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Abstract 

Due to the polycrystalline nature, grain boundaries (GBs) in hybrid perovskite thin films play 

critical roles in determining the charge collection efficiency of perovskite solar cells (PSCs), 

material stability and in particular the ion migration, considering its relatively soft ionic bonds 

with a low formation energy. Different GB passivation methods are being studied, and introducing 

PbI2-rich phase at GBs in methylammonium lead iodide (MAPbI3) has been found to be useful. In 

this study, combining macroscale measurements with tip based microscopic probing that includes 

scanning Kelvin probe microscopy for surface potential mapping and conductive atomic force 

microscopy for charge transport mapping, we revealed the effects of PbI2-rich phase at GBs, which 

was introduced in moisture-assisted synthesis of MAPbI3 thin films. It was found that PbI2 

passivation of GBs could change the surface potential and charge carrier screening, and 

significantly retard current conduction at the GB while enhancing conduction through the grain 

interior (GI). Inhibition of ion migration at GBs, as well as enhanced PSC device performance, is 

reported.       
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Introduction 

 With easy formation of polycrystalline films and demonstrated high power conversion 

efficiency of over 22%, organic–inorganic halide perovskite solar cells (PSCs) have attracted 

tremendous research interest.1,2 The photovoltaic community is witnessing the rapid development 

of PSC technology toward its commercialization in a relatively short time period, either as stand-

alone cells or through tandem structure formation with silicon or other suitable semiconductors.3 

This unprecedented progress in PSC could be attributed to their fundamental material properties 

such as high absorption coefficients, long carrier diffusion lengths, low exciton binding energies, 

being relatively immune to surface and grain boundary states, etc.4 Nevertheless, to fully exploit 

the potential of PSCs, several challenges must be overcome, among which, hybrid perovskite 

material stability and PSC device stability are dominant problems,5,6 such as J-V hysteresis,7 

defects generation,8 photon9 and thermal10 enhanced ion migration,11-13 and ion migration related 

degradation,14 as well as the severe environmental sensitivity. The nature of these materials, 

relatively soft ionic solids with a low formation energy, offers merits of solution deposition 

processing, but results in their tendency for ion migration, defect generation and even 

decomposition. Progress has been made recently to address stability issues through various 

approaches.15-19  

Polycrystalline nature of hybrid perovskite films renders their surface and grain boundaries 

(GBs) with important roles in determining the material and device stability and performance. 

Surprisingly, the state-of-the-art PSCs with record efficiencies do not have the largest grain size.20 

This could be understood by considering that the overall quality of solution-processed perovskite 

films should not be simply judged by their grain size, since the variation of synthesis conditions to 

control the grain size will unavoidably change other film properties. It has been known that GBs 
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in methylammonium lead iodide (MAPbI3) hybrid perovskites are intrinsically benign for charge 

carriers without generating deep states based on first-principle calculations,21 while many 

experimental measurements have demonstrated the potential barrier and band bending across GBs 

that favor charge carrier collection.22,23  However, these evidences do not suggest GBs in hybrid 

perovskites have no adverse effects. Grain dependent photovoltaic (PV) performances have been 

widely reported.24,25 Photoluminescence (PL) studies have shown weaker PL intensity at GBs 

along with faster non-radiative decay.26,27 In fact, due to the weak bonds in hybrid perovskites and 

particularly at GBs, it is hard to imagine GB surfaces that could have ideal lattice planes without 

deep states. Recombination paths might be easily generated at these locations due to small 

formation energy of defects. GBs could also easily facilitate ion migration,28 as have been 

reported.22,29 The current conduction difference between grain interior (GI) and GB has been 

widely reported.22,23,30-33 Therefore, surface and GB passivation34-39 have attracted much attention 

recently. In particular, PbI2 phase present at GBs is believed to play a role in passivation, 

contributing to enhanced performance.40-42 Even though moisture is a significant factor causing 

performance degradation of PSCs through hybrid perovskite material decomposition, synthesis of 

this same material in a controlled moisture environment by introducing wide bandgap PbI2-rich 

phase at regions with the weakest bonds, i.e., GBs thus becomes a self-tuned method to repair and 

passivate these GBs. 

  Herein, combining macroscale measurements with atomic force microscopy (AFM) tip 

based microscopic probing that includes scanning Kelvin probe microscopy (SKPM) and 

conductive AFM (c-AFM) mapping, we report a systematic study of moisture-assisted synthesis 

of MAPbI3 thin films with emphasis on how PbI2 passivation of GBs could change the surface 
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potential and charge carrier screening, current conduction contrast reversal at GB and GI, and 

particularly the inhibition of ion migration at GBs, as well as PSC device performance.  

Results and Discussions 

MAPbI3 thin films were spin-coated on TiO2/FTO substrates using anti-solvent method in 

a N2 filled glovebox. To achieve PbI2 passivation on GBs, post-coating annealing was carried out 

in an air filled box with controlled relative humidity (RH) to obtain four samples at RH of 5% 

(sample S1), 15% (sample S2), 30% (sample S3), and 45% (sample S4). A reference sample (S0) 

was annealed in the N2 filled glovebox without passivation. The thickness of all samples was tuned 

to be similar in the range of ~400 nm. The morphologies of these samples, characterized by 

scanning electron microscopy (SEM) and atomic force microscopy (AFM), are presented in Figure 

S1 in the Supplementary Information (SI). Sample S3 has the largest average grain size of ~1.4 

μm, while sample S1 has the smallest average grain size of 0.52 µm μm. Roughness of the samples 

was similar, as determined from the topographic AFM images, and varied from 14 nm to 24 nm, 

with sample S1 being the smoothest due to its smallest average grain size. The slight increase of 

roughness with grain size could be attributed to the small increase in GB width, as noticed from 

those images. Since the film thickness is only ~400 nm, the cross-sectional SEM images (Figure 

S1a′-e′) suggest that in samples with a large grain size, GBs mainly exist along the vertical 

direction but not in the lateral direction. This is particularly true for samples S0 and S3 (Figure 

1b,b′,c,c′), two samples on which our studies will focus.  
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In order to passivate the GBs, MAPbI3 samples were fabricated in the presence of moisture. 

Composition of the resulting films was characterized using X-ray diffractometer (XRD), and is 

shown in Figure 1a. For all samples, the strongest diffraction peak was observed at ~14.1°. This 

peak is mainly due to diffraction from the (110) plane of the tetragonal phase MAPbI3 lattice, but 

it also overlaps the peak due to diffraction from the (002) plane. However, only samples S1-S4 

that were annealed in humid air, exhibited a weak but clearly identified peak at ~12.6°, which 

corresponds to the diffraction angle of PbI2 (001) lattice plane. This suggests that a trace amount 

of PbI2 was produced in the MAPbI3 film for these samples, while such obvious trace amount of 

PbI2, based on XRD measurement, was not observed for sample S0 annealed in N2. Since moisture 

can solubilize and remove methylammonium from the perovskite lattice, it is anticipated that 

during the crystallization process of annealing, partial solvation of MAI occurs43 leaving behind 

PbI2-rich phase at GBs. This is confirmed by the transmission electron microscopy (TEM) study 

of the representative sample S3. As shown in Figure 1d, the GI exhibits a lattice spacing of 6.3 Å, 

in good agreement with the spacing of the (110) crystal planes of MAPbI3, which produces the 

dominant XRD peak at ~14.1o. On the other hand, upon magnifying the GB area, it is clearly 

evident that PbI2 is the dominant crystalline phase there, showing the (102) PbI2 lattice plane with 

d-spacing of 2.6 Å, in agreement with other reports.44 

 The crystallinity and GB passivation of the perovskite film affects the solar cell 

performance. We therefore fabricated complete planar cells with a conventional structure of 

Au/Spiro-MeOTAD/MAPbI3/TiO2/FTO, where the MAPbI3 layer was annealed in N2 or humid 

air with different RH levels. Their performance was compared, and the results are shown in Figure 

S2 and Table S1. For the reference sample S0 annealed in N2, a power conversion efficiency (PCE) 

of 12.8% was obtained, while a PCE of 15.0% was obtained for sample S3 annealed at 30% RH. 
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The consistency of this result was tested on 30 cells obtained at both S0 and S3 annealing 

conditions, and the PCE distribution curves are shown in Figure S3. The normal distribution shows 

that the average PCE increased from 12.1% (for S0) to 14.6% (for S3), yielding an increase of 

~20% in PCE. In particular, all cells annealed in humid air exhibited larger open circuit voltage 

(VOC) than the reference cell. Below, we will compare the performances of sample S0 annealed in 

N2 and sample S3 annealed at 30% RH that have similar grain size to elucidate the effects of GB 

passivation. 
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Figure 2. AFM surface and SKPM images under dark and light conditions for samples S0 (a-c) 

and S3 (d-f). Heights and CPD maps for samples S0 (g) and S3 (h). The corresponding line profiles 

were obtained along the indicated black line in (a) and (d). The highlighted regions in (g), and (h) 

indicate grain boundary area. Electronic band diagrams near GB for samples S0 (i) and S3 (j). 

  

SKPM study was conducted to measure the contact potential difference (CPD) in order to 

understand the effects of GBs and the passivation by the PbI2-rich phase at GBs. MAPbI3 samples 

S0 and S3 were directly formed on FTO glass. Details of the SKPM measurement and the 

terminology are discussed in SI with illustrations in Figure S4. As shown by the AFM topography 

and CPD map in Figure 2, the CPD measured under dark condition exhibits clear contrast between 

GBs and GIs for both samples. Since measured CPD is the work function difference between the 

conductive AFM tip reference and the sample local surface, the change of measured CPD value 

reflects the variation in the work function of the sample local surface, and the brighter area with 

less negative CPD indicates the location with a higher work function. As illustrated in Figure S4, 

since the sample has a constant Fermi level across the grains, GBs with lower work function 

correspond to downward band bending. This downward band bending at GBs, attributed to the 

vacancies and interstitials present at the GB areas,22 is generally considered beneficial for electron-

hole pair separation and collection. It can be noted that there is inhomogeneity among neighboring 

grains regarding the potential value, especially in dark conditions for both samples, but under light 

with charge carrier generation, the sample surface shows more homogenous nature regarding this 

surface potential, in agreement with other reports.45  
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A line profile of topography and CPD map are compared for sample S0 and S3 in Figure 

2g,h, in which GB areas are highlighted with vertical bars for easy identification. Sample S0 has a 

more non-uniform CPD profile inside the grain, compared to the CPD mapping of sample S3 that 

follows the surface more smoothly. It is also worth noting that few GB area shows opposite trend 

in CPD profile, especially for S0 (Fig. 2g), which probably occurs from the presence of other 

defects in the GB area with unbalanced charge state. Similar anomaly has been observed in 

previous reports as well.22,45,46 However, for all the samples in both conditions there are clear 

differences between GB and GI as further shown in Figure S5. Histogram distribution of CPD of 

the two samples is shown in Figure S6, from which it is noticed that under dark condition, both S0 

and S3 show similar valence band potential barriers at the GB, however, the distribution of the 

barrier has a maximum value of 43 meV for S0, while it is 52 meV for S3. This slight increase in 

barrier voltage is anticipated to be useful for charge screening, since the downward band bending 

helps electrons in flowing near the GB, while repelling and confining holes inside grains.46 Under 

illumination with photocarriers filling the states, it is expected the barrier between GB and GI will 

be reduced so the surface potential becomes more uniform.45 Several other works have reported 

the lowering of the potential barrier at the GB-GI interface upon illumination.23,47 Indeed, for our 

case the best performing sample S3 showed the lowest potential barrier under illumination, 

enhancing the PV performance. From Figure S6, the distribution of the barrier under illumination 

has a maximum value of 77 meV for S0, while it is 42 meV for S3. This almost doubled increase 

is also translated in the higher VOC value for S3 (0.95V for S0, while 1.02V for S3, Table S1). The 

difference in CPD distribution is further shown clearly in Figure S7. 

To illustrate the possible effects of GB passivation and the resulting band bending on solar 

cell performances, energy band diagrams for samples S0 and S3 are schematically shown in Figure 
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2i, j, respectively. The measured bandgap of the S3 was slightly higher (1.52 eV) compared to the 

S0 (1.5 eV), as shown in Figure S8. For both samples GBs are darker with higher negative CPD 

than GIs, suggesting lower energy at GBs than GIs, and thus downward band bending at GBs. If 

we assume the bandgap of the S0 has no change at GBs, since PbI2 has a wider bandgap of 2.3 eV, 

the band alignment and bending across the GB will be very different for the S0 and S3, as 

schematically shown. For the S0, the conduction and valence bands bend downward, caused by 

negative charge accumulation (I- ion or electron trapping) at GBs, and the resulting potential 

barrier leads to hole depletion. In principle, such an electronic structure at GBs will enhance 

electron-hole pair separation and suppress the recombination loss; however, since the barrier is 

only a few  tens of mV, its effect will be trivial, further considering that for large grains, the carrier 

lateral transport distance is longer than the vertical distance. As reported in the literature, GBs in 

MAPbI3 show high charge carrier recombination rates.  On the other hand, the band alignment 

across GBs in the S3 now will strongly screen positive ions to minimize GB current and ion 

migration, as will become clear in the following. 
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S0, higher current appeared at the GB than at the GI. This was also observed for the sample 

prepared at 5% RH (S1). However, as the RH level for the sample preparation further increased, 

the current measured at the GI began to exceed that measured at the GB. The sample S3 showed 

the best contrast, where the GI exhibited higher current than the GB. In particular, whereas sample 

S0 showed less current in most areas with higher current near the trough areas indicating higher 

current on the GB, sample S3 exhibited more homogeneity having overall higher current in most 

areas with more current from the GI. From the current distribution histograms shown in Figure 3e, 

sample S3 exhibits higher current than sample S0 encompassing larger overall area, although the 

long blue tail indicates very large current measured at GB from S0. It is also noteworthy that the 

current distribution of sample S3 shows a second peak near <10 pA which is accounted for its GB 

area. This complete reversal in current conduction shows the importance of GB passivation. We 

speculate that the wide bandgap PbI2 passivation at GBs screens away mobile ions, and thus 

minimizes the current conduction along GBs.  

To reiterate this result, the line profiles have been compared for samples S0 and S3, as 

shown in Figure 3f, g. It can be clearly seen that for S0, the GB shows higher current than the GI. 

In fact, some areas of GI for this sample have the lowest current in the profile, making it very 

inefficient for charge transfer. It is speculated that GBs have more current due to ionic migration, 

since they act as highway for the ionic movement.48 On the other hand, current flow in S3 clearly 

shows lowest current conduction through the GB compared to the GI. In fact, large portion of GB 

area in S3 shows negligible current of few pA, which is on the order of noise level of the 

instrument. This trend can be attributed to the GB passivation.49 Such a contrasting passivation is 

very beneficial for effective charge transfer through the active layer. 
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Figure 4. (a) Open circuit photovoltage decay (OCVD) measurement after the solar illumination 

is turned off at t=0s for samples S0 and S3. (b) Calculated electron recombination lifetime from 

the OCVD data. The Arrhenius plot of the ion hopping rate deduced from impedance spectroscopy 

data for samples S0 (c), and S3 (d). 

 

We further took into account transport kinetics of different charge species to consolidate 

the passivation mechanism. The electron lifetime, which is related to the electron recombination 

kinetics, was determined via the open-circuit photovoltage decay (OCVD) method, which 

measures open circuit voltage (Voc) decay immediately after switching off the solar illumination, 

(c) (d)
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as shown in Figure 4a. Then, the electron recombination lifetime τn was derived (Figure 4b) using 

the formula: 𝜏𝜏𝑛𝑛 = 𝑘𝑘𝐵𝐵𝑇𝑇
𝑞𝑞
�𝑑𝑑𝑉𝑉𝑂𝑂𝑂𝑂

𝑑𝑑𝑑𝑑
�
−1

, where, kB is the Boltzmann constant and T is the absolute 

temperature, which is selected as room temperature here. As the photovoltage decays faster for S0 

compared to the S3 (0.244 V for the S0 vs. 0.355 V for the S3 at 43s after the light is turned off), 

the electron lifetime of the latter is longer than that of the former by more than one order of 

magnitude, e.g., 0.05s for the S0 compared to 0.85s for the S3 at 0.68 V.  

 One common issue for PSCs is the ion migration due to the soft bonds in hybrid 

perovskites, which contributes to the current mapping shown in Figure 3. As detailed in our 

previous studies,13 ion hopping rates can be deduced from impedance spectroscopy. The Bode 

plots of the spectra for samples S0 and S3 are shown in Figure S10. Ion hopping rate constant is 

the inverse of relaxation time constant, which can be obtained from the low frequency peak in the 

Bode plot as explained in Figure S10. The activation energy of ion migration can be found from 

the Arrhenius plot of ion migration rate, as shown in Figure 4c,d. The MAPbI3 goes through a 

phase transition from the low-temperature tetragonal phase to the high-temperature cubic phase. 

This phase change results in a difference in ion hopping activation energy and hence the two slopes 

observed intersect near 45 °C.13 The derived activation energy for sample S0 is 0.28 eV and 0.4 

eV for temperatures above and below 45 oC respectively, whereas the corresponding values for 

sample S3 are 0.58 eV and 0.78 eV. The higher activation energy in sample S3 reveals that ions 

need more energy for migration in this sample, thus passivating the ion channels, which are located 

mostly at the GBs, is effective in reduction of ion migration.28 Using c-AFM, we probed the current 

conduction hysteresis at GI vs. GB for samples S0 and S3, as presented in Figure S11. C-AFM 

profile of the S0 shows that the GI exhibits negligible amount of hysteresis, whereas the GB shows 

significant hysteresis as well as higher current (e.g. 22 pA on GI vs 60 pA on GB at 2V). On the 
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other hand, GB shows lesser hysteresis for the S3, and almost no hysteresis in the GI. The 

magnitude of the current is also significantly higher for the GI comparing to GB for the S3 (e.g. 

25 pA on GI vs. 10 pA on GB at 2V).  

Due to the relatively soft ionic bonds in hybrid perovskites that have a low formation 

energy, ion migration, particularly along the weakly bonded GB, is unavoidable. For stable PSCs, 

this phenomenon must be minimized, since the slow ion migration will screen the photo-voltage 

and thus reduce the achievable electronic current. From the SKPM measurement, we show how 

CPD changes at the GB for S0 (without passivation) and S3 (with passivation), and it is suggested 

that passivating the GB with Pb-rich phase will reduce the electron-hole recombination rate. As a 

result, a better overall current collection efficiency is achieved for S3 over S0. Using c-AFM, it is 

confirmed that ionic current is dominant through GBs in S0, which also works as a recombination 

center for electrons and holes, and overall GI current in S0 is thus reduced as well. In contrast, S3 

shows higher ionic activation energy along with higher electron lifetime resulting in reduction of 

the current in GBs and increasing the current in GIs. Thus, all the indications from SKPM, c-AFM, 

and bulk electrical characteristics hold true as the passivation of GB helps in increasing the 

efficiency by ~20%. 

 

Conclusion 

In summary, MAPbI3 thin films were synthesized with moisture assistance to introduce PbI2-rich 

phase at GBs for passivation. Sample preparation in humid air at 30% RH resulted in the best PSC 

performance. Surface potential difference between GBs and GIs in the passivated and non-

passivated samples, measured both in dark and under light illumination, was mapped using 
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scanning Kelvin probe microscopy, and the results suggested the passivation effect of PbI2-rich 

phase on charge screening and collection. This was further confirmed via c-AFM by the current 

mapping and conduction contrast between GBs and GIs for the passivated and non-passivated 

samples. Upon PbI2 passivation, more current flows through GIs than GBs, whereas the opposite 

is observed for the non-passivated sample. The GB passivation further improved the electron 

lifetime, and in particular, reduced the ion migration rate with an enhanced ion migration activation 

energy. These results reveal the critical effects of PbI2 minor phase introduced at GBs during 

moisture-assisted MAPbI3 perovskite synthesis.  
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Experimental details 

Device fabrication and material characterization 

Complete planar cells were fabricated with a structure of FTO/TiO2/MAPbI3/HTM/Au. 

First, 50 nm compact TiO2 layer was deposited on FTO coated glass; this was followed by 

annealing at 450 °C for 30 minutes. Afterwards, MAPbI3 thin films were coated using anti-solvent 

method. Three different coating steps with speeds of 500, 3500, and 5000 rpm for 3, 10, and 30 

seconds, respectively, were used. Four seconds before the start of the third step, 600 µL Toluene 

was dropped onto the film. MAPbI3 coating was done in N2 filled glovebox. The samples were 

subsequently annealed in a air-filled glovebox with a controlled relative humidity (RH) to obtain 

different samples at RH of 5% (sample S1), 15% (sample S2), 30% (sample S3), and 45% (sample 

S4). A reference sample (S0) was annealed in the N2 filled glovebox. The thickness of all samples 

was tuned to be similar in the range of ~400 nm. The hole transport material (HTM), Spiro-

MeOTAD mixed with 4-tert-butylpyridine and lithium bis(trifluoromethylsulphonyl)imide in 

acetonitrile, was then coated on MAPbI3, which was followed by Au deposition. For AFM and 

impedance spectroscopy measurement, a simple sandwich structure of FTO/MAPbI3/Au was used. 

X-ray powder diffraction (XRD) analysis, scanning electron microscope (SEM) imaging, 

and UV-Vis-IR spectroscopy for absorbance measurement were carried out to compare 

quality/characteristic of different samples. 

Focused ion beam (FIB), transmission electron microscope (TEM), and energy dispersive 

spectroscope (EDS) analyses 

Focused ion & electron beam (FIB) system (Hitachi NB5000) was used to lift out and thin a lamella 

of the perovskite sample for transmission electron microscope (TEM), and energy dispersive 
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spectroscope (EDS) analyses. Prior to lift out, protecting layers of C and W were deposited on the 

sample. The final thickness of the lamella was approximately 100 nm. TEM imaging was 

performed using a Hitachi H-9500 TEM at 300kV acceleration voltage.  

Conductive atomic force microscopy (c-AFM), and scanning Kelvin probe microscopy (SKPM) 

characterization 

Atomic force microscopy (AFM) was carried out using an Asylum Research MFP-3D-SA 

AFM. For c-AFM studies, a special dual gain ORCA probe holder (Asylum Research, sensitivity 

1x10-6 A/V and 1x10-9 A/V) was used together with conductive Pt coated probe (2 N/m, 70 kHz, 

model: AC240TM-R3). 

For the scanning Kelvin probe microscopy (SKPM) measurements, conductive probe (Ti/Ir 

coated, 2.8 N/m, 75 kHz, model: ASYELEC.01-R2) was used in a Nap mode imaging. In this dual 

mode AFM characterization, first, standard AC mode imaging in air was used to scan the 

topography of the sample surface. This is followed by retracing the probe so that the tip is raised 

over the surface and scanning the surface topography along the same lines/points while keeping 

the constant distance from the sample surface to measure the surface potential. 

Electrical characterization 

The current density-voltage (J-V) curves of different cells along with the OCVD data were 

measured using a Keithley 2400 SourceMeter under a simulated light source of one-sun AM 1.5G 

illumination (100 mW/cm2). For ionic activation energy measurements, IS study was conducted 

using an electrochemical workstation (BioLogic). The measurements were performed in a range 

of 1 MHz to 100 mHz in a N2 filled glovebox. To heat up the sample, a thermo-electric generator, 
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controlled by a thermo-electric controller was used which was calibrated using thermometer with 

temperature accuracy of ± 1 °C. 

 

Supporting Information 

 SEM and AFM of all samples, J-V characteristics, PCE distribution, band energy diagram 

of SKPM measurement, SKPM of all samples, Histogram distributions of CPD, Tauc plot, c-AFM 

of all samples, Bode plots, and c-AFM based local I-V. 
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Figure S2. J-V curve comparison of the samples fabricated at different conditions under 1-sun 

with the indication of the PCE for champion devices in parenthesis. 

Table S1. PSC Performance Comparison for Samples Prepared at Different Moisture Contents. 

 JSC 
(mA/cm2) 

VOC 
(V) 

FF 
(%) 

PCEMAX 
(%) 

RS 
(Ω-cm2) 

RSH 
(Ω-cm2) 

S0 20.62 0.95 65 12.8 10.3 769 

S1 21.53 1.00 56 12.1 14.5 833 

S2 22.34 1.016 61 13.9 11.1 606 

S3 22.74 1.02 65 15.0 10.1 994 

S4 18.27 1.02 59 11.0 17.0 749 
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Figure S3. The PCE distribution histograms for samples prepared in N2 and at 30% RH.  
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As an example, an arbitrary grain boundary band energy diagram is shown in Figure S4c. 

If the VCPD value at grain boundary (GB) is - 0.2 V, it implies the work function, qφGB value is 4.7 

eV, while a VCPD value of - 0.17 V at neighboring grain interior (GI) implies the work function, 

qφGI value is 4.73 eV. This implies a downward band bending of 30 meV at the GB. It is noteworthy 

here that the qφs value ~ 4.7 eV is almost in the middle of the conduction (3.9 eV) and valence 

(5.43 eV) bands of MAPbI3 being an intrinsic semiconductor material.  
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Figure S5. AFM surface and SKPM images of MAPbI3/FTO samples prepared at different 

atmosphere under dark and light conditions. 
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Figure S6. Histogram distributions of CPD for samples fabricated (a) in N2 ambient, and (b) at 

30% RH, under dark and light conditions.  

(b)
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Figure S7. Contact potential difference (CPD) for samples fabricated in N2, and at 30% RH, under 

dark and light conditions. The average data have been obtained from Gaussian distribution, while 

the error bars represent the width of the distribution. Essentially, the length of the error bar 

represents average difference of CPD between grain boundary and grain interior. 
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Figure S8. Tauc plot showing measured bandgap from absorbance spectra for samples prepared 

in N2 and at 30% RH. 
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Figure S11. c-AFM based local dark current measured at the GI and the GB for samples S0 and 

S3 on surface of MAPbI3/FTO. 
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