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Organic-inorganic perovskite materials have mobile charged point defects that migrate in response 

to voltage biasing and illumination, causing device performance variation over time. Further 

improvements in device stability and reliability require methods to visualize point defect migration, 

estimate ionic mobilities, and identify factors influencing their migration. In this work, we 

demonstrate a versatile method to track the migration of non-radiative point defects in-situ. We 
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used photoluminescence mapping of laterally biased perovskite films to track continuous changes in 

non-radiative recombination as charge-trapping defects migrate between the device electrodes. We 

developed a Monte Carlo framework of defect drift and diffusion that is consistent with 

experimental photoluminescence observations, which combined enabled us to estimate point defect 

mobilities in methylammonium lead iodide films. Furthermore, measurements performed on 

materials with varied grain sizes demonstrate that point defect mobility is 1500× faster at grain 

boundaries compared to bulk. These findings imply that grain morphology can be used to tune point 

defect mobility such that large-grained or single-crystal materials inhibit point defect migration. The 

methods used in this work can be applied to visualize and quantify the migration of charge-trapping 

point defects in a wide range of state-of-the-art perovskite materials targeted toward reduced ionic 

mobilities and superior device stability. 

 

1. Introduction 

Organic-inorganic perovskite solar cells (PSCs) have received significant interest in recent 

years due to their low cost, light weight, easy processability, and rapid rise in power conversion 

efficiency approaching that of modern silicon solar cells.[1,2] However, future commercialization and 

practical applications require addressing critical limitations posed by material degradation and 

inconsistent device performance. In particular, charged point defects in perovskite materials likely 

play a role in the electronic behavior of PSCs;[3] device stability under  moisture, oxygen, voltage 

biasing and illumination;[4–9] and the reliability of device performance under varied operating 

conditions.[10] 
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Although it has become increasingly accepted that charged point defects (or ions) migrate in 

perovskite materials under illumination or voltage biasing,[11–14] the nature of these mobile species in 

terms of their mobility, energy levels, and charge remains poorly understood. To address these 

questions, lateral device structures (in which both electrodes are on the same side of the perovskite 

film, spaced by hundreds of microns) (Figure 1a) have been used to successfully identify the 

existence of mobile ions[11] and track the effects of point defect migration in perovskite thin films via 

compositional changes, doping effects, and degradation.[15–17] However, most of these studies suffer 

from material degradation during the measurement and do not allow for continuous tracking of 

changes in-situ due to inherent characterization technique limitations.  

In this work, we develop an approach that enables direct, in-situ tracking of mobile non-

radiative point defects in PSC materials without degradation, from which their mobility and charge 

can be estimated. We then identify film properties correlated with increased (or decreased) point 

defect migration rates. The measurements are based on time-dependent photoluminescence (PL) 

mapping of polycrystalline films of varied morphology in a laterally biased geometry. We 

demonstrate that localized, time-dependent enhancement in PL intensity provides effective 

visualization of the removal of point defects under applied device biasing. In controlling for film 

degradation, we also reveal adverse effects of metal migration from the electrodes into PSC films 

and identify chromium as a suitable electrode material for the lateral biasing measurements. We 

further correlate the spatio-temporal evolution of PL intensity to defect charge and mobility through 

Monte Carlo drift-diffusion simulations of defect migration. Finally, we demonstrate the role of grain 

morphology in point defect migration by providing evidence for enhanced point defect mobility at 

grain boundaries.  
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2. Photoluminescence mapping of lateral devices 

2.1. Measurement set-up 

To study changes in radiative recombination under lateral voltage biasing, we developed a 

system for PL mapping with ~5 µm resolution over regions that are hundreds of microns in size 

(Figure 1). Methylammonium lead iodide (CH3NH3PbI3) films were deposited on lateral electrodes 

spaced by 150 – 250 µm (Figure 1a), with 12 V biasing across the electrodes (see Supporting 

Information and Figure S1 for details on sample fabrication). As shown in Figure 1b, samples were 

illuminated with a 450 nm light emitting diode (LED), focused to a spot size of ~275 µm using a 10 

microscope objective. The resulting luminescence and back-reflected light were then passed through 

a 600 nm long pass filter to isolate bandgap energy luminescence (~760 nm) and to remove any 

contribution from light reflection. The luminescence was then focused on the entrance slit of the 

spectrometer (set in the non-dispersive mode), followed by a charge coupled device, thus forming a 

PL image of the illuminated region. PL images were obtained using relatively short 1-10 s exposure 

time and are not expected to be impacted by the luminescence enhancement through light soaking 

effects observed at longer time scales.[9,18] Additionally, because only wavelengths longer than 600 

nm are collected, contributions from lead iodide (expected around 510-590 nm[19]) are eliminated 

before reaching the spectrometer, as confirmed by using the spectrometer in dispersive mode 

(Supporting Information, Figure S2). We note that the PL exposure time – which is already relatively 

short compared to the timescale of hours over which PL changes are measured – governs the 

temporal resolution of this approach and could be further reduced by increasing sensitivity of the PL 

detector. 
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In accordance with previous lateral device studies, we first used gold contacts to bias the 

perovskite films. When encapsulated with a thin layer of poly(methyl methacrylate) (PMMA), gold-

contacted samples initially showed an anomalous increase in luminescence between the biased 

electrodes that has not been previously reported for perovskite thin films (Figure 2a). This PL 

increase was also associated with increasingly inhomogeneous luminescence intensity across the 

biased region. The luminescence intensity quickly dropped with extended biasing, suggesting 

potential film degradation. Therefore, to understand the mechanism of the observed luminescence 

enhancement, it is critical to identify and control the sources of film degradation.  

2.2. Controlling for degradation 

To control for damage from external sources (e.g. moisture and oxygen) and eliminate 

potential degradation pathways, lateral biasing measurements were tested under a range of 

environmental conditions. We independently varied biasing atmosphere (ambient or nitrogen), 

electrode material (gold or chromium), and the use of PMMA encapsulation layer. As mentioned 

above, samples biased with gold contacts and sealed with PMMA showed PL enhancement, but with 

evidence of possible degradation (Figure 2a), likely due to migration of gold into the perovskite film. 

Indeed, gold has been shown to migrate through the electron transport layer of full PSC devices and 

into the perovskite layer under voltage biasing.[20] Since the degradation in organic-inorganic 

perovskite films has been shown to propagate from damaged regions,[6] damage from small amounts 

of gold migration could result in accelerated degradation across the entire film. Thus, to avoid the 

impact of metal migration on material quality and thin film PL, we used chromium electrodes which 

do not interact (diffuse)[20] with the perovskite films.  
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Figure 2b-c show that biasing of the lateral devices with chromium contacts in the absence 

of a PMMA capping layer, both in an inert environment or in ambient conditions, results in minimal 

to no PL enhancement (Figure 2b-c), likely due to the formation of extrinsic defects and degradation 

into PbI2.
[4] Starting at the positive electrode, non-encapsulated devices turned yellow under biasing, 

indicative of PbI2 formation. However, films coated with PMMA and biased using chromium 

electrodes did not show degradation, but instead demonstrated continuous increase in PL between 

the two electrodes over extended periods of voltage biasing (Figure 2c). Visual signs of degradation 

were not observed in these encapsulated, chromium electrode devices during the period of PL 

enhancement. This result is significant as most of previous studies on laterally biased perovskite thin 

films have used gold contacts and reported effects of degradation.[11,15,21] We identified chromium 

electrodes that, together with control of external sources of degradation, enable effective tracking 

of the spatio-temporal PL evolution across laterally biased perovskite films, as shown in Figure 2c.  

 

3. Results  

3.1. Spatio-temporal photoluminescence evolution 

The time evolution of PL between laterally biased electrodes can be clearly visualized by 

averaging the PL intensity along the length of the electrodes, indicated as the y-direction in Figure 2, 

at each time step  (Figure 3a-b). Normalization of these experimental results to non-biased control 

regions to account for variations in the excitation source is explained in the Supporting Information. 

In all samples, the PL enhancement begins at one or both electrodes and then advances across the 

film towards the opposite electrode. To explain the observed PL evolution under lateral biasing and 



 

  

 

This article is protected by copyright. All rights reserved. 

7 

 

its variation across different samples, we propose the following model based on migration of non-

radiative point defects. When perovskite films are biased at low voltages, charged point defects 

migrate according to the applied electric field and are eventually swept out of the region between 

the electrodes. The removal of point defects, which act as trap states, decreases non-radiative 

recombination locally and causes an increase in radiative recombination and PL intensity. Therefore, 

variations in PL evolution across samples can be attributed to differences in the presence and 

mobility of specific point defect species.  

3.2. Monte Carlo Simulations 

To test this hypothesis and estimate the mobility and charge of migrating point defects, we 

formulated a Monte Carlo framework incorporating both drift and diffusion of charged defects 

under the biasing conditions used in this study. The resulting distribution of defects over time under 

voltage biasing was compared to the experimentally measured PL evolution by correlating decreased 

defect concentrations with increased luminescence intensity.  

The Monte Carlo simulations were constructed in Python and initialized with a one-

dimensional model sample (analogous to the experimental results in Figure 3a-b) having a random 

distribution of point defects along its length. The movement of defects under voltage biasing was 

then implemented by updating the position of each defect along the sample at one hour time steps. 

Individual defect movement was calculated as the sum of defect diffusion and drift over the one 

hour time interval. The length and direction of diffusion steps were randomly selected for each 

defect from a Gaussian distribution centered at zero with a standard deviation of √   , where   is 
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the defect diffusivity calculated from the defect mobility. The length and direction of drift steps were 

given as: 

    
       

 
  (1) 

where   is the defect mobility in units of (           ) and was used as the fitting parameter to 

match the experimental data. V is the applied voltage (12 V),   is the time corresponding to each 

update step (1 h),   is the sign of the charge of the migrating defect (±1), and   is the electrode 

spacing. Electrode spacing (and therefore position) was based on the experimental values, and drift 

steps were only applied to defects with positions between the electrodes. Videos showing the 

simulated evolution of defect distributions over time are available online as part of the Supporting 

Information.  

Although the general PL behavior among different samples can vary, the majority of samples 

exhibited experimental PL characteristics similar to those shown in Figure 3a. In these samples, PL 

intensity begins to increase at the negative electrode, and then continues across the sample towards 

the positive electrode. This simple evolution in PL can be qualitatively described using the Monte 

Carlo simulations with only one negatively charged defect. For the sample shown in Figure 3a, 

Monte Carlo simulations using mobility of 2.5 × 10-11 cm2V-1s-1 most closely match the experimental 

PL results (Figure 3c). The accuracy of this estimated mobility can be evaluated self-consistently by 

comparing simulation results for other mobility values, as shown in Supporting Information Figure 

S4; we find that qualitatively comparing the simulation and experimental results gives a mobility 

value robust within a factor of two.   
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In contrast to the commonly observed one-defect results shown in Figure 3a,c, the  

evolution of PL intensity was significantly more complex in a limited number of samples and could 

not be modeled effectively with only one defect species, suggesting the presence of several different 

mobile defect species. The origin of these additional defect species is under investigation but may be 

related to subtle differences in the precursor material quality or processing environment.  Figure 3b 

shows one such sample that required at least four non-radiative mobile defects, two positively 

charged and two negatively charged with mobilities ranging from 10-10 to 10-11 cm2V-1s-1, to model 

the observed PL evolution (See Supporting Information S3 for full PL maps and corresponding 

variation in PL intensity in non-biased regions).  Given the increased number of variables used to 

simulate multiple defects in these films, electrodes with two different spacings were measured and 

mobilities and defect concentrations were selected to match both sets of PL data. The mobility and 

relative concentration of these four defects were estimated by iterating the modeling parameters to 

match the experimental results, as shown in Supporting Information, Figure S5. For comparison, in 

Supporting Information, Figure S5, we also show the results for a device that required three defect 

species for successful description.  

3.3. Grain boundary effects 

The estimated mobilities obtained by the Monte Carlo simulations are in agreement with 

theoretical and experimental reports of charged point defect mobilities in the range between 10-9 

and 10-11 cm2 V-1s-1.[12,22–26] It has previously been reported that defect mobilities may be enhanced at 

grain boundaries,[3,27,28] which could potentially explain the wide range of reported point defect 

mobilities. Therefore, to assess the role of varied grain morphology on the defect mobilities, we next 
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engineered films with different grain sizes, measured their PL evolution, and included grain 

boundary parameters in the Monte Carlo simulations. 

Grain size control was achieved through annealing conditions, with thermal annealing 

generating small grains (~125 nm diameter) and solvent annealing (annealing with small amount of 

dimethylformamide vapor) generating larger grains (~255 nm diameter) (Figure 4a,b).[29] Next, the 

same set of PL measurements as discussed above were performed in laterally-biased geometries on 

samples of different grain sizes. As shown in Figure 4c,d, the rate of PL evolution was higher for 

samples with smaller grains than for those with larger grains, suggesting faster point defect 

migration in small-grain samples.  To verify whether the observed difference is consistent with the 

hypothesis of point defect migration facilitated by grain boundaries, we created a two-dimensional 

Monte Carlo framework analogous to the one-dimensional framework discussed above. In this case, 

one-dimensional grain boundaries were randomly placed in the two-dimensional sample (Supporting 

Information Figure S6). The migration of defects was then defined by three mobilities: in-grain 

mobility, mobility along a grain boundary, and mobility perpendicular to grain boundaries (capturing 

effects related to defects “escaping” grain boundaries), with the first applicable to defects outside 

grain boundaries and the last two applicable to defects inside a grain boundary. Given the higher 

computational complexity of these simulations, we considered only samples exhibiting PL evolution 

characteristic of one mobile defect type (negatively charged defect with in-grain mobility of 1.4 × 10-

12 cm2V-1s-1, optimized to fit the experimental results for both grain sizes). Additionally, the amount 

of time represented by each update step was reduced to 5 min to account for the smaller length 

scales relevant when considering grain boundary effects.  
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We observe that grain size can significantly impact the reported defect mobilities in laterally 

biased samples. Fitting our simulations (Figure 4e,f) to the experimental data (Figure 4b,c) required 

mobilities 1500× faster at grain boundaries, and 100× slower perpendicular to grain boundaries, 

when compared with in-grain mobilities. This degree of mobility enhancement is not 

unprecedented; for example, oxygen diffusivity has been found to be 3-4 orders of magnitude 

greater at grain boundaries than in grains in Y-doped ZrO2.
[30] Comparison of these results to our 

one-dimensional simulations, which reveal the weighted average defect mobility (accounting 

collectively for the three mobilities defined above), suggests that for samples with small grains (~125 

nm), the presence of grain boundaries increases the observed (average) defect mobility by one order 

of magnitude over the in-grain mobility. 

4. Discussion 

The identity of the defect species observed in this work is under investigation, but these 

results suggest that there are at least four possible mobile defect species that can serve as non-

radiative recombination centers. Although the majority of defects with low formation energies are 

expected to have shallow energy levels, theoretical calculations suggest that positively charged IMA 

and IPb antisite defects and negatively charged lead interstitials and PbI antisite defects are expected 

to have mid-gap energy levels and therefore may act as trap states.[31] Additionally, it is suspected 

that iodide vacancies or interstitials, and PbMA antisites at the surface of perovskite films may have 

deep energy levels, depending on the surface termination.[32] Although defect types and 

concentrations are expected to be highly dependent on synthesis conditions, iodide vacancies and 

interstitials are predicted to have relatively low formation energies. Therefore, iodide interstitials are 

most likely to account for the negative defect species observed in all samples discussed in this 
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work.[31,33] Finally,  it remains possible that external defects, introduced by contamination of 

precursor materials or interaction with moisture or oxygen in the air, may act as trap states.[4,34]  

The processing methods used to control grain size could cause additional differences in these 

films, such as differences in the concentration of various point defect species. Samples with a higher 

density of grain boundaries are also likely to have a higher density of trap states, illustrated in the 

extreme case by the low trap state densities reported for single crystals.[35] However, most 

measurements of trap state densities are unable to differentiate between grain boundary effects 

and in-grain defect concentrations. Future research should therefore aim at understanding the 

effect of in-grain defect concentrations as well as grain boundary disorder on differences in defect 

mobility for samples of varied morphology.  

 Regardless of the exact point defect species and concentrations responsible for the PL 

evolution in perovskite films, these results indicate that it is critical to take into account grain 

morphology when studying the mobility of defects in organic-inorganic perovskite materials. 

Additionally, the dependence of point defect mobility on grain morphology may help explain the 

decrease in observed hysteresis for high performance perovskite films, which are made of large 

grains and therefore have minimal grain boundaries.[36–38] Finally, hysteresis reduction with grain 

boundary passivation may be related to a decrease in mobility of defects at passivated grain 

boundaries.[39]  

4. Conclusion  

In conclusion, we have developed an approach for direct tracking of non-radiative point 

defect migration in organic-inorganic perovskite materials that is based on direct correlation 
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between PL intensity measurements in laterally-biased devices and Monte Carlo simulations. We 

first identified critical parameters for preventing degradation during the measurement, 

demonstrating the importance of Cr contacts and PMMA encapsulation. We then correlated PL time 

evolution between the electrodes with expected changes in defect distribution under voltage biasing 

using a drift-diffusion Monte Carlo framework. Finally, we demonstrate a 1500 enhancement in 

point defect mobility in grain boundaries, indicating that understanding the effects of grain size is 

critical in comparing mobility measurements across varied perovskite films. 

The samples used in this study were based on the simplest organic-inorganic perovskite 

material, methylammonium lead iodide, but these methods can be applied to understanding the 

role of native point defects in non-radiative recombination for more complicated, state-of-the-art 

perovskite materials based on multiple cation and anion species. These methods can also be used to 

further assess the importance of point defects to the radiative quality of perovskite thin films, which 

is critical to the advancement of perovskite materials for a variety of applications including light 

emitting diodes,[40] solar cells,[41] and lasers.[42] The simple and inexpensive technique presented here 

has the potential to facilitate high throughput evaluation of novel film morphologies, compositions, 

and passivation techniques in the continued development of novel perovskite materials.  

 

Supporting Information 
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Figure 1. Schematic of (a) the laterally biased sample configuration used for PL mapping 

experiments. Metal contacts were deposited under the perovskite film and 12 V bias was applied 

over a distance of 150-250 nm. (b) Photoluminescence mapping set-up using a 450 nm LED source 

focused on the sample, with luminescence isolated by a long pass filter and collected by a 

spectrometer/CCD system. 
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Figure 2. PL maps of laterally biased perovskite films under varied conditions. Images are normalized 

based by the luminescence intensity of unbiased regions of the same film. Schematics show the 

contacts (gold or chromium) and whether or not the sample was encapsulated with PMMA, as 

described in the key. (a) Films biased with gold contacts and encapsulated with PMMA. (b) Films 

biased with chromium contacts and exposed to inert or ambient conditions during biasing with no 

encapsulation. (c) Films biased with chromium contacts and encapsulated with PMMA. For all films, 

the negative electrode was on the left and the positive electrode was on the right. The axis shown in 

the bottom left image indicates the x and y directions referred to in the text.  
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Figure 3. Average PL intensity across electrodes of laterally biased perovskite films measured at 

various time points during biasing, and corresponding Monte Carlo simulations. (a) Typical PL 

evolution (normalized by non-biased regions as explained in the Supporting Information). (b) 

Atypical PL evolution showing PL enhancement at both the positive and negative electrodes. (c) 

Monte Carlo simulation of defect distribution over time with one negative mobile defect with 

mobility of 5.6×10-11 cm2V-1s-1. (d) Monte Carlo simulation of defect distribution over time with four 

mobile defects, two positive and two negative with mobilities between 10-10 and 10-11 cm2V-1s-1. In all 

cases, the negative electrode is on the left and the positive electrode is on the right and approximate 

electrodes positions are indicated by the light grey regions. 
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Figure 4. Dependence of PL evolution on grain size. (a,b) SEM images of perovskite films formed by 

(a) thermal annealing and (b) solvent annealing. (c,d) Experimental evolution of photoluminescence 

(averaged down the y-axis indicated in Figure 2) under voltage biasing for films shown in (a) and (b) 

respectively. (e,f) Simulated change in defect concentration between electrodes under voltage 

biasing using 2D simulations with grain sizes matching (a) and (b) respectively. In all cases, the 

positive electrode is on the left and the negative electrode is on the right. 

 

 

Photoluminescence mapping of lateral organic-inorganic perovskite devices allows for direct 

tracking of mobile defects. By tracking the evolution of photoluminescence intensity increase across 

laterally biased organic-inorganic perovskite films, the mobility and charge of non-radiative point 

defects are uncovered. These methods are then used to demonstrate the degree to which grain 

boundaries facilitate point defect migration.  
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