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perovskite solar cells with low photovoltage loss
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The efficiency and longevity of metal-halide perovskite solar cells are typically dictated by nonradiative
defect-mediated charge recombination. In this work, we demonstrate a vapor-based amino-silane
passivation that reduces photovoltage deficits to around 100 millivolts (>90% of the thermodynamic
limit) in perovskite solar cells of bandgaps between 1.6 and 1.8 electron volts, which is crucial for tandem
applications. A primary-, secondary-, or tertiary-amino–silane alone negatively or barely affected
perovskite crystallinity and charge transport, but amino-silanes that incorporate primary and secondary
amines yield up to a 60-fold increase in photoluminescence quantum yield and preserve long-range
conduction. Amino-silane–treated devices retained 95% power conversion efficiency for more than
1500 hours under full-spectrum sunlight at 85°C and open-circuit conditions in ambient air with a
relative humidity of 50 to 60%.

A
lthoughmetal-halide perovskites are con-
sidered “defect-tolerant” (1, 2), they still
require careful crystallization and growth
(3, 4). Furthermore, defect passivation
through molecular bonding (5) or in-

corporating organic cations that form low-
dimensional perovskites that interface to form
a passivation “heterojunction”with the three-
dimensional (3D) perovskite (6–8) is required
to reach the highest power conversion effi-
ciency (PCE) and exhibit improved long-term
operational stability in optoelectronic devices
(9–11). For isolated perovskite thin films or
nanocrystals, a broad range of approaches can
be adopted, including the use of molecular
Lewis acids or bases (12, 13) and ligands that
are typically used in nanocrystal growth, such
as trioctylphosphine oxide (14) and oleic acid
(15). Large organic molecules that can lead to
internal luminescence efficiency approaching
unity in polycrystalline perovskite films (16) and
yield stable passivation often inhibit charge-
carrier transport in perovskite films and have
yet to be demonstrated in high-performance
solar cells (17).
For more molecularly defined passivation,

amine-based functional groups have emerged
as a key component because of their strong
binding energies to the perovskite surface

(18–21). Despite demonstrating exceptional
photoluminescence quantum yield (PLQY) prop-
erties in passivated perovskite films, some of
these amine-based molecular passivation strat-
egies have yet to be proven effective in achieving
high efficiency or photovoltaic (PV) parameters
near the radiative limit (18–20). The challenge
in translating the enhanced PLQY observed in
passivated perovskite films into comparable
PCE gains in full solar cell devices underscores
a gap in our present understanding.
This gap pertains to how amine-based and,

more broadly, Lewis base–based molecules con-
tribute to effective defect passivation (18–21).
Additionally, optimizing passivation strategies
for wider-bandgap perovskites, which consist
of mixed halides and cations, remains crucial
for the development of tandem solar cells (22).
This need is especially pertinent because most
presently used passivation strategies are pre-
dominately designed for narrow-bandgap
perovskites with compositions near FAPbI3
(where FA is formamidinium) (9, 21, 23, 24),
and thus, versatile strategies applicable across
a broader spectrum of perovskite compositions
are lacking.
In this work, we used a series of amino-silane

molecules (Fig. 1A)with various types of amines
(primary, secondary, tertiary, or combinations
thereof) to explore the underlying optoelec-
tronic and material mechanisms and devise a
universal passivation strategy for perovskites
with bandgaps ranging from 1.6 to 1.8 eV.
Using the identified efficient amino-silane mol-
ecules, we demonstratemedium-area (0.25 cm2)
and large-area (1 cm2) perovskite solar cells that
exhibit PCEs derived from maximum power
point tracking (MPPT) that reach 22.4 and
21.9%, 20.7 and 20.1%, and 18.6 and 18.4% for
1.60-, 1.67-, and 1.77-eV mixed-cation, mixed-
anion–based perovskites, respectively.

All perovskite solar cells passivated with the
best-performing amino-silane molecular com-
pound achieved photovoltage deficits as low as
100 to 120 mV, thus surpassing 90% of the
maximum photovoltage dictated by thermo-
dynamic detailed balance theory. Furthermore,
our passivation strategy notably enhanced
the durability of perovskite solar cells, allow-
ing them to retain 95% efficiency formore than
1500 hours under full-spectrum simulated sun-
light. Our aging was conducted without ultra-
violet (UV) filters, at an elevated temperature of
85°C, and under open-circuit conditions in
ambient airwitha relativehumidityof 50 to60%.

Impacts of amino-silane molecules
on metal-halide perovskites

We investigated the impact of primary amine–
based (3-aminopropyl)trimethoxysilane (APTMS;
see Fig. 1A) molecules using vapor-phase treat-
ment on mixed-cation lead, mixed-anion pe-
rovskite thin films and their corresponding
positive-intrinsic-negative (p-i-n) perovskite
solar cells. We show schematics of the device
architecture and the film passivation process
in Fig. 1, B and C, respectively. For the pe-
rovskite light absorber, we used an “MA-free”
(where MA is methylammonium) composition—
Cs0.13FA0.87Pb(I0.9Br0.1)3, hereafter abbreviated
as Cs13Br10—that had a bandgap of 1.6 eV and
was suitable for the middle subcell of triple-
junction perovskite tandem solar cells (25).We
measured a substantial increase in PLQY (from
~6 to 24%) for perovskite films before and after
the APTMS treatment.
For integration intop-i-nPVdevices,weused [4-

(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic
acid (Me-4PACz) and [6,6]-phenyl-C61-butyric
acidmethyl ester (PC61BM) as the hole-transport
and electron-transport materials, respectively.
For further details, see thematerials andmeth-
ods section of the supplementary materials
for a description of the full-device fabrication
protocol. The current density–voltage (J-V)
characteristics and other corresponding PV
performance parameters obtained from our
APTMS-treated and reference solar cells are
shown in fig. S1. Despite the boost in PLQY of
the isolated perovskite films, the PV perform-
ance of APTMS-treated cells was much worse
than our reference cells, and exhibited sub-
stantial hysteresis in the J-V characteristics.
This unexpected outcome led us to delve deeper
into the effects of passivation using amino-
silane molecules.
Silane molecules are used to treat silicon

wafers to alter their surface properties (26),
where Si-O-Si bonds are formed, and the
additional moieties alter the surface energy of
the wafer. The treatments do not necessarily
lead to a singlemolecularmonolayer, and thicker
cross-linked films of (hydrated) silicon oxide
can form.When treating the perovskite films
with amino-silane molecules, such as APTMS,
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both the silane units and the amine units may
interact with the perovskite surface and each
other, hence influencing their growth (18, 19).
To understand how the structure of amino-

silane molecules affects perovskites, apart
from APTMS, we treated perovskite thin films
with amino-silanemoleculeswith various types

of amines, and silane molecules alone. These
molecules include secondary amine–based
trimethoxy[3-(methylamino)propyl]silane
(MAPTMS), tertiary amine–based (N,N-dimeth-
ylaminopropyl)trimethoxysilane (DMAPTMS),
and primary and secondary amine–based [3-
(2-aminoethylamino)propyl]trimethoxysilane

(AEAPTMS) and 3-[2-(2-aminoethylamino)
ethylamino]propyltrimethoxysilane [(AE)2APTMS],
aswell as the alkyl-silane molecule trimethoxy
(propyl)silane (PTMS), which is absent of amine
moieties. The corresponding molecular struc-
tures are drawn in Fig. 1A. In Fig. 1D, we show
photographs of perovskite films treated with

Fig. 1. Amino-silane molecules and their fabrication and optoelectronic
properties. (A) Structures of the amino-silane molecules APTMS, PTMS, MAPTMS,
DMAPTMS, AEAPTMS, and (AE)2APTMS. (B) Schematic of a p-i-n solar cell
architecture. AS, amino-silane; BE, bottom electrode; TCO transparent conductive
oxide; TE, top electrode. (C) Illustration of the vapor-based deposition adopted for
passivation molecules: (i) loading an amino-silane molecule chosen from Fig. 1A
n a petri dish, (ii) heating the petri dish that contains the passivation molecule at

100°C for a few minutes until all the molecules are vaporized, and (iii) placing
an as-grown perovskite film sample inside the petri dish for tens of seconds
to a couple of minutes (see fig. S5 for the optimal AEAPTMS exposure time).
(D) Photos of perovskite films made on ITO glass substrates and treated
with the molecules shown in Fig. 1A and without any treatment (Ref, reference).
(E and F) PLQY (E) and THz mobility (F) of Cs13Br10 perovskite films treated
with the molecules shown in Fig. 1A and without any treatments (Ref).
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these (amino-)silane molecules and a reference
film without any treatment.
We examined perovskite thin films with the

compositions of Cs13Br10 and Cs0.15FA0.85Pb
(I0.6Br0.4)3, hereafter abbreviated as Cs15Br40.
The latter had a PV bandgap of 1.77 eV (27) and
is widely used as the top cell in perovskite/
perovskite tandem solar cells (28–30). Except
for PTMS, all of the amino-silane molecules im-
proved the PLQY for Cs13Br10 as compared to
the reference (as shown in Fig. 1E), whereas for
Cs15Br40, the PLQY was improved after treat-
ment with all of the molecules apart from
PTMS and DMAPTMS (fig. S2). In particular,
for the wider-bandgap Cs15Br40 perovskite, we
only observed an increase in PLQY from ~1.5
to 3% for the APTMS treatment. However,
this value increased to >7% and to >20% for
the AEAPTMS and (AE)2APTMS treatments,
respectively.
We then conducted a series of PLQY mea-

surements under 1-sun-equivalent photoex-
citation on a variety of perovskite films and
“half-stacks.” These were composed of either
indium tin oxide (ITO) glass/hole transport
layer (HTL, Me-4PACz with a wetting layer
formed of aluminum oxide nanoparticles)/
perovskite or glass/aluminumoxide nanoparticles/
perovskite/electron transport layer [ETL, con-
taining PC61BM with a hole blocking layer
formedofbathocuproine (BCP)] usingAEAPTMS
(figs. S3 toS5).Weobserved themost pronounced
improvement in PLQY from the amino-silane
molecules that contained both primary and
secondary amine groups [i.e., AEAPTMS and
(AE)2APTMS; Fig. 1E].
Because PLQY is indicative of a solar cell’s be-

havior at the open-circuit condition, maximized
photoluminescence (PL) in these half-stacks
is crucial for achieving higher photovoltages
due to reducing nonradiative recombination
losses. For example, perovskite/ETL films treated
with AEAPTMSmolecules, including Cs13Br10,
Cs15Br40 and Cs0.17FA0.83Pb(I0.77Br0.23)3, here-
after abbreviated as Cs17Br23, had a notable
60-fold increase in PLQY (see fig. S4A), with
the PLQY for the glass substrate/Cs15Br40/ETL
stack increasing from 0.07% for the control
to 4.1% for the AEAPTMS-treated films. In fig.
S4B, we also show their corresponding calcu-
lated quasi-Fermi level splitting (QFLS) values
for further comparison (31). Thus, theAEAPTMS
passivation specifically inhibited nonradiative
recombination at the perovskite/ETL interface,
which is generally regarded as the most lossy
part in a p-i-n perovskite solar cell (27, 32).
Becausewe observed the largest enhancement

in the PLQY for the perovskite composition of
Cs13Br10 when using APTMS, we performed UV-
visible (UV-vis) absorption spectroscopy and
noncontact transient terahertz (THz) photo-
conductivity measurements on Cs13Br10 films
to probe the impact of the amino-silane passi-
vation further. In fig. S6, we show UV-vis ab-

sorption spectra of Cs13Br10 perovskite films
with andwithout passivation. For the perovskite
film passivatedwith APTMS,we observed a con-
siderable reduction in the optical density, less
thanhalf over the entire absorption range,which
indicates a bulk change to the perovskite film
after passivation rather than just at the sur-
face. All the other passivated films exhibited a
small reduction in optical absorption in com-
parison with the reference film.
Optical pump THz probe spectroscopy re-

veals the change in conductivity of a sample
after photoexcitation and can be used to deter-
mine the “short-range” charge-carriermobility
(see supplementary text). This technique re-
vealed surprising differences between our
perovskite films (Fig. 1F and figs. S7 and S8).
For the reference films, the sum of electron
and holemobilitieswas ~60 cm2V−1 s−1, which
is a high value for lead-halide perovskites
(33). For all the passivation treatments, apart
from PTMS, the mobilities were reduced (Fig.
1F). For the APTMS-treated Cs13Br10 film, this
reduction in mobility was precipitous, with
values dropping to 1.5 cm2 V−1 s−1. This drop
in mobility indicates a major disruption to
the crystalline order throughout the APTMS-
treated perovskite films on a length scale short
enough to inhibit the THz-derived charge-
carrier mobility. By contrast, the reduction in
charge-carrier mobility was much less severe
for the other passivation molecules that we in-
vestigated; for example, we determined a sum
mobility of 46 cm2 V−1 s−1 for the AEAPTMS-
treated films.
With such a severe disruption to crystalline

order for the APTMS-treated films, which was
inferred from both the drop in THz mobility
and the optical absorption strength, we tried
to discern changes in the morphology or crys-
tallinity of the thin films by electronmicroscopy
and x-ray diffraction (XRD).We first investigated
the influence of different amino-silane mole-
cules on the film formation quality by examining
the surface morphology of the Cs13Br10 perov-
skite films by scanning electron microscopy
(SEM; fig. S9). We observed the characteristic
polycrystallinemorphology in all the perovskite
films, with apparent grain sizes in the range of
150 to 200 nm. However, SEM images are a
very coarse indication of grain size, and there
are many examples of metal-halide perovskites
where the crystalline domain size, as studied
by high-resolution electronmicroscopy, is much
smaller than the apparent size in SEM images
(34, 35). The apparent grains observed in SEM
images of the APTMS-treated perovskite film,
although resembling those in the reference
in size, could equally represent interaggregate
grains of much smaller sizes rather than
genuine grains of single-crystalline domains.
In addition to the apparent remaining grains,
for both the APTMS- and MAPTMS-treated
perovskite films, more than 50% of the film

surfaces appeared to be ill-defined and “cloudy.”
This effect couldbe causedbya complete change
to the morphology within these regions or the
presence of a thick “capping layer” of an amor-
phous material. For the AEAPTMS- and (AE)2
APTMS-treated films, the polycrystalline struc-
tures were discernible over the entire surface
area, but there ismore “haziness” to the images,
which is suggestive of a surface coating with an
insulating material.
In fig. S10, we show XRD 2q plots for the

series of treated films, which again reveal no-
table differences. The XRD traces of PTMS-,
DMAPTMS-, and AEAPTMS-treated Cs13Br10
films did not differ appreciably from those of
the untreated reference films, and all exhibited
the characteristic XRD pattern of polycrystal-
line perovskite films without any additional
diffraction peaks or changes in scattering in-
tensities (36). For the (AE)2APTMS-treated pe-
rovskite film, we observed a slight decrease
in peak intensities, with the full width at half
maximum (FWHM) of the perovskite peaks
broadening. Meanwhile, the corresponding
peaks for the AEAPTMS-treated film showed
narrowing FWHMvalues compared with those
of the untreated perovskite film (see supple-
mentary text and table S1). However, for the
APTMS-treated Cs13Br10 film, all the scattering
peaks were reduced in intensity by more than
an order of magnitude.
Taken together, the THz mobility measure-

ments, XRD patterns, and UV-vis absorption
spectra indicate that the APTMS molecules
strongly influenced the crystallinity through-
out theperovskite films, introducing short-range
scattering defects or disrupting the crystalline
domains to such an extent that the charge car-
riers underwent short-range scattering and had
severely limited charge-carrier mobility. How-
ever, for previous measurements of perovskite
nanocrystals with a crystal diameter of 10 nm,
the charge-carrier mobility is only reduced by a
factor of three, versus the bulk mobility in a
polycrystalline CsPbBr3 film (33, 37). Here, the
reduction inmobility by a factor of 40 indicated
that the complete breakup of the crystalline order,
or introduction of charge-scattering sites, occurred
on amuch shorter length scale than 10 nm. By
contrast, applying AEAPTMS and (AE)2APTMS
molecules appeared to leave the crystalline or-
der and charge-carrier mobility largely unaf-
fected but still enable an equally substantial
increase in PLQY.

Insights of passivation molecule formation
and surface bonding interactions

Despite these results, it remained unclear why
different types of amines, whether primary (such
as APTMS) or secondary (such as MAPTMS),
could have vastly different impacts on perov-
skite films. To explore how APTMS, MAPTMS,
and AEAPTMS affected metal-halide perov-
skites in more detail, we used grazing-incidence
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Fig. 2. Structural analysis of the amino-silane surface interactions.
(A) Time-dependent GIWAXS patterns measured at incident angles of 1° for the
vapor-based treatment with APTMS (top) and AEAPTMS (bottom) on I0.9Br0.1
perovskite films, with the background signals from air scattering, Kapton-taped
window, glass, and ITO removed. The slight tilt observed in all the signals
acquired with time was caused by the thermal extension of the sample stage,
which caused a partial loss of alignment. (B) Side views of the simulated
structures using DFT and AIMD techniques of the interactions of the amino-
silanes PTMS, APTMS, MAPTMS, and AEAPTMS (identified by the dashed ovals)

with the Pb/I terminated (001) FAPbI3 surface. PbI6 octahedra are highlighted to
show that the major structural relaxation is found mostly in the uppermost layer.
(C) Changes in the charge-density profile around all the species involved in the
silane-surface binding; the prominent charge accumulation (yellow) and depletion
(blue) regions showN-Pb and O-Pb interactions. (D) Binding energies of amino-silanes
on the pristine surface (blue) and on the iodide vacancy defect surface (orange).
(E) Schematic diagram showing the perovskite surface with undercoordinated Pb
cations adjacent to an iodide vacancy and the binding of an AEAPTMS molecule
through N-Pb and O-Pb bonds. Here, FA+ cations are omitted for clarity.
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wide-angle x-ray scattering (GIWAXS) to study
their effects on the orientation and crystallinity
of treatedCs13Br10 perovskite films. First,weused
an ex situ GIWAXS setup to survey as-treated pe-
rovskite thin films (figs. S11 and S12). We initially
used GIWAXS at a lower incidence angle (0.5°),
which provides information about the surface
regionwith an attenuation length of ~70nm (see
supplementary text). For the APTMS-treated pe-
rovskite films, therewereno clearDebye-Scherrer
diffraction rings observed in the GIWAXS pat-
terns (fig. S11), consistent with the 2q XRD scans.
By contrast, for the AEAPTMS-treated perovskite
films, we observed a higher scattering intensity
in the small-angle GIWAXS scans than in the
untreated films.
At the higher incidence angle (1.5°), we ob-

tained information about the deeper regions
within the perovskite films. We observed con-
tinuous Debye-Scherrer diffraction rings, but
with differing intensities, at scattering wave
vector Qxy of 1.0, 1.4, 1.7, or 2.0 Å−1 in all of the
APTMS-, AEAPTMS-, and MAPTMS-treated
films (fig. S11), which, respectively, corresponded
to (100), (110), (111), and (200) diffraction peaks
in 1DXRDpatterns (fig. S10). For theMAPTMS-

treated perovskite films, a series of discrete scat-
tering points in the low-Q space were observed
that we assigned to a highly oriented 2D spe-
cies (figs. S11 and S12). The relative intensities
of these peaks, compared with that of the main
perovskite peaks, were higher in the low-angle
GIWAXS scans, indicating that the material re-
sponsible was predominantly located near the
top of the perovskite films.We further elaborate
on these observations, including their orienta-
tion and layer spacing, in the supplementary
text and fig. S13.
Next, we used a synchrotron-based in situ

GIWAXS setup (see fig. S14) to gain insight
into the evolution of perovskite film crystalli-
nity during the vapor-based amino-silane treat-
ment. For these measurements, our treatment
conditions were adapted to be compatible with
the synchrotron environment, so the treatment
times were considerably extended. The in situ
time-dependent GIWAXS patterns are shown
in Fig. 2A for theAPTMS- andAEAPTMS-treated
films, and the pattern evolutions were recorded
in movies S1 to S4.
The time-dependent GIWAXS patterns of

the APTMS-treated perovskite films were high-

ly revealing (Fig. 2A and movies S1 and S2).
Between 150 and 450 s, a highly intense series
of low-Q reflection rings appeared, indicating
the emergence of larger d-spacing scattering
features, which could, for example, be a lower-
dimensional perovskite phase. At ~600 s, the
newly emerged low-Q scattering rings and the
main perovskite scattering rings rapidly faded
until they became indiscernible after ~1000 s.
These results were consistent with the APTMS
molecules first causing a structural transfor-
mation followed by “disintegration” of the pe-
rovskite structure.
Coupled with the knowledge that primary

amines can strongly interact with and “solvate”
metal-halide perovskites (38, 39), our observa-
tions indicated that the perovskite films under-
went a solvation process during the APTMS
treatment by reacting with primary amines,
crystallizing into an intermediate species with
a larger d-spacing than the ABX3 perovskites,
as seen in Fig. 2A, and then completely break-
ing down and losing nearly all of their crystal-
linity. This APTMS-triggered solvation process
resulted in a noticeable visual transformation
of the treated films that caused them to become

Fig. 3. Perovskite solar cell characterization. (A to C) Current density and
voltage characteristics of the representative AEAPTMS-treated perovskite solar
cells with an aperture size of 0.25 cm2 using an absorber composition of Cs13Br10 (A),
Cs17Br23 (B), or Cs15Br40 (C), where FB-SC indicates the scan direction
from the FB to SC condition, and vice versa for SC-FB. Insets of (A) to (C)
summarize critical PV performance parameters. (D and E) Current density and
voltage characteristics of the representative large-area 1-cm2 AEAPTMS-treated
cells based on the compositions of Cs13Br10, Cs17Br23, and Cs15Br40 are shown

in (D), and the corresponding MPPT efficiencies (h) for 120 s are shown in (E).
(F) EQEEL as a function of injection current densities, where the current density
of 17.5 mA cm−2 results in an EQEEL of 0.4%. The EQEEL data were obtained
under the operation of a voltage sweep between 0 and 4 V (fig. S30C) for an
AEAPTMS-treated Cs15Br40-based perovskite solar cell (fig. S30, A and B).
The inset shows the normalized electroluminescence (EL) spectrum under a
current injection of 17 mA cm−2 over the course of 600 s, whereas the EQEEL
data tracked over 600 s are shown in fig. S30D.
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“hazier” and more transparent (see movie S5).
The peculiarity is that the UV-vis absorption
spectra indicated that at least half of the ab-
sorption strength remained, and the PLQY re-
mained extremely strong (Fig. 1E), with a small
blueshift in the emission peak as comparedwith
that of the reference perovskite films (fig. S15).
These findings imply that the 3D perovskite
structure, although undergoing substantial
transformation, partially remained present in
a modified but well-passivated form, corrobo-
rating our observation that exposure to APTMS
molecules gradually solvate the 3D perovskite
phase (Fig. 2A).
For the AEAPTMS-treated perovskite films,

the evolution in GIWAXS patterns was less
pronounced (Fig. 2A and movies S3 and S4).
The relative intensity ratio of perovskite rings
remained consistent throughout the entire
AEAPTMS treatment, and there was no evi-
dence of an emergence of discrete larger d-
spacing phases. This result indicated that the
isotropic orientation of the bulk perovskite was
maintained before and after the AEAPTMS
treatment. The absolute intensities of all the
perovskite peaks did become weaker with
time, and a pair of broad, amorphous rings ap-
peared in the low Q-space, which we inter-
preted to belong to the organic molecules of
AEAPTMS. This result indicates that during
this in situ treatment, AEAPTMS molecules
coated and accumulated onto the surface of the
perovskite film with a long processing time
(~30min;movies S3 and S4), whichmight have
screened the x-ray scattering from the under-
lying perovskite film.
To verify whether the different passivation

treatments were located on the film surface or
were penetrating throughout the bulk of the
films,we further examined the films using time-
of-flight secondary ionmass spectrometry (TOF-
SIMS), looking at the elemental depth profile.
Although APTMS (fig. S16A) and MAPTMS (fig.
S16B) both exhibited varying degrees of Si-signal
penetration throughout the films. The Si sig-
nal for perovskite films treated with AEAPTMS
molecules remained predominantly within the
surface region of the perovskite layer (fig. S16C).
This observation held evenwhen the treatment
duration was tripled (fig. S16D).
The structures and interactions of the amino-

silane molecules at perovskite surfaces were,
however, not fully understood at the atomic
level. To gain further insights into such prop-
erties, we used density functional theory (DFT)
and ab initiomolecular dynamics (AIMD)meth-
ods to investigate four types of silanemolecules
covering different possible amine positions—
primary (APTMS), secondary (MAPTMS), and
both primary and secondary (AEAPTMS)—as
well as in the absence of an amino group (PTMS)
(see supplementary text). Their interactions on
the pristine perovskite surface and on surfaces
with an iodide vacancy defect were examined.

Iodide vacancy defects play highly detrimental
roles in affecting the operational efficiency and
stability of perovskite solar cells, including facil-
itating ionmigration to surfaces (40–42) and non-
radiative photocarrier recombination (43, 44).
To investigate key adsorption and structural
trends for the range of amino-silanes on FA-
based, MA-free perovskite triiodides, we exam-
ined the (001) PbI2 terminated pristine FAPbI3
surface because it is one of the most stable and
studied halide perovskite surfaces (45, 46). We
provide computational details in the supple-
mentary materials.
Figure 2, B and C, shows the optimized struc-

tures and calculated binding energies of the
amino-silane molecules (Fig. 2D) on the pris-
tine surface and on the iodide vacancy defect
surface. Three important features emerged. First,
favorable binding energies showed strong bond-
ing affinity between the molecules and the
surface, with the highest and lowest binding
energies found for AEAPTMS and PTMS, re-
spectively; however, only for AEAPTMS did the
surface binding energy increase substantially
from the pristine surface to the iodide vacancy
defect surface. Second, the strongest adsorp-
tion for AEAPTMS suggested the role of larger
amino-silanemolecules that have both primary
and secondary amine groups in providing ef-
fective surface defect passivation. As surface Pb
ions adjacent to an iodide vacancy were severe-
ly undercoordinated (with fourfold coordination
versus octahedral in the bulk of perovskites),
the strong passivator adsorption of AEAPTMS
increased the coordinationaround thesePb ions
and eliminated the effects of surface vacancy
defects (Fig. 2E and fig. S17). Third, noting the
speculation around the precise atomistic inter-
actions of the amino-silane molecules at the pe-
rovskite surfaces (18), our simulations revealed
that the terminal amines in AEAPTMS bind to
the surface Pb atoms with an N-Pb bond length
of 2.51 Å, versus the longer Pb-I bond length of
3.15 Å. The schematic in Fig. 2E shows that the
AEAPTMSmolecule bridged the two Pb ions ad-
jacent to the iodide vacancy throughN-Pb bonds.
In addition to speculation around N-Pb in-

teractions from previous work (18), we also
observed O-Pb bonding with an average bond
length of 2.80 Å. Changes in the charge-density
profile around all the species (Fig. 2C) showed
silane-surface charge transfer around the sur-
face Pb cations, again indicating O-Pb and N-Pb
chemical bonds. Such multidentate interac-
tions increased thebindingoranchoring strength
on the surface and enhanced the effective pas-
sivation.Overall, these ab initio simulation results
also agreed with our experimental findings
and provide new structural and mechanistic
insights at the atomic level.

PV cell operational performance and stability

We fabricated and measured a series of solar
cells (fig. S18; the designs of our cell layouts

are shown in fig. S19) to screen all the amino-
silanemolecules of interest (Fig. 1A). The amino-
silane molecule AEAPTMS appeared to result
in the largest improvement in PV performance
parameters for the Cs13Br10-based perovskite.
Cells treated with (AE)2APTMS also exhibited
enhanced PV performance, but in many cases,
we found that (AE)2APTMS-treated cells showed
lower short-circuit current density (JSC) and fill
factor (FF), and hence a lower PCE, as compared
withAEAPTMS-treated cells and required a very
narrow processingwindow, that is, <10 s, for the
vapor treatment process (Fig. 1C).
We next focused on the AEAPTMS treat-

ment. To illustrate its influence, we present
representative J-V characteristics of reference
and AEAPTMS-treated cells using Cs13Br10,
Cs17Br23, and Cs15Br40 in Fig. 3, A to C, respec-
tively. These cells, with an optically masked ap-
erture of 0.25 cm2, exhibited the corresponding
PV parameters of open-circuit voltage (VOC) =
1.22, 1.26, and 1.35 V; JSC = 22.3, 19.5, and 17.2 mA
cm−2; FF = 83.4, 84.0, and 80.9%; and PCE =
22.6, 20.6, and 18.7%, respectively, for the scan-
ning direction from forward bias to short cir-
cuit (FB-SC) conditions. Figures S20 to S22
show the corresponding external quantum ef-
ficiency (EQE) and 120-s MPPT with MPP ef-
ficiency of 22.4, 20.7, and 18.6% for Cs13Br10-,
Cs17Br23-, and Cs15Br40-based cells, respectively.
The EQE analysis revealed that the inte-

grated JSC exhibited a negligible variation (<1%)
compared with the JSC measured from the cor-
responding cells under simulated sunlight, as
shown in the insets of Fig. 3, A to C. The EQE-
derived PV bandgaps (31) are 1.60, 1.67, and
1.77 eV for Cs13Br10, Cs17Br23, and Cs15Br40, re-
spectively, with the statistical results for VOC,
JSC, FF, and PCE shown in figs. S23 to S26, re-
spectively. Of particular note is that VOC could
reach as high as 1.28 and 1.38 V for perovskites
with wide bandgaps of 1.67 and 1.77 eV (i.e.,
Cs17Br23 and Cs15Br40), respectively. Such high
photovoltages from mixed-cation, mixed-anion
perovskite cells are crucial for the development
of next-generation perovskite-based tandem PV
cells. Becausemultijunctionperovskite-on-silicon
and all-perovskite tandem cells usually use ther-
mally evaporated C60 as an ETL, to demonstrate
the compatibility of our passivation treatment,
we fabricated Cs17Br23 with an evaporated C60
and BCP ETL stack and obtained an enhance-
ment ofVOC from1.21V for theCs17Br23 reference
cell to 1.26 V for the AEAPTMS-treated Cs17Br23
cells. This result confirmed the suitability of
our approach for use in tandem cells (fig. S27).
We then proceeded to fabricate 1-cm2 cells,

and the corresponding J-V characteristics,MPPT,
and EQE are shown in Fig. 3, D and E, and fig.
S28, respectively. The enhancement obtained
in the PV parameters for these 1-cm2 cells (table
S2) was similar to that observed in 0.25-cm2

small-area cells with a minimum performance
deficit when enlarging the cell area. Our 1-cm2
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cell device data suggested that this vapor-based
passivation approach could result in a highly
uniform passivation effect. Furthermore, we
estimated the thermodynamic detailed bal-
ance VOC limits for the perovskite absorbers of
different bandgaps and compared them with
the values we obtained from our devices and
the literature (fig. S29). The AEAPTMS mole-
cule could universally boost VOC to >90% of
the thermodynamic limit (31) and resulted in
outstanding performance when adopting PV
cell sizes of a medium area of 0.25 cm2 and a
large area of 1 cm2. Therefore, the photovolt-
ages obtained from perovskite PV cells treated

with AEAPTMS are approaching what has pre-
viously only been attainable from those made of
single-crystal epitaxially grown III-V semicon-
ductors (fig. S29) (31).
Building on this success, we further explored

whether AEAPTMS could bring any additional
benefits, such as inhibiting halide segregation,
which often occurs in wide-bandgap mixed-
halide perovskites during operation. We used
a 1-cm2 Cs15Br40-based solar cell (fig. S30, A
andB) and applied a voltage sweep from0 to 4V
to the cell while measuring the electrolumi-
nescence (Fig. 3F, fig. S30C, andmovie S6).We
obtained a peak electroluminescence quan-

tum efficiency (EQEEL) of 3.2% at an injection
current density of ~820 mA cm−2 (Fig. 3F),
which corresponded to exposure to illumina-
tion at an intensity of ~40 suns (based on the
detailed balance limit derived 1-sun JSC, which
is ~20.5mA cm−2) and led to a QFLS of ~1.49 eV
for a solar cell with a 1.77-eV bandgap under
these high injection conditions. An EQEEL of
3.2% under 1-sun irradiance would lead to a
QFLSof~1.40 eV (31).However, under a forward-
bias injection current density near 1-sun JSC
(~17.5 mA cm−2), we determined an EQEEL of
~0.4%,which corresponded to aQFLSof~1.35 eV.
This value is in close agreement with the VOC

Fig. 4. Operational stability and aging characterization. (A) Evolution of mean
MPP efficiency (with the corresponding standard deviations in a band plot) of
encapsulated AEAPTMS-treated and reference (Ref) Cs13Br10 cells (including six
AEAPTMS-based and five reference cells) aged under an open-circuit condition and
full-spectrum 76–mW cm−2 simulated sunlight at 85°C (as measured and set with
a black standard thermometer) in ambient air with a relative humidity in the laboratory
of 50 to 60%. MPP was tracked for 120 s for each cell at different aging stages.
The datasets, including some solar cells with distinct degradation pathways, that is,
light soaking and burn-in, are explicitly indicated. (B) Evolution of normalized MPP

efficiency for individual cells used and recorded for (A). For the champion cell, T95,Champ
is approximately 1600 hours. (C and D) PL-derived QFLS maps of the full-area
0.25-cm2 AEAPTMS-treated (C) and reference Cs13Br10 (D) cells before aging
(0 hours) and after aging under the conditions described in (A) for 600 hours.
(E and F) Qcol maps for AEAPTMS-treated (E) and reference (F) cells calculated with
respect to (C) and (D), respectively. (G and H) Statistical results of QFLS (G) and Qcol
(H) shown in a violin plot, where the median, interquartile range, and 1.5× interquartile
range are indicated as a dot, a box, and a line, respectively, for all the cells recorded
in (B). Each QFLS and Qcol map represents an area of 5.38 mm by 4.67 mm.
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obtained for AEAPTMS-treatedCs15Br40-based
cells (fig. S23). Very encouragingly, the output
spectrum of our cell could remain constant in
both intensity and wavelength for 10 min at a
charge-injection current density of 17mA cm−2

(as shown in the inset of Fig. 3F and fig. S30D).
This result matches the bandgap stability and
surpasses the absolute irradiance stability of a
reported state-of-the-art perovskite red-light
emitting diode, which used well-passivated
perovskite nanocrystals (15).
Next, we investigated howAEAPTMSaffected

a solar cell’s long-term operational stability.
We aged encapsulated reference andAEAPTMS-
treated Cs13Br10 solar cells by exposing them to
full-spectrum simulated sunlight in a xenon
lamp aging box at 85°C under an open-circuit
condition in ambient air with a relative humid-
ity in the laboratory of 50 to 60%, which resem-
bles an aging condition close to the International
Summit on Organic Photovoltaic Stability ISOS-
L-3 protocol (21, 47, 48). The devices were pe-
riodically taken out of the aging chamber, allowed
to cool to room temperature, and character-
ized under 1-sun simulated sunlight at various
time intervals.
ThemeanMPP tracked efficiency, conducted

“ex situ” at specified aging times, as described
above, and J-V–derived PCE of the aged cells,
alongwith their standard deviations, are plotted
in Fig. 4A and fig. S31A, respectively. The evo-
lution of the corresponding PV performance
parameters—VOC, JSC, and FF—are shown in
figs. S32 to S34, respectively, and the evolu-
tions of the MPP efficiency and PCE of each
individual cell recorded are plotted in Fig. 4B
and fig. S31B, respectively. Representative J-V
curves, captured at various aging times, are
presented in fig. S35. Our AEAPTMS-treated
cells demonstrated substantial operational sta-
bility during the aging process. The MPP effi-
ciency and PCE of the champion cell decreased
to 95%of their initial values (i.e.,T95,Champ) after
~1600 and 1440 hours, respectively. At T95,Champ,
the MPP efficiency was recorded at 19.4% (Fig.
4B), and the PCE was 20.1% (fig. S31B). These
performance metrics indicate exceptional sta-
bility for perovskite solar cells (21, 48).
If we assume a linear degradation model

(47), our stability results represent an order-of-
magnitude enhancement in longevity compared
with our previously reported best stability un-
der identical aging conditions, where we re-
ported a champion T80 lifetime (time to reach
80% of the peak performance) of 490 hours
(49). Current state-of-the-art stable perovskite
solar cells predominantly adopt a narrower-
bandgap perovskite adsorber, that is, FAPbI3
(4, 9, 21, 23, 48, 50, 51). However, comparing
the stability of mixed-cation, mixed-halide
perovskite solar cells with FAPbI3-like perov-
skites is not straightforward because of in-
herent differences in degradation pathways
(52). Nonetheless, our results show a notable

advancement in stability when benchmark-
ing against a range of reported compositions.
Our mixed-cation, mixed-halide perovskite
solar cells rank among the best in terms of
operational longevity and demonstrate some
of the most promising outcomes reported to
date (table S3), especially given the rigorous
ISOS-L-3 protocol that we used (47), which
includes full-spectrum simulated sunlight at
an open-circuit condition (53). Importantly,
only a few studies have used a light source that
replicates the full spectrum of sunlight for sta-
bility testing (table S3).
After establishing the enhanced operational

stability of AEAPTMS-treated cells, as evidenced
by their prolonged efficiency retention under
the stringent aging conditions discussed above,
we further examined their resilience to envi-
ronmental stressors. One such stressor is wa-
ter ingression (54). As presented in movie S7,
soon after we dropped a water droplet onto
the Cs13Br10 films, we observed a stark contrast
between the AEAPTMS-treated and reference
perovskite films: The reference immediately
turned yellow, indicating rapid hydration and
disintegration of perovskite crystalline struc-
tures, whereas the AEAPTMS-treated thin perov-
skite films demonstrated notable resistance,
lasting >20 s before showing any signs of par-
tial discoloration.
However, we still observed that, even when

using a glass coverslip for encapsulation with
epoxy resin edge sealing (as shown in fig. S36,
A and B), a capping layer of CYTOP (an amor-
phous fluoropolymer) to coat the completed
devices was required to obtain the best stability
results. In the absence of an “on-cell capping
layer,” cell areas underwent discoloration (fig.
S36C). Because the cells were encapsulated in
an N2-filled glove box, we assumed that this dis-
coloration was caused by the loss of iodine dur-
ing photoinduced degradation, which would
leave voids in the film and react with the me-
tallic electrodes (52, 55). However, when compar-
ing the EQE spectra measured from those aged
cells (fig. S37), we did not observe a substantial
change in the EQE onset energy. This finding
suggested that insignificant or negligible com-
positional change occurred during aging. How-
ever, the reference cells suffered from more
severe panchromatic deterioration in EQE than
the AEAPTMS-treated cells, consistent with the
more severe drop in JSC. Notably, the dips in the
EQE spectra appeared to result from some in-
termittent electronic failure of the device, such
as sporadic “internal shunting” in the aged
devices, which manifested as fluctuating im-
pacts on the EQE at different wavelengths in
each measurement (fig. S38).
Given the observed variations in cell per-

formance during aging (Fig. 4, A and B, and
fig. S31), we conducted PL imaging of cells to
elucidate how the AEAPTMS passivation en-
hanced long-term stability (56). We present

the PL-derived QFLS images (see supplemen-
tary text) of the representative full-area 0.25-cm2

AEAPTMS-based and reference cells at differ-
ent aging stages in Fig. 4, C andD, and fig. S39.
Intriguingly, even the reference cell maintained
relatively high and stable QFLSmaps, compara-
ble to those of its initial state, for up to 300hours.
This stabilitywas evidenced by only 2.8% relative
decay in the QFLS median (from 1.16 to 1.13 eV;
Fig. 4G), as shown in the corresponding QFLS
maps of the reference cells (fig. S39B).
Yet after 600 hours of aging, distinguishable

regions of lower and higher QFLS appeared in
themaps (Fig. 4D and fig. S39B), indicating that
the reference cells degraded heterogeneous-
ly on a 100-mm- tomillimeter-length scale. The
QFLS of the complete device should closely
correlate with VOC. However, as we show in Fig.
4G and fig. S32, as the reference perovskite
cells aged, the difference between the QFLS and
VOC became progressively larger and reached
~380 mV by the end of the aging process. This
result indicates that either (i) an energetic
shift occurred at one or both charge-selective
contacts or (ii) the selectivity for electrons or
holes of one of the contactswas reduced. For the
reference cell, in addition to loss in VOC, there
were also appreciable losses in the other PV
performance parameters (figs. S33 and S34).
Therefore, the QFLS images suggest that the

perovskite absorber could remain relatively
intact when subjected to rigorous 85°C light-
soaking aging conditions, whereas other parts
of the cell may have undergone severe deteri-
oration. Especially, during aging of the refer-
ence devices, substantial decay in all the PV
parameters, as exemplified in figs. S32 to S34,
with the J-V curves shown in fig. S35, suggests a
range of detrimental effects, such as poor charge
extraction, elevated series resistance, and de-
gradedcontactproperties. TheAEAPTMS-treated
cells, on the other hand, exhibited even less de-
terioration in QFLS and remained homoge-
neous throughout aging. Specifically, whereas
the QFLSmedianwas initially 1.23 eVat 0hours,
this value only dropped to 1.19 eV at 300 hours
and to 1.17 eV at 1200 hours (Fig. 4, C andG, and
fig. S39A).
The QFLS maps did not appear to directly

correlate with the sequence of degradation lev-
els in cells (Fig. 4G). As a result, we turned
to an alternative metric—the luminescence-
derived “charge collection quality” (Qcol; see
supplementary text)—which should qualita-
tively scale with a cell’s JSC (56). Here, we deter-
mined the fraction of the PL, which is quenched
at short circuit versus open circuit, and assumed
that all of the quenched PL at short circuit re-
sulted from charge extraction. Figure 4, E and F,
shows the Qcol maps for the fresh and 600-hour
aged devices, and in fig. S40, we present our
complete dataset of Qcol throughout the aging
process. Consistent with the macroscopic de-
vice J-Vmeasurements, the reference cell showed
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a substantial reduction inQcol after aging (Fig.
4F). The median dropped from 0.96 in its ini-
tial state to 0.42 after aging for 600 hours (see
Fig. 4H), indicating a decay of >56%. Notably,
the regions of lowerQcol mostly correlatedwith
the same regions of lower QFLS. Interestingly,
even for the reference cells, quite large regions
of highQcol remained after aging for 300 hours
(fig. S40B), indicating that the degradation
originated from certain defective areas rather
than being homogeneous across the entire de-
vice (Fig. 4F and fig. S40B). By contrast, the
AEAPTMS-treated cells exhibited an even higher
initial median Qcol (0.99; Fig. 4H), which only
dropped to 0.91 (see Fig. 4H) and remained
relatively homogeneous after 1200 hours of
aging (Fig. 4E and fig. S40A).
We note that although our most stable de-

vices exhibited an approximately linear decay
during our stress testing, for both the reference
andAEAPTMS-treated devices, we observed that
some cells experiencedpositive light soaking (i.e.,
performance gain) or burn-in (i.e., early decay)
during aging (Fig. 4B and fig. S31B). However,
the origin of these differences is not clear and
beyond the scope of this study.

Discussion

Our findings demonstrate that amino-silane
molecules, with varying primary, secondary,
and tertiary amine functional groups, sub-
stantially affect the PLQY, crystalline order,
and charge-carrier mobility of metal-halide
perovskites. In our study, AEAPTMS emerged
as an exceptional surface passivator, establish-
ing a strong bonding affinity with the perovskite
surface. Notably, the AEAPTMS treatment sub-
stantially increases the PLQY of perovskiteswith
bandgaps ranging from 1.6 to 1.8 eV, propel-
ling their radiative performance closer to the
theoretical thermodynamic limits. More im-
portantly, AEAPTMS-treated perovskite solar
cells exhibit state-of-the-art long-term stability
under strenuous elevated temperature light-
soaking aging conditions, highlighting the
potential of our passivation strategy in ad-
vancing highly durable and efficient perov-
skite PV technologies.
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