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Abstract 

Defects at the surface and grain boundaries of metal-halide perovskite films lead to 

performance losses of perovskite solar cells (PSCs). Here, we report on organic, cyano-based 

π-conjugated molecules composed of indacenodithieno[3,2-b]thiophene (IDTT) and find that 

their cyano group can effectively passivate such defects. To achieve a homogeneous 

distribution, we dissolved these molecules in the anti-solvent, used to initiate the perovskite 

crystallization. We find that these molecules are self-anchored at the grain boundaries due to 

their strong binding to under-coordinated Pb2+. On device level, this passivation scheme 

enhances the charge separation and transport at the grain boundaries due to the well-matched 

energetic levels between the passivant and the perovskite. Consequently, these benefits 

contribute directly to the achievement of power conversion efficiencies (PCE) as high as 

21.2%, as well as the improved environmental and thermal stability of the PSCs. Our surface 
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treatment provides a new strategy to simultaneously passivate defects and enhance charge 

extraction/transport at the device interface by manipulating the anchoring groups of the 

molecules. 

 

1. Introduction 

Metal-halide perovskites have attracted significant attention as a promising photovoltaic 

technology due to their high optical absorption coefficient,[1] steep sub-bandgap absorption 

edge,[2] long charge carrier diffusion length.[3] To date, the PCE of lab-scale single-junction 

PSCs has already surpassed 25%, underlining the potential of this technology to meet high 

device performance at a low cost.[4] Nevertheless, solution-processed perovskite films are 

usually polycrystalline, featuring a high point-defect density at their surfaces and grain 

boundaries (GB) including halide vacancies and undercoordinated Pb2+.[5] The presence of 

these defects is undesirable for several reasons as they may (i) induce fast charge 

recombination, resulting in voltage losses at device level, (ii) contribute to fast ion migration 

at GBs,[6, 7] [8] (iii) create permeation pathways for oxygen and moisture, accelerating device 

degradation,[9] and (iv) cause hysteresis in the current-voltage characteristic of PSCs.[10] 

Therefore, passivating such defects is imperative for further improvements in PCE as well as 

the stability of PSCs. [5]  

Numerous strategies have already been proposed for the passivation of defects in 

perovskites, such as the use of ionic liquids,[11] alkali metal cations,[12] polymers,[13, 14], self-

assembled molecules[15], and fullerene derivatives.[8, 16] Certain organic molecules with 

carboxyl, amino, carbonyl, and pyridine functional groups have been explored as well due to 

their inherent advantages such as ease of synthesis and purification, well-defined structure, 

good tolerance to moisture and solution processability.[17] Additionally, they have higher 

synthetic modularity than polymers, due to the symmetry requirements of the monomers used 

in poly-condensation reactions.[18] Previously, Snaith et al. have reported that pyridine and 
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thiophene derivatives could passivate perovskite films via coordinate bonding with 

uncoordinated Pb2+.[19] Huang et al. have demonstrated the effectiveness of an n-type Lewis 

base (indacenodithiophene end-capped with 1,1-dicyanomethylene-3-indanone, IDIC) with 

carbonyl and cyano groups as an interlayer between perovskite and cathode, improving device 

performance and suppressing hysteresis.[20] However, comprehensive design of the effective 

passivation molecule is yet to be demonstrated. To this end, the chemical modification of the 

organic-molecule is a straightforward and effective route to formulate the design principles 

for efficient passivation approach. 

N-type fused-ring organic conjugated molecules feature diverse functional groups that 

contain lone-pair electrons which can effectively passivate undercoordinated Pb2+; moreover, 

their high electron affinity may facilitate the electron extraction.[21] Although these molecules 

have been utilized in organic solar cells as electron acceptors,[22] only a few studies have been 

reported so far on their passivation role in PSCs.[23] Starting from this point, we designed and 

synthesized two organic molecules featuring the same fused-ring indacenodithienothiophene 

(IDTT) as a middle core, end-capped by 4-Bromo-7-cyano-2,1,3-benzothiadiazole (labeled 

here SM1) and 4-Bromo-7-dicyanovinyl-2,1,3-benzothiadiazole (labeled SM2), respectively. 

Unlike other insulating passivators, IDTT is adopted to ensure sufficient semiconductor 

property of the molecules. The role of cyano groups on the passivation of mixed-cation 

mixed-halide perovskites (FA0.81MA0.14Cs0.05PbI2.55Br0.45) was systematically studied due to 

their high reproducibility and phase stability.[24] We demonstrate that SM2 molecule, which 

has two cyano groups as the end, is present throughout the entire depth of the perovskite films, 

suggesting its location in the grain boundaries. The density functional theory (DFT) and 

experimental results suggest that the SM2 molecule with two cyano groups creates a stronger 

binding to surface undercoordinated Pb2+ compared to the SM1 molecule (with only one 

cyano group), minimizing the deep trap states in the perovskite layer. Furthermore, SM2 

could enhance the charge separation and transport at the perovskite GB/molecule interface, 
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thanks to a proper energetic alignment of its lowest unoccupied molecular orbital (LUMO) 

with the conduction band minimum (CBM) of the perovskite.  

Thanks to the advantages mentioned above of the SM2 molecule, we achieved a PCE of 

21.1% in planar n-i-p PSCs. Moreover, benefited from the grain boundary passivation by the 

hydrophobic small molecules, which prevents moisture penetration into perovskite film, the 

small molecule-treated PSCs displayed a remarkable improvement in the stability of their 

PCE. The SM2-treated device lost only 20% in PCE after exposure to 25% relative humidity 

(RH) at room temperature for 2000 h and 29% after 60 h at 80 °C in a controlled environment. 

By comparison, the control sample underwent a significant decrease of 39% in PCE. These 

results give evidence that fine-tuning of the terminal functional group of molecules can 

significantly affect their passivation ability and band alignment with perovskite layers. Our 

experimental results and DFT calculations demonstrate the importance of molecular 

engineering of passivation molecules to improve device efficiency and stability, providing a 

new information on how to design and synthesize efficient defect-passivants.    

2. Results and Discussion 

The synthetic route of SM1 and SM2 involves a microwave-assisted Pd-mediated direct 

cross-coupling reaction between 4-Bromo-7-cyano-2,1,3-benzothiadiazole or 4-Bromo-7-

dicyanovinyl-2,1,3-benzothiadiazole and IDTT-bis-(trimethylstannane). The target molecules 

were purified via column chromatography and recycling size-exclusion chromatography 

(SEC). The SMs were dissolved in the anti-solvent chlorobenzene (CB) and were dropped on 

the perovskite precursor films during spin coating, followed by thermal annealing. The 

detailed procedure, 1H NMR and 13C NMR are provided in Supporting Information.  

The surface morphology of the prepared perovskite films treated by SMs was investigated 

by scanning electron microscopy (SEM) and atomic force microscopy (AFM). As shown in 

Figure 1b, all top-view SEM images exhibit densely packed large grains. We assign the 

patch-like dark area on the surface to the aggregation of the SMs. Although SEM images did 
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not show a significant change on the crystallinity of the films after passivation, atomic force 

microscopy analysis revealed that passivation could result in a smoother film since the SMs 

might play a role in the nucleation and growth of the perovskite film during solution-casting 

X-ray diffraction (XRD) patterns of perovskite films with and without SMs passivation 

show almost identical intensities and peak positions, revealing that the large molecules SM1 

and SM2 do not distort the crystal lattice significantly. Thus, SM treatments do not affect the 

crystallinity and bandgap of the perovskite films, which can also be confirmed by UV-Vis 

absorption results (Figure S1). The characteristic peaks at 14.51°, 20.45°, 25.00°, 28.85°, 

32.26°, and 35.41°, are assigned to (100), (110), (111), (200), (210), and (211) lattice planes, 

respectively.[25] Trace PbI2 was observed at 12.7° from the (001) lattice planes diffraction. 

Excess PbI2 has been previously reported to contribute toward high device performance.[26] 

The SM2-passivated perovskite film exhibits a larger peak intensity ratio of (100) to (210) 

compared to the control perovskite film, indicating a stronger preferential crystal orientation. 

Previous reports demonstrate that the passivants which enable Lewis acid-base interactions 

can aid in nucleation and growth of the crystallization process, leading to a better orientation 

of perovskite grains.[7, 14, 27]  
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Figure 1. (a) Chemical synthesis route and chemical structures of SM1 and SM2; (b) SEM 

and (c) AFM characteristics of CB, SM1- and SM2-treated films; (d) XRD spectra of CB, 

SM1- and SM2-treated films. The root-mean-square (RMS) roughness of the films is 17.4, 

14.9, and 12.2 nm for pristine, SM1- and SM2-treated perovskite films. 

 

Figure 2a shows dense and uniform cross-section morphologies of the perovskite films that 

are composed of nearly the same crystalline grain size for the control and SM2-treated device, 

which is in line with the negligible change in the grain size observed in the top-view SEM. To 

pinpoint the distribution of the molecules through the perovskite film, we conducted cross-

sectional scanning transmission electron microscopy (STEM) and energy-dispersive X-ray 

spectroscopy (EDX) mapping on SM2-treated perovskite films in high-angle annular dark-

field (HAADF) mode (Figure 2b). The homogeneous distribution of Pb, I and Cs in the 

perovskite layer, as shown in Figure 2b, indicates a high elemental uniformity. Notably, the S 

element, present in the fused-thiophene unit, is an element marker for SM2, while it is absent 
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in the pristine perovskite. S element is present throughout the entire SM2-treated perovskite 

layer, suggesting the existence of SM2 inside the perovskite layer. Furthermore, as SM2 

cannot be incorporated into the perovskite lattice due to the large size of the molecule, as 

evidenced by XRD analysis, the molecule most likely locates at the grain boundaries of the 

polycrystalline perovskite films. 

To examine the interaction of the perovskite and SMs, we carried out X-ray photoelectron 

spectroscopy (XPS) experiments. As shown in Figure 2c, the pristine perovskite film 

prepared by pure CB washing exhibits the expected binding energy of the doublet Pb 4f7/2 at 

138.5 eV and Pb 4f5/2 at 143.3 eV, respectively. However, the perovskite films prepared by 

SM1- and SM2-containing anti-solvent exhibit the binding energies of Pb 4f7/2 at 138.2 eV 

and Pb 4f5/2 at 143.0 eV, respectively, indicating a shift of 0.3 eV to lower binding energies. 

Typically, the binding energy of a core electron level shifts to lower values when the atom 

acquires a higher electron density. Privitera et al. reported that the Pb 4f doublet decreases to 

a lower binding energy in the presence of Poly(3-hexylthiophene-2,5-diyl) (P3HT) due to the 

electronic interaction between perovskite nanoparticles and P3HT, which generates an excess 

of negative charges on the perovskite nanoparticles.[28] Kyaw et al. have observed the Pb 4f 

binding energy shifted to a lower value when introducing PDTBDT-FBT solutions as anti-

solvent.[14] In our case, the shift of binding energy might come from the coordination bond 

formed between the Pb2+ and the cyano functional unit with a high electron density.  

The coordination reaction between the molecules and Pb2+ was also investigated by 

Fourier-transform infrared (FTIR) spectroscopy. Figure S2 shows the stretching vibration 

mode of the cyano (C≡N) bond is at 2157 cm-1 of the pristine SM2 film, while it shifts to a 

lower wavenumber of 2149 cm-1 in the PbI2-SM2 mixed film, indicating there is an 

interaction between the perovskite and molecules, and the C≡N bond is weakened. To further 

understand the binding nature of the molecules with surface Pb atom, we performed density 

functional theory (DFT) calculations on the MAPbI3 (001) slab with PbI2-rich termination 
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after SM1 and SM2 modification. In both cases, the cyano group could bind to the surface Pb 

atoms with a negative charge localized in the cyano group (blue area) and the positive charge 

delocalized along the top surface layers of perovskite (red area). Such alternative negative and 

positive charge distribution could induce the interfacial dipole for promoting the charge 

transfer from perovskite to the organic layer.[29] Differently, in the case of SM2, the double 

cyano groups in each terminal side of the molecule could separately bind to two adjacent 

surface-exposed Pb atoms (azimuth direction) in a bidentate mode, resulting in a much higher 

binding energy (Eb = 0.68 eV) as compared to the single, mono-dentate cyano (each terminal 

side of SM1 ) passivated surface (Eb = 0.51 eV). This suggests SM2 molecule can stabilize 

the PbI2-rich surface of perovskite through double binding cyano groups. 

 

Figure 2. (a) Cross-section SEM images of PSCs with different perovskite active layer (left: 

without; right: with SM2 treatment); (b) Cross-sectional STEM images and the corresponding 

energy dispersive X-ray (EDX) elemental maps in HAADF mode for the SM2 treated device; 

(c) XPS of Pb 4f region of the CB, SM1, and SM2 treated-film; (d) Three-dimensional charge 

density differences (ρdiff = ρinterface – ρperovskite – ρmolecule) for the optimized interfacial structures 

of SM1 and SM2 molecule on the PbI2-terminated MAPbI3 (001) surface, together with the 

binding energies (Eb = Einterface – Eperovskite – Emolecule) calculated at the GGA/PBE level. 
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To evaluate the passivation effect of SM1 and SM2 on the solar cell performance, we 

fabricated regular-structure (n-i-p) planar PSC devices by incorporating the molecules to 

perovskite layers. The fabricated device has a structure of glass/indium tin oxide 

(ITO)/SnO2/perovskite/2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene 

(Spiro-MeOTAD)/Au. The photovolatic parameters of the PSCs in different concentrations 

are summarized in Table S1. The optimal concentration of SM1 and SM2 is 0.1 and 0.2 mg 

mL1, respectively. Figure 3a displays the current density-voltage (JV ) curves of the PSCs 

with and without SMs. While the control device without SMs exhibits an average PCE of 

18.8% with a Voc of 1141mV, a Jsc of 23.2 mA/cm2 and an FF of 70.9%, with an optimal 

concentration of SM2 in the anti-solvent solution, the devices shows significant improvement 

of PCE to 20.3%, with a VOC of 1169 mV, a JSC of 23.5 mA/cm2 and an FF of 74.4%. Besides, 

SM1-based devices exhibit a slight increase in PCE of 19.3% compared to the control device, 

with a VOC of 1153 mV, a JSC of 23.3 mA/cm2, and an FF of 71.8%. All devices exhibit 

negligible hysteresis in their current-voltage characteristics when scanned from different 

directions (Figure 3b-c). The integrated current density from EQE was calculated to be 22.1, 

22.3 and 22.4 mA/cm2 for the control and SM1, SM2-passivated devices, respectively, which 

is in line with the Jsc obtained from the JV characterization (Figure 3d). Figure 3e shows 

the stabilized PCE of 20.5% and 18.7% for the optimal SM2-treated device and control device 

measured by the maximum power point (Vmax) tracking under continuous illumination. The 

Vmpp for the control and SM2-treated PSCs is 0.91 and 0.94 V, respectively. The 

reproducibility of the process is demonstrated by statistical performance data collected based 

on 25 devices and is exhibited in Figure 3f. The best-performing SM2-based device could 

reach a PCE of 21.16%, with a Voc of 1185mV, a Jsc of 23.8 mA/cm2, and an FF of 75.2%, 

underlining the beneficial effect of the SMs on device performance. The enhanced PSC 

performance could be attributed to the effectiveness of the grain boundary passivation of SMs.  
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Figure 3. (a) Current density-voltage (J-V) characteristics of the planar PSCs of the control 

devices, SM1, and SM2 treated devices using optimal concentration. Hysteresis test for the 

planar PSCs of (b) the control device and (c) the SM2 treated device. (d) EQE spectra for 

optimal control, SM1, and SM2 treated devices. (e) Stabilized PCE of optimal control and 

SM2 treated device. (f) Statistics of PCE of control, SM1, and SM2 treated devices from 25 

individual solar cells. 

 

Table 1. Summary of device performance parameters of PSCs of control, SM1 and SM2 

treated devices. 

Device VOC [mV] JSC [mA/cm2] FF [%] PCE [%] 

Control 1141 23.2 70.9 18.8  
Control champion 1165 23.5 74.1 20.2  

SM1 1153 23.3 71.8 19.4  
SM1 champion 1176 23.7 74.4 20.7 

SM2 1169 23.5 73.4 20.3 
SM2 champion 1185 23.8 75.2 21.2 

 

The energetic offsets present at the contacts in device stacks are generally regarded as one 

of the most critical parameters governing the charge extraction and transfer processes in PSCs. 

Ultraviolet photoelectron spectroscopy (UPS) was performed to estimate the energy levels of 
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SMs and perovskite. The 23.09 eV UV (HeIβ) satellite has been subtracted from the spectra to 

better resolve the VB edge. As shown in Figure 4a-c, the work function (WF), determined by 

the secondary electron cut-off point, by linear extrapolation (black dashed lines), is found to 

be 4.42, 4.53 and 4.49 eV for perovskite, SM1, and SM2, respectively. With this, we 

found that EWF-EVBM (valence band maximum) is 1.0, 1.20, and 1.0 eV for perovskite, SM1, 

and SM2, respectively. The highest occupied molecular orbital (HOMO) of SM1 and SM2 

HOMO can be satisfactorily found using linear extrapolation. Here the perovskite onset is 

determined in a semi-logarithmic intensity scale (Figure 4b inset) due to the low density of 

states at the VBM edge as outlined by Endres et al.[30] Taking into account the optical bands 

(1.59, 1.88, 1.52 eV) and an assumed minimal difference between the optical and electronic 

gap (10 meV)[31], the perovskite has its conduction band minimum (CBM) at 3.83-(3.85) eV 

and valence band maximum (VBM) at 5.42(-5.4) eV. Using the band gaps of the molecules 

estimated from UV-vis absorption, we can calculate the positions of the lowest unoccupied 

molecular orbital (LUMO). Therefore, the SM1 and SM2 display HOMO of -5.73(-5.75) eV 

and -5.49 (-5.5) eV, and a tentative estimated LUMO of -3.85 and –3.97(-3.95) eV (Figure 

S3), respectively. The LUMO energies of both SM1 and SM2 are quite close energetically to 

the CBM of perovskite, suggesting preferable electron transport between adjacent perovskite 

grains through SM1/SM2 bridges. The relatively shallow CBM disparity of SM2 with 

perovskite probably could provide efficient electron transfer cascade from perovskite to SnO2.  

Steady-state photoluminescence (PL) measurements were performed for the films with and 

without the additional treatment of the small molecules on glass/SnO2 substrate (Figure S4). 

The SM2-passivated film shows more efficient PL quenching than SM1-passivated films, 

providing clear evidence for efficient charge separation at the interface. This observation is 

further confirmed at the perovskite/SnO2 interface by time-resolved PL (TRPL) measurement 

(Figure 4d). The obtained parameters are shown in Table S2. The pristine perovskite film 
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exhibits τavr of 31.4 ns, which decreased to 27.9 and 19.8 ns when passivated by SM1 and 

SM2, respectively. These results indicate the molecules passivation could lead to efficient 

charge separation and extraction toward the electrode, benefiting FF, and VOC improvement.  

To investigate the effect of molecular passivation on the trap state density and charge 

mobility in perovskite films, the dark JV characteristics of so-called electron-only devices 

(ITO/SnO2/perovskite/[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)/Au) was measured. 

Figure 4e illustrates the representative JV curves of the corresponding samples. The linear 

relation indicates an ohmic response at low bias; the current show a more rapid rise when the 

voltage increases over a kink point, indicative of trap filling by injected carriers.[32] The trap-

state density was calculated by the trap-filled limit voltage using the following equation[33]: Nt 

= . Where ε0 is the vacuum permittivity, ε is the relative dielectric constant, L is the 

thickness of the perovskite layer (480nm), q is the elementary charge, and VTFL is the onset 

voltage of the trap-filled limit region. The VTFL is fitted to be 0.239, 0.121, and 0.083 V for 

the control device, the SM1-treated device, and SM2-treated device, respectively. Therefore, 

the calculated electron trap densities are 1.62×1016 cm-3,7.82×1015 cm-3 and 5.71×1015 cm-3 for 

the control, SM1 and SM2 passivated devices, respectively. This suggests that the trap states 

can be effectively passivated by SM1 and SM2, which is expected to reduce the charge 

recombination and benefit the FF in the solar cells. It is worth noting that SM2 shows more 

efficient passivation, partly due to its additional anchoring cyano group, compared to SM1. 

The intrinsic electron mobility was estimated from the Child’s region using the space-charge 

limited current (SCLC) model: J = ε0εμ  and the values are shown in Figure 4f. The 

introduction of SM1 and SM2 increases the electron mobility to 7.14 × 10-4 and 1.86 × 10-3 

cm2V-1s-1, compared to 3.22 × 10-4 cm2V-1s-1 for the pristine film. The SM2 treatment leads to 

more significant improvements, consistent with the energy level cascade with the perovskite, 
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assisting more facile electron transport between adjacent perovskite grains through molecular 

bridge.   

To understand the charge recombination of the PSCs, the light-intensity dependence of Voc 

was verified. We find it can be fitted based on the equation: Voc = nkTln(I)/e+constant, where 

n is the ideal factor, k is the Boltzmann constant, T is the absolute temperature, e is the 

elementary charge, I is the fractional light intensity normalized to one sun.[34] The slope larger 

than 1 indicates the presence of trap-assisted Shockley-Read-Hall (SRH) recombination. As 

illustrated in Figure 5a, n value reduced from 1.30 for the control device to 1.12 for the SM2 

passivated device, suggesting the suppression of trap-assisted carrier recombination, 

consistent with an improved Voc and FF. 

 

Figure 4. (a,b) UPS spectra of the perovskite, SM1 and SM2, and their work functions and 

VBMs can be derived, respectively inset: semi-log plot perovskite before and after removal of 

He(1)β line (c) Energy level diagram of the PSCs. (d) time-resolved photoluminescence 

(TRPL) of the control, SM1 and SM2 treated perovskite films on glass/SnO2 substrate. (e) 
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Dark I-V measurement of the electron-only devices. Three regions can be identified to 

different values of the slope: n=1 is the Ohmic region, n=2 is the SCLC region and n>2 is the 

trap-filled limited region (TFL). (f) Trap density and electron mobility for the control and 

SMs passivated films based on 10 devices derived from SCLC measurement. 

 

Long-term stability of PSCs is becoming an important parameter in perovskite research.[35] 

Therefore, first we tested the shelf stability of the non-encapsulated devices. During the test 

interval, the devices were kept in a dark environment with a humidity of ~25±5%. Figure 5b 

shows the normalized PCE values for different devices. The PCE of the control devices 

degrades to 61% of its initial performance after 2000 h, whereas perovskite solar cells with 

SMs passivation showed enhanced stability, maintaining 72% and 80% of its initial value for 

SM1 and SM2 passivated devices. Wang et al. reported that the defects at perovskite GBs 

initialize degradation due to the interaction of perovskite materials with moisture and 

oxygen.[36] SM1 and SM2 are much more hydrophobic compared to halide perovskites. The 

improved stability might be attributed to the reduction of inherent defects induced by the 

Lewis acid-base and hydrophobic surface, rendering stronger resistance to degradation. 

Contact-angle tests were performed to elucidate the effect of SMs passivation to suppress 

moisture diffusion. The pristine perovskite film shows a ≈ 34.5° contact angle, while SM1 

and SM2 treated perovskite films show a 71.8° and 71.2°, respectively (Figure 5c). The 

improved contact angle indicates SMs can suppress moisture ingress and may lead to better 

stability.   

We also examined the thermal stability of the devices without encapsulation at 85 °C in 

an N2 filled glove box. As expected, all three samples show relatively limited heat resistance. 

In comparison, the device with SM2 decays to 71% of its initial PCE at ca. 60 h, while the 

control one decays to 52% of initial PCE. Grain boundaries can provide pathways for the 

rapid diffusion of atoms and ionic and are sensitive to thermal stress. Thus perovskite 
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degradation occurs mostly along the grain boundary. The defect passivation at the GBs by 

SMs could suppress the diffusion and enhance stability.[37]   

 

Figure 5. (a) Voc as a function of light intensity in a semi-log plot. (b) PCE decay of the 

corresponding PSCs under an ambient environment with 30% humidity in the dark at room 

temperature without encapsulation. (c) Static contact angle measurements with water on top 

of different perovskite films. (d) Recorded PCE decay of the corresponding PSCs under 

heating stress (85°C) under an inert atmosphere. 

 

3. Conclusion 

In summary, we demonstrated that organic small molecules bearing varied numbers of 

cyano units as a terminal group could effectively passivate the defects at the surfaces and 

grain boundaries, leading to a significant improvement of device performance and stability. 

We also found that the molecules decorate grain boundary throughout the depth of the 

perovskite film and passivate the under-coordinated Pb2+. Importantly, SM2 exhibits stronger 
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bonds to the under-coordinated Pb2+ compared to SM1 molecule, and SM2 enhances the 

charge separation and transport at the perovskite GB/molecule interface due to the well-

matched energetic alignment with perovskite. As a result, the optimal devices incorporating 

SM2 exhibit significantly increased PCE up to 21.2% in planar n-i-p devices, as well as 

improved stability at 30% relative humidity at room temperature without encapsulation and 

higher thermal stability under an inert atmosphere. This work provides the perovskite 

community a facile strategy to rationally design organic molecules to simultaneously 

passivate the defects and enhance the charge extraction/transportation toward high-

performance perovskite solar cells with improved device stability. 

 

Experimental Section  

Perovskite Solution Preparation and Deposition: The organic cation salts methylammonium 

iodide (MAI), formamidinium iodide (FAI), methylammonium bromide (MABr), 

formamidinium bromide (FABr) were purchased from Dyesol, the lead halide compounds 

(PbI2, PbBr2) from Sigma-Aldrich and CsI is from Alfa Aesa. Spiro-MeOTAD was purchased 

from Xi’an Polymer Light Technology Cory. All chemicals were used without further 

purification. All perovskite precursor 1.2M solution was prepared and kept overnight at 60 °C 

with stirring, followed by filtering by 0.45 um PTPE filter before usage. For example, the 

FA0.81MA0.14Cs0.05PbI2.55Br0.45 precursor solution (1.2 M) was prepared in a molar ratio of 

PbI2/PbBr2 and FAI/MABr both fixed at 0.85:0.15, and the molar ratio of CsI/(FAI+MABr) at 

0.05:0.95, the molar ratio of (FAI+MABr+CsI)/(PbI2+PbBr2) was 1:1. The SnO2 solutions is 

purchased from Alfa.  

Solar Cell Device Fabrication and Characterizations: The solar-cell devices were fabricated 

using SnO2 thin-film procedure on patterned ITO-coated glass. Perovskite solutions were spin 

coated on top of the SnO2 layer at 2000 rpm for 10s with an acceleration of 200 rpm/s. The 

second step was 4000 rpm for 30s with a ramp-up of 1000 rpm/s. Cholobenzene (0.1 ml) was 
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dropped on the spinning substrate during the second spin-coating step at 10s before end of the 

procedure. The films were then annealed at 100 °C for 30 min. After cooling down to room 

temperature, the hole-transporting layer was then deposited on top of the perovskite film via 

spin-coating at 4000 rpm for 30s using a chlorobenzene of a 80 mg/ml solution of 2,2′,7,7′-

tetrakis-(N,N-di-pmethoxyphenylamine) 9,9′-spirobifluorene (spiro-MeOTAD), with additives 

of lithium bis(trifluoromethanesulfonyl) imide and 4-tert-butylpyridine. Finally, 80 nm of 

gold electrodes were deposited by thermal evaporation using an Angstrom evaporator. The 

current-density–voltage (J–V) curves were measured inside the nitrogen-filled glovebox by 

employing ABET solar simulator system with an illumination intensity of 1000 mW/cm2 (AM 

1.5G), as checked with a calibrated reference solar cell (RERA Technologies). The J-V curves 

of cells were obtained by Keithley 2400 source, on an active area of 10 mm2 for each pixel, 

without any pre-conditioning, at a scan rate of 380 mV/s in the voltage range from -0.1 V to 

1.2 V. The reversed scan (from 1.2 V to -0.1 V) was reported for device comparison.  

Synthesis of SM1: A mixture of IDTT(SnMe3)2 (0.128 g, 0.09 mmol), 4-Bromo-7-cyano-

2,1,3-benzothiadiazole (0.048 g, 0.20 mmol) and Pd(PPh3)4 (3.1 mg, 0.03 eq) in a microwave 

vial was subjected to three vacuum/nitrogen cycles, and degassed toluene (3.0 mL) was added 

to the flask. The mixture was heated in a microwave reactor for 3 min at 120 °C, 3 min at 

140 °C and 60 min at 175 °C. The solvent was removed and the residue was subjected to 

column chromatography using CH2Cl2/ethyl acetate (5/1) as the eluent. The product was 

further purified by recycling SEC (CHCl3), yielding the product (SM1) as a black solid 

(62%).1H NMR (400 MHz, CDCl3): δ 8.73 (s, 2H), 7.95 (d, J = 7.6 Hz, 2H), 7.77 (d, J = 7.6 

Hz, 2H), 7.59 (s, 2H), 7.23 (d, J = 8.0 Hz, 8H), 7.13 (d, J = 8.0 Hz, 8H), 2.57 (m, 8H), 1.60 

(m, 8H), 1.32 (m, 24H), 0.87 (m, 12H). 13C NMR (100 MHz, CDCl3): δ 157.15, 154.19, 

153.86, 151.17, 149.49, 148.27, 146.49, 143.41, 142.16, 141.39, 139.72, 135.93, 128.66, 

128.05, 123.06, 122.95, 117.57, 116.89, 103.98, 99.94, 63.16, 35.60, 31.69, 31.25, 29.15, 

22.57, 14.06. HRMS (+APCI, m/z): calcd. for C82H76N6S6 [M+H]+: 1336.45; found 1336.22. 
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Synthesis of SM2: A mixture of IDTT(SnMe3)2 (0.128 g, 0.09 mmol), 4-Bromo-7-

dicyanovinyl-2,1,3-benzothiadiazole (0.06 g, 0.20 mmol) and Pd(PPh3)4 (3.1 mg, 0.03 eq) in a 

microwave vial was subjected to three vacuum/nitrogen cycles, and degassed toluene (3.0 

mL) was added to the flask. The mixture was heated in a microwave reactor for 3 min at 

120 °C, 3 min at 140 °C and 60 min at 175 °C. The solvent was removed and the residue was 

subjected to column chromatography using CH2Cl2/ethyl acetate (10/1) as the eluent. The 

product was further purified by recycling SEC (CHCl3), yielding the product (SM2) as a dark 

green solid (65%). 1H NMR (400 MHz, CDCl3): δ 8.75 (s, 4H), 8.64 (d, J = 8.0 Hz, 2H), 7.80 

(d, J = 8.0 Hz, 2H), 7.62 (s, 2H), 7.25 (d, J = 8.0 Hz, 8H), 7.15 (d, J = 8.0 Hz, 8H), 2.58 (m, 

8H), 1.56 (m, 8H), 1.27 (m, 24H), 0.85 (m, 12H). 13C NMR (100 MHz, CDCl3): δ 154.41, 

151.97, 150.90, 147.30, 146.78, 143.80, 142.18, 139.60, 136.89, 136.50, 134.48, 133.50, 

130.63, 128.73, 127.99, 125.27, 123.71, 121.36, 117.56, 113.96, 113.22, 81.73, 63.06, 35.61, 

31.69, 31.26, 29.16, 22.58, 14.07. HRMS (+APCI, m/z): calcd. for C88H78N8S6 [M+H]+: 

1438.47; found 1438.32. 

Thin film characterization: A Nikon LV-100 optical microscope was used to obtain the 

optical microscopy images. SEM images were taken using Nano-SEM with in-lens detector 

using a 10 kV accelerating voltage and a 5 mm working distance. X-Ray diffraction (XRD) 

analysis was performed on a Bruker D8 Advance X-ray powder diffractometer using the Cu-

Kα radiation ( = 1.54071 Å). Atomic force microscope (AFM) from Bruker was used to 

image the perovskite absorber layers morphology. Surface and cross-sectional images of the 

samples were taken by a Carl Zeiss AURIGA CrossBeam workstation using in-lens detectors. 

A 5 kV voltage was used to accelerate the electrons, and the working distance was 5 mm. The 

surface work function of DPO layer was measured by ultraviolet photoelectron spectroscopy 

(UPS). Absorption and transmission spectra were recorded by a Perkin-Elmer Lambda 950 

with an integrating sphere. EQE spectra were gained through the measurement of solar cell 



  

19 
 

spectra response measurement system QE-R3011 (Enli Technology Ltd., Taiwan). Ultraviolet 

photo-electron (UPS) measurements were performed in an Omicron multi-probe UHV 

chamber equipped with a ISE-5 cold cathode ion gun for sputter cleaning (Ar+) a 

monochromated Al Kα 1486.6eV X-ray (0.75 mm diameter spot) source and a hemispherical 

electron analyzer (Sphera II) with photo-electrons collected at 90 degrees with respect to the 

sample plane. The UPS source was a non-attenuated He(1) lamp (500 V, 90 mA, 5  102 

mbar) of energy 21.22 eV.  The He(1)β 23.09eV emission line of 2.5% intensity  (observed at 

a metallic fermi edge) to He(1)α 21.22 eV was subtracted from spectra prior to analysis.  The 

analyzer system’s Fermi level was determined using a clean evaporated silver sample (carbon 

below XPS noise level), and the sample placed in electrical contact by mounting with tight Ta 

clips to the sample holder. All UPS spectra were recorded with an analyzer spot of 60 μm, 

diameter and constant analyzer retarding pass energy of 5 eV at 0.01 eV/s sweep rate. The 

secondary electron cut-off and the valence band onset were determined by linear extrapolation 

from the slope of onsets inter-section with the baseline. The Transmission Electron 

Miscroscopy (TEM) and Scanning transmission electron miscroscopy (STEM) images were 

taken by a FEI Themis-Z transmission electron microscope operated at 300kV. Energy 

Dispersive X-ray Spectroscopy studies were performed with a Bruker super-X EDS detector. 

TEM lamellas were prepared on an FEI Helios G4 FIB/SEM dual-beam system equipped with 

a Ga+ ion source. C/Pt layers were deposited on the surface region of interest by Electron&Ion 

beam for sample protection. Samples were thinned down to a relative thickness of 80 nm 

using progressively decreasing ion beam energies in the FIB down to 5 keV.  

Computational details: Density functional theory (DFT) calculations were carriered out by the 

projector-augmented wave (PAW) method using Vienna Ab initio Simulation Package 

(VASP). The generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) 

method was used to optimize the crystal structure of tetragonal-phase MAPbI3 bulk and (001) 
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slabs. The wave functions were expanded on a plane-wave basis set up to a kinetic energy 

cutoff of 500 eV. The van der Waals functional vdW-DF2 was also included in the structural 

optimizations and electronic calculations. Monkhorst-Pack-type K-meshes of 6 × 6 × 4 for the 

bulk tetragonal-phase MAPbI3 and 4 × 4 × 1 for the slab exposing the (001) surface with SM1 

or SM2 modification were used. All the structures were optimized until the forces on each 

single atom were < 0.01 eV/Å. Three-dimensional charge density differences were defined as 

ρdiff = ρinterface – ρperovskite – ρmolecule, where ρinterface is the total charge density of the interface 

after SM1 or SM2 modification, and ρperovskite and ρmolecule represent the charge densities of the 

individual parts. The molecular graphics viewer VESTA was used to plot the crystal 

structures and charge densities. 
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Figure S1. UV-Vis absorption spectra of perovskite, SM1 treated perovskite and SM2 treated 

perovskite 
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Figure S2. Fourier transform infrared spectra (FTIR) of pure SM2 and SM2-PbI2 mixture. 
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Figure S3. UV-Vis absorption spectra of pure SM1 and SM2 thin film. 
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Figure S4. Room temperature steady-state photoluminescence spectra for perovskite, 

perovskite treated with SM1 and SM2 on glass/SnO2 substrate.  
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Table S1. Photovoltaic parameters of PSCs of SM1 and SM2 in different concentrations. 

 [mg mL-1] VOC [mV] JSC [mA/cm2] FF [%] PCE [%] 

SM1 0.05 1146 23.2 71.2 18.9  

0.1 1176 23.7 74.4 20.7  

0.2 1153 22.8 72.1 19.0  

0.3 1144 22.7 70.4 18.3 

SM2 0.1 1165 23.5 73.9 20.3 

 0.2 1185 23.8 75.2 21.2 

 0.3 1159 23.2 72.3 19.4 

 0.4 1148 23.0 70.8 18.7 

 

We estimated the hysteresis index (HI) by the relation of HI = [JRS(0.8Voc) –JFS(0.8Voc)]/ 

JRS(0.8Voc), where JRS(0.8Voc) and JFS(0.8Voc) denote photocurrent density measured from 

the reverse scan and forward scan at V = 0.8 V, respectively. The average HI was calculated 

from 25 devices for each condition and the average HI is 0.027 and 0.015 for the control 

device and SM2 treated device, respectively. This slightly reduced hysteresis could be 

attributed to the suppressed ion migration benefited from the grain boundary passivation, 

consistent with the previous report. 

 

Table S2. Summary of lifetime parameter from Time-Resolved PL spectra by fitting with bi-

exponential decay function.  

f (t) = Σ Ai exp(-t/τi) + B 

 τ1 (ns) A1 (%) τ2 (ns) A2 (%) τavg (ns) 

Perovskite 3.22 19.7 31.42 80.2 31.4 

Perovskite+SM1 3.13 21.8 28.63 73.2 27.9 
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Perovskite+SM2 2.70 34.3 20.92 65.7 19.8 

τavg is calculated from the equation τ avg =  

 

 

 

 

 

 

 

Figure S5. 1H NMR spectrum of SM1. 
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Figure S6. 13C NMR spectrum of SM1. 
 

 

Figure S7. 1H NMR spectrum of SM2. 
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Figure S8. 13C NMR spectrum of SM2. 
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Cyano-based π-conjugated molecules composed of indacenodithieno[3,2-b]thiophene 

(IDTT) and the cyano group are used to passivate the defect at the surface and grain 

boundaries of metal-halide perovskite films. These molecules are self-anchored at the grain 

boundaries due to their strong binding to under-coordinated Pb2+ and enhanced the power 

conversion efficiencies up to 21.2%, with  improved stability of the perosvkite solar cells. 

 

 

 

 

 

 


