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How Ammonium Valeric Acid lodide Additive Can Lead to
More Efficient and Stable Carbon-Based Perovskite Solar
Cells: Role of Microstructure and Interfaces?

Lara Perrin,* Emilie Planes, Takaya Shioki, Ryuki Tsuji, Jean-Claude Honore,

Cynthia Farha, Seigo Ito, and Lionel Flandin

As perovskite photovoltaic devices can now compete with silicon

technology in terms of efficiency, many strategies are investigated to
improve their stability. In particular, degradation reactions can be hindered
by appropriate device encapsulation, device architecture, and perovskite
formulation. Mesoporous device architectures with a carbon electrode offer
a plausible solution for the future commercialization of perovskite solar cells.
They represent a low-cost and stable solution with high potential for large-scale
production. Several studies have already demonstrated the potential of the

1. Introduction

Since the first use of perovskite
materials in a photovoltaic device in
2008," the 3.8% efficiency achieved using
CH;3;NH;3PbI; crystals has now progressed
up to a 26.1% record efficiency.”” This opti-
mization resulted from several modifica-
tions in both the device architecture and
the constitutive materials. However, several

mixed 2D/3D ammonium valeric acid iodide-based MAPbI; formulation to
increase the lifetime of pure MAPbI;. They can however not describe the
mechanisms responsible for the lifetime improvement. Using a full set of
characterization techniques in the initial state and as a function of time
during damp-heat aging, new insights into the performance and degradation
mechanisms may be observed. With (5-AVA)¢ 05sMAq 95Pbl3, the solar cells
are very stable up to 3500 h and the degradation of performances essentially
results from the loss of electrical contacts mainly located at the interfaces.
In contrast, for the neat MAPbI;, a poor stability is evidenced (T50 = 500 h) and
the loss in performance results from the degradation of the bulk perovskite

layer itself.
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critical issues still need to be addressed
before perovskite devices can be industri-
ally scaled up, such as the lack of processes
compatible with large-scale production and
the low durability of performances when
exposed to excess moisture, light, heat,
and oxygen. Today, most perovskite solar
devices exhibit poor duration in real usage
conditions, in the range of days to weeks
without encapsulation. This is mainly
due to the degradation of the perovskite
layer caused by a combination of the envi-
ronmental factors. Recently, many strate-
gies have been proposed to improve the
stability, in particular, the degradation reac-
tions can be partially limited by proper
device encapsulation, device architecture, and choice of perov-
skite formulation. First, the use of an efficient encapsulation is
mandatory to achieve a reasonable lifetime in the damp-heat-
normalized test (85 °C/85% relative humidity [RH]). The main
encapsulation concept commonly used for an effective protection
of perovskite photovoltaic devices is as follows: glass—glass encap-
sulation using a thermoplastic hot-melt pressure-sensitive seal-
ing material.”! But, the stability should also be optimized
through the selection of the devices’ architectures.
Mesoporous device architectures using a carbon electrode pro-
vide a stable solution for the future commercialization of perov-
skite solar cells (PSCs).! These devices consist of three stable
mesoporous layers (TiO,, ZrO,, and carbon) which are infiltrated
with a perovskite solution at the very end of the entire protocol.
This architecture even operates without a hole-transporting layer
due to the carbon electrodes’ ability to extract photogenerated
holes, thus avoiding the need for the commonly used expensive
and unstable organic hole-transporting layers."”) The use of car-
bon electrodes also avoids the formation of metal halides
observed when wusing traditional metal electrodes with

© 2024 The Author(s). Solar RRL published by Wiley-VCH GmbH
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perovskite.[) As a consequence, the sole use of carbon-based
devices architecture increases the durability of the PSCs.”!
Even the common CH3;NH;Pbl; perovskite has demonstrated
4500h of stability under thermal stress at 100 °C using such
devices.®! The triple-mesoscopic carbon-based perovskite
device architecture (FTO glass/compact TiO,/mesoporous TiO,/
mesoporous ZrO,/mesoporous carbon) was first introduced in
2013.°7 It represents a low-cost and stable solution with high
potential for large-scale production. In fact, the entire device fab-
rication process can be carried out under ambient atmosphere,
because the sensitive perovskite material is incorporated at the
end of the process, minimizing its manipulation and degrada-
tion. Furthermore, all layers can be processed using scalable
techniques compatible with large-scale and large-area produc-
tion: screen, inkjet, or spray printing methods for the TiO,/
Z10;/carbon scaffold and automated drop-casting or inkjet print-
ing for the perovskite precursors solution infiltrating the meso-
porous scaffold. To date, rules have even been established for the
formulation of carbon electrodes to allow perfect permeability
into the underlying TiO,/ZrO, porous layers."*'") Triple-
mesoscopic carbon-based perovskite device architecture could
thus be considered as the most suitable choice for its easy adapt-
ability in a possible pilot line production. However, despite their
excellent stability, lower efficiency than metal-based devices is
generally reported mainly attributed to weak charge transfer at
the interfaces. Such carbon-based perovskite devices have how-
ever recently achieved a record power conversion efficiency
(PCE) of 22.2%,1'” which is largely competitive with traditional
n—i—p or p—i—n perovskite devices using metallic electrodes or
multicrystalline silicon records, sweeping challenges in scaling
up.*) They have even demonstrated their potential for easy recy-
cling and possible reuse of the mesoporous framework.""
Regarding the stability issue of the perovskite layer itself,
lower-dimensional (2D) perovskite structures have been identi-
fied for their thermal robustness and higher resistance to mois-
ture compared to the traditional 3D counterparts.'>' Their
photovoltaic properties and improved moisture stability were
first reported in 2014,1"”) but more general optoelectronic prop-
erties such as a wider optical bandgap and a higher exciton bind-
ing energy overshadow these attractive features and penalize the
PCE. It wasn’t long before researchers began exploring mixed
dimensional 2D/3D hybrid perovskite,'®! expected to combine
the benefits of the two individual systems, and thereby
offering a great potential for the future of PSCs.'® Among
the various large cations tested for 2D doping of 3D perovskite
structures,'®2!Y the S-ammonium valeric acid (AVA) has
demonstrated significant enhancement in both efficiency and
durability within the aforementioned carbon-based mesoscopic
architecture.”>?¥) In such devices, the mixed 2D/3D perovskite
obtained with the addition of 5-ammonium valeric acid iodide
(AVAI = HOOC(CH,)4NH;]I) to the traditional CH3;NH3PbI; for-
mulation has already demonstrated a shelf-life stability of over
1 year without encapsulation (in the dark, under ambient atmo-
spheric conditions).” Under continuous illumination, the use
of this AVAI-based 2D/3D perovskite compared to the standard
3D CH;3NH;PbI; allows to better maintain the performances
both in traditional devices with metallic electrodes (70% after
300 h for 2D/3D, against 50% for 3D)"*?! and in carbon-based
devices (100% stable after 10 000 h for 2D/3D, against 50% after
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250h for 3D),?**! demonstrating a strong benefit of this
formulation for carbon-based devices. Under 85°C/85% RH
aging conditions (in the dark), previous AVAIl-based 2D/3D
perovskite already demonstrated a stability over 3000h in
carbon-based devices against 50% after 250 h for 3D CH3;NH;Pbl;
or even worth for 3D Csg;FA,oPbl; perovskite showing nonper-
forming devices after 100 h.”>?°! The 5-AVA moiety possesses
bifunctional end groups (ammonium and carboxyl). This could
favor effective coordination with MAPDI; perovskite due to the
AVA ability for Lewis acid—base coordination and hydrogen bond-
ing interactions, resulting in longer durability and moisture resis-
tance together with lower-defect formation.”>””7*! It has also
been reported in the literature that AVAI even improves the
mechanical stability of the perovskite film. This was also attributed
to its bifunctional end groups that can link perovskite grains
closely to resist cracks formation.*® To recapitulate the potential
of the AVAI-based MAPDI; formulation in carbon-based devices, it
is pertinent to note that the literature!®®! already highlights that
they are able to pass the key international electrotechnical
commission (IEC)61 215 standards needed for photovoltaic (PV)
commercialization:®?") damp-heat (85 °C/85% RH, 1000 h), ther-
mal cycling (—40°C/85°C, 200 cycles), UV preconditioning
(60°C, 50kWh m™?, higher than the 15kWhm ? IEC require-
ment), and maximum power point tracking under illumination
(55+£5°C, 1000h). The performance of AVAI-based MAPbDI;
device was not significantly affected by any of these tests, while
its pure MAPDI; counterpart showed a notable decrease in PCE.

The present study aims to highlight the differences in the
behavior of carbon-based mesoscopic perovskite devices based
on the traditional MAPbI; perovskite (MA = CH;NH;) when
prepared with or without the addition of 5-AVAI. Identical
procedures for precursor solutions, infiltration, and curing were
used for both perovskite formulations. A study of the
mechanisms occurring will be carried out using a full set of char-
acterization techniques including macroscopic photovoltaic
measurements, light-beam-induced current (LBIC) imaging,
photoluminescence (PL) spectroscopy and imaging, UV-visible
reflection-absorption spectroscopy, X-ray diffraction (XRD),
and impedance spectroscopy. This will be carried out both at
the initial state and during damp-heat aging to provide new
insights into the performance and degradation mechanisms of
carbon-based mesoscopic PSCs. In addition, a special attention
will be given to the method used to measure performance by ana-
lyzing the current-voltage J(V) curves at different scan rates.
Indeed, the literature on perovskite photovoltaics sometimes
mentions a dependence of the J(V) characteristics on the voltage
scan rate, transient phenomena, or hysteresis behaviors, which
were initially interpreted as capacitive effects.'”*?) However, we
have recently proposed a novel electrical equivalent circuit that
allows the modeling of typical observed behaviors in devices such
as those studied here.’® It consists of two standard one-diode
models, one is transient and the other permanent. The observed
behavior was interpreted as a structural relaxation between two
extreme states, and the characteristic time is consistent with the
timescales typically associated with large charge carriers, such as
large ions. Another recent paper®* published in the same period
also reveals the complex interplay between ionic and electronic
charges in such device architectures, and supports the argument
that the previously mentioned differences observed in J(V)
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pattern are induced by organic cation migration, as it can be sup-
pressed using a fully inorganic perovskite formulation.

Several studies already highlight the potential of AVAI-based
MAPDI; formulation to exceed the durability of pure MAPbDI;
perovskite.””?) According to literature cost analysis of such devi-
ces, the AVAI doping proposed approach even presents a high eco-
nomic feasibility with only an additional cost of 1.63% for raw
materials and without any additional manufacturing step.*”!
However, damp-heat comparative aging studies are usually con-
ducted on relatively short duration (<1000h, which is the IEC
61215 requirement for silicon devices) and very few of them
are coupled with a study of the mechanisms involved in the
difference of lifetime between (5-AVA),MA; ,Pbl; and MAPDI;
perovskites. In addition, to the best of our knowledge, no other
publication reports the monitoring during 3500 h of photovoltaic
parameters according to different J(V) measurements conditions.

2. Results and Discussion

Figure 1a illustrates the architecture of studied C-PSCs, together
with the energy diagram of its constituting layers. A typical
C-PSC comprises a front FTO/glass substrate, a mesoporous
electron-transporting layer, an insulating intermediate layer,
and finally a mesoporous carbon electrode.””’ As previously dem-
onstrated,” the method of perovskite deposition and the quantity
of perovskite infiltrated into these devices play a crucial role in
their stability. While the drop-casting infiltration method may
have less potential in terms of deposit homogeneity compared
to inkjet printing, it has demonstrated to produce highly stable
devices.’! The amount of perovskite that can be infiltrated by
inkjet-printing is limited by the volume of each injection, which
must not dissolve neighboring perovskite crystals risking degra-
dation of the PCE, and by the potential crystallization in the
printer nozzle if the perovskite solution is too concentrated.
As the main advantage of C-PSC lies in the use of a mesoporous
skeleton which can act as a “reservoir” for the active layer mate-
rial,”® the drop-casting technique provides greater flexibility in
controlling the amount of perovskite injected and was therefore
selected in this study.

In this study, two perovskite formulations were compared:
MAPbDI; and (5-AVA),MA;_,Pbl;. However, to avoid potential
defects in the middle of devices, the drop-casting infiltration
was carefully conducted on one edge of the mesoporous scaffold.
The goal was to underline the differences in behavior between C-
PSC devices based on the traditional MAPbI; perovskite when
fabricated with or without the addition of 5-AVAI. The star dia-
gram in Figure 1b presents the PV parameters obtained at initial
state (average values and standard deviations are also given in
Table S1, Supporting Information). Obtained values are in
accordance with state-of-the-art data corresponding to such
carbon-based devices using a simple process with minimal
manufacturing steps all conducted under ambient atmosphere
to be compatible with a scaling-up perspective (see Table S2,
Supporting Information).

The J(V) curve pattern demonstrates a dependency on the
voltage scanning speed; hence, PV parameters are given for
the two observed boundaries. Figure 1c highlights the significant
variations observed for devices based on the perovskite formulation
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with AVAL, showing a “bump” pattern at intermediate scan speeds
and a consistent curve pattern at both boundaries located at
1mVs™ for the lowest curve and 500mV s~ for the highest
curve. The lowest curve reflects the actual operating conditions,
as halting the scan rate while maintaining the voltage bias during
the highest curve results in the current returning to the value of the
lowest curve. As previously reported, investigated, and modelled,*
this unconventional behavior is due to a relaxation mechanism
independent of the photovoltaic effect, suggesting a diffusion
mechanism. It could be also mentioned that it occurs whatever
the illumination intensity, as already demonstrated for 0.2 sun.?*!

Both boundaries set of PV parameters (at 1 and 500 mVs™ ')
are of interest, as it sounds theoretically possible to prevent this
ion diffusion and thus interfacial contamination, ultimately sta-
bilizing the photocurrent to the value obtained at the highest
boundary. Intermediate curves showing a “bump” pattern should
not be considered for PV parameters determination. It could for
instance lead to inaccurate FF values (possibly higher than
100%). The FF values obtained at boundaries are appropriate
and both in the 57-67% range.

Regarding the formulation without AVAI (Figure 1d), the phe-
nomenon is less pronounced compared to AVAI-based devices,
but it remains present. The amplitudes of the relaxation (J, dif-
ference) are respectively 9.8 + 0.6 and 2.2 + 0.7 mA cm™* for per-
ovskites with and without AVAL In addition, as the voltage at the
inflection point shows a linear correlation with the scan rate, it is
possible to access to the related characteristic relaxation times,?*!
which are respectively 23.2 £ 4.4 and 4.1 £ 0.3 s for perovskites
with and without AVAIL Such values are in good alighment with
the order of magnitude of large charge carriers, such as large cat-
ions migration as found in our previous work.?* The difference in
relaxation time for the two systems here studied is consistent with
the size difference between AVA and MA cations, possessing
molar masses of 118 and 32 gmol ™", respectively.

Furthermore, superior performances were observed for
(5-AVA),MA; ,Pbl; with PCE values of 12.1+0.8% and
8.4+ 0.7% for respectively the so-called “metastable” (high scan
rate) and “stable” (low scan rate) states, compared to MAPbI; with
PCE of respectively 5.4 +1.1% and 3.9 + 0.7%. This increase in
PCE by adding AVAI in the perovskite formulation is in accor-
dance with literature data for mesoscopic PSCs!"® and highlights
its significance in enhancing C-PSC device performance. It is
noteworthy that the impact of both formulation and scan speed
on PCE is similar for J,. and series conductance (1/R;), with
the V. also found to be higher for the formulation with AVAL

The overall PCE provides an average assessment of photovol-
taic cells. Nevertheless, processing conditions might lead to var-
iations in performance across the device’s surface. LBIC
mapping serves as a suitable method to explore these variations.
Figure 1e displays typical mappings obtained from our devices
accompanied by violin plots representing the current distribution
across the entire active area. Both the violin plots and the raw
LBIC maps reveal higher local I, for devices containing
AVAI, consistent with the macroscopic PCE and Js. values.
The current mappings exhibit a relatively uniform distribution.
However, the infiltration location of the perovskite precursors’
solution is clearly visible at the top center of the photoactive
layers. In addition, the formulation without AVALI is less active
in the corner areas.
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Figure 1. a) C-PSC cell architecture with a simplified representation of the edge drop-casting perovskite deposition process here used (inset: energy levels
diagram of the different layers); b) star diagram representing PV parameters for the two studied perovskite formulations (average on a 5 cells batch for
each) measured using either 1 mV s~ for low scan rate (empty symbols and dotted lines) and 500 mV s~ for high scan rate (full symbols and full lines);
c,d) J(V) measurements performed at different scan rates for C-PSCs with respectively (5-AVA),MA;_,Pbls (with AVAI) or MAPbI; (without AVAI)
perovskite formulations (in reverse scan); and e) LBIC maps of both studied C-PSCs (the color scale represents the I variation, same scale bar
was used for both images) and statistical representation under violin plots of LBIC maps homogeneity over the full active area of cells.

Figure 2 presents additional characterizations, focusing on  deeper into the investigation of AVAI's impact, UV-visible spec-
perovskite material, aiming to elucidate the differences observed  troscopy was initially employed. However, performing fully
in PV performances between the two formulations. To delve  informative analyses using this technique proved challenging.
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Figure 2. For devices formulated with and without AVAI: a) UV-visible reflectance spectra (performed on complete cells from FTO side) and absorbance
spectra (performed on cells after CL removal); b) photoluminescence spectra (on complete cells from FTO side); c) XRD diffractograms with main
diffraction lines assignment (after CL removal); and d) XRD relative crystallinity of perovskite (color) and Pbl, (grey), and orientation proportions
of the perovskite (see Table S3, Supporting Information, for the attribution).

Reflectance spectra can be obtained from the glass/FTO side
without opening the cells (see Figure 2a top), but this method
is less sensitive than absorbance spectra. Absorbance spectra
were hindered by the presence of an opaque carbon layer, pre-
venting the acquisition of non-saturated spectrum. To address
this issue, previous studies"®*?*! often present absorbance
spectra of half-devices fabricated without the final CL.
However, the CL is the thicker layer (10-12 pm) of the device
architecture and it is difficult to finely adapt the volume of the
perovskite precursor solution to ensure that a final perovskite
layer is contained only within the mesoporous TiO, + ZrO, back-
bone, without any upper compact perovskite layer. Moreover, it
was recently demonstrated that the CL also protect the photovol-
taic devices during aging by delaying and homogenizing the
moisture diffusion toward the perovskite layer.’”’ As
presented in previous works,*® full devices are monitored
and absorbance spectra were recorded after removal of the CL
(see Figure 2a bottom), achieved using an adhesive scotch

Sol. RRL 2024, 2400393 2400393 (5 of 20)

peeling method which is destructive for the solar cell. As this
method could potentially remove a small quantity of the perov-
skite layer, the presented spectra are normalized to account for
any such effects.

UV-visible reflectance and absorbance spectra both present a
transition around 780 nm, characteristic of the 3D phase for
MAPDI; perovskite. Utilizing the Tauc plot method, an optical
bandgap of exactly 1.58 eV was determined for both perovskite
formulations (see Figure S1, Supporting Information, for
Tauc plots applied to reflectance spectra using the Kubelka—
Munk” function). For the formulation with AVAI, no contribu-
tion for a pure 2D AVAl-based perovskite phase was observed
(AVA,PbI, around 400450 nm),*? implying a good intercala-
tion within the 3D perovskite. For the formulation without
AVAI, two additional transitions were observed, around 400
and 500 nm. These transitions could correspond to the presence
of Pbl, in its amorphous form around 400 nm and in its crystal-
line form around 500 nm.*”! However, a transition around
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500 nm is also referenced for perovskite itself, originating from
the lead—iodide octahedra present in both MAPbI; and PbL,.I*"
As the observed transition is broad in the case of the MAPbDI;
formulation without AVAI (from 490 to 600 nm, clearly visible
on the reflectance spectrum, blue color), it likely contains contri-
butions from both PbI, and perovskite. The perovskite—Pbl tran-
sition could vary in intensity depending on the environment and
compactness of the perovskite layer, and is evidently absent in
the formulation with AVAI additive (on both reflectance and
absorbance spectra, red color). In addition, the absorption pat-
tern is notably less flat for the formulation without AVAI suggest-
ing a more compact perovskite layer with fewer voids or
holes.***3! This could originate from the presence of Pbl,
around perovskite grains in the formulation without AVAI
and/or potentially larger grain sizes for the formulation with
AVAI However, the reflectance levels are approximately 1%
and 4% for respectively the formulation with or without
AVAJ, indicating a higher absorbance level for the perovskite for-
mulation with AVAL This trend was also observed in the absor-
bance spectra but may be influenced by the variability in the CL
peeling process.

PL measurements were conducted on full devices from the
FTO side (see Figure 2b). The observed PL signal is attributed
to the major component, namely the MAPbI; perovskite
material, and more precisely to conduction band/valence band
(CB/VB) recombination. First, the PL intensity measured for
cells without AVAI consistently slightly exceeded that of cells
with AVAL This discrepancy could originate from a higher quan-
tity of defects, such as Pbl,, within the perovskite layer or at its
interfaces. PL intensity is related to the radiative recombination
within perovskite. To avoid unwanted carrier recombination, the
non-radiative recombination should be low.!* Tt could therefore
be argued that for an optimal PV device, the PL intensity should
be high, indicating attenuated non-radiative recombination.
However, the situation is more complex and high PL may also
indicate poor electrical extraction at interfaces.*! The reduction
in PL observed with AVAI-based perovskite is probably due to an
improvement of interfaces, with a reduction in the carrier recom-
bination rate due to better activation of the quenching effects at
the interfaces.

Additionally, a redshift was noticed upon adding the AVAI
additive (15nm at A, 50nm at Agpge). As such a shift was
not observed on UV-visible data (see Figure S1, Supporting
Information), it is unlikely to be associated with a significant
difference in the perovskite chemical composition. Given that
traditional MAPDbI; degradation typically results in a PL blue-
shift,***¢*”] the observed redshift can be attributed to an
improvement in the crystalline microstructure of the perovskite.
More precisely, it can be related to several factors such as a
decrease in the quantum confinement effect,*®*?! which could
be indicative of an increase of grain size®® or a different phase
orientation organization,”! or even to an atomic distortion
caused by the presence of a 2D perovskite phase.”” The latter
is very likely to occur in the mixed 2D/3D hybrid perovskite
resulting of the (5-AVA),MA; ,Pbl; formulation." Indeed,
the addition of AVAI within the perovskite formulation could
result either in a progressive insertion of AVA moiety or
(AVA),Pbl, perovskite within the MAPbI; lattice. In this way,
the perovskite—Pblg octahedral structure and the Pb-I-Pb bond
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angle might be affected by the bifunctional AVA organic large
cation through hydrogen bonding interactions.”!

Figure 2c displays XRD diffractograms, while Figure 2d shows
the extracted relative crystallinity of both perovskite phases
(color) and Pbl, (grey), along with the proportions of orientations
for both perovskite phases. The plane attribution of each MAPDI;
perovskite lines (noted # in Figure 2c) is specified in Table S3,
Supporting Information. The assignation of XRD lines was
conducted based on literature refs. [18,38,54] and on the XRD dif-
fractogram of the ZrO,/TiO,/FTO/glass device backbone without
perovskite presented in Figure S2a, Supporting Information. First,
only the 3D MAPDI; perovskite was evidenced, while the 2D
AVA,Pbl, perovskite was not detectable, likely due to its effective
insertion into the MAPbI; phase as reported in literature®? for
similar introduced AVAI amounts. Subsequently, as suspected
in UV-visible spectroscopy, the presence of crystalline PbI, was
confirmed for the perovskite formulation without AVAI, whereas
it was not observable with the addition of AVAL

In our study, an identical procedure for precursor solutions,
infiltration and curing was applied for both perovskite formula-
tions to keep an objective comparison. When not using the AVAI
additive, it obviously leads to the presence of Pbl, in the meso-
porous network. This Pbl, could either be a residual precursor or
a degradation by-product. According to the literature, additional
steps may be required to increase the performance of pure
MAPDI; perovskite in such C-PSC architectures, such as post-
treatment by methylammonium iodide—isopropanol solution
or methylamine gas.*>*>) Both solution and gas can enter
through the perovskite voids and the PbI, 2D-layered structure
to rapidly react with residual Pbl, and form MAPbI; allowing a
completion of the thick perovskite layer.*®

As highlighted in Figure 2d, the addition of AVAI also resulted
in a 60% increase in perovskite crystallinity in absolute terms
(the relative crystallinity of the MAPDI; phase increased from
~12% to 19.3% between the two studied formulations). In addi-
tion, even if both obtained perovskite present the same crystal
planes, they are not present in the same proportions (see
Figure 2d). The perovskite planes attributed to orientations
1 and 2 and others are defined in Table S3, Supporting
Information. This discrepancy is attributed to the mesoporous
structure of the TiO,/ZrO,/CL device scaffold, which allows
the perovskite to crystallize in various orientations. Specifically,
orientation 1 is favored when using the AVAI additive, whereas
it was orientation 2 without AVAL The primary altered plane
in return is the 440 plane at 26 = 40.5° within orientation 2.

Furthermore, in addition to the previously?>*”! demonstrated
enhancement in charge extraction speed at the TiO, interface
facilitated by AVA (due to the ability of AVA cations, via carbox-
ylic acid groups, to be adsorbed on both TiO, and ZrO, meso-
porous layers), we can also argue that UV-visible, PL, and XRD
collectively indicate an improvement in the perovskite micro-
structure with the addition of AVAI This improvement aligns
with the overall increase in PV performance. Following this
assessment of initial properties, it would be interesting to moni-
tor them during an aging campaign. However, it seemed us
appropriate to begin by detailing the entire impact of measure-
ment conditions to better define the protocol for aging experi-
ments. Indeed, Figure 3 shows the strong dependence of the
measuring conditions on the J(V) curve pattern.
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Figure 3. J(V) curves (in reverse and forward voltage scan modes) at four different scan rates for both perovskite formulations using two different
protocols illustrated above related graphs: a) after an initial step of stabilization under light at V.., a reverse/forward loop is recorded; b) after an initial

step of stabilization under light at I, a forward/reverse loop is recorded.

The typical patterns of the J(V) curve at four different scan
rates for both perovskite formulations are presented in
Figure 3 using two different protocols depicted in the columns
labeled (a) and (b). The solid lines represent voltage scans in
reverse mode (Rev.), while dotted lines represent the forward
mode (For.).

As shown in Figure 3a, graphs in the left column were
recorded after an initial step of stabilization under light at
Voo, followed by a reverse/forward voltage loop between V.
and OV. The initial stabilization step is crucial, as it was
observed that V,, increased for a few minutes before stabilizing
to a reproducible value. Failure to adhere to this step could result

Sol. RRL 2024, 2400393 2400393 (7 of 20)

in curves displaying various V,. values depending on whether
they were stored in darkness or under light right prior to meas-
urements. This behavior is compatible with a light activation
phenomenon recently reported in such devices,***® and it
was observed to be more pronounced for devices with AVAI
additive.

Subsequently, as previously described, a common expected
curve pattern is observed in the reverse scan at the voltage scan
rate boundaries located at 1mVs™' for lower curve and
500mV s~ for higher curve. At intermediate levels, a “bump”
pattern is observed (here 4 and 40mVs™' are represented,
but the full range of variation is represented in Figure 1).
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When following the measurements with a forward scan loop
(without interruption between reverse and forward scans), it is
also observed that boundary curves present almost negligible
hysteresis behavior, which is not the case for intermediate
curves. At 4mVs™!, the forward curve closely resembles the
one observed at 1mV s~ '. This means that if this scan speed
was initially enough to avoid an immediate interfacial contami-
nation by ion migration (resulting in the “bump” in Rev.), the
following For. scan suffered from the final contamination
observed after the “bump”. At 40 mV s, one can see that once
the interfacial contamination has occurred, high scan rates are
not well tolerated by the device. Whereas, at higher scan speed
(>500mVs™"), no interface contamination had time to occur
during the complete Rev./For. loop. All these observations are
clearly observable for the devices using the formulation with
AVAI (top graph in Figure 3a), and are also valid without
AVAI (bottom graph in Figure 3a) even if the amplitude is
strongly reduced likely due to the difference in cations
formulation.

To delve deeper, as shown in Figure 3b, graphs in the right
column present J(V) curves recorded following an inverse
loop compared to Figure 3a, namely a forward/reverse voltage
loop between 0V and V.. Similarly, an initial stabilization step
was performed, this time at V=0V (I stabilization). However,
this did not seem to affect subsequent measurements. In addi-
tion, the duration of this stabilization period did not allow for the
light activation previously reported when performed at V..

Interestingly, low scan speeds (1 and 4 mV s™') allowed, after
the first part of the loop (For. scan), the achievement of the opti-
mized V, value previously obtained. This suggests that the light
activation process can occur as soon as a voltage is applied. The
measurement protocol did not affect either the reverse or the for-
ward J(V) curves at 1 mV s, In contrast, higher scan speeds (40
and 500 mV s™") were too fast to permit complete light activation
and resulted in lower V. values. Despite Rev. scans being dis-
advantaged by lower V, values for higher scan speeds, the latter
allowed reaching higher final J;. values than with lower scan
speeds (i.e., devices did not have time to present a complete sur-
face contamination by cation migration). However, the achieved
Jsc values were lower than with the first protocol. Once again, all
observations were clearly observable for the devices using the
formulation with AVAI (top graph in Figure 3b), and also valid
without AVAI (bottom graph in Figure 3b) with a significantly
reduced amplitude.

Sensitivity to moisture and heat is one of the challenges faced
by PSCs, including carbon-based perovskite devices.*”>*! Several
studies already highlight the potential of AVAI-based MAPDI;
formulation to exceed the durability of pure MAPDI; perov-
skite.**?*] However, damp-heat comparative aging studies are
usually conducted on relatively short duration (<1000 h, which
is the IEC 61 215 requirement for silicon devices) and very few of
them are coupled with a study of the mechanisms involved in the
difference of lifetime between (5-AVA)oosMAgosPbl; and
MAPDI; perovskites. In addition, to the best of our knowledge,
no other publication reports the monitoring during 3500 h of PV
parameters according to different J(V) measurements condi-
tions. Thus, based on the in-depth above study regarding the
impact of measurement conditions, we decided to monitor the
PV performances of our C-PSC during aging using both voltage
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scan rate boundaries (1 and 500 mV s ') and scans in reverse
mode after an initial step of light activation at V,.. The “bump”
pattern generally appears clearly from 4 mV s~ . To avoid it, a low
scan speed of 1 mV s~ has been selected, which results in rather
long measurement times (20 min, taking into account the 4 min
delay for preactivation). In most cases, the “bump” disappears at
the initial state with a high scan speed of 100 mV s~ 1. However,
during aging, it was often necessary to increase the scan speed
closer to 500mV s~ ' to obtain a curve without “bump”. After
that, the J(V) curve pattern remains identical when the speed
is further increased. Figure 4 presents the variation of PV param-
eters for encapsulated C-PSC based on MAPDI; perovskite for-
mulated with or without AVAI during an aging campaign
conducted under damp-heat conditions (85 °C, 85% RH).

The variation of C-PSCs efficiency for both perovskite formu-
lations, with and without AVAI, is depicted in Figure 4a, with
respectively red and blue symbols and lines. The voltage scan
rates are delineated as low and high, illustrated by colored dotted
and solid lines. Additionally, Figure S3, Supporting Information,
presents typical (V) curves at various voltages for three sampling
examples during aging.

First, it is evident that devices containing the perovskite for-
mulation with AVAI exhibit higher performances throughout the
aging process. AVAI-based devices present an excellent durabil-
ity for up to 3500 h, maintaining 50% of their initial performan-
ces regardless of the scan speed considered. This could be
considered at the level of literature records (see Table S2,
Supporting Information, for an overview of damp-heat durability
already reported for C-PSCs). Moreover, all PV parameters
(Jse Voo, FF, and 1/Ry) consistently outperform those of devices
without AVAI additive (Figure 4b,d,e,f). Furthermore, the alter-
ation of the J(V) curve with different voltage scan rates persists
throughout the aging campaign presented here. We previously
reported a similar behavior in a closely related C-PSC architec-
ture at the initial state, which disappeared entirely after 120 h of
aging.*¥) In this study, the ZrO, layer thickness has been multi-
plied by three (around 3 pm instead of 1pm previously). This
modification likely enhances the reservoir for large ionic species
between TiO, and carbon layer, thereby prolonging its presence
until 3500 h.

To provide a more detailed analysis of this phenomenon,
Figure 4c presents the differences between the two boundary
scan rates for both the envelop areas of the J(V) curve (A envelop)
and the J, values (AJ,). First, a consistent trend is observed
between A envelop and AJ,., except for aging points of devices
without AVAI after 3000 h, which should be disregarded. Indeed,
there is notably a discrepancy in V. values obtained after light
activation (prior to J(V) reverse scans), indicating a deterioration
of devices during the sequence of J(V) measurements, likely due
to their nearing end of life state. Taking a close look at delta
trends, both perovskite formulations also present similar trends:
first, a pronounced decrease until 100h of aging, followed by
slightly oscillating values until 1750 h, a sharp increase around
2000h, and finally a decline at the end of aging. The initial
decrease in the delta between scan rates is due to an initial
decrease of all PV parameters except the J;. value at low scan rate,
which shows an increase. This suggests a microstructural rear-
rangement within both solar devices, leading simultaneously to
reduced charge extraction and ionic diffusion, evidenced by the
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Figure 4. Variations of PV parameters during the 85°C/85% RH aging campaign for the two studied perovskite formulations: a) power conversion
efficiency (PCE); b) short-circuit current density (Jsc); c) differences between the two boundaries scan rates for the J(V) envelope areas
(mAV cm™2) and the J,. values (mA cm™?); d) open-circuit voltage (V,.); e) fill factor (FF); and f) series resistance (R). C-PSCs devices were measured
using either 1mV s~ for low scan rate (empty symbols and dotted lines) or 500 mV s~ for high scan rate (full symbols and full lines).

decrease of J. for higher scan rates and the increase of J,. for scan rates than for lower ones. It can be here suspected
lower scan rates. The notable increase in delta around 2000h  adequate Pbl, passivation levels,***" allowing enhanced charge
is correlated with a more pronounced increase in ;. for higher  extraction before reaching detrimental levels with further Pbl,
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accumulation. Since this occurs at the same aging time regard-
less the perovskite formulation, it may be due to the onset of
water permeation within the encapsulant material.

For C-PSC devices using perovskite formulation with AVAI,
their efficiency remains relatively stable until reaching the T80
point at 2000 h (preservation of 80% of initial performance for
both scan speed boundaries), after which they undergo a gradual
decline, reaching the T50 point at 3500 h. Throughout this aging
period, the primary affected parameter is J;., while other param-
eters (Voo FF, and Ry) exhibit minor variations, with V. return-
ing to its initial values. In contrast, C-PSC devices using
perovskite formulation without AVAI exhibit a significant
decrease in performance up to 1500h of aging, accompanied
by a decrease in J, and FF, and an increase in R,. After
1500 h, devices without AVAI are nearly nonfunctional, with
PCE values around 0.6-0.7% reaching T80 before 40h and
T50 before 500 h. However, between 2000 and 3000 h, a huge
recovery of PCE occurs, especially at high scan speeds, leading
to Jsc values returning to levels like those at the initial state for
both scan speeds. To understand this particular behavior, we
need to recall the presence of an insulating mesoporous zirconia
layer between the electron-transport and carbon layers. Due to
the requirement of high temperature during the carbon layer
process, the perovskite is deposited after the completion of
the device backbone stack by drop-casting of the precursors’ solu-
tion. This requires the addition of an internal insulating meso-
porous layer to avoid short circuit. Over time, as the perovskite
quantity and/or quality diminished during aging, adequately fill-
ing the ZrO, mesoporous layer becomes challenging, ultimately
leading to the formation of insulating devices. Thus, perovskite
devices without AVAI additive undergo a temporary recovery of
electrical contact between 2000 and 3000 h thanks to a positive
default passivation of the perovskite layer by degradation
by-products. However, this punctual recovery zone is surrounded
by conditions where devices are almost insulating.

In summary, the perovskite formulation strongly alters the
experimental results during aging. Despite having identical
architecture, solar cells with AVAI additive exhibit enhanced
durability. To better elucidate the degradation mechanisms,

(a)

with AVAI

w/o. AVAI
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the following study will rely on a full set of characterizations used
at different scales of the PV device, from the complete solar cell to
the perovskite layer. As a first step, in addition to the conven-
tional J(V) measurements taken throughout the aging tests,
imaging techniques were implemented on our devices to provide
a more accurate assessment of the local performances.

The LBIC measurement allows for the precise determination
of local-induced I, offering valuable insight into the spatial dis-
tribution of power within a solar cell. Figure 5a presents a sam-
pling of typical LBIC maps obtained during the aging campaign
for both type of devices (with or without AVAI), while Figure 5b
presents the statistical I, variation across all sampled points,
corresponding to the variations of PV parameters presented in
Figure 4.

The initial average LBIC-I,. difference is in perfect agreement
with the macroscopic Ji difference observed on J(V) curves per-
formed at low scan rate. Both LBIC-I. and J(V)—Js present a
multiplicative factor equal to 1.8 between devices without and
with AVAL Then, the average LBIC-I;. evolution closely aligns
with the previously examined J(V) measurements at low scan
rate. It seems consistent as LBIC measurements conditions
are similar to the first point of a forward J(V) scan (Figure 3b),
providing a J,. value identical to that of reverse scans at low scan
rates (Figure 3a). The alignment of data between J(V) and LBIC is
perfect for devices with AVAI all along the aging. For devices
without AVALI, the alignment is very close but does not present
the recovery behavior observed after 2000 h with J(V). The LBIC—
I, measurements continue to fall and can be assumed equivalent
to 0 after 2500 h. This can be due to the significantly lower illu-
mination level using LBIC laser versus the solar simulator,
resulting in a diminished generation of charge carriers that could
mask the slight recovery observed in electrical contact.

Concerning the LBIC-I,. variation over the full area of devices,
it can be noticed a similar level of variation at initial state for both
type of device (represented by the uncertainty bar in Figure 5b).
During aging, this discrepancy widens for devices with AVAI and
diminishes for devices without AVAIL This is attributed to the
emergence of a rapidly deteriorated region at the top center of
the photoactive layers in well-performing AVAl-based devices,
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Figure 5. a) LBIC maps of both studied devices for a sampling during the aging campaign (the color scale represents the I variation, it was adapted to
the type of device as defined by the scale bars on the right of images); b) variation of the LBIC measured average short-circuit current I, during the aging
campaign for perovskite devices with or without AVAI additive (averaged over the active cell area, the uncertainty bar represents the variation over the area

of one cell).
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which corresponds to the infiltration site of the perovskite pre-
cursors’ solution. Conversely, for devices formulated without
AVAI, the performance decline is uniform across the entire
device area.

To correlate the photovoltaic performance of studied devices
with the potential degradation of the active layer, we combined
the investigations of PV parameters with PL tools. A PL imaging
monitoring was performed during the aging campaign for both
type of devices (with or without AVAI). Figure 6a presents a sam-
pling of typical PL images of the entire active surface area. These
PL images were taken from the FTO side of full devices, with the
color scale representing the PL intensity (WW cm %) based on a
calibration method previously reported.®” Imaging is a very use-
ful tool to scout the homogeneity within the full device area.
However, to scout potential emission shifts, spectral PL was also
performed as presented in Figure 6b for the same sampling
examples than PL images.

In PL imaging, a higher emission is evidenced at initial state
for devices without AVAI (see average values presented in
Figure 6¢ top graph), consistent with the differences observed
in spectral PL (see Figure 2b). The PL images at initial state
are rather homogeneous but reveal the infiltration point of the
perovskite precursors’ solution at the top center. Conversely,
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for devices with AVAI, a gradual increase of the average PL is
observed throughout the aging campaign. This increase is more
pronounced in the center of the cell and at the infiltration point,
suggesting a higher density of generated defects. However,
defects generated at the center of the cell do not significantly
impact PV functional properties, while those at the infiltration
point are destructive (see LBIC patterns in Figure 5). It could
be hypothesized that the perovskite near the injection point ini-
tially contains larger defects, probably due to the formation of
larger perovskite crystals initiated before the solution diffusion
step, leading to larger voids within the perovskite layer.
Despite the overall increase in PL intensity for AVAI-based devi-
ces, it remains reasonable compared to devices formulated with-
out AVAI, consistent with the more substantial aging impact on
PV efficiency observed in the latter.

Devices without AVAI undergo more pronounced variations
during aging, but these variations are more uniform across
the entire device. In the first 100 h of aging, MAPbI; devices
without additive presents a huge PL increase, followed by a pro-
gressive decrease until reaching similar average values as devices
formulated with the additive. As the initial observed increase of
PL is not related to an increase of PCE, we can conclude that it
results from an increase of the perovskite layer defects.
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Figure 6. a) PL imaging photos of both studied devices for a sampling during the aging campaign (the color scale represents the PL emission variation, it
was adapted to the type of device as defined in the scale bars on the right of images); b) photoluminescence spectra during aging for the same sampling;
c) variation during the aging campaign for perovskite devices with or without AVAI additive of (top) the average photoluminescence measured by imaging
(averaged over the active cell area, the uncertainty bar represents the variation over the area of one cell) and (bottom) the average spectral photolu-
minescence measured at A, (averaged on five cells measurements in the central part, the uncertainty bar represents the standard deviation); and
d) wavelength at maximum spectral emission intensity An.x as a function of aging time for both devices.
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Nevertheless, this increase is also matching with a non-negligible
redshift of the spectral PL emission signal (about 14 nm, see
Figure 6b,d). The general trend for strong MAPDI; perovskite
degradation being a blueshift, a redshift typically indicates an
improvement in the crystalline microstructure of the perov-
skite.*®! This is further supported by UV-visible spectra (see
Figure S2c¢,d, Supporting Information), where the reflectance
level of devices without AVAI decreases during the first 500 h
before to increase after 1000 h. As the bandgap amplitude corre-
sponding to perovskite (around 780nm) also increases, this
could be considered as a proof of the perovskite quality enhance-
ment providing an optimization of the absorption during the first
steps of the aging campaign. However, as the resulting PCE
decreases, other factors also act in parallel. No such variation
on UV-visible spectra was observed for devices with AVAI,
presenting a very slight initial PL redshift behavior. A PL redshift
can be related to several factors, including a decrease in the quan-
tum confinement effect related to an increase of grain size.*>>%
However, in the mesoporous scaffold considered here, this
could also lead to a greater quantity of voids between perovskite
crystals, compatible with the observed PL intensity increase and
PCE decrease.*? Concerning the device with the (5-AVA)g s
MA, 95Pbl; formulation, a slight PL blueshift trend is observed
along the aging. As no final PL blueshift trend was observed for
the MAPDI; formulation, other type of characterizations like UV-
visible spectroscopy and XRD are needed before any conclusion.

Figure 6¢ also presents the variation of PL intensity obtained
from spectral characterization (bottom graph, presented in loga-
rithmic scale), confirming the difference in behavior between the
two types of devices. However, a discrepancy between PL imag-
ing and PL spectra emission intensities can be revealed after
1500 h of aging. This could be explained by the fact that the
PL spectrometer used only excite a restricted area located in
the device central area (about 1 cm high x 1 mm large), whereas
AVAI-based devices present a strong inhomogeneity in PL emis-
sion intensity within the device area, with a more pronounced
emission in the central area scouted using PL spectroscopy.

Here again, it seems useful to investigate further the potential
degradation mechanisms within both perovskite active layers
(with and without AVAI). UV-visible spectroscopy and XRD
analyses will therefore be the subject of the following section.
This should help to further interpret PL observations and estab-
lish a comprehensive connection with the evolution of PV
performances.

Figure 7a,b displays XRD diffractograms during the aging
campaign. These analyses are destructive as they necessitate
opening the encapsulation and removing a large part of the car-
bon layer; thus, the sampling was reduced to critical points dur-
ing the aging campaign. At first glance, the formation and
development with aging time of Pbl, (degradation by-product
of perovskite) in its crystalline form can be easily observed for
both devices with and without AVAI. This corresponds to a con-
tinuous decrease in the perovskite relative crystallinity, as
highlighted in Figure 7c. Surprisingly, a much greater proportion
of crystalline PbI, is observed during the aging of AVAI-based
devices while they demonstrate a considerably longer lifespan
compared to devices formulated without AVAL This Pbl, emer-
gence could be correlated with the high level of PL emission
observed in the central area of AVAI-based devices. However,
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AVAI-based devices also demonstrate higher levels for the perov-
skite relative crystallinity than devices without AVAI until end of
aging (Figure 7c).

In addition, the appearance of amorphous Pbl, in sufficient
quantity to be observed by UV-visible absorption spectroscopy
is demonstrated for devices formulated without AVAI
(Figure 7d). A small amount of monohydrated perovskite phase
can also be observed by XRD (7.5°-10.5° range).**** The
detected level is within the same order of magnitude for both
type of devices and indicates that a slight water permeation
though the encapsulant material is already initiated at 1500 h.

Concerning AVAl-based devices, an additional phase around
8.1° is magnified with aging time. According to literature,*® this
could correspond to the emergence of the 2D perovskite phase in
such systems. It thus seems that the degradation of (5-AVA)g o5
MAyosPbI; also releases the AVA,Pbl, perovskite 2D phase
alongside Pbl,, both of which are non-photoactive. It should
be mentioned that the release of pure 2D phase could explain
the PL blueshift observed with AVAI and not observed without
AVAI (Figure 6b,d). Indeed, a reduction of the perovskite atomic
distortion initially due to the 2D perovskite phase inclusion could
result in a PL blueshift.””

In examining the general pattern of XRD diffractograms, two
differences between devices with and without AVAI are notable.
First, two signals between 28° and 29° and between 31° and 32°
seems to split into different proportions according if devices are
with or without AVAIL. However, both signals include 2 peaks:
one being each time attributed to ZrO, (28.2° and 31.5° for
respectively the (—111) and (111) planes of monoclinic
Zr0,)* and another attributed to perovskite (28.4° and 31.8°
for respectively the (220) and (222) planes of tetragonal
MAPDI;).1! The potential splitting!®® of MAPbI; signals in both
concerned 26 ranges due to the tetragonal structure involved
cannot be observed for thin films using our XRD measurement
conditions.'”) For comparison, the XRD diffractogram of ZrO,/
TiO,/FTO/glass device backbone without perovskite is presented
in Figure S2a, Supporting Information.

Second, as the mesoporous structure of TiO, allows perovskite
to crystallize in various orientations, differences in perovskite ori-
entations were observed between the two systems at the initial
state: predominantly orientation 2 for MAPDI; and orientation
1 for (5-AVA)gosMAgosPbl;. During aging, both perovskites
undergo a degradation/amorphization process. Consequently,
for the formulation without AVAI, a strong modification of
the perovskite orientations proportions was observed. As illus-
trated in Figure S2b, Supporting Information, orientation 2 pro-
portion decreased by a quarter to the benefit of orientation 1.
Concerning the formulation with AVAI, a quasi-conservation
of the perovskite orientations proportions was observed with any-
way a slight decrease of orientation 2. The convergence of both
perovskite toward a similar orientation proportion after aging
suggests that an excessive proportion of orientation 2 may not
be conducive to optimal perovskite performance in mesoporous
C-PSC architectures and is particularly sensitive to aging effects.

In Figure 7D, both reflectance and absorbance spectra clearly
present the bandgap of the 3D MAPDI; perovskite near 780 nm.
The exact bandgap value for both perovskite formulations
(1.58eV) is not modified during aging, indicating that both
residual perovskites after 3500 h of aging are still of good quality,
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Figure 7. Variations during the 85 °C/85% RH aging campaign of a,b) XRD diffractograms with main diffraction lines assignment (after CL removal) for
respectively perovskite layers formulated with and without AVAI; c¢) XRD relative crystallinity of perovskite (color) and Pbl, (grey); and d) UV-visible
reflectance spectra (performed on complete cells from FTO side) and absorbance spectra (performed on cells after CL removal).

consistent with their relative crystallinity measured using XRD
(respectively 9.5% and 7.6% for perovskites with and without
AVAI). As reflectance spectra are performed without any alter-
ation of the devices, this characterization can be used to estimate
the absorbance level throughout the aging process. At the initial
state and throughout aging, reflectance spectra of devices with
AVALI are lower than those of devices without AVAI. As the car-
bon layer avoids any transmission, this allows to conclude that
the absorbance level of (5-AVA)oosMAgosPbl; always remains
higher than for MAPDI;. This is in accordance with the conser-
vation of better PV performances during aging and highlights the
good quality of the (5-AVA) osMAg 95Pbl3 perovskite layer, even
if XRD indicates that its crystallinity rate rapidly converges
toward values similar to those of MAPDI;.

Deepening the analysis of obtained UV-visible spectra enables
to identify two additional increasing transitions for perovskite
without AVAI The first one, around 500 nm, could correspond
to both crystalline Pbl, and the perovskite lead-iodide octahedra
(perovskite—Pblg). The reduction in range during aging for this
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transition (from 490-600 to 500-520 nm, clearly noticeable on
reflectance spectra) suggests that the PbI, transition predomi-
nates over perovskite—Pbls, which may be disrupted by perov-
skite degradation/amorphization and become undetectable.
The second transition (between 350 and 450 nm) could corre-
spond to two perovskite degradation by-products: amorphous
Pbl, and monohydrate perovskite,!**%#]

In the case of the perovskite formulation with AVAI, detecting
transitions other than the one corresponding to 3D perovskite
near 780 nm is more challenging. However, as XRD indicates
these by-products (even at higher levels for crystalline PbI,),
it is inferred that the high level of absorbance of (5-AVA)g s
MA, 9sPbl; perovskite attenuates the visualization of transitions
corresponding to white—yellow low-absorbing compounds.
Nevertheless, at the end of aging, slight transitions around both
500 and 400nm become recognizable. The latter may also
include the contribution of emerged 2D perovskite.*”

After all the characterizations conducted at the perovskite
scale, the lower photovoltaic performances and reduced
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durability demonstrated by devices formulated without AVAI can
be attributed to several factors. These include the observed
higher R, increased amount of amorphous Pbl,, higher propor-
tion of perovskite orientation 2, higher UV-visible reflectance
level, elevated PL average emission, and lower perovskite crystal-
linity rate. However, a serious lower quantity of crystalline Pbl,
was also inconsistently observed as compared to (5-
AVA)j 0sMA, 9sPbI; perovskite. It should thus be call to mind
that the perovskite layer forms a conductive path within a
ZrO, insulating mesoporous architecture. Thus, degradation
of contacts within the perovskite layer or between perovskite
and electrodes can lead to nonfunctional cells, characterized
by sudden loss of current. In the present configuration, the com-
bination of (5-AVA)g.osMAg o5Pbl; perovskite and PbI, does not
seem very detrimental before reaching 4000 h, where most devi-
ces unfortunately encounter a fall leading to PCE lower than
0.5%. According to literature, Pbl, passivation of carbon elec-
trode through C-O-Pb linkages allows reducing the recombina-
tion due to direct contact between carbon and absorber.*” An
excess of Pbl, within the perovskite may not always be detrimen-
tal in such architectures and can even lead to beneficial effects by
reducing ionic migration or passivating the defects in perovskite
grain boundaries.®*”!! In addition, AVAI-based perovskite is
known to possess a potential for better charge extraction at
the TiO, interface (—COOH adsorbed on both TiO, and ZrO,
mesoporous layers).””) These three factors should thus to
be considered to interpret the superior durability of (5-
AVA)j 0sMA, 9sPbI; perovskite devices.

To conclude, as AVAI additive favors the initial perovskite
crystallinity and the PbI, degradation by-product in its crystalline
form instead of amorphous, the conduction paths through the
mesoporous network are maintained for longer when using
(5-AVA).0sMAg osPbl; formulation perovskite. When the
AVAI-based MAPDI; starts to release pure AVA,Pbl, 2D perov-
skite phase, it means that the remaining level of non-degraded
MAPDbI; perovskite is starting to be a problem. Then, hydrated
MAPDI; is generated due to leakage of the encapsulation. At
3500 h, the hydrated-perovskite level start to be important in both
MAPDI3 and (5-AVA)yosMAg9sPbl3 formulations. As it could
present either 1D or 0D structures for respectively mono- and
dihydrate forms,”? this is detrimental for the preservation of
conduction paths. Even if our devices present an exceptional sta-
bility up to 3500 h, the development of encapsulation systems
with higher water barrier properties could still conduct to an
increase of the C-PSCs stability. Indeed, a recent publication
highlights the potential of similar devices to exceed 5000 h of sta-
ble PCE under sole thermal stress (85°C) when properly
encapsulated.””

To gain a deeper understanding on mechanisms occurring in
both (5-AVA)y0sMAg9sPbl3 and MAPDI; carbon-based meso-
scopic PSCs, impedance spectroscopy measurements were also
carried out. Typical Nyquist plots obtained at voltage conditions
compatible with real operating conditions are presented in
Figure S4, Supporting Information. To analyze the experimental
data, the equivalent circuit presented in Figure 8a was used to fit
our data. The chosen model includes three resistors and two
capacitors that were sufficient to describe the experimental
results while also having a physical significance,*®”*7”) which
will be recalled in each of the following related sections.
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Figure 8b—f represents the variation with aging time of extracted
parameters: respectively R1, C1, R2, C3, and R3. Results were
presented using a logarithmic scale for a better visualization
of parameters variations.

The R1 resistance represents the Ohmic contributions of con-
tacts. At initial state, R1 is relatively low for both studied systems,
measuring 12 and 17 Q cm? for devices with and without AVAI,
respectively. During aging, this parameter increases in a similar
way for the two systems, nevertheless preserving reasonable val-
ues until end of aging (respectively 24 and 38 Q cm? at 3500 h).
Interestingly, a significant increase of R1 is observed around
100 h for both systems, coinciding with their initial observable
decrease in PCE. Then, R1 values are relatively stable for
AVAl-based devices. Concerning devices without AVAI, R1 value
continues to rise with however a significant drop located around
the PCE recovery point observable at low scan rate (also notice-
able for R2 and R3 resistances).

The sum of R2 and R3 represents the total recombination
resistance, R2 being associated with the processes occurring
within the active layer and R3 at the perovskite interfaces.
Both R2 and R3 resistances increase with a pattern close to
the one of R1. However, if initial values are in the same range,
the scale of increase is much more pronounced for both R2 and
R3 parameters.

At around 100 h of aging, the rise in R3 values is more pro-
nounced than that of R2 value with a factor 10, for both with and
without AVAI systems. If we correlate the increase of these
recombination processes to PL emission (Figure 6), a direct cor-
relation can be found with the average increase of radiative
recombination around 100h for devices without AVAL
Similarly, for devices with AVAI (although less obvious when
considering averaged emission values), careful examination of
PL images highlights local points with higher radiative recombi-
nation also emerging around the 100 h mark of aging. Given that
R3 is much more impacted than R2, it suggests that recombina-
tion mechanisms predominantly occur at the interfaces, indicat-
ing that the quality of the perovskite interfaces suffers more from
created defects than the electrical path created by the perovskite
within the insulating ZrO, mesoporous layer.

After 100 h, R2 resistance continues its steady growth until the
end of aging for both studied systems. This is compatible with
the progressive decrease of perovskite crystallinity combined by
the increase of degradation by-products. Concerning R3, devices
with or without AVAI behave in the same way once again. A large
drop of the recombination at the interfaces is evidenced between
100 and 1000 h, likely related to a positive passivation at perov-
skite interfaces. This allows for the conservation of PCE until
1000h for (5-AVA)y¢sMAgosPbl; devices. Unfortunately, this
was not enough for MAPDI; devices, possessing higher R1
and R2 resistances. After 1000 h of aging, all resistances started
again a new rise. This was prejudicial for (5-AVA)g osMAg osPbl3
devices, starting their progressive PCE decrease after 1000 h.

C1 and C3 capacitance show dissimilar behaviors. C1 prepon-
derates at high frequencies and is associated with rapid charge
relaxation, it shows the response of the photoactive layer. C3
becomes more noticeable at lower frequencies and results from
slower charge movement, indicating charge accumulation at the
interfaces resulting in interfacial polarization.
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Figure 8. a) Equivalent circuit used for fitting impedance spectra; evolution during aging of parameters extracted from impedance spectroscopy measure-
ments for both studied devices. b,d,f) Resistances (R1, R2, R3) and c,e) capacitances (C1, C2) under 1 sun in non-open circuit conditions (as results are
presented using logarithmic scales, 1 h aging time corresponds to TO0).
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Figure 9. Overview of mechanisms occurring in both studied devices at initial state and during damp-heat aging.

In initial state, the C1 value is equivalent for both studied
devices with a value close to 0.1 pF cm ™2 This implies that struc-
tural differences between (5-AVA)gosMAg9sPbI3 and MAPDI;s
perovskites do not govern this parameter at the beginning. As
the two perovskites present a difference in crystalline orienta-
tions proportions, it can suggest that the polarization within
the perovskite layer is not the predominant factor reflected by
C1. This is in accordance with previous literature observations!”®!
and trends to indicate that C1 should be more likely related to an
interface within the cell. This seems to be confirmed during
aging as the evolution pattern of C1 is then close to the one
observed for resistances. However, devices without AVAI present
lower C1 values than devices with AVAL This could be related
to the difference of photon absorbance level demonstrated by
devices without AVAI, automatically leading to a lower charge
generation.

After 100 h of aging, a significant increase of C1 is observed
for both devices, corresponding to the first observed drops in
PCE, probably due to charge transfer issues at the interfaces
or within the perovskite. Between 300 and 1000 h, a significant
decrease of C1 is observed. Values obtained for devices with
AVALI are again close to initial ones, showing a recovery of the
conduction pass through PbI, passivation. For devices without
AVAL, values are even lower than initial one by afactor close
to 10. Although a recovery of the conduction pass within perov-
skite may also occur, charge accumulation should take place else-
where, as the PCE of devices without AVAI was quite negligible
around 1000 h. However, after 2000 h, C1 parameters increase
again indicating charge accumulation within the perovskite,
probably due to a too low perovskite crystallinity degree at this
aging state for both type of devices.

Concerning C3, the two studied devices present largely differ-
ent values at initial state (respectively 0.28 and 0.01 mF cm ™ for
devices with and without AVATI). According to literature,’* C3 is
mainly associated with a light-induced charge carrier accumula-
tion (holes) near the TiO,/perovskite interface, especially for
thick perovskite layer such as in our C-PSC device architecture.
Thus, as devices with AVAI produce twice more current than
devices without AVAI, it could be assumed that the potential
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of AVAI-based devices for charge accumulation is greater already
at initial stage.

During the first step of aging, C3 values increase for both devi-
ces, reaching a similar value at 100 h. According to the simulta-
neously observed increase of R3 resistance, it is possible to
conclude a degradation of perovskite interfaces resulting in a
reduction of charge transfer at the interfaces. Until 1000 h, C3
continues to rise for devices with AVAI while remaining
quite stable for devices without AVAIL This is attributed to the
degradation of both device’s perovskite layer, with (5-
AVA)p 0sMAg osPbl; beginning to release 2D perovskite, poten-
tially leading to a further decrease in the charge extraction at
the TiO, interface.

After 1000 h, a general decrease of C3 can be observed for both
devices. As meantime C1 increases, this trends to indicate a
general degradation of the perovskite (amorphization/
degradation by-products) leading to charge accumulation within
the perovskite layer itself. Consequently, there are fewer conduc-
tion pathways between the perovskite and the electrodes, reduc-
ing charge accumulation at the interfaces.

According to impedance spectroscopy characterization, it is
thus possible to highlight both a higher perovskite quality within
the perovskite itself (R2, C1) and at its interfaces with electrodes
(R3, C3) for the formulation using AVAI as additive. The degra-
dation of performance with aging time under damp-heat condi-
tions and at the end of life of C-PSCs devices is related to a
different mechanism in devices formulated with or without
AVAL For devices with (5-AVA), osMAg o5PbI;, the loss of electri-
cal contact predominantly occurs at interfaces (R3 after 1000 h).
For devices with MAPDI;, it occurs first within the perovskite layer
(without AVAI, R1, and R2 levels after 100 h are higher than those
of after 1000 h with AVAI), and then at interfaces (R3 after 1000 h).
Figure 9 gives an overview of all occurring mechanisms.

3. Conclusion

A detailed study of correlations among a large series of character-
izations (macroscopic PV performances, LBIC imaging, PL
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spectroscopy and imaging, UV-visible reflection-absorption
spectroscopy, XRD, impedance spectroscopy), conducted both
at initial state and as a function of time during damp-heat aging,
enabled new insights into the performance and the degradation
mechanisms of carbon-based mesoscopic PSCs. The objective of
the present study was to focus on the role of AVAI when used as
an additive in the MAPDI; perovskite formulation. Even if AVAI-
based perovskite highlights a higher potential for species diffu-
sion and interface contamination, they also perform better and
longer. The (5-AVA)q.0sMAg osPbl; formulation perovskite dem-
onstrated a better crystallinity level from the beginning to the
end, with a different distribution of the crystalline orientations.
This resulted in a highest absorbance of the devices all along
aging procedure. In addition, the AVAI-based perovskite pos-
sesses a higher ability to produce crystalline Pbl, than the pure
MAPDI;. The latter one counteracts with amorphous perovskite
and amorphous Pbl,. According to impedance spectroscopy, this
leads to a loss of electrical contact within the mesoscopic device
architecture already at first aging stage for pure MAPDI;. Indeed,
the end-of-life programming of pure MAPDI; devices occurs after
100 h of aging with high-resistance levels within the perovskite
layer itself (T50 = 500h), while for (5-AVA)g0sMA.9sPbI; devi-
ces it occurs after 1000 h with high-resistance levels at the inter-
faces (T50 = 3500 h).

4. Experimental Section

Materials: All of the following commercial materials were used as
received: FTO/glass substrate (TEC-15, Nippon Sheet Glass-Pilkington,
Japan), titanium diisopropoxide bis (acetylacetonate) (75 wt% in isopropa-
nol, Sigma-Aldrich, United States), TiO, nanoparticle paste (PST-30NRD,
JGC Catalysts and Chemicals, Japan), ZrO, nanoparticle paste (Solaronix
SA, Switzerland), carbon paste (Solaronix SA, Switzerland), methylammo-
nium iodide (Tokyo Chemical Industry, Japan), 5-AVAI (Greatcell Solar,
Australia), lead iodide (Tokyo Chemical Industry, Japan), y-butyrolactone
(electrochemical grade, Kanto Chemical, Japan), sealant (thermoplastic
ionomer film, PVL0202S, Nisshinbo Mechatronics, Japan).

PV Devices Fabrication and Encapsulation: The carbon-based meso-
scopic PSCs (C-PSC) stack configuration consisted of a front FTO/glass
substrate with: a compact TiO; layer (50 nm) and a mesoporous TiO, layer
(500 nm) as the electron-transport layers, followed by a 3 pm mesoporous
ZrO, insulating layer and a 10-12 pm mesoporous carbon back electrode.
The entire device fabrication process, including the perovskite crystal fill-
ing, was performed under ambient air conditions according to procedures
previously reported in the literature.l''"-*379-81 The FTO/glass substrate
was segmented into small solar cells using a laser etching tool, and the
etched substrate was ultrasonically cleaned with a detergent solution (1 wt
%, white 7-AL, Yuai Kasei, Japan) for 15 min, followed by ethanol for
15 min. A blocking layer of compact TiO, (c-TiO,) was deposited on pat-
terned substrates by spray pyrolysis deposition of a 0.66 mL titanium dii-
sopropoxide bis (acetylacetonate) solution diluted in 22.5 mL ethanol (1:34
volume ratio). This was carried out on a hot plate at 500 °C with 10 s spray
intervals (glass plate masks were placed on electrical contact parts). The
thick mesoporous TiO, (m-TiO,) layer was screen printed using a TiO,
nanoparticle paste, kept for 10 min at room temperature in a container
with a lid for leveling, and then dried on a hot plate at 50 °C for 5 min
and 140 °C for 5 min. The thick mesoporous ZrO, (m-ZrO,) spacer layer
was screen printed using a ZrO, nanoparticle paste, kept for 5 min at
room temperature in a container with a lid for leveling, and then dried
on a hot plate at 50°C for 5 min and 140 °C for 5 min. The TiO, and
ZrO, layers were then annealed at 500 °C for 1 h in a hot plate with a metal
lid (the temperature rise time was 20 min from room temperature to
500 °C and the holding time at 500 °C was 40 min). A thick carbon layer
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(m-CL) was then screen printed using a high-temperature carbon paste,
kept for 10 min at room temperature in a leveling container with a lid, then
dried on a hot plate at 125 °C for 10 min, and finally annealed at 400 °C for
1h on a hot plate with a metal lid (temperature rise time was 15 min from
room temperature to 400 °C and holding time at 400 °C was 45 min). The
substrates were then cooled down to room temperature and separated
into individual cells before drop-casting 4.0 uL of the solution containing
perovskite precursors on the border of FTO/c-TiO,/m-TiO,/m-ZrO,/m-CL
individual mesoscopic stacks (active area=1.15cm?). To infiltrate the
MAPDbI; or (5-AVA),MA,;_,Pbl; perovskite layers through the mesoporous
scaffold, two different perovskite precursor solutions were used. Both con-
sisted of y-butyrolactone (GBL) as a solvent containing equimolar concen-
trations (1.2 M) of lead iodide (Pbl,) and methylammonium iodide (MAI).
For (5-AVA),MA, _,Pbl; perovskite, 5 mol% of 5-AVAI was added to MAI
affording the following precursors formulation: (5-AVA)g0sMAg gsPbls.
The perovskite layers were then kept at 25 °C for 30 min with a glass-dish
cover, annealed at 50°C for 90 min with a glass-dish cover, and finally
10 min without the glass-dish cover (open air) at 50°C. As a final step,
the PV devices were encapsulated using a cover glass and a thermoplastic
ionomer film as a sealant. The sealing film was placed between the cell,
covering the entire cell (top and edges). The resulting stacks were lami-
nated at 110°C for 5min using a commercial vacuum laminator
(PVL0202S, Nisshinbo Mechatronics, Japan).®!

Aging Campaigns Conditions: In this article, the so-called damp heat test
was used: encapsulated solar cells were aged in a humidity chamber
(HCP150 Memmert, set at 85°C and 85% RH). Cells were aged in the
same orientation as for end-use operating conditions, i.e., transparent
FTO electrode side up. Regular sampling of cells was realized to monitor
functional, physicochemical, and structural properties. For each perovskite
formulation, batches of five PV cells were dedicated to J(V) monitoring and
additional cells were used for destructive characterizations.

Characterizations: J(V) measurements were recorded under illumina-
tion with a solar light simulator Newport Oriel LCS-100 providing an
AM 1.5G spectrum of 1000 W m~? light intensity and using a SP-150
potentiostat/galvanostat from Biologic (Software EC-Lab-11.26). The
power calibration (1000 W m~?) was systematically carried out each day
using an Oriel solar meter with a calibrated silicon reference (Model:
91150 V—serial number: 801/0871). The light illumination area was
3 X 3 mm (the active area of the device was 1.15 cm?, and the mask aper-
ture was 0.09 cm?). For efficiency data collection, the (V) measurements
were performed in reverse mode from open-circuit voltage (Voo to
0V using two different scan rates (1mVs~' for low scan rate and
500mVs " for high scan rate). Prior to starting measurements, the cells
were allowed to stabilize under the solar simulator (between 1 to 4 min
until reaching their maximum stable V, value). The PCE, short-circuit cur-
rent density (Jsc), Voo, fill factor (FF), and series resistance (Rs) parameters
were then deduced from J(V) measurements using a home-made Python
script in Spyder environment. J(V) profiles at intermediate scan rates and
under reverse or forward modes are also presented.

LBIC maps were acquired using a homemade apparatus. It consisted of
a5 mW, 532 nm green monochromatic laser diode including a diaphragm
producing a 0.7 mm diameter beam, set on a computer-controlled X-Y
moving stage. During scanning of the cell surface, the cell output
short-circuit current (Is) was simultaneously measured by a source mea-
sure unit (2602 Keithley, Cleveland, Ohio). Scanning of the whole cell
active area took approximately 20 min. Generated current maps were
transformed into color scale images using a home-made Python script
on Spyder environment, and they were processed via Image) freeware
(version 1.8.0) for the extraction of both current average values and homo-
geneity (represented with uncertainty bars) over the full active area of PV
cells. It should be mentioned that, due to the laser diameter, a part of the
illuminated area was not covered by perovskite when analyzing the last
millimeter border, resulting in lower current values which were not con-
sidered for average values and homogeneity assignment.

UV-visible diffuse reflectance and absorbance spectra were measured
with a Shimadzu UV-2600 spectrophotometer equipped with an integra-
tion sphere accessory. Absorbance measurements required a preliminary
step of CL removal. Indeed, the opacity of the thick CL layer avoided any
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possible transmission of light within the entire device. This was performed
using adhesive scotch peeling method and could present the disadvantage
of also removing a small quantity of the perovskite layer. In contrast, the
measurements in reflectance mode could be performed on the entire solar
cell from FTO side, without preparation.

PL spectra were measured with a Shimadzu RF-6000 spectrofluorome-
ter using a 520 nm excitation wavelength on FTO side of full solar cells. A
scan rate of 6000 nm min~', an excitation slit of 5 nm, an emission slit of
5nm, and a measurement range of 600-900 nm were used. Two filters
were added: a 575 nm low-pass in front of the excitation source and a
600 nm high-pass in front of the source of emission to suppress any arti-
fact coming from the spectrophotometer.

PL imaging experiments were performed using a homemade device
composed of an opaque chamber with a camera placed 30cm above
the samples and a green light-emitting diode (LED) array with emission
spectrum at 525nm. A 650nm high-pass filter from Edmund Optics
(York, UK) was added to allow for spectral resolution in the setup and
to minimize reflection from the excitation LEDs. Full solar cells were
observed in the open-circuit condition. The acquisition time was set close
to 1000 ms. As the resulting signal varied depending on acquisition con-
ditions (time and gain), not allowing for a direct quantitative comparison
of the evolutions observed, a calibration reported in a previous publication
allowing for image correction was employed,' allowing to present inten-
sities in W cm 2. Any additional image treatment (cropping, colorization,
or thresholding) was performed with the Image| freeware (version 1.8.0).

XRD diffractograms were obtained using a PANalytical X'Pert PRO
MPD X-ray diffractometer between 26 of 7° and 50° with Cu-Ka source.
Experiments were performed at Grenoble Consortium of Common
Technological Means on opened PV cells (after peeling of CL). XRD pat-
terns were in this article presented after subtraction of the amorphous
baseline. In addition, after extraction of the background using Match!
software and integration of all diffraction lines (between 10° and 50°),
the relative crystallinity of the studied perovskite and the Pbl, present
in the perovskite were evaluated thanks to Equation (1) and (2), as well
as the different orientations composing the perovskite layer.

Perovskite relative crystallinity (%)

. > (perovskite contributions) <1 Mm
" Integrated area — >_(Contributions other than perovskite)

Pbl; relative crystallinity (%)

B >~ (Pbl, contributions) % 100 @)
" Integrated area — > (Contributions other than Pbl,)

Electrochemical impedance spectroscopy measurements were performed
on the full devices (1.15cm? active area) under solar light simulator
Newport Oriel LCS-100 providing an AM 1.5G spectrum and using a
potentiostat/galvanostat (SP-300 with impedance measurement option,
Biologic), with a potential variation of 30 mV and a range of frequencies
between 1 MHz and 0.5 Hz. The measurements were performed under 1
sun of illumination and a voltage of 0.6 V was applied to solar cells. The
Nyquist plots (—Im(Z) =f(Re(Z))) were then studied and fitted by an
equivalent circuit using the EC-Lab-11.26 software. Presented results
are average results for three monitored devices of each perovskite
formulation.
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