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Optoelectronic devices consist of heterointerfaces formed between dissimilar
semiconducting materials. The relative energy-level alignment between contacting
semiconductors determinately affects the heterointerface charge injection and
extraction dynamics. For perovskite solar cells (PSCs), the heterointerface between
the top perovskite surface and a charge-transporting material is often treated for
defect passivation'™ to improve the PSC stability and performance. However, such
surface treatments can also affect the heterointerface energetics'. Here we show that
surface treatments may induce a negative work function shift (that is, more n-type),
which activates halide migration to aggravate PSC instability. Therefore, despite the
beneficial effects of surface passivation, this detrimental side effect limits the
maximum stability improvement attainable for PSCs treated in this way. This trade-off

between the beneficial and detrimental effects should guide further work on
improving PSC stability via surface treatments.

Progress in compositional and crystal-growth engineering has made
possible the fabrication of halide perovskite thin films with minimized
bulk trap density, such that defects are predominantly located at the
surface®®. This has motivated the development of defect passivation
treatments applied onto the top perovskite surface'*. However, such
treatments can also change the heterointerface energetics and thus
the charge-carrier dynamics between the perovskite and the top
charge-transporting material'. Here we study the consequences of the
altered heterointerface energetics on carrier extraction, trap passiva-
tion, charge accumulation and ion migration. We show that anegative
work function change (AW) accumulates charges in a potential well,
which lowers the halide migration activation energy to limit the perovs-
kite solar cell (PSC) stability. A negative AW is equivalently described
as a negative vacuum-level change (AE,,.) at a heterointerface, and
hereafter, AWand AE,,. are used interchangeably.

Perovskite surface and heterointerface dynamics

The genesis of this study began with our investigations on the surface
energetics of perovskite films, based on a (FAPbl;) 4 os(MAPbBBT3;) o5
composition (where FA is formamidinium and MA is methylam-
monium). Ultraviolet photoelectron spectroscopy (UPS) measure-
ments showed that ubiquitously used ammonium-iodide-based
surface treatments generally result in a negative AW (Fig. 1a, Sup-
plementary Fig.1and Supplementary Table 1), which successively

increases in magnitude with longer alkylammonium chain length.
Given that a negative AW is associated with a relatively more
electron-enriched surface, we speculated initially that the negative
AWcanbe modulated by increasing the electron-withdrawing ability
of the counteranion. Further UPS measurements (Fig. 1b) showed
that substitution ofiodide [I]” with bromide [Br], tetrafluoroborate
[BF,] or trifluoroacetate [TFA] progressively negated the negative
AW of octylammonium iodide (OAI) treatment towards that of the
reference film, but only substitution with tosylate [TsO] fully neu-
tralized the negative AW. In particular, among the counteranions,
[TsO] has the strongest electron-withdrawing character’, which
also justifies its ubiquitous use as the leaving group in synthetic
heterolytic fission chemistry. The interaction of [TsO]™ with the
surface was further verified by X-ray photoelectron spectroscopy
(XPS) analysis (Supplementary Fig. 2).

Kelvin probe force microscopy (KPFM) measurements were per-
formed to verify the work function distributions (Fig.1c-f). The mean
work function of the OAl-treated film decreased to 4.49 + 0.09 eV,
from 4.67 £ 0.08 eV for the reference film, and in contrast to the
4.77 £ 0.11 eV for the OATsO-treated film. From the topographical
atomic force microscopy (AFM) maps, the surface morphology and
root-mean-square roughness of the treated films were negligibly differ-
ent (Fig.1g), which was expected given the dilute (but common) solu-
tion concentration used for surface treatment. Further comparisons
of the height-depth distributions and scanning electron microscopy
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Fig.1|Perovskite surfaceand heterointerface dynamics. a, b, UPS
secondary electron cut-offs of various surface-treated perovskite films.
BA, butylammonium; DA, dodecylammonium; OA, octylammonium.
c-e,KPFM surface potential maps of the reference (c), OAl-treated (d) and
OATsO-treated (e) films. Insets, corresponding AFM topography images.
Scalebars, 2 pm. f, g, Work function distributions (f) and root-mean-square
surface roughness (R,) (g) of the films measured by KPFMand AFM,

(SEM) images also suggested that the surface uniformity is relatively
similar for the treated films (Extended Data Figs. 1, 2).

Consequences for charge-carrier dynamics

Band alignments constructed from the UPS results predict that anega-
tive AE,,. may create a potential well to trap charges at the heterointer-
face (Extended DataFig.3 and Supplementary Note 1). Cross-sectional
KPFM measurements under illuminationin the open-circuit (OC) condi-
tionwere followed to investigate the real-time charge-carrier distribu-
tionsincomplete devices of planar-architecture indium tin oxide (ITO)/
tinoxide (Sn0,)/perovskite/2,2’,7,7’-tetrakis[N,N-di(4-methoxyphenyl)
amino]-9,9-spirobifluorene (spiro-MeOTAD)/gold (Au) (Extended Data
Fig.4, Supplementary Note 2and Supplementary Figs. 3,4). The meas-
ured device AE,,. values at the perovskite/spiro-MeOTAD heterointer-
faceare consistent with those obtained from the films (Supplementary
Fig.5). Charge carriers are unextractable in the OC condition (split quasi

Distance (um)

respectively. pxl, pixel. Error barsrepresent the standard deviation. h, i, Charge
density distribution profiles of the complete OATsO-treated (h) and OAI-
treated (i) device cross-sections measured by cross-sectional KPFM.

p,charge density; €,, vacuum permittivity; ,, relative permittivity. The devices
wereilluminated under the OC condition. Thered error bars demarcate the
estimated spatial resolution of about 30 nm (refs. 5%).

Fermilevel), and might accumulate at a contacting selective hetero-
interface of the opposite polarity®®. This is observed as an accumula-
tion of holes for both devices at the perovskite/SnO, heterointerface
(Fig. 1h, i). In contrast, a pronounced electron accumulation exists at
the perovskite/spiro-MeOTAD heterointerface for only the OAl-treated
device. The electron accumulation is noted to be significantly more
severe than the counterpart hole accumulation. In principle, theideal
photovoltaic device would have ahomogeneous electric-field distribu-
tion with no charge accumulation across its heterojunctions'®, which
is seen for the OATsO-treated device at its perovskite/spiro-MeOTAD
heterointerface. Both devices were relatively field-free (that is, flat
potential) along the active layer, indicative of a high-quality perovskite
bulk, suggesting that the different behaviours were a consequence
of the surface treatments. The results are consistent with those pre-
dicted based on the band diagrams (Extended Data Fig. 3), where the
non-negative AE,,. of the OATsO-treated device avoided the potential
well and charge accumulation.

Nature | Vol 605 | 12 May 2022 | 269



Article

a b 10° f
ITO/SnO,/perovskite/spiro/Au
= I\ > 1.0 | ARt R o
g 2 "
E £ Qost
5 7 3
o 5107k Glass/perovskite % 06 I. Photostability: MPP
% \ ﬁ —— Reference £ ' —— Reference (P,: 21.7%) OA*I™ (P: 23.0%)
s A g oA 2 o4 OA'BF,” (Py 23.1%) —— OA*TsO™ (P 23.6%)
@ | £ - 4k
8| \ S OA*BF, AM 1.5G illumination, RH ~ 40%, T ~ 40 °C
s\ ) OA*TsO"
1 10—2 1 1 0.2 1 1 1 1
700 800 900 0 1 2 3 0 200 400 600 800
Wavelength (nm) Time (us) Time elapsed (h)
c d 10°F . . 9 -
Glass/perovskite/spiro 1.0 - ITO/SnO,/perovskite/spiro/Au
= 2> —— Reference M
[%] k3 —
c [ OA*|
g 3 - | Bosr
E ‘E OA*BF, & :
— — + —
% i 1ok OA*TsO E . \§
g 9 35ns| ® \§ II. Photostability: OC
‘f; % g —o— Reference OA*I-
g £ 204r OA*BF,~  —— OA*TsO-
% z° ' Metal halogen lamp illumination, RH =~ 40%, T = 40 °C
1 10—2 i 1 1 1 02 1 1 1 1 1
700 800 900 0 50 100 150 200 0 500 1,000 1,500 2,000
Wavelength (nm) Time (ns) Time elapsed (h)
e 15 h — )
I Reference [ ] OA*I- 1.0r 16’0 0?%) ° @ L o 9 gé_gﬁ 91'8% ° 88.5%
[ 1OA*BF,~ [ OA*TsO 8L oo m e 6% - - e - 0 e
s 80%
10 b o
. S o6t
3 N
&) Téx 0.4F Il. Photostability: OC
St 5 @ Most stable OA*TsO™ device
2 02}
0 -
0 1 1 1 1 1 1 1 1
21 22 23 24 25 0 250 500 750 1,000 1,250 1,500 1,750 2,000 2,250
PCE (%) Time elapsed (h)

Fig.2|Charge-carrier dynamics, performance and photostability.

a, b, Steady-state (a) and time-resolved (b) PL spectraof the glass/perovskite
films. ¢, d, Steady-state (c) and time-resolved (d) PLspectraof the glass/
perovskite/spiro-MeOTAD films. Included are the extracted lifetimes fitted
withamono-exponential decay function for b and a bi-exponential decay
functionford.e, The PCE distributions of the devices. f, Photostability
evolutionwith time of encapsulated devices aged under continuous

Photoluminescence (PL) spectroscopy indicated an effective suppres-
sion of charge-trapping defect statesin the surface-treated films, as evi-
denced by theirenhanced PLintensities and carrier lifetimes with aglass/
perovskite architecture (Fig. 2a, b). The defect passivation efficacies of
the surface-treated films are noted to be relatively comparable. Com-
paring their PL intensity distributions indicates again that the surface
uniformity is similar betweenthe films (Supplementary Fig. 6). Despite
thebeneficial passivation effects, charge extractioninto spiro-MeOTAD
is sacrificially impeded in all surface-treated films (Fig. 2c, d and Sup-
plementary Table 2), but to different extents, with the trend correlated
with the magnitude of AE,,.. Compared with the reference/spiro-MeOTAD
film, the average carrier lifetime (z,,.) more than doubled to 8.1 ns (from
3.0 ns) for the OAl-treated film and the steady-state PL intensity was
223% higher. In contrast, OATsO treatment simultaneously suppressed
thetrap states whereas charge extraction was barely impeded, avoiding
the trade-off seen for the OABF, and the OAl treatments. Further pho-
totransient measurements on complete devices complement the filmPL
results (Supplementary Fig. 7). We postulate that the charge obstruction
and accumulation cannot be explained by the surface two-dimensional
phase, as the insulating large organic cation (OA") is kept unchanged
(Supplementary Note 3 and Supplementary Fig. 8).
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illumination at the MPP. P, denotes the initial PCE. g, Photostability evolution
withtime of the encapsulated devices aged under continuousilluminationin
the OC condition. Error barsrepresent the standard deviation of four devices
foreach condition. h, Photostability PCE evolution of the most stable
OATsO-treated device aged under the OC condition. Included are the PCE
retentions inapproximately 500-hintervals.

Device performance and hysteresis behaviour

For the surface-treated devices, the power conversion efficiency
(PCE) shows the trend OATsO-treated devices > OABF,-treated
devices > OAl-treated devices, owing primarily to an increasing fill
factor (FF) (Fig. 2e and Extended Data Fig. 5). The device open-circuit
voltages (V) are marginally different, reflective of the comparable PL
results of the glass/perovskite films. The best OATsO-treated device
reached a PCE of 24.41% (Extended Data Fig. 6). We further verified the
performance of encapsulated devices at an independent third-party
laboratory, noting that the performance slightly decreased after the
encapsulation procedure (Extended Data Fig. 7). Contrasting the
surface-treated devices, the PCE trend can be explained as follows
(further discussion in Supplementary Note 4). First, a more negative
AE,,. deepened the valence band offset with spiro-MeOTAD, which
increased the hole extraction resistance tosacrifice the FF.In addition,
the heterointerface barrier observed from the KPFM profiling may also
contribute toimpede charge extraction®". Regardless, anegative AE,,.
remains the cause that gave rise to both effects. Separate investigations
of a FAPbI; composition further verified our observations (Extended
DataFig. 8 and Supplementary Table 3).
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Fig.3|STEM and EDX analyses of the aged devices. a,b, STEM bright-field
images of the aged OAl-treated (a) and OATsO-treated (b) device
cross-sections. The OAl-treated deviceis seen to have arougher
heterointerface contacting spiro-MeOTAD. c-f, EDX elemental maps of

Comparing the surface-treated devices, the hysteresis behaviour
generallyimproved as the negative AE,,. decreased in magnitude (Sup-
plementary Fig. 9). This provided the first hint at a correlation between
AE,,.andion migration, given thation migrationis responsible for PSC
hysteresis™®®. In contrast, the reference devices showed the lowest
performance and worst hysteresis, owing to the abundant, unpassi-
vated heterointerface traps. Overall, the device performance results
provide evidence for the sacrificial trade-off of a negative AE, . to limit
PSC performance.

Device stability under continuous illumination

We assessed the photostability of encapsulated devices under continu-
ousillumination withoutanultraviolet filter. Alldevices were agedinan
ambientatmosphere atabout40 °C. We preserved the original device
architecture with spiro-MeOTAD as the hole-transporting material,
without applying further modifications (for example, copper phth-
alocyanine (CuPC) or poly(triarylamine) (PTAA) were not used). Under
maximum power point (MPP) testing (Fig. 2f), the OATsO-treated device
sustained its performance with negligible degradation after about
800 h. The OABF,-treated device was also relatively stable, retaining
91.5% of its performance after about 500 h. Among the surface-treated

200 400 600 800

Distance (nm)

bromine (¢, d) and iodine (e, f) for the OAl-treated (c, €) and OATsO-treated
(d, f) device cross-sections. All scale barsinthe STEM and EDX images
represent200 nm. g-j, Elemental distributions of bromine (g, h) andiodine
(i,j) for the OAl-treated (g, i) and OATsO-treated (h, j) devices.

devices, the OAl-treated device degraded the most rapidly to 84.8% of
its performance after about 500 h.

Contrasting the device degradation under MPP testing versus OC
condition testing, all devices were generally less stable under OC condi-
tiontesting (Fig. 2g, Extended DataFig. 9 and Supplementary Note 5).
However, the device degradation trends are identical, and correlated
with the magnitude of AE, .. In particular, the OABF ,-treated devices
with an intermediate negative AE,,. showed stability between that of
the OAl-treated and the OATsO-treated devices. Near the approximate
halfway point of 1,014 h, the devices retained 94.3% (OATsO treated),
86.2% (OABF, treated) and 74.8% (OAl treated) of their average PCEs.
Ending after2,092 h, the OATsO-treated devices retained 87.0% of their
initial PCE on average. In contrast, the average PCE (65.1% of initial) of
the OAl-treated devices decreased dramatically over the 2,092-h aging
duration. The most stable OATsO-treated device (Fig. 2h) retained
94.9% and 88.5% of its initial PCE after 1,014 hand 2,092 h, respectively.

Analysing the degradation trends, we postulated that the potential
well and charge accumulation may have accelerated ion migration,
considering that the KPFM profiling was also performed under illumi-
nationinthe OC condition. In particular, the more rapid ‘burn-in’ decay
ofthe OAl-treated and the OABF,-treated devices, observed inboth the
MPP (Supplementary Table 4) and the OC tests, strongly hints thation
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migration has been aggravated by a negative AE,,., given that transient
ionmigration underlies the ‘burn-in’ regime'*'***, The altered ion migra-
tion energetics was also hinted by the device hysteresis behaviour. More-
over, the two-dimensionalinterlayer of the conventional OAl treatment
probably contributed toimpedingion migration'®, yet the OABF ,-treated
andthe OATsO-treated devices still had superior photostability, indicat-
ing that the ion migration energetics have been dominantly affected.

Analyses of the degraded devices

To directly investigate the extent of ion migration, on completion of
the OC stability testing, the original OAl-treated and OATsO-treated
devices (after 2,092 h illumination) were sent for scanning transmis-
sion electron microscopy (STEM) analysis. The encapsulation cover
glasses were detached immediately before focused ion beam (FIB)
milling to extract sample cross-sections. STEM bright-field images of
the planar device stacks revealed that the micrometre-scale grain sizes
were still visibly intact even after the extended aging (Fig. 3a, b and
Supplementary Fig. 10). The first notable difference between the two
samples canbeseen at the perovskite/spiro-MeOTAD heterointerface.
The OAl-treated device had arougher heterointerface morphology,
whichisin contrast tothe negligibly different topography for the fresh
films observed by AFM and SEM. This suggests that the roughening is
inherent to the ageing process, possibly associated with heterointer-
face degradation by ion-migration-induced compositional loss. The
elemental distributions were compared by X-ray energy-dispersive
(EDX) mappingin STEM (Fig. 3c-fand SupplementaryFig.11). Onclose
inspection, large accumulations of both bromine (green arrows) and
iodine (yellow arrows) canbe seen for the OAl-treated device along the
top Au/platinum (Pt) region. Thisis verified by quantitative analysis of

272 | Nature | Vol 605 | 12 May 2022

charge displacement profiles (e). The blue and yellow volumes on the slab
models correspond to electron-depleted or electron-enriched regions,
respectively. The beige horizontal band spatially corresponds cand d with
e.Black, Pbatoms; red, latoms; blue, Bratoms; brown, Catoms; light blue,
N atoms; white, Hatoms.

the elemental distributions (Fig. 3g-j). In consideration of the nominal
stoichiometry of the perovskite, both bromine and iodine accumula-
tion were approximately similar in order magnitude (Supplementary
Fig.12). We note that despite progress to completely remove the need
for bromine in FAPbl,-based compositions'”'8, it has been shown that
bromine might remain necessary to stabilize the a-FAPbI, phase in
state-of-the-art devices”. The bulk devices that underwent FIB milling
were further recovered and characterized by Bragg-Brentano XRD
(Supplementary Fig.13). The §-FAPbI; peak supposedly at about 11.8°
was not detected for both devices, and the a-FAPbI, phase remained
dominant, ruling out possible aggravation of the perovskite phase
metastability by iodine interstitial generation®.

Aggravated ion migration and device instability

Wefurthersimulated theionmigration pathways usingthefirst-principles
nudged-elastic-band methodology (Supplementary Note 6)2. Tomodel
the charge accumulation at the perovskite/spiro-MeOTAD heteroin-
terface, we calculated the activation energy for halide migration in
either a neutral uncharged or a negatively charged environment. Two
independent pathways were explored: migration within a unit cell of a
supercell (intra-lattice) and migration escaping a supercell (extra-lattice)
(Extended Data Fig. 10 and Supplementary Table 5). The intra-lattice
migration (vacancy mediated) investigates possible Coulombic screen-
ing effects by acharged environmentto alter the bonding affinities and
thus migration energetics®?, whereas the extra-lattice migration is
defectindependent. For intra-lattice migration (Fig. 4a), the energy
barriers for bothiodine (-38.7%) and bromine (-29.4%) decreased sub-
stantially in the negatively charged environment. Similarly observed
for the extra-lattice scenario (Fig. 4b), the activation energy for iodine



migration (-13.3%) and bromine migration (-17.8%) were both lower
in the charged environment. Per the Arrhenius relationship, the rate
constant has exponential dependence on the activation energy barrier.
lon penetration can result in irreversible chemical reactions with
spiro-MeOTAD to degradeits hole-transporting functionality?, and also
chemical corrosion of the top electrode layer?*, which potentially con-
tributed to the V,cand FF decays of the devices. The robust encapsula-
tion procedure ruled out environmental degradation factors, indicating
thatintrinsic mechanisms (thatis, ion migration) were responsible, and
alsoexcluded trapped charges catalysing extrinsic degradation path-
ways by moisture and oxygen?®. This is evidenced by the short-circuit
current retention for the devices, demonstrating the excellent phase
stability of the active layers. By excluding ion migration, half-device
tests further indicate that the photostability of the surface-treated
films are negligibly different (Supplementary Note 7 and Supplemen-
tary Fig. 14). Tying together all results, we propose that the potential
well and charge accumulation created by a negative AE,,. aggravated
device instability, by detrimentally accelerating halide migration at
the spiro-MeOTAD/perovskite heterointerface. More generally, the
beneficialimprovements of surface treatments are sacrificially limited
byanegative AE,,., but modulating the counteranion presents asimple
method to further improve PSC stability and performance.
Backtracking, we also preliminarily explored the possible mecha-
nistic origins of AE,,. using first principles (full discussion in Supple-
mentary Note 8), summarized as follows. Ligand-induced AW originates
from two independent contributions®*?’: the ligand intrinsic dipole
moment (ﬂdipole)' and acharge-density displacement by ligand-surface
interactionsand bond formation (i, ). The dipole moments of [OA]"
and [TsO] were +20.3 D and -10.5 D, respectively (Supplementary
Figs.15,16). Onthe other hand, [TsO]  induces a striking negative sur-
face charge displacement, g, of -0.022¢, which is threefold larger in
magnitude than the positive g of [OA]" (+0.006e¢) (Fig. 4c-e and Sup-
plementary Table 6) The negative g sign of [TsO] indicates adepletion
of electrons from the surface, and is equivalent to a positive AW. This
trend is reproducible even with defect states on the surface, or differ-
entsurface concentrations and species (Supplementary Figs.17,18 and
Supplementary Table 7). Therefore, we speculate that simultaneous
contributions fromboth y,  andu,  for[TsO] synergistically
ge ipole
counterbalanced [OA]’, to result in a net positive AE,,. for the OATsO
treatment. More broadly, this proposes design principles for theideal
perovskite/charge-transporting material heterointerface. We pre-
liminarily tested pairing [TsO]” with alkylammoniums with different
chain lengths, but OATsO treatment yielded the best performance
(Supplementary Fig.19 and Supplementary Note 9).
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Methods

Perovskite film fabrication

All materials were purchased from Sigma-Aldrich, unless otherwise
stated. For the (FAPbI;), os(MAPDBBT;), os cOmposition, 889 mg ml™
FAPDI, (FAI, GreatCell Solar; Pbl,, TCI America), 33 mg ml™ MAPbBr,
(MABTr, 1-Material; PbBr,, Alfa Aesar Chemicals) and 33 mg ml™ MACI
(GreatCell Solar) were dissolved in a dimethylsulfoxide (DMSO)/
dimethylformamide (DMF) mixed solvent (1:8 v/v). The films were
deposited at 4,000 rpm for 20 s. After 10 s, 0.2 ml diethyl ether was
dropped on the film. The film was then annealed for 10 min at 150 °C.
Forthe FAPbI, composition, 1,266 mg FAPbl, and 34 mg MAClwere dis-
solvedin192.8 pl N-methylpyrrolidone (NMP) and 1 mI DMF. The films
were deposited at 4,000 rpm for 20 s. After 10 s, 0.2 ml diethyl ether
was dropped on the film. The filmwas then annealed for 5 minat100 °C,
and subsequently 10 minat 150 °C. Subsequently, for post-fabrication
surface treatment, 10 mM of the respective ammonium salts were dis-
solved in isopropyl alcohol, followed by deposition at 5,000 rpm for
30 s. Only OABr was dissolved in chloroform. All treatments, except
with phenethylammoniumiodide (PEAI), were annealed at 100 °C for
5 min. No annealing was done for PEAI The reference films without
post-treatment were washed with pureisopropylalcoholat 5,000 rpm,
followed by 100 °C annealing for 5 min.

Device fabrication

Substrates of ITO onglass were cleaned by successive ultrasonicationin
detergent, deionized water, acetone and isopropyl alcohol, for 20 min
each. Cleaned substrates were treated by ultraviolet ozone for 20 min.
For the electron-transporting material, SnO, colloidal solution (Alfa
Aesar Chemicals) was diluted in water in a 1:5 ratio. The solution was
spunat 3,000 rpm for 30 s, and the film was subsequently annealed
for35 minat165 °C. Ten-millimolar potassium hydroxide or potassium
chloride in water was spun at 3,000 rpm for 30 s, and subsequently
annealed at 100 °C for 10 min. We note that potassium chloride treat-
mentwas slightlyimproved over potassium hydroxide. The perovskite
film fabrication and post-treatment procedures were performed as
described above. Subsequently, 60.0 mg spiro-MeOTAD (p-OLED),
25.5 pl4-tert-butylpyridine, 15.5 pl bis(trifluoromethane)sulfonimide
lithium salt (520 mg ml™in acetonitrile) and 12.5 pl of FK209 (p-OLED;
375 mg mlinacetonitrile) were dissolved in 0.7 ml chlorobenzene. The
solution was spunat 3,000 rpmfor 30 s.Forthetop electrode, 100-nm
gold was thermally deposited at an evaporation rate of 0.5A s™. The
device active areais determined by a shadow mask to be 0.13 cm?. For
the anti-reflection coating, 150-nm magnesium fluoride (MgF,) was
thermally deposited atanevaporationrate of 1A s™. MgF, was deposited
onall devices, unless otherwise stated.

AFM and KPFM
To obtain the spatial variation of the work function for each perovskite
sample, we performed KPFM, which is an AFM-based technique to
acquire work function information of the sample surface via measur-
ingthe contact potential difference for every pixel. For cross-sectional
KPFM, the devices were cleaved simply to expose their cross-sections.
Amap of contact potential difference, or the relative surface potential
of asample to that of a biased AFM tip, is simultaneously obtained
with atopographic image of the sample surface. The work function
of the AFM tip is calibrated before and after every measurement with
highly ordered pyrolytic graphite, whose work functionis well known
tobe4.6 eV.The real work function value of each perovskite sample is
calculated from the measured surface potential of each sample, with
respect to the tip work function. The temperature and humidity near
the AFM were recorded before every measurement.

The AFM tips used for the KPFM measurement are Au-coated NSC36/
chromium-Autips (MikroMasch) as the measurement of electric prop-
erties requires at least one conductive component. Also, each KPFM

measurementinvolved the electrically grounded perovskite samples
with conductive sample holders, through which the surface potential
of any sample may have the same zero point. All AFM-based measure-
ments were conducted withacommercial AFM NX-10 (Park Systems).

STEM and EDX

The STEM images and EDX maps were taken using aJEOL2800S/TEM
equipped with dual 100-mm?silicon drift detectors at 200 kV with a
probe size of 1 nm. To perform the STEM analyses on the devices, the
device cross-section waslifted out and mounted ona copper (Cu) grid
using a Tescan GAIA3 SEM/FIB microscope. The sample was protected
by a 2-um-thick Pt layer to prevent gallium implantation during the
milling procedure. The sample was successively polished, first using
30kVand 600 pA, thensubsequently at 15 kVand 150 pA, and finally at
3kVand 90 pA, until reaching electron-transparent thickness.

First-principles density functional theory computation

All bulk and slab first-principles calculations were performed using
density functional theory (DFT) in the plane-wave/pseudopotential
approachimplementedin the Vienna Ab initio Simulation (VASP) pack-
age”. Arevised Perdew-Burke-Ernzerhofgeneralized gradient approxi-
mation (PBEsol) was used for the exchange-correlation functional®.
Weincluded dispersion correctionsto the total energy using Grimme’s
DFT-D3 scheme®. Projector-augmented-wave (PAW) pseudopotentials
were used to describe valence-core interactions®. Plane-wave expan-
sions with kinetic energies up to 300 eV were chosen. Both ionic posi-
tionsand supercell dimensions were allowed to relax using conjugate
gradientalgorithmuntilall residual forces were smaller than 0.02 eV-A".
Bulk 4 x 4 x 4 and slab 4 x 4 x 1T-centre k-point meshes were adopted
for Brillouin-zone sampling. For bulk calculations, 2 x 2 x 2 supercells
were used. For surface-energy calculations, the 2 x 2 x L surfaces(L is
the number of perovskite layers in the slab) were formed along (001)
by periodicslabsincluding 9 to11atomiclayers forasurface separated
by10-15 A of vacuum.

Fortheelectrostatic potential maps, allstructures were pre-optimized
with the very tight GFN2-xTB method using the xXTB program (version
6.2)***before conformational search. Conformational analysis of each
structure was performed in water using metadynamic samplingin the
extended tight binding Conformer-Rotamer Ensemble Sampling Tool
(xtb CREST) program package (version 6.2)*. The iMTD-GC workflow
was used for the conformational search algorithm with 6 kcal mol™
energy and 0.5-A root mean square deviation thresholds at 298.15 K.

Allfurther DFT calculations of the lowest conformers were performed
using Gaussianl6. Geometry optimization and frequency calculations
were completed at the ®B97X-D/6-311++G(d,p) level in the gas phase.
Optimized structures were verified by frequency calculations as minima
(zeroimaginary frequencies). Electrostatic potential charges and maps
were computed with the B3LYP method, the GD3BJ* empirical disper-
sionand the LANL2DZ basis set for iodide, and the aug-cc-pvtz basis set
forall other atoms based on the Hirshfeld population analysis®. Dipoles
were calculated with the wB97X-D/6-31+G(d) method and basis set.
Electrostatic potential maps were generated using GaussView 6.0.16.

Preparation of ammonium salts

p-Toluenesulfonic acid monohydrate was first dehydrated to
remove the water of crystallization. Using 100 ml toluene dissolves
1g p-toluenesulfonic acid monohydrate in a 250-ml two-neck
round-bottom flask. Vacuum distillation of toluene (about 20 mm Hg
is a sufficient vacuum to lower the boiling point of toluene to a rea-
sonable value) was followed to obtain solid p-toluenesulfonic acid
using a vacuum oven at 100 °C for 1 week. For the anion substitution
of alkylammonium salts, alkylamine (for example, octylamine) was
added stoichiometrically to the acid (for example, p-toluenesulfonic
acid) inanisopropylalcohol mixed solvent, followed by stirring at 50 °C
overnight. The chemical structure and purity of the salt was further



verified by 'H NMR (Supplementary Note 10, Supplementary Fig. 20).
Typically, a concentrated stock solution (>500 mM) is first prepared,
followed by solution dilution to reach the final 10-mM concentration.
Trifluoroacetic acid (>99.5%) was obtained from EMD Millipore. Octy-
lammonium iodide and octylammonium bromide were purchased
commercially from GreatCell Solar.

Device encapsulation and stability testing

Device encapsulation was carried out inside a nitrogen-filled glovebox
(<0.6 ppm of 0,/H,0) by using an ultraviolet-curable adhesive (Nagase
America) applied to a custom-designed cover glass (AMG Korea). The
glovebox was completely absent of any chemical solvents to ensure a
pristineatmosphere. The devices were keptin the glovebox for at least
2 hbefore and after encapsulation. The cover glass was superimposed
ontheactive layer and fixed in position with the adhesive. This was then
exposed to ultraviolet illumination for 2 minto cure the adhesive and
seal the cover glass to the device. Care was taken to block the device
active-layer area from the ultraviolet illumination by superimposing
black electrical tape on the cover glass area that corresponded to the
device active-layer area. We note thatin our experience, it wasimpor-
tant to pay attention to the expiry date of the ultraviolet-curable adhe-
sive, with fresh adhesives preferred.

For the MPP stability testing, encapsulated devices were exposed to
continuousillumination by a simulated air mass 1.5G spectrum illumi-
nation from a solar simulator. The devices were biased with a voltage
corresponding to their MPP. The aging atmosphere was open ambient
air (relative humidity (RH) 40 +10%). For the OC stability testing, encap-
sulated devices were exposed to continuous illumination by a metal
halogenlamp source (90 + 10 mW cm ™). The devices were placedinan
in-house-built aging chamber under the OC condition. The chamber
atmosphere was open ambient air (RH 40 +10 %). Periodically, the
deviceswere transferred to asimulated AM 1.5G spectrumillumination
from a solar simulator, also in ambient air (RH 40 +10 %), to measure
their performance. The devices wereimmediately returned to the aging
chamber upon measurement completion.

Material and device characterization

SEM was carried out using an FEI Nova NanoLab 600 DualBeam (FIB/
SEM) instrument in secondary electron mode. The films were coated
with an approximately 1-nm-thick Au layer by sputtering to prevent
charging during the measurement. XPS measurements were carried
outonan XPS AXIS Ultra DLD (Kratos Analytical). An Al Ko (1,486.6 eV)
X-ray was used as the excitation source. UPS measurements were car-
ried out using a helium discharge lamp, emitting ultraviolet energy
at 21.2 eV. All UPS measurements were performed using standard
procedures with a —9-V bias applied between the samples and the
detectors. PL spectroscopy was performed with a Horiba Jobin Yvon
system, with a 532-nm xenon lamp or a 640-nm monochromatic laser
excitation source. Time-resolved PL spectra were measured using a
Picoharp 300 with time-correlated single-photon counting capabilities
(PLD 800B, PicoQuant) with arepetition frequency of 100 kHz. The
confocal PL maps were measured using a Leica Confocal SP8-STED/
FLIM/FCS confocal laser scanning microscope, using an HC PL APO
oil objective (40%/1.40) and a 514-nm argon pulsed diode laser. XRD
was performed by an X-ray PANalytical diffractometer at a scan rate
of4° minwith a CuKaradiation source. The simulated AM 1.5G 1-sun
spectrum illumination (100 mW cm™) was from an Oriel Sol3A class
AAA solar simulator (Newport). The lightintensity was first calibrated
with an National Renewable Energy Laboratory (NREL)-certified sili-
con photodiode with a KG-5 filter. A Keithley 2401 source meter was
used to performthe current density—-voltage device measurements. A
0.100-cm*sized metal aperture was used to precisely define the device
active area during measurement. The external quantum efficiency
(EQE) was measured with a custom-designed Enlitech system under
a.c.mode (frequency 133 Hz) without light bias with alock-in amplifier

with a current preamplifier under a short-circuit condition. The pho-
totransient measurements were done with a pulsed red dye laser (Rho-
damine 6G, 590 nm) pumped by a nitrogen laser (LSI VSL-337ND-S)
as the perturbation source. The pulse width was 4 ns at arepetition
frequency of 10 Hz. The laser pulse intensity was monitored to maintain
the amplitude of transient V. below 5 mV. Then, the voltage under the
OC condition and the current under the short-circuit condition were
measured over a1-MQresistor and a 50-Q resistor, and recorded on a
digital S4 oscilloscope (Tektronix DPO 4104B).
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The datathat support the findings of this study are available from the
corresponding authors on reasonable request.
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Extended DataFig.1|Morphology of the perovskite films. Surface SEM. Allscalebarsrepresent 2 pm. No obvious difference canbe seen between
morphology of the: a, reference; b, OAl-treated; ¢, OATsO-treated; d, OATFA- thereference and treated perovskite films.
treated; e, OABr-treated; and f, OABF,-treated perovskite films measured by
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Extended DataFig.2| Topography of the passivated perovskite films.
Representative 3D topography of the: a, OAl-treated; b, OABF,-treated; and
¢, OATsO-treated perovskite films measured by AFM. All scale bars represent
2 um.d, Comparison of the height depth distribution of the films. Depth
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distribution histograms for the: e, OAl-treated; f, OABF,-treated; and
g OATsO-treated perovskite films. Insets include the fitted statistical
parameters.SD, standard deviation.
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Extended DataFig. 3 |Heterointerface energy band diagrams. Schematic
interpretation of the heterointerface band alignments of the a, OAl-treated
andb, OATsO-treated devices under illuminationin open-circuit condition.
Theband alignments are constructed based on the UPS and KPFM results.
CBM, conduction band minimum; VBM, valence band maximum; £, electron
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quasi-fermilevel; £5, hole quasi-fermilevel. The dashed gray linesinbindicate
Ef,and Egof the OAl-treated device froma. The diagrams are not drawn to
scale.Both surfacetreatments createatypelenergy alignmentat the
heterointerface, but the vacuum level upshift of the OATsO-treated device
minimized the potential well to mitigate the electron accumulation.
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becomeszero. Note that this does not affect the electric field and charge
displacement profiles, which calculate the derivatives of the CPD profiles.
Althoughwe do not expect the rough morphology seenin c to affect the KPFM
signal, we cannot completely rule this out at this stage. Therefore, we have
repeated the KPFM measurement onanother separate OAl-treated device.
AsshowninSupplementary Fig. 4, we were able to reproduce the potential
drop atthe perovskite/spiro-MeOTAD heterointerface.
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Extended DataFig. 6 | Characterization ofthe OATsO-treated devices.

a, Current density-voltage curves of the best-performing OATsO-treated
device, inreverse scan (blueline) and forward scan (red line). Insetincludes the
measured photovoltaic parameters. b, EQE spectrum and integrated Jsc of an
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wellmatched (less than 3% discrepancy) with the measured value.

¢, Absorbance profile of an OATsO-treated film on glass measured by UV-Vis
spectroscopy. Insetincludes a Tauc plot and linear fits to estimate the optical
bandgap.

OATsO-treated device. Theintegrated /s is 24.6 mA cm™, and therefore
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Extended DataFig.7|Third-party device performance measurements.

a, Currentdensity-voltage curve, and b, box plot showing the PCE distribution
oftheencapsulated OATsO-treated devices. Measurements were performed at
the Molecular Foundry, Berkeley, CA, USA. As the measurements were fully
doneinambientair (RH approximately 50%), all devices had to be

encapsulated, whichresultedinadropin performance.c, PCE evolution
with time under lightsoaking of an encapsulated OATsO-treated device.
Current density-voltage curves of thesame deviced, before and e, after the
encapsulation procedure, measuredin-house.
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Extended DataFig. 8| Universality verification onaFAPbI, composition. ofthedistribution of the device photovoltaic parameters. Centre line, median;
a, UPSsecondary electron cut-offs of the perovskite films. b, Steady-state and box limits, 25" and 75" percentiles; whiskers, outliers. g, Current density-
¢, time-resolved PL spectraofthe glass/perovskite films. d, Steady-state and voltage curvesand h, EQE spectrumand integrated /;c of the best-performing
e, time-resolved PL spectra of the glass/perovskite/spiro-MeOTAD films. The device treated with OATsO. The integrated /5. is 25.4 mA cm™?, well matched

carrier lifetimes are fitted with amono-exponential decay function. f, Box plots  (approximately 3% discrepancy) with the measured scan value.
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Extended DataFig. 9| Open-circuit stability test device performance.
Evolutionwith time of the normalized averagea, J,., b, V¢, and ¢, FF of the
devices under continuousillumination with ametal halogenlamp. The

Time elapsed (h)

encapsulated devices were aged inambientatmosphereatRH~40%and T~40 °C
inopen-circuit condition. Error bars represent the standard deviation of four

devices for each condition.



4 . . . - : - 5
a IEnvironmlent: I I b il Environn|1ent: I I i c L Environmelnt' | 1
| —@— Neutral 3 | —9—Neutral i — % '
< - < - < 4 | 7 Neutral i
?9 3 | —9—Negative _ i —o— Negative o 4 B Negative
>
5 | S, 23t
ol | o -l 7] c
= c o
) o c
2] 2 821
St 1 B 1 5
€ & 1]
of T T L N 0 1 | 1 , | \ ]
0 4 8 12 16 0 4 8 12 16 Bromine
Step Step
0.8 T T T T 0.8
d ' ' Enviro'nment: € 0.4 ' ' I ' Enviro'nment: ' f Environmelnt' l
r —o—Neutral ] T —o— Neutral — Fp ) 1
< - < ” < 777 Neutral
i 06 —o— Negative | i —o— Negative @ 6 | S Negative 7 |
> | | > 3
o o g 1
204+t 4 & =
® 302 4 ©04r
o r (0] o
= = = i
®02+F 1 ® g
- o % 0.2}
o L 1 o < |
0.0 I R L 1] 008 ---r----r----79 -1 0.0
0 4 8 12 16 0 4 8 12 16 20 lodine Bromine
Step Step

Extended DataFig.10|Activation energy for halide migration. a-c,Energy
profiles for the extra-lattice migration of a, bromine and b, iodine in aneutral
uncharged or negatively charged environment, and ¢, corresponding

activationenergy barriers. d-f, Energy profiles for the intra-lattice migration
ofd,bromineande,iodineinaneutraluncharged or negatively charged
environment, and f, corresponding activation energy barriers.
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