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1. Introduction

Perovskite solar cells (PSCs) have gained increasing interest due
to their promising properties. Indeed, being produced
with cost-effective, low-temperature manufacturing processes
and employing earth-abundant raw materials, they have become
viable alternatives to conventional photovoltaic technologies.[1]

Moreover, their photovoltaic conversion efficiency (PCE) has
increased rapidly, today reaching 25.5%.[2]

Despite the massive advances in perfor-
mance, there is still room for improvement.
In particular, defect-mediated recombina-
tion still limits the device VOC and hence
the PCE.[3] Therefore, new solutions for
both surface and bulk defect passivation
are key. This calls for the simultaneous opti-
mization of the bulk active layer, as well as
surfaces and device interfaces.

Several passivation strategies have been
recently adopted with the aim of reducing
recombination losses and favoring charge
transport and collection.[4–6] Dimensional
engineering––which refers to the integra-
tion of low-dimensional perovskites
(LDPs) within the standard device
architecture––has been a strategic way to
overcome such issues. This strategy
involves replacing the small organic cation
within the 3D inorganic network with a
larger bulky cation which distorts the crys-

tal structure, opening a spacer in between the inorganic sheets
and producing a layered structure, often called 2D perovskite.[7]

Such LDP phases or, in a more simple configuration, only the
large organic cations[8] can be incorporated either in the bulk
of the active material or as a surface layer at the perovskite/
selective contact interfaces.[9–12] Most reports indicate that such
a surface treatment chemically passivates the surface (filling
under-coordinated lead atoms, vacancies, and other interfacial
defects).[13,14] In this work, we combine the concepts of bulk
passivation to reduce the bulk defect density, while improving
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Defect-mediated recombination losses limit the open-circuit voltage (VOC) of
perovskite solar cells (PSCs), negatively affecting the device’s performance. Bulk
and dimensional engineering have both been reported as promising strategies to
passivate shallow defects, thus improving the photovoltaic conversion efficiency
(PCE). Here, a combined bulk and surface treatment employing chlorine-based
compounds is employed. Methylammonium chloride (MACl) is used as a bulk
additive, while 4-methylphenethylammonium chloride (MePEACl) is deposited
onto the perovskite surface to produce a low-dimensional perovskite (LDP) and
reduce nonradiative recombination. Through structural and morphological
investigations, it can be confirmed that bulk and surface doping have a beneficial
effect on the film morphology and its overall quality, while electroluminescence
(EL) and photoluminescence (PL) analyses demonstrate an increased and more
homogeneous emission. Applying this double passivation strategy in PSC fab-
rication, a boost is observed in both the short-circuit current density and the VOC

of the devices, achieving a champion 21.4% PCE while improving device stability.
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the film morphology, and dimensional engineering to reduce the
interfacial losses. Many studies have focused on triple-
cation-based perovskite layers passivated with LDPs formed, in
most cases, using iodide or bromide precursors (such as phene-
thylammonium iodide (PEAI), phenethylammonium bromide
(PEABr), thiophenemethylammonium iodide (TMAI),
butylammonium iodide (BAI)).[15–17] In contrast, it has been
demonstrated that adding MACl in formamidinium lead iodide
(FAPbI3) is an effective strategy to improve the crystal quality of
the perovskite and its structural stability.[18] As a result, such an
approach hinders the crystallization of the yellow δ-FAPbI3, with
a boost in the device performance.[19] Here, we take a step for-
ward and demonstrate the use of a combined bulk and surface
passivation including MACl in the bulk and depositing MePEACl
on the surface. The latter reacts in situ with the excess of PbI2

present in our active layer, forming an LDP phase at the perov-
skite/hole transporting material interface. This leads to simulta-
neous reduction of bulk and interfacial losses resulting in a
sequential improvement in the device efficiency with a champion
PCE of 21.4%. X-Ray diffraction (XRD) analysis and in-depth
time-of-flight secondary ion mass spectroscopy (ToF-SIMS)
reveal that Cl� diffuses in the bulk and concomitantly aggregates
at the top perovskite surface, forming a mixed-phase LDP in the
form of MePEA2(MAxFA1�x)n�1Pbn(I1�yCly)3nþ 1. In addition,
we use hyperspectral photoluminescence (PL) imaging to probe
the spatial distribution of the LDP, combined with photolumi-
nescence quantum yield (PLQY) and electroluminescence (EL)
measurements, to reveal an overall much higher and more spa-
tially uniform radiative recombination signal which we associate
to effective defect passivation.

Figure 1. a) Schematic illustration of the stack of n-i-p perovskite solar cell (PSCs) produced employing FAPbI3, FAPbI3 (methylammonium chloride
(MACl)), and FAPbI3 (MACl)þ 4-methylphenethylammonium chloride (MePEACl) as active materials. The perovskites were sandwiched between SnO2

electron-transporting layer (ETL) and Spiro-OMeTAD HTL. ITO-coated glass and Au were elected as electrodes of the cells. b) J–V characteristics of the
champion devices produced with FAPbI3 (blue line), FAPbI3 (MACl) (orange line), and FAPbI3 (MACl)þMePEACl (green line) as active materials. The
related photovoltaic parameters are reported in Table 1. c) Box charts of the photovoltaic parameters displayed by PSCs produced with the three different
configurations. d) Incident photon-to-current efficiency (IPCE) and integrated current density of the champion devices fabricated with FAPbI3 (blue line),
FAPbI3 (MACl) (orange line), and FAPbI3 (MACl)þMePEACl (green line) as active layers.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2022, 2200038 2200038 (2 of 9) © 2022 The Authors. Solar RRL published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


2. Experimental Results: Device Engineering

To reveal the role of the different Cl-based passivation, we
fabricated FAPbI3-based PSCs in standard n-i-p architecture
where the active layer is sandwiched between tin oxide (SnO2)
and N2,N2,N2 0

,N2 0
,N7,N7,N7 0

,N7 0
-octakis(4-methoxyphenyl)-9,9 0-

spirobi[9H-fluorene]-2,2 0,7,7 0-tetramine (Spiro-OMeTAD), func-
tioning as electron and hole transporting layer (ETL/HTL),
respectively. In Figure 1a, a scheme of the device structures is
depicted highlighting the three different configurations of the
active layer, namely: 1) pure FAPbI3; 2) FAPbI3 (MACl), i.e.,
FAPbI3 with 20% MACl addition in the precursor solution;
and 3) FAPbI3 (MACl) treated with MePEACl. For the last case,
we used the “layer by layer” deposition approach to form an LDP
phase on the surface of the bulk perovskite by in-situ reaction of
the MePEAþ cation dissolved in isopropyl alcohol (IPA) with the
excess of lead iodide, according to established protocols.[10,20] The
current density–voltage (J–V ) curves of the related best-
performing devices are shown in Figure 1b and the PV param-
eters are presented in Table 1. Notably, the PCE increases with
the MACl addition in the bulk film and further boosts with the
surface-layer, reaching a champion device of 21.4%, which is due
to a concomitant enhancement of the short-circuit current
density (JSC), VOC, and fill factor (FF), as shown in the statistics
reported in Figure 1c. The incident photon-to-current efficiency
(IPCE) and the integrated current density of the champion devi-
ces are reported in Figure 1d. IPCE shows that the cells are active
over the whole visible and near-infrared regions. All the curves

increase in intensity from 300 to 450 nm and drop at 822, 824,
and 827 nm, which correspond to 1.508, 1.505, and 1.499 eV
bandgap, for cells fabricated with FAPbI3, FAPbI3 (MACl),
and FAPbI3 (MACl)þMePEACl, respectively. IPCE maximum
intensities increment progressively, firstly with MACl addition
and then with MePEACl surface treatment, which reaches
90% IPCE. Integrated current densities are calculated to be
19.46, 21.55, and 22.79mAcm�2 for PSCs fabricated with
FAPbI3, FAPbI3 (MACl), and FAPbI3 (MACl)þMePEACl,
respectively, in fair matching with the J–V curves.

The results on the device optimization show a net increase in
the PV parameters with a distinct effect due to the use of both
bulk and surface treatment. The bulk engineering with MACl
mainly affects the device JSC (with an average increase of
18%), while the combined surface treatment also improves
the device VOC, without compromising the FF, whose value is
enhanced after the adoption of each passivation strategy. We
suggest that the increase of the FF can be a consequence of
the concomitant improvement of the perovskite crystal quality,
induced by MACl bulk treatment, and the reduced defect-
mediated recombination losses provided by the LDP coating,
as proven in the following by the increase in the PLQY. This
suggests a double role of Cl passivation affecting both the bulk
and the active layer surface.

This assumption is further confirmed by light-intensity-
dependent VOC and transient photovoltage (TPV) measurements,
displayed in Figure S1, Supporting Information. Upon MACl
addition and after the combined bulk and surface passivation,
the slope values, obtained from the linear fitting of light-
intensity-dependent VOC data, decrease, while charge carrier
lifetimes, extrapolated from TPV analyses, increase. This
suggests that bulk and surface treatments of the perovskite active
layer hinder carrier recombination, promoting charge extraction,
which is confirmed by the VOC improvement.[21]

To evaluate the effect that the double passivation has on the
time of life of the cells, we performed stability measurements.
Figure 2a shows the maximum power point (MPP) tracking anal-
ysis evaluated over continuous illumination at AM1.5G 1 sun
intensity for 300min. FAPbI3 (MACl)þMePEACl retains more

Table 1. Photovoltaic parameters displayed by champion devices
fabricated with FAPbI3, FAPbI3 (MACl), and FAPbI3 (MACl)þMePEACl
as active materials.

Perovskite VOC [V] JSC [mAcm�2] FF [%] PCE [%]

FAPbI3 1.042 18.30 66.7 12.7

FAPbI3 (MACl) 1.072 23.10 73.6 18.2

FAPbI3 (MACl)þMePEACl 1.098 24.76 78.6 21.4

Figure 2. a) Maximum power point (MPP) tracking of PSCs fabricated with FAPbI3 (blue), FAPbI3 (MACl) (orange), and FAPbI3 (MACl)þMePEACl
(green) as active materials. b) Normalized photovoltaic conversion efficiency (PCE) of PSCs fabricated with FAPbI3 (blue), FAPbI3 (MACl) (orange), and
FAPbI3 (MACl)þMePEACl (green) as active materials evaluated for 21 days keeping the cells in dark and inert atmosphere.
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than 90% of its initial MPP, while bare FAPbI3 and FAPbI3
(MACl) lose more than 30% and 20%, respectively. Figure 2b
presents the normalized PCE of the three types of cells, mea-
sured each week for three weeks, keeping the devices under inert
atmosphere and in dark conditions. In this case, both the bulk
passivation and the combined bulk and surface treatment have a
beneficial effect on the shelf-life stability of the cells, which keep
more than 90% of the initial PCE.

3. Experimental Results: Analysis and Structural
Investigation

To investigate the origin behind such improvement, we analyzed
the chlorine distribution induced by the bulk and the surface
treatment with ToF-SIMS, enabling the visualization of the ele-
mental profiles across the sample thickness. Results for the
treated configurations are presented in Figure 3a,b and those
concerning bare FAPbI3 are reported in Figure S2, Supporting
Information. Interestingly, when the PbI2 curve peaks, the
amount of C is five times higher in the FAPbI3 (MACl) spectrum
than for bare FAPbI3. Although it has been reported that MACl is
released during the annealing process of the perovskite,[19] the
evidence of the increased amount of C in the active layer after
MACl addition prevents us from excluding the incorporation
of a certain amount of MAþ in the structure of FAPbI3.
Furthermore, while the FAPbI3 active layer contains a very little
amount of Cl, ten times lower than for the treated systems,
within FAPbI3 (MACl) the concentration of Cl ions increases,
producing a gradient distribution toward the perovskite/ETL
interface (see Figure 2b for the spatial Cl distributions in the
cells). FAPbI3 (MACl) þ MePEACl displays almost the same
amount of Cl in the bulk as FAPbI3 (MACl) but, in addition,
a higher quantity of the anion appears at the top perovskite/
Spiro-OMe-TAD interface. Interestingly, UV–vis spectra and tauc
plots, which are reported in Figure S3a,b, Supporting
Information, respectively, show a progressive shift in the
bandgap of the perovskite material toward higher energy values
upon Cl treatment. This result, combined with the insights
gained with ToF-SIMS analysis, suggests that Cl� is indeed
incorporated into FAPbI3 crystal structure, presumably passivat-
ing structural defects, which is likely the origin of the decreased
nonradiative recombination, addressed in the following section,
which in turn results in a superior extraction process, verified by
TPV analysis.

To better reveal the crystal structure and the impact of the
MACl addition, we investigated the XRD patterns of FAPbI3,
FAPbI3 (MACl), and FAPbI3 (MACl)þMePEACl, as reported
in Figure 3c. Characteristic peaks at 2θ¼ 14.0� and higher order
reflections are observed and assigned to α-FAPbI3.[22] For the
pure FAPbI3 film, however, a small peak at 2θ¼ 11.9� is also
present, ascribed to the unwanted δ-FAPbI3.[22] Upon MACl
addition in the bulk, such secondary peak disappears, indicating
that the additive induces the crystallization of a pure α-phase, in
agreement with the literature.[18,19] The addition of the
MePEACl, leads to the formation of a new phase, as indicated
by the presence of the peak at 2θ¼ 5.0�. Our surface treatment
demonstrates the formation of an LDP layer, which we infer
it as correlated to the Cl surface segregation observed in

the ToF-SIMS profile of FAPbI3 (MACl)þMePEACl.[23]

Concomitantly, the peak related to lead iodide at 2θ¼ 12.6�

decreases with respect to FAPbI3 (MACl) which suggests its
incorporation in the LDP.

Overall, the XRD analysis reveals a higher crystal quality
obtained upon bulk engineering, which hampers the formation
of the unwanted δ-FAPbI3. This can suggest a better film
crystallinity, which can be related to the higher JSC measured
in the device, as further addressed in the following section. In
contrast, the LDP surface treatment can be responsible for the
improved device VOC.

4. Experimental Results and Discussion:
Microscopic Investigation

Such improvement in the VOC can be assigned to a reduced
nonradiative recombination, which we verify by performing
PL and EL measurements.

While the bandgap of the different samples slightly shifts
(see Figure S3, Supporting Information), EL spectra of
FAPbI3, FAPbI3 (MACl), and FAPbI3 (MACl)þMePEACl
significantly change, as reported in Figure 4a. In particular,
the intensity of the peak increases whenMACl is added to the perov-
skite and it is further enhanced upon the surface treatment with
MePEACl, which is in good agreement with the improved VOC

of the devices, previously discussed and presented in Figure 1c.
Similarly, the chlorine treatment of the bulk and the surface

passivation of the perovskite lead to a progressive increase in
the relative PLQY (Table 2). The effects that the combined
bulk and surface treatment have on carrier lifetime and
recombination processes were studied with time-resolved
photoluminescence (TRPL) investigation. Thin films of
FAPbI3, FAPbI3 (MACl), and FAPbI3 (MACl)þMePEACl were
tested with a pulsed 470 nm laser and with an energy fluence
of 5.0� 10�5 J cm�2. TRPL traces, which are reported in
Figure 4b, are fitted with a biexponential decay model,
expressed by Equation (1), while τPL was calculated by means
of Equation (2). The obtained values of A1, τ1, A2, τ2, τPL are
reported in Table 3.

IPLðtÞ ¼ A1e
t
τ1

� �
þ A2e

t
τ2

� �
(1)

τPL ¼
A1τ1

2 þ A2τ
2
2

A1τ1 þ A2τ2
(2)

τ1, which is the shorter lifetime, raises with the bulk treatment
but no further increment is displayed after the synergistic
employment of MACl and MePEACl, while τ2 increases upon
MACl addition and after the combined bulk and surface passiv-
ation. A1 and A2 show opposite trends, progressively decreasing
and rising respectively. Previous works report that the longer life-
time (τ2) can be associated with bulk-radiative processes, while
the shorter lifetime (τ1) can be assigned to trap-mediated recom-
bination as a means to quantify the decays but without assuming
a physical mode.[24] Hence, the decrease of A1 can suggest a
lower contribution of trap-state-related recombination within
FAPbI3 (MACl) and FAPbI3 (MACl)þMePEACl with respect
to bare FAPbI3. Overall, the progressive improvement of τPL
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indicates that the PL lifetime of the perovskite film is promoted
by bulk and surface passivation. Figure 4c presents PL maps of
FAPbI3, FAPbI3 (MACl), and FAPbI3 (MACl)þMePEACl
acquired at the maximum PL peak emission wavelength for each.

Bare, untreated FAPbI3 presents spatial inhomogeneities in the
PL map with domains of low PL signal. Upon adding MACl in
the bulk, the distribution of the PL signal becomes more homo-
geneous throughout the entire investigated area, which also

Figure 3. a) Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) profiles of Au, C-, PbI, Cl-, SnO-, and InO- within FAPbI3 (MACl) and FAPbI3
(MACl)þMePEACl, b) 3D Cl distributions, extrapolated from ToF-SIMS analyses, of FAPbI3 (MACl) and FAPbI3 (MACl)þMePEACl. c) X-Ray diffraction
(XRD) patterns of FAPbI3 (blue line), FAPbI3 (MACl) (orange line), and FAPbI3 (MACl)þMePEACl (green line) thin films deposited on glass.
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applies to FAPbI3 (MACl)þMePEACl. EL, PL mapping, and
PLQY results suggest that, first, the bulk treatment of FAPbI3
with MACl has a beneficial effect on the PL signal distribution
within the sample – reflecting a more homogeneous morphology
on themacroscopic scale – and, second, the surface treatment with
MePEACl boosts the PL emission intensity of the perovskite layer.

Figure 4d shows the PL spectrum of FAPbI3 (MACl)þMePEACl,
acquired over the entire 400–1000 nm region. Beyond the most
intense peak at 810 nm ascribed to α-FAPbI3 emission,[25] we
observe two minor peaks at the lower wavelength side at 512 and
567 nm, as highlighted in the inset. Such emission has a
homogeneous spatial distribution, as indicated in the PL
map recorded at 512 nm, reported in Figure 4e. The results
confirm the formation of the LDP, which we can indicate as
MePEA2(MAxFA1�x)n�1Pbn(I1�yCly)3nþ 1, characterized by different
phases of n¼ 1 (emitting at 512 nm) and n> 1 (emitting at 567 nm).

Finally, we also looked more in detail at the nano-
morphologies of the films scanned with atomic force microscopy
(AFM) and scanning electron microscope (SEM). SEM images in
cross-section of the devices are reported in Figure S4, Supporting
Information, while microscopic images of the perovskite films

Figure 4. a) Electroluminescence (EL) spectra of FAPbI3 (blue line), FAPbI3 (MACl) (orange line), and FAPbI3 (MACl)þMePEACl (green line) thin films depos-
ited on glass. b) Time-resolved photoluminescence (TRPL) decays and related τPL of FAPbI3, FAPbI3 (MACl), and FAPbI3 (MACl)þMePEACl thin films deposited
on glass, investigated with a 470 nm laser. c) PL 60� 60 μmmaps of FAPbI3, FAPbI3 (MACl), and FAPbI3 (MACl)/MePEA2(MAxFA1�x)n�1Pbn(I1�yCly)3nþ 1 thin
films deposited on glass and excited at 405 nm, with emission collected at 812, 806, and 810, respectively. The scale of each image is the intensity normalized to
total counts. d) Photoluminescence (PL) spectrum of FAPbI3 (MACl)/MePEA2(MAxFA1�x)n�1Pbn(I1�yCly)3nþ 1 acquired over the 400–1000 nm region. A zoom in
the 455–630 nm region is reported on the side. e) PL 60� 60 μmmap of FAPbI3 (MACl)/MePEA2(MAxFA1�x)n�1Pbn(I1�yCly)3nþ 1 thin film deposited on glass,
excited at 405 nm and collected at 512 nm emission wavelength.

Table 2. Relative PLQY evaluated on FAPbI3, FAPbI3 (MACl), and FAPbI3
(MACl)þMePEACl thin films deposited on glass.

Perovskite Relative PLQY

FAPbI3 1.00

FAPbI3 (MACl) 2.09

FAPbI3 (MACl) þ MePEACl 3.45
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are shown in Figure S5, Supporting Information. Interestingly,
bare FAPbI3 presents surface cracks, which are further analyzed
in Figure S6, Supporting Information. As depicted in AFM
images, presented in Figure 5a, FAPbI3 morphology is formed
of micrometer-sized large regions, while the doped materials
seem composed of smaller domains. Importantly, FAPbI3 is
characterized by an average higher root mean square (RMS)
roughness than FAPbI3 (MACl), namely 8� 2 and
6.9� 0.1 nm respectively, which also applies to FAPbI3
(MACl)/MePEA2(MAxFA1�x)n�1Pbn(I1�yCly)3nþ 1. Overall, the
calculated values of RMS roughness are lower than those pre-
sented in the literature,[26] indicating a smoother morphology
and higher crystal homogeneity as a result of our double
passivation.

SEM images of the three materials are displayed in Figure 5b.
Unaltered FAPbI3 is characterized by smaller grains, of varying
dimension, while both FAPbI3 (MACl) and FAPbI3 (MACl)/
MePEA2(MAxFA1�x)n�1Pbn(I1�yCly)3nþ 1 have bigger grains. In
the last case, a thin film covers the surface, consistent with
the formation of an LPD phase over FAPbI3.

AFM and SEM results suggest that bulk passivation improves
the quality of the film, thus enhancing the JSC of the devices, as
observed in the photovoltaic parameters trend.

5. Conclusions

In summary, we have demonstrated double surface and bulk
passivation of perovskite films using chlorine atoms dispersed
in the bulk and as organic parts forming a shallow LDP phase,
providing enhanced device performances with a champion
device of 21.4% PCE. Our experimental results suggest that
Cl anions diffuse into the bulk of FAPbI3 perovskite, greatly
enhancing the bulk morphology and film quality, thus the device
JSC. We also demonstrate that Cl-based organic cation top passiv-
ation forms a surface layer of mixed-phase LDP, contributing to
the overall device enhancement with a special boost in the device
VOC. This paves the way for further use of Cl-based or evenmixed
halide-based compounds for the smart passivation of different
types of defects at both bulk and surface levels.

Table 3. Values of A1, τ1, A2, τ2, and τPL obtained from biexponential fitting of TRPL decays acquired on FAPbI3, FAPbI3 (MACl), and FAPbI3
(MACl)þMePEACl thin films deposited on glass.

Perovskite A1 (%) τ1 [ns] A2 (%) τ2 [ns] τPL [ns]

FAPbI3 87.5 (�0.4) 3.1 (�0.1) 12.5 (�0.4) 17.5 (�0.5) 9.5

FAPbI3 (MACl) 76.1 (�0.8) 7.2 (�0.1) 23.9 (�0.8) 36.0 (�1.0) 24.8

FAPbI3 (MACl)þMePEACl 45.3 (�0.6) 7.1 (�0.2) 54.6 (�0.6) 68.1 (�1.1) 63.3

Figure 5. a) Atomic force microscopy (AFM) 5� 5 μm images, collected in contact mode, of FAPbI3, FAPbI3 (MACl), and FAPbI3 (MACl)/
MePEA2(MAxFA1�x)n�1Pbn(I1�yCly)3nþ 1 thin films deposited on glass. The scale for each image is the intensity normalized to total counts of
FAPbI3 (MACl)/MePEA2(MAxFA1�x)n�1Pbn(I1�yCly)3nþ 1. b) Scanning electron microscope (SEM) top-view images of FAPbI3, FAPbI3 (MACl), and
FAPbI3 (MACl)/MePEA2(MAxFA1�x)n�1Pbn(I1�yCly)3nþ 1 thin films deposited on ITO.
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6. Experimental Section

Materials: All solvents and chemicals were used as purchased without
further purification. Acetone (extra pure, 99þ%), isopropanol (IPA,
99.5þ%), and chlorobenzene (CB, extra dry, 99.8%) were purchased
from Acros Organics. Tin (iv) oxide (SnO2 15% in H2O) and N,N-
dimethylformamide (DMF, anhydrous, 99.8%) were purchased from
Alfa Aesar. Dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%), MACl,
N2,N2,N2 0

,N2 0
,N7,N7,N7 0

,N7 0
-octakis(4-methoxyphenyl)-9,9 0-spirobi[9H-

fluorene]-2,2 0,7,7 0-tetramine (Spiro-OMeTAD, 99%, HPLC),
Bis(trifluoromethane)sulfonimide lithium salt (Li-salt, 99.95%), acetoni-
trile (ACN, anhydrous, 99.8%), and 4-tert-butylpyridine (4-tBP,98%) were
purchased from Sigma-Aldrich. Lead iodide (PbI2, >98.0%) was
purchased from TCI. Formamidinium iodide (FAI, >99.99%) and
4MePEACl were purchased from GreatCell Solar Materials.

Device Fabrication: For the fabrication of PSCs, indium tin oxide (ITO)-
coated glass substrates were consecutively cleaned in acetone and IPA by
ultrasonicating for 15min for each solvent. Substrates were dried with N2

airflow and treated for 10min in an oxygen-plasma cleaner (ZEPTO,
Diener Electronic).

SnO2 colloidal dispersion was diluted to 12% in water and 50 μL were
spin-coated onto ITO/glass substrates and annealed at 150 �C for 30min.
SnO2-coated substrates were subjected to UV-ozone treatment for 30 min.
All solutions were prepared in an Ar-filled glovebox, while the deposition of
each layer of the solar cell was performed in an N2-filled glovebox.

The perovskite precursor solution (1.1 M) was prepared by dissolving
PbI2 and FAI powders in a DMF/DMSO¼ 4/1 solution with 1% PbI2
excess. For bulk treatment, 20mol% of MACl was added to the solution.
25 μL of the final solution were deposited on the SnO2-coated substrates
and spin-coated with a three-step procedure: in the first step substrates
were spun at 1000 rpm for 12 s, the second step proceeded at
5000 rpm for 27 s, while the last step was a speed reduction of 4 s.
10 s after the beginning of the second step, 150 μL of CB were dropped
onto the spinning substrate for an antisolvent procedure. Subsequently,
substrates were annealed at 150 �C for 30min. For the surface passivation
of the perovskite, 50 μL of a solution 0.01 M of MePEACl in IPA were
dynamically spin-coated onto the perovskite layer at 4000 rpm for 30 s,
and substrates were annealed at 100 �C for 10min.

To fabricate the HTL, Spiro-OMeTAD was dissolved in CB to produce
an 80mgmL�1 solution. The solution was doped by adding 17.5 μL of Li-
salt dissolved in ACN (500mgmL�1 in ACN) and 28.8 μL of 4-tBP to 1mL
of Spiro-OMeTAD solution in CB. 10 μL of the final solution were
spin-coated onto the perovskite layer.

Finally, 80 nm of Au were thermally evaporated on the device with a
shadow mask of 0.0825 cm2 area. The evaporation speed was adjusted
to 0.01 nm s�1 for the first 5 nm, 0.02 nm s�1 from 5 to 15 nm, and
0.08 nm s�1 for the rest of the procedure.

J–V Characteristic: J–V curves of the produced PSCs were carried out in
ambient air, using a Keithley 2400 sourcemeter and a Wavelabs SINUS-70
solar simulator. The simulated 1Sun AM1.5G illumination was calibrated
using a certified Si reference cell (Open RR-1002, KG5 window). The
devices were measured both in reverse scan (1.2 V à 0 V, 130mVs�1)
and forward scan (0 à 1.2 V, 130mVs�1). During every measurement, a
metal shadow mask with an aperture area of 0.03 cm2 was used to
cover the active area of the device to avoid the artifacts produced by
the scattered light.

IPCE: IPCE measurements were performed in ambient air conditions
with a Cicci Research Arkeo steady-state tests module. Wavelength scan
range was set between 300 and 900 nm.

TPV: TPV analyses were performed in ambient air conditions with a
Cicci Research Arkeo transient tests module. Measurements were
conducted under constant 1 sun illumination and the constant bias
was perturbed with short light pulses of 200 μs width.

MPP Tracking: MPP tracking measurements were operated in inert
atmosphere (0% relative humidity, 0% H2O, 0% O2) with Fluxim-
Lithos Lite, employing a scan rate of 10.0mVs�1 over a range of �0.1
�1.2 V. During measurements, a shadow mask of 1.5 mm2 area was used
to cover the devices.

ToF-SIMS: ToF-SIMS analyses were performed using a ToF-SIMS 5-100
instrument, with the pulsed primary ions from a Csþ (2 keV) liquid–metal
ion gun for sputtering and a Biþ pulsed primary ion beam for analysis
(30 keV), the detection area was 150� 150 μm.

XRD: XRD patterns were measured with a Bruker D2 X-Ray
diffractometer with a copper X-Ray tube (λ¼ 1.5418 Å, 300W, 30 kV) as
an X-Ray generator and a Lynxeye (1D mode) detector. All measurements
were conducted using a 2theta range of 4�–40�, a step size of 0.02�, and a
rate of 1 step/s.

EL: EL spectra were acquired from 325 to 1100 nm, with 5000ms as
integration time, with a Cicci Research Arkeo steady-state tests module,
applying 1.05 V to the samples.

PLQY: PLQY measurements were performed on a custom-made setup
employing a Labsphere integrating sphere and a 520 nm laser (Thorlabs’
Single Mode Pigtailed Laser Diodes, LP520-SF15), using a power of 5 mW.
Scan range was set between 480 and 900 nm with 15 nm resolution at
central wavelength.

TRPL: TRPL signals were acquired on a custom-made setup, employing
a pulsed 470 nm laser (PicoQuant, LDH-DC-470). The spot diameter was
measured to be 10 μm, the repetition rate was set to 10MHz and energy
fluence was determined to be 5.0� 10�5 Jcm�2. Decays were collected at
maximum PL emission wavelength.

PL Mapping: PL emission maps were acquired using a wide-field,
hyperspectral imaging microscope (Photon, etc. IMA VIS). The maps were
detected with a front-illuminated, low-noise charged-coupled device cam-
era that was thermoelectrically cooled down to 0 �C. A power-tunable
405 nm laser with an intensity of 100mW cm�2 (spot size diameter is
�150 μm) was used as the excitation source for PL. To block the
405 nm laser reflection, a 420 nm long-pass filter was placed in the detec-
tion pathway.

PL: To measure all acquisition of the PL spectrum, the range of
detection wavelength was set from 400 to 900 nm. The step size was
set at 1 nm and the dwell time at 1 s. All data were acquired in ambient
atmospheric conditions.

AFM: AFM measurements were performed using an AFM microscope
(APEResearch srl) in contact mode (20 nN with a CSC17/Al BS tip
supplied by NanoAndMore GMBH) over a square 5� 5 μm area.

SEM: A field-emission scanning electron microscope (FE-SEM, Merlin)
was used to examine the surface morphology of the films, and cross-
sectional view of the devices. An electron beam accelerated to 5 kV was
used with an in-lens detector.

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