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Abstract: Manipulating perovskite crystallization to prepare high-quality perovskite films is the key to 

achieve highly efficient and stable perovskite solar cells (PSCs). Here, we report a dynamic strategy 

to modulate perovskite crystallization using a resonance hole-transporting material (HTM) capable of 

fast self-adaptive tautomerization between multiple electronic states with neutral and charged 

resonance forms for mediating perovskite crystal growth and defects passivation in situ. This 

approach, based on resonance variation with self-adaptive molecular interactions between HTM and 

perovskite, produces high-quality perovskite films with smooth surface, oriented crystallization and 

low charge recombination, leading to high-performance inverted PSCs with power conversion 

efficiencies approaching to 22% for small-area devices (0.09 cm2) and up to 19.5% for large-area 

devices (1.02 cm2). Also, remarkably high stability of the PSCs was observed, retaining over 90%, 

88%, or 83% of the initial efficiencies in air with relative humidity of 40~50%, under continuous one-

sun illumination, or at 75oC annealing for 1000 h without encapsulation. 

1. Introduction 

Metal halide perovskites contribute significantly to the rapid progress of photovoltaic 

technologies, exhibiting impressive device performance with power conversion efficiencies (PCEs) 

boosting from 3.8% to 25.5% [1-3]. Besides the high-efficiency perovskite solar cells (PSCs) in regular 

(n-i-p) structures, the inverted (p-i-n structure) PSCs have also drawn extensive attentions due to 

their reliable operational stability, negligible hysteresis and low-temperature fabrication process [4, 5], 
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which offers great promise for future commercialization. However, stability and scalability issues 

imped their commercialization[6-8]. The most important prerequisite for high-performance PSCs is the 

deposition of high-quality perovskite films. A wide range of attempts have been made to fabricate 

high-quality perovskite crystalline films for improving the performance of PSCs, including vacuum or 

thermal assisting [9], lead halide–templated crystallization [10], gas flow [11], antisolvent bathing [12], 

additive engineering [13], secondary growth technique [8], and vapor incubation [14]. 

Considering that perovskite films of inverted PSCs were grown on the surface of hole-

transporting material (HTM), the properties of HTM should have significant effects on perovskite’s 

crystallization and bottom-surface defects. Various HTMs were developed to maximize the built-in-

potential and open-circuit voltage (Voc) to promote hole transport efficiency for constructing high-

performance inverted PSCs [15-18]. However, the best HTM is still the widely used poly(triarylamine) 

(PTAA) [19], despite that the hydrophobic PTAA shows poor wettability of the hydrophilic perovskite 

layer and unsatisfactory perovskite growth in generating rough perovskite films [20, 21]. Moreover, the 

bottom-surface passivation, lagging far behind bulk and top-surface passivation investigations, 

should be also important for further enhancing the performance of PSCs. But it is remains a big 

challenge, because most passivation molecules/groups in HTM may be eroded by polar solvents of 

perovskite precursors [22]. Therefore，to design better HTM for inverted PSCs, additional 

requirements should be followed, besides the appropriately aligned the highest occupied molecular 

orbital (HOMO) energy level and high hole mobility. For example, the wettability of HTM should be 

more hydrophilic than PTAA, which is important to be more associative with the polar perovskite 

precursor solution for better perovskite growth [23]. The hydrophobic PTAA film can prevent the 

formation of too dense heterogeneous nucleation, which is applausive for the formation of large 
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perovskite grain [24]. But, PTAA is less affiliative to the polar perovskite precursor and it would be 

difficult to fabricate continuous pinhole-free perovskite films when deposited on PTAA film even with 

the same recipe [23, 25]. In addition, HTMs are expected to passivate bottom-surface defects of 

perovskite by forming strong molecular interactions with the undercoordinated Pb2+ or halide ionic 

vacancies [26, 27], and induce the vertical growth of perovskite at the beginning of crystallization for 

high-quality perovskite films [28, 29]. 

Resonance organic molecules with dynamically self-adaptive properties have been proved to be 

efficient in host materials to support on-demanding charge carrier injection and transport for high-

performance organic light-emitting diodes [30, 31]. The enantiotropic resonances in N－P＝O and N+＝

P－O- forms can also significantly influence the excited state structures to overcome the intrinsic 

competition between the phosphorescence lifetime and efficiency[31]. Inspired by the varied 

resonance forms with different charge redistributions, the ending resonance group (N－P＝O or N+

＝P－O-) may respond self-adaptively to the perovskite defects like undercoordinated Pb2+ and 

halide ionic vacancies. And, this self-adaptive response to the different vacancies could give perfect 

defect passivation of perovskite interfaces to improve the stability and PCE of PSCs. Besides, the 

resonance HTM may also provide a dynamic substrate to grow high-quality perovskite films with 

preferred orientation, smooth surface and low charge recombination by manipulating perovskite 

crystallization in situ, when perovskite precursor solution is spin-coated on the surface of resonance 

HTM layer in preparing inverted PSCs. 

Here, we design and synthesize a new resonance molecule of 5-(9H-carbazol-9-yl)benzo[b]-

phosphindole-5-oxide (CzPFO) in donor-resonance-acceptor (D-r-A) architecture with a fine-tuned 
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HOMO energy level of -5.70 eV and high conductivity of 1.21×10-3 mS cm-1. Indeed, CzPFO can 

modulate the crystallization of the perovskite film effectively and strong molecular interactions of 

the resonance molecule with ionic vacancies at perovskite interfaces were identified owing to the 

fast self-adaptive tautomerization between multiple electronic states in neutral and charged 

resonance forms for stabilizing and passivating bottom-surface defects; this dynamic resonance 

variation also promotes vertical perovskite growth with reduced grain boundaries for smooth surface 

and low charge recombination and interface-material-dependent energy losses (Figure 1a). 

Therefore, the CzPFO-based HTM produces high-quality perovskite films, leading to a Voc of 1.16 V 

and high PCEs approaching to 22.0% and 19.5% for small-area (0.09 cm2) and large-area (1.02 cm2) 

devices, respectively. More importantly, the unencapsulated PSCs exhibit excellent long-term 

stability under various external stimuli (moisture, light, and heat). The devices retain 90%, 88% and, 

83% of their initial PCEs for over 1000 h in air (relative humidity of 40~50% at 25°C), under 

continuous one-sun illumination (~65oC), and at 75oC thermal annealing, respectively. These results 

demonstrate that the resonance molecule with high HOMO is promising to dynamically modulate 

the perovskite crystallization processes and fix the bottom-surface defects in situ for preparing high-

quality perovskite films, paving an important way in designing smart HTMs for high-performance 

PSCs and scaling up the photovoltaic devices. 

2. Results and discussion 

Through direct connection between the widely used HTM unit of carbazole and another 

heterofluorene of phosphafluorene using the N－P＝O resonance linkage, the new-concept HTM 

based on resonance molecule of CzPFO in D-r-A structure was designed, facilely synthesized (Scheme 

S1) and fully characterized (Figures S1−S3). CzPFO shows good solubility in common organic solvents 
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for solution processing and high thermal stability with decomposition and glass transition 

temperatures of 301°C and 227°C determined by thermal gravimetric analysis and differential 

scanning calorimetry respectively (Figure S4), which are beneficial for the fabrication of stable PSCs. 

CzPFO was further studied by the single-crystal X-ray diffraction analysis (Figure S5). The measured N

－P bond length in this molecule is 1.69 Å, which is remarkably shorter than the normal N－P bond 

of 1.76 Å but longer than the typical N＝P bond length of 1.58 Å [32, 33], confirming experimentally the 

existence of its tautomerization. From the bond order analysis using Multiwfn [31], the exact bond 

order of P＝O of CzPFO was deduced to be 1.69; the lower bond order of P＝O than 2 quantitatively 

verifies the coexistence of N－P＝O and N+＝P－O− canonical forms [31]. 

With efficient N－P＝O and N+＝P－O- resonance variations based on two conjugated 

heterofluorenes, this resonance molecule exhibits a high-lying HOMO energy level up -5.70 eV to 

facilitate the hole extraction. The lowest unoccupied molecular orbital (LUMO) was measured to be -

2.73 eV (Figure 1b and Figures S6 and S7), which is high enough to block electron transporting. 

Owing to the D-r-A architecture, the HOMO of CzPFO is mainly localized on the electron-donating 

carbazole unit and LUMO is dominated by the electron-accepting phosphafluorene (Figure S8). The 

frontier orbital energy levels are deeper than those of PTAA, but when 15 wt% PTAA is doped into 

CzPFO, the resulting CzPFO:PTAA composite exhibits rather close HOMO energy level (-5.45 eV) to 

that of perovskite (-5.50 eV) and the high-lying LUMO (-2.60 eV) can also prevent the electron 

extraction (Figure 1B) [34]. Moreover, owing to the resonance interconversion between the N－P＝O 

and N+＝P－O- forms[31], CzPFO with dynamically self-adaptive charge transport properties would 

improve hole extraction and transporting for high-performance PSCs. Indeed, the conductivities of 

CzPFO and CzPFO:PTAA film reach 1.21×10-3 mS cm-1 and 6.19×10-4 (Figure S9), which are much 



 

  

 

This article is protected by copyright. All rights reserved. 

7 

 

higher than those of the widely used PTAA HTM (~ 2.84×10-4 mS cm-1). Moreover, the DSC curve of 

CzPFO:PTAA composite has been measured and decomposition and glass transition temperatures 

were determined to be 346°C and 224°C respectively (Figure S4), indicating that CzPFO:PTAA is 

suitable for fabrication of highly stable PSCs. 

The morphologies of the resonance HTMs were characterized by the atomic force microscopy 

(AFM) with a scan area of 5 × 5 μm2. The pure CzPFO layer shows a root mean square (RMS) 

roughness of 5.67 nm (Figure 1c), which is less smooth than PTAA layer (3.14 nm, Figure S10). But, 

with 15 wt% PTAA doping, the CzPFO:PTAA composite film exhibits much reduced RMS of 3.67 nm 

with uniform molecular distribution (Figure 1c), suggesting that PTAA doping could effectively 

promote CzPFO’s stack to form compact HTM layer and avoid the direct contact between electrode 

and perovskite for reducing charge recombination [35]. Water contact angles of CzPFO, CzPFO:PTAA 

and PTAA films also suggest that CzPFO and CzPFO:PTAA are more hydrophilic (53o and 61o, 

respectively) than PTAA (90o), indicating that CzPFO and CzPFO:PTAA will be more affiliative to the 

polar perovskite solution to facilitate the nucleation and growth of perovskite crystals for forming 

high-quality films (Figure S11). Meanwhile, the contact angles of perovskite precursor solution 

deposited on different HTMs have been measured and illustrated in Figure S11. The results also 

indicate that the hydrophilic CzPFO and CzPFO:PTAA are more affiliative to the polar perovskite 

precursor than the PTAA, which contributes to fabricating high-quality perovskite films. 
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Figure 1. (a) Resonance variations of CzPFO for the dynamic passivation of perovskite defects and in situ 

manipulation of perovskite crystallization. (b) HOMO and LUMO energy levels of PTAA, CzPFO and 

CzPFO:PTAA. (c) AFM images of CzPFO and CzPFO:PTAA HTM layers deposited on glass substrates. (d) 

Top-view SEM images and the corresponding grain size distributions (inset) of perovskite films deposited 

on PTAA and CzPFO:PTAA layers. (e) XRD spectra of the perovskite layers with or without deposited CzPFO 

layer. (f, g) X-ray photoelectron spectra of the Pb 4f core level of normal perovskite and perovskite on 

CzPFO and O 1s core level of pure CzPFO and CzPFO on perovskite film. 
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We further investigate the effects of resonance HTMs on the crystallization of the 

(Cs0.05FA0.81MA0.14)Pb(I0.86Br0.14)3 (CsFAMA) perovskite film. The scanning electron microscopy (SEM) 

image of the CzPFO:PTAA-derived perovskite film displays a larger average grain size of 394 nm 

compared to 294 nm of PTAA-derived film (Figure 1d), suggesting that CzPFO does induce a better 

growth of perovskite crystal for the reduction of grain boundaries. The X-ray diffraction (XRD) 

patterns show that the perovskite crystal grown on CzPFO and CzPFO:PTAA exhibit notably increased 

ratio of the (100) plane to the other crystal planes’ peaks (Figure 1e), indicating that the (100) grains 

grow faster with the aid of the resonance molecule compare to the normal PTAA. In addition, 

CzPFO:PTAA-derived perovskite film has the lowest full width at half maximum (FWHM) of the (100) 

diffraction peak, indicating again that the CzPFO:PTAA induces a better crystallization for larger 

crystallite sizes in the preferred vertical orientation. Nevertheless, AFM studied on a 2.0 × 2.0 μm2 

area on the surface of perovskite film reveals that the RMS values of 19.7, 18.4 and 17.3 nm are 

rather close, when grown on PTAA, CzPFO and CzPFO:PTAA, respectively (Figure S12).  

To better understand the effect of the resonance HTM layer on the crystal and morphology of 

the perovskite film, X-ray photoelectron spectra (XPS) were performed to investigate the chemical 

interactions between CzPFO and perovskite. XPS patterns of Pb 4f for the perovskite/CzPFO exhibit 

two peaks at 138.9 and 143.7 eV corresponding to the signals of Pb 4f 5/2 and Pb 4f 7/2, 

respectively; compared to the two main peaks located at 138.5 and 143.3 eV of the pure perovskite 

layer, the binding energy of Pb 4f shifts up by 0.4 eV, indicating clearly the chemical interaction 

between CzPFO and the Pb atom of perovskite (Figure 1e). In addition, the O 1s of CzPFO at 531.0 eV 

shifts to 530.1 eV in perovskite/CzPFO (Figure 1f), which confirms the heavy chemical interactions 

and the possible formation of Pb–O chemical bonds at the interface of perovskite film [34, 36].  
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To understand the interactions between CzPFO and perovskite and the molecular passivation 

effects on the perovskite defects, we performed the density functional theory (DFT) calculations with 

the cubic-phase FAPbI3 (100) slab models built with five octahedral layers terminated by both FAI-rich 

and PbI2-rich surfaces (Figure S13). The calculated electrostatic potential surface (EPS) shows 

abundant negative potential around the P=O group (Figure S14), which should facilitate the 

interaction between the O atoms and undercoordinated Pb2+ to form strong chemical bonds at 

perovskite interfaces [34]. Indeed, for the FAI-rich surface, the CzPFO molecule would interact with 

FAPbI3 through the hydrogen bond formation between O atom of CzPFO and H atom of surface FA 

cation, giving a binding energy (Eb) of -1.37 eV; while in PbI2-rich case, the CzPFO adsorption would 

strongly bind to the surface through the formation of a Pb−O bond, leading to a larger Eb of -1.61 eV 

(Figures 2A-D). To investigate the tautomerization of CzPFO at the HTL/Perovskite interface, the N－P 

and P＝O bond lengths in the CzPFO molecule before and after linking with Pb2+ were studied by DFT 

calculations. It was found that the length of N－P is reduced from 1.72 to 1.69 Å while P＝O is 

increased from 1.48 to 1.50 Å (Figure S15), indicating these N－P＝O and N+＝P－O− resonance 

structures exist in HTL/Perovskite interface and even more N+＝P－O− canonical form can be formed.  
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Figure 2. (a, b) Optimized interfacial structures, (c, d) projected density of states, and (e, f) one-

dimensional planar averaged charge density differences (green line), defined as ρ(difference) = 

ρ(interface) – ρ(FAPbI3) – ρ(CzPFO), together with electrostatic potential (red line) for FAI-rich FAPbI3 (100) 

and PbI2-rich FAPbI3 (100) slabs. All calculations were performed at GGA/PBE+vdw level. 

 

In both PbI2-rich and FAI-rich cases, the HOMO level of CzPFO is slightly above the valence band 

maximum (VBM) of FAPbI3, facilitating the hole extraction from perovskite film. Figures 2e, f 

illustrate the one-dimensional planar averaged charge density difference along the z-direction (i.e., 

perpendicular to the FAPbI3 surface). The interfacial reconstructions lead to the electron depletion in 

the layer of CzPFO and accumulation underneath the resonance HTM, leading to the negative 

electrostatic potential for promoting hole extraction from FAPbI3 to CzPFO. Thus, these DFT results 
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clearly suggest the efficient hole transfer in both interfacial structures, and the amount of transferred 

holes in CzPFO/PbI2-rich FAPbI3 (100) is higher than that of CzPFO/FAI-rich FAPbI3 (100) according to 

the magnitude of work function changes (0.81 eV vs. 0.18 eV) and resulting electrostatic potentials 

(0.15 eV vs. 0.03 eV). These significant interactions should be the main driving forces for the 

passivation of perovskite defects and manipulation of perovskite crystallization. 

With these extraordinary effects of the resonance HTM on the perovskite crystal films, planar 

inverted PSCs with a device structure of ITO/CzPFO:PTAA/CsFAMA/PCBM/C60/LiF/Cu were fabricated 

(Figures 3a and S16). The cross-sectional SEM image of the device (Figure S17) confirms the 

formation of ~20 nm thick CzPFO:PTAA and ~20 nm thick PCBM layer. Also, it can be found that the 

perovskite layer is pinhole-free with a thickness of ~400 nm, and a ~100 nm Cu electrode was 

evaporated on the top of C60/LiF double layers. From the current density-voltage (J-V) curves of the 

PSCs based on CzPFO:PTAA HTM (Figure 3B), the champion PSC reaches a PCE up to 21.9% under 

reverse scan with Voc of 1.16 V, fill factor (FF) of 0.82 and short-circuit current density (Jsc) of 23.06 

mA cm-2, which are among the highest values of the reported inverted PSCs (Tables S1-2). Further, 

the champion device was held at a bias voltage of 0.92 V with maximum power point to measure a 

stabilized output. The steady-state PCE is up to 21.2% (Figure 3c), corresponding to a stabilized Jsc of 

22.97 mA cm-2 (Figure 3c). More impressively, a large-area (1.02 cm2) cell based on CzPFO:PTAA 

resonance HTM  also exhibits high device performance with a high PCE of 19.5%, Voc of 1.12 V, Jsc of 

22.41 mA cm-2, and FF of 0.78 (Figure 3d). In addition, these devices have no notable photocurrent 

hysteresis under forward and reverse scans (Figure S18). The hysteresis factor (

PCE PCE

PCE

reverse forward

reverse



) of 

the champion device was calculated to be 0.026, while the control device shows higher hysteresis 
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(~0.031) [14], suggesting the resonance HTM-derived perovskite film could suppress ion migration due 

to large grains and strong molecular interactions. 

 

Figure 3. (a) Device structure of the inverted PSCs. (b) J-V characteristics of the PSCs measured under 

simulated air mass 1.5 sunlight. (c) Stabilized PCE of the champion device at the maximum power point 

(bias voltage = 0.91 V). (d) J–V curves of the 1.02 cm2 devices based on PTAA and CzPFO:PTAA HTMs. (e, f) 

EQE and integrated Jsc (e) as well as statistical results (f) of the device parameters. 

 

The external quantum efficiency (EQE) was also measured to verify the Jsc value obtained from J-

V curves (Figure 3e). The integrated Jsc for the best device is 22.96 mA cm-2, which is consistent with 

the measured Jsc value. Statistical measurements of performance parameters based on 20 individual 

devices (Figure 3f) demonstrate that CzPFO:PTAA greatly improves the performance of the inverted 

PSCs with average PCE of 20.5%, which is significantly higher than that of the control device based on 
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PTAA (15.5%). It should be also noted that CzPFO has strong absorption below 320 nm with 

negligible absorption in the visible range (Figure S19) while it emits light in the range from 325 to 

450 nm which can be effectively absorbed for light-harvesting due to the high EQE of perovskite in 

the visible range (350-800 nm) [37]. Meanwhile, we also measured the absorption spectra of CsFAMA 

films on different HTMs (Figure S20), and found that the CzPFO:PTAA-derived perovskite film 

show apparent distinction in near 800 nm. The broadened wavelength range of EQE response should 

be related to the red-shifted absorption of CsFAMA films deposited on CzPFO:PTAA, which may be 

due to the formation of Pb−O bonds at the interface (Figure 1f, g).  

To further elucidate charge extraction and transfer processes between the resonance HTM and 

perovskite, the steady-state photoluminescence (PL) spectra and PL decay profiles of the perovskites 

were investigated (Figures 4a and 4b). The lowest PL intensity of the CzPFO:PTAA-derived 

CsFAMA with the shortest lifetime of 2.5 ns indicates that CzPFO could significantly improve the 

charge-extraction and transporting of the perovskite [38]. From the light-intensity dependent J-V 

measurements (Figure 4c), slopes of 1.96, 1.69, and 1.35 kT/q were obtained for PTAA, CzPFO, and 

CzPFO:PTAA-based PSCs respectively, by fitting the logarithmic light-intensity dependent Voc 

curves. The smaller slope of the CzPFO:PTAA-based PSC suggests a lower trap-assisted 

recombination than those of the other two PSCs due to the reduced trap density of perovskite 

fabricated on CzPFO:PTAA resonance HTM [39]. To identify the trap-state density quantitatively, the 

space charge limit current (SCLC) technique was adopted to investigate the hole-only devices (Figure 

S21). The trap filling limited voltages (VTFL) for PTAA, CzPFO and CzPFO:PTAA-derived 

perovskite films were 1.37, 1.22 and 0.97 V, corresponding to trap-state densities of 4.85 × 1016, 4.32 

× 1016, and 3.43 × 1016 cm3, respectively. Thus, the 30% reduction in trap-state density of 

CzPFO:PTAA-derived perovskite film explains well the significant FF improvement in the 
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corresponding PSCs [40], providing solid evidence for the dynamic passivation of perovskite defects 

through resonance fixing. We further analyzed the bulk trap densities and the interface trap densities 

[41] in CsFAMA films deposited on PTAA and CzPFO:PTAA by drive-level capacitance profiling 

method (Table S3). The bulk trap density of CzPFO:PTAA-derived CsFAMA film is moderately 

lower than that in PTAA-derived perovskite film, while the interface trap density of CzPFO:PTAA-

derived CsFAMA film is significantly reduced from 1.32× 1017 to 5.04× 1016 cm−3, indicating that the 

resonance HTM passivates bottom-surface defects effectively. We applied Kelvin probe force 

microscopy (KPFM) measurements to identify the passivation effects of CzPFO on trap states 

(Figure 4d). In the control sample of PTAA-derived CsFAMA, the surface potential (17.1 mV) is 

much higher than that of CzPFO:PTAA-derived perovskite film (12.2 mV), because CzPFO layer 

can effectively induce high quality perovskite films with decreased boundaries and trap states. Thus, 

suppressed charge recombination at the interface between perovskite and the resonance HTM can be 

expected and was experimentally confirmed by electrochemical impedance spectroscopy (EIS) 

measurements (Figure 4e), where the middle frequency zone of the semicircle determined by 

recombination resistance and junction capacitance suggests larger recombination resistance in 

CzPFO:PTAA-based device [42, 43]. 

Ion migration may also change the morphology and composition of CsFAMA films, which could 

form trap-defects on film surface and grain boundaries for generating lower stability and PCE of the 

device. Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) was used to track the ion 

migration in HTM/CsFAMA after 75oC annealing for 25 h (Figure 4 f and g). At the presence of CzPFO, 

the intensities of Cs+, Pb+ and I+ signals are significant lower as observed from the interface between 

perovskite and HTM layers (Figure S22). We expect that the strong chemical bonds between CzPFO 

and perovskite could suppress the ion migration through CzPFO for the enhanced stability of PSCs [42, 
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43]. In addition, the PO+ signals were also observed in the CsFAMA film and HTM layer, 

demonstrating that CzPFO exists mainly in the HTM layer but can migrate into the perovskite layer 

after perovskite spin-coating and thermal annealing.  

 

Figure 4. (a, b) Steady-state PL spectra (a) and PL (450 nm) decay profiles (b) of perovskite films grown on 

different HTMs. (c) Light intensity dependent Voc of the PSCs. (d) The surface potential distribution of 

perovskite films measured by KPFM. (e) Nyquist plots of the EIS measurements of the devices based on 

different HTMs. (f, g) TOF-SIMS depth profiles of perovskite films grown on PTAA (f) and CzPFO:PTAA (g). 
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We then investigate the operational stability of the unencapsulated CzPFO:PTAA-based devices 

under various conditions (moisture, heat, and light). When examined in air with humidity of about 

40%–50% at a room temperature of 25°C (Figure 5a), the average normalized PCEs obtained from six 

individual devices show that the air-stability of CzPFO:PTAA-based PSCs is superior to that of the 

control PSCs based on PTAA, maintaining over 90% and 87% of their original PCE for 1000 and 1600 h 

of storage in air, respectively. While PSCs based on PTAA retain only 68% and 57% under the same 

conditions. When the devices was measured at 75°C in a N2 -filled glove box to test the thermal 

stability (Figure 5b), the average PCE of CzPFO:PTAA-based PSCs remains 83% of the initial efficiency 

for ~1000 hours, whereas serious PCE decrease was observed in the PTAA-based devices with 41% 

left after the same time. For photo-stability test at ~65°C (Figure 5c), CzPFO:PTAA-based devices are 

superior to that of the control cells, remaining 88% of their original PCE under 1-sun illumination at 

open-circuit for 1000 h. The good air, thermal, and photonic stabilities comparable to the state-of-

the-art performance (Table S4) clearly indicate the high quality of the perovskite films grown on the 

resonance HTM with low trap state density and preferred growth of perovskite crystal by forming 

strong chemical bonds for bottom-surface defects passivation and crystal manipulation started from 

the interfaces between perovskite and HTM [44].  

3. Conclusion 

We proposed a new strategy to prepare high-quality perovskite films for high-performance 

inverted PSCs by employing resonance HTM to dynamically manipulate crystallization of perovskite 

precursor and fix the perovskite defects. Specifically, the charge redistribution during the resonance 

variation provides a self-adaptive platform to simultaneously passivate the defects and induce 

oriented crystallization of perovskite in situ with the aid of the on-demanding chemical interactions 
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between the resonance group and undercoordinated Pb2+ and/or halide ionic vacancies. Thus 

designed resonance molecule of CzPFO in D-r-A structure exhibits high-lying HOMO energy level, 

good wettability, high conductivity, and strong chemical interactions with perovskite for high-

performance HTM of PSCs. More importantly, the resonance HTM promotes the vertical perovskite 

growth for high-quality films, showing preferred orientation, reduced grain boundaries, enlarged 

crystal size and smooth surface. Therefore, the resonance HTM-based PSCs exhibit high device 

performance with PCE up to 21.9% and Voc of 1.16 V for a small-area device (0.09 cm2) and PCE of 

19.5% for a large-area device (1.02 cm2). Moreover, the devices have excellent long-term stabilities, 

maintaining ~87%, 83%, and ~88% of their initial PCEs in air for more than 1600 h, at 75°C annealing 

for 1000 h, and under continuous one-sun illumination for 1000 h, respectively. These exciting results 

not only highlight the extraordinary effects of resonance molecules on achieving high efficiencies and 

stabilities of inverted PSCs, but also offer important guidelines for developing new-concept HTMs to 

dynamically manipulate and passivate perovskite crystallization and defects for high-quality 

perovskite crystal films and high PSC performance. 
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Figure 5. (a) PCE evolutions of the devices exposed to air at room temperature with humidity of 

40~50%. (b) Thermal stability of the devices kept at 75°C and stored in a nitrogen-filled glove box. (c) 

Photo-stability under 1-sun illumination at open-circuit with device temperature of ~65 °C. 
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Supporting Information is available from the Wiley Online Library or from the author. 
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A dynamic strategy was proposed to fabricate high-quality perovskite films through resonance 

modulation, leading to a Voc of 1.16 V and high PCEs approaching to 22.0% and 19.5% for small-area 

(0.09 cm2) and large-area (1.02 cm2) inverted perovskite solar cells, respectively. More importantly, 

the unencapsulated PSCs exhibit excellent long-term stability under various environmental 

conditions (moisture, light, and heat). 

 

 

 

 


