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CONTEXT & SCALE Ensuring the stability of perovskite solar cells (PSCs) is essential to unlocking their po-
tential as a high-efficiency solar technology. This research addresses a significant challenge in the field of
PSCs: ion migration, which deteriorates the performance and stability of PSCs. By functionalizing the perov-
skite surface with 5-ammonium valeric acid iodide (5-AVAI), this study presents an approach for depositing
high-quality aluminum oxide (Al₂O₃) on top via atomic layer deposition (ALD) at 100�C. The resulting compact
and uniformAl₂O₃ layer acts as an effective ionmigration barrier, significantly enhancing both the stability and
power conversion efficiency of PSCs.
The implications of this study are relevant to the future commercialization of perovskite solar cells. ALD is
already widely used in the industry for its ability to form uniform metal oxide layers over large areas, making
the proposed method well suited for rapid adoption. Moreover, the ability to deposit metal oxides directly
onto the perovskite surface without causing damage could open the door to inverted PSCs using inorganic
electron transport layers, paving the way for the development of longer-lasting perovskite solar cells. This
research marks an important step toward the practical application of perovskite solar technology.
SUMMARY
Mixed-halide wide-band-gap perovskites are critical components of highly efficient tandem cells, but their
operating stability is limited by halide migration. Metal oxides deposited via atomic layer deposition (ALD)
have been shown to block halide migration; however, previously pursued methods result in inhomogeneous
nucleation and growth.We hypothesized that functionalizing the perovskite surfacewith ALD-active carboxyl
groups could promote nucleation and enable higher-temperature metal oxide growth. We find that
5-ammonium valeric acid iodide (5-AVAI) facilitates the formation of a compact and uniform aluminum oxide
(Al2O3) layer and allows growth at 100�C compared with the previous limit of 75�C. We demonstrate that
halide migration into the C60 electron transport layer is reduced by a factor of 10 compared with the reference
case. Al2O3-capped perovskite solar cells with a band gap of 1.78 eV retain 90% of their initial power conver-
sion efficiency after 1,000 h of continuous operation under 1-sun illumination at 55�C.
INTRODUCTION

Band-gap tuning in metal halide perovskites enables tandem

devices to have power conversion efficiencies (PCEs)
All rights are reserved, including those
higher than those of single-junction solar cells.1,2 The field

has shown remarkable progress, including that in certified

PCE and operating stability, yet there remains room

for improvement on the path to meeting the full suite of
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International Electrotechnical Commission (IEC) accelerated

lifetime tests.

State-of-art all-perovskite tandem solar cells are made in a p-

i-n architecture, with fullerene derivatives such as C60 and

phenyl-C61-butyric acid methyl ester (PCBM) serving as the

electron charge transport layer (ETL). Unfortunately, halides

from the perovskite lattice have widely been observed to migrate

into the fullerene-derivative layers.3 These mobile ions lead to

local charge accumulation and the formation of I0 and Pb0 de-

fects, and these reduce the conductivity of the fullerene deriva-

tives.3,4 The migrated ions further travel to the metal electrodes,

corroding these to form resistive layers that are barriers to effi-

cient charge extraction.5,6 These processes worsen over time,

militating against the operating stability of all-perovskite tandem

solar cells.7,8

Strategies have been proposed to passivate interface de-

fects—themain ionmigration pathways—based on spin-coating

passivation agents such as organohalides,9–11 Lewis bases,12

and dipolar compounds.13,14 These strategies have improved

solar cell PCE, and yet ion migration persists at the perovskite/

ETL interface.5

Depositing metal oxides on PSCs using atomic layer deposi-

tion (ALD) is a promising technique to improve solar cell dura-

bility. When metal oxide layers are compact and conformal,

this prevents perovskite decomposition caused by the penetra-

tion of atmospheric elements such as moisture15–17 and can

potentially prevent detrimental interfacial ion migration. ALD-

SnO2 on C60 has been used to suppress ion migration into metal

electrodes; however, to date, it has yet to completely prevent ha-

lides from diffusing into the ETL.5

During the deposition of metal oxides directly on top of a

perovskite top surface,18 the direct exposure of the perovskite

layer to reactive precursors and oxidants used in ALD leads to

the decomposition of organic cations in perovskites and the for-

mation of PbI2 residue.
19 The decomposition is further acceler-

ated at higher processing temperatures; however, processing

temperatures in the �100�C range appear to be essential for

achieving uniform and high-quality metal oxide layers.20–22 For

this reason, ALD metal oxide deposition on perovskites is typi-

cally performed at low temperatures, usually below 75�C
(Table S1).

Here, we explore the introduction of protective layers onto the

perovskites to simultaneously passivate the interface, promote

the seeding of the metal oxide, and suppress ALD-induced

degradation. We find that prior passivation agents do not protect

the perovskite surface during ALD, for they do not withstand the

100�C processing temperature.

We hypothesize that the instability of these surface treatment

ligands during ALD arises from a lack of active ALD sites, which

results in poor nucleation of the metal oxide. This inadequate

seeding causes non-uniform growth with voids through which

the passivation agents desorb at 100�C.
To address this, we explore the use of a carboxyl-ammonium

molecule, where carboxyl provides ALD-active sites for Al–O

bonding, thereby mitigating the inhomogeneity-induced insta-

bility. We used 5-ammonium valeric acid iodide (5-AVAI) to func-

tionalize the perovskite surface with carboxyl (–COOH) groups

that preferentially bind with ALD precursors during aluminum ox-
2 Joule 9, 101801, February 19, 2025
ide (Al2O3) deposition.
23,24 We found that 5-AVAI enables a uni-

form Al2O3 film on the perovskite and prevents degradation,

confirmed by photoluminescence (PL) mapping and kelvin probe

force microscopy (KPFM). This resulted in a more compact and

robust barrier layer against ion migration, leading to improved

solar cell stability: an encapsulated wide-band-gap (WBG) solar

cell retained 99% of initial PCE in ambient air under maximum

power point (MPP) tracking under 1-sun illumination at 25�C
for 615 h. Subsequently, the same device retained 90% of its

maximum PCE during aging under 1-sun illumination at 55�C
over 1,000 h.

RESULTS AND DISCUSSION

ALD-Al2O3 growth on the perovskite surface with
different passivation ligands
We first deposited ALD-Al2O3 on perovskite films using chamber

temperatures ranging between 60�C and 100�C and measured

X-ray diffraction (XRD) spectra (Figure S1). For the layer depos-

ited at 100�C, a PbI2 peak was observed upon Al2O3 deposition.

ALD precursors (trimethyl aluminum [TMA]) and/or the oxidant

(deionized [DI] water) damage the perovskite films during the

deposition process (Figure 1A). The PbI2 peak diminished as

the ALD temperature decreased, which indicates that the degra-

dation can be alleviated by reducing the process temperature, as

this reduces the reactivity of the precursor and oxidant.8,18–20

However, the reduction in reaction temperature could also lead

to decreased uniformity of the Al2O3 layer due to less reac-

tivity.20,22 This motivated us to seek to stabilize the perovskite

surface to avoid decomposition during the ALDprocess at higher

temperatures.

We investigated previously reported passivation ligands to

protect against the ALD process chemistry (Figure S2). We

chose phenethylammonium iodide (PEAI) and n-butylammonium

iodide (BAI) as representative 2D cations employed in fabricating

2D/3D perovskites. These passivation ligands have an ammo-

nium (–NH3
+) group anchoring to the perovskite surface and

another functional group (e.g., benzene andmethyl) that extends

away from the perovskite surface.24 Figure 1B shows XRD

spectra of the control film and the perovskite films with passiv-

ation ligands before and after Al2O3 deposition. We observed

the PbI2 peak emerging after Al2O3 deposition for films with

PEAI and BAI treatment, indicating that they cannot protect the

perovskite films during the ALD process (Figures 1B and S3).22

Time-of-flight secondary ion mass spectroscopy (ToF-SIMS)

was used to analyze the presence of passivation ligands on

the perovskite surface before and after Al2O3 deposition (Fig-

ure 1C). However, PEA+ and BA+ could not be found on perov-

skite films after Al2O3 deposition. We believe that that PEA+

and BA+ deprotonate at temperatures higher than 85�C and

desorb from the perovskite surface during ALD.25

We sought to functionalize the perovskite surface to introduce

favorable binding sites for precursor seeding and protect the

perovskite from damage during ALD. Because ALD growth de-

pends on the reaction between precursors and –OH groups on

the substrate surface, we chose a carboxyl-ammonium ligand

(5-AVAI). The ligand provides a carboxyl group to react with

the TMA precursor for ALD Al2O3 growth while anchoring to



Figure 1. ALD-Al2O3 growth on the perovskite surface with different passivation ligands

(A) Schematic showing perovskite surface with passivation ligands exposed to trimethyl aluminum (TMA) and water during the Al2O3 deposition.

(B) XRD spectra of the control film and perovskite films with passivation ligands after Al2O3 deposition.

(C) ToF-SIMS spectra of passivation ligands on perovskite before and after Al2O3 deposition.

(D) PCEs of control versus passivated PCSs using different passivation ligands before and after Al2O3 deposition. Eight devices of each set of samples were

measured.
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the perovskite via the ammonium group, confirmed by contact

angle measurement (Figure S4).26–28 A previous study using mo-

lecular dynamics simulations also demonstrated that, for long

chain ligands like 5-AVAI, the ammonium group preferentially an-

chors to the perovskite, with the carboxyl group pointing out-

ward.24 Films with 5-AVAI showed no observable PbI2 peak after

Al2O3 deposition (Figures 1B and S3) and we found that 5-AVA+

survives the Al2O3 deposition at 100�C via ToF-SIMS measure-

ment (Figure 1C). 5-AVAI appears thus to function as a buffer

layer that prevents the perovskite from degradation during ALD

at 100�C. The growth of Al2O3 via ALD occurs through the inter-
action between the methyl groups (–CH3) in the TMA precursor

and the carboxyl group. This interaction promotes the formation

of strong Al–O bonds (Figures 1A and S5).29–33 The chemical Al–

O bondsmay function as a capping layer to prevent 5-AVA+ from

escaping during the ALDprocess. The photovoltaic performance

of PSCs after Al2O3 deposition on these passivation ligands is

consistent with the XRD and ToF-SIMS results (Figure 1D).

5-AVAI treatment shows improvement in PCEwith Al2O3 deposi-

tion. Other passivation ligands with Al2O3 showed lower perfor-

mance, consistent with the observation of PbI2 formation related

to the ALD-Al2O3 process.
Joule 9, 101801, February 19, 2025 3
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To investigate the effect of the ligand carbon chain length on

ALD growth, we tested three carboxyl-ammonium molecules

of varying lengths—3-ammonium propionic acid iodide (3-

APAI), 4-ammonium butyric acid iodide (4-ABAI), and 5-AVAI.

XRD analysis showed that 3-APAI and 4-ABAI failed to fully pro-

tect the perovskite from decomposing into PbI2 during ALD-

Al₂O₃ deposition (Figure S6). In contrast, 5-AVAI successfully

prevented degradation. This observation is consistent with mo-

lecular dynamics simulations reported in a previous study,24

which showed that longer carbon chains promote the outward

orientation of carboxyl groups on the perovskite surface. We

did not pursue ligands with a longer chain than 5-AVAI as they

could negatively impact charge carrier extraction.

Compact and uniform ALD-Al2O3 passivation for
reducing nonradiative recombination at the perovskite/
C60 interface
Notably, we found that 5-AVAI plays a key role in both ALD-oxide

uniformity and the reduction of nonradiative recombination at the

interface between the perovskite and C60. To investigate the

impact of interfacedefect passivationbyALD-Al2O3,weconduct-

ed photoluminescencequantumyield (PLQY)measurements.We

found that Al2O3, 5-AVAI, and 5-AVAI/Al2O3 all offer surface

chemical passivation, as shownby the improvedPLQYsof perov-

skite filmsonquartzandhole transport layer (HTL) substrates (Fig-

ure 2A). The control perovskite film exhibits a drop in PLQY of

nearly 2 orders of magnitude upon the addition of C60 (full stack),

and each post-treatment significantly reduces the magnitude of

these losses. In particular, 5-AVAI/Al2O3 retains the highest level

of PLQY in the full stack. Time-resolved photoluminescence

(TRPL) results of films on glass substrates show enhanced carrier

lifetimes for films after treatment, indicating reduced nonradiative

recombination (Figure 2B; Table S2). The carrier lifetimes of the

control, Al2O3, 5-AVAI, and 5-AVAI/Al2O3 were 16.9, 12.8, 39.4,

and 122.7 ns, respectively. Both PLQY and TRPL suggest that

the incorporation of the 5-AVAI/Al2O3 film yields a less defective

surface compared with the control and Al2O3 films.

We investigated ALD-Al2O3 thickness and uniformity. The

thickness of 10-cycle ALD-Al₂O₃ on the Si substrate was

measured to be 1.1 nm using an ellipsometer and a profilometer

(Figure S7). The millimeter-scale photoluminescence (PL) inten-

sity distribution of the perovskite films was conducted to inves-

tigate the uniformity of Al2O3 deposition on the perovskite sur-

face before and after 5-AVAI treatment (Figures 2C–2E and

S8). Compared with the control film, there are localized areas

where the PL intensity is enhanced after Al2O3 deposition

without 5-AVAI treatment. Conversely, the overall PL intensity

of the 5-AVAI/Al2O3 film is not only improved but the distribution

is also more uniform, suggesting that 5-AVAI facilitates the uni-

form deposition of the Al2O3 layer on the perovskite film. This

is consistent with the KPFM images (Figures 2F–2H), which

demonstrate that 5-AVAI/Al2O3 has narrower potential distribu-

tion (3.60 mV compared with 5.17 mV for the control). Conse-

quently, the improved uniformity of Al2O3, facilitated by the –

COOH ALD-active sites in the 5-AVAI layer, significantly reduces

the direct contact between C60 and the perovskite. This leads to

the suppression of nonradiative recombination, in agreement

with the PLQY and TRPL results.34
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Performance and stability of WBG perovskite solar cells
We then fabricated single-junction WBG perovskite solar cells

with a band gap of 1.78 eV (Figure 3A). We used the device

structure indium tin oxide (ITO)/NiOx/[4-(3,6-dimethyl-9H-

carbazol-9-yl)butyl]phosphonic acid (Me-4PACz)/Cs0.2FA0.8P-

b(I0.63Br0.37)3 perovskite/5-AVAI/ALD-Al2O3/C60/ALD-SnO2/Ag.

Compared with the control device (1.24 V and 77.9%), the target

device (1.31V and 83.1%) exhibited higher VOC and FF

(Figures 3B and 3C). The narrower distribution of VOC and FF in

the target device compared with the control (Figure 3C) can be

attributed to the uniform post-treatment, as evidenced by the

improved uniformity (Figures 2C–2E and S8). The short-circuit

current density (JSC) and 1.78 eV of band gap were confirmed

with external quantum efficiency (EQE) measurement in

Figure S9.

We found that ALD-Al2O3, assisted by 5-AVAI, suppressed ion

migration throughout the devices. We tracked the ion migration

in control and target devices via ToF-SIMS after 85�C aging

at open circuit conditions under 1-sun illumination for 72 h

(Figure 3D). Control devices (ITO/NiOx/Me-4PACz/Cs0.2FA0.8

Pb(I0.63Br0.37)3 perovskite/C60/ALD-SnO2/Ag exhibit Ag ions

that have migrated to the perovskite layer. Halide anions, such

as I and Br ions, migrated from the perovskite layer to ETL and

electrodes. The bromide ion has a smaller size and higher diffu-

sivity than does iodide, consistent with the poor stability perfor-

mance in WBG devices.5 However, after Al2O3 deposition on the

control film, the ion migration was suppressed (Figure S10).

When we deposited Al2O3 on the 5-AVAI-treated perovskite

(target device), ion migration is even further suppressed.

Compared with the control device, the target device shows 1 or-

der magnitude fewer ions, including Ag, I, and Br, at the interface

between ETL and the perovskite. This we attribute to a more uni-

form and compact Al2O3 layer protecting against ion migration,

as confirmed in Figure 2.

The reduction in ion migration into the ETL minimizes overall

ion migration within the film and toward the HTL, as the

decreased number of halide ions migrated into ETL reduces

halide vacancies in the bulk—the vehicle for ion migration.35

This suppression of ion migration is further confirmed by

comparing the mobile ion concentration (No) of control and

target devices using a transient dark current measurement (Fig-

ure S11).4 At room temperature, the control device shows a No of

3.1 3 1014 cm�3 whereas the target device shows a lower No of

5.5 3 1013 cm�3. At �70�C—the highest temperature tested for

the devices in this work—the target device shows a No of 2.9 3

1014 cm�3, markedly lower than the No of 7.23 1014 cm�3 of the

control device. This indicates that ALD-Al2O3 suppresses ion

migration at higher temperatures. This trend observed in No

holds even after the devices are aged. Additionally, the control

device exhibits an activation energy (EA) of 0.12 eV whereas

the target device exhibits a higher EA of 0.14 eV, and the control

device exhibits an order-of-magnitude-higher ionic conductivity

in comparison with the target device, both before and after aging

(Figure S12). Higher EA and lower ionic conductivity indicate that

ion migration is suppressed in terms of ion formation and move-

ment, respectively. We also investigated the ion migration

behavior in target devices depending on different ALD process-

ing temperatures. Higher-temperature-processed devices show



Figure 2. Uniform ALD-Al2O3 passivation for reducing nonradiative recombination at the perovskite/C60 interface

(A) PLQY of control (untreated), Al2O3, 5-AVAI, and 5-AVAI + Al2O3 films on quartz and HTL (NiOx and Me-4PACz) substrates, as well as full device stacks (HTL/

perovskite/C60).

(B) Transient photoluminescence traces for the control, Al2O3, 5-AVAI, and 5-AVAI + Al2O3 films on glass substrates.

(C–E) The PL intensity distribution of 1 mm2 perovskite films of (C) control, (D) Al2O3, and (E) 5-AVAI+Al2O3.

(F–H) Kelvin probe force microscopy of perovskite films of (F) control, (G) Al2O3, and (H) 5-AVAI+Al2O3.
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suppressed ion migration, an observation we connect with a

more uniform Al2O3 deposition at higher temperatures (Figures

S13 and S14).

The suppressed ion migration results in WBG PSCs retaining

99% of initial efficiency, tracked under continuous 1-sun illumi-

nation at the MPP at 25�C over 615 h. For the same device, we

then proceeded to study operating stability at MPP at 55�C. It re-
tains 90% of its initial PCE following operation at MPP under

1-sun illumination over 1,000 h. These stability results surpass

other ambient air stability reports for encapsulated WBG PSCs

having Eg 1.78 ± 0.02 eV (Table S3).
All-perovskite tandem solar cells
We then incorporated our WBG active layer into monolithic

all-perovskite tandem solar cells in combination with a

Cs0.05FA0.7MA0.25Pb0.5Sn0.5I3 of �1.2 eV NBG perovskite.

The tandem device structure is ITO/NiOx/Me-4PACz/WBG

perovskite/5-AVAI/ALD-Al2O3/C60/ALD-SnOx/Au 1 nm/poly(3,

4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:

PSS)/NBGperovskite/C60/bathocuproine (BCP)/Ag (Figure 4A),

with the scanning electron microscopy (SEM) image showing

the stack of WBG and NBG devices (Figure 4B). J-V scans of

champion WBG, NBG, and tandem devices are shown in
Joule 9, 101801, February 19, 2025 5



Figure 3. Characterization of WBG perovskite solar cells

(A) Schematic showing WBG device structure.

(B) J-V curves of PSCs with 5-AVAI and Al2O3 WBG devices.

(C) Histogram of VOC, JSC, FF, and PCE of control versus target for 8 devices. The device’s active area was 0.049 cm2.

(D) ToF-SIMS spectra of control and target device after open circuit aging at 85�C under 1-sun illumination for 72 h.

(E) Maximum power point (MPP) tracking of single-junctionWBG devices under continuous AM 1.5G illumination. Devices were encapsulated, andMPP tracking

was carried out under ambient air at 25�C for 615 h and subsequently at 55�C for 1,000 h conditions.
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Figures 4C and S15. We report a PCE of 27.1% (with a stabi-

lized power output of 26.7% in Figure 4D) with a VOC of 2.11

V, along with a JSC of 16.0 mA/cm2 and an FF of 80.4%. From

EQE measurements of each subcell, the integrated JSC values

of 15.5 and 15.2 mA/cm2 were obtained, respectively. The

calculated band gap of the WBG and NBG subcells from EQE

spectra were 1.78 and 1.24 eV, respectively (Figure 4E). The

tandems retain 90% of their initial PCE, limited by the NBG

cell, after 500 h of continuous operation under AM 1.5G illumi-

nation (Figure 4F).

Conclusions
In summary, we present a strategy for depositing a compact and

uniform ion migration barrier for PSCs to enhance both the de-

vice stability and efficiency. This is achieved by functionalizing

the perovskite surface with carboxyl ligands (5-AVAI), which fa-
6 Joule 9, 101801, February 19, 2025
cilitates the formation of a uniform Al2O3 layer and prevents

degradation during ALD deposition at 100�C. As a result, ALD-

Al2O3 layers on carboxyl-functionalized perovskite are more

resistant to ion migration, improving WBG solar cell stability

and retaining 90% of its initial PCE after 1,000 h MPP tracking

at 55�C under 1-sun illumination. We integrate the improved

WBG perovskite into all-perovskite tandems with 27.1% of

PCE, indicating relevance to the continued global effort to

advance efficient, stable perovskite-based solar cells. We antic-

ipate that the concept of an ALD-seeding layer using suitable

molecular groups can be generalized to other metal oxides and

perovskite systems. The ability to deposit ALD-based metal ox-

ides directly onto the perovskite surface without causing dam-

age could enable inverted PSCs using inorganic ETLs, paving

the way for developing highly stable and durable perovskite solar

cells.



Figure 4. Monolithic all-perovskite tandem solar cells

(A) Schematic diagram of all-perovskite tandem device structure.

(B) Cross-sectional scanning electron microscopy (SEM) image of tandem device.

(C) J-V curves of the champion WBG, NBG, and tandem devices.

(D) Power output of the champion tandem device for 150 s exhibiting a stabilized PCE of 26.7%.

(E) EQE spectra of WBG and NBG subcells within the tandem devices.

(F) Maximum power point (MPP) tracking of single-junction WBG devices and all-perovskite tandems under continuous AM 1.5G illumination. Devices were

encapsulated, and MPP tracking was carried out under ambient air at 25�C conditions.
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EXPERIMENTAL PROCEDURES

Materials

All materials were used as received without further purification. Commercial ITO

substrates (20U/sq)with25mm325mmdimensionswerepurchasedfromTFD.

The organic halide salts, formamidinium iodide (FAI), methylammonium iodide

(MAI), and formamidinium bromide (FABr), were purchased fromGreatCell Solar

Materials (Australia). PbI2 (99.99%), PbBr2 (99.999%), CsBr (>99.0%), and Me-

4PACz were purchased from TCI Chemicals. CsI (99.999%) was purchased

from Sigma-Aldrich. C60 and BCP were purchased from Xi’an Polymer Light

Technology (China).All thesolventsused in theprocesswereanhydrousandpur-

chased from Sigma-Aldrich. Tetrakis(dimethylamino) tin (iv) (99.9999%) for ALD

SnO2 source was purchased from STREM. PEDOT:PSS) aqueous solution (Al

4083) was purchased from Ossila. SnI2 (99.99%), guanidine thiocyanate

(GuaSCN, 99%), Sn powder, SnF2 (99%), ethane-1,2-diammonium iodide

(EDA), and glycine hydrochloride (GlyHCl) were purchased from Sigma-Aldrich.

3-APAI, 4-ABAI, and 5-AVAI were purchased from Greatcell Solar Materials.

Perovskite precursor solutions

WBG perovskite

1.05 M WBG perovskite precursor solution with a composition of

Cs0.2FA0.8Pb(I0.63Br0.37)3 was prepared by dissolving CsI, CsBr, FAI, FABr,

PbBr2, and PbI2 in mixed solvents of dimethylformamide (DMF) and dimethyl

sulfoxide (DMSO) with a volume ratio of 4:1. The precursor solution was stirred

at 60�C for 1 h and then filtered using a 0.22-mmpolytetrafluoroethylene (PTFE)

membrane before use.

Narrow-band-gap perovskite

1.8 M narrow-band-gap perovskite precursor solution with a composition of

Cs0.1FA0.6MA0.3Pb0.5Sn0.5I3 was prepared by dissolving CsI, FAI, MAI, SnI2,

and PbI2 in the mixed solvents of DMF and DMSO with a volume ratio of 3:1.
Additives, including tin powders (5 mg/mL), GuaSCN (4 mg/mL), SnF2
(14 mg/mL), and GlyHCl (4 mg/mL), were added to the precursor solution.

The precursor solution was stirred for 1 h at 45�C and then filtered using a

0.22-mm PTFE membrane before use.

Solar cell fabrication

Single-junction WBG perovskite solar cell

NiOx nanoparticle solution (purchased from Avantama) layer was first spin-

coated on ITO substrates at 4,000 rpm for 25 s in the air without any post-treat-

ment, and then the substrates were immediately transferred to the glovebox.

NiOx solution was diluted using ethanol with a ratio of 10:1. Me-4PACz

(0.3 mg/mL) in ethanol was spin-coated on the NiOx film at 4,000 rpm for

25 s and then annealed at 100�C for 10 min. For the perovskite film fabrication,

the substrate was spun at 4,000 rpm for 32 s with an acceleration of 1,000 rpm;

100 mL Anisole was dropped onto the substrate during the last 10 s of the spin-

ning. The substrates were then transferred onto a hotplate and heated at

100�C for 15 min. The surface treatment was finished by depositing 100 mL

of 5-AVAI solution (1 mg/mL in IPA) onto the perovskite film surface at a spin

rate of 4,000 rpm for 25 s with a 1,000-rpm/s acceleration. The film was then

annealed at 100�C for 5min. After cooling down to room temperature, the sub-

strates were then transferred to the ALD system (Arradiance) to deposit 10 cy-

cles of Al2O3 at 100
�C using precursors of TMA and DI water. The pulse and

purge time of TMA is 60 ms and 50 s with a 40-sccm of N2 flow. The pulse

and purge time of DI water is 60 ms and 50 s with a 40-sccm of N2 flow. The

substrates were transferred to the evaporation system, and 27-nm-thick C60

film was subsequently deposited on top by thermal evaporation at a rate of

0.2 Å/s. The substrates were then transferred to the ALD system (Savaanah)

to deposit 15 nm SnO2 at 100�C using precursors of tetrakis(dimethylamino)

tin (iv) (99.9999%) and DI water. The pulse and purge time of Sn is 0.5 s and

15 s with a 20-sccm of N2 flow. The pulse and purge time of DI water is
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15 ms and 15 s with a 20-sccm of N2 flow. A 140-nm Ag electrode was then

deposited by thermal evaporation at a rate of 1 Å/s.

All-perovskite tandem solar cells

TheWBGperovskite solar cell fabricationwascompletedasdescribedaboveun-

til the deposition of ALD-SnO2. After the ALD deposition of SnO2, 1 nmof Auwas

deposited by thermal evaporation. Next, PEDOT:PSS (diluted at a 1:2 volume ra-

tio in IPA) was spin-coated onto theWBG subcell at 4,000 rpm for 30 s and then

annealed at 120�C for 10 min in the air. After cooling, the substrates were trans-

ferred to a nitrogen-filled glovebox for the deposition of the NBG subcell. The

NBG perovskite precursor solution was spin-coated onto the substrates at

1,000 rpmfor10s, followedby3,800 rpmfor45s.During thesecondspin-coating

step, 400 mL of toluene was poured onto the substrate 20 s before the end. The

substrate was then annealed at 100�C for 10 min. Post-treatment with EDA

was carried out by spin-coating a solution of 1 mL EDA in 20ml of chlorobenzene

(CBZ) at 4,000 rpm for 25 s, followedbyannealing at 100�C for 5min. Finally,C60

(27 nm), BCP (7 nm), and Ag (140 nm) were sequentially thermally evaporated.

Device testing

The current density-voltage (J-V) characteristics for the fabricated solar cells

weremeasuredusingaKeithley2450sourcemeterunder illumination fromaso-

lar simulator (Newport, Class AOriel Sol2A)with a light intensity of 100mW/cm2

(confirmed with a calibrated reference solar cell from Newport, 91150V). J-V

curves were measured under nitrogen flow with a scanning rate of 100 mV/s

(voltage step of 10 mV and delay time of 200 ms). The active area was deter-

mined by the aperture shade mask (0.049 cm2 for small-area devices) placed

in front of the solar cell andwas identical to the contact area. Encapsulated sub-

strates contained 4 devices each. EQE spectra were acquired using an Oriel

model QE-PV-SI instrument equipped with a national institute of standards

and technology (NIST)-certifiedSi diode. For tandemsolar cells, EQEmeasure-

ments were performed in ambient air and the bias illumination from bright light-

emitting diodes (LEDs)with emission peaks of 845 and 470 nmwas used for the

measurementsof the front andback subcells, respectively.Nobias voltagewas

applied during the EQE measurements of the tandem solar cells.

Characterization

XRD was carried out by a Rigaku Miniflex diffractometer (Cu Ka1 radiation).

TRPL measurement was conducted using an Edinburgh FS5 spectrofluorom-

eter with a 373-nm excitation laser. The PL decay curves were fitted by a biex-

ponential decay function. Photoluminescence (PL) mapping was carried out by

using the Horiba LabRam HR Evolution. Through confocal PL, we achieved

comprehensive mapping of the large area to assess the uniformity of perov-

skite and Al2O3 samples, both with and without 5-AVAI. A 473-nm laser, a

53 objective lens, and a neutral density (ND) filter (filter: 0.01%) were utilized

to minimize phase separation in the spectra, acquiring each spectrum with a

0.1-s exposure time using a 600-gr/mm grating. For the KPFMmeasurements,

the Bruker Icon was employed, using a Pt/Si-coated tip with a spring constant

of 1.6 N/m and a frequency of 61 kHz. Images were processed using Nano-

scope software, including flattening of all potential images and application of

a low-pass filter. The scanning rates were set at 0.1 or 0.2 Hz. High-resolution

SEM imageswere obtained using the Hitachi S8030microscopewith an accel-

erating voltage of 3 kV. ToF-SIMS measurements were carried out on an

IONTOF M6 instrument with a primary Bi source of 30 keV and an analysis

area of 50 3 50 mm2. The transient dark current measurement for calculation

of mobile ion concentration (No) and the electrochemical impedance spectros-

copy for calculation of ionic conductivity (s) were performed using photo-assis-

ted impedance and optical spectrocopy (PAIOS), an all-in-one measurement

equipment for photovoltaic devices and LEDs. A Nyquist plot was obtained

from the impedance spectroscopy and ionic resistance was extracted from

the plot using equivalent circuit fitting to determine s. The EA was obtained

from in situ ionic conductivity versus temperature measurements and deter-

mined using an Arrhenius plot of log(sT) and inverse of temperature (1/T).
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