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Supplementary Figure 1 | XPS analysis of the NiOx and NiOx/SAM samples. a The P 2p signal. b
The N 1s signal. ¢ and (d) the O 1s signal of NiOx and NiOx/SAM samples, respectively. e The Ni 2p
signal and (f) the Zoom-in Ni 2p signal of NiOx and NiOx/SAM samples, respectively. Compared with
the ITO/NiOx sample, the P 2p signal at 133.2 eV and N 1s signal at 399.2 eV confirmed the presence
of 2PACz molecules on NiOx surface. The high-resolution spectrum of the O 1s region elucidates the
contribution of three different oxygen species. The fitted peak 1 (~529.2 eV), peak 2 (~530.8 eV), and
peak 3 (~532.2 eV) are attributed to a typical Ni-O bond in NiO crystal, low-oxygen-coordinated
defect site and the surface-adsorbed oxygen species, as well as interfacial interaction between Ni and
O (from organic groups), respectively>2. After the deposition of SAM, the relative intensity of peak 3
apparently increases, suggesting a large amount of 2PACz molecules interact with NiOx surface via
the Ni—O interactions. In addition, the whole Ni 2p spectrum shifts towards a higher binding energy
side by ~0.3 eV after the SAM treatment. The observed chemical shift suggests that the oxygen atoms
in 2PACz are contributing lone pairs of electrons to the vacant orbitals of Ni atoms. As a result,
coordinate covalent bonds of P=0 --Ni are formed at the interface, as illustrated in Fig. 1a 3.



[N 5 58 3 %

<=l Choose Color Table 75/]5&5)7%76;{5&7 Modify Color Table | Edit Color Table |

Modify Data Scale by moving the cursors to set the data range

e

. 18 E2) 10 ) ) e m

[] Color Bar Scale Relative to Minimum Data Cursor

(mV) Display Data Real-tim:
0.0000 559.4043 -35.0000

Minimun  130.0000

Or

Choose the Scaling Mod( 6O Autoscale O Real-time ® Custom )

[0.0 o 5.0um‘m @ Help | oK l ICanceI

B T —
b el Choose Color Table \ Modify Data Scale | Modify Color Table [ Edit Color Table |

N IOX/SAM ,,:.A..ic.jify Data Scale by moving the cersors to set the data range

% ] © 1o o .. ) =

[T] Color Bar Scale Relative to Minimum Data Cursor

(mV) Display Data Real-timi

Choose the Scaling Mod( B0 Autoscale O Real-time ® Custom )

Supplementary Figure 2 | Distribution of surface potential of each pixel in Fig. 1c. a NiOx surface
and b NiOx/SAM surface. In the NiO«/SAM surface, all the pixels have surface potentials between
140-210 mV, which show in green color, and no pixel with a surface potential of 560-630 mV (in
pink color) is observed. This result suggests that no NiOx surface was exposed in the NiOx/SAM film
and SAM covers the NiOx surface in high coverage. The results were analyzed by NanoScope Analysis
3.0 software.
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Supplementary Figure 3 | Morphologies of NiO, and NiO,/SAM films. Left panel: SEM images;
Right panel: AFM images. No obvious NiOx morphology and roughness changes were seen after the
deposition of 2PACz.
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Supplementary Figure 4 | Morphology change of PVK films on NiOx and NiO,/SAM substrates.
Left panel: before DMSO washing; Right panel: after DMSO washing. These results suggest that the
morphology of the PVK layer was affected by DMSO washing.
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Supplementary Figure 5 | PVK layer thickness change after DMSO washing. a Absorption spectra
of various films on quartz substrates. b Absorption spectra of PVK layers after subtracting NiOx
absorption. The PVK layer absorption dramatically decreased after DMSO washing, and the estimated
PVK thicknesses in NiOx/PVK and NiO»/SAM/PVK decreased from ~31 nm (before washing,
measured by a profilometer) to ~5.4 nm and ~17.0 nm (after washing, calculated by assuming a linear
relationship between the film thickness and integral absorption intensity), respectively, suggesting that
the SAM effectively strengthened the adhesion of the PVK layer. The spectrum shape of the PVK
remaining in the NiOx/SAM/PVK tri-layer was similar to that before washing, while the spectrum
shape of NiO+/PVK clearly changed before and after DMSO washing, suggesting possible changes in
the morphology, film coverage and/or stacking of the PVK layer in NiOx/PVK.
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Supplementary Figure 6 | Contact angle measurements of NiO/PVK and NiO,/SAM/PVK films
before and after DMSO washing. The similar contact angles of the NiO./PVK and NiO./SAM/PVK

samples before DMSO washing suggest similar surface nature of these two surfaces.
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Supplementary Figure 7 | The adhesion strength measurement between the PVK/SAM and
PVKI/NiOy interfaces. a The schematic figure of the mechanical adhesion strength test. The force-
displacement curves of (b) with SAM and (c) without SAM layer. The necessary force to peel off the
PVK layer is defined as the average value of the plateau of the curve (marked in color background),
which demonstrates the stable process during the layer peeling off. d The statistical data of the
calculated adhesive strength of 10 samples (with and without SAM). The adhesion strength is
calculated via dividing the necessary force by the width of tape (12.7 mm). The error bars show the

highest and lowest adhesive strength values for samples without and with SAM.
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Supplementary Figure 8 | PL properties of (PEA/IPA):Cs,.1Pb.Br3.+1 perovskite films on NiOx,
NiO,/PVK and NiO,/SAM/PVK substrates. a Photos of perovskite films under 365-nm ultraviolet
lamp excitation. b PL spectra of the corresponding perovskite films. The slight red shift of PL from
NiOx to NiOx/PVK to NiO»/SAM/PVK cases is due to the increasing 3D perovskite ratio in quasi-2D

perovskite films, according to the XRD results shown in Supplementary Figure 9.
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Supplementary Figure 9 | Film quality of (PEA/IPA);Cs,.1Pb.Brs,+1 perovskite on various
substrates. a Morphologies, Left panel: SEM images; Right panel: AFM images. In both cases, the
perovskite film morphologies are similar, suggesting that introducing the 2PACz SAM had a negligible
impact on the perovskite morphology. b X-ray diffraction patterns. The similar X-ray diffraction peak
positions in all cases suggest that different substrates had a negligible impact on forming the quasi-2D
perovskite phase. However, the perovskite formed at NiOx substrate had a poorer crystallinity. ¢ The
intensity ratio between the 3D and 2D perovskite peaks shown in b. An increasing 3D perovskite phase

is found when changing the substrates from NiOx to NiOx/PVK to NiOx¥/SAM/PVK.
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Supplementary Figure 10 | Normalized absorption coefficient (measured by photothermal
deflection spectroscopy) of NiO, film with and without SAM modification. The reduced absorption
coefficient in the relatively low photo energy area in the NiOx/SAM film indicates the reduced sub-
bandgap states of NiOx, which suggests that the SAM had successfully passivated the NiOx surface

trap states.
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Supplementary Figure 11 | Change in NiOx VBM after SAM modification. a Top view of the
unpassivated NiOx surface with a Ni vacancy and (b) corresponding spin-up PDOS, including three
oxygen atoms around the Ni vacancy. ¢ Top view of the passivated NiOx surface with SAM and (d)
corresponding spin-up PDOS, including three oxygen atoms around the Ni vacancy. The isosurface

plots of VBM of the unpassivated NiOx surface (e) and the passivated NiOx surface (f).
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Supplementary Figure 12 | Energy level confirmation of PEA3(Cs0.933FA0.067)n-1Pb:Br3,+1. a
Atmospheric ultraviolet photoelectron spectroscopy spectra of perovskite, indicating its VBM of —5.46
eV. b Normalized absorption of perovskite, indicating its bandgap of 2.34 eV. Combining with its VBM,

we calculated its conduction band minimum to be —3.12 eV.
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Supplementary Figure 13 | Current density—current efficiency curves of the best (a) blue and (b)

green PeLEDs with and without SAM.
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Supplementary Figure 14 | Device performance of the blue and green PeLEDs with device
architecture of ITO/NiOxMeO-2PACz/PVK/Perovskite/TPBIi/LiF/Al. a Current density—voltage
curves (dotted lines) and luminance—voltage curves (solid lines) of the blue and green PeLEDs with
MeO-2PACz layer. b Current density—EQE curves of the blue and green PeLEDs with MeO-2PACz
layer. The best EQEs for blue and green PeLEDs are 8.8% and 19.3%, respectively. Inset is the

chemical structure of the MeO-2PACz molecule.
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Supplementary Figure 15 | Spectrum stability of blue PeLEDs with an emission peak at ~493 nm.
a EL spectra of the device without SAM under an applied voltage ranging from 3.8 Vto 7 V. b EL
spectra of the device with SAM under an applied voltage ranging from 2.1 V to 7 V. Inset is the photo
of a working blue PeLED. Normalized EL spectra of the device (¢) without SAM and (d) with SAM

under continuous operation (at the max EQE). No spectrum shift was observed in any case.
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Supplementary Figure 16 | Device lifetime of the best blue PeLEDs with and without SAM.
Besides the effect of the organic/inorganic heterointerfaces mentioned in the main text, electric-field-
induced ion migration and phase segregation, electrical stress, and Joule heat are also considered the

factors that lead to the degradation of our devices*”.
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Supplementary Figure 17 | Spectrum stability of green PeLEDs with an emission peak at ~515
nm. a EL spectra of the device without SAM under an applied voltage ranging from 2.7 Vto 7 V. b
EL spectra of the device with SAM under an applied voltage ranging from 2.1 V to 7 V. Inset is the
photo of a working green PeLED.
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Supplementary Figure 18 | Statistical data of (a) Trise and (b) Tran under 100, 500, 1000, 2500,
5000 and 10000 Hz of the PeLEDs with and without SAM modification. The IQR represents

interquartile range.
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Supplementary Figure 19 | On-off response of PeLEDs with and without SAM at different

frequencies. The applied voltage was 7 V.
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Supplementary Table

Supplementary Table 1 | Summary of stability of the blue PeLEDs in the past 4 years.

Perovskite composition EL peak Testing mode | Testing condition | Lifetime | Ref.
p (am) g g
CsPbBr3 QDs 480 constant |y 100 cdm? | 126 min | [10]
current density
Constant Lo=67 cd m 2 .
(PCTA)2CsPb2Br7 480 current density Jo=1 mA cm-> 21.6 min | [11]
CsPbBrs«Clet+ CsFA-Ac | 477 constant 1y j00cdm? | 1205 | [12]
current density
PEA2(RbxCs1-x)n-1Pbn(Bri—y . Lo-100 cd m ™2
L) 475 Constant bias Vo35V 100 s [13]
Constant Lo=115cd m™
CsPbBrs QDs 469 current density | Jo=12.5 mA cm 2 25h [14]
PEA2(Csi- 438 Constant Lo=100 cd m™? Ih [15]
+EAPbBr3)2PbBr4 current density | Jo=1.5 mA cm
PEA2Csn-1Pba(CLBri1-+)3011 480 Constant bias Vo=4.4V 10 min [16]
. Lo=100 cd m ™2 .
PEACI + CsPbBr3 + YCl3 485 Constant bias Vo=32V 80 min [17]
Constant Lo=60 cd m 2 .
PEA2Cs2-xEA:Pb3Brio 490 current density | Jo=0.44 mA cm™ 553 min | [18]
(CS/Rb/K/PEA)Pb(Br/Cl)s | 488 constant |y 100 cdm? | 5.12min | [19]
current density
Constant Lo=178 cd m ™2
CsPb(Cl/Br)3 487 current density To=1 mA cm 2 2900 s [20]
p-F- Constant _ Y .
PEA2Csu-1Pba(CLiBri—«)3at1 489 current density Jo=l'mA cm 104 min | [21]
Constant Lo=100 cd m™? . This
(PEA/IPA)2Csn-1PbnBran+1 493 current density | Jo=1 mA cm > ~14 min work
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