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1. Introduction

Metal halide perovskite based tandem solar cells are promising to achieve

power conversion efficiency beyond the theoretical limit of their
single-junction counterparts. However, overcoming the significant
open-circuit voltage deficit present in wide-bandgap perovskite solar cells
remains a major hurdle for realizing efficient and stable perovskite tandem
cells. Here, a holistic approach to overcoming challenges in 1.8 eV perovskite
solar cells is reported by engineering the perovskite crystallization pathway by
means of chloride additives. In conjunction with employing a self-assembled
monolayer as the hole-transport layer, an open-circuit voltage of 1.25 V and a
power conversion efficiency of 17.0% are achieved. The key role of
methylammonium chloride addition is elucidated in facilitating the growth of
a chloride-rich intermediate phase that directs crystallization of the desired
cubic perovskite phase and induces more effective halide homogenization.
The as-formed 1.8 eV perovskite demonstrates suppressed halide segregation

and improved optoelectronic properties.

Metal halide perovskites have emerged in
the past decade as a remarkable class of pho-
tovoltaic (PV) materials. They possess de-
sirable optoelectronic and material proper-
ties, such as strong light absorption,!! long
charge-carrier diffusion lengths,?! and ver-
satile processability using solution-based
manufacturing techniques or ambient tem-
perature vapor phase deposition.*! A series
of breakthroughs have led to power con-
version efficiency (PCE) rising from 3.8%
to nearly 26% for single-junction perovskite
solar cells (PSC) in just over a decade.[*] In
addition, their adjustable material composi-
tions that result in highly tuneable bandgap
(E,) offer an opportunity to develop multi-
junction solar cells that can capture a broad
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spectrum of sunlight while surpassing the efficiency limit of
single-junction solar cells calculated based on the principle of
detailed balance.®) Among various types of perovskite tandem
cell technologies, recent life cycle assessments suggest that “all-
perovskite” tandem cells could have a much lower energy pay-
back time and reduced greenhouse gas emissions, in compar-
ison with Si single junction cells or perovskite-on-silicon tan-
dem solar cells,!”! making them a promising prospect for rapid
growth, terawatt scale, low-cost, and low environmental impact
photovoltaics.!1!

Although the reported PCE of all-perovskite tandem cells has
exceeded 27%,71112] there remains plenty of scope for improv-
ing the absolute efficiency of the wide-bandgap (WBG) sub-
cells since they often underperform due to severe “photovolt-
age deficits” (the difference in energy between the bandgap of
the absorber material and the open-circuit voltage generated)
as compared to their narrow-bandgap (NBG) counterparts.!'3]
The underlying material issues responsible for mediocre WBG
open-circuit voltage (Vo) include non-radiative bulk and inter-
facial losses,'* as well as heterogeneous crystallization of the
mixed-ion perovskites required for wide bandgaps."®! In addi-
tion, the high Br-contents in WBG perovskites make them sus-
ceptible to light-induced halide segregation.!*®! The mechanism
that causes halide segregation under illumination is not fully
understood; however, a number of studies suggest that com-
positional inhomogeneity and the presence of a small fraction
of iodine-rich phases in the fully annealed films may be cen-
tral to “seeding” the growth of the iodine-rich domains.!*’~*%]
Under light stress, mixed-halide perovskites undergo reversible
phase segregation into Br- and I-rich phases, as a result of halide
migration."® The I-rich phase with a narrower bandgap will thus
function as charge-carrier trapping domains.!?"! Although these
lower-bandgap I-rich phases appear to only have a minor nega-
tive influence upon both open-circuit voltage and charge-carrier
mobility,'*#?!] they do introduce a radiative bimolecular recom-
bination pathway within the lower-gap domains, which result in
current losses.[?!] Hence, effective strategies to form low-loss and
stable WBG perovskites are still required.

ABX;-perovskite can be composed of single cations and single
anions, such as FAPbI; (FA, formamidinium) and MAPbI; (MA,
methylammonium), or mixed ions, such as mixed organic and in-
organic cations and mixed halides, such as FA,Cs,_ Pb(I,Br,_,);.
For a range of perovskites, it is a common strategy to em-
ploy methylammonium chloride (MACI) as an additive for
fabricating high efficiency PSCs.[2222] Indeed, the first re-
port of a perovskite solar cell exceeding 10% efficiency, em-
ployed a significant quantity of ClI salts in the precursor com-
position in the form of PbCL.’l So far, the effect of MACI
on improving the crystallization and optoelectronic quality by
forming intermediate phases has been studied for archetypal
MAPDI, /FAPDI, materials.[?2242] In MAPDI;, some studies have
implicated MACI in influencing the colloidal composition of
the precursor solution, resulting in improved morphology and
performance.[?*?’] More frequently, there have been reports ob-
serving solid-state crystalline intermediates incorporating Cl,
such as MA,PbI,CL2%! Following this, a key principle is the
sublimation of excess MACI from the film during thermal an-
nealing, which may proceed via decomposition products of the
MACI salt.3% In a work reported by Kim et al./??l with ex-
cess MACI addition in FAPbI, fabrication, the authors antici-
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pated that MA- and Cl-loss during thermal annealing results in
FAPDI; containing only minimal MA inclusion, and no chlo-
ride or chloride-rich phases were observed. In addition, MAPbCl,
has been added to mixed-cation, mixed-halide perovskites to cre-
ate a “triple-halide perovskite”, in which the authors demon-
strated that both MA and Cl could incorporate into the per-
ovskite lattice.3!! However, the impact of MACI on the precur-
sor phases and crystallization of the mixed-ion perovskites, such
as FA(4;Csg1,Pb(Iy¢Bry.4)s, is yet to be revealed.?132) Here, we
report a comprehensive study of the impact of MACI on a mixed-
cation mixed-halide perovskite. By investigating MACl-assisted
intermediate phase formation, we identify the role of additives
using a range of halide salts, including formamidinium chloride
(FACI), cesium chloride (CsCl), methylammonium iodide (MAI),
and methylammonium bromide (MABr). The MACl-modified
perovskite films exhibit suppressed halide segregation and im-
proved ambient stability (25 °C, 50% relative humidity (RH), in
air, in the dark) compared to the control perovskites. In conjunc-
tion with using a phosphonic-acid-based self-assembled mono-
layer as the hole-transport layer (HTL), we demonstrate efficient
WBG perovskite solar cells with a maximum power point-tracked
efficiency (#,,,,) of 17% and a steady-state Vo 0of 1.25 V. Addition-
ally, we demonstrate large-area cells (1 cm?) with #,,,, as high as
16.1%.

2. Results and Discussion

2.1. Selection of HTL and Impacts of Chloride Additives on
FA,g5Csq17Pb(ly¢Bro 4); Perovskite

Self-assembled monolayer (SAM) hole-transport materials have
previously been shown to reduce the V. deficit and suppress
halide segregation in p—i-n perovskite solar cells via mitigating
non-radiative losses and improving hole extraction.33° We
first examined three different SAMs, including [2-(9H-Carbazol-
9-yl)ethyljphosphonic acid (2PACz), [2-(3,6-Dimethoxy-9H-
carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz) and [4-(3,6-
dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz),
and PTAA as the HTL for a perovskite solar cell composed of
FA;55Cs17Pb(I6Bry4); (E; = 1.77 €V) in a p—i-n configuration.
As discussed in Note S1 (Supporting Information) (Figures
S1-S3, Supporting Information), we found that all three SAMs
lead to enhancements in V. and short-circuit current density
(Jsc)- In this work, we selected Me-4PACz as our standard HTL
in further investigations because it provided the most substantial
device performance boost.

Having established Me-4PACz as the HTL of choice for our
1.8 eV PSCs, we now investigate the impact of MACI as an ad-
ditive across a range of concentrations (0—45 mol% excess) upon
the formation and performance of FA 4;Cs, ,Pb(I,;Br,,); per-
ovskite films and devices. During the fabrication of MACl-derived
perovskite thin films and devices, we found that the photovoltaic
performance is more sensitive to annealing temperature, as com-
pared to our control films. Based on our result shown in Figures
S4-S6 (Supporting Information), we chose 150 °C as our anneal-
ing temperature, and our cells were processed in air with ~30%
RH. Full details are discussed in Note S2 (Supporting Informa-
tion). The requirement for higher annealing temperatures may
be due to the requirement to volatilize the majority of the excess
MACI during annealing. In a previous work reported by Brenes
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Figure 1. a) XRD patterns highlighting trace impurities in FAj g3Csq 17Pb(lg 6Brg4)3 perovskite films with various MACI additive concentrations (x) with

0 < x < 45 mol%. Full XRD patterns are presented in Figure S8 (Supporting Information). b) Distribution of 5.,

of PCSs employing a wide range

of MACI additive concentrations (x) with 0 < x < 45 mol%. Full device performance parameters are shown in Figure S9 (Supporting Information). c)
Optical bandgaps extracted via Tauc analysis (Figure S12, Supporting Information) based on transmittance and reflectance measurements taken on
FA¢ 83Cs0.17Pb(lg.¢Brg.4)3 perovskite films with various MACI additive concentrations (x) with 0 < x < 45 mol%. d,e) XRD patterns tracking the evolution
of cubic perovskite (100) reflections during step-wise annealing of 15 mol% MACI and control perovskite films. The control film, with no MACI additive,
is annealed at 100 °C in a N, glovebox, whereas perovskites fabricated with 15 mol% MACI additives are annealed at 150 °C in air with ~30% RH. Full

XRD patterns are presented in Figure S21 (Supporting Information).

etal.,[*®] the humid air treatment on MAPDI, perovskite films has
been shown to enhance the photoluminescence (PL) intensity
and lifetime, which resulted in reduced V. loss and improved
Jsc and PCE of PSC devices due to reduction of the density of
shallow surface states and minimal non-radiative losses. There-
fore, the performance boost in our optimized MACl-based cells
when annealed in air, as compared to in a nitrogen-filled glove
box, may be attributed to such a moisture-activated passivation
effect as the 15 mol% MACI-processed perovskite film achieves a
nearly fourfold increase in PL intensity compared to the control
film (Figure S7, Supporting Information).

To investigate the impact of MACI concentration on the crys-
tallographic properties of perovskite films across the range of
additive concentrations, we carried out X-ray diffraction (XRD)
measurements (Figure 1a; Figure S8, Supporting Information).
All perovskite films show characteristic pseudo-cubic diffraction
peaks, but with different preferred orientations. With 15 mol%
or less MACI, the dominant orientation has cubic (110) planes
(26 = 20.4°) aligned parallel to the plane of the substrate. With
increasing MACI content, there is a pronounced effect on orien-
tation, with reflections corresponding to (100) planes (260 = 14.4°)
growing in intensity. With 30 mol% MACI and above, films are
almost completely orientated to have the (100) plane parallel to
the substrate. Notably though, this apparent shift from uniaxial
<110> orientation to uniaxial <100> orientation does not lead to
an increase in PSC performance (Figure 1b; Figure S9, Support-
ing Information). This might be explained by our XRD measure-
ments also revealing an increase of undesirable impurity phases
above the optimal additive content. Use of >6 mol% MACI addi-
tive suppresses lead (II) iodide (Pbl,) formation, the continued
addition of MACI additive leads to the gradual growth of non-
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perovskite 2H (5-phase) and 4H hexagonal polytype phases in the
final material.l’”! These polytype phases are photo-inactive, but
they can act as charge blocking layers since they have wider gaps
than the bulk ABX; 3C perovskite phase (Figure S10, Supporting
Information).®®] Hence, we postulate the increasing inclusion of
polytype phases as contributing to the drop in all device perfor-
mance metrics (Figure S9, Supporting Information). Using top-
down scanning electron microscopy (SEM), we observed that ex-
cess MACI leads to a reduction in “surface wrinkling” (Figure
S11, Supporting Information), a commonly reported feature of
high-bromide content perovskite materials cast via anti-solvent
quenching,*! particularly at higher solution concentrations.

As reported previously,*! the addition of excess AX-type
additives can influence the optical bandgap of perovskites,
for example, via halide substitution. However, there has been
significant debate as to whether Cl can incorporate into an I-rich
lead halide perovskite,3! on account of the large difference in
ionic radii between iodide and chloride, and the extraction of the
additional chloride during post-deposition annealing reported
with other fabrication protocols.[?22}] To investigate the influence
of MACI on the optical bandgap of our perovskite composition,
we conducted Tauc analyses (Figure 1c; Figure S12, Supporting
Information). We observe a modest Tauc bandgap increase from
1.79to0 1.81 eV when increasing the excess concentration of MACI
from 0 to 45 mol% (E, = 1.8 eV for FA 4;Cs, 1, Pb(Iy¢B1,,); with
15 mol% MACI) (Figures S13 and S14, Supporting Information),
indicating compositional variation in the as-fabricated WBG
perovskite materials. The blueshift of the optical bandgap is
also supported by steady-state PL measurements (Figure S7,
Supporting Information). In Br-free perovskites, the addition
of MACI typically does not result in a bandgap shift.[?2%]
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However, Xu et al. have recently demonstrated that chloride
can be incorporated into the perovskite lattice for certain mixed
halide compositions,*!! with maximum Cl~ inclusion increasing
with Br~ content, confirmed by a bandgap widening effect. Since
the perovskite A-site cations, FA and Cs are also alloyed, the
substitution of FA with MA could also result in small indirect
changes to the perovskite band structure and bandgap.“!l'H
NMR spectroscopy of solutions prepared by separately dissolving
thin films of our optimized (15 mol% MACI) materials show the
present signals corresponding to a “non-FA” organic species that
are not present in the control perovskite (Figure S15, Supporting
Information). It is possible that these signals correspond to
MA; however, we are not able to demonstrate this conclusively
and they may originate from other organic species synthesized
during the solution processing and thin-film crystallization.
Therefore, we can conclude that there is no more than a very
small quantity of MA present in the perovskite, but we cannot
conclude that it is entirely MA-free. Notwithstanding this, we
are able to demonstrate that this additional organic component
is not the cause of the observed bandgap increase (Figures S16
and S17, Supporting Information). A full discussion of our NMR
results and the origin of the bandgap variation are presented in
Note S3 (Supporting Information).

To assess how MACI and the other AX additives influence
the photovoltaic performance, we fabricated PSCs employing a
range of concentrations and additive types (e.g., MACI, FACI,
CsCl, MABE, etc.). We show the performance of these devices in
Figure S18 (Supporting Information) and find that the signifi-
cant Vo and FF boost achieved with MACI addition is unique
to this AX-additive. For the thin-film fabrication, we employ
the antisolvent quenching method, where we spin-coat from a
DMF:DMSO precursor solution and drop a certain volume of
anisole antisolvent on the film during spin-coating. Prior to ther-
mal annealing, as-cast films are formed in “intermediate phases”
distinct to the final perovskite phase. We observe pronounced
additive-dependence on the visual appearance of the intermedi-
ate phase formed immediately following antisolvent treatment.
Notably, the different colors of the as-cast films suggest substan-
tially different bandgaps and therefore intermediate phases. The
evolution of these intermediate phases under storage in a N,
atmosphere, and after subsequent removal to ambient, is also
revealing. In Figure S19 (Supporting Information), we show im-
ages at different stages of this “room temperature crystallization”
process, under which conditions the conversion to a perovskite
phase is slowed compared to the optimized thermal treatment
(150 °C annealing in air). We observe pronounced differences
in intermediate behavior, with the control film transformation
proceeding far more quickly than with 15 mol% MACL In
Figure S20 (Supporting Information), we show the evolution
in absorbance and corresponding PL spectra of these interme-
diates. With 15 mol% MACI a higher energy absorbance band
emerges, which we interpret as relating to a Pb co-ordination
environment specific to an intermediate phase.

2.2. MACl-Assisted Intermediate Phase Formation

To first determine if Cl-rich perovskite phases are present in as-
cast 15 mol% MACI additive perovskite films, we perform in
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situ XRD measurements during stepwise thermal annealing. We
observe reflections from cubic (100)- and (110)-planes that are
stronger and shifted to higher angles with MACI added, sug-
gesting a reduction in the lattice parameter of this initial per-
ovskite phase (Figure 1d,e; Figure S21, Supporting Information).
We interpret this as resulting from CI~ preferentially incorporat-
ing into the perovskite crystal lattice at early times, likely due to
stronger Pb—Cl bonding. As films are annealed in situ, we ob-
serve that these reflections shift to smaller angles, consistent with
the lattice spacing of the cubic perovskite phase increasing dur-
ing thermal processing. We interpret this as the gradual removal
of chloride ions from the perovskite lattice, replaced by larger bro-
mide and iodide ions within growing cubic perovskite domains.

To further understand the role of excess MACI on the ini-
tial crystallization, we added stepwise amounts of antisolvent
(anisole) to the perovskite precursor solutions to induce pre-
cipitation of intermediate or perovskite phase crystals from the
solution (Figure S22, Supporting Information). The precipitate
from the control solution is orange, typical for an APbBr;-rich
phase.[*?) In contrast, the 15 mol% MACl-modified solution leads
to a brighter, yellow precipitate, likely to be a Cl-rich phase given
that Cl-rich phases would have a wider bandgap.[*?] Notably, both
orange and yellow coloration indicate a bandgap much wider
than the expected 1.8 eV ABX, perovskite crystal that would be
deep-red to black, depending upon the crystallite size. This fur-
ther confirms that the initial intermediate phase crystal nuclei
from solutions containing 15 mol% MACI contain Cl ions in the
structure. The formation of lead halide perovskites starts with the
formation of lead-halide prenucleation clusters in solution. We
have characterized the initial steps in this process by calculating
the potentials of mean force (PMFs) for the first two additions
of halide ions to Pb** in both DMF and DMSO at 300 K. The re-
sulting PMFs are shown in Figure S23 (Supporting Information).
All the potentials exhibit a broad outer minimum, a barrier, and a
narrow inner minimum, where the halide is directly coordinated
to Pb?*. The outer minima correspond to solvent separated states,
whereas the barriers near 4.5 A are due to displacement of sol-
vent molecules from the inner coordination shell as the halides
approach. The PMFs indicate a preference in both solvents for
Pb?* to form complexes with the halides in the order ClI~ > Br~
> I". This is likely the reason why chloride-containing crystals
initially form in the presence of MACI, despite the Br~ and I~
ions being in higher concentrations.

To assess how these as-deposited materials evolve into the
final perovskite materials during thermal curing, we performed
in situ grazing-incidence wide-angle X-ray scattering (GIWAXS)
during a gradual thermal annealing procedure designed to retard
the perovskite crystallization pathway. As we show in Figure 2a,
2D GIWAXS from the control film at the crystallization onset ap-
pears as weak isotropic scattering rings, consistent with a cubic
perovskite phase with no preferential orientation. In contrast, for
the 15 mol% MACI film scattering in the perovskite (100) Debye—
Scherrer ring is more intense and concentrated along the Q,
direction—(100) planes primarily oriented out-of-plane—with
a second weaker orientation at y = 45°, as would be expected
for (110) orientation (Figure 2b). This demonstrates that the
initial perovskite nuclei with 15 mol% MACI are highly oriented
corner-sharing crystallites, rendering them ideal intermediates
for the subsequent growth of cubic perovskite films. Although
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Figure 2. a,b) 2D GIWAXS patterns at 250 s into in situ thermal treatment for FA g3Csq 17Pb(lg ¢Brg 4)3 Without or with 15 mol% MACI additive, denoted
as “Control” and “15 mol% MACI". c,d) Time-resolved GIWAXS of FA; g3Csq 17Pb(lg ¢Brg 4)3 Without or with 15 mol% MACI additives as the as-deposited
materials crystallize during thermal treatment (temperatures are shown right), denoted as “Control” and “15 mol% MACI". The perovskite materials were
blade coated in air and measured in a measurement chamber with low flow of N, (accelerating solvent removal analogous to antisolvent treatment). e,f)
Normalized PL spectra of intermediates formed after various thermal treatments on FA( g3Csq 17Pb(lg ¢Brg )3 without or with 15 mol% MACI additive,
denoted as “Control” and “15 mol% MACI”. The full spectra of the region with an asterisk (I-rich phase) can be found in Figure S25 (Supporting

Information).

with 15 mol% MACI these intense crystallites appear earlier
than in the control, the evolution to the final perovskite film
occurs more slowly in the MACl-modified film. This suggests
that MACI addition has retarded the overall crystallization path-
way. The gradual increase in cubic perovskite lattice parameter
upon thermal annealing discussed above is also observed in our
GIWAXS measurements (Figure S24, Supporting Information).

Further, we are able to observe and better understand the
hexagonal polytypes that appear as intermediates in the growth
of our WBG perovskites. The control film appears to crystallize
in the cubic perovskite phase with limited subsequent change in
cubic lattice parameter; however, a reflection at 11.7° correspond-
ing to a 2H (6) phase forms early in the growth process, suggest-
ing this material is an intermediate in the crystallization of this
composition. By contrast, with 15 mol% MACI after the forma-
tion of perovskite nuclei, the remaining material crystallizes into
a number of polytype intermediates with substantial reflections
corresponding to both 4H and 6H phases (Figure 2c,d). Given
these phases are not observed in the final perovskite, we deduce
that these phases are formed from the excess of the super stoi-
chiometric solution composition and act as intermediates in the
growth process.[?74

The exact nature of this transformation is unclear. However,
recent work on mixed-cation mixed-halide lead perovskites has
shed light on the importance of controlling both polytype inter-
mediate evolution, and halide homogenization, and may be in-
sightful. Both Qin et al. and Szostak et al.l[** have demonstrated
that in FAg;MA 1,Pb(I, 33Bry ;7); perovskites, formation of the
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6H polytype is entirely suppressed by Cs* addition, while expres-
sion of the 4H phase is minimal and thus only the 2H polytype
is observed. This is consistent with our findings for the MA-free
FA,4;Csy1,Pb(I,¢Br, 4); composition used here where only the
2H phase is observed in the as-cast antisolvent quenched films.
Qin et al. and Szostak et al. argue that the absence of 4H and 6H
polytypes allows for the more straightforward crystallization of
the desirable cubic phase. However, we note the thermal anneal-
ing is just 100 °C in both these works. In our own work, we have
shown that 100 °C anneal is insufficient to give complete con-
version to the perovskite phase when MACI is added in excess
(Figure S4, Supporting Information). In light of these findings,
the role of the annealing appears to be partial removal of Cl from
the eventual perovskite and the complete transformation of the
4H and 6H polytypes to the cubic perovskite.

Huang et al.['*! have also recently investigated the crystalliza-
tion of more compositionally complex perovskites, including
FA,;MA,,Cs,,Pb(I,Br,,);. In their work, the authors employ
in situ PL to demonstrate that bromide-rich phases crystallize
initially during growth, which are gradually transformed into
lower bandgap materials as iodide-bromide homogenization
takes place. We fabricated a series of control and 15 mol% MACI
perovskite films and annealed them at different temperatures to
replicate the intermediates presented in the stepwise annealing
process used in our GIWAXS measurements. As we show in
Figure 2e, in the absence of MAC], although the crystallization
of an initial wider-bandgap phase is observed, the rapid transfor-
mation toward the final perovskite phase occurs. Interestingly,
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following a 60 °C anneal, we observe the presence of a lower-
energy emission peak at 740 nm (enlarged spectrum shown
in Figure S25, Supporting Information), which we interpret as
emission from iodide-rich perovskite regions.?”*+° With higher
temperature annealing, emission at an intermediate bandgap
replaces both initial spectral features. The presence of the double
emission peak at intermediate annealing temperatures indicates
that at least two discrete phases of iodide-rich and iodide-poor
perovskite compositions exist at the early stages of crystallization,
which homogenize into a single mixed-halide phase as annealing
progresses. Addition of MACI also leads to the initial formation
of a higher-bandgap phase consistent with the nucleation of a
chloride-rich phase. Subsequent evolution of this spectral feature
to the mixed halide bandgap is more gradual, with no emission
at lower energies than that of the final stable phase observed
(Figure 2f). We thus deduce that crystallizing in the presence of
MACI leads to a more homogeneous inclusion of halides in the
growing phase, following the initial formation of chloride-rich
phases. In Figure S26 (Supporting Information), we present the
PL images of the control films and the 15 mol% MACI additive
films under photoexcitation using a 450 nm continuous-wave
laser. We observe more homogeneous PL intensities across the
15 mol% MACl-processed perovskite films and devices com-
pared to the control. Therefore, we confirm that reduced halide
heterogeneity in the crystallization stage leads to the formation
of more compositionally homogenous perovskite films.

We thus conclude from our in situ GIWAXS and PL measure-
ments that MACI addition is responsible for retarding and con-
trolling the crystallization of WBG perovskites. Initial formation
of Cl-rich phases, shortly afterward, a more complex polytype
phase mixture induced by MACI additive, leads to a crystalliza-
tion regime in which gradual addition of I and Br into the grow-
ing cubic perovskite phase is controlled by the need to sequen-
tially replace Cl. The polytypes identified do not appear to vary
compositionally as they disappear from the initial as-deposited
material, which leads us to suggest that these phases may act as
a source for the I and Br that migrate into the initial cubic per-
ovskite phase to replace Cl. Higher annealing temperatures are
thus required to drive both conversion from the hexagonal inter-
mediates phases into the cubic phase and the removal of MA and
Cl from the perovskite structure.

From our PL study above, it is apparent that iodine-rich phases
are present during the crystallization of the control films, but are
not observable in the MACl-containing films. We, therefore, pro-
ceed to investigate if this has an impact on the halide segregation
when the perovskite films are exposed to intense illumination. In
Figure 3, we show steady-state PL measurements to compare the
photostability of the control and the 15 mol% MACI-processed
perovskite films. The rate and severity of halide segregation
are dependent on the density of photogenerated charge carriers
within the film.?!] Accordingly, we probed the severity of this
segregation by exposing the films to continuous illumination
of a 398 nm wavelength optical pump, under an excitation
intensity equivalent to ~115 suns and collected the PL spectra
in increments of 5 min. Through this qualitative measurement,
we observe a rapid reduction in the PL intensity at #700 nm and
concurrently an increase of the PL intensity at #760 nm within
the first 10 min in the control film. We interpret this as the
separation of the mixed-halide phase (700 nm) into an iodide-
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Figure 3. Normalized steady-state PL in increments of 5 min were col-
lected and measured on the FA(g3Csq17Pb(lg¢Brg4)3 films (on quartz)
with or without 15 mol% MACI additives for 30 min, namely “MACI” or
“control”. The films were exposed to continuous illumination equivalent
to ~115 suns to probe the severity of halide segregation. The arrows indi-
cate the evolution of PL spectra with respect to aging time.

rich (760 nm) and bromide-rich phase under illumination. The
intensity of the collected PL centered around the mixed phase
progressively weakens, likely originating from charge carriers
funneling into the iodine-rich phase.*®) In comparison, the
15 mol% MACI-processed perovskite film shows a much slower
reduction in the PL amplitude of the mixed-phase and a slower
evolution of the iodide-rich PL peak compared to the case of the
control film, indicating a noticeably suppressed halide segrega-
tion. We propose two possible factors contributing to the reduced
halide segregation in the MACl-modified perovskite films. First,
the suppression of I-rich phases during the crystallization of
the MACl-modified perovskites leads to a reduction in regions
of halide heterogeneity in the processed materials (Figure S26,
Supporting Information), which subsequently act as nucleation
centers for further halide de-mixing under illumination.'’-1%)
Second, we have confirmed the presence of trace amount of
chloride (0.8 at% with respect to the total amount of halides)
in our MACl-modified perovskites by Wavelength Dispersive
X-Ray Fluorescence (WDXRF) measurement (Note S4 and Table
S2, Supporting Information). This is also consistent with the
bandgap widening effect induced by MACI, as discussed in
Note S3 (Supporting Information). In the control perovskites,
no Cl was detected. Alloying of chloride into mixed-halide per-
ovskite has been shown to increase the entropy of mixing due
to the presence of three different halide species and resultantly
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Figure 4. Device performance of the optimized perovskite solar cells. a,b) J~V scans and ., of the champion cells (FA g3Csg17Pb(lg6Bro4)3 on PTAA
or Me-4PACz and FA( g3Csq 17Pb(lg ¢Bro.4)3 with 15 mol% MACI on Me-4PACz). Solid curve: reverse scan, dashed curve: forward scan. PV metrics are
summarized in Table S3 (Supporting Information). c,d) Statistical analysis of the 1., and steady-state V¢ of 27 PTAA, 42 Me-4PACz and 84 Me-4PACz
+ 15 mol% MACI PSCs fabricated across eight batches of experiments. All pixels with 77, > 75% 7,5, of the champion device are shown in the
statistical analysis (153 out of 168, = 91% yield). e,f) Summary of high-efficiency p—i—n PSCs reported up to date (PCE and V5¢) with various bandgaps
(1.65-1.85 eV) compared to the thermodynamic potential limit (black lines). All the data points are extracted from the reverse J-V scans reported in
www.perovskitedatabase.com.*8] Blue triangle: reverse scan PCE and V¢ of our 0.25 cm? champion cell, blue diamond, and blue square: Nmpp and
steady-state V¢ of our 0.25 and 1 cm? champion cell. PV metrics of literature devices are summarized in Table S4 (Supporting Information).

increase the activation energy of phase segregation to make the
homogeneously mixed phase more favorable.[*”]

2.3. Improved Device Performance
The more controlled crystallization of perovskite films with the

MACI additive also translates to an enhancement in photovoltaic
device performance. We fabricated and characterized PSCs
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in a p-i-n configuration (TCO glass/PTAA or SAMs/AlLO,
nanoparticles/perovskite/Cy,/BCP/Ag or Au). A 0.25 cm?
champion cell (FA4;Csy;,Pb(Iy¢Br,,); with 15 mol% MACI)
with PV parameters #,,,,, = 17.0%, steady-state Voo = 1.25V,
steady-state Jsc = 17.2 mA cm~?, and nearly negligible hys-
teresis is achieved (Figure 4a). In addition, we demonstrate
a large-area cell (1 cm?) with 16.1% #,,,,. The detailed PV
metrics of champion PSCs of MACl-processed perovskites and
control can be found in Table S3 (Supporting Information).

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U80]7 SUOWIWIOD A0 3|ded!dde aup Aq peusenob ae ssjolie YO ‘8sn JO Sa|ni oy Areiqi]auljuO 8|1 UO (SUORIPUOD-pUe-SLLIRY/LI0O" A3 | 1M AReIq 1[eU1|UO//:SANY) SUORIPUOD pue SWie | 8u 88S *[£202/80/52] UO AkeiqiTauliuo A8IMm ‘AIsieAlun pIojx0 Ad Z72TTZ202 ewpe/Z00T OT/I0pAu0d A8 |im ArIqipul|uo//sdny wolj pepeojumod ‘0€ ‘€202 ‘S601TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(a)
(b) 1.0
(U]
208
(1]
£
E 0.6}
<
004t
()]
&
£0.2[—=—band edge (control)
=« 4 oL band edge (MACH
" 0 5 10 15
Time (day)

www.advmat.de

J«-Day 17

L
-

PTAA (control)
—es— PTAA (MACI)
—a— Me-4PACz (control)
—v— Me-4PACz (MACI)

0 50 100 150 200 250 300
Aging Time (hours)

Figure 5. a) SEM images of unencapsulated FAg3;Csq 17Pb(lgBrg4)3 films with or without 15 mol% MACI additives, namely “MACI” or “control”,
measured before and after aging at dark, ambient conditions (25 °C, 50% RH) for 17 days. b) Evolution of the absorbance spectra of these films over
17 days. The average absorbance refers to the integrated area per nm under the absorbance spectra extracted near the band edge (650655 nm). Two
samples were aged and measured for each variable. The data points shown in the graph are averaged between two samples. c) Long-term stability
measurements (1, reported here are median of 8-12 devices of each variable from the same batch) of PSCs based on control or 15 mol% MACI-
modified perovskites with PTAA or Me-4PACz as the HTL. Full device metrics with error bars are shown in Figure S32 (Supporting Information). All the

devices were encapsulated and aged under 1-sun illumination, at open-circuit condition, 65 °C, in air for over 300 h.

Maximum power point (MPP) tracking under 1 sun illumina-
tion further confirms that the MACl-processed device is stable
under short-term operation (Figure 4b). A statistical analysis
of 153 solar cells (27 of FA,4,Cs, ,Pb(I,4B1,,); control on
PTAA, 42 of FA,4;Cs,,Pb(I,Bry,); on Me-4PACz, and 84 of
FA,¢;Csg1,Pb(Iy¢Bry4); with 15 mol% MACI on Me-4PACz)
fabricated across eight batches of experiments shows that MACI-
processed devices have a less scattered distribution in #,,,,, and
steady-state V- compared to the control devices, implying better
reproducibility (Figure 4c,d). The MACl-processed champion
device performance is among the highest 7,,,,, and steady-
state V. reported with a 1.8 eV perovskite composition so far
(Figure 4e,f). The PV metrics of high-efficiency p—i-n PSCs in
literature are summarized in Table S4 (Supporting Information).

To confirm that the V- improvement comes from a reduction
of non-radiative losses, we perform photoluminescence quantum
efficiency (PLQE) measurement and quasi-Fermi level splitting
(QFLS) calculations for neat perovskite films and “half-stacks”,
presented in Figure S27 and Note S5 (Supporting Information).
In comparison to the control films, we determine higher QFLS
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for the MACl-treated perovskite films on glass, increasing from
1.30 to 1.34 eV, respectively, indicating reduction of non-radiative
recombination in the isolated perovskite films. Moreover, we
observe a concomitant increase in the PLQE and estimated
QFLS, for MACI-treated perovskite films integrated into half-
stacks with both the ETL and HTL. We infer this to indicate a
reduction of interfacial recombination and non-radiative losses
upon MACI treatment, at both the ETL and HTL interfaces,
consistent with our V. improvement. We do observe; however,
a mismatch between the internal QFLS and external open-circuit
voltage (~40 meV) of our optimized devices, which is consistent
with previous work using perovskites of similar bandgap and
the same ETL.***] This phenomenon has been associated with
energetic misalignment between 1.8 eV perovskite and Cg,.[*¥]

2.4. Long-Term Stability Test
Stability testing under enhanced environmental stressing condi-

tions (e.g., high temperature, humidity, illumination) is impor-
tant to find failures and understand the degradation of perovskite
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solar cells.>®l Perovskite thin films in the absence of “protective”

charge-extraction layers are particularly sensitive to atmospheric
humidity. We deliberately expose “bare” perovskite films to am-
bient air (25 °C, 50% RH) in the dark and characterize their opti-
cal and morphological changes with SEM, XRD, UV-vis absorp-
tion spectroscopy, and optical microscopy. In Figure 5a, we show
SEM images of the control and 15 mol% MACI-processed per-
ovskite films aging for 17 days. The two materials show markedly
different degradation behavior. In particular, we observe the for-
mation of large (order of 10 um) platelet features in our con-
trol perovskite, which are entirely absent from the perovskite
with 15 mol% MACI added. Energy-dispersive X-ray (EDX) spec-
troscopy confirms that these regions are rich in Cs (Figure S28,
Supporting Information) thatis also in accordance with recent re-
sults of ToF-SIMS 2D measurements of aged wide-bandgap per-
ovskite in ambient conditions.[!l Corresponding XRD patterns
of the two materials (Figure S29, Supporting Information) show
the evolution of the non-perovskite 5-CsPbl; phase (26 = 10.0,
10.1, 13.3, 17.9°), reported, for example, by Straus et al.,[’?! who
link its formation to the presence of moisture. By contrast, SEM
imaging of our MACl-additive perovskite shows the formation of
a phase that appears concurrently with pinhole formation. Our
XRD measurements correlate the appearance of this phase with
2H 5-FAPDI; (26 = 11.7) formation. A higher density of similar
features appears in the control perovskite also, although these are
typically smaller (=0.5 um). The XRD patterns of the aged control
confirm that this is also 2H §-FAPDI,. Interestingly, we can also
reveal the 6-CsPbl, phases form as transparent needle-like fea-
tures with an optical microscope with sizes of a few mm (Figure
S30, Supporting Information).

Degradation of the photoactive perovskite phase results in a
reduction in absorbance at the band edge and can thus also be
studied via UV-vis spectroscopy. In Figure 5b, we present the
evolution of the absorbance at the band edge of the control and
15 mol% MACI additive perovskite films over 17 days (full ab-
sorbance spectra are shown in Figure S31, Supporting Informa-
tion). A sharp drop in the absorbance is observed at the band
edge in the control films between days 7 and 13. We interpret
this as a near-total loss of the photoactive phase in the thin film.
In addition, evolution of absorbance features in the control film
at 400 and 530 nm, that are not observed in the MACl-additive
materials, may correspond to the formation of non-perovskite
phases (Figure S31, Supporting Information).>*>*! In contrast,
we witness a substantially slower drop in the absorbance of the
perovskite films with 15 mol% MACI additive, suggesting a sig-
nificantly slower degradation of the MACl-processed perovskite
composition.’>) More homogeneous perovskite films have been
previously shown to have improved ambient stability. In our case,
the MACI additive not only promotes the growth of homoge-
neous perovskite films (Figure S26, Supporting Information), but
also completely suppresses the formation of 5-CsPbI; phases in
the presence of air and humidity, thus slowing down perovskite
degradation in ambient conditions.

Light and heat stress is currently the most challenging ISOS
condition for perovskite solar cells to survive. Poor stability
under the combination of light and temperature of WBG PSCs
remain as the bottle neck for tandem applicability. Hence,
we proceed to investigate if the enhanced ambient stability of
MACI-treated perovskite translates into more stable PV devices
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by aging encapsulated devices under the ISOS L-2 procedure
(65 °C, 1-sun illumination, under open-circuit condition), in
air over 300 h (Figure S32, Supporting Information).®! The
positive observation is that neither the SAM hole-transport layer
nor the MACI treatment adversely affect the stability of our solar
cells with the MACl-treated Me-4PACz cells showing the highest
efficiency after 300 h. However, the most stable cells in our study
still degraded to ~70% of their starting efficiency over this aging
time window, indicating that stability remains a key challenge for
1.8 eV perovskite solar cells. Under these aging conditions, the
15 mol% MACI additive PSCs on Me-4PACz demonstrate compa-
rable photo and thermal stability of the ,,,,,, to the control devices
(Figure 5c). We do observe a higher and more stable V. in the
MACI-processed PSCs. This could be attributed to the suppres-
sion of both non-radiative recombination and halide segregation
in the MACI-processed perovskite films.I'**’ Furthermore, to
study the thermal stability of the control cells and the MACI-
modified cells without the effect of light soaking, we measured
the devices under an adapted ISOS-D-2 aging protocol (85 °C,
dark, unencapsulated, open-circuit, in N,) for 800 h (Figure S33,
Supporting Information).[*! We found that the control cells and
modified cells demonstrate comparable thermal stability (Tg, >
800 h), indicating that potential retention of any MA in our per-
ovskite materials does not hamper subsequent thermal stability.
Additionally, the MACI-treated cells always deliver somewhat
higher PCE and V|, over the entire aging period indicating that
the enhanced properties are sustained, even during prolonged
thermal aging. Although these treated cells are not significantly
more stable under these accelerated aging conditions, we have
confirmed that they are at least as stable as the less efficient
control devices. Thus, while we are not able to unambiguously
rule out the presence of MA in our optimized material, as
discussed above, we can conclude that the MACl-treated devices
remain more efficient than the controls over the entire aging
period.

3. Conclusion

We have demonstrated an effective method to simultaneously
improve the efficiency and ambient stability of 1.8 eV wide-
bandgap perovskite solar cells based on FA 4;Cs,, ;,Pb(I ¢B1,4);-
Combining MACI additive and a SAM HTL, perovskite solar cells
with 17% #,,,,, and 1.25 V steady-state V¢ (16.1% #,,,,, for 1 cm?
cell) were achieved. Additionally, we provide mechanistic insight
into the role MACI plays in guiding the intermediate-controlled
crystallization pathway of these compositionally complex WBG
perovskites. The formation of a chloride-rich intermediate phase
directs the crystallization of a 1.8 eV perovskite material with
improved halide homogeneity and demonstrating reduced
halide segregation under light. We believe these results will help
significantly in the successful advancement of all-perovskite
tandem technologies in the future.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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