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Introduction 

Hybrid organic-inorganic perovskite semiconductors have attracted intense research interest in 

the last few years due to their excellent properties such as high absorption coefficient,[1,2] long 

exciton diffusion length,[3] and tunable direct band gap,[4] making it the leading contender for 

photovoltaic applications. Tremendous effort from multiple research groups has propelled the 

certified power conversion efficiency (PCE) of the perovskite solar cells to the current world record 

of 22.7%.[5] However, large number of defects at grain boundary (GB) within the polycrystalline 

perovskite films are unavoidable because of low temperature preparation processes. In fact, its 

defect density is several orders of magnitude higher than their single crystal counterparts.[6-9] The 

large number of trap states nevertheless induce charge carrier recombination and will limit further 

increase of the PCE unless they can be further reduced.[10,11] Recent studies using Kelvin probe force 

microscopy and conductive atomic force microscopy show different electrical potentials between GB 

and the bulk crystals[12] with much faster ion migration in the former.[13] Furthermore, the theoretical 

studies indicate that chemical composition at GB terminated by either the iodide or the ammonium 

ion could remarkably influence the optoelectronic properties of film.[14-16] Thus, lowering the charge 

recombination via reducing defects states in the perovskite polycrystalline thin film is crucial for 

continued progress in device performance. 

The community has resorted to eliminating trap states on the perovskite surface using organic 

molecules,[14,17] or increasing grain size of perovskite polycrystalline films via interfacial 



 

     

 

This article is protected by copyright. All rights reserved. 

3 

 

engineering.[18-21] However these do not address the fundamentally inherent issues associated to GB 

within bulk MAPbI3 film. Desorption of MA is known to occur during thermal annealing due to the 

low thermal stability of MAPbI3 crystals, which causes the formation of vacancies (under-

coordinated Pb atoms) and Pb-I antisite defects where an iodine atom occupies the Pb site and 

forms a trimmer with neighboring iodine atoms, as well as decomposition of the crystal at GB.[17,18,22] 

Based on previous theoretical modeling and experimental studies, the under-coordinated Pb atoms 

and Pb-I antisite defects at GB are the main sources of the trap states.[23-25] Meanwhile the presence 

of disordered MAI at GB would facilitate permeation of moisture along GB which again accelerates 

trap state formation.[26] The relatively deep trap states resulted from the MA loss is expected to form 

significantly potential wells at GB for charge carriers and thus lead to serious trapping, charge 

accumulation, and recombination.[27] In this context, the GB engineering within the bulk film can be 

an effective strategy to passivate defects and improve the overall device performance, which has 

been successfully demonstrated by introducing inert molecules or polymers which can form 

hydrogen bonding with perovskite, including alkylphosphonic acid ω-ammonium chlorides,[28] 

poly(methyl methacrylate),[29] poly(ethylene glycol),[30,31] and polyvinylpyrrolidone.[32,33] Recently, 

semiconducting molecule fullerene has proven its merits by eliminating trap states at GB within 

perovskite film, due to the formation of fullerene-halide radical that accounts for eliminated Pb-I 

antisite defects.[23,34,35] However, it is lack of design rules for more efficient semiconducting 

passivators for stable high performance devices, likely due to mysterious crystallization kinetics of 

perovskite and the passivation mechanism. Moreover, passivation of under-coordinated Pb2+ defects 

within the bulk film using semiconducting molecules has not been reported yet. 
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In this work, we introduced semiconducting molecules with Lewis acid or base functional groups 

into the sol-gel MAPbI3 film, promoting uniform decoration of GB within the bulk film. The molecules 

trigger heterogeneous nucleation and growth of the crystalline solvate (MAPbI3DMSO) during 

solution-casting explored using in-situ synchrotron-based grazing incident X-ray scattering. These 

crystalline solvate provide frameworks for the growth of compact films free of significant gaps. The 

molecules holistically passivate under-coordinated Pb2+ vacancies through the formation of Lewis 

adducts or Pb-I antisite defects through the formation of halide-fullerene radical. Importantly, these 

semiconducting molecules can better passivate trap states and provide more efficient intergrain 

carrier transport when their energetic levels closely match with the band structure of MAPbI3. 

Polycrystalline thin films thus exhibit significantly improved optoelectronic properties, including 

enhanced charge separation at the perovskite/molecule interface, enhanced charge extraction, 

reduced trap densities, enhanced hole/electron mobilities, reduced recombination of charge 

carriers, and reduced contact resistance at the perovskite/electrode interfaces. We translate these 

benefits into significant enhancements of the PCE as well as improved environmental and thermal 

stability of solar cells. The benzodithiophene (BDT) unit based DR3TBDTT passivated MAPbI3 devices 

exhibit PCE of 19.3% in planar n-i-p devices and the bare cells without any encapsulation degrade 

only ca. 13% after 40 days of exposure in 50% relative humidity at room temperature, and ca. 10% 

after 24 hours at 80 ºC under controlled environment. Our results demonstrate the remarkable 

effectiveness of the GB passivation to address several challenges at once. 

 

Results and discussion 
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Multipurpose GB passivation: Concept 

We introduce n-type or p-type semiconducting molecules with Lewis base or acid functional 

groups to the MAPbI3 based solar cells to passivate grain boundary (GB) within the bulk film. Figure 

1a illustrates the molecular structure and energy diagram of these molecules, (3,9-bis(2-methylene-

(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-

indaceno[1,2-b:5,6-b’]dithiophene) (ITIC),[36,37] 7,7′-[4,4-Bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-

b′]dithiophene-2,6-diyl]bis[6-fluoro-4-(5′-hexyl-[2,2′-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole]) (p-

DTS(FBTTh2)2 (abbreviated as DTS),[38,39] and benzodithiophene (BDT) unit based DR3TBDTT 

(abbreviated as DR3T).[40,41] These semiconducting molecules have high charge mobility, relatively 

wide tunability of their electronic properties,[38,39,41] and can be readily introduced into the MAPbI3 

film through commonly used anti-solvent drip approach.[42] The molecule-perovskite interaction was 

confirmed from solution-phase absorption spectroscopy and solid-state Fourier transform infrared 

(FTIR) spectroscopy analyses (Figure S1), which indicate formations of PCBM-halide radical[23,43,44] or 

Lewis adducts between Pb ions and Lewis base functional groups carbonyl (C=O) or cynano (C≡N).[17] 

As schematically shown in Figure 1b, the molecule-perovskite interaction is responsible for trap 

state passivation and intergrain carrier transport.[35] The PCBM-halide radical accounts for eliminated 

Pb-I antisite defects;[23] whereas, the Lewis adducts between Pb ions and Lewis base functional 

groups from ITIC, DTS and DR3T molecules passivate the Lewis acid traps from under-coordinated 

Pb2+ ions.[17] Hydrogen bonding interaction between F, O and N atoms in the molecules and the 

excess-MA-associated defects at GB are also expected.[28] 

Energy offset between the molecules and perovskite should play a substantial role in trap state 

passivation and intergrain carrier transport (Figure 1c). This is aided by the fact that MAPbI3 has the 
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conduction band minimum (CBM) of -3.9 eV and the valence band maximum (VBM) of -5.4 eV, and 

ambipolar charge transport character.[45] PCBM, ITIC, DTS and DR3T have the lowest unoccupied 

molecular orbital (LUMO) of -4.2 eV, -3.8 eV, -3.3 eV and -3.6 eV and the highest occupied molecular 

orbital (HOMO) of -6.0 eV, -5.5 eV, -5.1 eV and -5.4 eV, respectively.[36-41] The p-n junction should 

thus form at the MAPbI3/molecule interface when n-type PCBM or ITIC is introduced, whereas the n-

p junction forms when p-type DR3T or DTS is introduced. The LUMO of n-type ITIC is quite close 

energetically to the CBM of MAPbI3, with a small 0.1 eV difference, while the HOMO of p-type DR3T 

is close to the VBM of MAPbI3. This suggests that ITIC and DR3T should make the trap state much 

shallower, yielding more facile electron (or hole) transport between adjacent perovskite grains 

through ITIC (or DR3T) bridges.[28] This is also expected to benefit charge separation at the 

MAPbI3/molecule junction and charge transport by assisting the electrons and holes to flow to the 

opposite electrode. By contrast, PCBM and DTS possess larger energetic disparities with MAPbI3. The 

LUMO (HOMO) of n-type PCBM has a disparity of 0.3 eV (0.6 eV) with the CBM (VBM) of MAPbI3. 

Similarly, the HOMO (LUMO) of p-type DTS has a disparity of 0.3 eV (0.6 eV) with the VBM (CBM) of 

MAPbI3. The large energetic disparities are expected to form a barrier for charge injection of 

electrons (or holes) from MAPbI3 into PCBM (or DTS) and thus should not behave as highly effective 

bridge for intergrain carrier transport. 
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Figure 1. Schematical model showing the concept of multipurpose GB passivation. (a) Molecular 

structure of the selecting semiconducting molecules with Lewis acid or base functional groups and 

the corresponding energy diagrams in the completed device. (b) Selective interactions between 

Lewis acid or base functional groups and the MAPbI3 crystal facets. (c) Energy offset dominated trap 
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state passivation and intergrain charge transport. (d) Retarded MA loss and moisture ingress through 

GB by molecules. 

 

Furthermore, we also speculate the added benefits of improved environmental and thermal 

stability of devices (Figure 1d). Molecules possessing multiple functional groups that can interact 

with perovskite would cross-link different perovskite facets, as has been proposed previously for 

treatment with alkylphosphonic acid ω-ammonium chlorides or polymers.[28,33] Furthermore, the 

passivation of trap states associated to MA cation and the filling of the GB free space with 

hydrophobic molecules are expected to hinder MA loss at elevated temperature as well as moisture 

ingress through GB. 

 

Film formation kinetics. 

We sought to determine the mechanism by which the molecule-perovskite interaction influences 

film formation by investigating grazing incidence wide-angle X-ray scattering (GIWAXS) scattering in 

situ during solution-casting.[46-48] In Figure 2a we present the loaded dripping strategy to introduce 

the molecules into the perovskite film. Basically, during spin-coating of perovskite precursors in a 

solvent mixture of γ- butyrolactone (GBL) and dimethyl sulfoxide (DMSO), the molecules in 

chlorobenzene were delivered in the anti-solvent drip, followed by conversion via thermal 

annealing.[35] Figure 2b illustrates the representive time-evolution of the scattering features during 

spin-coating with respect to the scattering vector q and time for the MAPbI3 perovskite ink without 

use of the drip. The results bear qualitative resemblance to the solidification of MAPbI3 in DMF.[42] 
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During the first 40-45 seconds, we observe the thinning and drying of a wet, gel-like precursor as 

indicated by the formation of a scattering halo at low q values (2-5 nm-1) assigning to the disordered 

precursor colloidal gel,[22,23] as well as the liquid solvent scattering at high q values (not shown). The 

features of PbI2 crystals located at q=9.0 nm-1 and intermediate MAPbI3DMSO solvate located at 

q=4.4, 4.8, 6.3 and 8.1 nm-1 are observed after 40-45 seconds (see Figure S2 for more information). 

The role of solvent drip is to suppress overcrystallization of PbI2 which is associated to non-uniform 

film coverage and pin-hole formation. In-situ GIWAXS measurements performed at 80 s for the no 

drip, CB (control) drip, PCBM and ITIC drips in Figure 2c show differences in the shape and intensity 

of scattering patterns, with the CB drip significantly reducing the intensity of the solvate peaks 

compared to the no drip and loaded drip cases. We have plotted the intensity vs. q for the solvate, 

PbI2 and perovskite (110) diffraction features in Figure 2d for the four cases. The comparison shows 

that the loaded drip indeed promotes the formation of MAPbI3DMSO solvate in contrast to the 

blank CB drip case. In addition, the pole figures in Figure 2e show that the difference in intensity 

between the blank and loaded drip is associated with formation of crystals with an out-of-plan 

texture, indicating the solvate phase exhibits preferential texture as compared to the control 

sample. 

We conclude the formation kinetics of perovskite in Figure 2f. During solution-casting, the 

introduced molecules promote nucleation and growth of the MAPbI3DMSO solvate. These large 

crystalline MAPbI3DMSO complexes provide frameworks which act as template for further growth 

of MAPbI3 when PbI2 and cations are released during solvent evaporation. This molecule-aided 

crystallization leads to a gap-filled film and better orientation of perovskite crystals, as evidenced by 

much less full width at half maximum (FWHM) values of diffraction peaks for the solvate and MAPbI3 
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phase (See more details in Table S1). For example, the FWHM of the diffraction peak of the MAPbI3 

phase in film is 1.10, 0.68, and 0.50 nm-1 for the control, PCBM and ITIC passivated samples, 

respectively. 
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Figure 2. (a) Schematic diagram of loaded dripping strategy for fabricating passivated perovskite 

films. (b) Time-evolution of the scattering features during spin-coating with respect to the scattering 

vector q and time for the MAPbI3 perovskite ink in solvent mixture of DMSO and GBL without use of 

the drip. (c) In-situ GIWAXS measurements performed at 80 s for the no drip, CB (control) drip, 

PCBM and ITIC drips showing differences in the shape and intensity of scattering patterns. (d) 

Intensity vs. q for the solvate, PbI2 and perovskite (110) diffraction features for the four cases. (e) 

Pole figures showing the differences in intensity and broadness of the Azimuth angle between the 

blank and loaded drips. (f) Proposed formation kinetics of perovskite when via loaded dripping 

strategy. 

 

 

 

Microstructure and optoelectronic properties 

We further investigate the role of molecules on the microstructure of perovskite films and their 

optoelectronic properties. The plan-view scanning electronic microscopy (SEM) images illustrated in 

Figure S3a-e highlight morphological differences at the surface of the passivated films in contrast to 

the control one. Molecular passivation yields smoother surface and less GB (Figure 3a), consistent 

with the observation of decreased heterogeneity as presented from photoluminescence (PL) 

mapping (Figure S4). Removal of the molecules by solvent washing results in thin films with similar 

GB appearance (Figure S5) and device performance (Table S2). These data clearly demonstrate that 

the molecules serve as efficient gap-fillers for polycrystalline perovskite films. The cross-sectional 

SEM analysis on the passivated films further confirms better-connected perovskite crystals with 

seamless GB in contrast to the control one (Figure 3b and Figure S3f). Molecules distribution 

throughout the entire thickness of the perovskite film was further determined. The cross-sectional 
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transmission electronic microscopy (TEM) with Energy dispersive X-ray spectroscopy (EDAX) was 

performed on the representative glass/FTO/C-TiO2/ITIC-MAPbI3/Carbon sample. The elements of 

“Ti” from TiO2, “Pb” and “I” from MAPbI3, “S” from ITIC were tracked. We found “S” is present 

uniformly throughout the entire thickness (Figure 3c), indicating a fact that molecules indeed 

participate in uniform decoration at GB within perovskite films. The X-ray diffraction (XRD) indicates 

quite similar crystallinity and texture of perovskite crystals with and without molecules (Figure S6). 

Similar observation was recently reported by Yang et el.[33] Therefore, we conclude that the 

molecules have little influence on the crystal texture and film microstructure but that these 

molecules are indeed decorating GB throughout the depth of the films. 
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Figure 3. (a) Plan-view and (b) Cross-sectional SEM images of the representative ITIC passivated 

perovskite film, the SEM images for other molecules passivated films are shown in Figure S3. (c) 

Cross-sectional TEM with EDAX performed on the glass/FTO/C-TiO2/ITIC-MAPbI3/Carbon films 

probing spatial distribution of molecule throughout the entire thickness. (d) Steady-state PL and (e) 

TRPL spectra of the control and molecules passivated perovskite films. (f) EIS of perovskite devices 

based on the control and passivated films, the magnified arcs at high-frequency regime is shown in 

Figure S8. (g) Dark I-V measurement of the electron-only devices displaying VTFL kink point behavior 

for the representative ITIC passivated film, electron-only and hole-only device structures are shown 

in Figure S9. (h) Trap densities for the control and passivated perovskite films. (i) Electron and hole 

mobilities for the control and passivated perovskite films. 
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Having confirmed molecule decoration at GB within the bulk film, we seek to investigate the 

optoelectronic properties of perovskite films to gain insight into the passivation mechanism with 

different molecule treatments. We confirm that the absorption spectra of the control and passivated 

films are nearly identical in all cases (Figure S7), indicating neglected contribution to potential 

changes of device performance. It has been demonstrated that the introduction of semiconductors 

ensures photoluminescence (PL) quenching due to charge transfer at the perovskite/semiconductor 

interface.[34,35] Notably then, Figure 3a shows PL quenching of 30%, 65%, 48%, and 91% for PCBM, 

ITIC, DTS and DR3T passivated films with respect to the control one, respectively. These changes 

provide strong evidence that ITIC and DR3T help better charge separation, which should be 

responsible for faster charge-collection,[49] and is further confirmed by investigating charge 

extraction at the perovskite/C-TiO2 interface using time-resolved PL (TRPL) measurements (Figure 

3e).[50] The fast, slow and average lifetime (τave) were calculated and listed in Table S3. The control 

film shows the τave value of 25.7 ns, which decreases to 15.7, 7.7, 13.9 and 11.0 ns for the PCBM, 

ITIC, DTS and DR3T passivated films, respectively. These results thus strongly indicate that the GB 

passivation with shallower trap states results in better charge separation and charge extraction to 

the electrode. 

Electrical impedance spectroscopy (EIS) provides insight into the charge transport process and 

contact resistance information.[51] The recombination resistance (Rrec) and the contact resistance 

(Rco) at the perovskite/HTL (ETL) interfaces of the devices with FTO/C-TiO2/perovskite/Spiro-

OMeTAD/Au architecture were evaluated. The Nyquist plots shown in (Figure 3f) show two 

diacritical characteristic arcs with high-frequency and low-frequency assigned to the Rco and the Rrec 

of charge carriers (Figure 3f and Figure S8), respectively.[52-54] The model fit parameters of the 
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equivalent circuit model are listed in Table S4. We collected Rrec values of 875.5, 1019.2, 1589.6, 

1394.4, and 1635.6 Ω for the control, PCBM, ITIC, DTS and DR3T passivated devices, respectively. 

The extracted Rco values reduce from 109.5 to 93.5, 56.4, 85.0, 72.7 Ω when the molecules of PCBM, 

ITIC, DTS and DR3T were introduced, respectively. These observations reveal molecular passivation 

at GB indeed decreases recombination of charge carriers in perovskite layer and improve contact 

resistance at the perovskite/HTL (ETL) interfaces, which are expected to yield lower Rs and higher fill 

factor (FF) of the devices. Note that ITIC and DR3T molecules play a better role than PCBM and DTS, 

consistent with faster charge extraction observed from TRPL measurements. 

We have also investigated how molecular passivation at GB influences the trap state density and 

charge mobility in perovskite films. We collected the dark current-voltage characteristics for both 

electron-only and hole-only devices (See Figure S9 for device architectures).[50,55] Figure 3g illustrates 

the dark current-voltage characteristics of the representative ITIC passivated device, which indicates 

a linear ohmic response at the low bias (˂ 0.17 V), a trap-filling regime (0.18 to 0.6 V) and a trap-free 

space charge limit current (SCLC) regime (˃0.6 V). The trap state density was determined by the trap-

filled limit voltage using equation:[56] 

2

r0
t

2
  N

qL

VTFL
                                                                                                                 （1） 

where 0 is the vacuum permittivity, r is the relative dielectric constant, VTFL is the onset voltage of 

the trap-filled limit region, q is the elemental charge, and L is the thickness of the film. We found 

that the trap densities significantly decrease from 3.19×1016 to 1.10×1016, 5.9×1015, 1.01×1016 and 

7.4×1015 cm-3 for the control, PCBM, ITIC, DTS and DR3T passivated devices (Figure 3h), respectively. 

These results prove that molecular passivation at GB remediates defects in the perovskite film, 
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which is expected to diminish charge recombination and account for increased FF in the 

corresponding solar cells. Interestingly, ITIC and DR3T molecules still behave better than PCBM and 

DTS ones for diminishing the trap densities. 

The intrinsic electron and hole mobilities were estimated using the SCLC method and the values 

are shown in Figure 3i.[57] The electron and hole mobilities are found to be 0.38 and 0.65 cm2V-1s-1, 

respectively, for the control film. Introduction of n- or p-type molecules enhances both the hole and 

electron mobilities moderately. For example, the electron mobility increases to 0.49 and 0.61 cm2V-

1s-1 in the presence of n-type molecules PCBM and ITIC, along with a slight increase of the hole 

mobility to 0.70 and 0.79 cm2V-1s-1, respectively. In the case of p-type molecules DTS and DR3T 

passivated devices, hole mobility increases to 0.93 and 1.04 cm2V-1s-1 and electron mobility increases 

to 0.41 and 0.49 cm2V-1s-1, respectively. Although all molecules seem to enhance carrier mobilities, 

ITIC and DR3T molecules enhance them the most due to the fact that shallower trap states assist 

more facile electron (or hole) transport between adjacent perovskite grains through molecular 

bridges. 

The above findings provide us the following picture of molecular passivation at GB within the bulk 

film. The molecules at GB simultaneously passivate trap states within the bandgap and provide a 

semiconducting bridge for intergrain carrier transport. The passivated films exhibit remarkably 

improved optoelectronic properties, including more efficient charge separation at 

perovskite/molecules interface, faster charge extraction at electrode, decreased recombination of 

charge carriers in perovskite layer, improved contact resistance at perovskite/HTL (ETL) interfaces, 

decreased trap densities and increased hole/electron mobilities in perovskite layer. Importantly, the 
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energy offset between the molecules and MAPbI3 is critical to the observed different enhancements 

in trap state passivation and intergrain charge transport. 

 

Photovoltaic performance and device stability 

Perovskite devices were fabricated with n-i-p architecture of FTO/C-TiO2/MAPbI3/Spiro-OMeTAD/Au 

(Figure 4a). The photovoltaic parameters of the devices based on passivated films with series of 

molecular concentration are shown in Table S5 and the representative J-V curves are shown in 

Figure 4b. The devices based on PCBM, ITIC, DTS and DR3T passivated MAPbI3 films show a 

maximum (average) PCE of 18.41% (17.34%), 19.04% (18.03%), 18.54% (17.36%) and 19.28% 

(18.22%), respectively. In all cases, the passivated devices significantly outperform the reference, 

which yields a maximum (average) PCE of 17.52% (16.66%). A histogram of two batches of cells 

(Figure 4c) shows excellent reproducibility with an average PCE of 18.22% for DR3T passivated 

devices and indicates the differences with the control to be statistically significant. The PCE 

increments are mostly ascribed to enhancements of Jsc and FF, while Voc stays constant at ca. 1.06-

1.07 V, and attributed to improved optoelectronic properties. The external quantum efficiency (EQE) 

spectra of all devices exhibit similar shape for both control and passivated devices and yield higher 

integrated Jsc correspondingly (Figure 4d and Figure S10). Meanwhile, the hysteresis commonly 

observed in TiO2-based devices is noticeably reduced as shown in Figure S11, due to suppressed MA+ 

migration at GB.[58] We also confirm the improvement in PCE is due to molecular passivation at GB 

rather than at the MAPbI3/HTL interface, which is evidenced by the fact that device performance 

shows negligible change when introducing thin molecule layer on top of the MAPbI3 film. These 

results imply that GB passivation is critical to the observed performance enhancement. Noteworthy, 
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ITIC and DR3T passivated devices significantly outperform PCBM and DTS, which are highly 

consistent with the conclusions from the observations of optoelectronic measurements. 

Not surprisingly, molecular passivation at GB via dripping strategy is far more effective at 

achieving the desired outcome than mixing the molecules into the perovskite ink,[23] as confirmed by 

poor surface coverage and low device performance (6.5%-11.7% PCE) for the solution mixture 

strategy as shown in Figure S12 and Table S6. The poor film quality is likely due to nucleation and 

crystallization of perovskite precursors and molecular aggregation in solution prior to solution-

casting, as indicated by the darker color of the solution.[42,59]  

The influences of molecular concentration were also explored. Less molecular concentration will 

cause insufficient passivation, whereas high concentration leads to strong phase aggregation (Figure 

S13), increasing Rs as well as deteriorating FF, Jsc and hysteresis effect (Table S5 and Figure S13) due 

to increased surface roughness and decreased interconnectivity for charge extraction.[23] Shifting the 

dripping time earlier or later also yields decline of device performance (Figure S14 and Table S7), 

while still higher than the control ones fabricated at the same dripping time. This suggests a key 

factor of controlling film formation kinetics, and highlights importance of GB passivation within 

perovskite film. 
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Figure 4. (a) Solar cell architecture of FTO/C-TiO2/perovskite/Spiro-OMeTAD/Au. (b) J-V curves of the 

devices based on the control and molecules passivated MAPbI3 films. (c) Histogram of cells based on 

the control and DR3T passivated devices. (d) EQE of the devices based on the control and molecules 

passivated perovskite films. 

 

The retarded film degradation by molecular passivation at GB was further confirmed. The long 

term stability of the perovskite films exposed to ambient air was first evaluated. The perovskite films 

were exposed under ambient environment with 50% humidity in the dark without encapsulation for 

a 60 days period. The color already fades from black to yellow for the control film while remains 

persistent for the molecules passivated perovskite films (Figure 5a). This suggests that the molecules 

at GB suppress the attack of moisture to perovskite films, due to strong hydrophobicity of passivated 

films as supported by the contact-angle analysis (Figure 5b). The greatly enhanced stability against 
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degradation in humid air is also likely due to hydrogen bonding interaction between the amorphous 

MA and molecules. The well-maintained crystal structure in the passivated films is also confirmed by 

XRD patterns,[34] which indicate well-defined perovskite diffractions peaks without observable PbI2 

signals in the passivated films (Figure 5c). 

 

Figure 5. (a) Pictures of all films before and after aging to ambient 50% relative humidity. (b) The 
contact angles of water on different perovskite films. (c) XRD patterns of all films before and after 
aging to ambient 50% relative humidity. Note that PbI2 crystalline signals (red marked) can be 
observed only in the aged control film. (d) Recorded environmental stability of the corresponding 
perovskite solar cells exposed under ambient environment with 50% humidity in the dark at room 
temperature without encapsulation. (e) Recorded thermal stability of the corresponding perovskite 
solar cells under heating stress (80 ºC) under inert atmosphere. 
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The environmental stability of the corresponding solar cells was further evaluated. The bare 

devices without encapsulation were exposed under ambient environment with 50% humidity in the 

dark at room temperature. The devices performance was recorded periodically. Figure 5d shows the 

normalized PCEs against time and Table S8 shows the recorded device parameters. As expected, the 

passivated devices exhibit significantly improved environmental stability in contrast to the control 

one. For example, the PCE degrades to 64% after 40 days while maintains 76%, 86%, 82% and 87% of 

its initial value for the PCBM, ITIC, DTS and DR3T passivated devices. Note that the ITIC, DTS and 

DR3T passivated devices exhibit better stability in contrast to the PCBM-containing one, which might 

be attributed to the formation of Lewis acid-base adducts, hydrogen bonding interactions and higher 

hydrophobic surface, which render much stronger resistance to degradation over a much longer 

time period than the PCBM based device.[60] 

As expected, the passivated devices also exhibit drastically improved thermal stability. The PCE of 

the devices under heating stress (80 °C for 24 hours) in inert environment without any encapsulation 

shows a minimum loss to 9% for the passivated devices while up to 45% loss for the control one 

(Figure 5e). We attribute excellent thermal stability of the passivated devices to MAPbI3-molecules 

interactions, i.e., Lewis adducts and hydrogen bonding, which suppress MA+ motion and desorption 

from the crystal. Similar observation has been reported by Huang and coworkers, who found 

fullerene-defect interaction at GB could suppress the ion diffusion.[61] Notably, DTS shows the higher 

thermal stability than other molecules, we speculate the existence F element only in DTS, which is 

expected to form strong hydrogen bonding energy with H atoms in MA+, can be the main reason for 

it. 
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Conclusion 

In conclusion, we have demonstrated stable high performance perovskite solar cells with 

simultaneously improved device performance and stability via introducing different semiconducting 

molecules with Lewis acid and Lewis functional groups within the bulk film for trap state passivation 

at GB. The strong interactions between molecules and precursors were found to trigger enhanced 

heterogeneous nucleation of the crystalline solvate (MAPbI3DMSO) during solution-casting, which 

provide frameworks for the growth of compact film without significant gaps. The molecules 

uniformly decorate GB throughout the depth of the perovskite film without detrimentally altering 

the microstructure and texture of the perovskite film. These molecules simultaneous passivate Pb-I 

antisite defects or under-coordinated Pb2+ vacancies at GB. Importantly, it was found that molecules 

with better energetic parity with MAPbI3 yield better passivation and intergrain charge transport due 

to shallower trap states. Therefore, passivated MAPbI3 films with ITIC and DR3T exhibit much 

improved optoelectronic properties in contrast to that based on PCBM and DTS, including lower trap 

densities, higher hole/electron mobilities, lower recombination and contact resistance, and more 

efficient charge dissociation and extraction. The optimal devices exhibit significantly increased PCE 

up to 19.3% in planar n-i-p devices, as well as slight degradation of only ca. 13% after 40 days of 

exposure in 50% relative humidity at room temperature without encapsulation and high thermal 

stability under inert atmosphere. The insights of this work should guide the perovskite community to 

more rationally design for stable highly efficient perovskite based optoelectronic devices. 
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Experimental Section 

Solution preparation and device fabrication 

Solution preparation: The solution preparation was conducted under inert atmosphere inside a 

nitrogen glove box. PCBM (Aldrich), ITIC (One-material), DTS (One-material), DR3T (One-material) 

molecules in chlorobenzene with concentration varying from 0.4 to 10 mg/mL were prepared and 

kept stirred at room temperature overnight. The MAPbI3 precursor solution was prepared in a 

glovebox in the mixed solvent of dimethylsulfoxide (DMSO) and γ-butyrolactone (GBL) with volume 

ratio of 7:3. The solution was filtered prior to solution-casting. The Spiro-OMeTAD solution was 

prepared by dissolving 90 mg Spiro-OMeTAD, 22 μL lithium bis(trifluoromethanesulfonyl) imide in 

acetonitrile and 36 μL 4-tert-butylpyridine in 1 mL chlorobenzene. 

Device fabrication: The FTO-coated glass (2.5 cm * 2.5 cm) was cleaned by sequential sonication in 

acetone, isopropanol and ethanol for 30 min each and then dried under N2 flow and treated by 

ozone plasma for 15 min. The TiO2 was prepared by chemical bath deposition with the clean 

substrate immersed in a TiCl4 (CP, Sinopharm Chemical Reagent Co., Ltd) aqueous solution with the 

volume ratio of TiCl4:H2O equal to 0.0225:1 at 70 °C for 1 hour. The spin-coating was accomplished 

under inert atmosphere inside a nitrogen glove box. The procedure was performed by 1000 r.p.m. 

for 10 s followed with 5000 r.p.m. for 40 s. At ca. 25 s before the last spin-coating step, 100 μl neat 

chlorobenzene or loaded solutions were dropped onto the substrate. The substrates were then put 

onto a hotplate for 10 mins at 100°C. Subsequently, the HTM were deposited on the top of 

perovskite by spin coating at 4000 r.p.m. for 15 s followed by evaporation of 100 nm gold electrode 

on the top of the cell. Characterization 
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Optical metrology: UV-Visible absorption spectra were acquired on a PerkinElmer UV-Lambda 950 

instrument. Steady-state Photoluminescence (PL) (excitation at 532 nm) and the its mapping as well 

as time-resolved photoluminescence (TRPL) (excitation at 405 nm and emission at 760 nm) were 

measured with Edinburgh Instruments Ltd (FLS980). Fourier transform infrared (FTIR) spectroscopy 

was conducted by using Mid-infrared - far-infrared spectrometer (PE-Frontier). 

Electronic microscopy: Scanning electronic microscopy (SEM) imaging was conducted on a field 

emission scanning electron microscopy (FE-SEM; SU-8020, Hitachi) at an acceleration voltage of 3 kV. 

Transmission electronic microscopy (TEM) operating at 300 kV (Titan Cryo Twin, FEI Company, 

Hillsboro, OR) was used to acquire cross-sectional micrographs and Energy Dispersive Spectroscopy 

(EDAX) and Electron Energy-Loss Spectroscopy (EELS) using a 4k x 4k charged couple device (CCD) 

camera model US4000 Samples were prepared on a Helios 400s focused ion beam (FIB; FEI 

Company), foils were lifted out in situ using an Omniprobe nanomanipulator (AutoProbe300). 

Electron beam assisted carbon and platinum deposition was performed on the sample surface to 

protect the thin film surface against the ion beam bombardment during ion beam milling. Ga ion 

beam (30 kV, 9 nA) was first used to cut the sample from the bulk (30 kV, 9 nA), after which it was 

attached to a Cu grid using a lift-out method. The sample was subsequently thinned down to ca. 50 

nm thickness (30 kV, 93 pA) and cleaned (2 kV, 28 pA) to get rid of areas of the sample damaged 

during the thinning process. Samples for plan-view were prepared by floating the thin film in water 

and picking it up using a 400 mesh copper grid. 

X-ray diffraction (XRD) measurements were carried out in a θ-2θ configuration with a scanning 

interval of 2θ between 3 and 45 on a Rigaku Smart Lab (X-ray Source: Cu Kα;  = 1.54 Å). 
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Grazing incidence wide angle X-ray scattering (GIWAXS) measurements were performed at D-line at 

the Cornell High Energy Synchrotron Source (CHESS). The wavelength of the X-rays was 1.17 Å with a 

bandwidth ∆λ/λ of 1.5%. The scattering signal was collected by Pilatus 200K detector, with a pixel 

size of 172 µm by 172 µm placed at 165.8341 mm away from the sample position. The incident angle 

of the X-ray beam was at 0.5 degree. The molecular concentration used here is 0.8 mg/mL for both 

PCBM and ITIC solutions. Spin-coating experiments were conducted at a custom-built spin-coating 

stage with splashing of solvent protected using kapton tape and controlled from the computer 

outside the hutch. The exposure time was kept at 0.2 s to obtain the detailed information of the 

process. 

Solar cell characterizations: The J-V performance of the perovskites solar cells were analyzed by 

Keithley 2400 source under ambient condition at room temperature, and the illumination intensity 

was 100 mW cm-2 (AM 1.5G Oriel solar simulator). The scan rate was 0.3 V s-1. The delay time was 10 

ms; and the scan step was 0.02 V. The power output of lamp was calibrated by a NREL-traceable KG5 

filtered silicon reference cell. The device area of 0.09 cm2 is defined by a metal aperture to avoiding 

light scattering from the metal electrode into the device during the measurement. The EQE was 

characterized on the QTest Station 2000ADI system (Crowntech. Inc., USA), and the light source is a 

300 W xenon lamp. The monochromatic light intensity for EQE was calibrated with a reference 

silicon photodiode. 

Mobility measurement: Electron-only devices (FTO/c-TiO2/perovskites/PCBM/Ag) and hole-only 

devices (Au/perovskite/Au) were fabricated to calculate the electron and hole mobility of the 

devices. The dark J-V characteristics of the electron (or hole)-only devices were measured by a 



 

     

 

This article is protected by copyright. All rights reserved. 

26 

 

Keithley 2400 source. The mobility is extracted by fitting the J-V curves by the Mott-Gurney 

equation. The trap state density was determined by the trap-filled limit voltage using equation. 

Electrical impedance spectroscopy (EIS) measurement: Impedance spectroscopic measurements (EIS) 

were conducted by using the electrochemical workstation (IM6ex, Zahner, Germany) with the 

frequency range from 10 Hz to 4 MHz under 0.8 V in the dark. 

Contact angle measurements were conducted on Dataphysics OCA-20 with a drop of ultrapure water 

(0.05 mL). The photographs were taken 1 second after water dripping. 
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Introducing semiconducting molecules with Lewis acid or base 

functional groups into the sol-gel MAPbI3 film promotes uniform 

decoration of grain boundary within the bulk film. These molecules 

holistically passivate under-coordinated Pb
2+

 vacancies or Pb-I 

antisite defects, leading to the significant enhancements of power 

conversion efficiency as well as environmental and thermal stability. 

 


