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ABSTRACT 

 In this work, we study spatially-resolved generation of photocurrent of methylammonium 

lead iodide (CH3NH3PbI3) perovskite solar cells to reveal the microscopic effects of annealing 

temperature and material degradation under light exposure. Correlating a novel nanoscale near-

field scanning photocurrent microscopy (NSPM) technique with X-ray diffraction and electron 

microscopy data, we found that the segregation of lead iodide (PbI2) driven either by a temperature 

treatment or by extended light exposure can impact the photocurrent at grain boundaries. In 

samples annealed at a moderate temperature (100 °C), a small amount of expelled PbI2 passivates 

the grain boundaries and improves photocurrent generation. A higher annealing temperature (130 

°C) causes further segregation of PbI2 at grain boundaries, decreasing the photocurrent. Extended 

light illumination drives further material segregation, decreasing photocurrent both at grain 

boundaries and grain interiors.   
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1. Introduction  

Organometal trihalide perovskites show great promise for solar energy harvesting due to 

their easy fabrication, low manufacturing costs, and high-power conversion efficiencies, now 

exceeding 22 % [1,2]. Beyond photovoltaics (PVs), the bandgap tunability of perovskites [3-5] 

enables a wider array of other optoelectronic applications such as light emitting diodes [6,7] and 

photodetectors [8-10]. To date, considerable efforts have been made to reveal the recombination 

mechanisms limiting perovskite solar cells’ performance [11-14]. Despite the remarkable progress 

in the cell performance, some aspects of the material inhomogeneity such as its relation to 

processing conditions and its impact on the carrier recombination processes are not well 

established. For example, the role of grain boundaries (GBs) in the overall performance of the cell 

is still largely controversial with reports finding increased losses [15-17] or improved efficiency 

[18-23] from GBs. Furthermore, perovskite solar cells have reliability issues, especially light-

induced degradation [24-27], which are often driven by or related to changes in the microstructure 

[16].  

The techniques for measuring spatially-resolved photoelectric properties such as local 

carrier collection efficiency and recombination are based on several different approaches. The first 

approach is based on a large area illumination and local probing. Examples of this approach which 

are frequently used in application to PV devices include techniques such as a conductive atomic 

force microscopy (AFM) [21,28-33] and Kelvin probe force microscopy (KPFM) [34-37]. The 

other approach relies on local excitation and large area collection, with examples such as electron 

beam induced current [38,39] or laser beam induced current [40-42]. Photoluminescence 

measurements have been conducted to reveal dynamics of charge carriers and ion migration in 

perovskite solar cells [16,43,44]. These various techniques have their strengths and weaknesses. 

The implications of nanoscale measurements for device performance can be difficult to ascertain 

because of the difference in system geometries. The experimental geometry issues derived from 

contact interfaces and exposed surfaces from a macroscopic cell are largely unavoidable in 

nanoscale probing: in general, metal contacts hinder the access of a local probe or excitation at the 

desired spatial scale. Local characterization can be particularly challenging when applied to PV 

devices that significantly depend on the electric field or work function of contact interfaces for 

their operation, such as organic PVs and many types of hybrid perovskite PVs.  
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In this paper, we study nanoscale properties of hybrid perovskite solar cells based on 

methylammonium lead iodide (MAPbI3). We employ a novel near-field scanning photocurrent 

microscopy (NSPM) technique to characterize nanoscale properties. We show changes of current 

collection efficiency at grain boundaries and grain interiors (GIs) caused by thermal treatment and 

light exposure. The critical interface between the perovskite and [6,6]-phenyl-C61-butyric acid 

methyl ester (PCBM) driving the extraction of photoexcited electrons is mainly intact. The PCBM 

layer is thin enough (50 nm), as shown in Fig. 1, to access the morphology of the perovskite while 

remaining sufficiently conductive to transport photoexcited electrons within a few micron 

distances (< 2 µm) from the metal contact made of silver (Ag). We demonstrate that GBs can be 

either efficient carrier collection paths or additional recombination centers depending on post 

annealing temperatures. We suggest that the presence of a moderate amount of crystalline lead 

iodide (PbI2) passivates dangling bonds at the GBs in the sample annealed at 100 °C, improving 

photo-generated carrier collection. In contrast, as the annealing temperature is increased to 130 °C, 

the GBs become major recombination centers due to an excessive amount of PbI2 segregated at 

the GBs. To investigate how perovskite solar cells perform under realistic operation conditions, 

we determine the change of optoelectronic properties under light exposure both on the macro- and 

nanoscales.  

 

2. Results and discussion 

We use a novel implementation of near-field scanning photocurrent microscopy (NSPM) 

to measure the relative change of local photo-response in a perovskite solar cell. The device 

structure is as follows: indium tin oxide (ITO)/nickel oxide (NiOx)/400-nm-thick perovskite layer 

(CH3NH3PbI3 (MAPbI3))/PCBM/Ag, from bottom to top (see Fig. 1). For this work, we use a 

tuning fork-based near-field scanning optical microscopy (NSOM) probe attached with an optical 

fiber. The light from a diode laser having a wavelength of 635 nm is coupled to the optical fiber 

as a local illumination source (see Fig. 1). The end of the optical fiber is coated with metal (Cr/Au 

cladding) suitable for near-field injection of light (having an aperture of 200 nm). When the light 

passing through the small aperture of the NSOM probe locally illuminates the sample, the photo-

generated current of the sample is measured with a low-noise variable gain pre-amplifier (see the 

Experimental section for more detail). To achieve a high signal to noise ratio (SNR), NSPM is 
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performed within a few micron distances (< 2 µm) from the Ag electrode which is placed on top 

of the PCBM/MAPbI3 layer. 

Consistent with previous results [18], we can observe the appearance of PbI2 phase in X-

ray diffraction (XRD) and cross-sectional scanning electron microscopy (SEM) data (Fig. 2a and 

b). The peak of PbI2 (marked with δ) along with MAPbI3 peaks (marked with *) is detected in the 

sample annealed at moderate (100 °C) and higher temperatures (130 °C). The formation of PbI2 is 

also observed in SEM images in Fig. 2b. In the SEM images of the samples annealed at 100 °C 

and 130 °C, distinct spots with bright contrasts are observed, which are identified as PbI2 

crystallites due to their low conductivity and increased accumulation of charge [18,47,48]. While 

both samples annealed at 100 °C and 130 °C have similar intensities of the PbI2 peaks in the XRD 

patterns, the microscopic distribution of the PbI2 crystallites seen in the SEM images is quite 

different. As shown in the black-dotted ovals in Fig. 2b, the PbI2 phase in the sample annealed at 

130 °C is frequently seen along some GBs while in the sample annealed at 100 °C the distribution 

of PbI2 is relatively uniform. Note that the higher annealing temperature (130 °C) does not cause 

an additional decomposition and acts only as a driving force to move PbI2 to grain boundaries.  

In our previous work [45], the photovoltaic properties of the perovskite solar cells annealed 

at 100 °C are improved due to the conversion of the intermediate phase (MAI–PbI2–dimethyl 

sulfoxide (DMSO)) into perovskite [46]. However, the performance of the cells deteriorates with 

further annealing in higher temperatures. Figure 2c and Table 1 show the current density (J)-

voltage (V) characteristics of the two perovskite solar cells annealed at different temperatures (100 

°C and 130 °C). Both JSC and VOC are larger by ≈ 3.8 % (21.6 mA/cm2 vs. 20.8 mA/cm2) and ≈ 8.7 

% (0.995 V vs. 0.915 V), respectively, for the sample annealed at 100 °C. This leads to higher 

power conversion efficiency (η = 16.98 %) of this sample than that of the sample annealed at 

higher temperature (130 °C). The increase of JSC in the sample annealed at 100 °C can be caused 

either by higher light absorption or by improved collection efficiency. The former is less likely as 

the two samples have similar composition according to the XRD data and therefore similar 

effective optical absorption. The increase of VOC is more significant and cannot be accounted for 

by the higher JSC alone. We suggest that GB defect passivation with a moderate amount of PbI2 at 

GBs in the sample annealed at 100 °C leads to the improved open-circuit voltage due to the 

suppressed carrier recombination at GBs [18,23]. However, the distinguishable crystalline phases 
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of PbI2 at GBs in the sample annealed at 130 °C are correlated with the degradation of the cell 

performance (see Fig. 2c and Table 1). More details on the role of PbI2 will be discussed in the 

following sections.  

Figure 3 shows the topography and the corresponding NSPM maps of the two perovskite 

cells. All NSPM maps are obtained under near-field illumination mode using a diode laser having 

a wavelength of 635 nm, where the intensity of the solar spectral irradiance is almost maximum. 

The laser injection level throughout the NSOM probe is experimentally optimized by adjusting 

both incident laser power and an aperture size of the NSOM probe (50 nm to 300 nm) to achieve 

high enough SNR without light-induced degradation on samples. The repeated line scans with the 

selected NSOM probe (having an aperture of 200 nm) in the same area of the fabricated sample 

show no light-induced degradation in the photocurrent levels (see Fig. S1 of the Supplementary 

material). The environmental conditions (e.g., temperature and relative humidity) inside the AFM 

chamber where the NSPM measurement setup is configured are precisely controlled when the 

NSPM measurements are performed (see Fig. S2 of the Supplementary material). 

The NSPM maps show strong GI to GB contrasts in the samples annealed at the two 

different temperatures (100 °C and 130 °C). As shown in Fig. 3b, the cell annealed at moderate 

temperature (100 °C) exhibits higher photocurrents at GBs than at GIs. Interestingly, an inverse 

photocurrent contrast is observed in the sample annealed at higher temperature (130 °C): the 

photocurrents at GBs are lower than those at GIs (see Fig. 3e). To better illustrate the correlation 

of the photocurrent distribution with the grain morphology, we overlap the topography images 

with the NSPM maps (see Fig. 3c and f). It is worth noting that the surface is relatively smooth, 

with less than 10 nm height variation over the scanned area (less than ≈ 3 % of thickness variation). 

However, significant variations of photocurrents (> 10 % in the sample annealed at 100 °C and up 

to 43 % in the sample annealed at 130 °C) in comparison with the minor topographic features are 

shown in the line profiles extracted from NSPM maps in Fig. 3 (see Fig. S3 of the Supplementary 

material). This indicates that the photocurrent contrast is not caused by surface topography and its 

resultant changes in light coupling or total light absorption.  

To rationalize these observations, we suggest that a moderate amount of PbI2 segregation 

at GBs (attained with samples annealed at 100 °C) leads to GB defect passivation, while increasing 

PbI2 segregation (attained with samples annealed at 130 °C) undoes this passivation and leads to 
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increased GB recombination. For moderate segregation, PbI2 possesses structural and electronic 

properties which facilitate GB passivation. The coordination of Pb in MAPbI3 and PbI2 is the same: 

in each case each Pb atom is surrounded by 6 I nearest neighbors [49]. The similar coordination 

environment should reduce the occurrence of dangling/wrong bonds. Electronically, bulk PbI2 

possesses a valence band offset of approximately 0.9 eV relative to bulk MAPbI3 [50]. Although 

the band picture of electronic states does not apply at a GB interface, we may anticipate a modified 

local density of states at the GB in which the energy level of the highest occupied state is reduced 

[51]. This, in turn, lowers the hole density, so that the GB is effectively a hole barrier. Recent 

density functional theory calculations on GB in MAPbI3 indicate that although some GB structures 

lack deep defect states, there are shallow hole traps at an unpassivated GB [52]. Introducing a hole 

barrier at the GB would therefore prevent holes from encountering these traps passivating the GB. 

With increasing PbI2 segregation, the width (l) of the GB increases and may achieve a thickness 

which is deleterious for device performance (see black dashed ovals in Fig. 2b). For an electron-

hole pair generated at the GB, the diffusion time for a hole to escape the GB is 𝑙2 𝐷ℎ⁄ , where 𝐷ℎ 

is the hole diffusion coefficient in the GB. Recombination occurs if the electron-hole pair lifetime 

is less than this diffusion time. For 𝑙 = 50 nm, 𝐷ℎ = 5 × 10-6 m2/s [53], recombination occurs if the 

lifetime is less than 0.5 ns.  

The most significant shortfall of hybrid perovskite solar cells is their performance 

degradation under operating conditions. This degradation can be related to changes in the 

microscopic structure and composition. To investigate causes of the degradation, we study both 

macro- and nanoscale optoelectronic responses of perovskite solar cells under extended light 

illumination. Figure 4 shows the time dependent changes of photovoltaic properties of perovskite 

solar cells under continuous illumination. The macroscopic measurements are performed under 

Air Mass 1.5 Global (AM1.5G) 0.1 sun light (10 mW/cm2) and ≈ 25 % relative humidity in air to 

avoid possible deterioration from overheating (see Fig. S2 in the Supplementary material). As seen 

in Fig. 4a, photovoltaic properties (the short circuit current density (JSC), the open circuit voltage 

(VOC), the fill factor (FF), and the power conversion efficiency (η)) of the sample annealed at 100 

°C gradually decrease as the illumination time increases. Similar decays in VOC and FF are 

observed for the sample annealed at 130 °C. However, the decay patterns of JSC and η between the 

two samples are quite different (see Fig. 4 b). Despite a higher value of JSC in the pristine condition 

of the sample annealed at 100 °C, a more drastic decay is observed after 900 min of light 
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illumination (down to 11.39 mA/cm2 for 100 °C vs. 18.04 mA/cm2 for 130 °C). Correspondingly, 

the drastic decrease of JSC of the sample annealed at 100 °C causes significant degradation in the 

power conversion efficiency (from 16.98 % to 4.70 %) compared to the sample annealed at 130 

°C (from 14.81 % to 7.57 %). We conclude that the sample annealed at 130 °C is more robust to 

the continuous light illumination than the sample annealed at a lower temperature of 100 °C.  

To identify the microscopic material changes underlying or accompanying the light-

induced performance degradation, X-ray diffraction peaks and cross-sectional SEM images are 

shown in Fig. 5. The small peaks corresponding to PbI2 (marked with δ) at a diffraction angle of 

12.75° observed in the both pristine samples annealed at 100 °C and 130 °C (similar to Fig. 2) 

grow as the light illumination time increases, implying the decomposition of MAPbI3 into PbI2. 

As described in the previous discussion, the initial distribution of PbI2 varies by annealing 

temperatures, i.e., PbI2 is more evenly distributed for the sample annealed at moderate temperature 

(100 °C) while being concentrated at GBs for the sample annealed at higher temperature (130 °C). 

However, the light-induced degradation caused by the formation of PbI2 across the perovskite layer 

progresses in a similar manner in both samples. After 400 min of light illumination, small voids 

appear within the perovskite layer, and the number of voids becomes substantial after 600 min of 

light illumination. The formation and evolution of voids finally cause the significant deterioration 

of the cell performance as shown in cross-sectional SEM images after 800 min of light 

illumination.   

To reveal the local impact of the light-induced PbI2 segregation, NSPM is applied for local 

photocurrent measurements in the multiple stages of the degradation process under continuous 

light illumination (AM1.5G 0.1 sun, ≈ 25 % relative humidity in air at room temperature). Figure 

6 shows AFM topography images and corresponding NSPM maps for samples annealed at 100 °C 

(Fig. 6a-d) and 130 °C (Fig. 6e-h) taken at the specific time of light illumination. The NSPM maps 

taken in pristine condition, t = 0, are consistent with those in Fig. 3: GBs are more efficient carrier 

collection paths in the sample annealed at moderate temperature (100 °C) and are less efficient 

than GIs in the sample annealed at the higher temperature (130 °C). Interestingly, the degradation 

under continuous light illumination proceeds in different ways. After t = 400 min, the enhanced 

photocurrent collection at GBs is strongly suppressed in the sample annealed at 100 °C (Fig. 6c). 

An example of this behavior is seen at the GB marked with a white-dashed oval: the photocurrent 
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is significantly higher at t = 0 (Fig. 6b), and the photocurrent enhancement at the GB disappears 

after light exposure (see also Fig. S4(a) of the Supplementary material). It is worth mentioning 

that the decrease of carrier collection at this GB after 400 min of light illumination is not caused 

by the formation of voids within the perovskite layer since no severe voids are observed (inset 

SEM image for 400 min of light illumination in Fig. 5) despite the increased intensity of PbI2 peak 

in Fig. 5. We suggest that the initial degradation of the enhanced photocurrent collection at the 

GBs of the sample annealed at 100 °C under illumination is caused by the dynamics of PbI2 

formation. As more structural and compositional transformation from MAPbI3 to PbI2 takes place 

within the perovskite layer under continuous light illumination, a large amount of PbI2 crystallites 

grow at the GBs, suppressing the positive effects of GB passivation as in the area marked with the 

white-dashed oval in Fig. 6. This process takes place partially until 400 min of light illumination, 

however, it will become more widespread under continuous light illumination, rendering 

progressively more GBs inefficient at carrier collection. As GBs play role of dominant 

photocurrent collection paths for this sample, the whole performance of this sample is seriously 

affected by the light-induced inefficient carrier collections at GBs, resulting in rapid degradation 

of this sample under continuous light illumination as shown in macroscale measurements (see Fig. 

4). On the contrary, the photocurrent at GBs and GIs decays at similar rate in the sample annealed 

at 130 °C. During the entire degradation process, the photocurrents at GIs are higher than those at 

GBs as carrier collections at GIs are not seriously affected by the decomposition of PbI2 from 

MAPbI3 under light illumination. Therefore, GIs remain as the dominant photocurrent collection 

paths regardless of the light illumination time in the sample annealed at 130 °C. After 800 min of 

light illumination, the photovoltaic properties of the sample degrade substantially (Fig. 4) and a 

significant amount of PbI2 is found within the perovskite layer (Fig. 5). At this point the 

photocurrents reach their lowest level regardless of the annealing temperature (Fig. 6d and h). The 

inset SEM image in Fig. 6d shows the scanned area after 800 min of light illumination where the 

NSPM maps are obtained. The PbI2 crystallite at the GB is finally released onto the surface of the 

sample with 800 min of light illumination, resulting in a significant cell degradation. Overall, the 

sample annealed at 100 °C is less stable under continuous light illumination. This is attributed to 

the initially optimized PbI2 structure at GB of this sample, which is more susceptible to degradation 

compared to the initially sub-optimal PbI2 GB structure of the sample annealed at 130 °C. 

 



 9 

3. Conclusions 

We analyze the structural and functional changes of hybrid perovskite solar cells caused 

by temperature treatments and extended light illumination processes that both drive spatially 

inhomogeneous material decomposition and segregation of PbI2. A novel nanoscale measurement 

technique, near-field scanning photocurrent microscopy, is applied for local photocurrent 

measurements, which enables the observation of multiple stages of the degradation process 

affecting the overall efficiency of the cells. A moderate amount of PbI2 passivates dangling bonds 

and unoccupied states at GBs, resulting in photocurrent enhancement at GBs compared to GIs. 

The higher photovoltaic performance in the perovskite solar cell annealed at 100 °C can be 

correlated with the nanoscale spatial pattern of photocurrent. However, the photocurrent 

enhancement at GBs is diminished with higher annealing temperatures or extended light exposure. 

The segregation of a large amount of PbI2 at GBs hinders the photocurrent collection overcoming 

the positive role of the passivation. The nanoscale observation of device operation dependent on 

preparation and aging conditions suggests pathways to further improve the efficiency and the 

reliability of perovskite solar cells. 

 

4. Experimental section 

4.1. Perovskite solar cell fabrication 

 Prior to fabrication of the perovskite solar cells, indium tin oxide (ITO) substrates were 

rinsed in diluted detergent followed by sonification in water, acetone and ethyl alcohol in 

sequence. For formation of NiOx thin-film, a 1 mmol of nickel(II) acetate tetrahydrate (≥ 99.0 % 

purity) was dissolved in 10 mL of ethyl alcohol by sonification. The prepared solution was coated 

on the ITO glass substrates by spin-coating at 66.7 Hz (4000 rpm) for 45 s, and the coated substrate 

was annealed at 300 °C for 1 h. The perovskite solution containing PbI2 (99.99985 % purity) and 

methylammonium iodide (1:1 molar ratio, 0.54:1 weight ratio) in a mixture of N,N-

dimethylformamide (99.8 % purity) and dimethyl sulfoxide (DMSO) (≥ 99.9 % purity) (9:1 by 

volume) was deposited by two step spin-coatings made at 16.7 Hz (1000 rpm) 15 s and 75 Hz 

(4500 rpm) for 25 s, respectively. During the second step, a droplet of diethyl ether was deposited 

on the substrate and soon after the substrate was transferred to a hot plate for annealing at 100 °C 
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and 130 °C for 10 min. Subsequently, the [6,6]-phenyl C61 butyric acid methyl ester ([60]PCBM, 

99.5 % purity) solution (20 mg mL−1 in chlorobenzene) was spin-coated at 33.3 Hz (2000 rpm) for 

60 s. Finally, a 120 nm-thick Ag counter electrode was deposited by thermal evaporation. 

4.2. Nanoscale near-field scanning photocurrent microscopy  

 A tapered optical fiber (50 µm core diameter/125 µm cladding diameter) with small 

aperture (≈ 200 nm) in the metal coating is attached to a quartz tuning fork-based atomic force 

microscopy (AFM) probe. Light of a diode laser (a wavelength of 635 nm) is coupled to the optical 

fiber for local light injection. The perovskite solar cell is placed on a xyz piezo stage for NSPM. 

The topography and photocurrent were obtained simultaneously during the raster scanning made 

by the NSOM probe. The amplified photocurrent (with a gain of 107 V/A from a variable-gain 

low-noise current amplifier) is measured based on a lock-in technique.  

4.3. Macroscale current density-voltage measurement  

 The current density-voltage (J-V) measurements were performed under AM1.5G 1 sun 

illumination (100 mW/cm2) using a solar simulator.  

4.4. Light illumination  

 To observe light-induced property changes, perovskite solar cells were continuously 

exposed to light up to 900 min of AM1.5G 0.1 sun illumination (10 mW/cm2). For every 100 min 

of light illumination, J-V and NSPM measurements were performed. Other environmental factors 

(e.g., temperature, relative humidity in air) were controlled to isolate the effect of light illumination 

on devices. 
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Figure 1. Schematic of NSPM technique. A tapered optical fiber with a small aperture (200 nm) 

in the metal coating mounted on a quartz tuning fork illuminates the sample (top of the 

PCBM/CH3NH3PbI3). A SEM cross-sectional image (inset) of the perovskite cell (indium tin oxide 

(ITO) (280 nm)/NiOX (15 nm)/perovskite (400 nm)/PCBM (50 nm)/Ag (120 nm), from bottom to 

top) shows its structure. Scale bar in the inset SEM image is 150 nm. 
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Figure 2. X-ray diffraction patterns, cross-sectional SEM images, and photovoltaic performance. 

(a) XRD patterns of perovskite samples annealed at two different temperatures. * and δ denote the 

identified diffraction peaks corresponding to the MAPbI3 perovskite phase and PbI2, respectively. 

(b) Cross-sectional SEM images for perovskite samples annealed at two different temperatures. 

Despite the similar intensity of the PbI2 peak (*) for both samples in (b), PbI2 (bright contrast 

relative to the adjacent grains) is observed mostly at grain boundaries in the sample annealed at 

130 °C (see black dotted-ovals). Scale bars in (b) are 250 nm. (c) J-V curves of the perovskite cells 

(ITO/NiOX/400-nm-thick perovskite layer/PCBM/Ag, from bottom to top) annealed at 100 °C 

(blue) and 130 °C (red).  

 

Table 1. Photovoltaic properties of perovskite solar cells annealed at two different temperatures 

(100 °C and 130 °C). 

 

 

Annealing 

temperature 

JSC  

(mA/cm2) 

VOC  

(V) 

FF  

(%) 

η  

(%) 

100 °C 21.60  0.995  78.4  16.98  

130 °C 20.80  0.915  77.2  14.81  
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Figure 3. (a) AFM topography (h), (b) NSPM map (I), and (c) AFM topography-overlaid NSPM 

map of the perovskite cell annealed at 100 °C. (d) AFM topography (h), (e) NSPM map (I), and 

(f) AFM topography-overlaid NSPM map of the perovskite cell annealed at 130 °C. The line 

profiles (white-dotted lines in (a) and (d)) are reported in Fig. S3 of the Supporting Information. 

Scale bars in all images are 500 nm. 
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Figure 4. Light-induced effect on (a) electrical properties (η - a black dotted line, JSC - a blue 

dotted line, VOC - a red dotted line, and FF - a green dotted line) of the perovskite solar cell annealed 

at 100 °C under continuous AM1.5G 0.1 sun light illumination. Light-induced effect on (b) 

electrical properties for the sample annealed at 130 °C under the same illumination condition: AM 

1.5G 0.1 sun, relative humidity ≈ 25% at room temperature in air. Estimated error in the 

measurements is < 1 % [54].  
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Figure 5. X-ray diffraction patterns with respect to the light exposure time for the samples 

annealed at (a) 100 °C and (b) 130 °C, respectively. δ and * indicates PbI2 and MAPbI3, 

respectively. As the exposure time increases, more compositional and/or structural conversion 

from MAPbI3 to PbI2 is observed for both samples. Insets: scanning electron microscopy (SEM) 

images show corresponding cross-sectional views of the samples for the corresponding exposure 

time. Black-dotted oval in the inset SEM for the sample annealed at 130 °C shows excess of PbI2 

agglomerated at a grain boundary. Scale bars in all inset SEM images are 250 nm. 
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Figure 6. (a) AFM topography (h) and the corresponding NSPM maps (I) for the sample annealed 

at 100 °C measured simultaneously: (b) at pristine condition, (c) after 400 min and (d) 800 min of 

light exposure. (e) AFM topography (h) and NSPM maps (I) are measured for the sample annealed 

at 130 °C with different time of light exposure: (f) pristine, (g) 400 min, and (h) 800 min. For both 

samples, NSPM maps are made on the same area. Inset: SEM image in (d) shows the same area 

where AFM scanning is made after aging the sample under 800 min of light illumination. Scale 

bars in all images including the inset SEM image are 500 nm. 


