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ABSTRACT
Developing perovskite solar cells (PSCs) under ambient conditions remains challenging due to the material’s sensitivity to oxygen
and moisture. This study presents two types of PSCs fabricated entirely under ambient atmospheric conditions using different
deposition techniques: spin coating and drop casting. Spin-coated cells were produced with a compact planar structure (C-PSC),
while drop-cast cells utilized a mesoporous architecture (M-PSC), which not only lowers manufacturing costs but also reduces
the environmental impact by limiting perovskite exposure to air during processing. Both architectures employed a CH3NH3PbI3
perovskite layer, stabilized with either chloride anion (Cl−) or ammonium valeric acid cation (AVA+) additives to enhance film
stability. The maturation process of fresh cells was also investigated, revealing that M-PSC devices benefited from increased
photovoltaic activity postmaturation. Functional cells were achieved, with the C-PSC_Cl devices reaching nearly 13% power
conversion efficiency (PCE) andM-PSC_AVAI_mdevices attaining a PCEof 10.7%. TheM-PSCs also showed larger active areas and
more consistent performance, underscoring their reproducibility and suitability for scaling. This study provides valuable insights
into cost-effective and environmentally sustainable fabrication methods for PSCs, offering promising pathways for the large-scale
manufacturing and deployment of PSC technologies.

1 Introduction

Metal halide perovskites have recently emerged as highly promis-
ing materials for developing low-cost, high-efficiency solar cells.
These materials have attracted substantial attention due to their
contribution to the rapid increase in the perovskite solar cell
(PSC) efficiencies, which have grown from 3.8% in 2009 to over
26% in 2023 [1]. This impressive performance is attributed to a
unique combination of intrinsic properties: exceptional optical
and electrical properties, including high absorption efficiency, a

direct band gap, and excellent charge transport capabilities [2, 3].
Additionally, perovskites demonstrated notable photolumines-
cence (PL) properties and high defect tolerance, making them
ideal candidates photovoltaic (PV) applications [4–6].

A significant advantage of perovskite-based PVs lies in their
potential for low-cost production [7–10]. Unlike traditional
silicon-based solar cells, that require high-temperature and
energy-intensive manufacturing processes, PSCs can be fabri-
cated using solution-based techniques at relatively low temper-
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atures [11, 12]. This flexibility enables the use of inexpensive,
flexible substrates and opening up new applications, such as
lightweight, flexible solar panels that can be integrated into
building materials or portable electronics.

For the industrialization of perovskite PV technology, how-
ever, several critical challenges must be addressed. A primary
drawback of PSCs is their relatively, as perovskite materials
are prone to degradation under environmental stressors like
moisture, oxygen, and UV light [13–19]. This instability poses
a significant barrier to long-term performance in real-world
applications. Improving the stability of PSCs remains a key area
of research, with efforts focused on developing more robust
perovskite compositions, protective encapsulation techniques,
and stable interface materials [20–23].

Another major challenge is the complexity of the fabrication
processes. High-efficiency PSCs require the deposition of mul-
tiple layers, which often must be processed in controlled, inert
environments to preventmaterial degradation [24]. This increases
manufacturing costs and complicates scalability, limiting the
feasibility of large-area devices and commercial production.

To address these issues, recent advancements have been made
in encapsulation techniques achieving durability of up to 3000
h at 85◦C/85% RH and 1000 h under UV irradiation [25–28].
Additionally, there is a strong need for scalable fabrication
processes that can operate under ambient conditions, as well as
for optimized perovskite compositions and device architectures
to enhance performance and stability.

The primary objective of this study is to evaluate two distinct PSC
architectures—planar and mesoporous—each fabricated using
different deposition techniques to assess their suitability for
scalable production. Spin coating, the most conventional method
for PSC fabrication [29, 30], is typically conducted in inert
atmospheres to prevent degradation but is limited to small areas
and nonuniform thicknesses [31, 32]. In this study, spin coating
was performedunder ambient conditionswith specific deposition
precautions, forming a compact perovskite structure (C-PSC). For
comparison, drop casting, a technique with greater potential for
large-scale production, was also explored to create a mesoporous
structure (M-PSC), resembling the architecture of dye-sensitized
solar cells.

The C-PSC devices, prepared by spin coating, adopt a typical
n–i–p configuration with commonly used electrodes and charge-
transporting materials, with a low-temperature carbon-based
upper electrode offering a cost-effective and industrially viable
alternative to traditional metal contacts [33]. Conversely, the
M-PSC devices produced by drop casting follow an HTL-free
architecture, with a triple-mesoporous stack of TiO2, ZrO2, and
carbon. This structure has the advantage of eliminating HTL
materials, which are often thermally unstable and sensitive to
moisture and oxygen, leaving only the perovskite layer as a
vulnerable component [34].

All solar cells in this study use the commonly applied MAPbI3
perovskite (MA = CH3NH3) [35], which, while relatively easy to
synthesize, is known for its instability [36]. Additives such as
chloride or 5-ammonium valeric acid iodide (AVAI) have been

shown to improve perovskite stability without compromising
other properties. In spin-coated devices, chloride is introduced
to form MAPbIxCl1–x mixed-anion perovskites, enhancing film
morphology, carrier diffusion length, and stability [37, 38].
For drop-cast devices, AVAI is used to form MA1–x(AVA)xPbI3
mixed-cation perovskites (AVA = HOOC(CH2)4NH3), known to
significantly improve both efficiency and stability [7, 28, 39].

This study investigates these two modified MAPbI3 formulations
across both planar (C-PSC) and mesoporous (M-PSC) configura-
tions. Through a detailed comparison of processing techniques,
cell architectures, and additive effects, combined with extensive
characterization, we aim to identify fabrication processes and
device architectures that deliver high performance. Additionally,
we will discuss the reasons for the failure of certain approaches,
whether related to process, architecture, or materials, to provide
a clear understanding of the most promising pathways for
large-scale production of PSCs.

2 Experimental Part

The fabrication of solar cells (all film depositions) and charac-
terizations were done in air under ambient conditions (25◦C,
humidity levels maintained below 45% during PVK deposition,
obtained if needed with the help of a TTK 171Eco dehumidifier
from TROTEC).

2.1 Chemicals andMaterials

Fluorine doped tin oxide (FTO)-coated glass substrates were
purchased from Ossila B.V. or Solaronix S.A. (6–9 Ω−2). FTO
substrateswere cleaned by sonication bath in a detergent aqueous
solution (Hellmanex, 1%), deionized water, acetone, and iso-
propanol for 10 min each and dried. They were then subjected
to UV-Ozone treatment for 30 min. Solutions for compact c-
TiO2 (spin or spray coating), mesoporous m-TiO2 (Ti-Nanoxide
T600/SC or Ti-Nanoxide T165/SP), and mesoporous ZrO2 (Zr-
Nanoxide ZT/SP) were provided by Solaronix. Regioregular
poly(3-hexylthiophene-2,5-diyl) (reference P3HT #4002-E) was
purchased from Rieke Metals. The low-temperature compact
carbon paste (DN-CP01) was from Dyenamo, and the high-
temperature mesoporous carbon paste (Elcocarb B/SP) from
Solaronix. The perovskite ink precursor for MAPbI3−xClx was
acquired from Ossila (reference I101, MAI:PbCl2 = 3:1 in DMF).
The perovskite ink precursor for MA1–x(AVA)xPbI3 was acquired
from Solaronix (reference 76805, MAI:PbI2:AVAI = 1:1:0.05 in
GBL). Anhydrous chlorobenzene 99.8% was purchased from
Sigma–Aldrich, and isopropanol 99.5% and acetone were from
VWR. Ultrapure water (resistivity = 18 MΩ cm) was obtained
using a Millipore Milli-Q system.

2.2 Fabrication of Spin Coated Solar Cells
(Named “C-PSC”)

2.2.1 Electron Transport Layer (ETL) Deposition

c-TiO2 andm-TiO2 solutionswere spin coated on the cleaned FTO
substrates. The conditions were set at 83 rps for 30 s. The layers
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were annealed 60 min at 475◦C for c-TiO2, and 30 min 475◦C for
m-TiO2, producing layers with thicknesses of respectively 65 and
450 nm. Before the deposition of the perovskite, the substrates
were treated with UV-Ozone for 30 min.

2.2.2 Perovskite Deposition (Under Air Atmosphere)

The perovskite precursors’ solutions were spin coated at 17 rps for
30 s. The annealing stepwas 30min at 110◦C forMAPbI3−xClx and
5 min at 50◦C for MA1–x(AVA)xPbI3. Obtained thicknesses were
around 300–350 nm.

2.2.3 Hole Transport Layer (HTL) Deposition

A 15mgmL−1 solution of P3HT in chlorobenzene was spin coated
on the perovskite at 25 rps for 40 s, followed by 33 rps for 30 s
(thickness 45 nm).

2.2.4 Carbon Electrode Deposition

Finally, the DN-CP01 carbon paste was deposited on the stack
by Doctor Blade coating. The final sample was then annealed
at 120◦C under vacuum for 15 min, affording a compact carbon
electrode of 15 µm. Each substrate allowed to fabricate between
six and eight devices with an active area between 0.1 and 0.2 cm2.

2.2.5 Maturation

The fresh solar cells were eventually exposed to a posttreatment
in order to achieve maximal performance. This maturation step
was carried out under vacuum at 40◦C for 150 h.

2.3 Fabrication of Drop Casted Solar Cells
(Named “M-PSC”)

2.3.1 Electron Transport Layer (ETL) Deposition

c-TiO2 and m-TiO2 solutions were deposited respectively by
spray pyrolysis at 400–500◦C and screen-printing on the FTO
substrates, followed by a 45 min firing at 500◦C. This produces
layers with thicknesses of respectively 20 and 500 nm.

2.3.2 Insulating Spacer Deposition

As the perovskite layer is deposited as a final step, an intermediate
insulating layer is crucial to prevent contact between the front and
back electrodes and avoid ohmic shunts. A 1 µmthickmesoporous
ZrO2 layer was thus deposited by screen-printing, followed by
firing at 500◦C.

2.3.3 Carbon Electrode Deposition

Then, the Elcocarb B/SP carbon paste was deposited by screen-
printing, followed by 30 min firing at 400◦C, affording a
mesoporous carbon electrode of 15 µm. Once the device was

cooled down, borders were protected by a polyimide adhesive
mask to avoid liquid spreads outside the active area (1.5 cm2) at
the following step.

2.3.4 Perovskite Infiltration (Under Air Atmosphere)

Finally, 5.76 µL of the perovskite precursors’ solutions were drop
onto the monolithic stack using a manual micropipette. It was
then allowed to infiltrate into the porous structure for 30 min in
a box with the lid on. After that, the device was annealed: at 50◦C
for MA1–x(AVA)xPbI3 and at 110◦C for MAPbI3−xClx in an oven
for 30 min (lid on), and then it was annealed for another 60 min
with the box lid off. Finally, the mask was removed. In this study,
the M-PSC stacks were manufactured by Solaronix S.A. and the
final perovskite deposition by drop casting was conducted in our
laboratory.

2.3.5 Maturation

The fresh solar cells were eventually exposed to a posttreatment
in order to achieve maximal performance. This maturation step
was carried out at 40◦C and 75% relative humidity (RH) for 150 h.

2.4 Characterization

2.4.1 Profilometry

Layer thicknesses were estimated using an Alpha-Step D-500
(KLA) stylus profilometer after scratching the layers with a
scalpel (average on three measurements).

2.4.2 X-Ray Photoelectron Spectroscopy (XPS) and
Ultraviolet Photoelectron Spectroscopy (UPS)

Perovskite film onto ITO substrates was characterized by XPS
and UPS at the Advanced Microscopy Laboratory (LMA) in
Zaragoza on a Kratos AXIS Ultra DLD under ultra-high vacuum
(1 × 10−10 mbar) conditions. Samples were prepared by depositing
the perovskite solutions onto an ITO substrate by spin coating.
Subsequently, the substrate was cut into 1 × 1 cm samples
to fit the dimensions of the sample holder for the measuring
instrument. For XPS measurements, the samples were excited
by a monochromatic Al Kα source at 1486.6 eV. The analysis
of the spectra was done using CasaXPS software. The binding
energies were referenced to the internal C 1s standard at 284.6 eV.
UPS measurements were performed using monochromatic HeI
radiation (21.2 eV). The valence band energy level (Evb) was
calculated as indicated in the literature [40, 41].

2.4.3 Scanning ElectronMicroscopy (SEM)
Observations

SEM observations were performed with a FEG ZEISS Ultra
55 microscope from CMTC in Grenoble to obtain cross-
section images of the devices. For M-PSCs, this measurement
was done on complete solar cells: FTO/c-TiO2/m-TiO2/ZrO2-

3 of 20

 26884011, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nano.202400205 by U

niversidad D
e Z

aragoza, W
iley O

nline L
ibrary on [19/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



perovskite/carbon. For C-PSCs, the characterization was done on
half-cells: FTO/c-TiO2/m-TiO2/perovskite.

2.4.4 JVMeasurements

The measurements were performed under a standard AM1.5G
solar simulator (Newport Oriel LSC-100, 100 mW cm−2)
using a BioLogic-SP300 potentiostat. The power calibration
(100 mW cm−2) was systematically carried out each day using
a calibrated reference silicon cell with a readout meter (Oriel,
Model: 91150V- Series Number: 801/0871). PV activity was
analyzed by density current–voltage (J–V) curves, recorded in
reverse mode with a scan going from open circuit (OC) voltage
(Eoc) to 0 V and a scan rate of 10 mV s−1 (software EC-Lab 11.31).
The power conversion efficiency (PCE), short-circuit current
density (Jsc), open-circuit voltage (Voc), fill factor (FF), and series
resistance (Rs) were then extracted using a homemade Python
script on Spyder environment. The results obtained for this
characterization were verified on twelve different cells for each
type of solar device.

2.4.5 Ultraviolet–Visible (UV-Vis) Spectroscopy

UV-Vis was used for absorption measurements in the
200−1100 nm range using a Shimadzu UV-2600 spectrometer
with an integrating sphere accessory. For M-PSCs, carbon layer
removal was required because the opacity of this layer prevents
any possible transmission of light through the entire device. This
was accomplished using the adhesive scotch peeling method. For
C-PSCs, the characterization was performed on FTO/c-TiO2/m-
TiO2/perovskite half-cells. During the measurements, the beam
passes through the glass, FTO, and TiO2/ZrO2 layers until it
reaches the perovskite. This technique allows the detection of
the different materials constituting the active layer of the solar
cell. Optical band gaps (Eg) can be calculated using the Tauc plot
method applied to absorbance data. The results obtained from
this characterization were verified on three different devices for
each type of solar cell.

2.4.6 Photoluminescence (PL) Spectroscopy

PL measurements were collected over the 600−900 nm range
using a Shimadzu RF-6000 spectrofluorometer with a 520 nm
excitation wavelength. Two filters were used: a 575 nm low-
pass in front of the excitation source and a 600 nm high
pass in front of the source of emission in order to suppress
any artifact coming from the spectrofluorometer. Chosen mea-
surement conditions were a scan rate of 6000 nm min−1, an
excitation slit of 10 nm, and an emission slit of 20 nm. For M-
PSCs, the measurements were done on full devices with carbon.
For C-PSCs, the characterization was performed using FTO/c-
TiO2/m-TiO2/perovskite half-cells (the apparatus presenting a
non-reflective black background in both cases). The beamhits the
side of the glass through FTO, TiO2/ZrO2 layers until it reaches
the perovskite. The results obtained from this characterization
were verified on three different devices for each type of solar cell.

2.4.7 Photoluminescence (PL) Imaging

PL imaging mapping was carried out using a homemade device
consisting of a dark chamber, two monochromatic 520 nm
light-emitting diode arrays, and an overhanging camera (at
30 cm) equipped with a 650 nm high-pass filter (Edmund
Optics). Image treatments were done using ImageJ software.
For M-PSCs, the measurements were done on full devices
with carbon. For C-PSCs, the characterization was performed
using FTO/c-TiO2/m-TiO2/perovskite half-cells (the apparatus
presenting a non-reflective black background in both cases). The
results obtained from this characterization were verified on three
different devices for each type of solar cell.

2.4.8 Raman Spectroscopy

Raman spectroscopy was performed using a Senterra Raman
microscope spectrometer in confocal mode. The cells were ana-
lyzed using a 532 nmmonochromatic laser beam, optical lens 50x
and integration time of 5 × 20 s. For M-PSC samples, the carbon
layer removal was required. For C-PSC ones, the characterization
was performed on FTO/c-TiO2/m-TiO2/perovskite half-cells. The
spectra obtained are normalized to TiO2 signal at 400 cm−1. The
results obtained from this characterization were verified on two
different devices for each type of solar cell.

2.4.9 X-Ray Diffraction (XRD) Analyses

XRDs were performed on a PANalytical X’Pert PRO MPD X-
Ray diffractometer between 2θ of 8◦ and 50◦ with Cu-Kα source
at the Consortium of Common Technological Means (CMTC)
in Grenoble. The measurements were performed on samples
without carbon layer (removal for M-PSCs or half-cell for C-
PSCs). The results obtained from this characterization were
verified on two different devices for each type of solar cell.
Match! Software was used to identify the different phases and
orientations composing the perovskite layer. Table 1 proposes
an attribution from the literature of the various contributions
present in the diffractograms. Generally, perovskite crystallizes
in a tetragonal form with two main orientations: (110)/(220) and
(200)/(400), respectively, notedO1 andO2 [42–45]. Other orienta-
tions were also noted, as indicated in the table. In addition, after
an extraction of the background and peak fitting by a Gaussian
curve to determine peak areas, it was possible to evaluate the
relative crystallinity of the perovskite and the proportions of the
different perovskite orientations using the following equations.

For perovskite crystallinity:

Relative crystallinity (%)

=
∑
(Perovskite contributions)

Integrated area −
∑
(Contributions other than perovskite)

× 100 (1)

For orientation 1:

Proportion 𝑂1 (%) =
∑
(Orientation 1)∑

(Perovskite contributions)
× 100 (2)
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TABLE 1 Attribution of main XRD diffraction lines.

2θ (◦) Attribution PVK orientation

12.6 PbI2 —
14 PVK (110) Orientation 1
20 PVK (200) Orientation 2
23.4 PVK (121) Other orientations
24.5 PVK (202) Other orientations
25.3 TiO2 —
25.5 PbI2 —
26.4 FTO —
26.5 Graphite —
28.4 PVK (220) Orientation 1
30.2 ZrO2 —
30.8 PVK (123) Other orientations
31.2 PVK (222) Other orientations
33.7 FTO/TiO2 —
35 PVK (132) Other orientations
37.7 FTO —
40.6 PVK (400) Orientation 2
42.6 PVK (141) Other orientations
43.2 PVK (134) Other orientations
45.8 PVK (116) Other orientations
47.7 PVK (206) Other orientations

Abbreviations: FTO, fluorine doped tin oxide; XRD, x-ray diffraction.

For orientation 2:

Proportion 𝑂2 (%) =
∑
(Orientation 2)∑

(Perovskite contributions)
× 100 (3)

For other orientations:

Proportion Others (%) = 100 − Proportion𝑂1 − Proportion𝑂2 (4)

2.4.10 Electrochemical Impedance Spectroscopy (EIS)

EIS measurements were performed under a standard AM1.5G
solar simulator (Newport Oriel LSC-100, 100 mW cm−2) using a
BioLogic-SP300 potentiostat (SP-300 with impedance measure-
ment option, Biologic), with a potential variation of 30 mV and
a range of frequencies between 1 MHz and 0.5 Hz. First, the
measurements were made with variable illumination intensity:
0.2, 0.4, 0.6, 0.8, and 1 SUN, in OC voltage. Then, the illumination
is fixed at 1 SUN (100 mW cm−2) and variable voltages were
applied to solar cells between 0 and 0.6 V (0.20, 0.28, 0.36, 0.44,
0.52, and 0.6 V). The Nyquist plots (Re(Z) = f(−Im(Z))) are
then studied and fitted by an equivalent circuit thanks to the
EC-Lab-11.31 software.

3 Results and Discussion

As mentioned in the introduction section, to develop air-based
fabrication processes for PSCs, two types of solar cells utilizing
different perovskite layer depositionmethods and different archi-
tectures were studied in this article. The main features of the two
types of cells are presented in Figure 1, together with the energy
level diagrams of the constitutingmaterials perfectlymatching for
an appropriate charge transfer.

The first type of solar cell, referred to as C-PSC in the article,
was fabricated via spin coating (Figure 1a). This means that all
layers of the cell were deposited using this method, except the
carbon layer that was deposited via Doctor Blade coating. The
C-PSC architecture follows a conventional n–i–p version: the
ETL is based on a compact (c-TiO2) and mesoporous (m-TiO2)
titanium dioxide bilayer, and the hole transport layer is P3HT.
As the carbon upper electrode is deposited after perovskite, a
low-temperature (100–120◦C) formulation is required affording
a compact carbon cathode. The proposed architecture is not the
optimal in terms of performance, but it is certainly the most
technically proven and arguably the least expensive [46]. The
depositions were carried out on 15 × 20 mm FTO substrates,
enabling the fabrication of 6 cells with active areas ranging from
0.07 to 0.13 cm2.

The second type of solar cell, referred to as M-PSC, represents an
alternative architecture to traditional solar cells [47] andwas fully
fabricated without using spin coating (Figure 1b). All layers can
be deposited by spray coating, screen-printing, or inkjet printing,
more suitable for large-scale manufacturing [48]. In this study,
the perovskite layer was deposited as a final step by drop casting
through a triple mesoporous scaffold. This was made possible by
the use of high-temperature (400–500◦C) formulations capable
of producing mesoporous carbon and ZrO2 layers. Used temper-
atures can nevertheless be qualified as relatively low compared
to those required for the silicon technology. The main advantage
of this technique is that the perovskite solution is very briefly
exposed to the environment, reducing the risk of degradation. The
architecture may appear similar to that of regular PSCs, but it
differs in several key ways: the inclusion of a mesoporous spacer
layer allowing both the absence of hole transporting layer and a
significantly thicker perovskite layer (around 1–2 µm in M-PSCs
compared to values in the 300–400 nm range for traditional PSCs)
[49, 50]. The spacer layer consists in an insulating material, most
of the time ZrO2 which will be filled by PVK. This results in
particular to the absence of possible short-circuit even after the
degradation of PV devices. Thanks to the energy levels of the
carbon cathode and the absence of short-circuit pathway, it is
seen that hole transport to the carbon electrode can be achieved
without any intermediate layer. M-PSCs are often referred to as
triple-mesoporous cells, and their active surfaces are much larger
than in standard PSC due the scalable processes used (1.5 cm2

in this work). In terms of performance, M-PSCs can offer good
energy conversion efficiency, although it is often lower than
traditional PSCs records. However, they can compensate for this
with better stability thanks to its HTL-free architecture.

The main innovation here lies in performing all depositions in
an ambient air environment, in contrast with the conventional
use of a glovebox [51, 52]. Both PV devices used in this study
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FIGURE 1 Illustration of the two studied PV devices (a) compact C-PSC architecture fabricated using PVK spin coating and (b) mesoporous M-
PSC architecture fabricated using PVK drop casting (insets show photographs of the devices with dimensions and specific surface areas, along with SEM
images showing cross-sections of the devices and layers thicknesses); (b and d) energy levels diagrams and carriers flow for respectively C-PSC and M-
PSC devices (exact MAPbI3–xClx and MA1–xAVAxPbI3 energy levels extracted from UPS analyses are reported in the associated table). AVA, ammonium
valeric acid; PSC, perovskite solar cell; PV, photovoltaic; SEM, scanning electron microscopy; UPS, ultraviolet photoelectron spectroscopy.

also stand out for the use of carbon-based materials as cathode,
which offers several advantages. Firstly, utilizing carbon can
reduce manufacturing costs, as carbon-based materials are often
less expensive than the metals used in traditional electrodes.
Additionally, carbon-based cells can be more environmentally
friendly, as they avoid the use of potentially toxic heavy metals.
And finally, the carbon upper-electrode can act as a protective
barrier layer to moisture stress due to its intrinsic hydrophobic
nature [23, 53].

The only layer sensitive to the air environment in both PV
devices here studied is the essential perovskite photo-active
material. Exposed perovskite readily reacts with moisture in the
air, forming hydrated crystal phases that subsequently degrade
into yellow and inactive PbI2 as a stable product [54, 55]. The
performance of halide PSCs is reduced because the hydrated crys-
tals hinder the diffusion of photo-generated carriers. To address
these issues, several studies have been conducted in ambient air,
employing different strategies to achieve high-quality perovskite
films through spin coating. Tai et al. used Pb(SCN)2 powder as
an additive to incorporate thiocyanate into the crystal lattice of
MAPbI3, thereby improving the stability of PSCs in humid air
[56]. Yan et al. used a different approach with guanabenz acetate
salt to eliminate vacancies, blocking the perovskite hydration and
allowing the crystallization of a high-quality film in ambient air
[57].

In this study, two perovskite’s formulations will be tested in
both C-PSC and M-PSC described architectures. The traditional
MAPbI3 formwill be usedwith two different stabilizing additives:
either chloride (PSC_Cl) or AVAI (PSC_AVAI). AlthoughMAPbI3
perovskite form exhibits highly favorable properties such as
excellent absorption, high carrier mobility, and relatively long
carrier lifetime [37], its main drawback is its high sensitivity
to environmental factors, often necessitating additives [58]. The
incorporation of chloride into the perovskite structure, typically
in the form of MAPbI3–xClx, has shown a beneficial effect on
the material’s stability [59]. Chloride ions help regulating the
crystallinity and morphology of the perovskite film, thereby
reducing defects and degradation induced by humidity, heat, and
light [60]. It has been demonstrated in the literature that PSCs
containing chloride exhibit increased durability, with better resis-
tance to degradation under stressful environmental conditions
such as heat and humidity [61]. The addition of AVAI, leading
to an MA1–x(AVA)xPbI3 perovskite formulation, has also demon-
strated a significant improvement in solar cell efficiency [39].
This additive can promote better perovskite film morphology,
thereby increasing light absorption and charge carrier separation,
leading to enhanced PV conversion efficiency [7]. AVAI has
also shown effectiveness in enhancing the stability of PSCs,
reducing degradation phenomena caused by humidity, heat, and
light, thereby prolonging the device lifetime and maintaining the
performance [25]. The use of AVAI in perovskite formulation
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is compatible with various fabrication processes, including film
deposition techniques such as spin coating and drop casting,
offering flexibility in PSC design and fabrication [47, 62].

The energy levels of our MAPbI3–xClx and MA1–x(AVA)xPbI3
perovskites are presented in the table included in Figure 1.
They have been extracted from UPS measurements performed
on spin-coating deposits (see Figure S1 for more precisions).
Obtained values remain close and agree with those reported
in the literature for similar materials [63]. This completely
validates the charge transfer mechanism within both C-PSC
and M-PSC devices, and hence their theoretical functioning (see
Figure 1c,d), energy levels values for other layers were extracted
from literature [64, 65]. XPS measurements were also performed
(see Figure S2). General components of MAPbI3 perovskite were
detectable. For other elements originating from additives used, it
seems that their amount in the final perovskite is weak enough
not to alter XPS spectra. AVAI cations are introduced through
AVAI reactant (HOOC(CH2)4NH3I) in a too weak percentage
to strongly modify the XPS spectra (5% of the organic cations
amount). Cl anions are introduced through the introduction
of PbCl2 leading to a theoretically huge Cl percentage (40% of
the halogen anions). However, the occurring chemical reaction
is expected to release MACl easy to be sublimated during the
annealing stage around 100◦C [66] (halogen anions andMAbeing
both in excess at the same level in the typical MAI:PbCl2 = 3:1
formulation) [67].

Figure 2a presents the typical J–V curves obtained with our
different cell configurations. One configuration is however not
represented as it was found not functional. Indeed, theM-PSC_Cl
configuration was not able to perform better than 0.2%–0.3%,
indicating that the triple mesoporous architecture M-PSC is not
compatible with MAPbI3–xClx formulation. The typical J–V curve
obtained is represented in Figure S3, together withUV-Vis and PL
data. M-PSC_Cl configuration mainly produces amorphous PbI2
as evidenced by UV-Vis spectra. The presence of MAPbI3–xClx
perovskite with probably a high Cl content could however be
detected in both UV-Vis and PL spectra, with a nonoptimized
band-gap close to 650 nm (instead of 765–770 nm for traditional
spin-coated devices). The PL emission of these sample was
relatively high and nonhomogeneous, probably related to a high
quantity of defects induced byM-PSC stack architecture blocking
the MACl required sublimation during the annealing stage.
Additives in the perovskite formulation play a crucial role in
enhancing stability and performance.

Attempts to fabricate C-PSC cells with a pure MAPbI3 formula-
tion, without any additives, did not result in functional devices
[68], highlighting the very low stability of this formulation in
air and the essential use of a glovebox to achieve working cells.
Recent studies have shown that adding AVAI can double the per-
formance of mesoporous carbon-based cells and greatly improve
their stability [69]. The additive AVAI is generally recognized
in the literature as more effective than chlorine in improving
the performance and stability of MAPbI3 PSCs. AVAI has been
associated with significant improvements in the morphology
and crystallinity of the perovskite film. For instance, Grancini
et al. [70] demonstrated the long-term stability of a 5-AVAI/MAPI
perovskite solar module using a 2D/3D interface engineering
approach. They achieved an efficiency of 11.2% in 10 × 10 cm2

modules fabricated through a fully printable industrial process,
with no degradation under AM 1.5G sunlight at 55◦C for 10 000
h. Although chlorine additives can enhance cell performance,
their impact appears less substantial compared to AVAI [71]. To
date, one study [72] has explored the combined use of Cl and
AVAI by introducing AVACl as an additive in MAPbI3 cells, using
PbAc2 and MAI as precursors (with the acetate group potentially
acting as a third additive [73]). Although the action mechanisms
of AVACl and AVAI differ, the resulting efficiencies and stabilities
achieved with both additives are comparable.

The three other studied configurations are functional (C-PSC_Cl,
C-PSC_AVAI, and M-PSC_AVAI). Their PV parameters are pre-
sented in Figure 2 with a statistical analysis provided in Table 2.
In this study, the impact of an additional posttreatment also called
“maturation” was also investigated (referred as: C-PSC_Cl_m,
C-PSC_AVAI_m, and M-PSC_AVAI_m). In general, for M-PSC,
a maturation step is necessary after fabrication to optimize
their performance. The mechanisms behind this improvement
have been published recently by Farha and coworkers [27, 45].
They concluded that the maturation process in M-PSC enhances
the initial PV performance without altering the device. The
optimal maturation treatment depends on the cell architecture,
the morphology, and the deposition method. For drop casted
devices, the perovskite layer exhibited greater and more spatially
varied thickness after maturation. Furthermore, they determined
that this process primarily transformed the perovskite layer
enhancing charge transfer. It will be thus interesting to compare
the impact of such posttreatment (150 h, 40◦C) on our different
architectures and formulations.

As shown inFigure 2a, all cells are functional but exhibit quite dif-
ferent behaviors. As shown in Figure 2b, the C-PSCs performance
ranges between 6.5% and 7.4%, and the highest performances are
achieved for C-PSC_Cl, which have a chloride-based perovskite
layer. These results are in agreement with the literature for solar
cells fabricated under similar conditions. Zhang et al. developed
spin-coated PCS in ambient air using carbon as the counter
electrode and found that the thickness of the m-TiO2 film greatly
affects the PV performance. For samples with a m-TiO2 thickness
similar to the cells here reported (420 nm), the devices achieved
6% efficiency [74]. However, when these samples were prepared
in a glovebox, the stability issues of the perovskite layer were
reduced, and the performance increased, reaching efficiencies
of up to 15% [51, 75]. The maturation step does not lead to an
improvement in performance for any of our C-PSCs. For the M-
PSCs, usingAVAI as additive, the results are different.Maturation
leads to a significant improvement in performance, with an
increase from 7.4% to 10.2%. In summary, the M-PSC cells exhibit
the best average performance. However, the C-PSC_Cl cells have
a champion cell with a PCE close to 13%, whereas the highest
PCE obtained for the M-PSC_AVAI cells is 10.7%. The M-PSCs
nevertheless have the largest active areas and offer the most
consistent performance, indicating good reproducibility of the
manufacturing process.

Regarding the other PV parameters (Figure 2c and Table 2), C-
PSC exhibits short-circuit current density (Jsc) values around
15 mA cm−2 and open-circuit voltages (Voc) close to 0.9 V. The
FF values are slightly lower for C-PSC_AVAI cells: approximately
45% compared to 55% of C-PSC_Cl cells. We will not dwell on
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FIGURE 2 (a) Typical J–V curves for the three functional types of photovoltaic (PV) cells before and after thematuration step; (b) power conversion
efficiency (PCE) statistical values (mean and standard deviation from 12 cells of each); (c) spider chart presenting themost relevant PV parameters (mean
values): PCE (%), fill factor (FF), open circuit voltage (Voc [V]), short circuit current density (Jsc [mA cm−2], together with the related photo-active
measured areas).

the PV parameters after the maturation of these cells, as this
treatment does not seem very effective. In comparison, the M-
PSC_m cells (after maturation) exhibit slightly higher Jsc values,
around 17.5 mA cm−2, better FF values, close to 64%, and lower
series resistance (Rs) values around 9 Ohm cm2, indicating the
advantage of these mesoporous architectures and thus better
charge transfer within the cell. The Voc values are quite similar,
which can be explained by the similarity of the materials used in
the three types of cells.

In drop-cast devices, defect healing occurs within the perovskite
layer due tomicrostructural changes that enhance absorption and
crystallinity [76]. The perovskite is embedded within a protective
mesoporous scaffold, with the AVAI additive improving the
durability of conductive pathways. Additionally, mesoporous
carbon enhances nanoparticle interconnectivity, leading to better
PV performance [77]. In contrast, spin-coated cells lack this
mesoporous protection, making the perovskite layer thinner and
more susceptible to degradation. The compact carbon layer in

these cells also limits interaction with the perovskite, reducing
charge extraction efficiency and crystallinity.

In conclusion, both manufacturing processes conducted in air
yield functional cells. For C-PSC cells, the performances are
lower than those achieved when manufactured in a glovebox.
Additionally, while the M-PSCs exhibit slightly lower perfor-
mance at the initial state, their results are more reproducible
across large active areas and have the potential to surpass C-
PSCs after implementation of a maturation step lasting 150 h. To
gain a deeper understanding of these behavioral differences,more
comprehensive analyses of the perovskite layer and the complete
device have been performed.

A wide range of tools and characterization methods were
employed to compare the active layers of the different solar cells
at different states. It should be noted that for many techniques,
it is necessary to work with half-cells (cells fabricated up to the
deposition of the perovskite layer) for the C-PSCs or to peel off
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TABLE 2 PV parameters of the PV cells studied before and after maturation (mean and standard deviation for 12 cells, including the results for
the champion cells).

Sample Jsc (mA cm−2) Voc (V) FF (%)
Surface
(cm2)

Rs*Surface
(Ohm cm2) PCE (%)

C-PSC C-PSC_Cl 14.8 ± 3.4 0.89 ± 0.06 55.5 ± 6.6 0.12 ± 0.02 12.7 ± 7.9 7.4 ± 2.2
Champ. device 22.6 0.96 59.3 0.07 1.2 12.9
C-PSC_Cl_m 13.4 ± 1.7 0.89 ± 0.03 57.2 ± 4.0 0.12 ± 0.03 13.2 ± 2.8 6.8 ± 0.9
Champ. device 16.1 0.92 53.3 0.10 3.5 7.9
C-PSC_AVAI 15.8 ± 4.9 0.92 ± 0.08 44.2 ± 4.2 0.12 ± 0.02 14.8 ± 12.2 6.5 ± 2.4
Champ. device 22.4 0.97 49.2 0.10 2.6 10.7
C-PSC_AVAI_m 14.8 ± 1.7 0.90 ± 0.02 34.7 ± 4.8 0.13 ± 0.02 22.4 ± 20.2 4.7 ± 1.1
Champ. device 17.6 0.92 38.6 0.11 10.9 6.3

M-PSC M-PSC_AVAI 13.8 ± 1.5 0.82 ± 0.03 65.7 ± 4.7 0.64 9.0 ± 3.5 7.4 ± 0.9
Champ. device 18.2 0.84 57.1 0.64 10.0 8.8
M-PSC_AVAI_m 17.5 ± 0.5 0.91 ± 0.01 64.1 ± 4.6 0.64 9.4 ± 3.2 10.2± 0.4
Champ. device 18.7 0.92 62.1 0.64 8.0 10.7

Abbreviations: AVAI, 5-ammonium valeric acid iodide; FF, fill factor; PCE, power conversion efficiency; PSC, perovskite solar cell; PV, photovoltaic.

(a)
(b)

(c)

FIGURE 3 (a) XRD patterns of perovskite layers conducted on half-cells for C-PSC and on complete cells after carbon removal for M-PSC
(FTO/TiO2/PVK), before and after thematuration step, with the attribution of different lines; (b) relative crystallinity (%) of perovskite (see experimental
section for the definition of this parameter); (c) proportions of the twomain orientations and other orientations in the perovskite (orientations are defined
in the experimental section). FTO, fluorine doped tin oxide; PSC, perovskite solar cell; XRD, x-ray diffraction.

the carbon layer for the M-PSCs, to more precisely characterize
the active layer.

Figure 3 shows the XRD analyses. All the layers, including the
bottom of the stack (FTO, TiO2, or ZrO2), are detected in these
thin structures. The assignment of the peaks are summarized in

Table 1 (Section 2), based on literature data [42–45]. Regardless
of the additive, as shown in Figure 3a, the perovskite exhibits
a tetragonal structure with two major orientations: (110)/(220)
at 14◦ and 28.4◦, respectively, and (200)/(400) at 20◦ and 40.6◦,
respectively [42]. Lead iodide traces (PbI2) are only detected in the
C-PCS_Cl sample. The layers including AVAI as an additive show
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higher intensity for peaks attributed to different orientations,
named “Others”: (121) at 23.4◦, (202) at 24.4◦, and (134) at 43.1◦
[45]. It is likely that AVAI impedes the perovskite crystallization,
adding structural complexity. Orientations 2 contributions are
also more significant in AVAI samples, and this is even slightly
more pronounced in the mesoporous active layer. The meso-
porous architecture of the host layer, with its high surface area
and narrow structure, further hinders crystallization and favors
these orientations.

A noticeable shift in the perovskite peak to lower angles is
observed in spin-coated devices after the maturation process.
This shift may be correlated with a reduction in the band gap,
suggesting that maturation induces changes in the perovskite
composition. As noted in previous research [78], this shift likely
indicates a decrease in chlorine content within the perovskite.
MACl is known to sublimate or degrade easily into volatile
HCl and methylamine species [79], leading to atomic distortion
within the perovskite structure [80]. This structural change likely
also contributes to a decrease in the relative crystallinity of the
spin-coated samples.

The maturation step does not lead to the formation of other
products such as crystalline PbI2, which is typically observed at
12.6◦ [44]. Fewmodifications in the patterns are visible, indicating
probable microstructural modifications during this treatment. As
shown in Figure 3b, it is possible to assess a relative crystallinity
rate of the perovskite layer (see methodology in Section 2).
The crystallinity rate for the chloride-based perovskite prepared
by spin coating is close to 20%. After maturation, a decrease
is observed, indicating a probable degradation of the active
material. The crystallinity rate for the AVAI-based perovskites
is similar regardless of the process and is lower, around 15%.
There is also a decrease in this rate for the C-PSC-AVAI cells after
maturation, while for the M-PSCs, this parameter increases very
slightly.

The proportions of the different orientations are presented for all
studied perovskites in Figure 3c. It is observed that the chloride-
based perovskite is composed of over 80% of orientation 1. A very
different behavior is observed for the AVAI-additive perovskite,
which is composed of 50% of orientation 1, between 10% and
20% of orientation 2, and 40% of other orientations. In summary,
the obtained microstructures are very different depending on
the additive used, and the low impact of the process is noted
in this case. It is also evident that the maturation step does
not significantly alter these distributions, in agreement with
previously published work within the team [45].

The absorption properties of the perovskite layer are presented in
Figure 4a, allowing us to evaluate the band gap of the materials,
Figure 4b. Despite the different solar cells’ architecture, the
analyses were conducted on slightly varied stacks (see Section
2), yet the results remain perfectly comparable. As shown in
Figure 4a, all perovskite layers exhibit a main transition around
780 nm, characteristic of the 3D phase of MAPbI3 perovskite.
Additionally, the spectra of M-PSCs display an extra contribution
around 600 nm, likely attributed to the PbI6 octahedra of MAPbI3
perovskite. This transition can redshift between 500 and 600 nm
due to PVK crystal distortion [81], which is probable in the
mesoporous architecture of M-PSCs. Different microstructures

in the perovskite layers between C-PSC and M-PSC cells lead
to distinct absorption properties, exacerbating this transition in
M-PSCs.

The absorption levels vary significantly: quite low for the C-
PSC_AVAI cells and much higher for the C-PSC_Cl and M-
PSC_AVAI cells. The difference in absorption between C-PSC
devices can be attributed to variations in PVK crystallinity and
orientation proportion.Higher crystallinity and a greater quantity
of orientation 1 result in the observed higher absorption in the
MAPbIxCl1–x formulation compared to MA1–x(AVA)xPbI3. The
absorbance difference between AVAI-based C-PSC and M-PSC
cells is likely due to the different PVK thicknesses (350 nm
vs. 1 µm). Notably, the absorbance level of M-PSCs might be
underestimated due to the carbon removal step required for this
architecture.

Other transitions are observable, such as crystalline PbI2 appear-
ing around 500 nm for the C-PSC_Cl, in accordance with XRD
data. For all perovskites, slight transitions can be distinguished
between 350 and 450 nm, which, according to the literature,
can be associated with a small amount of amorphous PbI2 or
minor quantities of pure chlorinated or AVAI perovskites, such
as MAPbCl3 or AVA2PbI4 [82, 83]. These phases are difficult to
distinguish and were not detected by XRD.

After maturation, absorption levels differ markedly: quite low for
C-PSC cells and still higher for M-PSC cells, likely due to poten-
tial degradation in C-PSC during maturation. Flat absorbance
patterns suggest PVK layers with many voids or holes between
crystals [9]. The ammonium valeric acid moiety, which can
adsorb onto TiO2 and ZrO2 surfaces via its carboxylic acid group,
might suppress these defects inM-PSC layers, enhancing stability
compared to pure MAPbI3 [28].

The perovskite layer in C-PSC_Cl cells exhibits a slightly higher
band gap (∼1.62 eV) than that of AVAI-based perovskite layers
(∼1.61 eV), a difference of about 5 nm, which is not significant.
However, these band gap values change slightly after maturation,
with a more pronounced impact on C-PSCs, particularly C-
PSC_AVAI showing a decrease of over 0.2 eV (see Figure 4b).
This redshift could indicate increased atomic distortion [80] due
to changes in the spin-coated AVAI-based perovskite formulation
during maturation, compatible with an increased AVAI insertion
level in the MAPbI3 lattice despite a simultaneous ∼25% decrease
in crystallinity.

Raman analyses were conducted on the same samples to monitor
changes in chemical functions within the perovskite layer. Initial
analyses on stacks without the perovskite layer have allowed
identifying specific bands for TiO2 (143, 196, 395, and 640 cm−1)
and ZrO2 (550 cm−1), based on various literature sources [83, 84].
These contributions were weak when analysis was conducted on
the upper part of the layer, assuming the other bands primarily
pertained to the perovskite material. The band at 80 cm−1 is
attributed to the symmetric and asymmetric breathing modes of
PbI6 octahedra [85], which can shift to higher wavenumbers in
the presence of PbI2 [86]. The band at 145 cm−1 is characteristic
of perovskite, particularly its MA group [85], and its intensity
indicates the proper formation of octahedra and full crystallinity
of the perovskite.
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FIGURE 4 (a) UV–visible absorbance spectra of C-PSC half-cells and ofM-PSC cells after carbon removal (FTO/TiO2/PVK) and (b) extracted band
gap (eV) derived from Tauc-plots (see Figure S4 before and after the maturation step); (c) and (d) Raman spectra (respectively between 700–50 cm−1

and 350–50 cm−1) performed before and after the maturation step on half-cells for C-PSC and on complete cells after carbon removal for M-PSC. FTO,
fluorine doped tin oxide; PSC, perovskite solar cell.

For the chloride-based perovskite deposited by spin coating (C-
PSC_Cl), the formation of the perovskite is well confirmed by
the presence of bands at 78 and 145 cm−1. After the maturation
step, the appearance of PbI2 is noted around 100 cm−1, which
aligns with the UV-visible absorption and XRD measurements.
An increase in the intensity of the band at 145 cm−1 suggests a
probable reorganization of the microstructure. However, since

the band at 78 cm−1 remains quite similar, it is challenging to fully
understand the effects of these modifications.

For the AVAI-based perovskite, no formation of PbI2 is observed,
but an intensification of the bands at 84 and 145 cm−1 and the
appearance of a new band at 270 cm−1 after the maturation step
is detected. This is more pronounced for the perovskite imple-
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(a) (b)

(d)(c)

FIGURE 5 Photoluminescence before and after maturation measured on half-cells for C-PSC (FTO/TiO2/PVK) and on complete cells for M-PSC
(FTO/TiO2/ZrO2 + PVK/C): (a) PL spectra (λex = 520 nm); (b) (left) maximum of PL emission (extracted from PL spectra), (right) average irradiance
evaluated on several solar cells (3–4 samples); (c) PL imaging photos of devices full active surface area (the color scale represents the PL emission
variation); (d) statistical representation of PL images under violin plots (box plots [average, minimum, maximum, first, and third quartiles] with a
kernel density plot of each side). FTO, fluorine doped tin oxide; PL, photoluminescence; PSC, perovskite solar cell.

mented by drop casting in the mesoporous structure. According
to the literature, this is attributed to a better organization of the
MA+ cations in the periodic system and represents the second
harmonic of the band at 145 cm−1. Therefore, it seems that the
maturation step leads to an improvement in the AVAI-based
perovskite structure. This modification in the case of M-PSC-
AVAI cells is clearly linked to the increase in performance
observed after maturation. For the C-PSC-AVAI cells, an opposite
trend is observed, with an overall decrease in performance after
the maturation step. However, it seems in accordance with
the absorbance redshift and crystallinity decrease antagonist
behavior also observed for the latter.

To delve deeper and specifically analyze the interface effects
within the cells, PL spectroscopy and imaging measurements
were performed and are presented in Figure 5. Analyses were
conducted from the TiO2 side (the presence of the carbon
layer prevented analysis from the other side). PL spectroscopy
analyses are shown in Figure 5a, with the emission maxima
also presented in Figure 5b (square symbols, left scale). The
spectra were normalized to 1 at the maximum emission to
better visualize the shifts between samples. The C-PSC_Cl cells
exhibit the highest emission maximum around 790 nm, with
minimal variation during the maturation step. The addition of
AVAI, however, significantly decreases this parameter to 745 and
765 nm for C-PSC_AVAI and M-PSC_AVAI cells, respectively.
As these shifts are more pronounced than those observed in
the absorption band gaps, they are not solely related to the

PVK formulation itself but can be explained by microstructural
modification induced by the additive [85, 87]. This blue shift
could be related to a reduction of PVK grain size [88]. Literature
also indicates a possible defect passivation in the perovskite film
due to hydrogen bond formation thanks to AVAI moieties [87].
It should be noted that this phenomenon is also impacted by
the layer structure, whether planar or mesoporous. Significant
effects of the maturation step are observed for both cells. C-PSC-
AVAI cell shows a peak splitting with a primary contribution at
790 nm and a minor one around 750 nm, close to that measured
in the material before the maturation step, indicating a global
redshift of the material. For the M-PSC_AVAI cell, this redshift
phenomenon is also noted, though less pronounced and without
peak splitting, generally explained by an improvement in the
crystalline structure [89]. In the case of the mesoporous cell (M-
PSC), a complete modification appears to occur, in contrast to the
planar cell (C-PSC).

To complete the study, PL imaging measurements were also
conducted and are presented in Figure 5c, with a statistical
representation of irradiance homogeneity over a full substrate in
Figure 5d (the typical discrepancy observed between several cells
is also represented in Figure 5b, bar graph, right scale). At first
glance, the layers of active material deposited by drop casting
appear much more homogeneous compared to those obtained
by spin coating. The latter seems to exhibit numerous defects,
confirming that this fabrication technique may not be the most
suitable for producing large-area cells. It can also be observed
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that M-PSC cells show the lowest irradiance, possibly pointing
the best or at least the most optimized charge recombination
mechanism in these cells. Nonetheless, C-PSC_Cl cells seem to
reach good performance, in agreement with PV performance
(Table 2). Finally, it can be seen that the maturation step has little
effect on irradiance.

To better understand the functional changes within the cells
induced by maturation, we utilized EIS measurements. This
widely used technique allows for the extraction of dynamic
parameters within the cells. The cells were tested under two
conditions: (1) at OCwith varying illumination intensities, where
parameters were extracted, analyzed, and plotted against the
resulting open-circuit photo-potential (at this point it is worth
noting that OC/Voc varies with light intensity); and (2) under
non-open circuit (NOC) conditions with varying DC potential
(voltage) at a fixed light intensity of 1 Sun. All impedance plots
are presented in Figures 6 and 8 (full graphs are experimen-
tal data and insets the model fit). By studying the complex
impedance in a Nyquist diagram, a series of semicircles can
be observed, each corresponding to different resistances and
capacitances. The experimental data were analyzed by fitting
various types of lumped circuits, which describe the different
physical contributions in the system. The equivalent circuit
used to fit the data was chosen from various options available
in the literature. The best results with the least parameters
were obtained assuming a combination of ionic and electronic
conduction, as well as polarizations occurring at different
interfaces.

As seen in Figures 6 and 8, the Nyquist graphs typically revealed
two semicircles with different characteristic times, observed at
lower and higher frequencies. The specific properties of the
cells were quantified using extracted parameters (resistance and
capacitance). For the M-PSC cells, the low-frequency semicircle
was very small under OC conditions (Figure 6e,f) and not
visible before maturation under NOC conditions (Figure 8e,f). In
contrast, the C-PSC showed different behavior: only a second arc
was visible under both OC and NOC conditions.

We selected a circuit with few parameters (three resistances
and two capacitances) sufficient to describe the experimental
results while retaining some physical relevance for the param-
eters (Figure 7a). Various authors suggest that changes in the
five parameters of the lumped model are linked to physical
alterations within the cells. The series resistor R1 is the simplest
to understand, as it represents the ohmic contributions from the
contacts and wires. The model also includes two capacitances (C1
and C3) and two resistances (R2 and R3). C1 and C3 correspond
to different aspects of the cell’s behavior. C1 reflects the bulk
response of the perovskite layer and is associated with fast
relaxation processes, which dominate at high frequencies (greater
than 1 kHz). On the other hand, C3 is related to slower charge
movements and is noticeable at lower frequencies. Using this
model, the dielectric constant of the perovskite layer (ε) can be
employed to calculate the geometric capacitance of the parallel
plate capacitor, given by𝐶1 = 𝜀𝜀0∕𝑑, where d is the layer thickness
and ε0 is the permittivity of free space. C3 is attributed to the
accumulation of space charges at the interfaces. R2 and R3
represent resistances at different frequencies, associated with the
recombination processes at the interface between the perovskite

and the extraction layers. Together, these resistances give the total
recombination resistance, expressed as Rrec = R2 + R3.

All EIS spectra could be easily fitted using this fairly simple and
physically meaningful model. The fits are presented in Figures 6
and 8 (insets). The extracted parameters are shown in Figure 7
for OC conditions and in Figure 9 for NOC conditions (see
respectively Figures S5 and S6 for separate data combined in these
figures). For both OC and NOC conditions, the value of C1 is
very stable even with variations in light or potential. However,
significant variations are noted depending on the tested cells and
few variations with maturation. For the M-PSCs measured in OC
conditions, C1 is close to 0.1 µF cm−2, which is consistent with
the literature, whereas for the C-PSC_Cl, C1 is lower (around 0.01
µF cm−2), see Figure 7b. This can probably be explained by a
thickness effect: even though the active layer structure inM-PSCs
is rather mesoporous, its thickness is around 1 µm, compared to
350 nm in planar C-PSC_Cl cells. An effect on the permittivity is
likely to benoted.Almora et al. have published similar analysis for
equivalent cells fabricated in glovebox [90]. Their C1 values were
0.1 µF cm−2, indicating that, in our case, air fabrication probably
induces a decrease in the permittivity of the active layer. On the
other hand, C-PSC_AVAI cells have very highC1 values of around
10 µF cm−2, probably indicating a poor quality of the active layer.
This parameter is also very sensitive to the quality of the interfaces
of the active layer with the transport layers.

C3 is less constant with varying illumination, especially for M-
PSC cells, which show an increase from 0.9 to 2.5 µF cm−2

from 0.2 to 1 Sun before maturation, and from 1.8 to 6 µF cm−2

over the same illumination range after maturation, Figure 7b.
This phenomenon has been previously reported in the lit-
erature for this type of cell and is characteristic of charge
carrier accumulation (mainly holes) near the TiO2/PVK interface
[27, 45, 91]. This effect is intensified inmesoporous structures and
tends to increase with maturation. For planar structures, which
are much less sensitive to this phenomenon, there is significantly
less variation in this parameter with illumination.

In the EIS experiments, each semicircle can be associated with
a characteristic time. Here, two times constants were defined:
𝜏 = 𝑅2 𝐶1 and 𝜏′ = 𝑅3 𝐶3, which correspond to high and low
frequencies, respectively. The obtained values are presented in
Figure 7c. For the first characteristic time τ, primarily associated
with recombination phenomena in the active layer, the values are
generally of the same order of magnitude and quite low, around
1 µs for C-PSC_Cl and M-PSC_AVAI cells. There is little effect of
maturation. However, this parameter becomes very high, close to
10 ms, for C-PSC_AVAI cells, indicating very poor charge transfer
in the active material. For the characteristic time τ′, associated
with recombination phenomena at the interfaces, all cells show
similar values between 2 and 20 µs. The M-PSC cells exhibit the
highest values, and there is a general increase in this parameter
with maturation, indicating probable charge accumulation near
the interfaces.

The recombination resistance, or charge transfer resistance, Rrec
can be determined by simply adding the R2 and R3 resistances.
Figure 7d presents these results as a function of Voc (directly
related to light intensity). For all cells, a linear relationship can
be observed between Rrec and Voc measured as a function of
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(a) (b)

(c) (d)

(e) (f)

FIGURE 6 Impedance plots (Z″–Z′) measured under a voltage equal to the open circuit voltage (V = Voc) and different illumination intensities
(0.2, 0.4, 0.6, and 0.8 Sun) before and after the maturation step: (a) C-PSC_Cl; (b) C-PSC_Cl_m; (c) C-PSC_AVAI; (d) C-PSC_AVAI_m; (e) M-PSC-AVAI;
(f) M-PSC-AVAI_m (full graphs are experimental data and insets the fit obtained using the model in Figure 7a). AVAI, 5-ammonium valeric acid iodide;
PSC, perovskite solar cell.

the applied illumination, indicating that an ideality factor m
(useful for understanding the recombination processes in solar
cells) can be evaluated. The relationship between resistance
and illumination can be mathematically described using an
Arrhenius equation, which characterizes an activation energy
[92]. This equation also enables the determination of the non-
ideality coefficient m. Rrec can be fitted using the following
expression:

𝑅rec = 𝑅0 exp

(
−𝑞𝑉
𝑚𝑘B𝑇

)

where R0 is the pre-exponential factor, q is the electron charge, V
is the Voc measured at a specific light intensity, m is the ideality
factor, kB is the Boltzmann constant, and T is the temperature.
The absolute value of the ideality factor can help identifying
the nature of the recombination mechanisms. The materials
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(a)

(b) (c)

(d) (e)

FIGURE 7 (a) Equivalent circuit used for fitting impedance data; (b) capacitances (C1 and C3) and (d) recombination resistances (R2 + R3) at
different light intensities (under open circuit conditions); (c) characteristic times τ and τ′ and (e) ideality factors and for all solar cells before and after
maturation step.

can be classified into three categories based on discrete values:
m = 1 for band-to-band recombination, m = 1.5 for band-to-
defect recombination within the absorber bulk, and m = 2
for band-to-defect recombination in the space-charge region
near the surface. In summary, smaller m values indicate better
cell performance closer to ideality. For planar cells, m values
greater than 2 were observed, suggesting that the recombination
dominant mechanism is band-to-defect recombination at the
interfaces. According to the literature for similar cells fabricated
under glovebox, m values between 1 and 1.5 are generally
measured [93, 94], indicating the influence of fabrication process
conditions on recombination and charge transfer mechanisms.
C-PSC_Cl cells show a decrease in the ideality factor after
maturation, while an opposite behavior is observed for C-
PSC_AVAI cells. For mesoporous M-PSC cells, values below 2
are observed before maturation and around 1 after the matura-
tion step, indicating optimal operating conditions for this type
of cell.

Under NOC conditions, PV devices exhibit an exponential depen-
dence at high DC potential, which levels off as the experiment
approaches SC conditions. This suggests that PV devices are
governed by the shunt resistance at a fixed light intensity and
low applied bias. The transition between these two regimes
occurs at voltages just below the maximum power point (MPP)
of the corresponding J(V) curves. At high voltage, the behavior
is like that observed under OC conditions. Consequently, only
the variations between 0.2 and 0.6 V are presented in Figures 8
and 9. It can be observed that the values of C3 remain generally
constant with the potential and show minimal impact from the
maturation step (Figure 9a). The most significant differences are
between the cells themselves, aligning with the results obtained
under varying illumination. Specifically, the M-PSC_AVAI cells
exhibit relatively high values around 2 µF cm−2 beforematuration,
decreasing to 0.03 µF cm−2 aftermaturation, indicating a probable
accumulation of charge carriers at the interfaces. For cells with
planar architecture,C3 values aremuch lower, approximately 0.01
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(a) (b)

(c) (d)

(e) (f)

FIGURE 8 Impedance plots (Z″–Z′) measured under variable voltages for illumination of 1 Sun before and after the maturation step: (a) C-
PSC_Cl; (b) C-PSC_Cl_m; (c) C-PSC_AVAI; (d) C-PSC_AVAI_m; (e) M-PSC-AVAI; (f) M-PSC-AVAI_m (full graphs are experimental data and insets
the fit obtained using the model in Figure 7a). AVAI, 5-ammonium valeric acid iodide; PSC, perovskite solar cell.

and 0.005 µF cm−2 for C-PSC_Cl and C-PSC_AVAI cells, respec-
tively, with little change observed after maturation, consistent
with previous results.

The evolution of the recombination resistance Rrec = R2 + R3 as a
function of Vd is shown in Figure 9b. As expected, this parameter
shows little variation before the transition to higher potential.
Like OC conditions, cells fabricated by spin coating exhibit much
higher values, above 100 Ohm cm2, indicating suboptimal cell

performance. In contrast, M-PSC_AVAI cells show much lower
values, between 10 and 100 Ohm cm2, confirming the effective
performance of this type of device.

4 Conclusion

In this study, we explored the development of air-based fabrica-
tion processes for PSCs by comparing two architectures—planar
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(a) (b)

FIGURE 9 (a) Capacitances and (b) recombination resistances under non-open (NOC) circuit conditions. Under NOC conditions, parameters are
plotted versus the series corrected potential Vd = Vappl-Vseries.

(C-PSC) and mesoporous (M-PSC)—to assess their potential
for industrial scalability. Our findings highlight the distinct
benefits and limitations of each approach, especially regarding
performance, structural stability, and suitability for large-area
applications.

The planar C-PSCs, fabricated using spin coating, displayed
initially higher performance, with the C-PSC_Cl devices reaching
nearly 13% peak efficiency. However, the uniformity of the
perovskite layer proved challenging, as the process led to thinner
layers with non-uniform crystallinity and pinhole defects. These
structural inconsistencies in the C-PSC samples contributed to
lower device stability, with a tendency for defect formation and
potential short-circuiting over time, particularly under air-based
conditions. The need for glovebox processing or a controlled
environment would likely remain essential for maintaining opti-
mal device functionality in planar structures, which could be a
constraint for large-scale production.

On the other hand, the M-PSCs, developed through drop casting,
presented a more robust structure suitable for air-based fabrica-
tion. The mesoporous architecture, with its triple-layer scaffold,
allowed thicker perovskite deposition, resulting in improved
microstructural stability and greater protection against envi-
ronmental degradation. Moreover, the AVAI additive enhanced
both the morphology and crystallinity of the perovskite layer in
M-PSCs, achieving a PCE of 10.7% initially and improving to
nearly 10% after a maturation step. This thicker, well-organized
structure contributed to better charge collection and reduced
recombination, as indicated by the lower ideality factors postmat-
uration, which approached values closer to ideal band-to-band
recombination mechanisms.

Impedance spectroscopy revealed distinct charge transfer dynam-
ics in each architecture, with C-PSCs showing higher recombina-
tion losses due to structural heterogeneities. In contrast, M-PSCs
exhibited a stable charge transport pathway, attributed to the
mesoporous scaffold and effective additive incorporation. Despite
a slightly higher charge accumulation time constant, M-PSCs
showed promise for scalability, with consistent performance and
structural resilience across larger surface areas.

In conclusion, while planar C-PSCs demonstrate higher initial
efficiencies, their performance is less optimal for large-scale

applications without a controlled environment, as they are
more sensitive to air exposure. The M-PSC architecture, though
showing slightly lower efficiencies, offers greater functional
stability and adaptability to ambient processing, making it more
suitable for industrial-scale production. This comparative study
provides valuable insights into the role of architecture, deposition
technique, and additives in PSC fabrication, supporting the
development of robust, scalable PSCmodules for commercial use.
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