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triple-cation perovskite solar cells through
synergistic influence of organic additive

Sawanta S. Mali,’** Jyoti V. Patil,’ Dae Woong Park," Young Hee Jung,” and Chang Kook Hong"*

SUMMARY

Surface- or bulk-passivation using organic additives plays a critical
role in improving the performance and stability of hybrid perovskite
solar cells (HPSCs). Here, we report 2-hydroxyethyl acrylate (HEA) as
an additive to reduce crystallization and passivate defects. Because
of the dual functionality of the HEA additive, the optimized HPSCs
yield 22.05% and 21.46% power conversion efficiency (PCE),
respectively, for mesostructured negative-intrinsic-positive (n-i-p)-
and planar positive-intrinsic-negative (p-i-n)-type device configura-
tions, which is much higher than control devices. Large devices
with 1 cm? active area also produce a promising 20.03% PCE, which
is comparable to the current efficiency. Time-of-flight secondary ion
mass spectroscopy (TOF-SIMS) measurement analysis indicates the
HEA settles not only in grain boundaries but also within the perov-
skite grain, which facilitates passivation and suppresses halogen-
ion migration. Importantly, photostability analysis reveals negli-
gible efficiency loss over 1,000 h under continuous 1 sun illumination
under different environmental conditions.

INTRODUCTION

Nowadays, hybrid perovskite solar cells (HPSCs) have attracted tremendous interest
in low-cost, next-generation solar cells due to a prompt progress in device efficiency
from 3.8% in 2009 to 25.7% in approximately the last decade.’~® Perovskites are rep-
resented by the general chemical formula ABX3, where A is a monovalent organic/
inorganic cation, typically MA™, FA", or EA" (herein, MA stands for methylammo-
nium cation, FA stands for formamidinium cation, and EA stand for ethylammonium
cations).””” Furthermore, alternative organic cations such as cesium (Cs*) or Rb™ for
all-inorganic PSCs (IPSCs) have been used.'®"" The B is a divalent metal cation such
as Pb%*, Sn*, and Ge?*,'*'3 and X is a halide anion such as CI~, Br™, I, and their
mixtures.'*"® Unique compositions developed using triple and quadruple cation-
incorporated ABX; perovskites have proven to be a powerful approach toward tun-

ing both the efficiency and stability of devices made from these materials.'®"”

Tremendous efforts have been made toward the use of perovskites based on multi-
ple cations. These cations facilities dramatically improved the efficiency by control-
ling morphology and interfaces. However, organic cation components still need to
be stabilized against moisture- and thermal-induced stresses. In addition, large-
grain boundaries and non-uniform film surface areas hinder their moisture stability.
Therefore, developing different approaches that are able to tune film morphology
with reduced grain boundaries will be important to improving long-term stability.
The use of additives during synthesis of perovskite thin films can facilitate grain
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boundary and surface passivation, as well as enhanced crystallinity. Based on above
aspects, Bai et al. reported >1,800 h at 70°C-75°C long-term operational stability
using 0.3 mol % 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF,) ionic
liquid additives under continuous simulated AM1.5 illuminations.’® Yang et al.
demonstrated 1,200 h stability at 65°C using a thin layer of lead oxysalts.'” Zheng
at al. used different chain lengths of alkylamine ligands (AALs) to modify the grains
as well as the interface passivator, which produces a 22.3% power conversion effi-
ciency (PCE) with a stable performance of over 1,000 h stability.”® Similarly, Na
et al. used 2-hydroxyethyl acrylate (HEA) in perovskite precursors as well as in anti-
solvents in order to retard the crystallization process of perovskite and to take advan-
tage of the dual functionality of HEA additives to increase the grain quality and
defect passivation with 20.4% PCE.”"**

Where cross-linking molecular chains are concerned, Yang et al. used tetra-ethyl
ammonium (TEA) as a hydrophobic layer to the perovskite surface, which enabled
highly efficient and moisture-resistant perovskite thin films. The fabricated HPSCs
using TEA passivation yielded a more than 15% PCE with >30 days stability under
90% relative humidity (RH).?* Similarly, Li et al. applied alkylcarboxylic acid w-ammo-
nium chlorides (ABPA) to cross-link the perovskite layer and demonstrated enhanced
moisture tolerance as well as thermal stability.”* These cross-linking additives either
cross-link adjacent grains or act as nucleation sites to grow the perovskite crys-
tals.”>?® Therefore, grain-boundary passivation significantly affects device perfor-
mance as well as stability.

In order to achieve the chemical modification or grain-boundary passivation between
two adjacent grains, it is necessary to occupy the cuboctahedral site with external addi-
tives. However, the external additives should not enter in the perovskite lattice in order
to maintain its original photoactive properties. This approach synergistically acts as an
increased grain-boundary passivation, resulting in improved device performance and
stability and improved film adhesion through inter-grain bridges, and offers limited
nucleation sites to improve the film morphology and suppress and/or passivate defect
states.””*® A number of organic passivators have been used to tune the film quality as
well as the stability of HPSCs, as is overviewed in Table S1.

Noel et al. adopted a thiophene and pyridine molecule passivation approach to reduce
the nonradiative decay and to make a making stable perovskite layer via Pb?* coordina-
tion. The sulfur (S) and nitrogen (N) atoms, respectively, from thiophene and pyridine mol-
ecules provide a lone pair. This lone pair facilitates Pb-ion coordination through electro-
static attraction between the positive charge on the metal and the lone pair.”” These S
and N functional groups facilitate Lewis bases and produce a Lewis adduct that enables
crystal surface passivation.””>" Wen et al.** and Zeng et al.” independently proved that
the Lewis-base additives, which are derived from 3-hexylthiophene and poly(3-hexylthio-
phene-2,5-diyl) (P3HT), were able to form bonds with uncoordinated Pb?* ions, which fa-
cilitates a passivation effect. Hou et al. used oleylammonium polysulfides (OPs) as a sur-
face atomic modulator and demonstrated 14 days of stability under 40% + 10% RH.**
Based on the aforementioned discussion, it is clear that the additives with functional
groups with C=0, S=0O, or P=0 tails can effectively control not only the perovskite crys-
tallization process but can also contribute in defect bulk and surface passivation.** In
addition, hydroxyl groups (—OH) and carboxyl groups (—COOH) can efficiently act as
Lewis bases and passivate uncoordinated Pb?* defects by forming Pb-O bonds with
the Pb ions.*%*'
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In this investigation, we report the dual functionality of the HEA additive in triple-
cation Csg 175FAg.750MAg 075Pb(lg.880Bro.120)3 (referred to as CsFAMA) perovskite
for controlling their crystallization and improved morphology, charge transport,
and defect passivation and hindering the transport channels for ion migration. The
HEA containing the O-H as well as C=0 functional groups synergistically has an ef-
fect on device performance and stability. The grain-boundary and surface passiv-
ation were done by providing a lone pair through the C=0O and -OH functional
groups of the HEA additive. We systematically investigated the influence of the
HEA and each functional group C=0 or O-H on device performances and perov-
skite-film formation. The role of HEA in the CsFAMA perovskite crystallization pro-
cess is investigated by Fourier transform infrared (FT-IR), X-ray photoelectron spec-
troscopy (XPS), and nuclear magnetic resonance (NMR) measurement techniques.
Our results show that the HEA additive is not included in the crystal interior during
the crystallization process. However, it plays a key role in improving the grain growth
of the perovskite thin films. An optimized concentration of HEA produces 22.08%
and 21.46% PCE, respectively, for negative-intrinsic-positive (n-i-p) and positive-
intrinsic-negative (p-i-n) device configurations, which are much higher than control
devices with no additives. Interestingly, both types of devices exhibited >1,000 h
photostability under different environmental conditions.

RESULTS AND DISCUSSION

Growth mechanism

For simplicity, we discussed growth mechanisms based on only FAI (herein FA™,
MA®*, Cs™) and PbX; (Pbl, and PbBr,) precursors. Initially FAl and PbX; precursors
were dissolved in dimethylformamide (DMF)/dimethyl sulfoxide (DMSO) (4:1 v/v)
solvent. This perovskite precursor solution is deposited on top of the fluorine-doped
tin oxide (FTQO)/c-TiO2/mp-TiO; layer using the anti-solvent method (Figure 1A).
Here, PbX; acts as a Lewis acid that combines with the DMF and DMSQO Lewis bases.
Simultaneously, FA* also interacts with DMF or DMSO due to electrostatic charge,
which results in a decrease in the coordination of PbX,. During crystallization of
the perovskite thin film via the conventional method, the FAIl and PbX; interaction
is high; therefore, they could react quickly in the anti-solvent process, resulting in
the formation of regular perovskite grains.?®** In contrast, when we applied the
HEA additive, the O-H group of HEA forms a hydrogen bond with FA* instead of
DMF or DMSO, and therefore, the coordination bond of PbX; will be improved
due to excess DMF and DMSO molecules. After the anti-solvent treatment, the pre-
cursor solution converted into the intermediate Csl|-FAI-DMSO-DMF-HEA-PbX,
complex. As discussed previously, the advantage of the anti-solvent method is
that the perovskite grains start to grow from nuclei centers to form grains. At this
stage, the hydrogen bonds of the FA™ cations and HEA are broken. The presence
of the HEA additive partially hinders the reaction between FAl and PbX; and results
in the retardation of the crystallization process, which enables increases in the grain
size.”” Meanwhile, the HEA settles at the perovskite grain boundary along with DMF
and DMSO residues. During the annealing process at 100°C, the DMF and DMSO
residues evaporated; however, HEA will settle on the perovskite grain boundary
as well as on the film surface. It is also noted that the HEA additive is deposited to
depths inside the perovskite film before complete crystallization of the perovskite
phase.”*" Furthermore, it is also expected that the hydroxyl groups (—OH) from
HEA enable the formation of a hydrogen bond with Pb?*, halides, and FA* cations.**
Besides, the -OH group acts as a Lewis base and passivates uncoordinated Pb?*
through Pb-O bonds with the Pb ions’ bond formation.””** It is also possible that,
even after the annealing process, a few HEA molecules that bridge between two
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Figure 1. Methodology and growth mechanism

(A and B) Schematic representation (A) and growth mechanism (B) of perovskite thin-film formation through HEA additive.
(C) Surface morphology of respective perovskite thin films deposited on FTO/c-TiO2/mp-TiO, ETLs.

Scale bar, 500 nm. All SEM images were recorded using beam intensity 15 kV at 30 k magnification.

adjacent grain boundaries and surface, which cross-links two adjacent grains,
passivate the grain boundary defects.

The influence of C=0O and C-OH species from HEA additives in the crystallization
process and its film formation has been systematically studied with the help of FT-
IR and NMR spectroscopy. The precursor solution, along with HEA addition, was
used for FT-IR measurements. The FT-IR spectra of the perovskite precursors, bare
HEA, and HEA-additive-based solutions were recorded (Figure S1A). Figures S1B-
S1D show magnified fingerprint regions for S=0O, C-OH, and C=0 bonds. The FT-
IR spectrum of the HEA solution exhibited a broad peak at 3,425 cm™' assigned to
C-OH stretching. The broad peak at 1,720 cm™ corresponds to carbonyl groups
(-C=0) stretching, while —-CH = CH- stretching reflected from doublet peaks at
1,637 and 1,619 cm™". Furthermore,~CH, stretching appears from the peak position
at1,410cm™’ (Figure S2). For a bare perovskite precursor, a sharp and strong signal
appears at 1,658 cm™ due to C=0 stretching, which arises due to DMF. The pres-
ence of S=O stretching of DMSO was revealed from the peak position at
1,017 cm™. We observed that the weak C-OH peak at 3,400 cm™ in the control
and HEA + CsFAMA samples arises due to atmospheric moisture. Interestingly,
we observed a considerable peak shift in C-OH for the perovskite + HEA sample.
However, a negligible peak shift was observed in the C=0 stretching after HEA
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addition. These FT-IR analyses revealed that the HEA additive interacted with the
perovskite precursor due to a dominating interaction by the C-OH bond and was
not affected by the C=0 functional group. On the other hand, the S=O and C=0
bonds facilitate coordination between DMF and DMSO toward PbX, species.” After
the addition of HEA, the C-OH, S=0, and C=0 peaks are shifted toward a lower
wavenumber and broaden, indicating the HEA and perovskite precursor interaction.
This peak shift toward a lower wavenumber is due to decreased bond strengths be-
tween C=0 and S=0 and the formation of an adduct.*® Thus, we conclude that the
HEA additive helps in the formation of the adduct, which improves the coordination
capabilities of DMF and DMSO to Pb2*. Our individual FTIR spectra of FAI, MABr,
Pbl,, PbBry, and Csl with HEA show similar peak positions of C=0 stretching, indi-
cating no interaction with the C=0O bond of the HEA additive (Figure S2C). In
contrast, the C-OH stretching vibration shifted to 3,332 from 3,425 cm™' for the
FAl + HEA precursor solution (Figure S2B). The aforementioned results indicate
that the FA™ organic cation has strong interactions with the HEA additive. In contrast,
inorganic cations such as Pbl,, PbBr,, and Csl have no interactions with the HEA ad-
ditive, which is confirmed by the unchanged characteristic peaks for C-OH and C=0O
functional groups (Figure S2C). From the FT-IR results, it is clear that the —-OH func-
tional group from HEA is playing a critical role through organic cation interactions
(Figure S2D). This interaction toward organic cations increases the free DMF and
DMSO molecules. Hence, there is improved relative binding of free DMF to Pb?*
or free DMSO and Pb?". Therefore, this HEA addition is not taking part in the forma-
tion of HEA-PbX;,'s intermediate phase. However, it will help to coordinate bonding
between DMF and Pb?* and between DMSO and Pb2* by strongly interacting with
the organic cations.

To investigate the organic cation and HEA interaction, we obtained NMR spectros-
copy measurements (Figure S3). The 'H NMR spectra of the bare FAl and MABr pow-
ders were recorded from deuterated DMSO-dé solvent. As expected, bare cations
exhibited MA (-NH3") and FA (-NH,") signals at 6 = 7.71 and 8.75 ppm, respectively,
corresponding to characteristics of MA™ cation—-Br™ anion (C—NHj---Br~) and FA™
cation 1~ anion (C—NH,---I7) hydrogen bonding.*’*®* The NMR spectrum of the
FAl + MABr + HEA sample indicates a positive chemical shift up to A3 = 0.14
ppm (8.89 ppm) and a weak negative chemical shift of A8 = 0.12 ppm (8.63 ppm)
attributable to the N-H bonds of FAI. Therefore, the -NH," peak signal was poor
and split into two separate signals. Similar results were observed for -NH3" peak.
This peak shift is attributed from the formation of hydrogen bonds N-H- - -H-O be-
tween organic cations with the HEA additive. This hydrogen bond enables the delo-
calization of the electron cloud of the N-H bond as well as weakening the N-H chem-
ical bond, reducing their corresponding frequencies.*” The broad O-H resonance
peak for FAl + MABr + HEA revealed N-H---H-O bond formation between
HEA and FA™ and MA™ cations. From our FT-IR and NMR analysis, it is clear that
the —OH from HEA can form a strong hydrogen bond with FA™ cations in precursor
solution, which facilitates increased crystallinity and grain size. Furthermore, itis also
observed that the -OH group from the HEA additive retards crystallization signifi-
cantly, leading to improved film quality. The small remaining amount of HEA partic-
ipates in passivation of the trap states, which facilitates improved device perfor-
mance and stability.

Surface morphological analysis

To understand the aforementioned mechanism for the grain-size and performance
enhancement, we recorded scanning electron microscopy (SEM) images of the
CsFAMA thin films containing various volumes of the HEA additive. Top-view SEM
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images of perovskite films deposited on a FTO/c-TiO2/mp-TiO; layer with different
concentrations of the HEA additive are shown in Figure 1C. From SEM analysis, it is
clear that the control sample exhibited an average grain size around 185.95 nm that
was non-uniformly distributed. In contrast, the 1% HEA-additive-based sample ex-
hibited a narrow range of grain-size distribution (Figure S4). Besides, the 1% HEA
added produced much larger grains, with an average size of 222.08 nm. In addition,
the SEM image of the 1% HEA additive shows well-defined grains with limited
distinctive grain surfaces and limited grain boundaries. These results reveal that
the HEA additive could improve the film morphology. In the second case, 2% HEA
reduces the average grain size (154.76 nm), which may be due to increasing amounts
of heterogeneous nuclei centers. In short, the grain size and morphology of the
perovskite thin film is dependent on nucleation density. Therefore, the grain size
decreased because of higher (3%-5%) HEA concentrations. Therefore, this enlarged
grain of the 1% HEA-based sample reduces the grain boundaries and defects,
thereby improving the charge-transport properties and suppressing the charge-
recombination centers.

Atomic force microscopy (AFM) images of the control and HEA-additive-based sam-
ples are very consistent with SEM images (Figure S5). The control sample exhibits an
initial root mean square (RMS) surface roughness of 27.264 nm, which decreased to
18.792 nm when 1% HEA was added, indicating a smoother surface than the control
sample. However, the 2% HEA sample exhibited a further increase in RMS value up
to 22.455 nm, exhibiting a rougher film surface. Notably, all thin films exhibited
nanometer-scale RMS roughness values due to our well-optimized anti-solvent
method. This higher RMS value stems from the disorderly oriented perovskite grains
with numerous grain boundaries.

Structural properties of the deposited CsFAMA perovskite thin films were studied by
X-ray diffraction (XRD) measurements (Figure 2A). The intensity of the characteristic
peaks was slightly enhanced for 1% HEA additives compared with control, suggest-
ing that the HEA significantly affected the crystal-growth results in a preferred orien-
tation, which is consistent with our SEM morphology (Figure 2A). All XRD pattern re-
flections match well with triple-cation CSFAMA composition.”'*° Interestingly, we
have not observed any peak shift for various HEA concentrations. This unaltered
main XRD peak suggests that the HEA does not incorporate into and perturb the
crystal lattice. On the other hand, we observed that the intensity of the main diffrac-
tion peaks was slightly increased, indicating enhanced crystallinity or texturing."® To
investigate how HEA participates in the crystallization process, we analyzed the char-
acteristic XRD peaks using full width at half maximum (FWHM) values. Figure 2B ex-
hibits the variation in FWHM of (001) peaks from different HEA concentrations. The
FWHM decreased from 0.2985 to 0.1788 A after 1% HEA addition, which resulted in
increased crystal size from 28.02 to 46.77 nm, revealing the key role of the HEA ad-
ditive in crystallization and crystal growth.”’ The CsFAMA perovskite containing the
1% HEA additive showed the lowest FWHM values for the (100) peak, indicating the
formation of larger crystallites according to the Scherrer formula, which facilitates
high crystallinity (Figure Sé). It is also noted that the (001) peak intensity of the 1%
HEA-additive-based sample increased, revealing the better crystallinity. In contrast,
further addition of HEA results in a decreased crystallite size up to 28.77 nm (Fig-
ure Sé). This is also in good agreement with the increased grain size of the 1%
HEA-based perovskite film compared with all other samples observed in SEM
micrographs.
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Figure 2. Structural properties of CSFAMA + x% HEA perovskite thin films

(A) XRD patterns.
(B) Circle symbol (O) represents peaks from substrate full width at half maximum (FWHM) of characteristic XRD peaks of perovskite for various HEA

concentrations.

(C) X-ray photoelectron spectroscopy (XPS) spectra of Pb 4f, | 3d, Br 3d, and Cs 3d core-level peaks of perovskite films for control and 1% and 3% HEA
additions.

(D) Ultraviolet photoelectron spectroscopy (UPS) spectra (using the He-I line with photon energy of 21.22 eV): magnified cutoff (E.uof) energy regions,
and valence band region (VBM) onset regions of the bare CsFAMA film and with 1 % HEA + CsFAMA perovskite thin films with respect to the Fermi
energy (Eg). Eygm onsets were determined from semi-log plots (Figure S10A). Optical band gap was calculated from Tauc plots (Figures ST0B and S10 C).
(E) Energy-level scheme for the pristine CsFAMA and 1% HEA + CsFAMA-based thin films on the parameters derived from UPS spectra.

XPS

In order to check changes in the chemical interaction and composition in the pres-
ence of the HEA additive, we obtained the XPS spectra of the control and 1% and
3% HEA-additive-based perovskite thin films (Figures 2C and S7). The four main
peaks of Pb 4f, | 3d, Br 3d, and Cs 3d core levels are shown in Figure 2C. The Pb
4f;,; core-level spectra at 137.4 eV in the control film could be ascribed to the
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Pb-I binding energy of triple-cation CsSFAMAPbI; perovskite composition. When the
perovskite films were processed using HEA additive, the Pb 4f, | 3d, Br 3d, and Cs 3d
characteristic peaks shifted to a higher binding energy. For example, the Pb 4f;,,
core-level peaks of 1% and 3% HEA-based film were shifted to higher binding
energies of 137.78 and 138.16 eV, respectively (Table S2), which suggests that
electronic passivation occurs after HEA is added onto the perovskite film. Similarly,
| 3ds,, core-level peaks moved to higher energies from 618.43 to 618.72 and 619.19
eV, respectively, for 1% and 3% HEA additions. In the case of the Br 3d core level, we
found shifts toward higher values compared with those in the pure CsFAMA crystal,
suggesting that the chemical state of the [PbBrg]*~ octahedral is altered and that the
interactions between Pb-Br and Cs-Br are enhanced after HEA addition.”"*? This
HEA addition can affect the size of the [BX,]*~ octahedral, and hence, multiplicity
of the Br 3d signal is reduced, which changes the electron cloud density. This indi-
cates that there is an interaction between HEA and perovskite.”*>*>* In the case
of Cs 3ds,, core levels, we observed peak positions towards higher binding energies
(BEs) that appeared at 723.96, 724.31, and 724.79 eV, respectively, for control and
1% and 3% HEA. From the aforementioned discussion, it is clear that there are mul-
tiple interactions, such as Pb?* with C=0 and FA* and MA*, Pb?*, I, and Br~ with
O-H sites from HEA additive. The presence of HEA molecules was also traced
from the O1s peak analysis. In addition, N 1s and O 1s peaks shifted to higher
BEs, which revealed a chemical interaction between the perovskite and HEA (Fig-
ure S8). Any chemical composition changes of oxygen atomic percentage in control
and HEA-based devices could be related to the presence of HEA additives. There-
fore, we analyzed the atomic percentage of O 1s of control and 1% and 3% HEA-ad-
ditive-based CsFAMA films. Our XPS atomic-percentage results revealed that the O
1s atomic percentage increased from 6.78% and 7.89% to 8.74% respectively for
control and 1% and 3% HEA-additive-based CsFAMA thin films (Table S3). On the
other hand, the atomic percentages of other elements were found to be relatively
identical. Besides, the oxygen/iodine (O:l) ratio increased from 0.1536 (control)
and 0.1781 (1% HEA) to 0.1988 (3% HEA) (Figure S9). These results revealed that
the relative oxygen content is increased even though the obvious bonding of oxygen
in the atmosphere is considered. These results clearly indicate that the HEA is pre-

sent on the surface of the perovskite film.”"+>°

Ultraviolet photoelectron spectroscopy

The electronic structures of the perovskite thin film before and after HEA addition
were analyzed by ultraviolet photoelectron spectroscopy (UPS) (Figures 2D and
S10). The work function (WF) and valence-band maximum (VBM) were calculated
from the BE cutoff (Ecutof) and the BE onset (Egnser) (Figure 2D). The corresponding
(Ecutott, WFs) values of each layer were estimated to be (17.54 eV, 3.68 eV), (17.02 eV,
4.2eV),and (17.10 eV, 4.12 V), respectively, for mp-TiO,, control, and 1% HEA sam-
ples. The VBM energy level can be calculated from the equation Evgy = hv —
Ecutoff + AEg, where hv = 21.22 eV for He-l. From UPS, Egset values were estimated
tobe 3.68,4.2,and 4.12 eV and the Eygpm values were estimated to be 7.16, 5.6, and
5.64 eV, respectively, for mp-TiO,, control, and the 1% HEA sample (Table S4). The
VBMs were located 1.4 and 1.54 eV below the Fermi level (Ef) for CsSFAMA and the
1% HEA-based CsFAMA films, respectively. Figure 2E shows calculated energy-level
diagrams based on UPS and optical absorption measurements. Interestingly, the
VBMs and conduction-band maximum (CBM) positions after HEA addition were
not changed drastically. In contrast, the WF shifts by 80 meV towards the vacuum
level (Eyac), and the Eg shifts by 140 meV toward the CBM, indicating that the
HEA addition facilitates more n-type charge carrier. This more n-type behavior stems
from the HEA molecule by donating electron density to the Pb from the -OH lone
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pair, leading to the formation of a coordinate bond. This more n-type charge carrier
contains a higher number of charge traps, which dominate trap species, leading to
decreased trap-assisted recombination and crystal passivation. Therefore, perov-
skite films containing higher n-type behavior enable better charge extraction toward
mp-TiO; electron transport layers (ETLs).>¢™%7

We conclude that the C=0 and —-OH functional groups from the HEA additive play
key roles in the coordination of Pb?* while excess HEA molecules settle on the perov-
skite grains, which terminates the grain growth and constrains the grain-tilt growth,
leading to (100)-oriented grain growth. This controlled grain growth facilitates lower
defect density.®® As our XRD and XPS analyses revealed, HEA does not contribute in
the perovskite lattice. Considering the HEA additive distribution within perovskite
films and grain-boundary passivation, the excess HEA additive also settled at grain
boundaries, which was confirmed from point energy-dispersive spectroscopy (EDS)
mapping (Figures S11-513). An increase in the oxygen concentration resulted in its
aggregation at the boundaries and at the film surface, resulting in improved stability.
Therefore, the HEA additive not only passivates the grain boundaries but also im-
proves the stability.

Device architecture and photovoltaic performance

Generally, mesostructured n-i-p HPSCs produce better photovoltaic parameters
and reproducibility. Therefore, in order to evaluate the role of HEA on solar cell per-
formance, initially we fabricated normal n-i-p mesostructured device architectures of
the HPSCs. The additive-doped spiro-MeOTAD hole transport material (HTM) has
been spin-coated onto the perovskite thin films followed by 80 nm gold deposition,
and its schematic device configuration is shown in Figure 3A. The cross-sectional im-
ages of the control and 1% HEA-additive-containing CsFAMA perovskite-based de-
vices are shown in Figures 3B and 3C. Nearly 453 nm thick, a uniform pinhole-free
absorber layer was formed on up to a ~180 nm mp-TiO,, layer for the control device.
Interestingly, the 1% HEA-based device exhibited similar film thickness. The average
thicknesses of the perovskite films for control and 1% HEA were ~453 and ~476 nm,
respectively. However, we observed that the perovskite capping layer of the HEA-
based device had well-defined large grains in the vertical direction. Generally,
different experimental conditions such as precursor solubility, spin-coating speed,
and viscosity of the precursor solution and additives strongly affect the film quality
during synthesis.®" Here, the HEA additive played a key role in controlling the crys-
tallization and resulted in highly crystalline and well-defined controlled grain growth.
Therefore, the 1% HEA-based sample leads to the formation of a highly uniform
perovskite thin film with well-defined smooth-grain boundaries.

The UV visible (UV-vis) absorption spectra of the respective perovskite thin films with
different HEA concentrations are shown in Figure 3D. We observed that samples
with and without HEA added exhibited identical band edges, revealing that HEA
does not affect the composition or is not inserted into the perovskite lattice. Howev-
er, it is noted that the 1% HEA-based sample exhibited slightly higher absorption
than the other sample owing to the increased grain size, which facilitates improved
light scattering within perovskite grains.”? Although we observed negligible im-
provements in film absorption, the steady-state photoluminescence (PL) intensity
was enhanced, which indicates reduced defects in the 1% HEA-based film compared
with other HEA concentrations (Figure S14). We also investigated the role of the HEA
additive on the electron lifetime by using time-resolved PL (TRPL) analysis
(Figures 3E and S15), and the fitted parameters are tabulated in Table S5
(Note 51).6%°2 The TRPL lifetime of the control sample was extended from 6.72 to
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Figure 3. Normal n-i-p device configuration and photovoltaic properties

A) Schematic device configuration of PSC.

B) Cross-sectional SEM image of CsFAMA-based PSC device without HEA additive.

C) Cross-sectional SEM image of CsFAMA-based PSC device containing 1 % HEA additive.

D) UV-vis absorption spectra of perovskite thin films with various concentration of HEA additive.
E) TRPL spectra of perovskite thin film deposited on FTO/c-TiO,/mp-TiO; substrates.

F) Current-voltage (J-V) curves measured under standard AM1.5 solar radiation.

G) Device reproducibility for at least 20 identical devices. Error bar, +5%.

H) EQE spectra of control and 1% HEA-based devices.

(
(
(
(
(
(
(
(
(
7.05 ns after 1% HEA addition, which revealed reduced grain boundaries and recom-
bination centers within the perovskite thin films. The TRPL analysis revealed that the
CsFAMA thin film containing 1% HEA exhibited a longer carrier lifetime than the con-
trol (0% HEA, T = 6.72 ns) and other HEA concentrations. This longer carrier lifetime
in the 1% HEA-processed perovskite sample indicates that the carrier non-radiative
recombination was significantly reduced by elimination of defects and a light-trap
annihilation mechanism.*®¢* Although, we have observed a small lifetime decay,
which is due to FTO/c-TiO,/mp-TiO;, ETLs. Therefore, in order to check for the exact
lifetime of our control and 1% HEA-based samples, we deposited perovskite film on
FTO/AlL, O3 substrates, which isolate the perovskite-absorbing layer properly. From
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Table 1. Photovoltaic performance of regular TiO, ETL-based n-i-p-type HEA-based perovskite

solar cells

Device Voc (V) Jsc (MA em™?) FF PCE (%)
Control 1.124 21.88 0.75 18.45
1% HEA 1.156 23.85 0.80 22.05
2% HEA 1.157 22.75 0.76 20.01
3% HEA 1.165 22.34 0.74 19.25
4% HEA 1.128 22.05 0.72 17.91
5% HEA 1.115 20.86 0.70 16.28

TRPL analysis, it is clear that the 1% HEA CsFAMA sample exhibited a 54 ns lifetime,
which is much higher than control samples (37 ns), indicating reduced defects in the
1% HEA-based perovskite film (Figure S16; Table S6).

Photovoltaic performance

To evaluate the influence of HEA on photovoltaic performance, the current-voltage
(J-V) characteristics of the HPSC devices were measured under 1 sun illuminations.
The perovskite devices fabricated from triple-cation composition exhibited an
open-circuit voltage (Voc) of 1.124 V, a current density (Jsc) of 21.88 mA cm?,
and a fill factor (FF) of 0.75, yielding 18.45% PCE, which indicates that our recipe
worked well (Table 1). Keeping all experiments identical, we recorded J-V character-
istics for different HEA-additive concentrations (Figure 3F). For the 1% HEA addition,
we observed a substantial improvement in Voc and reached up to 1.154 V, yielding
21.99% PCE with a Jsc of 23.82 mA cm™ and an FF of 0.80. With 2% HEA, we
observed a further rise in Voc and reached up to 1.157 V with a Jsc of 22.75 mA
cm? and an FF of 0.76, yielding 20.01% PCE. Interestingly, the Voc reached up to
1.165 V for the 3% HEA addition; however, the Jsc slightly decreased to 22.34 mA
cm? and the FF lowered to 0.74, yielding 19.25% PCE. In other increments of
HEA concentration, we observed decrement in device parameters and produced
17.91% and 16.28% PCE, respectively, for 4% and 5% HEA-additive-based perov-
skite devices. These results suggest that the 1% HEA additive leads to a significantly
enhanced device performance due to increased grain size and crystallinity or
texturing (Figure 2A). Fine-tuning of the HEA-additive concentration was done care-
fully; however, we believe that 1% HEA devices exhibited excellent efficiency, (Fig-
ure S17 and Table S7). Higher HEA concentrations lead to smaller grains, resulting in
lower Jscs and FFs compared with 1% HEA, which results in a lower PCE. In short,
higher crystallinity produces higher Jscs, which was consistent with our XRD analysis.
Therefore, it is concluded that this improved photovoltaic performance stems from
synergistic effects of improved transport and extraction of the photogenerated
charge carriers due to the HEA additives. In addition, enhanced light absorption
from larger grains also contributes to this improved photovoltaics performance.

To check the reproducibility of our results, we fabricated and characterized at least 20
independent devices based on various HEA concentrations. Figure 3G shows that the
statistical distribution of the PCEs revealed high repeatability of the device performance.
This improved device performance mainly stems from enhanced Jscs and Voes of the
devices (Figure S18). The control device exhibited an average 18.2% PCE, while 1%
HEA-based devices exhibited an average 21.9% PCE with high reproducibility. The
external quantum efficiency (EQE) of the champion devices were measured in order
to validate the Jsc values obtained from J-V curves (Figure 3H). As expected, our control
device exhibited an ~90% EQE value, which was improved to more than 95% for the 1%
HEA-based device. The calculated integrated current-density (Jin) of the respective
perovskite device exhibited J;,; = 21.18 and 22.82 mA cm?, which validates well with
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Figure 4. Hysteresis analysis and device stability of n-i-p devices

(A and B) Hysteresis of small-area device (A) and large-area device (B) performance of the champion device.

(C) The dependence of Vo on light intensity for champion devices containing 0% and 1% HEA.

(D) Photostability recorded under 100 mW cm™2 white LED continuous illumination in Ny-filled glowbox at 45°C thermal stress. Error bar, +5%.

photocurrent-density values obtained from the J-V curves. This improved photovoltaic
performance of the HPSCs with 1% HEA additives stems from the synergistic effect of
improved extraction and transport of photogenerated charge carriers from the high-
quality perovskite grains with HEA-bulk-surface passivation and better light absorption.

To gain in-depth analysis for stability, we monitored the stabilized power output
(SPO) by measuring the actual Jsc at a maximum power point tracking (MPPT) bias
voltage of 0.928 V over 200 s (Figure 3l). Once illuminations turned on, the device
attended its maximum current within 10 s to produce a stabilized current of 23.50
mA cm. The stabilized current yielded an SPO at 21.8% with an SPO-to-PCE ratio
of 0.988, which revealed that our HEA-based HPSC device had a limited trap density
that reduces the trap-assisted recombination.®®~“® Considering the charge accumu-
lation from inefficient charge transfer at the grain boundaries and interfaces,®” we
analyzed the J-V hysteresis of the control and champion 1% HEA-based devices.
Hysteresis analysis revealed that our control device exhibited significant hysteresis
(Figure S19). This anomalous hysteresis stemmed from ion migration to the perov-
skite-HTM film interface and grain boundaries, which consequently increase the hys-
teresis. The champion device showed negligible hysteresis with 21.12% and 22.05%
PCE, respectively, in forward and reverse scans, indicating that the HEA additive
does not give rise to a charge accumulation (Figure 4A). These results are consistent
with our TRPL lifetime measurements. Therefore, the 1% HEA-additive-based thin
film facilitates increased charge-carrier lifetime, indicating trap passivation induced
by HEA in the perovskite film.
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Large-area fabrication

In order to check feasibility toward large areas, we fabricated a 1-by-1 cm active-area
device using 1% HEA additive. For this, a large-area device (1 by 1 cm active area)
was fabricated onto a 2.1 by 2.1 cm FTO-coated substrate. The active area was
defined by depositing a 1-by-1 cm square-shaped gold contact. The large-area de-
vice exhibited a PCE of 18.15% with a Voc of 1.120V, a Jsc of 22.45 mA cm™?, and an
FF of 0.72 under the forward-scan condition. On the other hand, the reverse scan ex-
hibited a Voc of 1.148 V, a Jsc of 23.52 mA cm™?, and an FF of 0.74, yielding 20.03%
PCE, indicating that the large area crosses 20% PCE with negligible hysteresis (Fig-
ure 4B). For charge transport measurements, we recorded the V¢ versus the illumi-
nation intensity for the control and 1% HEA-additive perovskite devices (Figure 4C).
The slope of the fitted data yields values of the ideality factor (), which was deter-
mined by Voc = nkT In(l)/g+A, where k, T, and q are the Boltzmann constant,
the temperature in kelvins, and the elementary charge, respectively. The A is con-
stant according to the Shockley-Read-Hall (SRH) recombination mechanism.”%7?
The above equation can be simplified for n as 5 = Slope x {Z. Our control device
gives an n value as high as 1.63 for the control device, which decreases to 1.12 for
HEA-based devices, indicating the suppression of charge recombination. The ob-
tained values of 7 indicate the dominating trap-assisted SRH recombination. These
results indicate that the synergistic effect of HEA-additive surface passivation helps
to reduce the recombination of charge carriers, and it is also consistent with our illu-
mination-intensity-dependent Vo variation.

Next, we investigated the defect density in the HPSC devices based on different
HEA-additive concentrations with the help of space-charge-limited current (SCLC)
measurements. The current-voltage (I-V) characteristics of the single-carrier devices
that have FTO/perovskite + HEA/Au device architectures were used, and |-V curves
were recorded in dark (Figure S20; Note S2). The defect densities (n,) were calcu-
lated by recording trap-filled limit voltage (V1¢.) values. Here, we used & = 28.8 for
CsFAMA composition.n’77 As shown in Figure S20, we calculated the Vg values
for control and 1% HEA-based CsFAMA compositions as 0.775 and 0.569 V, respec-
tively. From the above logarithmic |-V analysis, the reduced calculated trap densities
(ny from 1.201 x 10"® t0 0.799 x 10"® cm™ revealed the improved charge-carrier
ability in HEA-based CsFAMA perovskite thin films through improved grain quality
and defect passivation, leading to improved device performance.

It is well known that although HPSCs have displayed excellent efficiency, their insta-
bility against moisture, light, and thermal stress remains a challenge in their further
development. Furthermore, spiro-MeOTAD-based devices are unstable in ambient
condition. Therefore, the device stability of the n-i-p HPSCs was conducted in an N-
filled glove box. However, we maintained 45°C thermal stress, and photostability
was monitored under AM1.5G white LED illumination without encapsulated HPSC
devices. The long-term photostability at room temperature showed ~70% retention
of its initial efficiency over 1,000 h. On the other hand, the 1% HEA-based HPSC de-
vice retained >90% of its initial efficiency over 1,000 h, indicating excellent photo-
stability. This improved photostability of the HEA-based device was attributed to
an increase in grain size and reduced defect sites, grain-boundary passivation,
and surface passivation by the HEA additive. On the other hand, poor stability
without HEA may have originated from irregular film quality and grain boundaries,
surface defects, and severe ion migration.

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 3, 100906, June 15, 2022 13




¢? CellPress

OPEN ACCESS

Au
1 % HEA +CsFAMA
105-1 . Au
: —T
Br
— 10" 4 y ——OH"
z / -
= 2
8 10° + tH
; ——TiO"
z ] ———Sn0
g 10% -
Z Negative mode
10 & |
a1 "
"t
oo LI [T T
0 500 1000 1500 2000 2500 3000 3500
Sputter time (s)
Au*
——Pb*
10" 3 Li*
z Co*
£ ——FA*
= 3
§'10  MA*
— Ti*
g Positive mode '
5 102 Cs
9
E
10!
if
Wil
o 1 il LA

0 500 1000 1500 2000 2500 3000
Sputter time (s)

Figure 5. Depth-profile analysis
TOF-SIMS elemental depth profiles of 1% HEA + CsFAMA-based device having FTO/c-TiO,/mp-
TiO,/perovskite/Spiro-MeOTAD/Au configuration in negative and positive modes.

Intrinsic and extrinsic stability analysis

To determine the role of the HEA additive in ion migration of the perovskite thin
films, we conducted time-of-flight secondary ion mass spectroscopy (TOF-SIMS).
This technique was helpful to analyze the spatial distribution of elements and
halide-ion migration (Figure S21). We monitored the Au signal in the perovskite layer
and the perovskite signals in the charge-transport layers, i.e., spiro-MeOTAD and
TiO, layers of the control and HEA-based devices (Figures 5, S21, and S22). Our
TOF-SIMS profile data revealed that the control sample exhibited serious Au diffu-
sion throughout the device.”® Perovskite halide ion migration in the spiro-MeOTAD
layer as well as the TiO, layer was observed, which indicates that the grain bound-
aries allowed ion migration through grain-boundary channels. In contrast, we
observed limited halide-ion migration and element diffusion in the HEA-based de-
vices (Figure 5). This limited ion migration and diffusion of elements stems from
the HEA additive, which hinders the transport channel (boundary) for ion migra-
tion.”” Furthermore, the HEA-additive-based perovskite thin film, having an
increased grain size, reduced grain boundaries, and greater passivation from the
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HEA additive, hinders the transport channel (boundary) for ion migration at the
perovskite spiro-MeOTAD interface, which accounts for the reduced hysteresis.
For this, we monitored the | profile intensity of the control and 1% and 3% HEA-ad-
ditive-based perovskite thin films in the Au/HTM/Perovskite region (Figure S23).
Interestingly, we found that the I intensity decreased with respect to HEA concen-
tration. This decreased |~ intensity in the HEA-based Au/spiro-MeOTAD/perovskite
interface region stemmed from improved film quality and surface passivation, which
can suppress halide-ion diffusion and mobile ion migration.?® This could be the main
reason for this reduced hysteresis in HEA-additive-based devices. It is also noted
that we found some halide migration in the spiro-MeOTAD layer due to the interac-
tion with spiro cations.”’ Therefore, we believe that the HEA-additive-based
CsFAMA film not only reduces intrinsic degradation though reduced ion migration
and metal diffusion but also improves device stability and performance.

Tracing HEA within the perovskite films

Next, we recorded a TOF-SIMS analysis of CsFAMA thin films with 1% and 3% HEA
additives to trace the existence of the HEA additive. We monitored the O~ depth
profile from surface to bottom of the perovskite films with 0% and 1% HEA concen-
trations (Figure S24). From TOF-SIMS depth profiles, we observed that the HEA-
based CsFAMA sample exhibited a gradual decrement in the O~ signal, whereas
the sample without HEA exhibited a rapid decrement up to 1,100 s sputtering
time, which indicates that the HEA is distributed at the perovskite grain boundaries
as well as being successfully incorporated into the perovskite grains. It is reported
that the —OH and C=0O functional groups from the HEA additive trigger the forma-
tion of Pbly(PbBr,)-additive intermediate phases or an organic cation (FAI/MABr)-
additive complex. These intermediate phases and the additive complex facilitate
limited nuclei centers, which promote the formation of highly crystalline uniform
grain growth.2135:3%:44,54

p-i-n planar heterojunction architecture

Although the regular (n-i-p) structure delivers peak efficiency, most n-i-p devices are
based on additive-doped spiro-MeOTAD HTMs, which suffer from poor air-moisture
stability. In contrast, dopant-free HTMs in either n-i-p or p-i-n devices have attracted
great interest due to their long-term operational stability.®”~** Due to a non-radia-
tive recombination of photogenerated charge carriers, most of the p-i-n-type de-
vices exhibit major photo-voltage loss. Therefore, if we passivate the defect and
grain boundaries with the HEA additive, it is expected that the device performance
of the p-i-n-type HPSCs will be improved. In order to check suitability toward p-i-n
device configuration, we further fabricated perovskite devices based on NiO, and
PCBM/ZnO HTLs and ETLs, respectively. Figure 6A shows the schematic represen-
tation of the p-i-n-type planar-heterojunction-device architecture. For convenience,
we have used only optimized device conditions such as 0% HEA and 1% HEA for
further study. Devices were completed by depositing PCBM/ZnO bilayer ETLs and
100 nm Ag top contacts (Figure 6A). As expected, we observed similar results for in-
verted p-i-n-type device configurations. Cross-sectional images of the whole device
indicate a perfect desired device configuration. Thick perovskite layers nearly 462
and 510 nm were formed on NiO, HTLs for control and 1% HEA-based devices,
respectively (Figures 6B and 6C). From a cross-sectional view, we can easily distin-
guish the improved morphology and grain quality for the 1% HEA-based device.
We observed well-defined and larger grains, which are completely different from
the control device and were grown perpendicular to the FTO substrate. The average
thickness of the perovskite layer on the FTO/NiOx HTL improved from 462 to 520 nm
after 1% HEA addition. Interestingly, the 1% HEA-based device exhibits slight

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 3, 100906, June 15, 2022 15




Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

A
HEA + CsFAMA
F
h“g 15 4
< Scan Control 1% HEA
< 10 4
2 Vo (M) 1.054  1.106
£ 5qsc(mAcm?) 22875 2393
N 0.74 0.81
s
S JPCE (%) 1783  21.46
54
0.0 0?2 0.'4 076 0?8 170 1.2
Voltage (V)
G H T T T T 100
124 10 3333 E b d-3-3-5-3-3-3-3-3333333-35-5-3.3 3.3 2 + CSFAMA
P D N N B LS 22228820800 00 e s L ¥ +-80
_os{ Control
8 £ L 60
g E 0.6 ®
8 5 o B
= 0.4
“ 2
5 0.2 20
0+ 0.0 0
15 16 17 18 19 20 21 22 23 0 200 400 600 800 1000
PCE (%) Time (h)

Figure 6. Inverted p-i-n device configuration and photovoltaic properties

(A-C) Schematic device configuration (A) and cross-sectional SEM images (B and C) of p-i-n-type complete device.

(D and E) SEM images of control and 1% HEA-additive-based samples.

(F) J-V curves for the best-performing devices using perovskite films prepared by using different HEA concentrations measured under standard AM1.5
solar radiation.

(G) The statistics of PCE distribution for 50 devices for each control and 1% HEA-based device.

(H) Photostability recorded under 100 mW cm 2 white LED continuous illumination in ambient condition at 85°C thermal stress at 55%-65% RH. Error bar
+5 %. SEM images were recorded using beam intensity 15 kV at 50 k magnification.

improvement in film thickness and reached up to 520 nm. Of note, we observed that
the perovskite capping layer of the HEA-based device had more well-defined large
grains than the control sample. Furthermore, the perovskite thin films with the 1%
HEA additive exhibited improved morphology. From SEM analysis, it is clear that
the control sample exhibited a wide range of grain-size distribution, with
185.3 nm average grain size, which improved to 247.47 nm after 1% HEA addition
(Figure S25). These results are consistent with our mp-TiO, ETL-based perovskite
thin films. Figure 6F shows the J-V characteristics of the control and 1% HEA-addi-
tive-based p-i-ninverted devices. Bare devices fabricated on the NiO, HTL exhibited
aVoc of 1.054V, a Jsc of 22.87 mA cm™?, and an FF of 0.74, yielding 17.83% PCE. As
expected, for the 1% HEA addition, we observed substantial improvement in Voc
and reached up to 1.107 V with a Jsc of 23.93 mA cm™ and an FF of 0.81, yielding
21.46% PCE, which is also competitive as far as the inverted p-i-n type is concerned
(Table 2). This increment was also observed in our EQE spectra (Figure S26).
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Table 2. Photovoltaic performance of inverted NiO, HTL-based p-i-n-type HEA-based perovskite
solar cells

Device Voc (V) Jsc (MA em™?) FF PCE (%)
Control 1.054 22.87 0.74 17.83
1% HEA 1.107 23.93 0.81 21.46

Reproducibility histograms of PCE for control and 1% HEA exhibited much better
device performance and high reproducibility for HEA-based devices (Figure 6G).

Device stability under thermal stress of the control and HEA-based devices
The long-term stability of HPSCs is one of the key tasks for its on-site application. It is
well known that bare MAPbI; or FAPDbI; is either unstable or shows poor efficiency.
This degradation originated from unstable organic cations and their hygroscopic na-
ture. Therefore, mixed-halide-containing Cs-cation (herein, triple-cation) incorpora-
tion attracted tremendous interest because of its highly stable and efficient perfor-
mance. However, defect sites and irregular film growth make them unstable.
Therefore, a number of alternative approaches such as passivation of grain bound-
aries, surface defects, and increase in grain size of the perovskite grain have been
adopted in order to make a stable perovskite film. As expected, the p-i-n device
configuration exhibited much higher stability because of dopant-free HTLs and
ETLs (Figure 6H). The photostability of the control CsFAMA-based HPSC device at
85°C thermal stress exhibited ~72% retention of its initial efficiency over 1,000 h.
In contrast, 1% HEA-based HPSC devices retaining ~88% of their initial efficiency
over 1,000 h exhibit excellent stability against thermal stress for unencapsulated de-
vices. This higher photostability arises from the dual functionality of HEA, such as
increased grain size from ~180 nm to 240 nm and defect and surface passivation.
Therefore, the degradation at the grain-boundary sites in large-grain films is limited,
which improves photostability as well as thermal stability. Besides, increased grain
size and defect passivation by HEA facilitates improved moisture stability. There-
fore, 1% HEA-based HPSC devices exhibited excellent stability against continuous
light illumination, thermal stress, and atmospheric moisture. Furthermore, the metal
oxides are thermally stable, with better charge-transport properties. In order to
check the phase stability with respect to HEA addition, we monitored the perovskite
layer exposed to ambient air and recorded its XRD patterns (Figure S27). After 72 h
air exposure, bare perovskite thin films exhibited peak shifts in characteristics at 110
peaks (Figure S27A). In contrast, the XRD patterns of 1% HEA-based thin films ex-
hibited stable peak positions (Figure S27B). These results exhibited that HEA plays
a key role in maintaining the perovskite phase in ambient condition.

Long-term stability in air at 85°C up to 200 days has been monitored (Figure S28).
For long-term moisture and thermal-stability analysis, we neither used encapsulation
nor control humidity conditions. We monitored champion devices under 100 mW
cm? white LED illumination in the ambient condition at 55%-65% RH over
200 days. We determined the shelf lifetime under continuous illumination for control
and 1% HEA-based devices. Interestingly, the HEA-based device retained >90% sta-
bility over half a year, which is almost 50% higher than the control device. The stabil-
ity of these perovskite devices is acceptable as per industrial norms and would be
suitable for commercialization. We believe that the low-cost HEA-additive-based
HPSCs double the long-term stability of the triple-cation perovskite absorber. Our
results demonstrated that control HPSCs retain only 45% initial efficiency at 85°C
thermal stress. In contrast, the 1% HEA-based device maintains >90% of its initial ef-
ficiency over 200 days, which is much higher than bare HPSCs (Figure 6H).
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In conclusion, we fabricated high-quality, triple-cation perovskite thin films with a
significant increase in grain size through HEA additive. The HEA additive not only in-
fluences the crystallization process but also contributes to bulk and surface passiv-
ation through O-H and C=0 functional groups. The dual functionality of the HEA
additive was elucidated by growth mechanism, FT-IR, NMR, and XPS analyses.
Our results demonstrated that the HEA additive not only participates in passivation
of defect states but also contributes to the crystallization process through the cation-
exchange process. With optimized HEA additive concentrations and solvent engji-
neering processes, we achieved more than 22% PCE from a reverse scan for
HPSCs. The device fabricated through HEA additives exhibits excellent photostabil-
ity over 1,000 h under continuous 1 sun equivalent illumination. Our TOF-SIMS
investigation revealed that the halide-anion migration is suppressed due to the
HEA additive, which facilitates reduced hysteresis and improved stability. This inves-
tigation provides a new approach toward high-performance HPSCs having long-
term operational stability via a novel dual-functional HEA additive that would be
suitable for on-site application.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Sawanta S. Mali (sawantasolar@gmail.com, sawanta@jnu.
ac.kr) or by Chang Kook Hong (hongck@jnu.ac.kr).

Materials availability
All solvents and reagents were obtained from commercial sources and used without
further purification.

Data and code availability

All data supporting the findings of this study are presented within the article and
supplemental information. All other data are available from the lead contact upon
reasonable request.

Methods

See supplemental experimental procedures for detailed experimental methodol-
ogy, TRPL analysis by FLIM (Note S1), and single-carrier device analysis (Note S2).
Detailed analyses have been given, such as FT-IR, NMR, AFM, PL, FLIM, EDS point
mapping, TOF-SIMS, and XRD stability analysis in Figures S1-528, Notes S1and S2,
and Tables S1-57.
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