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ABSTRACT: One of the primary challenges of perovskite solar cells (PSCs) towards commercialization is to simultaneously 

achieve sufficient stability and high power conversion efficiency (PCE). Here, we propose a synchronous modulation of the 

strength of chemical and electric field-induced passivation strategies to comprehensively heal the imperfect characteristics of 

perovskite. Two nitrogen-rich small molecules with asymmetric geometry, namely AS-BP and AS-AZO, were designed and syn-

thesized. The target molecule AS-AZO featuring the most Lewis-base active sites and the largest dipole moment can effectively 

passivate defects of perovskite and improve built-in potential of derived PSCs. Moreover, the most flexible molecular structure of 

AS-AZO can ensure it as a molecular creeper towards perovskite grain, not only largely relieving the residual strain, but also 

reinforcing the overall passivation capability. The abovementioned effects of AS-AZO largely stabilize the perovskite and optimize 

the charge carrier dynamics of derived PSCs, leading to robust stability against humidity, thermal stress and light soaking along 

with a promising PCE of 25.12% versus that of the control one (21.82%). Our work offers valuable insights for designing mole-

cules featuring sufficient chemical and electric field effects for synchronous passivation capability for assembling robust and 

efficient PSCs. 
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1  Introduction 

Over the past decade, perovskite solar cells (PSCs) have 

aroused unprecedented attention in academic and industrial 

communities on account of their exceptional photovoltaic 

performance and cost-effective manufacturing.[1, 2] Up to 

now, the state-of-the-art power conversion efficiency (PCE) 

of the laboratory-scale single-junction PSCs has surpassed 

27%, which is highly competitive compared to the market-

leader crystalline silicon solar cells.[3-7] Despite attractive 

efficiency having been achieved for PSCs, their instability, 

especially that of the perovskite absorber layer under external 

stimuli is still a significant challenge towards commerciali-

zation.[8] Generally, the perovskite film commonly suffers 

from intrinsic defects, residual strain and numerous grain 

boundaries, largely deteriorating the efficiency as well as the 

stability of derived PSCs.[9, 10] In this regard, developing 

effective methods to simultaneously heal those imperfect 

characteristics of perovskite is crucial for promoting the sta-

bility and efficiency of PSCs. 

Recently, adopting chemical and electric field-induced 

synchronous passivation towards the perovskite have shown 
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promise for repairing their imperfect characteristics to simul-

taneously enhance the stability and efficiency of PSCs.[11, 

12] For instance, Ma and co-workers revealed that the phen-

methylammonium ions (PMA+) applied to post-treat the per-

ovskite film could not only insert chemical passivation to-

ward the intrinsic defects of perovskite to weaken the non-

radiative recombination, but also impart large surface dipole 

to improve the splitting of hole quasi-Fermi level. Eventually, 

the chemical and electric field-induced synchronous pas-

sivation of PMA+ leads to an overall increase in shelf-stabil-

ity as well as a higher PCE of 24.10% for target devices ver-

sus that of the control one (21.44%).[13] Very recently, Xu et 

al. applied 1-adamantanamine hydroiodide (ADAI) to con-

struct robust chemical interactions and electric field-derived 

passivation towards the perovskite layer. The ADAI modified 

layer could inhibit charge recombination and minimize band-

misalignment, resulting in an enhanced endurance against il-

lumination and a promising PCE of 25.13% compared to the 

control one (22.35%).[14] It has been demonstrated that the 

chemical and electric field-induced synchronous passivation 

endowed by alkyamine-type organic molecules towards the 

perovskite film can simultaneously improve the stability and 

efficiency of PSCs to some extent. However, due to the weak 

chemical interactions arising from their limited functional 

groups of alkyamine-type organic molecules, the interface re-

construction and loss of initial properties would be triggered 

under heat or light, which greatly deteriorate the efficiency 

and long-term stability of PSCs[15, 16]. Consequently, de-

veloping molecules featuring sufficient chemical and electric 

field-induced synchronous passivation and providing the de-

rived molecular design guidelines is highly important and ur-

gent to fabricate long-term robust yet efficient PSCs.  

Herein, we designed and synthesized three benzothiadi-

azole-based organic molecules with different substituent 

groups (triphenylamine/AS, bipyridine/AS-BP, (phenyldi-

azenyl)pyridine/AS-AZO). Then, they were incorporated 

into perovskite to comprehensively heal its imperfect charac-

teristics. Among those molecules, AS-AZO exhibits the most 

Lewis-base active sites and the largest dipole moment, result-

ing in the most efficient chemical and electric filed-induced 

synchronous passivation. Meanwhile, the most flexible mo-

lecular structure of AS-AZO can effectively relieve the resid-

ual strain in perovskite. The overall effects of AS-AZO 

largely stabilize the perovskite and optimize the charge car-

rier dynamics of derived PSCs. Consequently, the champion 

PVK/AS-AZO devices deliver robust stability against hu-

midity, thermal stress and light soaking accompanied by a 

promising PCE of 25.12%. More importantly, the champion 

PVK/AS-AZO devices preserve 93.2% of its initial effi-

ciency after continuous operation for 600 h, being superior to 

the control one.  

2  Results and discussion 

The synthetic routes of the triphenylamine-based or-

ganic molecules (Figure 1a) involved in this work are illus-

trated in Scheme S1. Their molecular structures are charac-

terized by Proton Nuclear Magnetic Resonance Spectroscopy 

(1H-NMR) and Single Crystal X-ray Diffraction (Figure S1-

S3). The single crystal structure of AS-BP was successfully 

obtained with the CCDC number of 2441617. All three mol-

ecules display decomposition temperature (5% weight loss) 

over 280 ºC (Figure S4), demonstrating their good thermal 

stability for the fabrication and operation of PSCs. Further-

more, the AS-AZO films also exhibit excellent stability at a 

long-time heating condition (Figure S5). After heating at 

65 °C for 5 hours, the long wavelength absorption peaks in-

duced by the intramolecular charge transfer (ICT) remain un-

changed, while the peaks are gradually blue shift and the in-

tensity is gradually decreased for the AS and AS-BP films. 

The conductivity of devices with the structure of 

ITO/AZO/Ag is more stable that of AS and AS-BP-based de-

vices after 5-hour heating, demonstrating that AS-AZO fea-

tures superior chemical and electrical stability compared to 

both AS and AS-BP. Three materials exhibit good solubility 

in common organic solvents such as DMSO, DMF, chloro-

benzene (CB), etc, which is beneficial for solution-processed 

engineering. The intramolecular charge transfer absorption 

peak of AS-AZO in film state versus that in solution shifts 

towards the longer wavelength by 36 nm (Figure S6) as com-

pared to AS (26 nm) and AS-BP (33 nm), indicating the 

stronger intermolecular interaction arising from more non-

covalent interaction in the former.[17] The non-covalent in-

teraction-rich feature of AS-AZO is attributed to their more 

Lewis-base active sites, which are favorable for constructing 

multiple interactions with the organic cations, halide anions 

and under-coordinative Pb2+ ions in perovskite to compre-

hensively enhance its stability.[18] 

The density functional theory (DFT) calculations at 

B3LYP/6-31G* level were first applied to investigate the the-

oretical properties of AS-type molecules. As shown in Figure 

1b, the dihedral angles between the terminal groups and the 

adjacent units are 10.7º/11.0º, 10.2º/8.5º and 120.4º/102.6º 

for AS, AS-BP and AS-AZO, respectively. The tortile molec-

ular structure of AS-AZO as confirmed by its side-view ge-

ometry (Figure S7a) could further render it as a molecular 

creeper to provide reliable yet compact contact with the per-

ovskite grain to obtain better defect passivation and moisture 

resistance. Compared to AS, the electron density at the 

HOMO/LUMO energy level of AS-BP and AS-AZO is inho-

mogeneously distributed over their molecular backbone (Fig-

ure S7b-c), implying their strong intramolecular charge trans-

fer capability, which can assist the charge transfer in perov-

skite/AS-BP or perovskite/AS-AZO mixtures. As displayed 

in Figure 1c, AS-AZO presents the most asymmetrical mo-

lecular structure and electron-rich characteristics locating its 

end-groups, resulting in the largest dipole moment of 4.92 
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Debye among the three synthesized molecules. Moreover, the 

end groups of AS-AZO would tend to point towards the per-

ovskite and the triphenylamine unit would point away from 

the perovskite, which results in the increased interfacial di-

pole strength of AS-AZO towards the perovskite and thus 

sufficient electric field-induced passivation. Therefore, the 

largest dipole moment as well as the most electron-rich char-

acteristics of AS-AZO are beneficial for imparting strong 

chemical and electric field-induced passivation towards the 

perovskite, which are anticipated to improve the built-in po-

tential as well as Voc of the derived PSCs.[19, 20] 

 

 
Figure 1. (a) Molecular structures of AS-type molecules. (b) Molecular geometry of AS-type molecules from top view. (c) Electrostatic surface potential and 

dipole moment of AS-type molecules. 

 
Encouraged by the superior theoretical properties of AS-

AZO, the DFT calculations based on the CP2K package with 

Perdew-Burke-Ernzerhof function were further implemented 

to study the interactions between AS-type molecules and per-

ovskite.[21] It is noted that the adsorption energies of AS, 

AS-BP and AS-AZO towards perovskite are −0.49 eV, −0.66 

eV and −1.56 eV, respectively (Figure S8). Meanwhile, AS-

AZO displays more distinct electron transport towards per-

ovskite in comparison with AS and AS-BP (Figure 2a). The 

DFT result reveals that AS-AZO features stronger interaction 

with perovskite versus AS and AS-BP. The stronger interac-

tion between AS-AZO and perovskite could be visually cor-

roborated by the number of remaining molecules after the 

perovskite/AS-type film being washed with CB (Figure 2b 

and Table S1). After washing, the residual content of the AS-

AZO molecules was significantly higher than those of AS 

and AS-BP molecules as confirmed by the higher percentage 

of S by weight in the EDS mapping (AS: 1.35%; AS-BP: 

2.82%; AS-AZO: 4.19%). Moreover, the weight ratio of Pb 

to S for PVK/AS and PVK/AS-BP films is markedly in-

creased from 14:4 and 15:3 to 20:1 and 25:2, respectively. 

For PVK/AS-AZO sample, the ratios before and after wash-

ing show no much difference (from 13:4 to 15:5), which is 

attributed to the strong interaction between AS-AZO and per-

ovskite. Besides, the N-H stretching vibration peaks of FAI 

observed at 3362 cm−1 and 3174 cm−1 would gradually shift 

towards smaller wavenumbers after being mixed with AS-

type molecules, which follows the trend of AS<AS-BP<AS-

AZO (Figure 2c and Figure S10), implying the presence of 

stronger hydrogen bond in FAI/AS-AZO mixture. The N-H 

stretching vibrational peak exhibits the same trend for perov-

skite/AS-type molecules samples, indicating that AS-AZO 

exhibits stronger hydrogen bonding interactions with perov-

skite (Figure S12).[22] This finding is further corroborated 

by the DFT calculations and the 1H-NMR spectra of FAI/AS-

type samples (Figure S9 and Figure S11). The adsorption en-

ergy reaches -5.43 eV between AS-AZO and FA+, and the 

largest chemical shift was observed for FAI/AS-AZO sample. 

As exhibited in Figure 2d and Figure S13a, the core XPS 

spectra of Pb in the perovskite film present distinct doublet 

peaks at 137.1 eV and 142.0 eV, which are indexed to the 

binding energy of the Pb 4f7/2 and Pb 4f5/2, respectively.[23] 

Besides, the perovskite film displays two additional XPS 

peaks of Pb at 135.3 eV and 140.3 eV, being attributed to the 

metallic Pb, which is capable of aggravating the charge re-

combination and accelerating the decomposition of perov-
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skite.[24] Comparatively, the XPS spectra of Pb in perov-

skite/AS-type film gradually shift towards the lower binding 

energy accompanied with the reduction of the Pb2+ concen-

tration in the order of AS<AS-BP<AS-AZO (Figure S13b). 

The result demonstrates the most effective passivation by 

AS-AZO towards perovskite, which is corroborated by the 

corresponding lower Urbach energy of PVK/AS-AZO film 

than PVK film (Figure S14).[25] Furthermore, the XPS spec-

tra of I in perovskite/AS-type film (Figure S13c), the FTIR 

spectra of PbI2/AS-type film (Figure S15) and the 1H-NMR 

spectra of PbI2/AS-type mixture (Figure S16) comprehen-

sively confirm the presence of stronger interaction of AS-

AZO with Pb2+ cations and I- anions in perovskite. The 

abovementioned result reveals that AS-AZO can endow more 

interaction active sites with all perovskite composition than 

AS and AS-BP (Figure 2e), largely improving the stability 

and efficiency of the former PSCs. 

 

 
Figure 2. (a) Differential charge density of AS-type molecules adsorbed upon FAPbI3, where the yellow/blue areas represent the electron-accepting/donating 

unit. (b) The sulfur EDS mapping in perovskite/AS-type film being washed with CB or not. (c) FTIR spectra of FAI and FAI/AS-type power. (d) XPS spectra 

of Pb element of FAPbI3 and FAPbI3/AS-type film. (e) The interaction scheme between AS-type molecules and FAPbI3. 

 

It is worth noting that the soft characterisitics of AS-

AZO as well as the stronger interaction with perovskite can 

feature great potential to relieve the residual strain in the per-

ovskite film.[26] Therefore, the depth-dependent grazing in-

cident X-ray diffraction (GIXRD) in 2θ–sin2ψ mode was 

used to evaluate the evolution of residual strain across perov-

skite film. Generally, the slope of 2θ–sin2ψ linear function 

could be deduced from the equation: 

 σ = −
𝐸

2(1+𝜐)

𝜋

180º
𝑐𝑜𝑡𝜃0

∂(2𝜃)

∂(𝑠𝑖𝑛2𝜓)
         (1)  

where E, υ and σ represent the perovskite modulus (10 GPa), 

the poisson’s ratio of perovskite (0.3) and the strain stress of 

perovskite, respectively.[27, 28] As shown in Figure 3a, 

there is a pronounced shift of (100) diffraction peak of PVK 

to larger 2θ when the incident angle 𝜓 varies from 10° to 50°, 

suggesting the reduction of (100) crystal plane distance and 

the presence of severe tensile strain (Kslope = −0.0083 and σ = 

−101.7 MPa, Figure 3b-d).[29] The severe tensile strain can 

accelerate ion migration and induce serious non-radiative re-

combination, being detrimental for the efficiency and long-

term stability of PSCs.[30] In contrast, the modified PVK 
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film displays reduced 2𝜃 shifts of (100) diffraction peak 

across different 𝜓 angles, implying the gradually inhibited 

tensile strain for PVK/AS film (Kslope = −0.0053 and σ = 

−65.7 MPa) and PVK/AS-BP film (Kslope = −0.0037 and σ = 

−45.5 MPa). Moreover, the (100) diffraction peak of 

PVK/AS-AZO shows almost negligible shifts, indicating ef-

fective diminishing of the tensile strain (Kslope = −0.0012 and 

σ = −15.2 MPa). The above phenomenon should be ascribed 

to the stronger interaction between AS-AZO and perovskite 

due to the more Lewis-base active sites as well as softer mo-

lecular structure of AS-AZO than its counterparts. The tensile 

strain relief of PVK/AS-AZO would provide additional as-

sistance for assembling operation-robust and efficient PSCs. 

 

 
Figure 3. (a) GIXRD spectra of PVK (FAPbI3) and PVK/AS-type films. (b) Linear relationship obtained from 2θ of (100) crystal plane with different inci-

dence angle. (c) Calculated residual strain of perovskite film. (d) The schematic representation of the strain state of perovskite film. 

 

Besides the defect passivation and residual strain relief 

of AS-type molecules towards perovskite, their effects on the 

crystalline quality and the charge carrier dynamics of perov-

skite were then investigated. As depicted in Figure 4a, the 

pure PVK film exhibits irregular yet small grains distribution 

(average grain size (Sav) of 0.67 nm, Figure S17), multi-

stacked crystalline grains along the vertical direction and 

rough surface with the root-mean-square roughness (RMS = 

34.1 nm, Figure 2e). Comparatively, the uniform, compact 

and large grains distribution (Sav of 0.88 nm and 0.94 m, Fig-

ure 4b-c and Figure S17) as well as smooth surface with 

RMS of 29.3 nm and 20.4 nm (Figure 4f-g) could be ob-

served for PVK/AS and PVK/AS-BP film, respectively. Be-

sides, the fewer transverse grain boundaries along the vertical 

direction are noticed for PVK/AS and PVK/AS-BP film. In 

contrast, PVK/AS-AZO film displays the most compact, the 

largest grains distribution (Sav of 1.12 nm, Figure 4d and Fig-

ure S17) as well as the smoothest surface with RMS of 18.5 

nm (Figure 4h). Meanwhile, PVK/AS-AZO film depicts 

monolithic yet single-crystalline-line grains along the verti-

cal direction (Figure 4d) as well as the preferential crystal-

line orientation along the (100) crystalline plane (Figure S18). 

The structural perfections of PVK/AS-AZO film are highly 

beneficial for the longitudinal charge transfer, charge recom-

bination suppression and photon harvesting (Figure S19), be-

ing conducive to improving the efficiency of derived 

PSCs.[31, 32] 

Additionally, the ultraviolet photoelectron spectroscopy 

(UPS) was performed to delve into the electronic energy lev-

els of perovskite films. As shown in Figure 4i and Figure 

S20a, the conductive band minimum (Ec) and valance band 

maximum (Ev) of PVK film are located at −5.77 eV and 

−4.24 eV, respectively. Comparatively, the electronic energy 

level of modified PVK films is gradually up-shifted, which 

should be originated from the dipole moment effect of AS-

type molecules.[33, 34] The energy-offset (Eoff) between the 

Ev of modified PVK film and the HOMO energy level of 

Spiro-mF is successively decreased to 0.26 eV, 0.24 eV and 

0.21 ev for PVK/AS, PVK/AS-BP and PVK/AS-AZO film, 
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respectively, versus that of the pure PVK film (0.58 eV). Fur-

ther analysis via KPFM (Figure S20b) reveals that the contact 

potential difference for AS-AZO is relatively large (0.53 V), 

exceeding that of PVK, AS, and AS-BP (0.41 V, 0.46 V, and 

0.50 V, respectively). The electronic energy levels of the 

modified PVK film exhibit a progressive upward shift, which 

is attributed to the dipole moment effect of AS-type mole-

cules (Figure S20c). The reduced Eoff is favorable for improv-

ing the hole transfer efficiency, which is confirmed by the 

derived enhanced steady-state PL quenching efficiency 

(Figure 4j and Table S2) and the corresponding shortened 

charge carrier lifetime (Figure 4k and Table S3). 

 

 
Figure 4. (a-d) The top view and cross-section view of perovskite films deposited upon ITO/SnO2 substrates. (e-h) AFM images of perovskite films deposited 

upon ITO/SnO2 substrates. (i) Energy level diagram of main components in PSCs. (j) Steady state PL spectra and (k) TRPL spectra of perovskite films with 

spiro-mF HTL. 

 

Inspired by the most sufficient chemical and electric 

field-induced synchronous passivation towards perovskite 

given by AS-AZO, the PSCs with device architecture of 

ITO/SnO2/PVK/Spiro-mF/Au (Figure 5a) were fabricated to 

investigate its effect on the photovoltaic efficiency. It is noted 

that Spiro-mF rather than Spiro-OMeTAD selected for the 

hole transporting layer is attributed to its higher glass transi-

tion temperature, deeper HOMO energy level and stronger 

hydrophobicity, hence benefiting for constructing efficient 

moisture/thermal-resistance PSCs.[35] The current density-

voltage (J-V) curves are displayed in Figure 5b and Figure 

S21-S24, and the detailed photovoltaic parameters of PSCs 

are listed in Table 1 and Table S4-S6.  

As shown in Figure 5b, the control devices (PVK) de-

pict short-circuit current density (Jsc) of 25.01 mA/cm2, open-

circuit voltage (Voc) of 1.126 V and fill factor (FF) of 77.48%, 

eventually leading to a modest PCE of 21.82%. Compara-

tively, the PCE of PVK/AS and PVK/AS-BP devices in-

creased to 22.58% and 23.92%, respectively, along with the 

synchronously enhanced photovoltaic parameters. Notably, 

the PVK/AS-AZO devices delivered a further enhanced PCE 

of 25.12% accompanied with notable Voc of 1.181 V and FF 

of 82.92%. The gradually increased PCE along with the en-

hanced Voc for devices (PVK<PVK/AS<PVK/AS-

BP<PVK/AS-AZO) reveals the efficacy of the chemical and 

electric field-derived passivation effects through synchro-
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nous regulation strategies. The synchronous enhanced pas-

sivation capability of PVK/AS-AZO devices can largely re-

duce the hysteresis index (HI, in the inset of Figure 5c) to 

1.27% compared to the control device (9.90%).[36] As 

shown in Figure 5d, the integrated current density of all de-

vices obtained from the IPCE spectra is consistent well with 

the Jsc in the J-V measurement, confirming the reliability of 

Jsc in J-V measurement. Additionally, not only the PVK/AS, 

PVK/AS-BP and PVK/AS-AZO devices display higher aver-

age PCE of 21.62%, 23.27% and 24.67% than the control one 

(20.67%), but also their narrower PCE distribution demon-

strates good reliability yet high reproducibility of modified 

PSCs (Figure 5e). Furthermore, the steady state power out-

put (SPO) of the champion devices at the bias voltage near 

maximum power point (MPP) condition was recorded in Fig-

ure 5f. Compared to the fluctuation and the declined SPO 

behavior of the control device (19.99%), the SPO value of 

the modified one almost keeps constant yet higher value es-

pecially for the PVK/AS-AZO devices (25.05%), suggesting 

their improved yet stable photovoltaic performance. 

 
Figure 5. (a) Device structure of perovskite solar cells. (b) The J-V curves of champion devices measured from the reverse scan direction. (c) The hysteresis 

index of champion devices. (d) The IPCE spectra and integrated current density of champion devices. (e) The PCE distribution of champion devices. (f) The 

steady state power output of champion devices.

 

Table 1. Photovoltaic properties of champion devices. 

Devices Scan direction 
Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCEmax 

(%) 

PCEaverage 

(%) 

PVK 
FSa 1.105 24.04 77.48 19.66 

20.67±0.70 
RSb 1.126 25.01 77.48 21.82 

PVK/AS 
FS 1.148 25.04 76.60 22.02 

21.62±0.73 
RS 1.153 25.14 77.90 22.58 

PVK/AS-BP 
FS 1.158 25.01 80.97 23.45 

23.27±0.54 
RS 1.164 25.33 81.13 23.92 

PVK/AS-AZO 
FS 1.179 25.33 83.04 24.80 

24.67±0.61 
RS 1.181 25.65 82.92 25.12 

a forward scan and b reverse scan. 

 

To provide an insight into the improved photovoltaic per-

formance of the modified devices based on AS-type mole-

cules, the systematic charge carrier dynamics of champion 

devices were implemented. The thermal admittance spectros-

copy was first conducted to investigate the energetic distri-

bution and quantization of the trap density of state (DOS) of 

champion devices. As depicted in Figure 6a, all modified de-

vices present significantly diminished DOS values across the 

entire energy-level depth region, demonstrating the pas-

sivation of AS-type molecules towards perovskite.[37, 38] 

The passivation of AS-type molecules towards perovskite 

leads to the prolonged charge carrier lifetime of 1.86 μs, 2.17 
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μs and 3.23 μs for PVK/AS, PVK/AS-BP and PVK/AS-AZO 

devices versus that of the control one (1.41 μs, Figure 

6b).[39-41] The abovementioned result demonstrates the in-

hibited charge recombination in the modified devices, being 

confirmed by their smaller ideality factor (n, Figure S25), 

lower leakage current density and larger rectification ratio 

(Figure S26).[42-44] Moreover, the space-charge-limited-

current (SCLC) method was applied to quantify the defect 

passivation of AS-type molecules towards perovskite. In gen-

eral, the trap density (Nt) can be calculated from the equation:  

𝑁𝑡 =
2𝜀𝑟𝜀0𝑉𝑇𝐹𝐿

𝑒𝐿2
                 (2) 

where e, L, εr, εo and VTFL denote element charge, thickness 

of perovskite film, relative dielectric constant of perovskite 

film (εr = ~34) and permittivity of free space (8.85×10−12 

Fm−1), respectively.[45-47] As shown in Figure 6c, com-

pared to the VTFL (1.208 V) of the control device, the corre-

sponding values gradually decreased to 0.556 V, 0.381 V and 

0.189 V for PVK/AS, PVK/AS-BP and PVK/AS-AZO de-

vices, respectively. Naturally, the PVK/AS (1.26×1016 cm−3), 

PVK/AS-BP (7.79×1015 cm−3) and PVK/AS-AZO devices 

(3.38×1015 cm−3) present lower Nt than the control one 

(3.07×1016 cm−3). 

In addition, transient photocurrent (TPC) measurement 

was implemented to study the charge carrier collection pro-

cess. As exhibited in Figure 6d, the photocurrent decay time 

of the modified devices is gradually shortened to 2.15 μs, 

1.08 μs and 0.87 μs for AS, AS-BP, AS-AZO modified de-

vices, respectively, compared to the control one (2.68 

μs).[48-50] The TPC result suggests the improved charge car-

rier collection efficiency in the modified devices, which is 

further verified by the photocurrent density (Jph) versus ef-

fective voltage (Veff) measurement in Figure 6e.[51-53] Fur-

thermore, the capacitance−voltage measurement following 

the Mott–Schottky method was implemented (Figure 

6f).[54-56] Generally, the relationship between capacitance 

(C) and voltage could be described by the equation: 
1

𝐶2
=

2

𝑞𝜀𝑟𝜀0𝑁𝐷
(𝑉𝑏𝑖 − 𝑉 −

𝐾𝑇

𝑞
)          (3) 

where V, Vbi and ND represent applied potential, built-in po-

tential and background majority carrier density, respec-

tively.[57-59] As shown, the larger Vbi of 1.01 V, 1.07 V and 

1.12V can be observed for PVK/AS, PVK/AS-BP and 

PVK/AS-AZO devices, respectively, in comparison with the 

control one (0.99 V). Notably, the larger Vbi is not only ben-

eficial for facilitating charge collection, but also conducive 

to suppressing charge accumulation and derived recombina-

tion, being directly confirmed by the smaller slope in Mott-

Schottky curves (Figure 6f) as well as the weaker bimolecu-

lar recombination (Figure S27) in the modified devices. The 

overall results comprehensively indicate that synchronously 

fine-tuning the strength of the chemical and electric field-in-

duced passivation effects can optimize the charge carrier dy-

namics for improving the efficiency of derived PSCs. 

 
Figure 6. (a) tDOS curves of the pristine and target devices. (b) TPV spectra of the pristine and target devices. (c) SCLC characterization of hole-only devices. 

(d) TPC spectra of the pristine and target devices. (e) Jph versus Veff curves of champion devices. (f) Mott-Schottky curves of champion devices. 
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Relative to the efficiency, the device stability of PSCs 

should be the most prominent challenge needed to be ad-

dressed towards commercialization.[60-63] Therefore, the 

shelf storage stability of champion devices in the dark at 

25 °C with relative high humidity of ~65% was firstly as-

sessed. As shown in Figure 7 and Table S7, the control de-

vices are only capable of remaining 56.11% of their initial 

efficiency after storing 600 h. While the remaining efficiency 

can be increased to 62.55% and 79.87% for PVK/AS and 

PVK/AS-BP devices, respectively. Moreover, PVK/AS-AZO 

devices preserve 89.26% of their initial efficiency after being 

stored in the same period. The strongest endurance of 

PVK/AS-AZO devices against moisture is partially origi-

nated from the highest hydrophobicity of PVK/AS-AZO film 

(Figure 7b).[64] Secondly, the thermal stability of champion 

devices in a nitrogen glovebox at ~65°C was evaluated. As 

depicted in Figure 7c and Table S8, the control devices pre-

sent poor thermal stability with 24.11% of their initial effi-

ciency being maintained after suffering from thermal stress 

for 600 h. In contrast, the remaining efficiency/initial effi-

ciency ratios are improved to 58.40%, 70.77% and 77.83% 

for PVK/AS, PVK/AS-BP and PVK/AS-AZO devices, re-

spectively. We noted that the good thermal stability of 

PVK/AS-AZO-based devices should be partially ascribed to 

inherent structural stability of AS-AZO. Finally, the opera-

tional stability of champion devices using the maximum 

power point (MPP) tracking under 1 sun white LED array in 

a nitrogen glovebox was investigated. As exhibited in Figure 

7d and Table S9, compared to the rapidly declined behavior 

of the efficiency for the control device, the decaying rate of 

the modified devices is largely suppressed especially for 

PVK/AS-BP and PVK/AS-AZO based devices. It’s noted 

that PVK/AS-BP and PVK/AS-AZO based devices still pre-

serve over 91% of their initial efficiency after MPP tracking 

for 600 h, being superior to the control device. Overall, the 

modified devices present more robust stability against hu-

midity, thermal stress and light soaking than the control one, 

following the trend of control<PVK/AS<PVK/AS-

BP<PVK/AS-AZO, which corroborates the efficacy of syn-

chronously enhancing the strengthen of chemical and electric 

field-induced passivation strategies upon constructing robust 

PSCs. 

 
Figure 7. (a) Device stability against high humidity environment with device structure of ITO/SnO2/PVK/Spiro-mF/Au. (b) Water contact angle of perovskite 

films. (c) Device stability under continuous thermal stress of ~65 °C under a nitrogen atmosphere with device structure of ITO/SnO2/PVK/Spiro-mF/Au. (d) 

Device stability under continuous LED light illumination under a nitrogen atmosphere with device structure of ITO/SnO2/PVK/Spiro-mF/Au. 
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3 Conclusions  

In summary, we propose an effective passivation strat-

egy that synergistically tunes the chemical and electric filed-

induced effects to comprehensively heal the imperfect char-

acteristics of perovskite. The target molecule AS-AZO fea-

turing the most Lewis-base active sites and the largest dipole 

moment can effectively passivate defects and improve built-

in potential. Moreover, the most flexible molecular structure 

of AS-AZO ensures it as a molecular creeper towards the per-

ovskite grain, not only largely relieving the residual strain, 

but also reinforcing the overall passivation capability. The 

overall effects of AS-AZO largely stabilize perovskite and 

optimize the charge carrier dynamics of derived PSCs, lead-

ing to a promising PCE of 25.12% versus that of the control 

one (21.82%). Besides, the PVK/AS-AZO target devices pre-

serve 93.2% of its initial efficiency after continuous opera-

tion for 600 h, implying their superior operational stability.  
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