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ABSTRACT
Perovskite solar cells are one of the most promising photovoltaic technologies in the last decades. Inverted (p–i–n) cells using

NiOX as hole-transport layer (HTL) have gained attention due to their easy fabrication methods and high stability, although they

often exhibit reduced efficiencies due to non onlyoptimized energy-level alignment. To address this issue, different approaches

have been developed, such as the use of self-assembled monolayers (SAMs) on top of the HTL. Herein, a comparative study

between regular p–i–n cells and cells using Me-PACz as an SAM on top of NiOX is we presented. Devices with SAM exhibit

enhanced open-circuit voltage and efficiency. Temperature DC and AC characterization reveals that the incorporation of

SAM reduces recombination at the interface, as seen from the comparison of the perovskite bandgap (1.6 eV) and carrier activa-

tion energy �1.1 and �1.59 eV for reference and SAM, respectively. Finally, an outdoor degradation experiment with minimod-

ules has been conducted. The experiment spanned for more than 500 days, and results show that minimodules with SAMwere less

stable than those based on the reference layer structure. This is due to a severe decrease in the short-circuit current, which could

be attributed to a deterioration of the SAM spacer.

1 | Introduction

In the last decade, the field of photovoltaics has been revolution-
ized by the advent of perovskite solar cells (PSC). These novel
devices, based on hybrid halide perovskite semiconductors as
active layer, have demonstrated a rapid increase in efficiency,
surpassing many established solar technologies in a remarkably
short period [1]. Since the first reports of PSCs, more than a
decade ago, their efficiency has skyrocketed from initial values
of around 3% [2] in 2009 to over 26% [3] today, rivaling that

of traditional silicon-based cells. This outstanding improvement
is largely due to the unique properties of hybrid metal halide
perovskite materials. They have excellent light absorption char-
acteristics and high carrier mobilities and can be processed at low
temperatures, which makes them highly suitable to be used in
solar cells. Moreover, the ability to tune the perovskites bandgap
by chemical engineering facilitates the realization of tandem
solar cells with even higher efficiencies. In addition to their
impressive performance, PSCs offer several advantages over
other photovoltaic technologies such as low-cost manufacture
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procedure and materials compared to other thin-film technolo-
gies. Furthermore, their flexibility, transparency, and lightweight
make them ideal for integration into building materials or for
applications in portable electronic devices [4]. However, despite
these promising features, PSCs still face significant challenges
that need to be addressed. These challenges include scalability
constraints, the presence of lead in most high-efficiency devices
and particularly stability concerns. In fact, stability is a major
issue in halide perovskite since these materials are vulnerable
to ion migration, mainly of iodine (I2) and iodine vacancies
[5]. A tiny amount of these defects can trigger chemical reactions
that compromise the stability of the device.

Regarding the layer structure, PSC can be fabricated in two main
configurations: regular or standard (n–i–p) and inverted (p–i–n).
Though higher efficiencies have been traditionally achieved
using standard configuration, currently both structures present
similar power conversion efficiency (PCE) values [6]. Besides,
the use of high-temperature processes (i.e. 450°C for TiOX) and
the more expensive materials (such Spiro-OMeTAD and Au)
needed for n–i–p configuration are major drawbacks for their
development. On the contrary, p–i–n PSCs have gained signifi-
cant interest because they can be produced at low temperatures,
remain stable in ambient air, and offer potential applications
in tandem solar cells [7, 8]. To accelerate their commercializa-
tion, recent research on inverted PSCs has been focused on
optimizing the HTL to improve efficiency and stability. Self-
assembled monolayers (SAMs) of organic molecules are consid-
ered an interesting substitute for traditional single-carrier
transport layers [9, 10]. SAMs can serve not only as HTL but also
as an effective interface layer between the perovskite active layer
and the charge-transport layers. They can adjust the energy level
alignment between the active layer and HTL resulting in an
enhanced open-circuit voltage (VOC) [11], passivate trap states
[12], and improve the morphology of the perovskite film [13],
thus leading to a higher device efficiency. Moreover, SAMs
can provide a barrier against moisture and ion migration, two
major causes of PSC degradation, thereby enhancing device sta-
bility [14–16]. Therefore, the integration of SAMs into PSCs pro-
vides a powerful tool for the optimization of device performance
and lifetime.

Regarding nickel oxide (NiOX), it has emerged as one of the
most interesting HTL for p–i–n PSCs due to its attractive char-
acteristics. These include a low material cost, suitability for
multijunction structures and scalability [17, 18], high transpar-
ency, and high carrier mobility [19]. However, NiOX-based PSCs
exhibit low VOC due to the lower energy-level alignment and
high recombination at the interface [20, 21]. Tutundzic et al.
have demonstrated that the use of the carbazole-based SAM
Me-4PACz on top of the NiOX reduces the valence band level
and minimizes the energy-level misalignment between the
perovskite active layer and the HTL (NiOX) [22]. Liu et al. have
demonstrated a certified 26.54% PCE for inverted PSCs by
co-assembling a multiple carboxylic acid with Me-4PACz.
After more than 2,400 h of continuous operation under 1 sun in
ambient air, encapsulated devices maintained more than 96% of
their initial efficiency [23]. Moreover, some studies report an
enhancement of the stability when using the NiOx/SAMs
bilayer structure at temperatures exceeding 65°C for indoor
short-term experiments (around 500 h) [24].

In this work, inverted PSCs using the hole selective bilayer
NiOX/SAM have been fabricated and characterized at different
illumination levels (from 0.1 suns up to 1 suns) and at different
temperatures (from −20°C up to 60°C). Similar devices without
the SAM layer have been developed and characterized as refer-
ence cells. Ideality factors have been extracted for both types
of devices in their pristine state, revealing that SAM improves
the selectivity of the contacts and reduces carrier recombination
at the interface. From J–V characterization at different temper-
atures, the PCE temperature coefficient (TPCE) was extracted,
yielding a value of 0.002°C−1. This is a remarkable value com-
pared to other traditional technologies such as silicon or GaAs-
based solar cells, confirming that PSCs are good candidates to
operate at high-temperature or high-irradiated locations. An acti-
vation energy of 0.55 eV has been obtained from impedance
spectroscopy (IS) measurements at different temperatures, which
is higher than the values obtained in methylammonium lead
iodide (MAPI) [5, 25]. Some authors have previously attributed
this to the incorporation of the inorganic Cs cation [26], but a
more recent work suggests that it might also be related to a
reduced recombination capability of these ions at the interfaces
[27]. Finally, minimodules based on both structures have been
degraded following ISOS-O2 protocol for more than 18 months.
Despite benefits of using SAM in the pristine state, these mini-
modules exhibit a more pronounced degradation in the long-
term, driven by a stronger decrease of the short-circuit current
than reference modules.

2 | Experimental Method

2.1 | Fabrication

We have fabricated small-area (0.13 cm2) p–i–n PSCs with the
reference structure, ITO/NiOX/CsFAPbIBr/LiF/C60/BCP/ITO/Cu,
including SAMs on top of the NiOX HTL and ITO/NiOX/
Me-4PACz/CsFAPbIBr /LiF/C60/BCP/ITO/Cu. The fabrication
procedure is thoroughly explained in ref. [22]. Due to the sensi-
tivity of the Me-4PACz formation on the NiOX layer, special meas-
ures were taken to mitigate the impact of variables such as
roughness, air exposure, and ambient humidity. Mild sputtering
conditions were employed and surface treatment along with
SAM deposition in an inert environment to ensure high quality
and reproducibility. Each substrate contains 12 independent cells.

The modules were fabricated with the same layer stack
with interconnections formed through laser scribing using the
P1–P2–P3 approach [22]. The aperture active area of the modules
is 4 cm2, with seven cells interconnected in series, thus resulting
in the summation of the voltage of each individual cell.

2.2 | Characterization

Current density–voltage (J–V ) characterization was performed
using a Xenon Lamp solar simulator (Oriel Sol3A class AAA) with
1000Wm−2 illumination with an AM1.5G spectrum. The temper-
ature was controlled by a fan, ensuring that the devices remained
at room temperature (RT) during the measurements. J–V curves
were measured with an Autolab potentiostat/galvanostat
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PGSTAT204, in reverse mode (from VOC to JSC) and using a
20 mV s−1 scan rate.

IS measurements were performed under different light intensi-
ties (from 1 to 0.1 sun) at VOC. Frequency ranged between
1MHz and 0.1 Hz, applying a small signal of 20mV amplitude.
Experimental data were fitted using ZView 3.2 software.

Temperature measurements were performed inside a chamber
with N2 atmosphere to avoid condensed water at temperatures
below 0°C. The temperature was controlled using a Peltier ther-
mal plate located at the base of the stage and an Instec mK2000
temperature controller. Although the actual intensity of the solar
simulator is 1 sun, there is approximately a 15% reduction due to
light reflection and absorption losses from the stage window.
Therefore, the efficiency obtained in the temperature experiment
is underestimated by around 15%.

2.3 | Outdoor Degradation

Two degradation experiments have been carried out following
ISOS-O2 protocol [28] in Madrid (coordinates: 40.334, −3.883).
The first experiment started on the 21st July and the second
experiment began on the 24th November 2023, and both were
running until the 28th January 2025. J–V curves have been
monitored for each module in an experimental outdoor setting
consisting of a dual-axis automatic sun tracker and a National
Instruments PXIe-4139 Source Measurement Unit, coupled
to a National Instruments PXI-2527 32-channel multiplexer.
All modules were kept at open-circuit conditions between

measurements. Solar radiation components (direct, diffuse,
and global in both horizontal and 2-axis tracking planes) have
been constantly monitored via a Kipp & Zonen Solys2 GPS-based
sun tracker equipped with Kipp & Zonen CMP6 and EPLAB SPP
pyranometers, together with a Kipp & Zonen CHP1 pyrheliome-
ter. Outdoor weather conditions (temperature, relative humidity,
atmospheric pressure, wind data, and precipitation) have also
been acquired using Alhborn FHAD and Thies Clima sensor
modules.

3 | Results and Discussion

3.1 | DC Characterization at RT

Figure 1 shows solar cell parameters, JSC, VOC, fill factor (FF) and
PCE for the fabricated devices: six substrates (with 12 devices in
each substrate) with the reference structure and five substrates
including SAM. The results demonstrate that the initial efficiency
is higher for devices using SAM (�14%) than for reference ones
(�11%) mainly due to a higher VOC (1.1 V vs 0.95 V respectively).
This increase in VOC was expected, since it is well known that the
incorporation of SAM between the perovskite and the HTL
improves the energy alignment between the highest occupied
molecular orbital (HOMO) of the HTL bilayer (NiOX/SAM)
and the valence band (VB) of the perovskite. The effect of includ-
ing SAM results in a decrease of the HOMO level of the HTL
bilayer from −5.0 to −5.2 eV and thus the Fermi level from
−4.2 to −4.45 eV (see Figure 2) [29], approaching the Fermi level
of the perovskite (−4.72 eV) and leading to an increase of Voc.
Moreover, minimizing the energy offset between HOMO level

FIGURE 1 | Solar cells parameters: JSC, VOC, FF, and efficiency for all the fabricated devices, with and without SAM.
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of SAM and VB of the perovskite results in a reduction of carrier
energy losses, which leads to a more efficient charge carrier
extraction [30]. Furthermore, this increase in VOC does not come
at the expense of a decrease in the other characteristic parame-
ters. In particular, this balance between increasing VOC and
maintaining the FF and JSC is achieved, not only by enhancing
energy level alignment, but also by reducing defect density,
and promoting rapid hole extraction at the SAMs/perovskite
interface [24].

Four cells of each type have been selected to be characterized at
different light intensities, from 0.1 suns up to 1 sun. Figure 3
shows the illumination dependence of the four J–V parameters.
As expected, JSC depends linearly on the light intensity, with α
being a phenomenological parameter, with value close to 1 in
both cases (being JSC =A×Pα

INC), while VOC has a logarithmic

dependence. The slope of VOC vs light intensity is 79 and
52 mV dec−1 for SAM and reference cells respectively. Moreover,
VOC of the reference cell saturates at high irradiation levels
indicating the presence of non-selective contacts. In addition,
the ideality factor obtained from the logarithmic dependence
of VOC vs light is plotted in Figure 3 inset. Reference devices
exhibit a lower ideality factor, below 1, which, together
with the saturation of VOC at high light intensities, indicates
the dominance of surface recombination in the presence of non-
selective contacts. On the other hand, cells with SAM exhibit a
higher ideality factor (�1.4). According to P. Capriolo [31] and
W. Tress [32], the increase of the ideality factor, when incorpo-
rating an SAM in the device, implies a reduction of the interface
recombination, which results in an increase of the SRH recom-
bination rate in the bulk. Other authors [33] suggest that recom-
bination at interfaces with improved energy level alignment
results in an increase of the ideality factors. However, in our
case, activation energy obtained from temperature characteriza-
tion will confirm that recombination in SAM devices is governed
by the bulk. In this sense, it has been shown that SAM layer
improves the performance of PSCs since it reduces interface
recombination between HTL and perovskite, which yields to
an improved open circuit voltage. Finally, FF strongly decreases
with light intensity for both types of devices which is attributed
to the high series resistance value (higher than 100Ω, see
Figure S1) in agreement with results shown in [33].

3.2 | AC Characterization at RT

Figure 4 shows IS measurements for devices with and without
SAM at VOC for different light intensities at RT and Figure 5
shows the low-, medium-, and high-frequency circuital parame-
ters for both types of devices. Spectra show two clearly differen-
tiated arcs at low frequency (0.1 Hz–1 KHz) and at high

FIGURE 2 | Energy levels of the HTLs (NiOx, NiOx/Me-4PACz) and

the perovskite [29].

FIGURE 3 | Solar cell parameters versus illumination (from 0.1 to 1 sun) for reference and SAM devices. Inset shows the ideality factor for 8 devices

(4 reference and 4 with SAM) obtained from the dependence of VOC with light intensity.
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frequency (1 kHz–1MHz). However, observing the high-
frequency arc in detail, we can note that it is composed of two
overlapped arcs (1–100 kHz and 100 kHz–1MHz). Therefore,
in order to fit the whole spectra we have used the Voight-
Matryoshka circuit [34]. In PSCs, low-frequency arc is typically
associated to ion migration. Iodide ions (I−) are the most proba-
ble migrating species in formamidinium lead Iodide-based
PSC [5]. At VOC, this species migrates and accumulates at the
HTL/perovskite interface forming a double layer. This double

layer hinders efficient charge extraction since it screens the
applied electric field [35]. In this work, reference cells show lower
resistances and higher low-frequency capacitances than SAM
devices. A lower CLF implies diminished ion migration and, con-
sequently, less ion accumulation at the perovskite/HTL interface
in devices incorporating SAM [36]. A higher RLF suggests a ham-
pered ionic transport in the SAM cells [36]. Alternatively, in the
medium- and high-frequency regimes, the resistances RMF and
RHF are associated with the diameter of the larger semicircle
depicted in the Cole–Cole plot of Figure 4. Under 1 sun illumi-
nation, the diameters (x-axis) of the large semicircles are 140 and
160Ω for the reference and SAM samples, respectively. These
values correspond to the sum of RMF and RHF in Figure 5, which
is presented on a logarithmic scale. More specifically, RHF and
RMF are related to carrier recombination processes. The slightly
higher values of RHF and RMF observed in the SAM sample indi-
cate a somewhat reduced charge recombination. Additionally,
the ideality factor can also be estimated from the slope of RMF,
yielding values of 0.4 and 1.04 for the reference and SAM sam-
ples, respectively. These values follow the same trend as the ide-
ality factors obtained from VOC (inset Figure 3) and confirm that
carrier recombination is more pronounced in reference samples.
Previous studies have indicated that the medium-frequency fea-
ture is associated with an ion-modulated recombination rate
within the perovskite bulk. These studies propose that a minor
population of ‘excess ions’ serves to neutralize small electronic
charges in the perovskite layer at time scales approximately
200 times faster than ion migration [37].

On the other hand, high-frequency capacitance (CHF) is associ-
ated with geometrical capacitance and remains nearly constant
with the illumination level in both samples. Under dark condi-
tions, the permittivity of the perovskite layer, derived from this
capacitance, yields values of 42.3 and 35.4 for the reference and
SAM cells, respectively.

FIGURE 4 | Cole–Cole diagrams for reference and SAM devices at

10 mW cm−2 (up) and at 100 mW cm−2 (bottom). Symbols are experimen-

tal impedance, and solid lines show the best fits using the circuital model

shown in the inset.

FIGURE 5 | Resistances (left) and capacitances (right) for cells with and without SAM versus light intensity.
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3.3 | DC Characterization at Different
Temperatures

Figure 6 shows the efficiency normalized to the value at 303 K,
VOC obtained from DC measurements at different temperatures,
between 253 and 333 K, and the extrapolation of VOC at 0 K (acti-
vation energy, EA). The value obtained for reference cells (1.1 eV)
is significantly lower than the energy bandgap (1.6 eV), confirming
the presence of a high recombination. On the other hand, activa-
tion energy for SAM devices (1.6 eV) matches the energy bandgap,
which is indicative of a lower recombination. This could be moti-
vated by a lower presence of mobile ions in the perovskite with
SAMs, since ions can behave as localized recombination centers.

As can be observed in Figure 6a, VOC of reference cells is less sen-
sitive to temperature variations than SAM devices, and PCE shows
a similar trend. TPCE is defined as the change in PCE with respect
to temperature, normalized to the PCE at RT. The obtained value
for our devices is−0.002%K−1 for both type of devices, which is in
good agreement with similar values found in the literature for
devices with similar structure and perovskite composition [17].
This value is not only lower than the values of other traditional
photovoltaic technologies, such as silicon (−0.25%K−1), GaAs
(−0.08%K−1), or copper indium gallium selenide (−0.32%K−1),
but also lower than that of solar cells based on other perovskites
such as MAPI (−0.13%K−1) or CsFAMAPbIBr (−0.08%K−1) [38].
This low TPCE value compared to other technologies can be
explained by i) the wider bandgap of the perovskite composition
(1.6 vs 1.1 eV for silicon), which results in a lower dark carrier den-
sity and dark saturation current [39] and ii) the bandgap of perov-
skite materials increases with temperature [40], which is in
contrast to the typical behavior exhibited by most conventional
semiconductors. This increase can effectively mitigate losses in
VOC, thereby directly enhancing the PCE.

3.4 | AC Characterization at Different
Temperatures

IS has been measured at different temperatures (from 253
up to 333 K) and experimental data have been fitted using the

Voight–Matryoshka circuit. As explained before, the low-
frequency arc is associated with ion migration. We have used
the temperature dependence of the low-frequency time constant
(tLF) to estimate the activation energy for the ion migration.
The low-frequency time constant τLF =RLFxCLFð ) related to the
low-frequency arc shows an exponential dependence with the
temperature, according to ref. [41] (Equation 1) . This equation
relates the characteristic time of thermally activated processes
with the activation energy (Eion).

τLF =BTe
Eion
kBT (1)

where B is a constant related to the material permittivity
and doping density, and kB is the Boltzmann constant. From
the Arrhenius plot (see Figure 7), the ion activation energy
of 0.55 eV for both devices has been obtained. Previous works
suggest that this value corresponds to the iodine (I−) ions,
since they present a lower activation energy than perovskite cat-
ions [5]. The obtained activation energy in these devices almost
doubles the value obtained for MAPI-based devices (�0.3 eV),
which is in good agreement with a more stable perovskite [5].
Alternatively, recent studies suggest that this activation energy
could also be related to the energy level of ionic trap centers
[27]. This higher activation energy for iodide ion migration
results in lower ionic conductivity which positively improves
device stability since ion migration triggers and enhances device
degradation [25]. A higher Eion leads to a lower diffusion coef-
ficient (D), according to (Equation 2).

D=
ν0d2

6
e−

Eion
kBT (2)

where v0 is the attempt-to-escape frequency of an ionic jump and
d is the jump distance [42]. The attempt frequency is assumed to
be in the order of 1012 s−1 [43] and a jump distance of 4.49 Å was
used [44]. At 300 K, we obtain a diffusion coefficient for ions of
the order of D = 2 × 10−13 cm2 s−1, lower than the diffusion coef-
ficient found in literature for halide perovskite anions, ranging
from 10−9 to 10−11 cm2 s−1 [5, 41].

FIGURE 6 | VOC (left) and PCE normalized to the value at 303 K (right) obtained at different temperatures. Recombination activation energy (EA)

has been obtained from the extrapolation of VOC to 0 K.
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3.5 | Stability

Finally, the impact of incorporating an SAM into the PSC on
device stability has been evaluated through an outdoor degrada-
tion experiment. Minimodules comprising seven cells connected
in series were fabricated and subjected to degradation in accor-
dance with the ISOS-O2 protocol for more than 18 months
[28]. Figure 8 illustrates the JSC and efficiency evolution over this
period. The data points correspond to the values at maximum
daily irradiance, while the lines are visual aid, obtained using
a polynomial fit. The evolution of the FF and open-circuit voltage
are shown in Figure S2. Two experiments have been carried out,
starting in summer 2023 and in autumn 2023. The maximum day-
time temperature of the modules is also represented in Figure 8,
ranging from 8°C (winter) to 60°C (summer). Results show that,
over the long term, modules incorporating SAM exhibit more pro-
nounced degradation compared to those based on the reference
structure. T80 estimated from the first experiment are around
21 days and 30 days for devices with and without SAM, respec-
tively. This drop in the efficiency is primarily due to a significant
decrease in the short-circuit current. The figure shows that this
drop is more pronounced during the spring/summer period, espe-
cially for SAM devices. Although this behavior could be attributed
to the effect of temperature, previous studies [22] conclude that
SAM devices were more stable than reference ones under high
temperatures in dark conditions. Therefore, it seems that the com-
bination of high temperature and high irradiation (see Figure S3)
could be the main cause of the efficiency loss. This stability issue
observed in cells containing SAM has been previously reported
in refs. [45, 46] and [47] and has been attributed to different
causes, such as partial SAM anchoring, desorption of SAM mol-
ecules, and diffusion of SAM molecules into the perovskite layer.
Although this statement is still a hypothesis, the authors are mak-
ing progress in researching an optimal methodology to access the
degraded perovskite layer without inducing any mechanical stress
in the modules.

To ensure a fair comparison, J–V curves of these modules were
periodically measured indoors, at 1 sun and at RT, during the
degradation experiment. Figure 9 shows the module curves in
both the pristine and final states and Table 1 shows the module

parameters before and after the ISOS-O2 degradation experi-
ment. Before degradation, JSC of modules exhibits similar values
for both structures, while SAM modules display a higher VOC

leading to a better efficiency (12.2% vs. 11.2%).

Regarding the degraded devices, the reference cells exhibit an
S–shaped curve in the fourth quadrant, which may suggest a

FIGURE 7 | Arrhenius plot ln (τLFT
−1) versus 1000 T−1. Symbols

show experimental data for SAM (red) and reference (black) cells.

Solid lines show the linear fits.

FIGURE 8 | (a) Evolution of efficiency and (b) JSC for the reference

and SAM modules. Figures above (below) show the first (second) experi-

ment running from 21st July (24th November) 2023–28th January 2025.

Blue line shows the maximum daytime module temperature.

FIGURE 9 | J–V curves of modules, with and without SAM, charac-

terized indoors at 1 sun before and after 550 days under ISOS-O2 degra-

dation protocol.
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change in the energy level alignment due to interface degrada-
tion. This effect is barely observed in the cells with SAM, suggest-
ing that the functional group responsible for improved energy
alignment retains its functionality throughout the degradation
experiment. On the other hand, the SAM cells exhibit a more
significant decrease in short-circuit current, which may indicate
unbalanced charge transport in the perovskite. This phenome-
non could be attributed to the degradation of the SAM spacer,
as this group of the SAM is responsible for the perovskite con-
ductivity [48].

Finally, impedance measurements were also recorded indoors
for both modules along the degradation experiment duration.
Figure 10 shows the Cole–Cole diagrams at different degrada-
tion states (spectra have been fitted using the circuit shown
in Figure 4). Inset shows the normalized high-frequency capaci-
tance associated with the geometrical capacitance. The stronger
decrease of CHF for SAM modules is attributed to a proportional
decrease of the dielectric constant. This trend confirms the
hypothesis that SAMmodules experience more significant active
layer degradation, likely due to the deterioration of the SAM
spacer group or the diffusion of SAM along the perovskite
active layer.

The hook observed in the low-frequency region of the
Cole–Cole diagrams was previously observed and simulated by

P. Cameron [37]. They have attributed this behavior to the cell
instability. It is important to emphasize that this low-frequency
behavior does not correspond to inductive effects, contrary to
what is typically observed in PSCs, as the imaginary part of
the impedance remains negative.

4 | Conclusions

In this work, we have studied inverted PSCs based on double-
cation and double-halide perovskite (CsFAPbIBr). A comparative
analysis was conducted on cells incorporating an SAM between
the perovskite and the NiOX HTL versus reference cells lacking
the SAM. Our findings show that the open-circuit voltage is higher
in cells incorporating the SAM. This enhancement is attributed to
an improved energy level alignment between the valence band of
the perovskite and the HOMO of the NiOX/SAM, consequently
leading to an increase in the device efficiency. The ideality factor
of devices incorporating the SAM is around 1.4, whereas reference
cells exhibit a value less than 1. This indicates that in the absence
of the SAM, the contacts are nonselective, leading to charge accu-
mulation at the interface. The incorporation of the SAM improves
the quality of the contacts, resulting in recombination predomi-
nantly occurring within the bulk.

From the extrapolation of VOC to 0 K, an activation energy of
1.6 eV was obtained for devices with the SAM, which is similar
to the perovskite bandgap. In contrast, reference cells exhibited
an activation energy of 1.1 eV. This provides further confirmation
that recombination primarily occurs in the bulk for devices with
the SAM, whereas in reference cells, it occurs at the perovskite/
NiOX interface.

IS measurements were conducted at various temperatures for
both devices. An Arrhenius plot of the low-frequency character-
istic time constant τLF =RLFxCLFð ) was used to determine the ion
activation energy resulting in the same value of 0.55 eV for both
devices. This value can be associated with ions mobility or with
the energy level of ionic trap centers and is nearly double the ion
activation energy in MAPI perovskite, thereby confirming the
enhanced stability of CsFAPbIBr compared to standard MAPI.

Finally, an outdoor degradation experiment conducted over a
period exceeding 18 months, following ISOS-O2 protocol, with
modules based on both layer structures, with and without SAM,
reveals that SAM devices exhibit more pronounced degradation
due to a significant reduction in the short-circuit current. This phe-
nomenon can be attributed to a substantial deterioration of the
SAM spacer and/or to the diffusion of the SAM within the perov-
skite active layer, which degrades the perovskite active layer.

TABLE 1 | Parameters of the modules (with and without SAM) before and after the outdoor degradation experiment starting on 21st July.

Module JSC (mA cm−2) VOC (V) FF Efficiency (%)

Reference—pristine 19.81 6.16 0.64 11.2

SAM—pristine 19.04 6.82 0.66 12.2

Reference—degraded 11.20 7.59 0.46 5.59

SAM—degraded 3.22 6.86 0.42 1.31

FIGURE 10 | Experimental impedance data of SAM (top) and refer-

ence (bottom) modules, characterized at different degradation times.
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