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ABSTRACT: Bandgap tuning is a crucial characteristic of [T MAPL(oeBros)s _[3
metal-halide perovskites, with benchmark lead-iodide com- b el

pounds having a bandgap of 1.6 eV. To increase the bandgap up
to 2.0 eV, a straightforward strategy is to partially substitute
iodide with bromide in so-called mixed-halide lead perovskites.
Such compounds are prone, however, to light-induced halide
segregation resulting in bandgap instability, which limits their A
application in tandem solar cells and a variety of optoelectronic / "\
devices. Crystallinity improvement and surface passivation / \
strategies can effectively slow down, but not completely stop, / P o

such light-induced instability. Here we identify the defects and {3 500 620 700 720 800 5% 600 65 700 750 800 840
the intragap electronic states that trigger the material trans-
formation and bandgap shift. Based on such knowledge, we
engineer the perovskite band edge energetics by replacing lead
with tin and radically deactivate the photoactivity of such defects. This leads to metal halide perovskites with a photostable
bandgap over a wide spectral range and associated solar cells with photostable open circuit voltages.
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etal-halide perovskites (MHPs) are wonder semi- former as light-induced decomposition of the thin film,"*~"°

l \ / I conductors endowed with chemical flexibility while in the latter they give rise to the spectacular bandgap
associated with a variety of optoelectronic proper- variation following halide demixing®*"""~"?

ties, such as the possibility of tuning their bandgap.' This We investigated mixed-halide lead perovskites and exploited

allows creating a wide library of materials to be integrated in a well-known strategy for improving crystallinity and enlarging

diversely purposed devices. An enormous impact is expected the grain size of the polycrystalline thin film (ie, use of

by the development of perovskite/silicon and perovskite/ Pb(SCN),-containing additive) which slows down the halide

perovskite tandem solar cells, which require stable MHPs with photosegregation.”””" This allowed us to isolate and character-

a bandgap of >1.7 eV.”’ However, this is actually a daunting ize the charge carrier dynamics associated with bandgap (de)

task: the typical substitution of iodide with bromide in the
MHP lattice can not only promote the bandgap over 1.7 eV
but also introduces the instability of light-induced halide
segregation, ultimately leading to the formation of iodide-rich
and bromide-rich phases.” Earlier reports discussed about a
defect-driven phenomenon for this unusual behavior, which is
consistent with the well-known facile ion migration repeatedly
observed in MHPs.”~” Confirming the defect-induced nature
of the process, crystallinity improvement and surface
passivation delivering high quality polycrystalline thin films
(with expected lower defect densities) have indeed shown a
reduced tendency of mixed-halide perovskites toward halide
segregation.'*~"? Significantly, these light-induced ion migra-
tion phenomena are an intrinsic characteristic of both pure-
iodide and mixed-halide lead perovskites, showing up in the

stabilization. The electronic trap states and the associated
defects that trigger halide demixing are identified, discovering
that light-induced instabilities in pure-iodide and mixed-halide
lead perovskites have a common origin. While the defect
density can be minimized by ad hoc passivation or crystallinity
improvement strategies, the entire suppression of defects is
hard, being related to a thermodynamic property of the
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Figure 1. Impact of using the Pb(SCN),-containing additive on morphology, crystallinity, and surface chemical environment of the
perovskite. Top-view SEM images of the Cs,,FA, s3Pb(I, Br, 5); perovskite thin films prepared a) with 0 mol % and b) 5 mol % addition of
Pb(SCN),. c) XRD patterns of the perovskite thin films with 0 and 5 mol % addition of Pb(SCN),. The inset shows the (002) peak of the
perovskite phase. d) XPS spectra of the Cs 3d,13d, N 1s, S 2p, Pb 4f, and Br 3d core levels of perovskite films processed with 0 and S mol %
addition of Pb(SCN),.

Table 1. Elemental Concentrations Derived from XPS Spectra

Cs N (from FA) N (from SCN) Pb Br I S
Pristine at% 2.9 28.5 0 17.1 25.3 26.3 0
Ratio w. r. t. Pb 0.170 1.667 0 1 1.480 1.538 0
With SCN™ at% 2.8 27.5 4.1 16.5 20.3 24.9 3.9
Ratio w. r. t. Pb 0.170 1.667 0.248 1 1.230 1.509 0.236

material. Thus, armed with the knowledge acquired on the with the highly enhanced crystallinity, as indicated by the

electronic activity of such defect, we rather propose a strategy increase in the intensity of (001) main X-ray diffraction (XRD)
to inactivate it by shifting the band edge of the MHP to a peak (Figures lc and Slf-g) of the perovskite phase. The
region where the electronic state associated with the defect improvement in grain size and crystallinity is possibly due to
moves outside the semiconductor bandgap. We attained this the delayed thin film crystallization induced by Pb(SCN),.”*
by entirely replacing lead with tin, where the energy bands We further explore the surface chemical environment of the
upshift related to the different metal orbital states eventually thin films prepared without and with the additive by
allow us to achieve photostable wide bandgap MHPs. conducting the X-ray photoemission spectroscopy (XPS)

The Csg;FAq33Pb(IysBrys); [FA = HC(NH,),"] perovskite measurements. Figure 1d shows the XPS peaks of Cs 3d, I
is first investigated, which has an ideal bandgap of 1.85 eV for 3d, N 1s, S 2p, Pb 4f, Cs 4d, and Br 3d. The XPS results show
the top absorber in a perovskite/perovskite tandem.”” The the presence of SCN™ on the surface of the perovskite film
perovskite thin films are prepared with 0 to S mol % prepared with SCN™ addition because of the emergence of an
Pb(SCN),-containing additive in the precursor solution (see additional N 1s peak at 398.3 + 0.2 eV and S 2p doublet with §
Methods in the Supporting Information for details). The 2p3/, and S 2p;/, peaks at 162.7 + 0.2 and 163.9 + 0.2 eV,

average grain size is greatly enlarged from ~200 nm to ~2 pm respectively, belonging to SCN™.** The relative atomic
by increasing the quantity of Pb(SCN), from 0 to S mol %, as concentration of each element is calculated from the area of
shown by the scanning electron microscopy (SEM) images in the XPS peaks, after normalization to the relative sensitivity
Figures la-b and Sla-e. The grain size enlargement matches factors for each photoemission process, and the results are
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Figure 2. Spectroscopy analysis of Cs, ,FA,3Pb (I, sBr,s)sperovskites. Evolutions of the PL spectra of the perovskite samples prepared a)
without and b) with Pb(SCN), under a 450 nm diode laser (50 mW/cm?) over 2 min. The spectra are normalized at 670 nm. c) TPC
kinetics of the perovskite samples prepared without and with Pb(SCN),. d) Variations of halide segregation rate over interpulse delay in the
sample prepared without Pb(SCN),. The segregation process accelerates when the delay between pulses becomes comparable with the
lifetime of long-lived trapped carriers (~20 ps) estimated from the TPC tail (see Figures S4—S6).

summarized in Table 1. In the perovskite prepared without
additive, the stoichiometry obtained via XPS is
Csg.17FA(g3PbBr) 4I) 54 by taking the Pb concentration as a
reference, which is in good agreement with the expected
chemical formula of the perovskite. In the perovskite prepared
with Pb(SCN),, the relative concentrations of Cs, N in FA, Pb,
Br and I decreased because of the presence of SCN™. The
concentration of N in SCN™ groups is 4.1 at%, in good
agreement with the S concentration (3.9 at%) calculated from
the peak in the S 2p region, which further confirms the
assignment of these two signals to the SCN moiety. Even
though the concentrations of Cs and N from FA decrease
slightly in the perovskite with SCN7, their ratios with reference
to Pb remain unchanged (Table 1). Besides, the [I]/[Pb] only
shows a slight decrease from 1.54 to 1.51. In contrast, the
[Br]/[Pb] ratio drops significantly from 1.48 to 1.23, along
with the increase of [SCN]/[Pb] ratio from 0 to 0.24—0.25.
These results suggest that SCN™ muost likely substitutes Br™ in
the perovskite with SCN™. It must be noted that XPS
measurement provides a surface-related compositional in-
formation, being the penetration depth of the technique of
about 10 nm. Meanwhile, the XRD peaks show barely any shift
of the main perovskite XRD peaks when Pb(SCN), is used
(Figures 1c and S1f-g), suggesting that SCN~, which has an
ionic radius of 213 pm,” has negligible occupancy in the
perovskite lattice (I” and Br~ radii are 220 and 196 pm,
respectively).”® Combining XPS with XRD results, we suggest
that almost all the residual SCN™ ions in the perovskite
substitute Br~ on the grain surface.

Figures 2a-b show the evolutions of the photoluminescence
(PL) spectra of both the pristine reference (prepared without
additive) and the additive containing (prepared with S mol %
Pb(SCN),) samples by a 450 nm diode laser (50 mW/cm?),
operating in a continuous mode for 2 min. With this photon
dose, the photoinduced halide segregation is prominent in the
pristine reference sample, which manifests itself with the
appearance of an additional red-shifted PL peak (Figure 2a).*
This is due to the funnelling of photoexcited carriers into the
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formed iodide-rich regions, which exhibits a lower bandgap
than the starting mixed material’ (1.61 vs. 1.85 eV,
respectively). In the additive containing sample, as expected,”’
halide segregation is lifted out on the investigated time scale
(Figure 2b). Thus, we take this model system to identify the
optoelectronic processes associated with the observed
phenomenology. The transient photocurrent (TPC) is first
measured for both samples before halide segregation occurs
(see PL spectra tracing during the experiments in Figure S2a).
By monitoring TPC, we are not limited to radiative
recombination but any free carrier dynamics in the semi-
conductor can be monitored.””** The TPC trace of the
reference sample shows that part of the carrier population
decay in the ns time window, while part of the population has
an extremely slow dynamic (>10 us) (Figure 2c), which is not
observed by monitoring its band-to-band radiative recombina-
tion via time-resolved PL (TRPL) (Figure S2b). This implies
that long-lived mobile photocarriers do not relax radiatively.
Thus, the observed dynamics in TPC are associated with a
long-lived trapped carrier,””*® which disappears in the additive
containing sample showing suppressed halide segregation.
The same experiment is also carried out on pure-iodide
Csg17FAg3Pbl; thin films, synthesized without and with
Pb(SCN),. Identical to the mixed halide scenario, the long-
lived dynamics observed in the TPC trace disappears after
using the additive in film preparation (Figure S3a). This
observation is further consolidated by monitoring the photo-
bleaching dynamics of the Cs; ,FAg;Pbl; thin films prepared
without and with Pb(SCN), via transient absorption (Figure
S3b). Under-coordinated iodine defects, e.g,, iodine inter-
stitials and lead vacancies, were previously identified as
photochemically active deep traps in MAPbI,.””*" The
peculiar iodine redox chemistry leads to extremely long
(>ps) deactivation kinetics of slowly trapped electrons on
positively charged interstitial iodine (L, basically a coordi-
nated I;~ moiety corresponding to oxidized iodine),”” while
negative interstitials (I, split iodine anions) and lead
vacancies (featuring similar features as ;") show a fast hole
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Figure 3. Simulation of trap activity in Pb-based and Sn-based mix-halide perovskites. a) Defect formation energies of iodine and bromine
interstitials in bulk MAPb(I, Br,); and MASn(I, ;Br, ); simulated in I/Br medium conditions (the band gaps of the perovskites have been
corrected by rigidly applying spin orbit coupling corrections to the PBEO band gaps). b) Thermodynamic ionization levels of the modeled
halide interstitials. Equilibrium structures of c) negative, d) neutral, and e) positive iodine interstitial in MAPb(I,(Br,);. Equilibrium
structures and relative energies of an I, molecule adsorbed on the (001) MAI-terminated surface and the molecule incorporated into the slab
to form split interstitial defects in f) MAPb(I,;Br,); and g) MASn(I,Brys)s.

trapping-recombination, that quickly deplete the carrier
population in the semiconductor. Carrier trapping at such
defects leads to the formation of neutral I,” species (basically, a
coordinated I,” radical) whose lifetime mirrors that of trapped
carriers. The long lifetime of the I,” radical species (when
electrons are trapped) leads to a significant probability of
forming I, moieties through bimolecular processes (e.g., 21,”
— I, + 2I7) or capture of a second carrier (e.g,, I,” + 1h— L,);
I, can be eventually expelled to the surface and grain
boundaries, activating material degradation in the pure-iodide
perovskite."

Overall, based on the observations collected from both
mixed halide and pure iodide model systems, we can conclude
that the trapping of carriers at interstitial defects which
eventually lead to the formation of I, molecules is associated
with the halide segregation process. Thus, we can also claim a
common origin for phase segregation in mixed-halide perov-
skites and photodegradation in pure-iodide perovskites. It is
rooted in the formation and diffusion of I, thanks to the
presence of long-lived dynamics of trapped carriers with a
sufficiently long lifetime compatible with ionic dynamics and
material transformation.

The direct connection between the defect activity linked to
the long-lived carrier trap and photoinduced halide segregation
can be pinned up by monitoring the evolutions of the PL
spectrum of the mixed-halide reference sample under a pulsed
laser with varied interpulse delay (Figures 2d and S4). The
halide segregation rate at each interpulse delay is derived based
on the evolution of the PL spectrum, and the method is
described in the Supporting Information (Figure S4). The sub-
bandgap feature of the segregated phase only becomes
prominent for interpulse delays <20 us, i.e, when the
subsequent excitation pulse reaches the sample at a delay
matching the lifetime of the long-lived traps (Figures 2c-d and
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SS). Accordingly, halide segregation rate shoots up super
linearly when, upon photoexcitation, the species formed by
carrier trappings start piling up in agreement with bimolecular/
bielectronic reactions (Figure 2d). In the sample prepared with
Pb(SCN),, where the longlived carrier trap dynamics is
virtually not observed, bandgap instabilities do not appear even
at a short interpulse delay of 2 us (Figure S6).

We have so far identified the electronic dynamics and the
related halide defect chemistry responsible for bandgap
destabilization in lead halide perovskites. While this may
support the development of a targeted strategy for crystallinity
improvement/surface passivation, it also highlights the intrinsic
instability related to halide photochemistry. Based on this
picture, we propose a radical but viable solution that can
entirely deactivate photochemically active halide defects,
instead of reducing them, by pushing the perovskite band
edges toward higher energy levels. One effective approach to
push the valence band edge upward, consists in substituting tin
for lead in the mixed halide perovskite lattice.

Since the peculiar halide photochemistry in conjunction
with low ion migration barriers plays a major role in the phase
segregation process,” the defect activities of interstitial halides
are investigated in lead mixed-halide perovskite (MAP-
bl, Br,s) and in the corresponding tin counterpart (MAS-
nl, (Br;s) by hybrid density functional theory (DFT)
calculations. We focus on MA-based perovskites, rather than
the experimentally employed CsFA compounds, for simplicity,
considering the exiguous impact of A-site cations on the
perovskite defect chemistry. We calculate defect formation
energies (DFEs) and ionization levels of halide interstitials in
both types of perovskites. As anticipated, our calculations show
an increase of the valence band (VB) energy, i.e., a decrease of
the ionization potential, of ~0.9 eV in the tin perovskite
compared to the lead counterpart (Figures 3a-b). The
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Figure 4. Photostability tests of Sn-based mix-halide perovskites. a) Steady-state PL spectra of MASn (I,_,Br,); perovskites at increasing
bromide content. b) PL monitored under a 450 nm laser diode (50 mW/cm?) of MA-based perovskites with increasing bromide content. For
each sample, the PL spectrum does not change during the duration of the experiment. c) PL monitored under a 530 nm laser diode (30
mW/cm?) of MA-based perovskites with increasing bromide content and temperature. Poor emissivity at high temperature prevented the
execution of the experiment for perovskites with an iodide to bromide ratio of 0.3:0.7 at 85 °C.

calculated bandgaps of the mixed-halide lead and tin
perovskites are 1.98 and 1.85 eV, respectively, consistent
with experimental PL maxima (~1.85 and 1.63 eV,
respectively, see Figures 2a and 4b).

The equilibrium structures of halide interstitials in various
charge states of MAPb(I,sBry); closely resemble those in the
pure MAPbI,*” (Figures 3c-e); both I, and Br;" are stable in a
relatively wide Fermi level range, up to 0.75 and 0.45 eV above
the VB maximum (VBM), respectively. Notably, positive Br;*
tends to bind two lattice I” ions to form an I—-I—Br trimer with
Br—I and I-1 bond distances of ~2.8 A, clearly indicating the
oxidation of a lattice iodide instead of the bromide interstitial.
The lower stability of the oxidized Br;* species with respect to
I* is in line with the higher oxidation potential of bromide
(1.07 V) compared to iodide (0.54 V), making bromide
oxidation more energetically demanding. Iodine can indeed be
selectively expelled from mixed-halide lead perovskites upon
electrochemical bias.” I;* can trap electrons through the (+/0)
transition while I, can trap holes through the (—/0) transition
placed, respectively, at 1.13 and 0.37 eV above the VBM
(Figure 3b). In both cases, trapping leads to the formation of
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the long-lived I, dimer species, which may further react
leading to the formation of 12.27 Br;”, on the other hand, can
trap holes through the shallow (0/—) transition located at 0.09
€V above the VBM (Figure 3b) in line with the higher bromide
stability discussed above.

The defect chemistry of MASn(I,sBrys); is remarkably
different. The higher VB energy of the tin perovskite, i.e. its
lower ionization potential, prevents the formation of positive
halide interstitials and only negative interstitials are thermo-
dynamically stable across the Fermi level range spanned by the
bandgap, leading to thermodynamic transitions resonant with
the VBM (Figures 3a-b).

The deactivation of trapping activities of halide interstitials
by tin substitution suggests that iodide oxidation may only be
active in lead but not in tin halide perovskites. This is
confirmed by investigating the energetics of forming a I,
molecule through carrier trappings at iodine defects, followed
by its exclusion to the surface and forming a trimer with a
terminal iodide in both lead and tin halide perovskites®'
(Figures 3f-g). In MAPb(I, sBry )5 the split I" + L™ couple, i.e.
the stable form of I, in the bulk lattice, is 0.73 eV less stable
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Figure 5. In situ PL and V tracking of Pb-based and Sn-based mix-halide solar cells. a) Schematic of in situ PL measurement of the Pb-
based and Sn-based mixed iodide-bromide perovskite solar cell at open circuit condition. The solar cells are illuminated by using a 450 nm
diode laser with an intensity of 50 mW/cm? TCO is transparent conductive oxide; CTL is a charge transporting layer. Time evolution of the
b) PL and c) V¢ of FAg4;Cs, 1,Pbl, (Br, ¢ solar cell during the in situ PL measurement over 5 min, showing fast photoinduced halide
segregation and V¢ decay. Time evolution of the d) PL and e) Vi of FA(4;Cs, ;,Snl; (Br, s solar cell during the in situ PL measurement
over 36 h, showing stable PL spectra and V (pristine Sn perovskites prepared without any additive).

than I, adsorbed at the surface (Figure 3f), highlighting that I,
formation and expulsion at the surface is thermodynamically
favored. On the contrary, in MASn(I,sBrys);, the surface
adsorbed I, molecule is only metastable, being 0.47 eV less
stable than 2I,” + 2h* (Figure 3g), indicating that I, formation
and expulsion is not thermodynamically viable anymore due to
the higher VBM which stabilizes holes residing in the VB.

In agreement with the results of DFT calculations, the I,
formation and expulsion is not detected when the MASn-
(IysBrys); perovskite film is kept under a continuous white
LED (100 mW/cm?) for about 30 h (Figures S7a-b).
Importantly, we did not probe any change in the dark
conductivity of the tin halide perovskite before and after
illumination (Figure S8). On the other hand, I, is detected
when the same test is performed on Csg,FAgs;Pb(IysBros);
thin films (Figure S7b). Most importantly, Sn-perovskites do
not show I, formation even when the volatile MA cation is
used, which is known to lead to thin films with lower
optoelectronic quality than Cs-containing compositions.”” It is
also found that the lead based perovskite Cs; ,FAjq;Pb-
(IysBrys); prepared with Pb(SCN), shows much reduced I,
formation, in agreement with its reduced halide demixing
discussed above.

Furthermore, we fabricated MASn(I,_Br,); and FASn-
(1,_,Br,); thin films with x ranging between 0.17 and 0.67
(top-view SEM images of the films are shown in Figures S9—
10) and checked their photostability. As expected, films
prepared with higher bromide content show a significant
blueshift of the PL emission, allowing for the fabrication of tin
perovskite films with bandgaps tuned over the 1.37—1.82 eV
range (Figures 4a and S11a). We monitored the evolutions of
the PL of all samples under continuous illumination (50 mW/
cm? provided by a 450 nm diode laser) for up to 30 min
(Figures 4b, S11b-d and S12). The PL spectra of all films are
remarkably stable, even when they are excited with very high
excitation intensities of S00 mW cm™> (Figure S13). Even
materials with high bromide fraction do not show bandgap
changes over time, independently of the cation composition.
Temperature may have a nontrivial effect on halide
segregation: while a higher temperature favors entropically

2806

driven mixing,*® it can also provide the necessary activation
energy to allow defect migration.”* We conducted a
comprehensive temperature-dependent analysis of MASn-
(1,_,Br,);. In Figures 4c and S14, we see that between 0 and
85 °C all perovskite compositions are stable under a 530 nm
diode laser (30 mW/cm?).

Finally, we explored the impact of deactivation of halide
segregation on the photostability of the tin-based mix-halide
perovskite solar cells. The Csj;;FA¢;Snl; (Br, ¢ solar cell is
fabricated for the study, while the lead counterpart
(Csg17FAy 3P, (Br; s solar cell) is used as the reference
(See Supporting Information for the fabrication detail). The
photovoltaic parameters of the FAgg;Csg,Pbl; Br;s and
FA(4:Cso1,Snl; Br; s solar cells, recorded with simulated
AM1.5G illumination are shown in Figures S15—16. The in
situ PL measurement at open circuit condition and under a
450 nm laser with an intensity of 50 mW/cm?* (Schematically
shown in Figure 5a) are conducted for both types of solar cells
under an inert N, environment. This measurement allows us to
simultaneously monitor changes in the open circuit voltage
(Voc) of the solar cell and in the PL spectrum to directly
correlate the potential effect that halide segregation and
bandgap (in) stability has on the V. As shown in Figures Sb-
c, the Pb-based perovskite embedded in a solar cell
demonstrates fast halide segregation within only S min
accompanied by a V¢ reduction of the cell under continuous
excitation. In contrast, the PL spectra and V¢ of the Sn-based
counterpart are extremely stable when tested for more than 30
h under the same condition (Figures Sd-e), confirming the
excellent phase stability of Sn-based mixed-halide perovskite,
enabling very stable V¢ of the working device.

In conclusion, we have demonstrated that light-induced
instabilities in pure-iodide and mixed-halide lead perovskites
have common origin, being rooted in the photochemical
activities of iodine-defects activated by the deep VB of the
compounds. While in pure iodide lead perovskites iodide-
defects cause decomposition,'® in mixed-halides they induce
additional bandgap instabilities. Both degradation pathways
can be slowed down, but not entirely suppressed, by using
reducing agents and surface passivation treatments, indicating
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that they are intrinsic and thermodynamically favored
phenomena. Surprisingly, tin halide perovskites, which are
extremely sensitive to oxidation, turn out to be remarkably
photostable, allowing us to fabricate wide bandgap materials
with target characteristics for tandem solar cells. Key to such
an achievement is the higher lying VB of tin halide perovskites
than the lead counterparts, which, while on the one hand leads
to a high propensity to tin oxidation, on the other hand
destabilizes iodide oxidation and eliminates halide demixing.
Overcoming thermodynamically favored light-induced insta-
bilities by deactivation of defect activities through VB
engineering is thus the key toward segregation-free mixed-
halide perovskites.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00610.

Experimental section and additional characterization and
discussion, including SEM images, XRD, XPS, steady-
state and time-resolved PL, and current-density voltage
curves (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Yang Zhou — Center for Nano Science and Technology @
Polimi, Istituto Italiano di Tecnologia, 20134 Milano, Italy;
Email: yang.zhou@iit.it

Filippo De Angelis — Computational Laboratory for Hybrid/
Organic Photovoltaics (CLHYO), Istituto CNR di Scienze ¢
Tecnologie Chimiche “Giulio Natta” (CNR-SCITEC), 06123
Perugia, Italy; Department of Chemistry, Biology and
Biotechnology, University of Perugia and INSTM, 1-06123
Perugia, Italy; Department of Natural Sciences &
Mathematics, College of Sciences & Human Studies, Prince
Mohammad Bin Fahd University, Dhahran 34754, Saudi
Arabia; SKKU Institute of Energy Science and Technology
(SIEST) Sungkyunkwan University, Suwon 440-746, Korea;

orcid.org/0000-0003-3833-1975;

Email: filippo.deangelis@unipg.it

Annamaria Petrozza — Center for Nano Science and
Technology @Polimi, Istituto Italiano di Tecnologia, 20134
Milano, Italy; © orcid.org/0000-0001-6914-4537;
Email: annamaria.petrozza@iit.it

Authors

Samuele Martani — Center for Nano Science and Technology
@Polimi, Istituto Italiano di Tecnologia, 20134 Milano, Italy

Isabella Poli — Center for Nano Science and Technology @
Polimi, Istituto Italiano di Tecnologia, 20134 Milano, Italy;

orcid.org/0000-0002-1217-8039

Ece Aktas — Department of Chemical, Materials and
Production Engineering, University of Naples Federico II,
8012S Napoli, Italy

Daniele Meggiolaro — Computational Laboratory for
Hybrid/Organic Photovoltaics (CLHYO), Istituto CNR di
Scienze e Tecnologie Chimiche “Giulio Natta” (CNR-
SCITEC), 06123 Perugia, Italy; © orcid.org/0000-0001-
9717-133X

Jesus Jiménez-Lopez — Center for Nano Science and
Technology @Polimi, Istituto Italiano di Tecnologia, 20134
Milano, Italy

E Laine Wong — Center for Nano Science and Technology @

Polimi, Istituto Italiano di Tecnologia, 20134 Milano, Italy;
orcid.0rg/0000—0002-2286—8527

Luca Gregori — Computational Laboratory for Hybrid/
Organic Photovoltaics (CLHYO), Istituto CNR di Scienze e
Tecnologie Chimiche “Giulio Natta” (CNR-SCITEC), 06123
Perugia, Italy; Department of Chemistry, Biology and
Biotechnology, University of Perugia and INSTM, I-06123
Perugia, Italy

Mirko Prato — Materials Characterization Facility, Istituto
Italiano di Tecnologia, 16163 Genova, Italy; ® orcid.org/
0000-0002-2188-8059

Diego Di Girolamo — Department of Chemical, Materials and
Production Engineering, University of Naples Federico II,
80125 Napoli, Italy; ® orcid.org/0000-0001-6307-1138

Antonio Abate — Department of Chemical, Materials and
Production Engineering, University of Naples Federico II,
8012S Napoli, Italy

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsenergylett.3c00610

Author Contributions

vS.M., Y.Z.,, and LP. contributed equally. All authors have
contributed to the revision of the manuscript and have given
approval to its final version.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The work has received funding from the European Research
Council under the European Union’s Horizon 2020 research
and innovation programme, SOPHY, grant agreement no.
771528. 1.P. acknowledges funding from the MSCA project
BOLLA under grant agreement no. 101023689. E.A, A.A. and
AP have also received funding from the European Union’s
Horizon 2020 research and innovation programme under the
Marie Sklodowska-Curie for the PERSEPHONe project, grant
agreement No. 956270. The opinions expressed in this
document reflect only the author’s view and reflects in no
way the European Commission’s opinions. The European
Commission is not responsible for any use that may be made
of the information it contains.

B REFERENCES

(1) Noh, J. H; Im, S. H; Heo, J. H;; Mandal, T. N; Seok, S. L
Chemical management for colorful, efficient, and stable inorganic-
organic hybrid nanostructured solar cells. Nano Lett. 2013, 13 (4),
1764—1769.

(2) Eperon, G. E; Leijtens, T.; Bush, K. A; Prasanna, R;; Green, T;
Wang, J. T.-W.; McMeekin, D. P.; Volonakis, G.; Milot, R. L.; May,
R.; et al. Perovskite-perovskite tandem photovoltaics with optimized
band gaps. Science 2016, 354 (6314), 861—865.

(3) Werner, J.; Weng, C.-H.; Walter, A.; Fesquet, L.; Seif, J. P.; De
Wolf, S.; Niesen, B.; Ballif, C. Efficient monolithic perovskite/silicon
tandem solar cell with cell area > 1 cm? J. Phys. Chem. Lett. 2016, 7
(1), 161-166.

(4) Hoke, E. T.; Slotcavage, D. J.; Dohner, E. R;; Bowring, A. R;;
Karunadasa, H. I; McGehee, M. D. Reversible photo-induced trap
formation in mixed-halide hybrid perovskites for photovoltaics.
Chemical Science 2015, 6 (1), 613—617.

(5) Zhou, Y.; Poli, I; Meggiolaro, D.; De Angelis, F.; Petrozza, A.
Defect activity in metal halide perovskites with wide and narrow
bandgap. Nature Reviews Materials 2021, 6 (11), 986—1002.

https://doi.org/10.1021/acsenergylett.3c00610
ACS Energy Lett. 2023, 8, 2801—-2808


https://pubs.acs.org/doi/10.1021/acsenergylett.3c00610?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c00610/suppl_file/nz3c00610_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:yang.zhou@iit.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Filippo+De+Angelis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3833-1975
https://orcid.org/0000-0003-3833-1975
mailto:filippo.deangelis@unipg.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annamaria+Petrozza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6914-4537
mailto:annamaria.petrozza@iit.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuele+Martani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Isabella+Poli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1217-8039
https://orcid.org/0000-0002-1217-8039
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ece+Aktas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniele+Meggiolaro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9717-133X
https://orcid.org/0000-0001-9717-133X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesu%CC%81s+Jime%CC%81nez-Lo%CC%81pez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="E+Laine+Wong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2286-8527
https://orcid.org/0000-0002-2286-8527
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Gregori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mirko+Prato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2188-8059
https://orcid.org/0000-0002-2188-8059
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diego+Di+Girolamo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6307-1138
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Abate"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c00610?ref=pdf
https://doi.org/10.1021/nl400349b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl400349b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aaf9717
https://doi.org/10.1126/science.aaf9717
https://doi.org/10.1021/acs.jpclett.5b02686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b02686?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4SC03141E
https://doi.org/10.1039/C4SC03141E
https://doi.org/10.1038/s41578-021-00331-x
https://doi.org/10.1038/s41578-021-00331-x
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c00610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

(6) Barker, A. J.; Sadhanala, A.; Deschler, F.; Gandini, M.;
Senanayak, S. P.; Pearce, P. M.; Mosconi, E.; Pearson, A. J.; Wu,
Y.; Srimath Kandada, A. R;; et al. Defect-assisted photoinduced halide
segregation in mixed-halide perovskite thin films. ACS Energy Letters
2017, 2 (6), 1416—1424.

(7) Knight, A. J.; Wright, A. D.; Patel, J. B.; McMeekin, D. P.; Snaith,
H. J; Johnston, M. B,; Herz, L. M. Electronic traps and phase
segregation in lead mixed-halide perovskite. ACS Energy Letters 2019,
4 (1), 75—84.

(8) Brennan, M. C,; Draguta, S.; Kamat, P. V,; Kuno, M. Light-
induced anion phase segregation in mixed halide perovskites. ACS
Energy Letters 2018, 3 (1), 204—213.

9) Tang, X.; van den Berg, M.; Gu, E.; Horneber, A.; Matt, G. J;
Osvet, A.; Meixner, A. J.; Zhang, D.; Brabec, C. J. Local observation of
phase segregation in mixed-halide perovskite. Nano Lett. 2018, 18 (3),
2172-2178.

(10) Belisle, R. A; Bush, K. A; Bertoluzzi, L.; Gold-Parker, A,;
Toney, M. F.; McGehee, M. D. Impact of surfaces on photoinduced
halide segregation in mixed-halide perovskites. ACS Energy Letters
2018, 3 (11), 2694—2700.

(11) Abdi-Jalebi, M.; Andaji-Garmaroudi, Z.; Cacovich, S.;
Stavrakas, C.; Philippe, B.; Richter, J. M.; Alsari, M.; Booker, E. P.;
Hutter, E. M.; Pearson, A. J.; et al. Maximizing and stabilizing
luminescence from halide perovskites with potassium passivation.
Nature 2018, 555 (7697), 497—501.

(12) Hu, M,; Bi, C.; Yuan, Y.; Bai, Y.; Huang, J. Stabilized Wide
Bandgap MAPDbBrI;, Perovskite by enhanced grain size and
improved crystallinity. Advanced Science 2016, 3 (6), 1500301.

(13) Motti, S. G.; Meggiolaro, D.; Barker, A. J.; Mosconi, E.; Perini,
C. A. R; Ball, J. M; Gandini, M.; Kim, M.; De Angelis, F.; Petrozza,
A. Controlling competing photochemical reactions stabilizes perov-
skite solar cells. Nat. Photonics 2019, 13 (8), 532—539.

(14) Kim, G. Y.; Senocrate, A.; Yang, T.-Y.; Gregori, G.; Gritzel, M.;
Maier, J. Large tunable photoeffect on ion conduction in halide
perovskites and implications for photodecomposition. Nat. Mater.
2018, 17 (5), 445—449.

(15) Barboni, D.; De Souza, R. A. The thermodynamics and kinetics
of iodine vacancies in the hybrid perovskite methylammonium lead
iodide. Energy Environ. Sci. 2018, 11 (11), 3266—3274.

(16) Wang, S.; Jiang, Y.; Juarez-Perez, E. J.; Ono, L. K; Qj, Y.
Accelerated degradation of methylammonium lead iodide perovskites
induced by exposure to iodine vapour. Nature Energy 2017, 2 (1),
16195.

(17) Slotcavage, D. J.; Karunadasa, H. I; McGehee, M. D. Light-
induced phase segregation in halide-perovskite absorbers. ACS Energy
Letters 2016, 1 (6), 1199—1205.

(18) Brennan, M. C.; Ruth, A, Kamat, P. V,; Kuno, M.
Photoinduced anion segregation in mixed halide perovskites. Trends
in Chemistry 2020, 2 (4), 282—301.

(19) Knight, A. J.; Herz, L. M. Preventing phase segregation in
mixed-halide perovskites: a perspective. Energy Environ. Sci. 2020, 13
(7), 2024—2046.

(20) Zhou, Y,; Jia, Y.-H.; Fang, H.-H.; Loi, M. A,; Xie, F.-Y.; Gong,
L; Qin, M.-C,; Lu, X.-H.; Wong, C.-P.; Zhao, N. Composition-tuned
wide bandgap perovskites: from grain engineering to stability and
performance improvement. Adv. Funct. Mater. 2018, 28 (35),
1803130.

(21) Yu, Y.; Wang, C.; Grice, C. R; Shrestha, N.; Zhao, D.; Liao, W.;
Guan, L.; Awni, R. A.; Meng, W.; Cimaroli, A. J.; et al. Synergistic
effects of lead thiocyanate additive and solvent annealing on the
performance of wide-bandgap perovskite solar cells. ACS Energy
Letters 2017, 2 (5), 1177—1182.

(22) Hoérantner, M. T;; Leijtens, T.; Ziffer, M. E.; Eperon, G. E;
Christoforo, M. G.; McGehee, M. D.; Snaith, H. J. The potential of
multijunction perovskite solar cells. ACS Energy Letters 2017, 2 (10),
2506—2513.

(23) Ke, W.; Xiao, C,; Wang, C.; Saparov, B.; Duan, H.-S.; Zhao, D ;
Xiao, Z.; Schulz, P.; Harvey, S. P.; Liao, W,; et al. Employing lead
thiocyanate additive to reduce the hysteresis and boost the fill factor

2808

of planar perovskite solar cells. Adv. Mater. 2016, 28 (26), 5214—
5221.

(24) Wijeyasinghe, N.; Regoutz, A.; Eisner, F.; Du, T.; Tsetseris, L.;
Lin, Y.-H.; Faber, H.; Pattanasattayavong, P.; Li, J.; Yan, F.; et al.
Copper(I) thiocyanate (CuSCN) hole-transport layers processed
from aqueous precursor solutions and their application in thin-film
transistors and highly efficient organic and organometal halide
perovskite solar cells. Adv. Funct. Mater. 2017, 27 (35), 1701818.

(25) Kubota, S.; Ozaki, S.; Onishi, J.; Kano, K.; Shirai, O. Selectivity
on ion transport across bilayer lipid membranes in the presence of
gramicidin A. Anal. Sci. 2009, 25 (2), 189—193.

(26) Shannon, R. D. Revised effective ionic radii and systematic
studies of interatomic distances in halides and chalcogenides. Acta
Crystallogr., Sect. A 1976, 32 (5), 751-767.

(27) Meggiolaro, D.; Motti, S. G.; Mosconi, E.; Barker, A. J; Ball, J;
Andrea Riccardo Perini, C.; Deschler, F.; Petrozza, A.,; De Angelis, F.
Iodine chemistry determines the defect tolerance of lead-halide
perovskites. Energy Environ. Sci. 2018, 11 (3), 702—713.

(28) Leijtens, T.; Eperon, G. E.; Barker, A. J.; Grancini, G.; Zhang,
W.; Ball, J. M,; Kandada, A. R. S.; Snaith, H. J.; Petrozza, A. Carrier
trapping and recombination: the role of defect physics in enhancing
the open circuit voltage of metal halide. Energy Environ. Sci. 2016, 9,
3472—3481.

(29) Motti, S. G.; Meggiolaro, D.; Martani, S.; Sorrentino, R;
Barker, A. J.; De Angelis, F.; Petrozza, A. Defect activity in lead halide
perovskites. Adv. Mater. 2019, 31 (47), 1901183.

(30) Samu, G. F.; Balog, A.; De Angelis, F.; Meggiolaro, D.; Kamat,
P. V,; Janaky, C. Electrochemical hole injection selectively expels
iodide from mixed halide perovskite films. J. Am. Chem. Soc. 2019, 141
(27), 10812—10820.

(31) Meggiolaro, D.; Mosconi, E.; De Angelis, F. Modeling the
interaction of molecular iodine with mapbi3: a probe of lead-halide
perovskites defect chemistry. ACS Energy Letters 2018, 3 (2), 447—
4S1.

(32) Saliba, M.; Matsui, T.; Seo, J.-Y.; Domanski, K.; Correa-Baena,
J.-P.; Nazeeruddin, M. K.; Zakeeruddin, S. M.; Tress, W.; Abate, A.;
Hagfeldt, A.; et al. Cesium-containing triple cation perovskite solar
cells: improved stability, reproducibility and high efficiency. Energy
Environ. Sci. 2016, 9 (6), 1989—1997.

(33) Stranks, S. D.; Burlakov, V. M; Leijtens, T.; Ball, J. M.; Goriely,
A.; Snaith, H. J. Recombination kinetics in organic-inorganic
perovskites: excitons, free charge, and subgap states. Physical Review
Applied 2014, 2 (3), 034007.

(34) Elmelund, T.; Seger, B.; Kuno, M.; Kamat, P. V. How interplay
between photo and thermal activation dictates halide ion segregation
in mixed halide perovskites. ACS Energy Letters 2020, S (1), S6—63.

https://doi.org/10.1021/acsenergylett.3c00610
ACS Energy Lett. 2023, 8, 2801—-2808


https://doi.org/10.1021/acsenergylett.7b00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b02002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b02002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b01151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b01151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b00505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b00505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature25989
https://doi.org/10.1038/nature25989
https://doi.org/10.1002/advs.201500301
https://doi.org/10.1002/advs.201500301
https://doi.org/10.1002/advs.201500301
https://doi.org/10.1038/s41566-019-0435-1
https://doi.org/10.1038/s41566-019-0435-1
https://doi.org/10.1038/s41563-018-0038-0
https://doi.org/10.1038/s41563-018-0038-0
https://doi.org/10.1039/C8EE01697F
https://doi.org/10.1039/C8EE01697F
https://doi.org/10.1039/C8EE01697F
https://doi.org/10.1038/nenergy.2016.195
https://doi.org/10.1038/nenergy.2016.195
https://doi.org/10.1021/acsenergylett.6b00495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.trechm.2020.01.010
https://doi.org/10.1039/D0EE00788A
https://doi.org/10.1039/D0EE00788A
https://doi.org/10.1002/adfm.201803130
https://doi.org/10.1002/adfm.201803130
https://doi.org/10.1002/adfm.201803130
https://doi.org/10.1021/acsenergylett.7b00278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201600594
https://doi.org/10.1002/adma.201600594
https://doi.org/10.1002/adma.201600594
https://doi.org/10.1002/adfm.201701818
https://doi.org/10.1002/adfm.201701818
https://doi.org/10.1002/adfm.201701818
https://doi.org/10.1002/adfm.201701818
https://doi.org/10.2116/analsci.25.189
https://doi.org/10.2116/analsci.25.189
https://doi.org/10.2116/analsci.25.189
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1039/C8EE00124C
https://doi.org/10.1039/C8EE00124C
https://doi.org/10.1039/C6EE01729K
https://doi.org/10.1039/C6EE01729K
https://doi.org/10.1039/C6EE01729K
https://doi.org/10.1002/adma.201901183
https://doi.org/10.1002/adma.201901183
https://doi.org/10.1021/jacs.9b04568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b04568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b01244?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b01244?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b01244?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5EE03874J
https://doi.org/10.1039/C5EE03874J
https://doi.org/10.1103/PhysRevApplied.2.034007
https://doi.org/10.1103/PhysRevApplied.2.034007
https://doi.org/10.1021/acsenergylett.9b02265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b02265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b02265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c00610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

