.®™ This is in agreement with the lattice contraction
of the FAPI matrix under the influence of compressive strain due
to the smaller PbS lattice parameter and the subsequent
stabilization mechanisms reported earlier.*>''® As shown in
Figure S6b, Supporting Information, the reference MAPI,
FAPI-PbS-M, and MAPI-PbS-M perovskite films showed simi-
lar crystalline XRD patterns with the presence of remnant Pbl,
(12.70°).2] The diffraction Bragg peaks at 14.18°, 20.08°, 24.56°,
28.50°, 31.93°, 40.73°, and 43.26° in all spectra referred to (110),
(112), (202), (220), (310), (224), and (314) are related to the room-
temperature tetragonal (space group of I4/mcm) crystalline phase
of MAPI. Contrary to the FAPI-based films, the FAPI-PbS-M
and MAPI-PbS-M films showed a slight shift to lower 26 angle
for the (110) and (220) diffraction peaks when compared to MAPI
film, see Figure 2¢,d. This is an indication of lattice expansion/
distortion by the generation of local tensile microstrains in the
matrix offered by embedded PbS QDs. This lattice expansion
under tensile strain is in agreement with the previously reported
works on FAPI and MAPI matrix.'""®9 The shift in the diffrac-
tion Bragg peak position signifies the stress induced by PbS QDs
(FAPI-PbS or MAPI-PDbS) and is responsible for the homoge-
nous spreading of the strain during the perovskite crystalline
growth.

Raman vibrational modes are susceptible to external strains,
which can help to illustrate the stress levels in the perovskite
material [&11P! Figure 2e shows the Raman spectra of FAPI,
FAPI-PbS-F, and MAPI-PbS-F perovskite thin films, respec-
tively. All the Raman spectra possess relatively similar Raman
vibrational modes.”® As shown in Figure 2e, low-wavenumber
shoulder below 100 cm™" and extending to 70 cm™" is present
from the vibrations of the inorganic [Pblg] cage, in addition to
the contribution from the secondary phases, that is, Pbl, phonon
modes, as green vertical lines in Figure 2e. A relatively small
vibrational mode at 107 cm ™" denotes the presence of 5-FAPI,
yellow vertical line in Figure 2e. A broader Raman band
positioned at 120-138 cm™ ', which is from the stretching of
the lead—iodine bond and in-plane bending of FA cations, "
signifies the presence of the a-FAPI phase, as black vertical lines
in Figure 2e. In addition, the presence of Raman modes at 165
and 241 cm™! comes from the oxygen-related compounds at the
surface, that is, Pb—O chemical bond nature.!®

Depending on the nature of the strain, the Raman spectra can
undergo peak broadening, shifting, and splitting due to the
changes in bond rigidity of different perovskite phases.''”
Compressive strain results in the broadening and enhanced
intensity of the Pb-I peaks. The peak at around 122 cm™" in
Figure 2e, which indicates the stretching of the Pb-I bond,
increases in intensity and slightly broadens for FAPI-PbS-F
and MAPI-PbS-F when compared to the reference FAPI matrix.
Usually, the symmetrical cubic structure of FAPI matrix is rela-
tively less Raman active and broad in comparison to other perov-
skite phases of FAPL.*? However, the presence of FAPI-PbS and
MAPI-PbS in the FAPI matrix imparts the local compressive
strain and causes the lattice contraction of the inorganic
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framework and results in the relatively higher Raman signal with
slight splitting of the peak. The peak is found to be blueshifted
to higher wavenumbers for the case of FAPI-PbS-F and
MAPI-PbS-F, see Figure S7a,b, Supporting Information, for the
deconvolution plots.

In the case of the MAPI matrix, the Raman vibrational spectra
are shown in Figure 2f, it shows the main fingerprints of both
highly ordered inorganic cage (I-Pb-I bending and stretching
modes) and vibrational modes of organic cations.”**! The vibra-
tional modes at lower wavenumber, that is, at 70, 96, 106, and
113cm™, contribute to the vibrations of inorganic [Pbl]
cage.”* The vibrational modes of the organic cations (methyl-
ammonium, MA) are present at the broad range of
100-190cm ™!, a peak at 134cm ™' constitutes the vibrational
mode of the MA cation (red vertical line in Figure 2f).*! A broad
intense band at 243 cm ™" is attributed to the organic MA cation
torsional mode (red vertical line in Figure 2f).*") As shown in
Figure 2f, all the Raman spectra of MAPI, FAPI-PbS-M, and
MAPI-PbS-M show the vibrational modes of the tetragonal
phase.*¥ The Raman spectra of MAPI are strong and very
distinguishable in pattern, this is due to the presence of
Raman active tetragonal crystalline phase.?? However, in the
case of FAPI-PbS-M and MAPI-PbS-M systems, the Raman
signals are relatively weak and broad. The Raman modes at
243 cm™ 1, torsional mode of MA cation, are found to be broader
and redshifted to a lower wavenumber when compared to pure
MAPI matrix, see Figure S7c,d, Supporting Information. The
redshift of Raman mode and the lower peak intensity signify
a small lattice expansion in the FAPI-PbS-M and MAPI-
PbS-M matrix by the inclusion of PbS QDs, since the lattice
expansion offers a large orientational mobility for the MA cations
in the matrix.** This is in agreement with the XRD pattern shift
to the lower 26 angles, as shown in Figure 2¢,d. From the com-
bined XRD and Raman spectra studies, the templating effects of
FAPI-PbS and MAPI-PbS QDs in HPs composite materials, that
is, established in terms of compressive and tensile strain in
FAPI and MAPI matrix-based thin films, respectively, are corrob-
orated. The compressively phase-stabilized (FAPI case) or strain-
relaxed (MAPI case) films have a huge impact on the material
phase stability, photophysical properties, and PSC applications.

In order to further investigate the structural distortions, we
have performed abinitio simulations, see the theoretical
Section 1 in the Supporting Information for further details.
To assess the structural distortions in the matrix, we have com-
puted four unit cells, MAPI-PbS-M, FAPI-PbS-M, MAPI-PbS—
F, and FAPI-PbS-F, composed of a perovskite matrix and an
embeded PbS QD of 17 A in diameter and shape approximately
spherical. Figure 3 depicts their atomic structures with indication
of the [Pbl¢] octahedra. We recall that FAPI-PbS-M stands for
MAPI matrix with a PbS QD coated with a single layer of
FAPI. The calculated volumes in the unit cells are, in increasing
order, 31,57 A> for MAPI-PbS-M, 32,06 A*> for FAPI-PbS-M,
32,28A° for MAPI-PbS-F, and 32,74A’ for FAPI-PbS-F.
These values follow the same expansion trend of the clean unit
cells without PbS QD, which are 31,38 A3 for MAPI and 32,49 A®
for FAPI, with an increase of 3.5%. In addition, the atomically
resolved perovskite structures highlight the distortions occurring
in the Pb-I crystal network. In FAPI matrices with cubic Pm-3m
symmetry, the Pblg octahedra are not rotated, as shown in

© 2024 Wiley-VCH GmbH
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(a)  MAPI- PbS M ()  FAPI-PbS-M

(c) MAPI-PbS-F (d)

www.solar-rrl.com

FAPI-PbS-F

Figure 3. Computed unit cells in the bulk perovskites of a) MAPI-PbS-M,

samples contain greater and sparser PbS QDs.

Figure 3d. However, in MAPI matrices with tetragonal I4/mcm
symmetry, the Pblg octahedra are rotated, see Figure 3a. For
MAPI perovskite, the R, rotational distortion mode yields a
phase transition from cubic to tetragonal. This phase transition
occurs upon reducing the temperature from an aristotype
structure with no tilt to a less-symmetric hettotype structure
characterized by octahedral tilting.**!

The structural characterization above clearly defines the role of
the PbS, but the effect of the shell is subtler. From the morpho-
logical point of view, some differences related to the PbS shell
can be found. See Figure S8, Supporting Information, for the
comparison of the scanning electron microscopy (SEM) images
of FAPI and MAPI matrix-based perovskite thin films. In detail,
FAPI-PbS and MAPI-PbS QDs induce the formation of slightly
bigger perovskite domain sizes. As shown in Figure S8a,
Supporting Information, the FAPI-PbS-F results in compara-
tively bigger HP crystalline domains (mean size of 600 nm), with
similar crystallographic orientation, than the FAPI and MAPI-
PbS-F systems without any presence of pinholes, see Figure S8c,
Supporting Information, for the HP crystal domain statistical
plot. The film topology for all three FAPI matrix films shows
the presence of remnant Pbl, crystallites which is in agreement
with the impurity peak observed in the XRD patterns, see Figure
S6a, Supporting Information. In the same way, the FAPI-PbS—
M shows larger perovskite crystalline domains, mean size of
350 nm, in comparison with MAPI and MAPI-PbS—-M counter-
parts, see Figure S8b,d, Supporting Information.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out on fresh samples and samples aged in
ambient air for 1month, to obtain information about their
stability. Through survey spectra, see Figure S9, Supporting
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b) FAPI-PbS—M, c) MAPI-PbS-F, and d) FAPI-PbS—F. We note that real

Information, we identify the presence of C, N, O, S, Pb, and I
elements in the perovskite materials. Their chemical composi-
tion is summarized in Table S2, Supporting Information. In
all the films, high-resolution (HR)-XPS I 3d spectra were
acquired, see Figure 4a,a’, showing the typical I 3ds, and
3d;/, doublets at 619.1/630.6 eV. These signals are ascribed to
the presence of iodide anions in the [PbIs]*~ octahedra coming
from the corner-sharing perovskite crystal structure.?*) All fresh
FAPI and MAPI films show a I/Pb ratio higher than 3, see Table
S2, Supporting Information, indicating an excess of iodine on
the material surface. However, after exposing the perovskite
films to the environment, differences in composition and com-
position were dramatic, see Table S3, Supporting Information.
All FAPI and MAPI films experience the degradation process,
promoting the loss of iodine, associated with MAI and FAI
release in the presence of ambient air (H,O and O,).2*>?7]
Therefore, oxygenated species can be intercalated along
the films to compensate iodide deficiency through the formation
of Pb—O bonds, see Table $2-S4, Supporting Information.*"!
However, it is worth noting that the presence of FAPI-PDS shells
delays the iodide depletion from both FAPI and MAPI matrices
(both FAPI-PbS films showed higher I/Pb ratio compared to the
MAPI-PbS equivalent) compared with MAPI-PbS shell, where
the highest amount of oxygen was estimated. Then, according to
Table S2, Supporting Information, FAPI-PbS-F thin film exhib-
its the lowest metallic Pb-to-total Pb ratio (Pb®/Pby), associated
with a lesser density of undercoordinated Pb emerged into the
composite material, which stabilizes the black phase. In contrast,
the highest Pb°/Pby, ratio appears in the presence of the
MAPI-PbS shell in both the perovskite matrices, as a conse-
quence of a defective perovskite crystal structure. The creation

© 2024 Wiley-VCH GmbH
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Figure 4. HR-XPS: a,a’) | 3d, b,b’) Pb 4f, c) S 2s spectra, d) calculated metallic lead-to-total lead (Pb®/Pby,) ratio versus experimentally observed optical

bandgap of FAPI, FAPI-PbS-F, MAPI-PbS—F, MAPI, FAPI-PbS-M, and MA
30 days under ambient air aging.

of PbY states into the MAPI and FAPI matrix-based thin films is
in line with the emergence of new species into the HR-XPS Pb 4f
spectra of these materials after exposure to the ambient air, see
Figure 4b,b’, S10 and Table S2-S4, Supporting Information.
Here, a new Pb 4f;,/Pb 4f5,, doublet appears at 138.8/143.7 eV,
attributed to the adsorbed oxygen on the perovskite surface,
filling/replacing halide sites and the formation of a
[-Pb-O environment.[®2¢>28]

Another reason to favor the stabilization of the FAPI and
MAPI thin films is sulfur diffusion from PbS to compensate
halide positions. In the presence of FAPI-PbS and MAPI-PbS
shells after ambient air exposure, we find the HR-XPS S 2s spec-
tra, where a peak was located at =~ 232.6eV for FAPI-PbS-F,
FAPI-PbS-M, and MAPI-PbS-F, Figure 4c. This signal has
been attributed to the existence of SO,*~ species in the modified
materials.””! From this result, we can deduce that PbS QDs are
also found in the material surface, passivating the halide
deficiency. Moreover, reacting with oxygen and consequently
avoiding any fast deterioration, that is, act as a sacrificial additive
in the perovskite thin film. By plotting Pb°/Pbyoa versus bandgap
(Figure 4d), we can relate the ligands to the HP quality/defects.
The influence of FAPI-PbS shell in the perovskite matrix hinders
the octahedra tilting and presumably delays the iodide release,
thus reducing the generation of structural defects. In addition,
the oxygen/sulfur incorporation can passivate these states, which
eventually would improve the photophysical properties of these
perovskite thin films, see below.

Sol. RRL 2024, 2300892 2300892

PI-PbS—M-based perovskite thin films. (a,b) Before and (a’,b’, and c) after

We evaluated the ambient air stability of all six analyzed thin
films through monitoring the structural features by XRD. In
accordance with the XPS measurements, the presence of PbS
QDs stabilizes the FAPI and MAPI matrix. The XRD stability
patterns of perovskite thin films fabricated from FAPI-PbS
and MAPI-PbS QDs in FAPI and MAPI matrices are compared
in Figure S11, Supporting Information. We observed the
changes in XRD patterns of the fresh and aged films of FAPI,
FAPI-PbS-F, and MAPI-PbS-F. As shown in Figure S1la,b,
Supporting Information, the degradation of FAPI film started
with the formation of the Pbl, phase (12.70°) in an adequate
quantity along with the presence of 8-FAPI phase (11.80°).
The relative amount of PbI, phase has increased for the aged
FAPI film. However, the degradation kinetics of perovskite films
based on FAPI-PbS-F and MAPI-PbS-F are different than the
FAPI film. The decrease of the o-FAPI phase with the slow
formation of Pbl, as the degradation products is observed for
the thin film of FAPI-PbS-F and MAPI-PbS-F but without
the significant formation of 8-FAPI phase. It has been reported
that the surface with (111) facet-dominated crystalline FAPI film
is less adherent to the moisture, whereas the (100) facet shows
enhanced water adhesion tendency and results in an extended
lead—iodine bond distance, which lead to the faster PbI, and
8-phase transitions.'®! Moreover, similar types of degradation
pathways are observed for the MAPI matrix-based perovskite thin
films. As shown in Figure S11c,d, Supporting Information, a
more pronounced formation of the PbI, impurity phase has been

(7 of 15) © 2024 Wiley-VCH GmbH
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observed for the case of MAPI and MAPI-PbS-M when
compared to the FAPI-PbS-M.

The changes in defect density and strain could affect the opti-
cal properties of the perovskite films. Figure S12a,b, Supporting
Information, shows the UV-vis absorption spectra of FAPI and
MAPI matrices with FAPI-PbS and MAPI-PbS QDs. For the
FAPI matrix-based films, all the films showed a similar set of
absorption onsets with a redshift for FAPI-PbS-F and MAPI-
PbS-F films, see Tauc plot in Figure 5a and S12a, Supporting
Information. The slight redshift in absorption onset agrees with
the trend observed for the FAPI perovskite, where the bandgap
has been slightly reduced with the compressive strain."* In the
case of FAPI-PbS-M and MAPI-PbS-M, the absorption onset in
comparison to the MAPI perovskite matrix is not significantly
changed, see Tauc plot in Figure 5b and S12b, Supporting
Information.

Moreover, the presence of FAPI-PbS and MAPI-PbS did not
significantly affect the PL emission wavelength of FAPI and
MAPI matrices, see Figure 5c,d and S12c¢,d, Supporting
Information. Interestingly, the relative PL intensities and the
PL time decay of FAPI and MAPI perovskite matrices have been
changed with the nature of PbS QD shells. We see a decrease in
the PL emission intensity of FAPI-PbS-F and MAPI-PbS-F
perovskite film to reference FAPI film considering the absolute
photoluminescence quantum yield (PLQY) value of 0.218, 0.147,
and 0.138 for FAPI, FAPI-PbS-F, and MAPI-PbS-F, respec-
tively, as shown in Table S5, Supporting Information. This is
most probably by a charge transfer that could occur from the

www.solar-rrl.com

perovskite to the PbS QDs due to the favorable bandgap
alignment,[5272-92-30]

However, the enhanced PL emission intensity has been
observed for the FAPI-PbS-M and MAPI-PbS-M perovskite
film with respect to reference MAPI film. The relative PL inten-
sity of FAPI-PbS-M is higher than the MAPI films. The absolute
PLQY values are 0.211, 0.253, and 0.207, for MAPI, FAPI-PbS-M,
and MAPI-PbS-M, respectively, as shown in Table S5, Supporting
Information. To investigate the charge carrier recombination
behaviors in the FAPI and MAPI matrices with FAPI-PbS and
MAPI-PbS QDs, the time-resolved PL (TRPL) measurements
were further carried out, see Figure 5e,f. The ratio of k,,/k, ratio
is relatively lower for the FAPI-PbS-M and manifests the pres-
ence of a few nonradiative channels, which agree with the
PLQY (Table S5, Supporting Information). The enhancement of
the PL in case of addition of FAPI-PbS QDs in the MAPI matrix
could be related to the quasicubic distortion or to the better
morphology.’**"

Figure 5e shows the TRPL plots of FAPI, FAPI-PbS-F, and
MAPI-PbS-F perovskite thin films. We observe that the decay
time () of FAPI (94.9 ns) film is longer than the FAPI-PbS-F
(83ns) and MAPI-PbS-F (21.7ns). In addition, the average
decay time (z,yg) value and PLQY allow for the calculation of radi-
ative (k,) and nonradiative (k,,) recombination decay rate con-
stants (see Table S5, Supporting Information). The k, and ki,
values are comparatively similar in FAPI and FAPI-PbS-F,
but 3-4 times higher in MAPI-PbS-F: k, values in
FAPI (0.23 x 10’s™'), FAPI-PbS-F (0.18 x 10”s™"), and
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Figure 5. a,b) Tauc plots derived from corresponding UV—vis absorption spectra, c,d) corresponding steady-state PL, and e,f) time-resolved PL (TRPL)
spectra of all the analyzed thin films. The derived bandgap values are FAPI (1.540 eV), FAPI-PbS—F (1.535 eV), MAPI-PbS—F (1.536 eV), MAPI (1.600 eV),

FAPI-PbS-M (1.596 eV), and MAPI-PbS-M (1.595 eV) respectively.
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MAPI-PbS-F (0.63 x 10" s~ ') perovskite thin films, as well
as ky, values for MAPI-PbS-F (3.97 x 10’ s~ ') FAPI-PbS—F
(1.02x10’s™Y) and FAPI (0.82x10”s™%. Table S5,
Supporting Information, shows the higher k.. /k, ratio observed
for MAPI-PbS-F that can be attributed to the defects or stronger
photogenerated energy transfer to the PbS QDs which ultimately
act as the nonradiative recombination centers.*® Figure 5f shows
the TRPL plots of MAPI, FAPI-PbS-M, and MAPI-PbS-M
perovskite thin films. In line with the PL intensity trend, the
FAPI-PbS-M (12.5ns) film shows a higher average lifetime
(Tavg) Value when compared to the MAPI-PbS-M (9.7 ns) and
MAPI (7.7ns) films. Similar to the trends observed for the
FAPI-based films, Table S5, Supporting Information, shows that
k, values are the highest for MAPI (2.74 x 10” s~ ') and MAPI-
PbS-M (2.13 x 107 s7Y), and slightly lower for FAPI-PbS-M
(2.02 x 10’ s™"), and this holds also for the ki, values, where
MAPI (10.2 x 10’ s™') and MAPI-PbS-M (8.17 x 10" s "), and
FAPI-PbS-M (5.97 x 107 sfl).The ratio of ky./k, ratio is rela-
tively lower for FAPI-PbS—-M mainly because of the decrease
in k,, and manifests the presence of fewer or inefficient nonra-
diative channels, which well agree with the PL intensity enhance-
ment and with PLQY, see Table S5, Supporting Information.
These favorable photophysical properties confer the possibilities
of HP nanocomposite materials (both FAPI and MAPI matrix-
based thin films) in efficient PSCs, which stem from their better
crystallinity and mitigated nonradiative recombinations.

Finally, PSCs have been fabricated by implementing a planar
n—i—p device architecture which consists of indium tin oxide
(ITO)/SnO,/perovskite (FAPI/MAPI matrices with FAPI-PbS
and MAPI-PbS QDs)/2,2',7,7'-tetrakis(N,N-di-4-methoxypheny-
lamino)-9,9’-spirobifluorene (Spiro-MeOTAD)/Au, see
Figure 6a.*!! All the FAPI matrix-based PSCs were fabricated
under ambient conditions (relative humidity, RH 50%), while
the MAPI matrix-based PSCs were fabricated from N, atmo-
sphere.®?!] The concentrations of FAPI-PbS and MAPI-PbS
were used as 1 mg mL™! in both FAPI and MAPI matrices; all
the photovoltaic characteristics such as best values and average
of the devices are statistically evaluated in Figure S13-S14 and
Table S6, Supporting Information. The device statistical param-
eters were collected from the 15 individual PSCs for each variable
used. Figure S13-S14, and Table S6, Supporting Information,
show the statistical photovoltaic parameters of all the perovskite
matrix combinations with various PbS QD shells used.
Interestingly, the FAPI-PbS—F devices achieved a higher average
PCE of 18.9%, with a champion PCE of 21.3%, see Figure 6b and
S13, Supporting Information, compared to the reference
FAPI-based PSCs, which showed a champion PCE of 17.9%.
The narrower distribution of PCEs in FAPI-PbS-F devices
stands for good device reproducibility. The MAPI-PbS-F cells
show lower V,. and J,. values which could be associated with
the partial loss of photogenerated charges by transfer to PbS
QDs and inherent thin film defects.”**% The current-density
voltage (J—V) scans of the FAPI matrix-based devices are shown
in Figure 6f. The champion device from FAPI-PbS—F resulted in
a short-circuit current density (Js.) of 23.2 mA cm ™, an fill factor
(FF) of 0.81, a V,,c of 1.13V, and a PCE of 21.3%, see Table S6,
Supporting Information.

The photovoltaic parameters of MAPI, FAPI-PbS-M, and
MAPI-PbS-M-based PSCs showed relatively lower device

Sol. RRL 2024, 2300892
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efficiency than the FAPI-based counterparts, see Figure S14
and Table S6, Supporting Information. For instance, the MAPI
devices displayed PCE values with an average of 17%, with a
champion PCE of 18.3%. The MAPI-PbS-M devices showed
a lower average PCE value of 12.5%, with a champion PCE of
14.6%. Interestingly, the FAPI-PbS-M devices achieved a higher
average PCE of 17.7%, with a champion PCE of 20.1%, see
Figure 6b and S14, Supporting Information, and the PCEs were
distributed in a very narrow range. The current—density voltage
(J-V) scans of the MAPI matrix-based devices are shown in
Figure 6f. The best device from FAPI-PbS—M achieved a cham-
pion PCE of 20.1% with a V,. of 1.18 V, a J,. of 21.2 mA cm™?,
and an FF of 0.80, see Table S6, Supporting Information. In
addition, we measured the integrated current density from the
incident photon-to-current efficiency (IPCE) over the spectral
range from 300 to 850 nm. There is good agreement between
the J, obtained from IPCE, see Figure 6f and S15,
Supporting Information, and -V curves, Table S6, Supporting
Information, with an insignificant loss. We note that no substan-
tial photocurrent can be contributed from the matrix embedded
PbS QD absorption. The stabilized power outputs of the
representative FAPI and MAPI matrix-based PSCs are compared
in Figure S16, Supporting Information. The PSCs from
FAPI-PbS-F and FAPI-PbS-M presented a power output of
20.7% and 19.5% respectively, after 1000 s of continuous illumi-
nation in the ambient atmosphere (RH of 55%).

To provide a theoretical interpretation to the reported experi-
mental studies, we have further calculated the electronic levels in
the vicinity of bandgap.”*” The electronic spectra of these atomic
systems are depicted in Figure 7a—d. These spectra reveal a
bandgap of about 1.7 eV, which is close to the ones measured
with ultraviolet photoelectron spectroscopy (UPS), see Figure S17,
Supporting Information, deep trap states ascribed to the
dot surface, a PbS QD bandgap of about 2.4 eV, and hybridized
states at the valence band (VB) maximum and conduction band
(CB) minimum with contributions from perovskite matrix-I
and PbS QD-S atomic species. Therefore, photogenerated carriers
would occupy extended electronic states including the matrix
and also the PbS QD and would recombine nonradiatively by
the shown deep trap levels. Note that for computation time
limitations very small PbS QDs are considered causing the
significantly larger bandgap in comparison with bulk. Our
computations confirm that the embedded PbS QDs may act as
nonradiative recombination centers and effectively modulate the
optoelectronic properties of these perovskite films. However,
from the calculations alone we cannot deduce why the optical
and electronic properties of the FAPI-PbS and MAPI-PbS differ.

To elucidate how the FAPI-PbS and MAPI-PDS shells
influence the band structure of the FAPI and MAPI matrices,
UPS were performed, Figure S17, Supporting Information.
Electronic properties of the modified FAPI and MAPI films
are summarized in Table S7, Supporting Information. By intro-
ducing FAPI-PbS and MAPI-PbS shells into FAPI matrix, the
relative VB and CB energy positions are displaced to more posi-
tive values in vacuum scale, see Figure 7e. More specifically, S
atoms from perovskite-PbS QD shell are incorporated in halide
vacancies in both perovskite matrices, generating mainly a vari-
ation of electronic states coming from the VB and CB, inducing
alterations in the corresponding band structure. Then, a

© 2024 Wiley-VCH GmbH
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Figure 6. a) Schematics of PSC architecture. Box charts depicting statistics of b) PCE, c) Vo, d) Js., €) FF, and f) J-V curves of FAPI, FAPI-PbS-F,
MAPI-PbS-F, MAPI, FAPI-PbS—M, and MAPI-PbS—M-based PSCs. All the parameters were collected from 15 individual devices.

discrepancy in the S content is achieved after exposing the FAPI
and MAPI films under ambient air after 1 month, see Table S3,
Supporting Information, depicting a higher fraction of SO,*~ in
MAPI-PbS-F film than that of FAPI-PbS-F film; even both
systems show the same amount of perovskite—QD shell added
during perovskite preparation. Considering that MAPI films
and the MAPI-PbS shell are prepared in presence of DMSO,
we suggest that more sulfur and oxygen species will be contained
into as-prepared perovskite films, also affecting the VB and CB
positions, since DMSO can produce Pb complex in the perovskite
structure.”?!

In this context, the presence of a higher S content from
MAPI-PbS shell would promote a better energy offset in the
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FAPI matrix to achieve a suitable band alignment with the charge
transporter layers, for example, ITO/SnO, (4.7/4.5 eV) and spiro-
MeOTAD/Au (5.22/5.1 eV), generating the highest V,. in PSCs
and improving the device performance. Nevertheless, MAPI-
PbS-F film shows a higher density of defect sites than that of
FAPI-PbS-F film (MAPI ligand from the shell can provide insta-
bility to the composite, due to fast MAI release compared to FAI),
which increases the adsorbed oxygen content, restrains the car-
rier mobility, and decreases the solar cell performance. On the
other hand, the presence of DMSO and MAI release can explain
the similarity in the band structure and a low performance for
MAPI, MAPI-PbS—M-based films, as in the case of MAPI-
PbS—F system. Interestingly, although FAPI-PbS-M film shows

© 2024 Wiley-VCH GmbH
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Figure 7. Electronic energy levels in a) MAPI-PbS—-M, b) FAPI-PbS—F, c¢) FAPI-PbS—M, and d) MAPI-PbS—F perovskite systems, with indication of
Pb, I, and S contributions given in green, blue, and red, respectively. Gray color sums up all the atomic contributions (100%). €) Band structure estimated
from UPS parameters, see Table S7, Supporting Information, for FAPI and MAPI matrix-based perovskite thin films with embedded FAPI-PbS and

MAPI-PbS QDs.

almost identical relative band positions than that of its MAPI
analogous, the performance is higher and closer to the device
containing the FAPI-PbS-F layer. This is related to the incorpo-
ration of FAPI ligand through PbS QDs shell, thus, mitigating
the formation of a high density of halide defects in the MAPI
matrix, which provides better stability and carrier transfer
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through the device. In this case, a reduced loss of carriers
increases the V., being pivotal to obtain highly efficient PSCs
devices. At glance, Table S8, Supporting Information, depicts
the effect of FAPI-PbS and MAPI-PbS QDs on structural,
photophysical, and optoelectronic properties of the perovskite
thin films.

© 2024 Wiley-VCH GmbH
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3. Conclusion

In summary, we studied the influence of adding PbS QDs with
HP shells (FAPI-PbS and MAPI-PbS) to FAPI and MAPI
thin films on the perovskite crystallinity, strain, morphology,
optoelectronic properties, and material stability. It has been
observed that the PbS QDs exert a compressive strain in the
FAPI perovskite matrix. In contrast, the lattice expansions by
the embedded PbS QDs are responsible for the small octahedral
distortions in the MAPI matrix. We observed that MAPI-PbS-F
films experienced stronger non-radiative recombination pro-
cesses by photogenerated charge transfer to the PbS QDs, which
is reflected in decreased optical properties with respect to the ref-
erence FAPI films. On the contrary, enhanced photophysical
properties are observed for FAPI-PbS-M with PLQY value of
0.253 in comparison to 0.211 for MAPI films, which are related
to the better perovskite crystallinity, leading to reduced nonradia-
tive recombination. Moreover, we observe the amalgamation of
sulfur atoms from embedded PbS QDs to fill/compensate halide
deficiency, which eventually hampers the film oxidation in ambi-
ent atmosphere and concomitantly boosts the longevity of the
hybrid perovskite thin films. Finally, we fabricated the PSCs from
the composite films. The champion PSCs from FAPI-PbS-F and
FAPI-PbS-M achieved PCEs up to 21.3% and 20.1%, respec-
tively, with a stable performance in the ambient atmosphere.
Finally, we corroborated the influence of PbS QD shells on
the perovskite bulk energy level modification through the
combined theoretical and experimental studies. We showed that
variations in photophysical and optoelectronic performances are
associated with the partial changes in energy-level offset by the
monolayer capping layer on PbS QDs and that the FAPI shell is
needed to obtain the best energy alignment and in turn achieve
high solar cell efficiencies. By demonstrating the impact of the
shell of the PbS QDs additive and subsequent structural and
optoelectronic properties of FAPI and MAPI perovskite films,
this work opens a platform for further fundamental understand-
ing of this strategy to other metastable perovskite materials. PbS
additives can be effectively used to tune the properties of HP
films causing both the increase of photoconversion efficiency
and film stability. This work opens the door to further control
the property tuning by the use of tailored optimized shells.

4. Experimental Section

Materials and Methods: All the materials were used without any further
purification procedures. Methylammonium iodide (MAI, 98%, from
GreatCell solar), formamidinium iodide (FAI, 98%, from GreatCell solar),
lead iodide (Pbl,, >98%, from TCl), dimethyl sulfoxide (DMSO,
anhydrous, 99.9%), N,N-dimethylformamide (DMF, Anhydrous,
99.9%), N-Methyl-2-pyrrolidone (NMP, Anhydrous, 99.9%), ethyl acetate
(Anhydrous, 99.8%), diethyl ether (Anhydrous, >99.8%), Chlorobenzene
(CB, Anhydrous, 99.8%), 4-teri-butylpiridine (tBP, 96%), acetonitrile
(MeCN, Anhydrous, 99.8%), lithium bis(trifluoromethylsulfonyl)imide
(Li-TFSI, 99.95%), hydrochloric acid (HCl, 37%), and zinc powder
(99.995%) were from Sigma Aldrich. Ethanol and acetone were from
PanReac, 2-isopropanol (99.7% from Carlo Erba), 2,20,7,70-tetrakis|[N,
N-di(4-methoxyphenyl)amino]-9,90-spirobifluorene (Spiro-MeOTAD 99%
from Feiming chemical limited), toluene (Anhydrous 99.8%) were from
VWR, and octane and SnO, colloid precursor from Alfa Aesar (15% in
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H,O colloidal dispersion). Indium tin oxide (ITO)-coated glass substrates
(Pilkington TEC-15, ~15Qsq ') were used for the fabrication of PSCs.

Ligand Exchange Procedure of PbS QDs: The PbS QDs were synthesized
according to the reported procedure.*™® For the ligand exchange with
FAPI and MAPI perovskite precursor ions, a 0.25 m of FAPI or MAPI solu-
tion (in DMF) and 10mgmL™" of PbS QDs solution (in octane) were
mixed in an equal volume ratio (v/v of 1:1) and stirred for 30 min at
30°C (stirred at room temperature for MAPI ligand exchange process).
The PbS QDs were transferred from the nonpolar-octane phase to the
polar-DMF phase. Following this, the DMF phase was washed three times
with octane to remove the excess oleic acid organic ligands. Then, the
ligand-exchanged PbS QDs (named as FAPI-PbS and MAPI-PbS) were
precipitated by the addition of antisolvent, for example, toluene. Finally,
FAPI-PbS and MAPI-PbS were dried under vacuum for 2 h. The concen-
tration of various ligand-exchanged PbS QDs (hereafter named as FAPI-
PbS and MAPI-PbS) used in perovskite solutions was 1 mgmL™", similar
to the methodologies adopted earlier.®>® For this study, we used two
types of perovskite matrices, that is, both FAPI and MAPI systems with
the incorporation of ligand-exchanged FAPI-PbS and MAPI-PbS QDs.

Perovskite Solar Cell Fabrication: The indium tin oxide (ITO)-coated glass
substrates were etched with Zn powder and hydrochloric acid and followed
by 10 min of ultrasonication bath cleaning with decon soap solution,
deionized water, acetone, and isopropanol. SnO, was deposited by spin
coating of colloidal SnO, (2.65wt%) at 3000 rpm for 40s, and the sub-
strates were further annealed at 150 °C for 30 min. The FAPI perovskite
solution was prepared by dissolving 461 mg of Pbl, (1 mmol) and
172 mg of FAl (1 mmol), 96.30 yL of N-methyl-2-pyrrolidone (NMP,
1 mmol) in N,N-dimethylformamide (DMF, 590.71 pL), and the solution
was heated at 60°C." The MAPI perovskite solution was prepared by
dissolving 613 mg of Pbl, (1.33 mmol) and 211 mg of MAI (1.33 mmol)
in dimethyl sulfoxide (DMSO, 1000 pL) and the solution was heated at
70°C. The dried FAPI-PbS and MAPI-PbS QDs were dispersed in
400 uL of DMF:NMP (for the FAPI based perovskite films) or DMSO
(for the MAPI-based perovskite films) solvents to get a 25 mgmL~"' of
stock solution. The stock solution was further diluted for the preparation
of TmgmL™" solution. The FAPI-based perovskite thin films were spin
coated at 5000 rpm for 17s and 500 pL of diethyl ether solution was
dripped at 8th second. Subsequently, the substrates were annealed at
100 °C for 1 min and 165 °C for 10 min. The MAPI-based perovskite thin
films were spin coated by the two-step spinning process, by 2000 rpm for
10 s and 6000 rpm for 30's; 300 pL of ethyl acetate solution was dripped at
25th second. Then the substrates were annealed at 130 °C for 10 min. The
Spiro-MeOTAD solution was deposited by spin coating at 4000 rpm for
35s. The Spiro-MeOTAD solution was prepared by dissolving 72.3 mg
of spiro-MeOTAD in 1mL chlorobenzene, tert-butyl pyridine (t-BP,
28.8 pL), and lithium bis(trifluoromethylsulfonyl) imide (Li-TFSI, 17.5 pL
from a stock solution of 520 mg in 1 mL of acetonitrile). Finally, 90 nm
of the gold counter electrode was deposited using a thermal evaporator.
Note that the FAPI-based perovskite and Spiro-MeOTAD thin films were
deposited at ambient atmospheric conditions (with a relative humidity of
~35-55%). However, the fabrication of PSCs and thin films based on the
MAPI matrix was carried out in N, atmosphere with a single-step deposi-
tion procedure.?"

X-ray Diffraction (XRD): The crystallographic information of the
films was analyzed by an X-ray diffractometer (D8 Advance, Bruker
AXS) (Cu Ka, the wavelength of |=1.5406A) within the range of
10°-55° with a step size of 0.02°. The XRD patterns were recorded from
films deposited atop the ITO/SnO, substrates.

Raman Spectroscopy: The micro-Raman spectra were measured by
WiTec apyron equipment at 532 nm excitation wavelength and signals
were collected with an EMCCD detector. The laser power intensity used
was 0.1 mW. The Raman measurements were conducted in ambient air
conditions with an RH of 40-55%. The Raman spectra were shown with-
out any spectral correction or normalization and the vertical lines indicated
spectral mode assignment. The samples were fabricated on ITO/SnO,
substrates. Raman spectra measurements were carried out in ambient
air atmosphere with an excitation wavelength of 532nm laser and
0.1 mW power.

© 2024 Wiley-VCH GmbH
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Scanning Electron Microscope (SEM): The topographical and cross-
sectional images were recorded by field-emission scanning electron
microscope (SEM) JEOL 3100F) operated at 5 kV. The SEM was recorded
from films deposited on top of the ITO substrate.

Electron Backscattered Diffraction (EBSD): The EBSD patterns of
perovskites deposited on ITO/SnO, were collected with an EDAX
Clarity direct detection system mounted on a FEI Verios 460 SEM. The
samples were mounted on an aluminum stub with silver paste. The sides
of the samples were covered with silver paste to further connect the perov-
skite layer and the aluminum stub. During the measurements, the samples
were tilted to a 70° angle relative to the horizontal. Kikuchi patterns were
collected at a working distance of 8.2-13.2 mm from the electron beam
source, using an accelerating voltage of 10kV, low current of 100 pA,
in a hexagonal grid with a step size of 20 nm. The exposure pixel dwell
time was 50 ms for all FAPI-based films and 100-200 ms for the MAPI-
based films. Data analysis of the Kikuchi patterns was performed using
the EDAX OIM software, making use of neighboring grain averaging to
increase the pattern intensity and Cl standardization clean up to increase
the number of well-indexed points without changing their orientation. The
crystal structures used for indexing the Kikuchi patterns were tetragonal for
the MAPI matrices (space group I4/mcm, a =8.844 A and c=12.63 A),
cubic for the FAPI matrices (space group Pm-3m, a = 6.361 A), and trigo-
nal in case Pbl, was present (space group P-3m1,a=4.59A, c=6.78 A).

X-ray Photoelectron Spectroscopy: Surface chemical composition and
electronic state of modified FAPI and MAPI films were determined by
XPS (ESCA-2R, Scienta-Omicron). Spectra were recorded using mono-
chromatic Al Ka=1486.6eV. The following sequence of spectra was
recorded: survey spectra, C 1s, Pb 4f, | 3d, O 1s, S 2p, and C 1s again
to verify the stability of the charge as the function of time. The survey
and HR spectra were recorded at a pass energy of 150 and 20 eV, respec-
tively. Binding energy scale was referenced to adventitious carbon
(284.8 eV). CasaXPS processing software (Casa software Ltd) was used
to analyze the data and the quantitative analysis was made using sensitivity
factors provided by the manufacturer. On the other hand, work function,
VB maximum, and ionization energy were determined by UPS performed
in an UHV platform (ESCA, 2SR, Scienta-Omicron). UPS spectra were
taken with Hel (21.2 eV) UV light and recorded with a constant pass energy
of 3.0 eV. The samples were biased to —10V during each measurement in
order to measure the secondary-electron cutoff. The obtained UPS spectra
were first referenced to the Fermi edge (0 eV) of a gold blank.

UV-Vis Spectra: The absorption spectra were obtained using a UV/Vis
absorption spectrophotometer (Varian, Cary 300). The UV-vis spectra
were recorded from films deposited on top of the quartz glass substrate.

Steady-State PL: A 405 nm laser diode (Thorlabs STFC405) at a power
output of 1.08 mW was used as the excitation source of samples deposited
on quartz. A long-pass filter, LP532, was used to remove the excitation
laser from the signal. The PL was coupled into a fiber connected to an
OceanOptics USB4000 spectrometer. An integration time of 500 ms
was used for each measurement.

Photoluminescence Quantum Yield (PLQY): The PLQY was measured by
using a custom-modified GPS-033-SL integrating sphere built by
LabSphere. A 405 nm laser diode (Thorlabs STFC405) at a power output
of 0.4mW (0.16 W cm™2) was used as the excitation source of samples
deposited on quartz, passing through optical chopper (Thorlabs,
MC2000B-EC) running at 40 Hz, hitting the sample into the integrating
sphere. After hitting the sample, the light left the exit port of the sphere
fitted with a baffle to prevent direct reflections and hit onto a low-noise
Newport 818-SL-calibrated photodetector which was connected to a
Stanford Research Systems SR830 lock-in amplifier. We measured the exci-
tation and emission separately. The excitation was measured using a
short-pass filter (Thorlabs FESH0450). A combination of a long-pass filter,
LP532, and a short-pass filter, FES950, in front of the photodetector was
used to remove the excitation laser and the contribution of the PbS emis-
sion from the signal. The comparison of the two measured quantities
resulted in quantum yield. The sensitivity as a function of wavelength
was calibrated with the responsivity of the photodetector.

Time-Correlated Single-Photon Counting (TCSPC): Time-correlated sin-
gle-photon counting (TCSPC) se-built setup equipped with PicoQuant
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PDL 828 “Sepia 11" and a PicoQuant HydraHarp 400 multichannel pico-
second event timer and TCSPC module. A 485 nm pulsed laser (PicoQuant
LDH-D-C-640) at a power of 0.01 mW with a repetition rate of 10 MHz and
5MHz was used to excite the MAPI- and FAPI-based samples,
respectively. A combination of a long-pass filter, LP450, a notch filter,
ZET488NF, and a short-pass filter, FES950, were placed in front of the
detector to remove the excitation laser and the contribution of the PbS
emission from the signal. The lifetime traces were acquired in the course
of 5 min each. The TRPL measurements were studied on quartz glass sub-
strates and all the PL decay curves were fitted with a single-exponential
decay function to acquire the lifetime (z) values.

Solar Cell Characterization: The current—voltage (J-V) curves were mea-
sured using a Keithley 2612 source meter under AM 1.5G (1000 Wm™?)
provided by a Solar Simulator Abet, Xenon short-arc lamp Ushio 150 watts,
in the air (at room temperature, ~25°C) and without encapsulation.
Each J-V curve was generated from a starting potential of 1.2V to a final
potential of —0.02 V (reverse scan,; vice versa for the forward scan) using a
scan rate of 10mVs™". The active area of the cell was 0.121 cm?.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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