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Enhancing Charge Transfer in Perovskite-Inspired
Silver lodobismuthate-Based Solar Cells via Cesium

lodide Interlayer

Basheer Al-Anesi, Vipinraj Sugathan, Joshua K. G. Karlsson, Amit Tewari,
Roshan Nasare, Paavo Mdkinen, Debjit Manna, Matti Mdntysalo, and Paola Vivo*

AgsBilg (ABI) is one of the most widely explored lead-free perovskite-inspired
materials for eco-friendly solar cell applications. However, despite the intense
research efforts, the photovoltaic performance of ABl-based devices remains very
modest, primarily due to poor film morphology and ineffective charge extraction.
This work aims at investigating the potential benefits of a thermally evaporated
cesium iodide (Csl) interlayer on the performance of ABI-based solar cells. Upon
the addition of Csl atop the ABI layer in the device stack, the solar cells deliver a
power conversion efficiency (PCE) of 2.27%. This is the highest efficiency
reported for ABI solar cells employing a similar device architecture. It is found
that the enhancement in PCE is largely due to improvement in the ABI|hole
transport layer interface upon the introduction of Csl interlayer. The improve-
ment is largely ascribed to enhanced surface coverage upon introduction of Csl
interlayer, as evidenced by our comprehensive microscopy studies. Furthermore,
impedance spectroscopy analysis is employed to provide further insights into the
changes in charge transfer dynamics interlayer that dictate the enhancement of
fill factor and short-circuit current density in the devices. The findings indicate
that the addition of Csl promotes charge transfer and minimizes recombination

1. Introduction

Lead halide perovskites (LHPs) are at the
forefront among the next-generation semi-
conductors for photovoltaic technologies,
primarily because of their defect tolerance
and outstanding optoelectronic properties
that have led to the development of cost-
effective devices with remarkable PCE,
already surpassing 26%.I"?! However, the
commercial acceptance of LHP-based solar
cells is still questionable due to instability
and environmental toxicity concerns due
to the presence of lead II cation (Pb”") that
might leach into the surrounding environ-
ment upon device decomposition.?~%
Exploring less toxic perovskite-inspired
materials (PIMs) is a promising approach
to identify safer alternatives to LHPs.”!
In particular, pnictogen-based halides com-
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prising Group VA cations viz. Bi (III) and
Sb(III) are interesting because of their low
toxicity and typically high light absorption
coefficients. Moreover, pnictogen-based
halides contain cations with intrinsically
stable oxidation states, which allow overcoming another typical
drawback of LHPs and Sn**/Ge*"-based PIMs, i.e., their modest
stability toward, for example, oxygen, moisture, and high temper-
ature. Among the plethora of possible pnictogen-based halide
PIMs, silver (Ag) iodobismuthates are among the most explored
ones due to their high absorption coefficients, direct optical
bandgaps (1.7-1.9 eV), low toxicity, and high air-stability.®°

Typically, silver iodobismuthates are represented by the for-
mula Ag,Bil3, and can stabilize in several stoichiome-
tries.’"'?l They can be categorized into two groups based
on silver content, “Ag-poor” compounds, including AgBily,
AgBi,l,, and AgBi;l;o, or “Ag-rich” compounds such as Ag;Bil,
and Ag,Bils. These distinctions in Ag content influence the
arrangement of atoms in the crystal lattice.'"

ABI is one of the most studied compositions among the silver
bismuth iodide variants, with a bandgap of 1.79-1.83 eV.>314
ABI exhibits a rhombohedral phase characterized by the R-3m
space group consisting of edge-sharing (Ag/Bi)ls octahedra
and extra Ag® cations filling the voids between the layers.
Among pnictogen-based halides, ABI stands out as the most
promising material with reported PCE (4-5%)"'*'*! using
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poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA)) as hole
transport layer (HTL). While numerous attempts have been
made to further improve the photovoltaic performance of ABI-
based cells, most of them focused on the fine-tuning of the light
absorber, ABI, itself. For example, doping and alloying methods,
viz. the incorporation of CuBr,'® Nat, and Cs* ions,'”! have
shown promise. Furthermore, the optimization of ABI synthesis,
for example, by dynamic hot casting technique along with a
ramped annealing"® and compositional engineering meth-
ods!™ have also been explored extensively. All these approaches
have improved the PCE of corresponding ABI solar cells around
2%, as seen in most of the recent research.'°1 However, ABI
solar cells still suffer from significant hysteresis under illumina-
tion due to ion migration.”! Indeed, the development of ABI-
based solar cells and the understanding of their device physics
is still at an early stage and only after careful engineering of
the various device constituents, not limited to the light absorber,
it will be possible to further improve the PCE while, at the same
time, minimizing the hysteresis. For example, the influence of
the LHP|HTL interface on the recombination dynamics of the
charge carriers has been extensively explained in recent
reports.*??l The careful engineering of this interface can lead
to a reduced charge transfer resistance, which is desirable for
efficient carrier conduction and low recombination losses at
the interface.”"! One successful strategy for interface engineer-
ing is the introduction of passivation layers at the interface
between the absorber and the HTL.®) Conventionally, a range
of materials have been employed for this in LHP-based solar
cells. The materials that have been explored include organic pol-
ymers,** nanoparticles,* and inorganic materials.*"**! Among
these, inorganic materials are particularly appealing for good lon-
gevity and performance of the devices, being less volatile and
lighter than organic polymers.””! For example, the potential of
a cesium iodide (Csl) interlayer for enhancing solar cell perfor-
mance, particularly in LHP-based systems, has been highlighted
by Wang et al. who employed vacuum evaporation to deposit the
Csl layer on top and bottom of the MAPDI; perovskite layer. This
led to a dramatic improvement in the film morphology, in turn
boosting the device’s performance and stability.”® CsI interlayer
has also been successfully employed in tin halide perovskite solar
cells. Its addition enabled a decrease in the series resistance, and
an enhancement in the shunt resistance, which in turn helped in
improving the fill factor of the devices.”” Baumeler et al. recently
studied the impact of different metal iodide passivation layers on
LHP, revealing that CsI significantly improves both solar cell
performance and operational stability.*%

To the best of our knowledge inorganic interlayers, such as
Csl, have never been considered for interface engineering in
PIMs based solar cell applications. Inspired by similar work
on LHP- and tin-based solar cells,”*>% here we introduce a
Csl interlayer at the interface between the ABI active layer
and the HTL in the solar cell stack to address some of the key
shortcomings of ABI solar cells, i.e., the inefficient charge extrac-
tion as well as ion migration and diffusion. We thermally evapo-
rated CsI thin film on top the ABI film and conducted a thorough
comparative analysis with respect to a control device. We
employed optical spectroscopy, electron microscopy, and electri-
cal measurements to establish the superiority and highlight the
importance of interface engineering in ABI and similar PIMs.
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Our observations reveal the enhancement in device performan-
ces, attributing it to improved ABI|HTL interface, better charge
extraction, and reduced hysteresis.

2. Results and Discussion

ABI thin films are deposited by spin-coating a Bil;:Agl precursor
solution, followed by a modified two-step thermal annealing (see
further details in Experimental Section, Supporting Information,
SI). In contrast to the typical one-step annealing methods
reported earlier,’®”) we find that a two-step annealing process
enhances the film coverage of ABI. The films subjected to a
single-step annealing process exhibit incomplete surface cover-
age, as confirmed by scanning electron microscopy (SEM) topog-
raphy images (Figure S1, Supporting Information). However, the
morphology of ABI film is still suboptimal, with evident gaps
between the crystalline domains (see a high-resolution SEM
top-view image in Figure 1a), which leads to poor charge transfer
at the ABI|HTL interface. We deposit a 10 nm CsI passivation
layer atop the ABI film by vacuum thermal evaporation. The
CsI thickness of 10 nm is selected based on the PCE optimization
of the corresponding solar cells (see Figure S2, Supporting
Information). The schematic representation of the film deposi-
tion procedure, which includes the spin coating of ABI, two-step
annealing, and subsequent evaporation of Csl interlayer atop ABI
film, is depicted in Figure 1a. It is evident that the addition of CsI
layer fills the gaps of ABI film (Figure 1a), leading to effective
physical interaction between the ABI and the HTL. The signifi-
cance of these morphological changes lies in the potential impact
on the performance and reliability of devices employing ABI|CsI.

The X-Ray diffraction (XRD) analysis of the as-deposited ABI
film confirms the formation of ABI (01-075-5443), as shown in
Figure 1b. A highly crystalline phase of ABI is obtained with R3m
symmetry. The prominent diffraction peaks at 12.8°, 24.1°, 25.2°,
29.4°,41.6°, and 51.8° correspond to the (003), (010), (102), (104),
(110), and (204) reflections, respectively.’'! As expected, small
amounts of Agl impurity phases are also detected, due to the
Ag-rich precursor composition used to synthesize ABILP**?
Upon the deposition of CsI atop ABI film, the XRD analysis
confirms that, as expected, ABI’s structure remains unaltered,
indicating that Csl is an independent interfacial layer, whose
growth does not alter the structural properties of ABI. This is
because the Csl layer is exceptionally thin (10 nm). On the con-
trary, the presence of CsI is confirmed by the presence of a char-
acteristic peak of CsI at 27° corresponding to the (110) reflections
(see the inset of Figure 1b, which shows a magnified view of the
XRD patterns). With the help of energy dispersive X-ray spectros-
copy (EDS), it is possible to identify the elemental composition of
ABI and ABI|CslI films (see Figure S3, Supporting Information).
The EDS mapping shows a uniform elemental distribution in
both samples, with a calculated composition for the ABI thin film
of Ag;Bi 9515 g7. The slight deviation from nominal bismuth and
iodine values is attributed to the Ag-I reach phase identified in
the XRD analysis.

A comparative UV-visible spectroscopy study on ABI films
before and after the deposition of Csl interlayer verifies that
no changes in the optical properties are noted, see Figure 1c.
As expected, similar absorption properties are achieved in both
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Figure 1. a) Summary of ABI film deposition process without and with Cs| evaporated film atop. b) XRD patterns of ABI and ABI|Csl films deposited on
glass substrates along with the reference pattern of ABI (01-075-5443), c) absorption spectra of ABI and ABI|Csl films deposited on glass substrates.
Tauc plots are also presented in the inset. d) AFM topography images for ABI and ABI|Csl films.

cases and the bandgap (1.83 eV, estimated from Tauc plot shown
in the inset in Figure 1c, and in agreement with previous
reports?®*)) remains unchanged, further supporting the suitability
of Csl as an interlayer.

In order to further confirm the filling of pinholes enabled by
the CsI interlayer suggested by the SEM analysis and their impli-
cation in the relative performance enhancement of the corre-
sponding photovoltaics, we perform atomic force microscopy
(AFM) and Kelvin probe force microscopy (KPFM) that relate
the surface morphology and roughness to the electrical perfor-
mance. AFM topographic images of ABI and ABI|CsI films
are presented in Figure 1d. We found that surface roughness
decreases after the Csl layer deposition on top of the ABI film,
as demonstrated by the surface root-mean-square roughness
(RMS) value decreasing from 42.48 to 20.08 nm. In addition,
the ABI|CslI film exhibits fewer holes compared to the ABI film.
These results confirm that depositing the CsI layer leads to filling
of the gaps between grains and reduces pinholes in the film
resulting in a smooth surface, conforming the observations from
the analysis of the top-view SEM images (Figure 1la). These
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findings indicate that surface smoothness and reduction in
the defects at the ABI|HTL interface may lead to improvements
in charge transfer and photovoltaic parameters of the corre-
sponding solar cells. We then employed KPFM to measure
the surface potential of the thin films. Surface potential map-
pings under switching the illumination on and off, and the cor-
responding plot of the KPFM surface potential as a function of
time for ABI and ABI|CsI films, are presented in Figure S4,
Supporting Information. Under illumination, the generation
of electron—hole pairs occurs, resulting in negative surface poten-
tial. When illumination is switched off, the electrons and holes
recombine, causing a positive surface potential. On the contrary,
ABI film shows nonhomogeneous surface potential under both
light and dark while the presence of a CsI layer on top of ABI
reduces inhomogeneities in surface potential, further confirm-
ing the effectiveness of Csl interlayer in mitigating the poor
morphology in ABI thin films.

Our Raman spectroscopy study for ABI and ABI|CsI films
helps to understand the vibrational modes, which may suggest
possible changes in the structural properties of the material.
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To the best of our knowledge, the Raman spectra for ABI have
never been reported before. We show that ABI thin film is
Raman active, and the Raman spectra are presented in
Figure 2a for both ABI and ABI|CsI thin films. The spectra
comprise distinct peaks in the low wavenumber range of
50-150 cm ™!, attributed to lattice vibrations. Specifically, two
notable peaks at 112 and 130 cm ™" are identified as Bi-I stretch-
ing modes,*" while the peak with low intensity at 84 cm™"
corresponds to the E, stretching mode of Bi-1.**! A set of over-
lapping peaks below 75 cm ™" with a low-intensity profile can be
identified for various bending modes and Bi-I-Bi interac-
tions.*® Although no shift in the Raman spectrum is observed,
a decrease in Raman intensity is noted after depositing the CsI
layer, which could be caused by a longer photon penetration
length in the material.

The unchanged properties observed in XRD, absorption prop-
erties (including optical band gap), and Raman spectra evidence
that the presence of the CsI interlayer does not alter the funda-
mental characteristics of ABI. This suggests that the Cs* does
not diffuse into the ABI grains during the vacuum thermal evap-
oration; instead, it fills gaps in the ABI film and remains on the
surface.*% X-ray photoelectron spectroscopy (XPS), being a sur-
face characterization technique, can thus provide essential infor-
mation on such a thin (10 nm) CsI interlayer. Figure 2b shows

(a) (b)
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the XPS survey plot for ABI film before and after the deposition
of CsI interlayer. High-resolution XPS spectra of Ag 34, I 3d, Bi
4f, and Cs 3d are as plotted in Figure 2c—{, respectively. The spec-
tra show representative Ag 3d peaks of ABI located at 368.2 eV
attributed to 3d 5/2 and 374.3 eV attributed to 3d 3/2 energies
states.'*'® In the case of the ABI|Csl, additional peaks
corresponding to Cs 3d (34 3/2 and 3d 5/2) energy states clearly
appear, as expected, indicating the formation of Csl interlayer.
The high-resolution XPS results indicate significant shifts
toward higher binding energy in the peaks of Ag 3d, I 3d,
and Bi 4f after the deposition of the CsI interlayer.
Specifically, the Ag 3d peaks shifted by 0.7 eV, while the I 3d
and Bi 4f peaks shifted to higher binding energies by 0.5 eV.
These shifts suggest a strong interaction between the CsI
interlayer and the ABI film.*”) The absence of oxygen in the
XPS survey plot rules out the possibility of oxides formation,
which helps us further assert that a strong molecular
interaction exists at the ABI|CsI interface.

To validate our hypothesis regarding the role of the CsI inter-
layer in enhancing the efficiency of the ABI photovoltaic devices,
solar cells are fabricated in an n—i—p mesoscopic architecture
with “FTO/c-TiO,/m-TiO,/(ABI or ABI|CsI)/Spiro-OMeTAD/
Au” configuration, wherein ¢-TiO, and m-TiO, are the compact
and the mesoporous titanium dioxide electron transport layer
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Figure 2. a) Raman spectra of the ABI and ABI|Csl films. b) XPS S survey spectra of of the ABI and ABI|Csl films. High-resolution XPS spectra of c) Ag 3d,

d) Bi 4f, e) | 3d, and f) Cs 3d for the ABI and ABI|Csl films.
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(ETL), and Spiro-OMeTAD (2,2',7,7'-Tetrakis[N,N-di(4-methoxy-
phenyl)amino]—9,9'-spirobifluorene) is HTL. The scheme of a
typical device stack containing ABI|CsI is depicted in Figure 3a.

First, we aim at understanding whether the annealing of Csl
interlayer has any influence on the performance of ABI|CsI pho-
tovoltaics. According to a recent report, the annealing of CsI
interlayer at 140 °C leads to intercalation with the absorber layer,
contributing to an enhancement in the performance of lead-
based perovskite solar cells.”® Hence, we examine three anneal-
ing temperatures for CsI atop ABIL: room temperature (RT),
100 °C, and 150 °C. Figure S5, Supporting Information, shows
the statistical distribution of PCE values of the ABI solar cells
with Csl interlayer at different annealing temperatures. In con-
trast to the previous report,*® in our case, the best photovoltaic
performance is achieved with a CsI interlayer annealed at room
temperature, while their PCE progressively decreases as the
annealing temperature is increased.

After ensuring the optimization of the CsI deposition, we eval-
uate the effect of Csl on the performance of ABI solar cells.
Figure 3b shows a comparison between the current density
(J)—voltage (V) curves of the champion ABI and ABI|CsI devices
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under 1-Sun illumination (AM 1.5 G, 100 mW cm ). The statis-
tical distribution of the photovoltaic parameters is presented in
Figure 3c for ABI and ABI|CslI devices, while the average values
of PCE, fill factor (FF), short-circuit current density (Js), and
open-circuit voltage (V) are reported in Table S1, together with
their standard deviations. While the champion ABI device dis-
plays a PCE of 1.94% (average PCE = 1.85%) consistent with a
previous report focusing on the same device structure,'* the
champion ABI|Csl device demonstrates a notably higher PCE
of 2.27% (average PCE = 2.15%), showing an increase of almost
20% compared to the control ABI device. This marks a notable
advancement when compared to previously reported ABI-based
devices and it represents, to the best of our knowledge, the high-
est reported PCE of ABI cells employing a similar device archi-
tecture and Spiro-OMeTAD as the HTL. Overall, the increase in
FF of ABI|CsI-based devices (average FF = 63.7%) compared to
ABI-based counterparts (average FF = 58.1%) is the major con-
tributor to a general PCE enhancement. In addition, a slight
increase in Jy from 4.95 +0.12 to 5.30 + 0.15 mA cm™ is also
observed in cells adopting the CsI interlayer. The FF and J
increase could be attributed to the enhanced coverage of the
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Figure 3. a) Scheme of a typical device stack of ABI|Csl solar cells. b) J-V curves of the champion devices of ABI and ABI|Csl-based solar cells. The inset
shows the stabilized power output at the maximum power point. c) Statistical distribution (over 15 devices) of the photovoltaic parameters of ABI and
ABI|Csl solar cell devices under 1-Sun illumination. d) EQE spectra and the integrated Js. curves of the champion devices of ABI and ABI|Csl-based
solar cells.
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absorber film upon CsI thin film deposition, as will be demon-
strated with the support of the microscopy studies presented at
the end of this section.

To verify the reliability of the champion PCE values, stabilized
power output (SPO) measurements at the maximum power point
are performed (inset of Figure 3b). The SPO values of the ABI
(~1.90%) and ABI|CsI (~2.26%) closely match their PCE values
of ABI (1.94%) and ABI|CsI (2.27%), respectively. The negligible
mismatch of SPO and PCE values for ABI|Csl indicates that hys-
teresis has a weak influence on the resulting SPO. The external
quantum efficiency (EQE) spectra and integrated [,  extracted
from EQE of the champion devices are presented in
Figure 3d. The integrated [, values are remarkably close to
the J obtained from the -V curve, further confirming the
accuracy of our experiments.

Figure S6, Supporting Information, shows the box chart of the
hysteresis index for both ABI and ABI|CsI-based solar cells. It is
noteworthy that the introduction of the Csl interlayer in ABI-
based solar cells leads to a significantly reduced hysteresis. In
perovskite photovoltaics, hysteresis in current-voltage character-
istic curves has been linked to ion migration.*®! A reduction in
the hysteresis in ABI|CsI cells may result from the role of Csl
interlayer serving as a barrier to prevent undesirable ion migra-
tion and diffusion.

www.advenergysustres.com

The semi-logarithmic dark J-V curves are presented in
Figure 4a. A striking feature is that the dark current for
the ABI|Csl-based solar cells is much lower than that of the
ABI devices, suggesting a decreased leakage current. This
suggests that the addition of CslI interfacial layer helps to
suppress the interfacial defects, which impact the FF of the
solar cells.?#%

To investigate the charge carrier dynamics, the V. decay mea-
surement is carried out. The comparative V, decay plot for ABI-
and ABI|CsI-based devices is shown in Figure 4b. When illumi-
nated, the solar cells undergo polarization, which affects the
behavior of the V. decay curve. The device’s overall photovoltage
is influenced by the Fermi level splitting in the system, which is
caused by the polarized voltage.*! The first component with a
very fast voltage drop is caused by the polarized voltage in the
absorber layer disappearing very quickly as it relaxes from a
polarized state to neutral. For both ABI- and ABI|CsI-based devi-
ces this rapid decline is equivalent. The slow decay, or second
component, is caused by the slow back transfer of electrons from
TiO, to the perovskite layer or HTL. This process leads to addi-
tional potential loss to 0 V and approaches the dark equilibrium.
In the case of ABI|CsI-based devices, this decay is comparatively
slow. The carrier lifetimes (T,) can be derived from V,. decay
curve using the following equation!*”)

(a) ' . . - (b) 1.2 ————r——r———— (C) 10’ : .
) —— ABl —— ABI|Cs|| —— ABIl o
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8 »
> 08 T 100 L .
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8 oe |2 \
g o4 o 3
o - - )
. 5 107 o 3
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oo} 1 —ne ] :
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Figure 4. a) Semi-logarithmic dark J—V curves, b) Open-circuit voltage decay. c) Carrier lifetime extracted from open-circuit voltage decay as a function of
Voc. d) Log-log trends of J,. of the ABI|Csl and ABI devices versus light intensity respectively. e) Fill factor trend of the ABI|Csl and ABI devices versus light
intensity. f) Nyquist plots recorded at 0.5 V with symbols and lines showing experimental data and the corresponding fits based on the equivalent circuit
model, respectively.
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kT (V)
Tn“?( dt) @

where kg is the Boltzmann constant, T'is the temperature (K), eis
the elementary charge, and t is the time after switching off the
illumination source. The ABI|Csl-based solar cell shows high
carrier lifetime values (Figure 4c) within the V. range in com-
parison with those of ABI device. The longer carrier lifetime val-
ues, along with slow V,,. decay, for ABI|Csl-based devices suggest
that the recombination rates are lower than that for ABI-based
devices. This explains the higher J;. and FF values in solar cells
(Figure 3c).

Light intensity-dependent characteristics, performed in the
light intensities range of 0.1-1.2 Sun, provide deeper insights
into the effect of CsI interlayer on the performance of devices.
Figure 4d shows the variation of ] as a function of light intensity
for ABI|CsI and ABI solar cells, respectively. The slope of a
log-log plot of the variation of J. as a function of light intensity
typically represents the exponent (a) factor in the power—law rela-
tionship between the current density and light intensity (J«I).
The «a values extracted from Figure 4d for ABI|CsI (@~ 1) and
ABI (@~ 0.98) solar cells indicate the absence of significant
space-charge effects in the devices.l*) On the contrary, a slight
increase in a value for ABI|CsI (a = 1) suggests charge collection
efficiency improvement that contributes to an enhancement in
Jsc compared to the ABI device. In general, the FF tends to
increase as light intensity decreases for both devices owing to
the negligible influence of series resistance, particularly at low
light intensities (Figure 4e).****! However, ABI|CsI devices dem-
onstrate higher FF values at both low and high light intensities
compared to the ABI counterparts. This difference may be attrib-
uted to the low series resistance in the case of ABI|CsI cells, as
will be discussed later.

In order to investigate the charge recombination in both devi-
ces further, we carry out impedance spectroscopy (IS) experi-
ments. The corresponding experimental results, together with
the fitting curves, are shown in Figure 4f. The two observed arcs
are simulated with independent parallel Rc components, while
R, is the series resistance of the charge collecting electrodes.
The low frequency semicircle at the TiO,|perovskite interface
represents charge recombination in parallel with chemical capac-
itance, whereas the high frequency arc represents the counter
electrode charge transport resistance in the perovskite]|
HTL.“**”) The equivalent circuit and impedance parameters
obtained by data fitting with the equivalent circuit are shown
in Figure S7 and Table S2, Supporting Information, where R
and C stand for the transport resistance and capacitance at
the interface, respectively, and R,.. and C,. indicate the recom-
bination resistance and capacitance.*®*"! A series resistance (Ry)
of 6.16 and 4.84 Q cm? are obtained for ABI- and ABI|CsI-based
devices, respectively. A low series resistance suggests better elec-
tron movement through the bulk of the device leading to high FF.
The ABI|Csl and ABI devices have respective R values of 27.03
and 43.12 Q cm?, and R, values of 268.75 and 187.5 Q cm?. ABI|
Csl cell’s lower R indicates better charge transfer through the
interface. Additionally, a high R.. suggests less carrier recombi-
nation losses, which contributes to an improvement in the
photocurrent and FF.
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To investigate the air stability of the films, we kept them in air
under 50% relative humidity and 25 °C for 222 days. Then we
compared the XRD of aged films with freshly deposited films.
The XRD results confirm that the ABI and ABI|CsI films possess
superior stability (see Figure S8, Supporting Information). To
verify the impact of the Csl interlayer on operational stability,
we monitored the efficiency of the unencapsulated ABI and
ABI|CsI-based solar cells at the maximum power point (MPP)
under continuous 1 Sun illumination for 360 min (see Figure S9,
Supporting Information). The ABI|CsI-based solar cell demon-
strates better operational stability compared to the ABI-based
solar cell. However, the efficiency of both ABI- and ABI|CsI-
based solar cells rapidly decreased during the first 30 min,
similar to other lead-free PIMs. Future research could focus
on enhancing the operational stability of ABI solar cells under
continuous 1 Sun illumination and explore the effects of the
Agl impurity.%°!

3. Conclusions

In conclusion, the introduction of a thermally evaporated Csl
interlayer has proven to be a pivotal strategy for enhancing
the performance of solar cells based on Ag;Bilg (ABI). The cham-
pion ABI|CsI device demonstrates a noteworthy PCE of 2.27%,
which is the highest ever reported for devices employing ABI
absorber and Spiro-OMeTAD HTL. The Csl incorporation in
the device structure, between ABI and the HTL, leads to a relative
improvement of about 20% in the PCE with respect to the control
ABI solar cell (PCE=1.94%). The PCE increase in ABI|CsI-
based devices is primarily attributed to a substantial increase
in the short-circuit current density and fill factor, as a result
of the improved interfacial interaction between ABI and HTL
that leads to more effective charge transfer and reduced charge
carrier recombination. The deposition method that we have
adopted for Csl layer, i.e., thermal evaporation, is recommended
over the conventional spin coating, as the underlying absorber
layer remains unaltered. Our research not only contributes to
the advancement of silver iodobismuthates research, among
the most efficient perovskite-inspired materials for photovoltaics,
but also underscores the importance of interface engineering in
PIM-based solar cells, specifically highlighting the positive
influence of CsI as an interlayer material in enhancing the overall
performance of solution-processed ABI solar cells. This promis-
ing development opens up possibilities for further exploration
and optimization of interface layers for improved solar cell
efficiency and performance.
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the author.
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