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Supplementary Note 1: Computational details  

Heterojunction models 

The heterojunction model contains the perovskite, SAM, and NiO layers. The perovskite layer used 

a 16 × 17 × 3 FAPbI3 slab and the NiO layer used a 25 × 26 × 2 NiO slab, which produced a 104.5 

Å × 108.8 Å surface. We set a 20.0 Å layer for the SAM layer to provide sufficient space for 

simulating their movements between the perovskite and NiO surfaces. Given the 3:1 molar ratio 

between the Me-4PACz and carboxylic acids in the experiments, we considered four cases for the 

SAM layers: (i) 90 Me-4PACz molecules, (ii) 90 Me-4PACz and 30 BA molecules, (iii) 90 Me-

4PACz and 30 NA molecules, (iv) 90 Me-4PACz and 30 TA molecules. The molecular 

configurations of Me-4PACz, BA, NA, and TA were randomly generated between the perovskite 

and NiO layers using the Packmol program1. The heterojunction models consisted of 24242, 24692, 

25532, and 24872 atoms for the Me-4PACz only, BA-Me, NA-Me, and TA-Me hybrid systems, 

respectively. The top two atom layers of the perovskite and the bottom two atom layers of the NiO 

surface were fixed to approximate the bulk parts of the perovskite and NiO film. It helps maintain 

the distance between the films. The periodic boundary conditions were applied to the x and y 

directions. 

 

Molecular dynamics simulations 

We performed classical molecular dynamics simulations for the perovskite/SAMs/NiO 

heterojunction using the LAMMPS program2. The equation of motions was integrated with a time 

step of 1 fs using the Velocity Verlet method3. The trajectories were simulated in a canonical 

ensemble (NVT) with the Nosé-Hoover thermostat4,5, with a time constant of 0.1 fs. We first 

minimized the heterojunction structures using the conjugated gradient method. Then, we prepared 

the initial conditions for the molecular configurations and velocities of all unfixed atoms in the 

heterojunction models by simulating the annealing process in the device fabrication. The velocities 

were initialized at 400 K and equilibrated in 10 ps, cooled to 298.15 K in the subsequent 10 ps, and 

then further equilibrated at 298.15 K in another 10 ps. In the production run, the initial conditions 

were equilibrated in 0.5 ns at 298.15 K. The last snapshots were used to sample the molecular 

clusters, and adsorption structures and analyze the surface coverage ratio using our in-house code. 

We assigned the SAMs to the adjacent surface according to the distance between their geometrical 
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center and the surface, based on a threshold of 10 Å. The surface coverage calculations identified 

the surface area covered by the atoms of the SAMs less than 5 Å to the surface, with a 2 Å radial 

threshold. 

The interactions of the perovskite surface employed the recently developed transferable 

perovskite force field6. The interactions of SAMs used the DREIDING force fields7. The atomic 

charges for the DREIDING force fields used the restrained electrostatic potential (RESP) charges8, 

computed at the PBE0/cc-pVDZ level, using the ORCA 5.0.3 program9. The interactions between 

the perovskite and SAMs use the universal force field10. The NiO surface was described by the 

INTERFACE force field11, which showed good compatibility with the DREIDING force field for 

simulating molecular adsorptions on metal oxides. Detailed distance cutoffs for the electrostatic and 

non-bonding interactions are available in the literature cited above. The interactions between the 

perovskite and NiO surfaces were ignored as their interactions are negligible at a distance of about 

20 Å.  

The molecular dynamics simulations for the heterojunctions with perovskite surface defects 

used the same setting as the adsorption simulation, except that we created a charged Pb vacancy on 

the perovskite surface. The position of the surrounding I atoms was also fixed to maintain the Pb 

vacancy, which allow us to monitor the interactions between the SAMs and the charged defects for 

sampling the molecular configurations of SAMs at the passivated defects. 

 

DFT calculations 

The geometry optimizations for bulk, slabs, surface adsorptions, molecular clusters, intrinsic surface 

defects, and passivated surface defects used the VASP code12 with a plane wave (PW) basis set and 

projected augmented wave (PAW) pseudopotentials (PPs). We employed the PBE flavor of the GGA 

PPs, and long-range dispersion interactions were considered by the DFTD3 scheme. The kinetic 

energy cut-off is 500 eV for the expansion of the wavefunctions. The convergence thresholds were 

set to 10–6 eV for energy and 0.05 eV Å−1 for the norm of the atomic forces. 

The cell parameters for cubic NiO and -phase (orthorhombic) perovskite were optimized with 

a 6 × 6 × 6 and 4 × 4 × 4 k-point mesh centered at the Gamma point, respectively. The optimized 

parameters are a = b = c = 4.14310 Å, and  =  =  = 90° for NiO and a = 6.45684 Å, b = 6.32134 

Å, c = 6.39278 Å, and  =  =  = 90° for FAPbI3. We performed the adsorption calculations on the 
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(100) surface of the perovskite and NiO, based on a 3 × 3 × 2 FAPbI3 slab and a 5 × 5 × 2 NiO slab, 

respectively. The ionic optimizations fixed the bottom two atom layers to represent the bulk 

structures. We added a 17 Å and 14 Å vacuum space to the perovskite and NiO slabs to avoid 

artificial interactions between the neighboring cells. Dipole corrections are applied to the z-direction 

to eliminate the artificial electrostatic interactions between the asymmetric repeated slabs. The 

Hubbard corrections, U = 8 eV and J = 0.95 eV were used for Ni to account for the strong electron 

correlations in 3d orbitals13. All adsorption calculations were done at the gamma point. The 

adsorption energy (Eads) is defined as 

∆𝐸𝑎𝑑𝑠  =  𝐸slab+molecule – 𝐸𝑠𝑙𝑎𝑏– 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 

Where Eslab and Emolecule are the dipole-corrected electronic energy of the slab and adsorbed molecule, 

respectively. The binding energy (Ebinding) for molecular clusters is defined as 

∆𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔  =  
𝐸cluster –  𝑁 ∙ 𝐸𝑚𝑜𝑛𝑜𝑚𝑒𝑟

𝑁
 

where Emonomer is the electronic energy of the single molecule. N is the number of molecules in the 

cluster. 

The perovskite surface defect calculations used the 3 × 3 × 2 FAPbI3 slab. We created the I-

vacancy (VI), Pb-vacancy (VPb), Pb–I antisite (PbI), and I–Pb antisite (IPb) on the surface with 

various numbers of point charges. The ions were optimized using the gamma point and the charge 

density was recomputed with a 2 × 2 × 1 k-point mesh centered at the gamma point for band structure 

calculations. The electronic energies and the valence band maxima were used to compute the defect 

formation energies and defect transition levels. The defect formation energy (Eformation) of the 

perovskite slab is define as 

∆𝐸𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛  =  𝐸defect – 𝐸𝑠𝑙𝑎𝑏– ∑ 𝑛𝑖𝜇𝑖

𝑖

+ 𝑞(εF + εVBM + ∆v)  

where Edefect and Eslab are the electronic energies for the defective and perfect slab. For each species, 

i, ni, and I are the numbers of added atoms (ni>0) and the chemical potential. ni<0 for removed 

atoms. q is the defect charge state. F is the Fermi energy referenced to the valence band maximum 

of the slab. VBM is the energy of the valence band maximum. v aligns the electrostatic potential of 

the perfect and defective slab. The defect transition levels are computed by solving the F leading to 

identical defection formation energies of two charge states. 

∆𝐸𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛(𝑞0) =  ∆𝐸𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛(𝑞1) 
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εF(𝑞0/𝑞1) =
𝐸defect(𝑞0) − 𝐸defect(𝑞1)

𝑞1 − 𝑞0
 − (εVBM + ∆v)  

The calculations for the passivated VPb
2+ surface defect used the same settings as the surface 

defect calculations. We computed the binding energies of molecules to the VPb
2+ on the perovskite 

surface using the same equation as the adsorption energy without dipole corrections because the 

dipole moment of a charged surface is no longer gauge-independent. Thus, the binding energies 

were only used to qualitatively compare the interactions between SAMs and the VPb
2+ defect. 
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Supplementary Note 2: Analysis of Supplementary Fig. 4 

The Me-4PACz tetramer shows notable hydrogen bonding networks between the phosphonic 

groups, which caused the agglomeration of SAMs accompanied with nanovoids. The structures of 

NA and Me-4PACz were well fitted to form hydrogen bonding with non-bonding interactions, such 

as the CH (the H atom of the benzene ring of NA molecule)…π, π-π interactions. The formation of 

NA-Me dimer reduces the formation of the Me-4PACz clusters, providing a compact HSL to grow 

the perovskite crystal with high surface coverage. A high surface coverage is also good for surface 

defect passivation. 
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Supplementary Note 3: Residual stress analysis by GIXRD 

For GIXRD measurement, the (210) plane of perovskite featuring an XRD peak at 31.6° was 

selected was chosen as the stress-free 2θ degree due to its diversity in providing more reliable 

structure symmetry information, in which the 2θ is fixed while the instrument tilt angles were varied 

to ensure the X-ray penetration depth. The tilt angles (ψ) were fixed at 5°, 15°, 25°, 35°, and 45°, 

respectively. According to Bragg’s Law and generalized Hooke’s Law, the relationship of 2θ-sin2ψ 

can be given by the following equation14: 

σ = −
𝐸𝑝

(1 + 𝜈𝑝)

𝜋

180°
cot 𝜃0

𝜕(2𝜃)

𝜕[(sin 𝛹)2]
 (S1) 

where Ep is the perovskite modulus (10 GPa) and νp is Poisson’s ratio of the perovskite (0.3)15. θ0 is 

half of the scattering angle 2θ0 for stress-free perovskite (2θ0 = 31.6°). The residue stress of 

perovskite films can be calculated from equation (S1) by fitting the 2θ as a function of sin2ψ, and 

the slope of the fitted line represents the scale of the residual strain. The negative slope indicates the 

films bear tensile stress, while the positive slope indicates the films bear compressive stress. 
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Supplementary Note 4: Analysis of Supplementary Fig. 18 

We further investigated the charge transfer and recombination kinetics of perovskite films on studied 

HSLs by carrying out steady-state photoluminescence (PL) and time-resolved PL (TRPL) 

measurements. Obviously, the perovskite film on NA-Me shows a higher PL intensity and longer τ2 

(661.3 ns) than those on Me-4PACz (310.1 ns), BA-Me (389.8 ns) and TA-Me (593.6 ns), 

respectively, where the longer τ2 is likely related to suppressed interfacial nonradiative 

recombination, which suggests that there are minimal nonradiative recombination losses at the 

buried interface where the NA-Me is located. We further use a differential lifetime (τ) to help 

distinguish the charge transfer and SRH recombination more clearly as the following equation: 

τ = −{𝑑ln[𝜑(𝑡)]/𝑑𝑡}
−1

 (S2) 

where φ(t) is the time-dependent PL photon flux. The differential lifetime was calculated by using 

fits to the TRPL transients. As shown in Supplementary Fig. 18c, the sharp rise in the τ of the NA-

Me at an early stage strongly indicates an efficient charge transfer process. The transition from 

increasing lifetime to the plateau implies that SRH recombination becomes dominant16. Combining 

these data, we conclude that the NA-Me not only provides a faster charge extraction but also 

significantly reduces the interfacial trap density. 
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Supplementary Note 5: Calculation of the quasi-Fermi level splitting (QFLS) based on the PL 

quantum yield (PLQY) 

To investigate the non-radiative recombination at the interface between different hole-selective 

layers and perovskite, we calculated the Quasi-Fermi level splitting (QFLS) values of 1.53-eV 

bandgap perovskite films on a bare glass substrate and different HSLs on the ITO substrate by using 

photoluminescence quantum yield (PLQY) measurements. Dieter Neher et al. summarized a direct 

relation between QFLS and PLQY as the following equation17: 

                QFLS = QFLSrad + 𝑘𝐵𝑇 ∙ ln(PLQY) = 𝑘𝐵𝑇 ∙ ln (PLQY
𝐽𝐺

𝐽0,𝑟𝑎𝑑
) (S3) 

Here, QFLS is the difference between the electron and hole quasi-Fermi levels in the perovskite 

layer, kB is the Boltzmann constant, and T is the temperature (300 K). JG is the generation current 

density under illumination, in this case, approximated to the short-circuit current density JSC of 

devices. J0,rad is the dark radiative recombination saturation current density.  

According to the detailed balance at open-circuit conditions, the J0,rad can be calculated by the 

following equations: 

𝐽0,𝑟𝑎𝑑 = 𝑒 ∫ EQEPV(𝐸)
∞

0

𝛷𝐵𝐵(𝐸)𝑑𝐸 (S4) 

𝛷𝐵𝐵(𝐸) =
2𝜋𝐸2

ℎ3𝑐2
∙

1

𝑒𝑥𝑝 (
𝐸

𝑘𝐵𝑇) − 1
 (S5) 

Where e is the elementary charge, EQEPV is the photovoltaic external quantum efficiency, E is the 

photon energy, 𝜙BB is the black-body radiative spectrum, h is the Planck constant, and c is the light 

speed in a vacuum. 

External quantum efficiency (EQE) of the p-i-n PSCs and the emitted spectral photon flux are 

calculated when the device is in equilibrium with the black-body (BB) radiation (T = 300 K). Based 

on equations S4 and S5, the J0,rad was calculated similarly as 4.72 × 10-20 A m−2 for all systems 

independent of the bottom charge transport layer. Subsequently, combined with the PLQY value of 

the samples with the different HSLs underneath, the QFLS of the samples can be obtained according 

to equation S3. Besides, the VOC non-radiation recombination loss ∆𝑉𝑂𝐶
𝑛𝑜𝑛−𝑟𝑎𝑑  can be obtained 

according to the following equation: 

∆𝑉𝑂𝐶
𝑛𝑜𝑛−𝑟𝑎𝑑 =

𝑄𝐹𝐿𝑆𝑟𝑎𝑑 − 𝑄𝐹𝐿𝑆

𝑒
= −

𝑘𝐵𝑇 ln(𝑃𝐿𝑄𝑌)

𝑒
 (S6) 
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Supplementary Note 6: Modelling of the light intensity-dependent PLQE (two-trap level SRH 

model) 

In order to further disentangle the effects of surface recombination and bulk recombination via deep 

and shallow traps, we measured intensity-dependent PLQE of the Me-4PACz and NA-Me samples. 

The internal PLQE can be described via: 

𝑃𝐿𝑄𝐸int =
𝑘𝑟𝑎𝑑𝑛𝑒𝑞

𝑘𝑟𝑎𝑑𝑛𝑒𝑞 + 𝑘𝑡𝑟 ∙
𝑛𝑒𝑞

2 ∙ 𝑛𝑒𝑞 + 𝑛𝑒𝑚
+ 𝑘𝑑𝑒𝑒𝑝

 
   (S7) 

where krad is the radiative bimolecular recombination rate, kdeep is the non-radiative recombination 

rate via a deep trap level, ktr is the trapping rate into a shallow trap level, and nem is the density of 

charge carriers emitted from the shallow trap level. Here, kdeep can stem from both, a deep surface 

or bulk trap. nem is related to the energetic depth of the trap (ΔEt) via: 

𝑛𝑒𝑚 = 𝑁𝐶 ∙ 𝑒
−∆𝐸𝑡

𝑘𝐵𝑇⁄
 

(S8)) 

NC is the density of states in the conduction band and assumed to be 1018 cm−3 here. In equation S9, 

neq is the equilibrium carrier concentration under the continuous illumination used in the PLQE 

measurement and can be obtained by solving: 

𝑑𝑛

𝑑𝑡
= 0 = 𝐺 − 𝑘𝑟𝑎𝑑𝑛𝑒𝑞

2 − 𝑘𝑡𝑟 ∙
𝑛𝑒𝑞

2

2 ∙ 𝑛𝑒𝑞 + 𝑛𝑒𝑚
− 𝑘𝑑𝑒𝑒𝑝 ∙ 𝑛𝑒𝑞 

(S9) 

where G is the generation rate of charge carriers. It is obtained from the laser intensity, spot size and 

perovskite thickness. In accordance with the previous work18, external PLQE is then described by: 

𝑃𝐿𝑄𝐸ext =
𝑃𝑒𝑠𝑐 ∙ 𝑃𝐿𝑄𝐸𝑖𝑛𝑡

(1 − 𝑃𝐿𝑄𝐸𝑖𝑛𝑡) + (𝑃𝑒𝑠𝑐 ∙ 𝑃𝐿𝑄𝐸𝑖𝑛𝑡)
 (S10) 

where Pesc is the escape probability of a photon generated within the perovskite material. We solve 

these equations iteratively for each generation rate to extract the parameters from the data. In total, 

5 parameters are described for each sample (10 in total). This is a lot, considering that we could only 

measure 9 intensities. We thus, reduce the number of free parameters, by sharing some of them 

between both samples: krad is a material property and hence should not change between samples, 

Pesc depends more on the substrate, and the energetic depth of the trap ΔEt, which we share between 

the samples for clarity of the results. The resulting fitted external PLQE is shown in Fig. 3h as a 

function of absorbed photon flux. We obtained 7 parameters, which are summarized in 

Supplementary Table 4.  
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We found that both, the trapping rate ktr and the non-radiative recombination rate kdeep decrease for 

the NA-Me sample. kdeep is the total recombination rate via deep traps level as: 

𝑘𝑑𝑒𝑒𝑝 = 𝑘𝑏𝑢𝑙𝑘,𝑑𝑒𝑒𝑝 + 𝑘𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑑𝑒𝑒𝑝 
(S11) 

In combination with the TRPL shown in Supplementary Fig. 18b, we interpreted this result as an 

increase in surface recombination, for the Me-4PACz sample, which results in a fast early-time 

TRPL decay. In addition, ktr is also reduced for the NA-Me sample. It is dependent on the trap 

density Nt via: 

𝑘𝑡𝑟 = 𝑣𝑇𝜎𝑡𝑁𝑡 (S12) 

with vT the thermal velocity and σt the capture cross-section of the trap, both of which are expected 

to be constant between the samples. The reduced trapping rate is thus interpreted as a reduced 

density of shallow traps. 
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Supplementary Note 7: Analysis of Supplementary Fig. 25 

Defect formation energy depends on the chemical potential of Pb and I. Thus, it is essential to 

determine the chemical environment in the experiment. We considered a Pb and I-moderate 

condition because the UPS results (Supplementary Fig. 16) showed a p-type perovskite bottom 

surface. To better compare the deformation energies of various defects, we plot the defect transition 

level diagram in Supplementary Fig. 25. At the Pb and I-moderate conditions (Supplementary Table 

5), all VI and VPb defects show negative formation energies (thermodynamically favored). All PbI 

defects are thermally unstable, suggesting a low formation possibility. The IPb
–1 defects show 

comparable formation energy (–1.35 eV) to the VI (–(1.09-1.68) eV) and VPb defects (–(1.00-1.20) 

eV). The band structures in Supplementary Fig. 24 show all VI defects lead to shallow trap states, 

which seem not to introduce significant nonradiative recombination. The VPb
2+ defect shows deep 

trap states, while the others only involve shallow traps. The IPb
–1 defect shows a deep trap state in 

part of the slab. Collectively, the VPb
2+ defects generated the most notable trap state, which could be 

the primary source of nonradiative recombination. Thus, we mainly investigated the passivation 

mechanism for the VPb
2+ defect. 
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Supplementary Note 8: Analysis of Supplementary Fig. 27 

NA remained significantly higher distributions near the perovskite surface than the BA and TA after 

equilibrating the VPb
2+

 defective heterojunction models. These results confirmed strong adsorptions 

of TA and BA on NiO, consistent with the MD simulations without the defects. We found the Me-

4PACz coverage on perovskite in the NA-Me hybrid is slightly lower than that in pure Me-4PACz. 

It suggests the formation of the VPb
2+ defect could reduce the adsorbability of Me-4PACz on the 

perovskite surface when mixed with NA. However, NA-Me still showed the highest overall 

perovskite surface coverage. These results suggest NA helped maintain the perovskite surface 

coverage when the adsorbability of Me-4PACz decreased, underscoring the superiority of NA-Me 

HSL. 
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Supplementary Note 9: Analysis of Supplementary Fig. 31 

When Me-4PACz’s π-ring attached to the VPb
2+ is defective, the two deep traps become one shallow 

trap with a lowered deep trap. This finding provided a reasonable explanation for the reduced 

nonradiative recombination observed in the experiment. The differential charge density for Me-C2 

clearly shows charge transfer from Me-4PACz’s π-ring to the VPb
2+ defect on the perovskite surface. 

This is because Me-4PACz’s π-ring is electron-rich and can extract the positive charges from the 

defective surface. As a result, it partially restored the I–Pb bond and passivated the VPb
2+ deep trap.  
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Supplementary Note 10: Analysis of Supplementary Fig. 33 

It should be noted that thanks to the booming development of SAM, the efficiency and stability of 

inverted PSCs have been rapidly improved. Me-4PACz is a well-known SAM with excellent 

function of hole transport and suppressing interfacial nonradiative recombination, which is the 

foundation of the molecular hybrid structure and plays an important role. The other two aromatic 

carboxylic acid molecules, BA and TA do not have electron-donating groups, so they can’t act as 

typical HSLs. Although NA has electron-donating groups (triphenylamine functional groups), their 

carboxyl group (electron-withdrawing group) directly connects to the triphenylamine unit, reducing 

their potential as an HSL. Therefore, the BA/TA/NA molecule cannot serve as SAM like Me-4PACz, 

which is further reflected in the significant differences in the performance of their devices (ITO/Me-

4PACz (or BA or TA or NA)/perovskite/PI/PCBM/BCP/Ag, Supplementary Fig. 33a). BA, TA, and 

NA samples only yielded PCEs of 12.17%, 13.08%, and 14.27%, respectively, which are far lower 

than that of the Me-4PACz sample (22.85%). On the other hand, due to the presence of carboxyl 

groups, the three aromatic carboxylic acids can anchor on the surface of NiO, which can play a 

certain role in suppressing defects at the NiO/perovskite interface, thereby improving the efficiency 

of NiO-based inverted PSCs to a certain extent (ITO/NiO/BA (TA or 

NA)/perovskite/PI/PCBM/BCP/Ag, Supplementary Fig. 33b). These results further reflect the 

importance of the molecular hybrid strategy. 
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Supplementary Note 11: Analysis of Supplementary Table 9  

As far as the molecular hybrid is concerned, it has been successful in improving the performance of 

single-junction inverted PSCs. Although some literature has reported molecular hybrid strategies in 

inverted PSCs, few works systematically compare the effects of multiple hybrid molecules on SAM, 

as we have done in our work. For example, Amran Al-Ashouri et al. overcame the wettability of 

Me-4PACz by adding the 6-hexylenediphosphonic acid (6dPA) to the SAM precursor solution and 

achieved a PCE of 20.9% with a triple-halide perovskite (bandgap:1.68 eV)19. Alex K.-Y. Jen et al. 

optimized recombination loss at the hole-selective interface in inverted PSCs by developing a co-

assembled monolayer (co-SAM, ((2,7-dimethoxy-9H-carba-zol-9-yl)methyl)phosphonic acid (DC-

PA)+alkyl ammonium containing 6-(iodo-λ5-azanyl)hexanoic acid (IAHA))20. Correspondingly, 

this co-SAM approach achieved a decent PCE of 23.59% with a triple-cation perovskite (bandgap: 

approximately 1.55 eV). In particular, Edward H. Sargent et al. developed a conformal SAM as the 

hole-selective contact on light-managing textured substrates21. They confirmed the important role 

of molecular hybrid strategy in increasing the coverage of SAM on the FTO surface and suppressing 

nonradiative recombination at the buried interface. In addition, this molecular hybrid strategy 

achieved a certified quasi-steady-state PCE of 24.8% for inverted PSCs (bandgap: approximately 

1.53 eV). Compared with the aforementioned molecular hybrid strategies, the molecules proposed 

in our work are carboxylic acid functionalized aromatic molecules, while the aforementioned 

molecules are all functionalized aliphatic compounds with anchoring groups. The strong π-π 

interaction and hydrogen bonding between Me-4PACz and the triphenylamine moiety in the NA 

molecule will reduce the formation of the Me-4PACz clusters, thus improving the coverage of mixed 

SAMs at the NiO/perovskite interface. We focused on studying the effects of homogeneous SAMs 

on the morphology and nonradiative recombination of buried interfaces, and we also considered the 

scale-up ability of optimal mixed SAMs. This strategy delivers a record-certified steady-state 

efficiency of 26.54% and 23.06% (certified 22.74%) for small-area PSCs and mini-modules with an 

aperture area of 11.1 cm2, respectively. Therefore, we have added a more detailed comparison with 

recent research on SAMs, especially those involving molecular hybrids for inverted PSCs in 

Supplementary Table 9. 
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Supplementary Note 12: Fill factor (FF) loss analysis 

Following the assumption of the S-Q limit, FF losses are determined by two main components: non-

radiative loss and charge transport loss22. The higher the maximum FF (FFmax) value, the lower the 

nonradiative recombination loss of the device. The FFmax can be empirically calculated according 

to the following equation: 

𝐹𝐹𝑚𝑎𝑥 =
𝜈𝑂𝐶 − ln(𝜈𝑂𝐶 + 0.72)

𝜈𝑂𝐶 + 1
 (S13) 

Where 𝜈𝑂𝐶 =
𝑉𝑂𝐶

𝑛𝐾𝐵𝑇 𝑞⁄
, KB is Boltzmann constant, T is temperature (300 K), q is elementary charge. 

n is the ideality factor that is extracted from the VOC as a function of light intensity on a logarithmic 

scale, which is shown in Supplementary Fig. 40. 
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Supplementary Fig. 1. The structure of three mixed SAMs. 
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Supplementary Fig. 2. Top and side views of initial molecular representations for the 

heterojunctions with only Me-4PACz (a), BA-Me (b), NA-Me (c), and TA-Me hybrid (d). e. 

Adsorption analysis for the perovskite and NiO surface in the initial conditions of the heterojunction 

models. f. Adsorption energies for SAMs on perovskite surface. The low adsorbability of NA on the 

perovskite surface could facilitate their interactions with Me-4PACz. Mixing of NA and Me-4PACz 

will reduce the number of Me-4PACz tetramers, leading to compact HSL with minimized nanovoids. 
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Supplementary Fig. 3. Optimized structures for the adsorption of (a) Me-4PACz, (b) BA, (c) NA, 

(d) parallel TA, and (e) vertical TA on the surface of the NiO slab, respectively. Optimized 

structures for the adsorption of (f) Me-4PACz, (g) BA, (h) NA, (i) parallel TA, and (j) vertical TA 

on the surface of the perovskite slab, respectively. The molecular configurations of SAMs were 

sampled from MD simulations for the heterojunction models. The shortest distance between SAMs 

and slabs is highlighted in each structure, and the adsorption energies are given below. 
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Supplementary Fig. 4. Optimized structures of the (a) BA-Me dimer, (b) NA-Me dimer, (c) TA-

Me dimer, (d) Me-Me dimer, (e) NA-NA dimer, (f) TA trimers, and Me-4PACz tetramer observed 

in MD simulations. Critical intermolecular distances are highlighted aside from the structure and 

the binding energy is given below. 
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Supplementary Fig. 5. Water contact angle on (a) NiO only, (b) Me-PACz only, (c) NiO/Me-4PACz, 

(d) NiO/NA-Me, (e) NiO/TA-Me, and (f) NiO/BA-Me. 
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 Supplementary Fig. 6. Images of perovskite films coverage on Me-4PACz and NA-Me HSLs. 
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Supplementary Fig. 7. Images of perovskite film coverage on different HSLs. a, NiO, b, NiO/BA-

Me, and c, NiO/TA-Me. PVK: FA0.95Cs0.05PbI3 perovskite film. 
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Supplementary Fig. 8. Peel-off method for the bottom surfaces of perovskite films. The bottom 

surface of perovskite films was fabricated through the following method: the top surface of the 

prepared perovskite film was partly pasted together with a glass slide using UV glue. After the glue 

was solidified overnight, the film was peeled off from the ITO substrate with force, and then the 

bottom surface of perovskite films for characterization was obtained. 

  

peel-off 

process 
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Supplementary Fig. 9. SEM images of top surfaces of perovskite films on (a) Me-4PACz, (b) BA-

Me, (c) TA-Me, and (d) NA-Me SAMs. Scale bars, 1 μm. 
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Supplementary Fig. 10. The X-ray diffraction (XRD) patterns of perovskite films on studied HSLs. 
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Supplementary Fig. 11. GIXRD characterization. a-b, GIXRD patterns measured at different ψ 

angles from 5° to 45° for perovskite films on (a) BA-Me and (b) TA-Me SAMs. c, The residual 

strain of the corresponding diffraction peaks (2θ) of perovskite films on studied HSL interlayers as 

a function of sin2ψ. 
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Supplementary Fig. 12. XPS characterization of mixed SAMs. a-d, High-resolution XPS spectra 

of C1s for films of (a) NiO, (b) BA-Me, (c) TA-Me, and (d) NA-Me. The purple line is attributed 

to C–OH/C–O–C contaminations for only NiO in C 1s spectra of NiO. The peak position 

corresponding to the original C–P bond should be attributed to C–P and C–OH/C–O–C 

contaminations for mixed SAMs deposited substrates. The presence of mixed SAMs was identified 

to successfully bond to the NiO substrate from the C 1s characterized peak of mixed SAMs, i.e., the 

O–C=O and C–P (C–OH/C–O–C contaminations) peaks located at the binding energies of 

approximately 289.2 eV and 286.3 eV, respectively. e-g, The XPS spectra of (e) Ni 2p, (f) N 1s, and 

(g) P 2p of NiO, BA-Me, TA-Me, and NA-Me films.  
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Supplementary Fig. 13. Surface CPD images for (a) bare NiO, (b) BA-Me-treated NiO, (c) TA-

Me-treated NiO, and (d) NA-Me-treated NiO films derived from KPFM. 
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Supplementary Fig. 14. The FLIM of the exposed bottom surface of perovskite layers on BA-Me. 
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Supplementary Fig. 15. Ultraviolet-visible (UV-Vis) absorption spectra (a and c) and Tauc plots 

(b and d) of NiO and perovskite films. 
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Supplementary Fig. 16. UPS spectra of (a) NiO, (b) BA-Me coated on NiO, (c) TA-Me coated on 

NiO, (d) NA-Me coated on NiO, (e) Me-4PACz coated on NiO, and (e) exposed bottom perovskite 

films deposited on ITO substrate, respectively. 
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Supplementary Fig. 17. Schematic diagram of energy levels of VBM and conduction band 

minimum (CBM) derived from UPS spectra of the involved HSLs and the exposed bottom surface 

of the perovskite films.  
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Supplementary Fig. 18. Steady-state PL spectra (a) and TRPL spectra (b) of perovskite films 

deposited on glass and different HSLs. (c) Differential lifetimes derived from fits to the transients 

in (c). 
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Supplementary Fig. 19. The highly sensitive EQE of the PSCs based on studied HSLs.  
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Supplementary Fig. 20. PLQY values of perovskite films on glass and involved HSLs. 
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Supplementary Fig. 21. The calculated VOC non-radiation recombination loss (∆𝑉𝑂𝐶
𝑛𝑜𝑛−𝑟𝑎𝑑) values 

of perovskite films on glass and involved HSLs. 
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Supplementary Fig. 22. Absolute PL spectra of perovskite films on ITO/NiO/NA-Me (a) and Me-

4PACz (b) under different incidence illumination intensities during the PLQY measurements. 
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Supplementary Fig. 23. Optimized structures of the 3 × 3 × 2 perovskite slab with the neutral and 

charged VI, VPb, PbI, and IPb surface defects. The red circles highlight the defect point. In the VPb
2+ 

defect, the internal I atom moves to the surface to fill in the Pb-vacancy, leading to an I–Pb antisite 

with an I-vacancy defect. 
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Supplementary Fig. 24. Band structures of the 3 × 3 × 2 perovskite slab with the neutral and 

charged VI, VPb, PbI, and IPb surface defects. The red lines indicate the highest valence band. 
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Supplementary Fig. 25. Defect transition level for the 3 × 3 × 2 perovskite with the (a) VI, (b) VPb, 

(c) PbI, and (d) IPb surface defects with various point charges. 
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Supplementary Fig. 26. Top and side views for the molecular configuration of Me-4PACz adjacent 

to the VPb
2+ defect in the molecular dynamics simulations for (a) pure Me-4PACz, (b) BA-Me, and 

(c) TA-Me hybrid systems. 
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Supplementary Fig. 27. Top and side views of initial molecular representations for the 

heterojunctions containing a VPb
2+

 defect with only Me-4PACz (a), BA-Me (b), NA-Me (c), and TA-

Me hybrid (d). The equilibrated molecular representations for the VPb
2+ defective heterojunction 

models with only Me-4PACz (e), BA-Me (f), NA-Me (g), and TA-Me hybrid (h). Adsorption 

analysis for the perovskite and NiO surface in the (i) initial conditions and (j) equilibrated molecular 

configurations of the VPb
2+ defective heterojunction models. 
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Supplementary Fig. 28. Optimized structures of the VPb
2+ defective perovskite slab passivated with 

(a) Me-4PACz, (b) BA, (c) NA, and (d) TA. The molecular configurations of SAMs were sampled 

from MD simulations for the heterojunction models. The red circles highlight the defect points and 

the distance between SAMs and the defect are shown along with the structure. The relative energies 

to the lowest one are given below in each type of passivated structure. The Me-C2 structure shows 

a distance of 5.46 Å between Me-4PACz’s π-ring and the internal I atoms. It suggests that Me-

4PACz helps restore the internal Pb–I ionic bond. The passivated perovskite surface with Me-

4PACz’s π-ring is 0.40 eV higher than that with the phosphonic group. This energy difference (9.22 

kcal mol−1) can be compensated at room temperature, so the passivation is still thermally accessible. 
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Supplementary Fig. 29. Band structures of the VPb
2+ defective perovskite slab passivated with (a) 

Me-4PACz, (b) BA, (c) NA, and (d) TA. The red lines indicate the highest valence band. 
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Supplementary Fig. 30. Projected density of states of the VPb
2+ defective perovskite slab passivated 

with (a) Me-4PACz, (b) BA, (c) NA, and (d) TA. 
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Supplementary Fig. 31. Differential charge density of the VPb
2+ defective perovskite slab 

passivated by Me-4PACz’s π-ring. Blue indicates the depletion of charge density; yellow represents 

the accumulation of charge density. Charge density transfer from blue to yellow. 
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Supplementary Fig. 32. The structure of inverted PSCs in this work. 
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Supplementary Fig. 33. (a) J–V curves of PSCs based on four molecules acting as alone HSL layers 

(ITO/Me-4PACz (NA, TA, or BA)/perovskite/PI/PCBM/BCP/Ag). (b) J–V curves of PSCs with the 

configuration of ITO/NiO/BA (TA or NA)/perovskite/PI/PCBM/BCP/Ag. 
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Supplementary Fig. 34. Photovoltaic performances based on different HSLs. a, J–V curves of PSCs 

with different HSLs under reverse scan direction. b-e, Statistical photovoltaic parameters of (b) VOC, 

(c) JSC, (d) FF, and (e) PCE of the PSCs using single HSL of NiO and Me-4PACz and bilayer HSLs 

of NiO/Me-4PACz (20 devices for each type). 
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Supplementary Fig. 35. Statistical photovoltaic parameters of the PSCs using Me-4PACz and 

mixed SAMs. a, VOC. b, JSC. c, FF (20 devices for each type). 
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Supplementary Fig. 36. J–V curves of the champion devices based on different HSLs under reverse 

and forward scans. a, Me-4PACz. b, BA-Me. c, TA-Me.  
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Supplementary Fig. 37. EQE curve of the champion inverted PSC based on the NA-Me. 
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Supplementary Fig. 38. The certificate of one NA-Me inverted device (J–V characterization). The 

report is issued by NPVM (Chinese National PV Industry Measurement and Testing Center). The 

aperture area is 0.057 cm2 measured by NPVM. The report includes the optical aperture area, J–V, 

MPPT, and EQE measurements.
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Supplementary Fig. 39. The certificate of one NA-Me inverted device (steady-state PCE 

characterization). The report is issued by NPVM. The stabilized PCE of 26.54% is determined from 

MPPT for 300 s.  
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Supplementary Fig. 40. Light intensity dependence of VOC on the PSCs with NA-Me or Me-

4PACz.   
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Supplementary Fig. 41. Detailed FF loss analysis of the inverted PSCs with NA-Me and Me-

4PACz.  
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Supplementary Fig. 42. Transient photovoltage (TPV) plots of the devices with NA-Me or Me-

4PACz.   
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Supplementary Fig. 43. Mott-Schottky plots for devices with studied SAMs. The curves on top of 

the data were extracted by linear fitting the drop region of Mott-Schottky plots, and Vbi was obtained 

via the intercept of the straight line with the χ axis.   

0.2 0.6 1.00.0 0.4 0.8 1.2

8

23

0

15

30

1
/C

2
 (

1
0

1
5
 F

-2
)

Bias (V)

 NA-Me 1.07 V

 Me-4PACz 0.98 V



64 

 

Supplementary Fig. 44. Certified performance of inverted mini-modules with an aperture area of 

11.1 cm2 based on NA-Me. The certified efficiency is 22.74% under reverse scan with a high FF of 

80.42% along with a low hysteresis (22.58% under forward scan). 
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Supplementary Fig. 45. Comparison of the PCE and FF of our mini-modules with other reported 

high-performance modules.   
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Supplementary Fig. 46. In-situ PL spectra of perovskite films deposited on (a) Me-4PACz and (b) 

NA-Me SAMs under continuous laser irradiation in air ambient for different durations (0-120 min) 

with a recorded temperature of 85 °C. 
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Supplementary Fig. 47. SEM images of the bottom surface of perovskite films on Me-4PACz (a) 

and NA-Me (b) after continuous laser irradiation for 120 min at 85 °C. Scale bars, 1 μm. 
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Supplementary Fig. 48. a, J–V curve of the NA-Me device with Ag electrode used for operational 

stability test. b, Operational stability of the corresponding device under continuous 1-sun equivalent 

white-light LED illumination with MPPT at 65 °C in ambient air. The NA-Me device with the Ag 

electrode exhibited inferior stability, which only retained 85.9% of its initial PCE (26.50%) after 

over 600 hours.  
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Supplementary Fig. 49. The photographs of the damp-heat chamber in our lab. The temperature 

and relative humidity levels were maintained at 85 °C and 85% RH, respectively, following the IEC 

61215:2016 standard. 
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Supplementary Fig. 50. J–V curves of the representative NA-Me (a) and Me-4PACz (b) devices 

used in the damp heat stability test.  
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Supplementary Fig. 51. J–V curves of the NA-Me (a) and Me-4PACz (b) devices used in the 

operational stability test. 
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Supplementary Table 1. Binding energies of Me-4PACz, BA-Me, NA-Me, and TA-Me were 

computed with the PBE0+DFTD3 and optB88-vdW approach. 

Dimers PBE+D3 (eV) optB88-vdW (eV) 

Me-4PACza –0.17 –0.31 

BA-Meb –0.35 –0.47 

NA-Meb –0.61 –0.68 

TA-Meb –0.48 –0.62 

aGeometries were optimized according to each method. bGeometries were optimized with the 

PBE+DFTD3 approach. 
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Supplementary Table 2. Electronic parameters of the perovskite film and different HSLs extracted 

from UPS spectra. PVK: exposed bottom surface of the perovskite film. 

 

Condition Ecutoff (eV) Eonset (eV) VBM (eV) Eg (eV) CBM (eV) 

NiO 16.36 0.43 –5.29 3.83 –1.46 

BA-Me 16.30 0.69 –5.61 3.83 –1.78 

TA-Me 16.28 0.71 –5.65 3.83 –1.82 

NA-Me 16.26 0.72 –5.68 3.83 –1.85 

Me-4PACz 16.22 0.59 –5.59 3.83 –1.76 

PVK 16.20 0.71 –5.74 1.53 –4.20 
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Supplementary Table 3. The PL decay fitting parameters of perovskite film and SAMs/perovskite 

junctions. 

 

The average carrier lifetime (τave) was calculated according to the equation:  

 

𝜏𝑎𝑣𝑒 =
𝐴1𝜏1 + 𝐴2𝜏2

𝐴1 + 𝐴2
 

  

Samples A1 τ1 (ns) A2 τ2 (ns) τave (ns) 

Me-4PACz 0.536 18.6 0.130 310.1 75.5 

BA-Me 0.605 4.81 0.290 389.8 129.6 

TA-Me 0.593 6.81 0.276 593.6 193.2 

NA-Me 0.347 8.56 0.584 661.3 418.0 

Glass 0.381 185.7 0.511 1455.5 913.1 
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Supplementary Table 4. The fitting parameters of the two-trap level SRH model. 

 

  

Sample Me-4PACz NA-Me 

ktr (× 106 s−1) 8.0 3.2 

kdeep (× 105 s−1) 4.9 1.3 

krad (× 10−11 cm3 s−1) 1.2 

ΔEt (meV) 74 

Pesc (%) 100 
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Supplementary Table 5. Defect formation energies for the 3 × 3 × 2 perovskite surface with the 

neutral and charged VI, VPb, PbI, and IPb surface defects. 

Charges VI VPb PbI IPb 

I-poor/Pb-rich (I = –2.70 eV , Pb = –3.85 eV) 

–3   –0.15 2.59 

–2  0.03 –0.59 1.57 

–1 –2.29 0.05 –0.94 0.50 

0 –2.26 0.45 –1.00 2.65 

1 –1.71 0.76 –0.86 1.62 

2  0.24 0.10 2.36 

3   0.26 2.99 

I-moderate/Pb-moderate (I = –2.08 eV , Pb = –5.08 eV) 

–3   1.71 0.74 

–2  –1.20 1.26 –0.28 

–1 –1.68 –1.19 0.91 –1.35 

0 –1.64 –0.79 0.86 0.80 

1 –1.09 –0.47 0.99 –0.23 

2  –1.00 1.95 0.51 

3   2.11 1.14 

I-rich/Pb-poor (I = –1.47 eV , Pb = –6.32 eV) 

–3   3.56 –1.11 

–2  –2.44 3.11 –2.14 

–1 –1.06 –2.42 2.76 –3.20 

0 –1.03 –2.02 2.71 –1.05 

1 –0.47 –1.71 2.84 –2.08 

2  –2.23 3.81 –1.34 

3   3.96 –0.72 
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Supplementary Table 6. Photovoltaic performance of inverted PSCs with Me-4PACz and mixed 

SAMs. 

 

Device  VOC (V) JSC (mA cm−2) FF (%) PCE (%) 

Me-

4PACz 

Best 1.135 25.80 79.53 23.29 

Average 1.103 ± 0.023 25.75 ± 0.19 78.91 ± 0.91 22.24 ± 0.83 

BA-Me 

Best 1.168 25.90 81.48 24.65 

Average 1.141 ± 0.017 25.96 ± 0.16 80.85 ± 0.70 23.93 ± 0.64 

TA-Me 

Best 1.179 26.10 82.84 25.49 

Average 1.157 ± 0.018 25.92 ± 0.19 81.98 ± 0.70 24.60 ± 0.51 

NA-Me 

Best 1.201 26.30 84.50 26.69 

Average 1.185 ± 0.016 26.15 ± 0.18 83.87 ± 0.56 25.95 ± 0.45 
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Supplementary Table 7. Photovoltaic parameters of the champion inverted PSC with NA-Me 

under reverse and forward scan. 

  

Scan direction JSC (mA cm−2) VOC (V) FF (%) PCE (%) 

Reverse 26.30 1.201 84.50 26.69 

Forward 26.35 1.199 84.04 26.55 
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Supplementary Table 8. Comparison of the photovoltaic performance of inverted PSC in this work with other literature which reported certified PCEs >24%. PCEa is 

extracted from the J–V curves and PCEb represents the steady-state PCE. Please note that passivation layers in the following devices have been omitted. 

 

Device structure 
VOC 

(V) 

JSC 

(mA cm−2) 
FF (%) 

Certified 

PCE (%) 
Ref. 

ITO/MeO-2PACz/Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3/PCBM/BCP/Ag 1.174 24.84 83.21 24.24a 23 

ITO/NiOx/MeO-4PADBC/Cs0.05FA0.85MA0.1PbI3/C60/BCP/Ag 1.189 25.75 83.54 25.58a 24 

ITO/DC-PA/Cs0.06MA0.14FA0.80PbI3/C60/BCP/Ag 1.190 24.45 84.2 24.5a 25 

ITO/Me-4PACz/(FA0.95MA0.05)0.95Cs0.05Pb(I0.95Br0.05)3/C60/BCP/Ag 1.204 24.24 83.06 24.24a 26 

ITO/Me-4PACz/(FA0.95MA0.05)0.95Cs0.05Pb(I0.95Br0.05)3/C60/BCP/Ag 1.203 25.02 82.73 24.90a 22 

ITO/2PACz/Cs0.05MA0.15FA0.80PbI3/C60/BCP/Ag 1.160 25.02 83.05 24.09b 27 

FTO/2PACz/Cs0.05MA0.1FA0.85PbI3/C60/BCP/Ag 1.150 25.50 84.50 24.80b 21 

FTO/NiOx/4PACz/Cs0.05MA0.05FA0.90PbI3/C60/BCP/Ag 1.170 26.20 84.50 25.90a 28 

ITO/2PACz/Rb0.05Cs0.05MA0.05FA0.85Pb(I0.95Br0.05)3/C60/BCP/Ag 1.160 26.10 83.82 25.37a 29 

ITO/MPA-CPA/(FA0.95MA0.05)0.95Cs0.05Pb(I0.95Br0.05)3/C60/BCP/Ag 1.21 24.78 84.65 25.39a 30 

ITO/Perovskite (DMAcPA)/PCBM/BCP/Ag 1.189 25.65 83.24 25.39a 31 

FTO/NiO/Me-4PACz/FAPbI3/PCBM/SnO2/Cu 1.183 26.23 81.20 25.20b 32 

ITO/p-PY/FA0.98Cs0.02PbI3/PCBM/BCP/Ag 1.167 25.80 81.49 24.54a 33 

ITO/NiO/PTAA/Al2O3/Cs0.05FA0.95PbI3/PCBM/BCP/Ag 1.173 25.69 81.63 24.60a 34 

ITO/PTAA/Cs0.05FA0.95PbI3/C60/BCP/Ag 1.153 26.50 84.46 25.80a 35 

ITO/NiO/Me-4PACz/Cs0.05FA0.95PbI3/PCBM/BCP/Ag 1.192 26.47 84.11 
26.54a 

(26.54b) 

This 

work 
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Supplementary Table 9. Comparison of the PCE of inverted PSCs in this work with other 

representative literature which involves molecular hybrid for inverted PSCs. PCEa is extracted from 

the J–V curves and PCEb represents the steady-state PCE. Please note that PVK is the abbreviation 

form of perovskite. The blackened part refers to the use of molecular hybrid strategies. 

Type of SAM 
Bandgap of PVK 

(eV) 
PCE (%) Ref. 

MPA-CPA 1.56  25.39a 30 

DMAcPA 1.56 25.39a 31 

MeO-4PADBC 1.53 25.60a 24 

Me-4PACz+ 6dPA 1.67 20.9 19 

DC-PA+IAHA ~1.55 23.59 20 

2PACz+3-MPA ~1.53 24.8b 21 

NA-Me 1.53 26.54b This work 
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Supplementary Table 10. Photovoltaic parameters of minimodule devices (aperture area: 11.1 cm2) 

using NA-Me under reverse and forward scan. 

   

Scan direction JSC (mA cm−2) VOC (V) FF (%) PCE (%) 

Reverse 4.900 5.811 81.00 23.06 

Forward 4.900 5.801 80.55 22.90 
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Supplementary Table 11. Comparison of the photovoltaic performance of mini-modules (total area 

larger than10 cm2) in this work with other representative work which reported PCEs >19%; ac, 

active area; ap, aperture area; da, designated area (active area + dead area for interconnections). 

PCEc is the PCE extracted from the certified J–V curves in a third-party certification agency.  

 

  

Structure Area (cm2) PCE (%) FF (%) Ref. 

p-i-n 18.1ap 19.25c 78.00 36 

p-i-n 26.9ap 21.78c 80.32 37 

p-i-n 22.0ac 20.8 74.20 27 

p-i-n 10ac 22.0 76.9 30 

p-i-n 14.65ap 21.0 78.7 32 

n-i-p 23.9ac 22.72c 79.06 38 

n-i-p 20ac 21.66c 77.90 39 

Not specified 26.02da 22.4 77.6 Record40 

p-i-n 11.1ap 22.74c 80.42 This work 
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Supplementary Table 12. Comparison of the operational stability under MPPT of inverted PSCs 

in this work with those of literature which reported certified PCEs >24%. PCEa is extracted from 

the J–V curves and PCEb represents the steady-state PCE. 

 

 

Certified PCE (%) Measured operation lifetime Ref. 

24.24a T88 = 1000 hours (75 °C) 23 

25.58a T90 = 1200 hours (65 °C) 24 

24.5a T98 = 1000 hours (65 ± 5 °C) 25 

24.24a T100 = 1000 hours (35-40 °C) 26 

24.90a T98 = 1000 hours (35-40 °C) 22 

24.09b T85 = 1560 hours (85 °C) 27 

24.80b T95 = 1000 hours (65 °C) 21 

25.90a T96 = 2000 hours (65 °C) 28 

25.37a T87 = 2400 hours (55 °C) 29 

25.39a T90 = 2000 hours (45 °C) 30 

25.39a T97 = 1000 hours (RT) 31 

25.20b T85 = 1000 hours (50 °C) 32 

24.54a T97 = 1800 hours (50 ± 5 °C) 33 

24.60a T98 = 1500 hours (55 ± 5 °C) 34 

25.80a T92 = 2500 hours (RT) 35 

26.54b 

T96 = 2400 hours (65 °C) 

(Initial PCE = 26.21% for the 

operational stability test) 

This work 
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