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

to voltage @ d illumination, causing device performance variation over time. Further

improvemen vice stability and reliability require methods to visualize point defect migration,

ilities, and identify factors influencing their migration. In this work, we

o
)
3
s)
2

atile method to track the migration of non-radiative point defects in-situ. We

U
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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

experimen inescence observations, which combined enabled us to estimate point defect

developed! E:nte Carlo framework of defect drift and diffusion that is consistent with
mobilitigs W methylammonium lead iodide films. Furthermore, measurements performed on
materials with vagied grain sizes demonstrate that point defect mobility is 1500x faster at grain

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

defect mohility#sudh that large-grained or single-crystal materials inhibit point defect migration. The

methods u;s work can be applied to visualize and quantify the migration of charge-trapping

point defe ide range of state-of-the-art perovskite materials targeted toward reduced ionic

mobilities dhd superior device stability.

rganic 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 hing that of modern silicon solar cells.™*” However, future commercialization and

practical aj @ s require addressing critical limitations posed by material degradation and

inconsisicegperformance. In particular, charged point defects in perovskite materials likely
playar ctronic behavior of PSCs;"*! device stability under moisture, oxygen, voltage
biasing an illumination;'* and the reliability of device performance under varied operating

{
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v
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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,™ "

the nature of these mobile species in
terms oMity, energy levels, and charge remains poorly understood. To address these
questions, @e structures (in which both electrodes are on the same side of the perovskite
film, spa‘ce@dreds of microns) (Figure 1a) have been used to successfully identify the
existence of gmohile ions™*" and track the effects of point defect migration in perovskite thin films via
compositioages, doping effects, and degradation.™ ") However, most of these studies suffer

from matefilal @egr@dation during the measurement and do not allow for continuous tracking of

changes in:to inherent characterization technique limitations.

In thi , we develop an approach that enables direct, in-situ tracking of mobile non-
radiative p cts in PSC materials without degradation, from which their mobility and charge
can be estie then identify film properties correlated with increased (or decreased) point
defect rpigrati es. The measurements are based on time-dependent photoluminescence (PL)

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

demonstrate that localized, time-dependent enhancement in PL intensity provides effective
visualizati1 of the removal of point defects under applied device biasing. In controlling for film
degradatio o reveal adverse effects of metal migration from the electrodes into PSC films
and identif ium as a suitable electrode material for the lateral biasing measurements. We
further coslate the spatio-temporal evolution of PL intensity to defect charge and mobility through

Monte Mffusion simulations of defect migration. Finally, we demonstrate the role of grain

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

grain boundaries:

This article is protected by copyright. All rights reserved.
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2. Photoluminescence mapping of lateral devices

2.1, Measaemen'et-up

anges in radiative recombination under lateral voltage biasing, we developed a

—
[e]

system fior Rimmapging with ~5 um resolution over regions that are hundreds of microns in size
(Figure 1). h‘nmonium lead iodide (CHsNH;Pbl;) films were deposited on lateral electrodes

spaced by 850 — 230 um (Figure 1a), with 12 V biasing across the electrodes (see Supporting

C

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

S

illuminate 50 nm light emitting diode (LED), focused to a spot size of ~275 um using a 10x

&E

microscop e. The resulting luminescence and back-reflected light were then passed through

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

f

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

spectrome the non-dispersive mode), followed by a charge coupled device, thus forming a

a

PLima e illuminated region. PL images were obtained using relatively short 1-10 s exposure

time an ot expected to be impacted by the luminescence enhancement through light soaking

M

effects observed at longer time scales.”*® Additionally, because only wavelengths longer than 600
nm are col ntributions from lead iodide (expected around 510-590 nm[lgl) are eliminated

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

or

(Supportin tion, Figure S2). We note that the PL exposure time — which is already relatively

n

short c he timescale of hours over which PL changes are measured — governs the

t

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

detector.

U

A
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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-

t

P

contacted es initially showed an anomalous increase in luminescence between the biased
electrodes 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 fi dation. Therefore, to understand the mechanism of the observed luminescence

enhancementfit isjgritical to identify and control the sources of film degradation.

S

2.2. Controlling foldegradation

Gl

Tof€ontrol for damage from external sources (e.g. moisture and oxygen) and eliminate

N

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

a

environmeRgal itions. We independently varied biasing atmosphere (ambient or nitrogen),
electro erial (gold or chromium), and the use of PMMA encapsulation layer. As mentioned

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

M

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

Indeed, gohen shown to migrate through the electron transport layer of full PSC devices and

perovskite fi

into the pe ayer under voltage biasing.”? Since the degradation in organic-inorganic

been shown to propagate from damaged regions,'® damage from small amounts
of gold uld result in accelerated degradation across the entire film. Thus, to avoid the
impact (Mamigration on material quality and thin film PL, we used chromium electrodes which

do not interact (diffuse)® with the perovskite films.

This article is protected by copyright. All rights reserved.
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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

t

P

to no PL enhancement (Figure 2b-c), likely due to the formation of extrinsic defects and degradation
into Pbl,." he positive electrode, non-encapsulated devices turned yellow under biasing,

indicativ-e , formation. However, films coated with PMMA and biased using chromium

[]

electrodes n@t show degradation, but instead demonstrated continuous increase in PL between

G

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

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

$

enhancem result is significant as most of previous studies on laterally biased perovskite thin

films have

U

d contacts and reported effects of degradation.™**?" we identified chromium

electrodesthat, together with control of external sources of degradation, enable effective tracking

)

of the spatj ral PL evolution across laterally biased perovskite films, as shown in Figure 2c.

d

3. Resu

M

3.1. Spatiogtemporal photoluminescence evolution

§

Th olution of PL between laterally biased electrodes can be clearly visualized by

0O

averaging th ntensity along the length of the electrodes, indicated as the y-direction in Figure 2,

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

h

L

regions or variations in the excitation source is explained in the Supporting Information.

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

Ul

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

I
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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

t

P

migrate acCor to the applied electric field and are eventually swept out of the region between
the electro oval of point defects, which act as trap states, decreases non-radiative

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

[4

variations inPL lution across samples can be attributed to differences in the presence and

G

mobility of point defect species.

5

3.2. Mont mulations

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

U

formulate onte Carlo framework incorporating both drift and diffusion of charged defects

N

under the biasin nditions used in this study. The resulting distribution of defects over time under

a

voltage bia compared to the experimentally measured PL evolution by correlating decreased

defect rations with increased luminescence intensity.

M

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

O

then imple y updating the position of each defect along the sample at one hour time steps.

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

n

hour time igtervalglhe length and direction of diffusion steps were randomly selected for each

{

defect fro ian distribution centered at zero with a standard deviation of v2Dt, where D is

U

A
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the defect diffusivity calculated from the defect mobility. The length and direction of drift steps were

given as:

>
|

=

*
aly
~

*

_Q

e

where pﬂs t mobility in units of (cm?V ~1sec™1) and was used as the fitting parameter to

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

Cl

update ste is the sign of the charge of the migrating defect (+1), and d is the electrode

spacing. El@ctr@de Spacing (and therefore position) was based on the experimental values, and drift

S

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

U

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

Informatio

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

C
(O

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

intensity begin ncrease 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 simuSions with only one negatively charged defect. For the sample shown in Figure 33,

Monte CarDtions using mobility of 2.5 x 10" cm?V's most closely match the experimental

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

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

S4; we fWIitatively comparing the simulation and experimental results gives a mobility

value robusE W|5a 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 Mectively with only one defect species, suggesting the presence of several different
mobile de The origin of these additional defect species is under investigation but may be
related E) immrences 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 aanatively charged with mobilities ranging from 10™°to 10™ cm?V''s, to model
the observwmtion (See Supporting Information S3 for full PL maps and corresponding
variation i sity in non-biased regions). Given the increased number of variables used to
simulate r;efects in these films, electrodes with two different spacings were measured and
mobilities Sd defect concentrations were selected to match both sets of PL data. The mobility and
relative co n of these four defects were estimated by iterating the modeling parameters to

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

Supporting ation, Figure S5, we also show the results for a device that required three defect
species ul description.

3.3. Grain Sundary effects
Thed mobilities obtained by the Monte Carlo simulations are in agreement with

theoretrrimental reports of charged point defect mobilities in the range between 10°
and 10° ghsitd'>>2%% |t has previously been reported that defect mobilities may be enhanced at
,27,28]

grain boun@aries, which could potentially explain the wide range of reported point defect

mobilities. TherefSe, 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.

Gr ontrol was achieved through annealing conditions, with thermal annealing
generating (~125 nm diameter) and solvent annealing (annealing with small amount of
I I

dimethylfosamide vapor) generating larger grains (~255 nm diameter) (Figure 4a,b).”® Next, the

same set 0 measurements as discussed above were performed in laterally-biased geometries on

G

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

S

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

migration in smallgrain samples. To verify whether the observed difference is consistent with the

ul

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

1

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

one-dimen§io in boundaries were randomly placed in the two-dimensional sample (Supporting

€0

Inform 6). The migration of defects was then defined by three mobilities: in-grain

mobility, mobili ong a grain boundary, and mobility perpendicular to grain boundaries (capturing

effects relate efects “escaping” grain boundaries), with the first applicable to defects outside
grain bounSries and the last two applicable to defects inside a grain boundary. Given the higher
computati plexity of these simulations, we considered only samples exhibiting PL evolution
characterist e mobile defect type (negatively charged defect with in-grain mobility of 1.4 x 10°

12 cmZV’ls'lgptimized to fit the experimental results for both grain sizes). Additionally, the amount

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

scales relevant win 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
mobilitit#m‘aster at grain boundaries, and 100x slower perpendicular to grain boundaries,
when com in-grain mobilities. This degree of mobility enhancement is not
unprece%em!e;or example, oxygen diffusivity has been found to be 3-4 orders of magnitude

greater at grain Boundaries than in grains in Y-doped 2r0,.B” Comparison of these results to our

C

one-dimen ulations, which reveal the weighted average defect mobility (accounting

collectivelylifogithefthree mobilities defined above), suggests that for samples with small grains (~125

S

nm), the p f grain boundaries increases the observed (average) defect mobility by one order

U

of magnitu the in-grain mobility.

4. Discussi

dall

Th

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

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

radiativ ination centers. Although the majority of defects with low formation energies are

M

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

[

and lpp, anti cts and negatively charged lead interstitials and Pb, antisite defects are expected

to have mi orgy levels and therefore may act as trap states." Additionally, it is suspected

that iodide ies or interstitials, and Pby, antisites at the surface of perovskite films may have

n

deep e depending on the surface termination.®” Although defect types and

|

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

J

interstitials are pra@licted to have relatively low formation energies. Therefore, iodide interstitials are

most likel unt for the negative defect species observed in all samples discussed in this

A
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work.2*¥ 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.!?

{

The pr methods used to control grain size could cause additional differences in these
films, such es in the concentration of various point defect species. Samples with a higher
I I

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

extreme e byWthe low trap state densities reported for single crystals.?® However, most

5G

measurements of trap state densities are unable to differentiate between grain boundary effects
and in-gra fglt 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

b

mobility for, of varied morphology.

N

Regard| f the exact point defect species and concentrations responsible for the PL

evolution i ite films, these results indicate that it is critical to take into account grain

a

morph en studying the mobility of defects in organic-inorganic perovskite materials.

Additio e dependence of point defect mobility on grain morphology may help explain the

M

decrease in observed hysteresis for high performance perovskite films, which are made of large
grains andb have minimal grain boundaries.®*® Finally, hysteresis reduction with grain

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

[39]

boundaries

4, Conclusi'n '

In conclusi@n, we have developed an approach for direct tracking of non-radiative point

Ul

defect migrationgmlorganic-inorganic perovskite materials that is based on direct correlation

This article is protected by copyright. All rights reserved.
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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 electrodes with expected changes in defect distribution under voltage biasing

Ot

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

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

CI]

critical in ¢ g mobility measurements across varied perovskite films.

Th s used in this study were based on the simplest organic-inorganic perovskite

S

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

U

role of nati iigdefects in non-radiative recombination for more complicated, state-of-the-art

[

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

further assgss portance of point defects to the radiative quality of perovskite thin films, which

a

is critic ncement of perovskite materials for a variety of applications including light

[41]

emitting diod olar cells,”*” and lasers."” The simple and inexpensive technique presented here

M

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

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

[

O
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h
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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
focusedeple, with luminescence isolated by a long pass filter and collected by a

spectromemem.
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Figure 2. PUf laterally biased perovskite films under varied conditions. Images are normalized

based by t scence intensity of unbiased regions of the same film. Schematics show the
contacts (g@ld or chromium) and whether or not the sample was encapsulated with PMMA, as
describ . (a) Films biased with gold contacts and encapsulated with PMMA. (b) Films
biased m contacts and exposed to inert or ambient conditions during biasing with no
encapsulati ilms biased with chromium contacts and encapsulated with PMMA. For all films,

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

the bottom le |mige 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 tirLs’ during biasing, and corresponding Monte Carlo simulations. (a) Typical PL
evolution (a

Atypical Pl @

Monte Carld lation of defect distribution over time with one negative mobile defect with

mobilitym1 cm?®V''s™. (d) Monte Carlo simulation of defect distribution over time with four

mobile positive and two negative with mobilities between 10° and 10™ cm?V''s™. In all
cases, the ativegelectrode is on the left and the positive electrode is on the right and approximate
electrodes!ositions are indicated by the light grey regions.
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jzed by non-biased regions as explained in the Supporting Information). (b)

bn showing PL enhancement at both the positive and negative electrodes. (c)
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Figure ce of PL evolution on grain size. (a,b) SEM images of perovskite films formed by
(a) therma ing and (b) solvent annealing. (c,d) Experimental evolution of photoluminescence
(averaged e y-axis indicated in Figure 2) under voltage biasing for films shown in (a) and (b)
respect M@ MSimulated 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 eld@trode is on the left and the negative electrode is on the right.
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Photolumifiescence mapping of lateral organic-inorganic perovskite devices allows for direct
trackin ilesdefects. By tracking the evolution of photoluminescence intensity increase across
laterally. nic-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 facilitage point defect migration.
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