ADVANCEI '.)
ENERGY
MATERIALS
Check for

updates

FULL PAPER

www.advenergymat.d

Preferred Growth Direction by PbS Nanoplatelets
Preserves Perovskite Infrared Light Harvesting for Stable,

Reproducible, and Efficient Solar Cells

Humberto Emmanuel Sdnchez-Godoy, Eider Ansisar Erazo, Andrés Fabidn Gualdrén-Reyes,
Ali Hossain Khan, Said Agouram, Eva Maria Barea, Rubén Arturo Rodriguez, Isaac Zaraziia,
Pablo Ortiz, Maria Teresa Cortés, Vicente Murioz-Sanjosé, lwan Moreels, Sofia Masi,*

Lla

and lvdn Mora-Serd™>

Formamidinium-based perovskite solar cells (PSCs) present the maximum theo-
retical efficiency of the lead perovskite family. However, formamidinium perov-
skite exhibits significant degradation in air. The surface chemistry of PbS has
been used to improve the formamidinium black phase stability. Here, the use of
PbS nanoplatelets with (100) preferential crystal orientation is reported, to poten-
tiate the repercussion on the crystal growth of perovskite grains and to improve
the stability of the material and consequently of the solar cells. As a result, a
vertical growth of perovskite grains, a stable current density of 23 mA cm2, and a
stable incident photon to current efficiency in the infrared region of the spectrum

very promising and efficient material.l!
Due to its impressive properties such
as a high absorption coefficient, long
diffusion length and low exciton disso-
ciation energy,? the perovskite has been
exploited in several applications, among
them light amplifiers and lasers,?~! light
emitting diodes (LEDs),l®® and photo-
voltaic devices.’%1 The halide perovskite
structure, ABX;"! allows multiple atom
combinations, making it very versa-
tile. In addition, it can be synthesized

for 4 months is obtained, one of the best stability achievements for planar PSCs.
Moreover, a better reproducibility than the control device, by optimizing the PbS
concentration in the perovskite matrix, is achieved. These outcomes validate
the synergistic use of PbS nanoplatelets to improve formamidinium long-term
stability and performance reproducibility, and pave the way for using metastable
perovskite active phases preserving their light harvesting capability.

1. Introduction

The photovoltaic field has undergone rapid progress in the last
10 years, along with the halide perovskite, that emerged as a

at a low temperature permitting a rela-
tively easy synthesis by a broad range
of methods. The monovalent cation A
(formamidinium [FAL,"  methylammo-
nium [MALE! or cesium™) is located
in the cage of BX* octahedra, where B
is the metal (commonly, lead or tin) and
X a halide or combination of them. The
most studied hybrid-perovskite mate-
rials are MAPbI; and FAPbI;. Both compounds result in a
perovskite structure, despite the difference in the tolerance
factor (0.95 and 1.03, respectively, and the same octahedral
factor.’>1®1 MAPbDI; is intrinsically phase stable at ambient
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conditions but vulnerable to high temperature.l”] In contrast,
FAPDI; perovskite solar cells (PSCs) are potentially more inter-
esting as they present higher thermal stability and a narrower
bandgap, of 148 eV/'™® near the Shockley-Queisser maximum
theoretical performance.” However the o~phase (black phase) of
FAPDI; is less stable under ambient conditions than its é-phase
(vellow phase),?% making the study and development of these
PSCs highly demanding due to the FAPDI; black phase instability.

Despite the desired lower bandgap and the extended absorption
onset, FAPDI; has a weaker light absorption than MAPDI; at wave-
lengths longer than 700 nm."?! Thus, in order to generate the same
current, the layer needs to be thicker. To compensate the weak
absorption and the low stability of perovskite, binary mixtures,
like MAPDI;-FAPDbI; and CsPbI;-FAPDI;, respectively, have been
exploited.??l The combination of differently sized cations is at the
same time a strategy to tune the tolerance factor, to improve the
stability of the cubic phase, and to reduce the nonradiative recom-
bination. However, the higher bandgap (1.63 eV for the most rep-
resentative CsposMAg16FAg79Pb(Iy53B1017)3) compared to the bare
FAPDI; (148 eV), limits performance, and segregation problems
are currently present, inducing some limitations of this method,
so usually the amount of the secondary perovskite has to be as low
as possible. For instance, when the amount of Cs* is higher than
15%,231 CsPbI; separates on the top of the FA,_,Cs,PblI; layer, pre-
venting a good contact between perovskite and hole transporting
layer, resulting also in a low reproducibility.

A different approach takes advantage from external additives,
which minimize the migration of defects, assist the perovskite
growth and crystallization process,?*2% leading to an ideal mor-
phology of the perovskite grains,”?! and reduce the crystal lat-
tice parameter in mixed cation/halide perovskites.?”) Among
them, inorganic external additives were recently exploited.
Chloride incorporated as MACIPY or as methylendiammonium
dichloride (MDACL,),?" or PbS QDs confer outstanding stability
to the FA-based perovskite, without affecting its bandgap.(*?
Beyond that, inorganic PbS quantum dots (QDs) with similar lat-
tice parameter are incorporated into the perovskite matrix for a
bulk-epitaxial growth of the perovskite. The key role of PbS QDs
lies at the atomic level, either to promote perovskite crystalliza-
tionl**=3%] or to improve the stability, according to a chemi-struc-
tural mechanism,?? with the additional benefit of preserving
the bandgap of FAPDI;. In particular, the structural matching
between the FAPDI; a-phase and the (100) PbS facets®® results
in a stabilization of the a-phase with respect to the &-phase.[*?I To
take advantage of the FAPDI; black phase stabilization promoted
by (100) PbS facets,*? in this work, we have analyzed the use of
these nanoplatelets (NPLs) with controlled lateral size and (100)
crystal orientation of the basal facets,’”) compatible with the sta-
bilization of the o~phase. The PbS itself is a promising material
with weakly bound excitons and tunable optical properties®®! in
the near infrared spectral region.”) The tunable bandgap (from
0.5 to 1.5 eV) allows for a broad spectral coverage when com-
bined with the perovskite. However PbS with a bandgap lower
than 1 eV could limit the solar power generation.*” PbS NPLs,
with a bandgap close to the one of the perovskites could regu-
late this drawback. Moreover, the 2D shape exposes the terminal
atom in a preferential direction and could enable a reduction of
optical defects in the perovskite host.””) In addition, it has been
demonstrated that 2D materials such as MXene,*! g-C;N,*
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or graphene oxide®! assisted the perovskite growth and led to
improved photovoltaic efficiencies, in view of their high conduc-
tivity and high charge carrier density.

Here, the use of PbS NPLs improves the atomic interactions
and in turn allows to achieve an organized perovskite growth.
PbS NPL additives are beneficial to stimulate a favorable growth
and orientation of FA,¢Cs;Pbl; grains, to prevent degradation,
and further to promote long-term stability of the material and of
the solar cells, becoming a competitive strategy that exceeds the
current stability standards at ambient temperature.?32 The low
amount of structural defects is correlated to the improvement
of the perovskite optoelectronic properties and of the solar cell
reproducibility.* The increased stability is also demonstrated
by the incident photon to current efficiency (IPCE) measure-
ment, as the absorption of photons in the region 650-800 nm is
preserved in the presence of PbS NPLs after 4 months, demon-
strating the favorable effect of PbS NPLs not only on the stabi-
lization of the formamidinium perovskite material, but above
all on the solar cells with a more reproducible PCE of 19% for
fresh-made devices and increased stability associated with the
preservation of photon absorption in the infrared (IR) region of
the electromagnetic spectrum, where frequently the light col-
lection fails.[>%] Interestingly this effect is observed for sam-
ples prepared both in glovebox with N, atmosphere or under
ambient conditions in air with 50-55% relative humidity (RH).

2. Results and Discussions

PbS NPLs were synthesized according to the method reported
by Khan et al.®®l Figure 1a,b shows the associated transmis-
sion electron microscopy (TEM) images. The average length is
around 471 £ 6.5 nm. According to the photoluminescence (PL)
features of NPLs (Figure 1c), their thicknesses are into the range
of 1.8-2.3 nm.1*® Since the synthetized colloidal PbS NPLs have
trioctylamine (TOA) and/or oleic acid (OA) as organic ligands,
to make them compatible with perovskite matrix, it is necessary
to replace these ligands by a FAPbI; shell; see ligand exchange
details in Supporting Information and Figure S1, Supporting
Information in which the energy dispersive X-ray spectro-
scopy (EDS) and the selected area electron diffraction (SAED)
are reported to show the integrity of the PbS after the ligand
exchange and the orthorhombic crystal structure. In order to
confirm the formation of PbS NPLs before and after ligand
treatment, high-resolution TEM (HR-TEM) measurements
were performed (insets of Figure 1a,b). The (400) plane was also
identified along the PbS NPLs, with an interplanar spacing of
0.27 nm. This plane is characteristic of the extended (100) facet
of the orthorhombic phase.?® After the ligand exchange, the
PbS NPL length decreases to 38.2 + 9.3 nm (Figure 1b). The
steady state PL peak wavelength of the PbS NPLs lies at 740 nm,
with a full width at half maximum (FWHM) around 57 nm, in
accordance with a previous work.3® For the PbS NPLs with
perovskite precursors as ligands, we observed a blue-shift of
15 nm with a broader FWHM around 87 nm (Figure 1c). We
can assume an increase of the size dispersion and a decrease
of the average NPL width, caused by the extraction of the TOA/
OA, as observed in the TEM image (Figure 1b). Thus the PbS
QDs and NPLs have a different trend in the PL shift after

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. TEM images of PbS NPLs: a) Before ligand exchange; b) After ligand exchange. c) Steady state photoluminescence spectra of NPL samples,
FWHM = 57 nm (black) before ligand exchange, and FWHM = 87 nm (red) afterward. d) XRD patterns of the PbS NPL samples before (black) and
after (red) ligand exchange and of the FAPbI; a-phase (blue); ICSD 250736; the asterisk shows the main peak of the PbS after the ligand exchange.
HR-TEM images depicted as insets of Figure 1a,b show the characteristic (400) plane (extended [100] facet) of orthorhombic phase from PbS NPLs.

the ligand exchange, as for the former, the red-shift is due to
the loss of the quantum confinement,??! while for the latter, the
reduced lateral dimensions result in a lateral confinement and
in the blue-shift of the PL, common for the NPLs system with
different ligand or shell.¥-°%1 This phenomenon is attributed
to the shortened dimension of the exchanged ligand.”y The
X-ray diffraction (XRD) patterns show that the crystal structure
is orthorhombic (ICSD 648451) before ligand exchange, see
Figure 1d.138l After ligand exchange, we observed peaks mainly
associated with the a-phase of the perovskite crystal structure.
In this context, SAED patterns were obtained with the purpose
to corroborate the crystalline phase of PbS NPLs without and
with ligand exchange (Figure S1 b,b’, Supporting Informa-
tion). Thus, the diffraction planes were calculated by obtaining
their interplanar spacings (d). In both the materials, d values
were estimated to be =0.30, 0.27, and 0.21 nm, corresponding
to (111) plane of the cubic phase (ICSD 38293), and (400) and
(002) planes of the orthorhombic phase (ICSD 648451), respec-
tively. These planes are associated to the extended (100) and
(001) facets of this crystalline structure.l*® This result is in good
agreement with the HR-TEM images. The cubic phase evi-
denced in the SAED patterns could be attributed to the emer-
gence of some PbS nanoparticles formed together with the
NPLs. However, according to the XRD pattern of the PbS NPLs
shown in Figure 1d, the orthorhombic phase is the main crys-
talline structure in the materials as expected.

In order to prepare perovskite thin films with PbS NPL
additives, the ratio between the perovskite FAj¢Csq;Pbl; and
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the PbS NPLs was varied upon a screening on the concentra-
tion of the NPLs.’?l A scanning electron microscopy (SEM)
image of the pure FA;¢Csy;Pbl; film shows a broad size dis-
tribution from 74 to 774 nm, with a majority of small grains,
resulting in a mean size of 304 nm, Figure 2a and Table S1,
Supporting Information. With the incorporation of PbS NPLs
at 0.5 mg mL™!, see Figure 2D, the grains grow bigger, reaching
a maximum size of 835 nm, with a mean of 330 nm (Table S1,
Supporting Information). At higher concentration such as land
1.5 mg mL7, see Figures 2c,d, despite the presence of big grains
(up to 870 nm), the smaller ones are predominant, resulting
in a mean size of 275 and 281 nm, respectively (Table S1, Sup-
porting Information). Thus, PbS NPLs have a role on the perov-
skite thin film growth process, but the concentrations need to
be carefully optimized, to obtain a uniform distribution, see the
statistical distribution in Figure S2 and Table S1, Supporting
Information. It is worth noting that the cross-section images,
see Figures 2e-h, clearly evidence a neat arrangement with a ver-
tical orientation of the perovskite polycrystalline grains®® in the
sample with 0.5 and 1 mg mL™, more oriented as compared to
the 0 and 1.5 mg mL™ perovskite-PbS NPL layers, making sharp
interfaces also on the top and on the bottom of the perovskite
layer. Perovskite grains of samples at 0.5 mg mL™! extend mostly
along all of the perovskite thickness, reducing the grain bounda-
ries in the direction of carrier transport, perpendicular to the film.

To shed light on the effect that the PbS NPLs have on the
crystallinity, XRD analysis was performed. The XRD spectra
show the characteristics peaks of the FAgoCs(Pbl; orphase

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

Figure 2. SEM top-view images of the films based on a) FA;¢Csg;Pbls, b) with 0.5 mg mL™' PbS NPLs, c) with 1 mg mL™ PbS NPLs and d) with

1.5 mg mL™" PbS NPLs. e-h) Corresponding SEM cross-section images.

(ICSD 250736) at 14.03° (100), 20.08° (110), 24.32° (111), 28.20°
(200), 31.62° (120), and 40.30° (220,252 see Figure 3a. The
highest ratio between the (100) and (110) peak intensities is
observed for the 1 mg mL™ and especially for the 0.5 mg mL™
samples, see Table S2, Supporting Information. It is indicative
of the preferred growth over the (100) plane,”® in line also with
the SEM cross-sections images. It is worth noting that all sam-
ples with PbS NPLs are very stable, as the XRD patterns after
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4 months in air (relative humidity of 20%) just show minor PbI,
peaks that, on the contrary, are more pronounced in the bare
perovskite, see Figure 3b. Moreover we exposed the sample at
55 + 15% of relative humidity (RH) and the trend is confirmed
(Figure S3, Supporting Information).” The improved halide
perovskite stability, when PbS NPLs are embedded in the
perovskite matrix, is strictly correlated to the bigger grain size
and improved crystal orientation, less affected by the ambient

Aged
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Figure 3. XRD diffraction patterns of the control sample and of the FAq 4Csq1Pbl; (ICSD 250736) on FTO substrates with different amounts of embedded
PbS NPLs a) freshly made and b) aged for 4 months in air (relative humidity 20%). c) Gaussian fit of the magnified (100) peak of the perovskite XRD
patterns with and without PbS NPLs; d) Williamson—Hall plot of the full width at half maximum (FWHM) corresponding to the XRD peaks. The strain

is calculated as the slope of the linear fit.
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conditions, but also to the lower surface energy reached after
the interaction with the PbS NPLs. The latter effect is in fact the
reason why at higher concentration of PbS NPLs, the perovskite
is more stable than the perovskite without PbS NPLs, even if
the grains were no more prevalently bigger and well ordered.
The interaction between the perovskite and the NPLs is quan-
tified with Williamson-Hall analysis.’® Upon increasing the
NPL concentration, the peaks corresponding to the (100) and
(200) planes shift (Figure 3c) and the strain is up to 26% higher
than in the bare perovskite, see Figure 3d. The released strain is
associated with the compression of the unit cell. As the FAPbI;
perovskite has a tolerance factor close to 1, the unit cell com-
pression determines a stabilization of the cells, associated to
the improved interaction between the cation and the inorganic
octahedra.?”! As the only difference between samples is the
PbS NPL concentration, this increased strain can be attributed
to the chemical interaction between the two materials, due to
favorable matching between the NPL (100) crystal orientation
and the perovskite o~phase, where NPLs distort the perovskite
lattice in a similar way as the substrate does on the layer that
epitaxially grows on top of it.[*

The optical properties of the four different samples, pre-
pared with increasing PbS NPL concentration present similar
light absorption spectra, see Figure 4a, with the absorption
edge around 780 nm and a stable bandgap around =1.55 eV, see
Figure 4b. Interestingly the PL emission spectra at open circuit
conditions, Figure 4c, show an increase in the emission inten-
sity for the 1 mg mL™" and especially for the 0.5 mg mL™" sam-
ples, pointing to a reduction of nonradiative recombination,®
in line with the better grain arrangement observed in the SEM
images, see Figure 2, and with the higher stability, see Figure 3.
It is in fact well-know that the defects play a determining role
in the degradation of the PSCs.l*’]

The influence of PbS NPLs, observed beyond its effect on
thin layers, is confirmed by the properties of the photovoltaic
devices manufactured with them. The device architecture
employed was ITO/SnO,/FA, ¢Cs(PbI;—PbS NPLs/phenylethyl-
ammonium iodide/Spiro-OMeTAD/Au, see Figure S4a, Sup-
porting Information. In Figure S4b and Table S3, Supporting
Information, the figures of merit of the champion devices
are reported. The devices are stable under operating condi-
tions, and the obtained maximum photoconversion efficiency

www.advenergymat.de

(PCE) is, in all cases, close to 19% with negligible hysteresis,
see Figure S5 and Table S3, Supporting Information, in line
with previous reports.?383 The introduction of PbS NPLs at
0.5 and 1 mg mL™" does not interfere with the carrier extrac-
tion and collection, and a similar performance compared to
the reference samples without NPLs is obtained, see Table S3,
Supporting Information. For these samples, we measured a
higher average open circuit potential, V,,, than for the reference
samples with no PbS NPLs, while a slightly lower fill factor, FF,
was observed when NPLs were added, see Figure S5 and Table S3,
Supporting Information. In fact, champion performance has
been obtained for a sample with PbS NPLs (0.5 mg mL™),
where a stabilized efficiency was measured tracking the cur-
rent density at maximum power point (Jypp), measured during
1000 s (Figure S4c,d, Supporting Information), assuring the
system stability and its improvement. The reproducibility is
also increased for samples with PbS NPLs at a concentration
of 0.5 and 1 mg mL™, see Figure S5b, Supporting Informa-
tion. However, when a PbS NPLs concentration of 1.5 mg mL™
is used, a small but general reduction of all photovoltaic
parameters is obtained, with the FF being the most affected,
resulting in a clear reduction of the PCE and reproducibility,
see Figure S5, Supporting information. This reduction of per-
formance is a direct consequence of the inhomogeneous mor-
phology of the active layer, see Figure 2d,h, which leads to
the presence of more barriers and defects, triggering a poor
charge transport in the matrix, in line with the reduced PL, see
Figure 4c. The poor reproducibility of 1.5 mg mL™ is attributed
to the agglomeration of PbS NPLs at this concentration in the
film, triggering a nonuniform distribution of local strain, cor-
related with the inhomogeneous formation of defects and elec-
tronic traps.[®¥ Upon the agglomeration of the PbS NPLs, the
interaction with the perovskite could be reduced as the NPLs
expose only the lateral sides when agglomerated in stacks./°!
These results highlight that the introduction of PbS NPLs
with proper concentration does not decrease the photovoltaic
device performance and even slightly improve reproducibility.
In this sense, the impedance analysis, under the same illumi-
nation at different applied bias, see Figure S6a, Supporting
Information, and at different light intensities, see Figure S6b,
Supporting Information, unveiled that the recombination
resistancel®” is slightly higher for samples with 0.5mg mL™

a) b) c)
1.8- 20E10 sy ; ) =y
154 {=——0.5 mg/ml PbS NPL |, 3.0 {==0.5 mg/mL PbS NPLs
- = 1.0 mg/ml PbS NPL s —— 1.0 mg/mL PbS NPLs
s 1.5E10 14— 1.5 mg/mi PbS NPL & 2.54—1.5mg/mL PbS NPLs
5 1.2 - W e
& ; 2 20
8 0.9 - 1.0E10 i
8 0.6] —FACsPl, 5 3 .
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2 —— 1.0 mg/mL PbS NPLs : = o
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Figure 4. Optical properties of FA gCsg;Pbl; films with different concentration of PbS NPLs: a) UV-vis absorbance spectra, b) Tauc plot (the bandgap
is in all the cases =1.55 eV; the calculated bandgaps of the FACsPbl; with no NPLs, 0.5 mg mL™, 1.0 mg L™ and 1.5 mg mL™" are 1.5465 eV, 1.568 eV,
1.5478 eV, and 1.5472 eV, respectively), and c) steady state PL of the perovskite-PbS NPL films on tin oxide (SnO,).
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Figure 5. Evolution of the photovoltaic parameters of the solar cells from day 0 to day 120: a) power conversion efficiency, b) open circuit voltage,
c) short circuit current, and d) fill factor. Samples were stored in dark conditions in air, at 25 °C and 35% of relative humidity.

PbS NPLs, confirming the reduction of nonradiative recombi-
nation as PL measurements already showed, see Figure 4c, and
in good agreement with the higher V,. when PbS NPLs with
0.5 mg mL! concentration are used as additives, see Table S3,
Supporting Information.

Beyond the slight increase on device performance and
reproducibility after the addition of PbS NPLs, the most signifi-
cant effect of the NPL incorporation is a significant enhance-
ment of device stability under ambient conditions (25 °C and
35% of relative humidity). Figure 5 plots the evolution of the
different photovoltaic parameters during 4 months. Further
statistical analysis is described in Figure S7, Supporting Infor-
mation. Figure 5 clearly highlights the stability improvement
when PbS NPLs are incorporated, even with a concentration of
1.5 mg mL™}, showing that devices without PbS NPLs are less
stable. Independently of the presence of PbS NPLs, all devices
exhibit a reduction of the photovoltaic performance, from 19%
to 15%, during the first 5 days, see Figure 5a, as a consequence
of the reduction of Jsc. This burn-in effect has been observed
repeatedly in n-i-p PSCs.[% After the burn-in period, Jsc stabi-
lizes for samples with NPLs while reference samples exhibit a
continued decrease. Consequently, devices with 1 mg mL™! and
especially 0.5 mg mL™ present the highest PCE stability in air,
originating from a stable J . after burn-in period, for at least
4 months, see Figure 5, which compared with reported stability
measurements in nitrogen, is a longer time and very promising
for the concrete application of planar PSCs architecture.?

This finding demonstrates, once again, that the PbS-perov-
skite interaction leads to a stabilization of the material, attrib-
utable to the vertical orientation of the grains and improved
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morphology due to the 2D NPL shape and to a preferential
(100) surface structure, as deduced from the TEM of the PbS
NPLs,®! resulting in a highly efficient and stable device. The
addition of the appropriate amount of PbS NPLs results in a
longer stability of the devices, principally due to a reduction
of the J,. deterioration, as also pointed out by IPCE measure-
ment of devices without and with 0.5 mg mL™ of PbS NPLs,
see Figure 6. For fresh samples, Figure 6a, both have similar
IPCE spectra between 300 and 810 nm and a maximum IPCE
of 94% observed at 450 nm, while the sample with PbS NPLs
shows a slightly higher performance at long wavelengths,
A > 725 nm. Note that at 750 nm, a combined photogenera-
tion from perovskite and PbS NPLs occurs, due to the similar
bandgap, see Figures 1c and 4b. After 4 months, an impres-
sive difference between the two spectra arises, see Figure 6b.
The device without NPLs exhibits a small decrease of IPCE for
A <450 nm, and a more significant drop at longer wavelengths.
The IPCE evolution is the sign of a partial degradation of the
perovskite into species with higher bandgap, such as Pbl,, see
Figure S8, Supporting Information, responsible for a lower
Jsc in aged devices, see Figure 5. In contrast, the aged sample
with PbS NPLs presents just a small reduction of IPCE spectra
compared to the fresh one, so the PbS NPL-perovskite interac-
tion improves the stability but more important compensates
for the commonly observed IPCE loss at longer wavelengths,
from 600 to 820 nm in FA(¢Csg;Pbl;.22% This improvement
in the IPCE evidences indirectly a superior quality of the mate-
rial, see Figure 3a, the sharp and well-optimized interfaces
between the active and selective layers, see Figure 2f, and the
stable injection of the electrons during the time. Moreover, we

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Incident photon to current efficiency curves and integrated photocurrent of 0 and 0.5 mg mL™ PbS NPLs-based devices at a) 0 day and
b) after 4 months (25 °C and 35% of RH). c) Stability data of three devices with and without PbS NPLs after annealing under heating (70 °C, 55 £15%
RH); d) Track of the current at maximum power point (Vypp FACsPbl; = 0.786 V and Vjypp FACsPbI;-0.5 mg mL™' PbS NPLs = 0.853 V for 1 h under
1sun illumination, after 1 h of heating at 70 °C in air, 55 £ 15% RH (see Figure 6c), of the devices with and without PbS NPLs. The device without NPLs
degrades after 1 h at 70 °C in air, so the Jypp is lower than the original value (see Figure S4c, Supporting Information). All the measurements were

performed on devices without encapsulation.

performed photostability tests after heating and under higher
humidity conditions (Figure 6¢,d and Figure S9, Supporting
Information). As is reported in Figure 6¢, the devices without
NPLs after an annealing in air (70 °C, 55 + 15% RH, without
encapsulation) start degrading after 30 min, while the devices
with the NPLs are stable for 1 h of annealing. The most evi-
dent degradation of the control devices is after illumination at
maximum power point (MPP) under 1 sun for 1 h (Figure 6d);
here the current density decreases until reaching the 33% of
its initial value. On the contrary the device with PbS NPLs is
stable even after the illumination. This evidence is also valid
without the pre-heating step (Figure S9, Supporting Informa-
tion), indicating that the control device is almost stable after
annealing, but under light, the degradation processes are supe-
rior than in the device with NPLs. Thus the PbS NPLs confer
a huge stability either under moderate air conditions (ambient
temperature and 35% RH), or under much stressed operational
conditions such as higher humidity (55 £ 15%; 70 °C and under
illumination at 1 sun). These results can be ascribed to the
improved stability of the perovskite black phase and improved
morphology, which assure reduced or suppressed ion migra-
tion under operational conditions, induced by light or the high
temperatures. >+

In order to corroborate the strong and robust impact of the
PbS NPLs on device stability, the same devices were fabricated
also under ambient conditions (in air, 25 °C and 50-55% RH).
While the environmental surroundings usually play a dra-
matic role in achieving reproducible device performances and
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properties,|® the solar cell parameters of devices fabricated
under ambient conditions, see Figure 7 and Figure S10, Sup-
porting Information, show a similar trend as the ones fabricated
under inert conditions,®® and a record PCE of =17% is achieved
with the addition of PbS NPLs with 0.5 mg mL™! concentration.
It is worth to note that under these conditions the PbS NPLs
have also more evident benefits, as the PCE of the device based
on 0.5 mg mL of PbS NPLs is 7% higher than the control device,
see Figure 7a, and is more reproducible, see Figure 7b.

3. Conclusions

In summary, FA;oCsgPbl; solar cells are successfully fab-
ricated under nitrogen and ambient conditions (25 °C and
50-55% RH), obtaining a maximum PCE of 19% and 17%,
respectively. In both cases, a higher performance has been
obtained with the addition of PbS NPLs with 0.5 mg mL™ con-
centration into the perovskite matrix, with the improvement
with respect to reference samples without NPLs, being more
significant for devices fabricated under ambient conditions. We
observed that PbS NPLs help to obtain a better crystallization of
the perovskite film, with an ordered and uniform morphology
due to the chemical interaction with the 2D PbS NPLs exhib-
iting a preferential (100) direction. Moreover, the solar cell char-
acterization indicates that the devices without PbS NPLs show
a reduction of photocurrent beyond the burn-in period, while
upon the addition of 0.5 mg mL™ PbS NPLs, the stability of the

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 7. a) J-V curves of the devices fabricated in air, at 25 °C and 50-55% RH, with FA 4CsqPbl; without (black line) and with (blue line) 0.5 mg mL™
PbS NPLs as active layers. b) Statistical analysis of the PCE % on 20 solar cells, showing an improved reproducibility for devices with embedded PbS NPLs.

devices improved, maintaining J. above 23 mA cm™ for at least
4 months, a longer time than the stability measurements pre-
viously reported for planar solar cells, obtained also for unen-
capsulated samples stored at ambient conditions. In addition,
the reproducibility of the devices fabricated under both inert
and ambient atmosphere increases significantly by the addi-
tion of PbS NPLs with a concentration lower than 1.5 mg mL™.
Overall the PbS NPLs embedded in the FA(¢Csg;Pbl; material
allow for a stable black phase perovskite film, simultaneously
enabling stable, reproducible, and highly efficient photovoltaic
devices.

Supporting Information

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