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Experimental Part

Materials

All chemicals and solvents were used as received without any purification,
including nickel oxide nanoparticles (NiOy, 5 ~ 10 nm, Advanced Election Technology,
99.999%), [2-(9H-Carbazol-9-yl)ethyl|phosphonic acid (2PACz, Tokyo Chemical
Industry, >98.0%), formamidinium iodide (FAI, Xi'an Yuri Solar, 99.5%),
methylammonium iodide (MAI, Xi'an Yuri Solar, 99.5%), methylamine hydrochloride
(MACI, Xi'an Yuri Solar, 99.5%), cesium iodide (Csl, Aladdin, 99.9%), lead iodide
(Pbl,, Aladdin, 99.9%), lead bromide (PbBr,, Aladdin, 99.99%), lead thiocyanate
(Pb(SCN),, Adamas, 98%), 2-phenylethylamine hydroiodide (PEAI, Xi'an Yuri Solar,
99.5%), [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM, Advanced Election
Technology, 99.9%), bathocuproine (BCP, Xi'an Yuri Solar, 99%), Molybdenum (VI)
oxide (MoO;, Alfa Aesar, 99.9995%), N, N-dimethylformamide (DMF, J&K
Scientific, 99.8%), dimethyl sulfoxide (DMSO, J&K Scientific, 99.7%), isopropanol
(IPA, Aladdin, >99.7%), chlorobenzene (CB, MERYER, 99.8%), and ethyl acetate
(EA, Energy Chemical, >99.5%). Silver cylinders (¢ 2*5 mm, 99.99%) were purchased
from ZhongNuo New Material (Beijing) Technology Co., Ltd.
Perovskite deposition

Referring to our previous work,' FA(g3Csg.17Pb(Iy¢Brg4); precursor with different
concentrations of 1.3, 0.975, 0.65, and 0.325 M were obtained by dissolving FAI, Csl,
Pbl,, PbBr,, and Pb(SCN), (1.15 mol%) in mixed solvent of DMF and DMSO (4:1,
v/v) and then stirred at 60 °C for 4 hours. Besides, the FA(g3;Csq.17Pb(IgBro2); and
FA33Cso.17Pb(I 4Brg¢); compositions were prepared by adjusting PbX, ratio. Before
use, the yellow precursor was filtered twice through 0.45 pm nylon membrane. For film

deposition, 70 puL precursor solution was dynamically dispensed onto the substrate
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spinning at 1000 rpm, and the substrate was then accelerated to 5000 rpm within 5
seconds and remained at this speed for 25 seconds. 5 seconds before the end of this
process, 150 uL. EA was quickly dropped onto the spinning substrate as an antisolvent
quench. Finally, the wet film was directly annealed at 100 °C for 30 minutes.
Device fabrication

Indium tin oxide glasses (ITO, 15 x 15 mm?, ~15 Q sq”!, South China Science &
Technology) were ultrasonically cleaned with deionized water, acetone, and ethanol for
15 minutes, respectively. Before deposition, glass/ITO substrates were dried by
compressed air and then treated by UV-ozone for 15 minutes. For HTL deposition,
NiO, aqueous dispersion (10 mg mL!) was spin-coated onto the substrates at the speed
0f 2000 rpm, and then annealed at 120 °C for 15 minutes. Then, 2PACz ethanol solution
with a concentration of 2 mM were deposited onto NiOy layer at 3000 rpm for 30
seconds, followed by annealing at 100 °C for 10 minutes. The substrates were then
transferred to a N,-filled glovebox for perovskite deposition, according to the above
section. After the perovskite films cooled down, the PEAI solution (1 mg mL-! in IPA)
was spin-coated onto the surface at 4000 rpm for 30 seconds accompanying with an
annealing step of 100 °C for 5 minutes. After that, PCBM (20 mg mL! in CB) and BCP
(0.5 mg mL-!in IPA) layers were prepared with the spinning parameters of 2000 rpm/30
seconds and 5000 rpm/30 seconds, respectively. Finally, 100 nm Ag electrode was
thermally evaporated under a vacuum of 2 x 10 Pa through the designed mask with
an effective area of 0.033 cm?.
Characterization

Perovskite films. Absorption spectra was conducted in range from 400 to 800 nm
by using a UV-VIS-NIR spectrophotometer (UV-3600, Shimadzu). PL spectra were

obtained from a Cary Eclipse Fluorescence spectrophotometer (Agilent Technologies).



Field emission scanning electron microscopy (SEM, GeminiSEM 300, ZEISS) and
atomic force microscope (AFM, MultiMode 8, Bruker) were adopted to characterize
the surface morphology. A D/max 2400 X Series X-ray diffractometer (XRD,
SmartLab, Rigaku) with Cu Ka, 1.541 nm radiation (40 kV, 30 mA) was adopted to
confirm crystal structure. GIXRD results of samples were conducted by using Rigaku
Smartlab 3 kW with an incident angle of 1° and a slow scan rate of 0.5° min-!' for
structure information. PL and lifetime images were obtained through a Leica TCS SP8
STED 3X microscope (Leica, German), in which the excitation source (pulse laser, 470
nm) was focused through an oil immersion objective (100x, NA1.4). TOF-SIMS
measurement was performed on a ToF-SIMS.5 instrument, operated in spectral mode
using a 30 keV Bi*" primary ion beam. For depth profiling, a Cs* sputter beam (0.5
keV, 40 nA) was used to remove the material layer-by-layer in interlaced mode from a
raster area of 300 x 300 um?. Negative ions were collected for depth profile analysis,
and the mass-spectrometry was performed on an area of 100 x 100 um? in the center of
Sputter crater.

Devices. J-V curves between -0.1 and 1.3 V (A scanning rate of 100 mV s°!; Dwell
time: 20 ms) were obtained by a Keithley 2400 source meter under AM 1.5G
illumination, which was provided by a Xenon lamp-based solar simulator (Sirius-
SS150A, Zolix). Meanwhile, the steady-state measurements, as well as SCLC testing,
were conducted through an electrochemical workstation (DH7000C, Donghua). EL
spectra were measured through an integrated LED test system designed by Hamamatsu
Photonics Co., Ltd that includes fiber integrated field, Keithley 2400, and PMA-12

spectrometer.
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Fig. S1 Characterizations of FA(g;Csg7/Pb(I;«Bry); (x = 0.2, 0.4, and 0.6)
perovskite films. (a) Optical photograph. (b) UV-vis absorption spectra, and (c)

corresponding Tauc plots. (d) PL spectra. () XRD patterns. (f) Top-view SEM images.
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Fig. S2 Performance degradation of FA(g3Csg17Pb(I;«Bry); (x = 0.2, 0.4 and 0.6)
PSCs under illumination. Steady-state Js¢ outputs of (a) FA( g3Csg.17Pb(IosBro2)3, (b)

FA0.83CSO.17Pb(10_6Br0_4)3, and (C) FA0_83CSO.17Pb(IO.4Br0.6)3 PSCS, respectively.
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Fig. S3 Stability evolution of 1.56-eV FA76MA.20Cs¢.04Pb(19.96Clp.04)3 PSCs under
illumination. (a) Jsc and (b) V¢ outputs of FA(76MA(20Cs0.04Pb(I9.96Clo.04)3 PSCs
during 1800 seconds illumination, respectively. J-V curves and corresponding PL
spectra before and after 600 seconds illumination under (c, ¢) SC and (d, f) OC

conditions, respectively,
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Fig. S4 Characterizations of FA(g3Cs¢17Pb(Iy.cBro.4); (precursor concentration:
1.3, 0.975, 0.65, and 0.325 M) perovskite films. (a) Optical photograph. (b) UV-vis
absorption spectra, and (c) corresponding Tauc plots. (d) PL spectra. (e) XRD patterns.

(f) Top-view SEM images.
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Fig. S5 Cross-sectional SEM images of FA(g3;Cso17Pb(Iy¢Bro4); (precursor
concentration: 1.3, 0.975, 0.65, and 0.325 M) perovskite films. The thicknesses of

perovskite films are ~420, 320, 190, and 85 nm, respectively.
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Fig. S6 Jgc outputs of FA(g3Csg17Pb(Iy¢Bro4); (precursor concentration: 1.3,
0.975, 0.65, and 0.325 M) PSCs. The Js¢ losses of devices are ~4.9, 2.9, 0, and 0 mA

cm2, respectively.
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Fig. S7 Voc outputs of FA 33Cs¢.17Pb(Iy¢Bro4); PSCs (precursor concentration:

1.3, 0.975, 0.65, and 0.325 M). The V¢ deficits of devices are ~70, 30, 0, and 0 mV,

respectively.
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Fig. S8 Time-dependent J-V curves of FA(g3Csg17Pb(Ip¢Bro4); PSCs with

thickness-varying perovskite films under OC condition in Fig. 2.
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Fig. S9 Jsc/Voc outputs of FA(g3Csg17Pb(Ig¢Bro4); PSCs with thickness-varying
perovskite films under longer illumination (0 ~ 1800 seconds). (a, c) The Jsc losses
of devices are ~4.2 and 0 mA cm2, respectively. (b, d) The V¢ deficits of devices are

~60 and 0 mV, respectively.
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Fig. S10 Halide segregation

FA.83Cs0.17Pb(Iy6Brg.4); perovskite films under longer illumination (0 ~ 5 hours).

(a, b) PL spectra evolution during illumination. (¢, d) Corresponding red-shifted trends

of PL emission peaks.
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Fig. S11 Electrical property of FAg3Cs¢17Pb(IycBr¢.4); devices working as LEDs.
J-V curves of complete devices based on (a) thick and (b) thin perovskite films,

respectively, during voltage-driven EL spectra evolution in Fig. 3.
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Fig. S12 Halide segregation phenomenon of FA(g;Csg17Pb(Iy¢Bro4); devices
working as LEDs. EL spectra evolution of complete devices based on (a) thick and (b)

thin perovskite films, respectively, at a bias of 3 V.
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thick (420 nm) thin (190 nm)

Fig. S13 Morphology characterization of thickness-varying
FA53Cs0.17Pb(I6Brg.4); perovskite films. Top-view SEM images of (a-c) thick and

(d-f) thin perovskite films with different magnifications, respectively.
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Fig. S15 Elemental analysis of thick FA(g;Csg.17Pb(Iy¢Brg.4); perovskite film. TOF-

SIMS depth profiles and corresponding mapping images of thick perovskite film.
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Fig. S16 Elemental analysis of thin FA g;Cs¢17Pb(Iy¢Br(4); perovskite film. TOF-

SIMS depth profiles and corresponding mapping images of thin perovskite film.
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Fig. S17 Defect calculation for thickness-varying FA g;Csg.17Pb(Io¢Bro.4)s

perovskite films. Dark J-V curves of hole-only devices based on (a) thick and (b) thin

perovskite films, respectively.
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Fig. S19 Microscopic characterization of FA( g3Csg 17Pb(I¢Br.4); perovskite films
during illumination. The experiment setup for CLSM measurements and the optical

photograph of perovskite films.
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1um

680 ~ 690 nm (G) 750 ~ 760 nm (R) overlay

thin (190 nm) before illumination

680 ~ 690 nm (G) 750 ~ 760 nm (R) overlay

Fig. S20 Microscopic characterizations of PIHS issue in thickness-varying
FAg53Cso.17Pb(Io¢Brg4); perovskite films. PL mappings of (a-c) thick and (d-f) thin
perovskite films before illumination. Note: the window of 680 ~ 690 nm stands for
original or slightly red-shifted phases, and the window of 750 ~ 760 nm stands for I-

rich terminal domains.
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Fig. S21 Microscopic characterizations of PIHS issue in thickness-varying
FA33Csg.17Pb(I¢Brg4); perovskite films. PL mappings of (a-c) thick and (d-f) thin
perovskite films after 120 s illumination. Note: the window of 680 ~ 690 nm stands for
original or slightly red-shifted phases, and the window of 750 ~ 760 nm stands for I-

rich terminal domains.
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Fig. S22 Microscopic characterizations of PIHS issue in thickness-varying
FA.83Cs0.17Pb(Iy.6Brg.4); perovskite films. PL lifetime mapping of (a, b) thick and (c,

d) thin perovskite films before and after 120 seconds of illumination.
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Fig. S23 Substrate pretreatments before fabrication of FA(g;Csg.17Pb(Io¢Bro.4)s

perovskite films. (a) 10 minutes precool of 0 °C and 10 minutes preheat of 50 °C.
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Fig. S24 Morphology characterization of FA g3Csg 17Pb(IcBr¢.4); perovskite films
with different pretreatments. Top-view SEM images of perovskite films under

conditions of (a-c) 50, (d-f) 25, and (g-1) 0 °C, respectively.
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Fig. S25 Strain analysis of FA(g3Csg17Pb(Iy¢Bro4); perovskite films fabricated
under 10-min precool of 0 °C. (a) GIXRD patterns with an incident angle of 1° at
different ¢ angles (10 ~ 40°) and Gauss fitted lines (white). (b) Shift in peak positions

plotted against [0) angle.

29



Table S1. Summary of the related literatures on exploring the relationship between
performance degradation (i.e. J/V loss) of WBG PSCs and PIHS issue, as well as some

representative work based on Br-free perovskites for comparison.

In detail, this summary aims at reviewing the research process and mechanisms
about PIHS-induced V¢ and Jgc losses, as well as proposing the potential challenges
about this issue, which may help present the novelty and interpretations of our work
after comparison.

For V¢ deficit: By 2015, the reasons for voltage deficit (>500 mV) are unclear
in Br-rich WBG PSCs. Until the discovery of PIHS issue from Hoke et al., this
appearance has been always applied to account for V¢ deficits, but the related
mechanism and precise extent of this influence remain undefined. In 2020, the work
from Snaith’s group combined Fourier transform photocurrent spectroscopy with
detailed balance calculations to first quantify the voltage loss from PIHS issue.
However, results indicate that PIHS issue is not the dominant V¢ loss mechanism.
Rather, the loss is dominated by the low radiative efficiency, caused by imperfections
within the absorber layer and at the perovskite/CTMs heterojunctions. Based on this
viewpoint, more experiment and theory are necessary to clarify the relationship
between V¢ deficit and PIHS issue.

For Jgc loss: Over the past few years, researchers discover that there is also a
terrible photostability of Jgc output, apart from voltage deficit, ultimately deteriorating
device efficiency. In 2021, Janssen’s group put forward that the devices instead
deteriorate by a Jgc loss and the Vpc output is less affected. Localization of
photogenerated charge carriers in I-rich domains and subsequent recombination cause
reduced photocurrent. Meanwhile, the work from Li’s group supposed that I-rich phases

primarily segregated at defect-enriched grain boundaries could result in Jg¢ loss under
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continuous illumination. However, the specific mechanism between these two factors
is waiting for more experimental evidence.

Advances of our work: Initial Jgc Loss and Efficiency Decline: In contrast to
the relatively minor Vo deficit (<100 mV; direct evidence to the standpoint from
Snaith’s group), a sharp loss in Jg¢c during the initial stage (~240 seconds) plays a more
significant role in the observed decline in PCE. Dual Halide Migration Modes: We
reveal two distinct migration modes of halide ions: 1) rapid formation of I-rich terminal
domains (~760 nm; ~1.63 eV) in thick/crystal-stacked perovskite films; 2) gradually
red-shifted I-rich phases in thin/crystal-vertically-oriented perovskite films.
Mechanisms about PIHS-induced J/V Loss: The rapid formation of I-rich terminal
domains seriously worsens the device Js¢ and PCE outputs, but not the gradually red-
shifted I-rich phases.

Compared to the indefinite conclusions from previous reports, our findings
provide more reliable experimental evidences and a deeper insight into the impact of
PIHS on device degradation, offering practical approaches for achieving output-stable

WBG PSCs.
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PV Timescale for J/V Relationship between J/V ) Film property Cell Testing
Year . Perovskite component  E, (eV) . . Ref.
performance loss loss and PIHS issue (technology/thickness) structure condition
~130 mV loss in . Voc decay/
2016 Unclear MAPDI, 3Br; 5 1.90 Two-step process p-i-n 2
150s AM 1.5
>100 mV loss in 36 . . . J-V curve/
2017 Unclear MAPDI,Br 1.73 Spin-coating n-1-p 3
h AM 1.5
14/23 mV loss in 10 . . . Voc decay/
2018 . Unclear CsyFA|Pb(Bryl;,);  1.68\1.75 Spin-coating p-i-n 4
min AM 1.5
2018 ~200 mV loss in Unel MAPb(l ¢Br.) 1.80 Spi ; ) Voc decay/ s
nclear T . in-coatin -i-n
180's 065T04)3 P 8 P AM 1.5
~100 mV loss in . . . Voc decay/
2021 Unclear CsPbBr 5l 5 2.04 Spin-coating n-i-p 6
600 s AM 1.5
The Vo loss mainly results
~75 mV loss in 120 from low radiative FA(s3sMA( 17Pb(Iy 4Bry . . . Voc decay/
.. 2020 i ) i 1.77 Spin-coating n-i-p 7
Voc deficit min efficiency, but not halide 63 AM 1.5
segregation.
The I-rich domains is not
the primary reason for V¢
loss; rather, it is caused by a = Csg os(FAMA)o.95Pb( 1.52- . . . J-V curve/
2020 --- o i Spin-coating p-i-n 8
high interfacial defect I,Bry); 1.88 AM 1.5
density and partial energy
alignment issues.
165 J-V curve/
2022 --- Unclear Csg.17FA( g3Pbl;_Bry 1' 26 Spin-coating/~500 nm p-i-n LED 3000 K 9
’ 1000 lux
C FA()sMA P J-V /
2023 - Unclear S005(FA0MAo.4)oss 1.80 Spin-coating p-i-n curve 10
b(IO.6BI‘0.4)3 AM 1.5G
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Jsc loss

~4 mA cm? loss in . Jsc decay/
2016 Unclear MAPDI, sBr; 7 1.90 Two-step process p-i-n 2
150 s AM 1.5
. . . ) MPPt tracking/
2020  50% drop in 4000 s Unclear Csg,FA( gPblyoBr; 4 1.99 Spin-coating/~180 nm p-i-n AM 1.5G 1
The cells instead deteriorate J-V curve/100
~12.5 mA CIl'l'2 loss FA()_66MA0.34Pb(IO.67BI' .
2021 . by a loss of Jgc and that the ) 1.75 Two-step process p-i-n mW cm? of 12
in
Voc 1s less affected. 03373 visible light
~2 mA cm? loss in Jsc decay/
2023 Without FAgsCsisPb(Is0B 1.80 Spin-coati -i- 13
g s ithou 8sCs15sPb(IoBr40)3 pin-coating p-i-n AM 1.5G
2003 " mAcm?loss Uncl Cs0aFAosPb(IpBros)s 178  Spin-coating/~350 i IV curve/ 14
nclear S I . in-coating/~350 nm -i-n
040 h 02F AR08 0.6Dr0.4)3 p g p AM 1.5G
~2 mA cm? loss in . . . J-V curve/
2023 . Unclear Csp1FAoPbBr; 1o 9 2.00 Spin coating/~550 nm p-i-n 15
150 min AM 1.5G
) ) ) ) i MPPt tracking/
2023 20% drop in 60 min Unclear CsPbl, 4Br; 6 2.00 Spin coating/~280 nm p-i-n AM 156G 16
~6 mA cm? loss i Cso.17FA( 33Pb(1o 3B J-V /
2024 macm . oss i Unclear S0.17FA053Pb(losBro. 1.67 Spin coating/~480 nm p-i-n eurve 17
90 min )3 AM 1.5G
~7 mA cm? loss i C FA(ssMA J-V /
2024 A o . oss i Without So0s(FAossMA0.17)0 1.63 Spin-coating n-i-p eurve 18
90 min 5Pb(Iohg3B1’0.17)3 AM 1.5G
~6 mA cm? loss in 1. In contrast to the Cso.17F A 83Pb(Ig Bro» . .
. . . 1.67 Spin coating
600 s relatively minor Vo deficit )3
~5.8 mA cm?2loss (<100 mV), a sharp loss in _ ‘
. . o Spin coating/~420 nm
in 600 s Jsc during the initial stage  Csg ;7FA(33Pb(Iy6Bro4 179
Without loss in 600 (~240 seconds) plays a )3 '

S

more significant role in the
observed decline in PCE.
2. There are two distinct

Spin coating/~190 nm
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migration modes of rapid
formation of I-rich terminal
domains (~760 nm; ~1.63
eV) and gradually red-
shifted I-rich phases.

3. The rapid formation of I-
rich terminal domains
seriously affects the device
Jsc and PCE outputs, but
not the gradually red-shifted
I-rich phases.

Stable J/V

output

Without loss in . . . J-V curve/
2018 . Without FAy7/MAg25Csg.05Pbls 1.56 Hot casting p-i-n 19
>150 min AM 1.5G
2023 Almost no loss in Without Csa - MA~ - F A < Pbl 1 55 Spi ; . MPPt tracking/ 20
itho S . in coatin -i-n
600 s u 0.06 0.145 A goP'bl3 p g p AM 1.5G
C FA(9osMA MPPt tracking/
2024 5.8% drop in 1000 h Without Soos(FAossMAomzlos ) 5 Spin coating p-i-n rackimngl
sPbl; AM 1.5G
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Table S2. Material’s bandgap used in tandem and triple-junction devices from the

literatures (this table is the source for data points shown in Fig. 1a).

Device structure Eq-top Eg-middle Eg-bottom Ref Record PCE
(V) (eV) (eV) (%)
Perovskite 12 ) 26.7
1.56 22
1.63 1.10 2
1.67 1.10 24
1.66 1.10 2
1.68 1.10 26
1.63 1.10 27
Perovskite/Si 108 L0 : 34.2
1.63 1.10 29
1.68 1.10 30
1.63 1.10 3
1.63 1.10 32
1.65 1.10 33
1.62 1.10 4
1.79 1.25 33
1.79 1.24 36
1.71 1.27 37
1.77 1.26 38
1.80 1.22 39
1.73 1.22 40
Perovskite/Perovskite L7 123 ) 30.1
1.80 1.26 42
1.78 1.25 14
1.77 1.22 =
1.77 1.22 44
1.77 1.25 4
1.78 1.25 46
1.77 1.22 47
Perovskite/Organic 1.81 1.33 48 25.06
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1.78 1.22 49
1.98 1.32 50
1.92 1.47 51
1.79 1.36 32
1.85 1.33 53
1.79 1.3 54
1.84 1.38 55
1.68 1.10 36
1.61 1.02 57
1.66 1.10 58
1.68 1.10 59
Perovskite/CIGS 1.68 1.10 60 242
1.58 1.02 61
1.68 1.12 62
1.60 1.10 63
1.59 1.00 64
1.96 1.53 1.12 65
2.00 1.52 1.10 15
) ) 1.96 1.56 1.10 66
Perovskite/Perovskite
1.90 1.55 1.10 67 27.1
/Si
1.77 1.55 1.12 68
1.84 1.52 1.10 69
1.93 1.55 1.10 70
2.00 1.62 1.22 16
) ) 1.97 1.61 1.25 71
Perovskite/Perovskite
1.99 1.60 1.22 1 23.8
/Perovskite
1.73 1.57 1.23 72
1.94 1.57 1.34 73
Perovskite/Perovskite
2.05 1.62 1.33 74 19.4

/Organic
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Note S1

The trap state densities (ng,,) of hole-only devices with a structure of
ITO/NiO,/2PACz/FA( §3Csq.17Pb(Iy ¢Br 4)s/PEAI/M00O,/Ag were quantified from
SCLC testing. The ny,, values can be determined by trap-filled limit voltage (Vrrr) as
the following equation:

2880VTFL

n =

trap 2
ed (1)
where ¢ is the relative dielectric constant,’ g is the constant of the vacuum permittivity
in free space, d is the film thickness, and e is an electron charge. The Vg values are
determined to be ~0.45 and 0.21 V from the intersection points, respectively.
Subsequently, the target ny,, values are calculated to be ~2.26 and 5.14 x 105 cm™,

respectively.
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