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ABSTRACT: Spatial heterogeneities in the chemical makeup of
thin film photovoltaic devices are pivotal in determining device
efficiency. We report the in-plane spatial distribution and degree
of chlorine incorporation in organic—inorganic lead halide
perovskite absorbers by means of nondestructive synchrotron-
based nanoprobe X-ray fluorescence. The presence of chlorine is
positively identified in CH;NH;PbI; films synthesized with Cl-
containing precursors and as an impurity in some films
synthesized with nominally Cl-free precursors. The impurity
may be introduced from precursors or as contaminants during
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film synthesis. The films formed from Cl-containing precursors contain roughly an order of magnitude higher amount of
chlorine, with CLI values greater than 0.02 found whether Cl is present in either the organic or the inorganic precursor for both
one- and two-step fabrication processes. A spatial variation in the Cl incorporation is observed within single particles and as well
as between particles within a given film, and the standard deviation of the CLI ratio across the films is up to 30% of the average
value. Understanding and controlling the heterogeneous distribution of chlorine in hybrid perovskite layers may offer a path to

improve their photovoltaic performance.

B INTRODUCTION

The rapid development of solid-state organometal halide
perovskite solar cells has garnered significant attention to the
relationship between their hybrid chemistry and their excep-
tional optoelectronic properties' > that could enable wide-
ranging potential applicationsf‘_7 The power conversion
efficiency of perovskite solar cells has risen to above 22%
(independently certified) with extensive optimization of film
properties and device architectures.*”'* The performance of
this organic—inorganic halide cell is related to the optoelec-
tronic properties of the organic lead halide absorber layer, most
commonly CH;NH;PbX; (X = I and Br), and can be
influenced by chemical composition, film morphology, and
device architecture.”'*~"” Recent reports have shown that using
chloride containing salts or precursors (methylammonium
chloride, MAC], and/or PbCl,) can assist perovskite crystal
growth because chloride ions or the formation of PbCl,
nanocrystals (in a one-step deposition) can act as a nucleation
center' "'® due to size of Cl and PbCl, solubility. Additionally,
the presence of MACI can also enhance the adsorption of lead
iodide perovskite absorber on the TiO, substrate and produce
large oriented crystallite domains by allowing slow crystal
growth."®"”
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In perovskite solar cell synthesis, during the final annealing
step the majority of the chlorine sublimes, resulting in a low
degree of chlorine incorporation.”” A number of reports with
varying film preparations have failed to identify CI incorpo-
ration with X-ray photoelectron spectroscopy (XPS) or energy
dispersive X-ray spectroscopy (EDS),”'~*’ although bulk
incorporation of chlorine as CH;NH;Pbl; . Cl, with x < 0.4
has been shown by benchtop X-ray fluorescence, synchrotron-
based X-ray absorption spectroscopy, and photothermal
induced resonance (PTIR).””***° X-ray absorption near-
edge spectroscopy indicates that remnant Cl cannot be fully
explained by the chemical state of Cl found in MACI and PbCl,
precursors.”> More typically, chlorine incorporation has been
measured to be between 0.030 < x < 0.41 by XPS or EDS.”’

Minor element incorporation in semiconductor absorbers
typically leads to detrimental introduction of trap states in the
bandgap,”**” although at times it can be beneficial. For
example, Na incorporation has been shown to provide

beneficial passivation of grain boundaries in CIGS solar
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Table 1. Effect of Precursor and Deposition Method on Cl Incorporation of Perovskite Samples

precursors
precursors with Cl Pbl, + MACI:MAI (2:1, 2s)
Pbl, + MACLMAI (1:1, Is)
PbCl, + MAI (Is)
precursors without Cl Pbl, + MAI (Spray)
Pbl, + MAI (Is)

CL:I mass ratio

mean C,
0.062 (0.02) 0.29
0.030 (0.01) 0.33
0.027 (0.01) 0.32

0.0058 (0.002) 0.30
0.0013 (0.002) 12

cells,’ and H is used to passivate structural defects in silicon
solar cells.”’ Photoluminescence and EDS measurements have
tentatively correlated chlorine with improved electronic
performance, although its distribution in the film remains
poorly quantified.”

In this study, we use synchrotron-based nanoprobe X-ray
fluorescence (XRF) microscopy to measure the nanoscale in-
plane spatial distribution of chlorine in perovskite solar cells.
Nano-XRF is a nondestructive X-ray technique with large
penetration depth such that it can measure through film layers
with high elemental specificity and a ppm detection limit. By
mapping the elemental distribution in nominally methylammo-
nium lead iodide films with 100 nm spatial resolution, we find
that chlorine is incorporated heterogeneously across the film,
varying between individual particles. We quantify the variation
in local incorporation of chlorine among different fabrication
methods and find that it is largely independent of whether the
Cl containing precursor is the organic or the inorganic
component. All perovskite film stacks studied here are
fabricated under standard conditions except no hole-transport
layer is present.”” Such a structure has been shown to produce a
range of 10.8 to 12.8% efficiency’” > and allows a stronger
XREF response to be measured through a largely transparent Au
back contact without the intervening hole-transport layer. The
XRF nanoprobe provides insight into not only the local
chemical stoichiometry of organometal halide but also the
chemical distribution within this thin film system. The
nanoprobe fluorescence data reveal a microscopically hetero-
geneous distribution of chlorine and its manipulation by
perovskite precursor chemistry, opening new directions toward
understanding how the distribution can be harnessed to
optimize and stabilize hybrid perovskite solar cells.

B EXPERIMENTAL SECTION

Materials. Methylammonium iodide (MAI) was preIpared and
synthesized following a previously published method **® using
methylamine (MA, 40% in methanol, TCI) and hydriodic acid (HI,
57% in water, Sigma-Aldrich). Methylammonium chloride (MACI)
was obtained via the same synthesis route but with hydrochloric acid
(HCJ, 37% in water, Sigma-Aldrich). Typically, a 1.2:1 molar ratio of
methylamine and hydriodic acid were used to form MAI crystals and
1.7:1 molar ratio of methylamine and hydrochloric acid were used to
obtain MACI crystals. To study the mix-halide system, a mixture of
MACLE:MAI with a molar ratio of 1:2 was prepared in isopropanol.
Besides the organic halide crystals, Pbl, (powder, 99% Sigma-Aldrich)
and PbCl, (powder, 98% Sigma-Aldrich) were used as-received for
precursors.

Device Fabrication. A series of solar cell thin film stacks was
fabricated utilizing three different deposition methods: one-step (1s),°
two-step (2s),”” and spray deposition®® with various ratios of
methylammonium halide and inorganic precursors to produce
perovskite absorbers on a mesoporous and a dense layer of TiO,
substrate for both Is and 2s method, and planar TiO, for spray
deposition method (detailed compositions in Table 1). In the Is
method, perovskite solution (40 wt % in DMF) was deposited onto
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the mesoporous TiO, by spin-coating at 2000 rpm, followed by an
anneal at 90 °C for 30 min. For the 2s deposition method, Pbl, was
first spin-coated on mesoporous TiO, at 2000 rpm for 25 s, allowed to
stabilize for 3 min, then annealed at 70 °C for 30 min. Second, this
layer is dipped into methylammonium halide solution for 20s and then
annealed at 90 °C for 30 min to form the active perovskite absorber
layer. These spin velocity, annealing temperature and time, dipping
time, and precursor concentration parameters have been established as
optimal for the hole transport layer-free solar cell architecture used
here.’” Spray deposition used the same perovskite solution
concentration as the Is method but used DMF as the solvent. The
solution was sprayed using a Paasche H-SET airbrush onto a planar
TiO, substrate held at 80 °C. The deposited layer was then annealed
at 80 °C for 40 min. The 40 nm Au back contact layer was evaporated
over the perovskite layer under 5 X 107 Torr.

Table 1 details the samples that were investigated, the ratios of their
precursor chemistry, and their average chlorine incorporation as
measured by nano-XRF and described below. The samples are
grouped into two different categories, those with Cl-containing
precursors and those with nominally Cl-free precursors.

The spatial average of the CLI ratio, its standard deviation (in
parentheses), and its coefficient of variation c, (6/u) for each sample is
obtained by analyzing the CLl:I maps (see below).

An FEI Magellan UHR Scanning Electron Microscope (SEM) was
used to study the film morphology. Film stacks with chemistries
identical to those investigated by X-ray fluorescence were exposed at
5—10 keV at various magnifications.

Scanning electron microscopy reveals significant changes in grain
morphology dependent upon deposition method (Figure 1), in
agreement with previous demonstrations of the syntheses.”***
Smaller crystal domain regions are observed for both Is and 2s
deposition technique than spray deposition method. The film
thickness is around 300 nm when using Is and 2s deposition methods.

EY ‘One Step (1s)" S Two Step(2s)

Figure 1. SEM images of MAPbI, deposited via (a) one-step
deposition (Is, scale bar 5 ym) (b) two-step deposition (2s, scale bar §
um) (c) spray deposition (scale bar 10 ym) (d) A cross-section of a
spray-deposited sample on TiO, and the F:SnO, substrate (scale bar 1
um).
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Spray deposition, in particular, produces significantly larger grain sizes
including needle-like grains of up to about 30 ym?. In addition, the
grain boundaries are largely vertical reaching through the depth of the
film with film thickness around 1.0 ym for the spray film stack (Figure
1d).

Synchrotron-Based Characterization. The perovskite films
were studied by synchrotron-based nanoprobe X-ray fluorescence
(XRF) at beamline 26-ID-C of the Advanced Photon Source and
Center for Nanoscale Materials at Argonne National Laboratory to
characterize the elemental distribution in the materials. The Hard X-
ray Nanoprobe uses two collinear undulators and zone plate optics to
enable fluorescence analysis of major and minor elemental constituents
in a focused beam down to 30 nm fwhm.** The zone plates used in
this study achieved a 90 nm fwhm (see Figure S1 of the Supporting
Information, SI). The sub-100 nm beam, when stepped finely, can see
even smaller features (e.g, 30 nm features) but at a loss of fidelity
relative to optimum contrast. Figure 2a illustrates the experimental
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Figure 2. (a) Backside X-ray illumination and fluorescence detection
through the transparent Au layer is used to probe elemental
distributions in perovskite thin film stacks. A nanopositioning stage
moves the sample in front of the focused X-ray beam producing a X-
ray fluorescence map. (b) A typical single-point X-ray fluorescence
spectrum revealing that, in addition to detecting all major elements in
the film stack, Cl is positively identified (c) The normalized
fluorescence spectrum in the 2260—2900 eV range (shaded area of
(b)) containing the Cl Ka emission. Two samples are compared, one
with Cl-containing organic precursors that shows Cl is present and one
made with Cl-free precursors with no CI detected.

setup for the photon-in, photon-out XRF measurement. From the
XREF spectrum, we identify the elements in the film according to their
characteristic fluorescence energy. In the experimental setup used here,
the attenuation length is 11.5 pm in CH;NH;PbI; at the 10 keV
incident X-ray energy."’ Due to the large attenuation length, the
collected signal response is a result of fluorescence from the entire
thickness of the film.

Using the nanopositioning stages of the hard X-ray nanoprobe, we
rastered the focused X-ray beam over the sample with a step size as
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small as 25 nm to construct high-resolution maps of typically S X S
um?® with 1s dwell/pt. With the step size smaller than the X-ray beam’s
fwhm, the film stack is oversampled to ensure the spatial fidelity of the
signal response and avoid spatial aliasing effects. A fluorescence image
is constructed for elements of interest by combining the signal
response from the four-element energy dispersive detector, fitting the
elemental peak and removing contributions from the spectral
background.*” RF-8" X-ray fluorescence thin film reference materials
were used to quantify the XRF spectra, and the MAPS software** was
used to fit and deconvolute the elemental peaks in the fluorescence
data set, with particular attention paid to the fit in the low-energy
region where the Cl K, is found. The XRF maps were corrected to
account for the attenuation of the incident beam and exiting
fluorescence through the gold layer and the film under the assumption
of uniform thickness and homogeneous perovskite composition as a
function of depth (see SI section 1.4 for details).

B RESULTS AND DISCUSSION

A typical single-point XRF measurement is shown in Figure 2b
indicating the detection of Pb, I, and Cl in a Pbl,+MACI:MAI
film. Au from the semitransparent back contact, Ti from the
underlying mesoporous TiO, and blocking layer, and Sn from
the SnO,:F substrate are also detected (Figure 2a). Figure 2c
magnifies the shaded area indicated in Figure 2b. It compares
the PbI,+MACI:MAI sample, made with Cl-containing
precursors, to another sample made with Cl-free precursors
and positively identifies the presence of chlorine in the sample
made with Cl-containing precursors, indicated by the Cl Ka
emission at 2.62 keV. While readily identifiable, the signal
response of Cl Ka indicates that only trace amounts of chlorine
remain in the system.

The spatial distribution and chemical composition of the
perovskite films were found to be stable on the ~100 nm length
scale during the repetitive mapping of the focused 10 keV X-ray
beam with 4 X 10° photons/sec (Figure S3). Note that a stable
composition in the nano-XRF measurement does not
necessarily indicate electronic stability under the X-ray beam.
However, no systematic changes in the elemental distributions
are observed upon measuring the same area of sample three
times consecutively (~3 h under X-ray illumination).

Cl Incorporation is Tuned by Cl Content of
Precursors. We find that using chlorine-containing organic
or inorganic precursors results in a significant chlorine
incorporation into the hybrid perovskite films. No remnant
MACI or PbCl, is observable by benchtop X-ray diffraction in
any of these films (Figure S2). Trace chlorine impurities are
detected in some samples produced with nominally Cl-free
precursors. Five different organic and inorganic precursor
combinations and deposition methods are analyzed using
Nano-XRF and are shown in Figure 3. The XRF maps in Figure
3 are organized in descending order of average Cl:I mass ratio
measured in the samples. The first three samples, containing
the higher average Cl:I ratios, are the cells fabricated using
either the Cl-containing organic halide MACI (row 1 and row
2) or the Cl-containing precursor PbCl, (row 3). Row 1 shows
the XRF data for the Cl-containing film synthesized by the two-
step method with 2:1 MACL:MAL Row 2 shows the data for a
one-step film with 1:1 MACLI:MAL The two bottom rows show
the nominally Cl-free samples synthesized with Pbl, and MAI
with different depositing methods spray (row 4) and s (row
S). For a given sample, the Pb and I maps (Figure 3a and b, e
and f, i and j, m and n, and q and r) show similar spatial
elemental distribution. This covarying distribution of Pb and I
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Figure 3. Chemical heterogeneity within hybrid perovskite films: Lead,
iodine, and chlorine and Cl:I mass ratio X-ray fluorescence maps (1
pum scale bars). Maps are corrected to account for incident beam and
outgoing fluorescence attenuation through the multiple layers. XRF
images are arranged in descending order of average CL:I ratio response.
The quantitative Cl:I mass ratio, defined at each point as the measured
chlorine loading in ug/cm” over the iodine loading in ug/cm? CLI
ratio maps are scaled identically from 0.00 to 0.12 for all samples.

major components indicates the boundaries of the perovskite
particles (cf. Figures 1 and 3).

The CI elemental distribution depends strongly on the film
precursors. A normalized Cl XRF map and the quantitative Cl:I
ratio are shown for each sample to support detailed
comparisons between samples. All halide maps are scaled to
their individual maximum for comparison of the relative
distributions across samples in Figure 3. The quantitative data
without normalization are shown in Figure SS. The Cl spatial
distribution has a similar pattern as lead and iodine in the Cl-
containing precursor samples, but close comparison reveals the
Cl distribution is distinct. The CL:I ratio maps are all scaled
identically from 0 to 0.12 CL:I. The ratio maps not only provide
a local chemical halide composition ratio but show local
variations in chlorine incorporation relative to iodine. The
inhomogeneity of halide chemistry is clear in the ratio maps.

The Cl content of the resulting film can be directly
manipulated by the amount of Cl-containing precursor used
in the synthesis. When chlorine is intentionally present in the
precursors (rows 1—3), the sample’s Cl XRF image is bright
across the film, indicating local Cl content is high (Figure 3¢, g,
and k). The PbL,+MACI:MAI (2:1, 2s) sample has the highest
Cl-content in the precursors and subsequently the highest Cl:I
ratio and the largest amount of chlorine rich areas (row 1). The
CL:I ratio map for the PbL,+MACL:MAI (1:1, Is) reveals slightly
higher local CLI ratios than the PbCL,+MAI and a greater
variance as evidenced by larger contrast in the ratio map. Cl is
incorporated whether it is present in the organic or the
inorganic precursor.

An analysis of the area-averaged CL:I ratio and its standard
deviation for each precursor and deposition method demon-
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strates that the degree of chlorine incorporation is affected by
the amount of Cl introduced by precursors during perovskite
crystal formation (graphically presented in Figure 4, tabulated
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Figure 4. Effect of perovskite precursors on halide mass ratio. The
blue bars indicate the average Cl:I mass ratio for each sample, the error
bar shows the standard deviation, and the red dot is the coefficient of
variation within samples. This set of plotted data is also summarized in
Table 1.

in Table 1). This area-average elemental analysis is performed
only over regions where the perovskite film covers the
mesoporous and planar layer TiO, and substrate (Figure S4).
Figure 4 is categorized with films with Cl-containing precursors
on the left and those with nominally-Cl free precursors on the
right. When either PbCl, or MACI are used as precursors, the
final average CL:I ratio lies in the range of 0.027 < CLI < 0.062.
Several reports have indicated a typical Cl content of 1—4%"
in good agreement with the observation here of the highest
average CL:I ratio of 0.062 and its spatial standard deviation of
0.02 for the 2:1 MACLMAI sample. The other samples
produced with Cl-containing precursors, one with a 1:1 ratio of
MACI:MAI and the other using PbCl,, have relatively similar
CLI ratios of 0.030 + 0.01 and 0.027 + 0.01, roughly half that
of the sample prepared with 2:1 MACL:MAL

The high sensitivity of the nano-XRF instrument also allows
us to determine chlorine contamination in several nominally
Cl-free preparations, with CL:I in a range of 0.0012 to 0.0058.
This amount of chlorine incorporation may be due to process
or precursor contamination. Of note, no chlorine was
detectable in a number of similar measurements of
CH;NH,Pb]; films (not shown) made with two- and one-
step depositions with chlorine-free precursors.

In the nominally Cl-free precursor compositions where it is
above detection limits, Cl incorporation is sparse (Figure 30, s)
and the local CLI ratio small relative to the Cl-containing
precursor films (Figure 3¢, g, and k). Both CLI ratio maps of
the nominally Cl-free samples are almost black, especially
Figure 3t, implying the degree of chlorine incorporation is small
and highly localized where it does occur.

The nano-XRF data suggest that the degree of chlorine
incorporation is dominated by the chlorine content of the
precursors and that it is largely independent of whether
chlorine-containing precursor is organic or inorganic compo-
nent. While there may be some process dependence, for
example the CLI ratio in the 2s sample (Figure 3c) is slightly
narrower in distribution than the Is preparations (Figure 3g

DOI: 10.1021/acs.chemmater.6b02065
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and k), the CL:I ratio maps offer a clear indication that Cl is
generally incorporated in these films in a highly heterogeneous
distribution (see Figure SS for CLI ratio maps of each sample
with its own color scaling).

The coeflicient of variation c,, defined as the ratio of the
standard deviation over the sample mean (6/u), can be used to
compare the relative magnitude of the variation in CI:I ratio
between the deposition processes. In the one-step nominally
Clfree sample, the ¢, is highest at 1.2, attributable to the
presence of Cl only in a single particle within the measured
area. In all other samples, the ¢, fluctuates between 0.29 and
0.33 for the various organic and inorganic precursor and
deposition methods, indicating that the processes all lead to a
relatively large variation in CLI ratio across the sample. As
hybrid perovskite materials are scaled up to larger film areas,
the coefficient of variation in chemical composition determined
by the deposition process may serve as a predictive metric of
the batch variance in optoelectronic performance.

Cl Heterogeneity between Particles within a Single
Film. To study Cl heterogeneity among individual particles,
individual particles are identified from the iodine XRF maps
manually. For each particle, a point-by-point analysis of the
local Cl:I ratio within the particle is performed. Note that the
boundaries of the particles identified may encompass multi-
crystalline regions themselves. However, the particle boundaries
observed by nano-XRF correspond well to those observed in
the SEM (Figure. 1). The resulting distributions of CLI ratio
within the individual particles are displayed in Figure S for the
Pbl, + MACL: MAI (1:1, Is). In Figure S, each boxplot
represents the distribution of the halide ratio within an
individual particle in the sample, sorted in order of increasing
median CLI ratio. Each boxplot thus indicates the heterogeneity
of Cl distribution within a given particle, while the variation
between boxplots indicates the variation between the many
particles measured in the film. The median CLI ratio in the
particles within the single film varies by a factor of 2. In
addition, the wide distribution of CLI stoichiometry within
single particles shown in Figure S demonstrates that the overall
Cl heterogeneity in a sample is the consequence of
contributions from local CL:I ratio variations within individual
particles.

Cl Heterogeneity within Single Particles. The measured
variation in Cl:I ratio within single particles can be as large as
the variation across the film. Figure 6 details three particles
randomly selected and highlighted in Figure 3f. For each
particle an approximate particle boundary is determined from
the I XRF map and indicated across the I, Cl, and Cl:.I XRF
maps. In the Cl maps of Figure 6b, e, and h, the
inhomogeneous distribution of chlorine is revealed by readily
visible chlorine-poor and -rich areas. The median halide ratio of
the three regions are similar at 0.025, 0.024, and 0.030,
respectively, but the Cl:I ratio within each particle varies by a
factor of 4—6X and the corresponding CL:I histogram on the
right-hand side indicates the overall distribution of the halide
stoichiometry within the selected region. In particular, it is
interesting to note that CI rich regions are adjacent to the
crystal region where CLI ratio is low.

The nano-XRF data provide evidence of a chlorine
distribution that varies strongly within lead halide perovskite
thin film materials, both between particles and among single
particles. The overall Cl content detected here would
correspond to a range from 0 < x < 0.52 were it incorporated
in the perovskite lattice as CH;NH,Pbl; Cl,, amounts similar
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Figure S. Analysis of local CL:I mass ratio in individual particles. (a)
Particles identified by algorithmic detection are shown indexed in the I
map of the Cl-containing precursor sample Pbl, + MACl: MAI (1:1,
Is) with 1 pm scale bar. (b) Boxplots of the CLI distribution within
each indexed particle. The red line within each boxplot is the median
CLI ratio of the particle, and the box area represents the 25%—75%
percentiles of the data set. The red crosses of each boxplot indicate
what would typically be considered outliers (data beyond 2.76, where
o is the standard deviation of individual particles). The particle index is
listed on the abscissa. Among the particles analyzed, the median CLI
ratio varies by nearly a factor of 2. The range within a single particle
varies by more than a factor of 2.

to or greater than previous reports.”* The large degree
variation of Cl distribution in the film may be partially
contributed to by the presence of second phases, including
heterogeneously distributed PbCl, nanocrystal nucleation
centers,'® although none are not detected by benchtop XRD
(Figure S2). While the XRD results are negative, we cannot
completely rule out that some Cl remains as trace MACI or
PbCl, with the nanofluorescence data set.

In general, the concentration of Cl within perovskite thin
film layers decreases with extended annealing.””*® We note that
the annealing used in this study was found to be optimal for
HTL-free device performance,”* despite being shorter and
lower in temperature than that found optimal in other studies
for HTL-containing devices (100 °C, 45 min).*® However, the
MACI in the precursors here is also more dilute to start when
compared to previous study of remnant Cl incorporation.”
Recent X-ray absorption spectroscopy by Pool et al.*> also
suggests that as annealing progresses the chemical environment
of Cl takes on a more perovskite-like character. If the remnant
Cl is indeed on the perovskite lattice, then the varying
composition observed within single particles corroborates
significant flexibility in the bulk chemistry and high tolerance
in lattice strains.”” Similar variations in composition within the
same crystal structure have been found, for example, in the
quaternary photovoltaic absorber CIGS.**
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cl Cll

Figure 6. Three high-resolution images of regions of interest randomly
selected from the Cl-containing Pbl, + MACI:MAI (1:1, Is) sample.
The highlighted boundary indicates the approximate outline of a single
particle. The CL:I map visualizes the varying chemical distribution.
Within each boundary, the CLI ratio is computed with a summary
histogram shown next to the CL:I color bar. Scale bar is 100 nm.
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In optoelectronic materials and solar cells in particular,
heterogeneous elemental distributions often lead to defective
regions that are detrimental to performance, in part due to the
consequence of local V¢ fluctuations particularly in hetero-
junction or organic solar cells.” The effect of minor element
incorporation and segregation to crystalline lattice defects such
as grain boundaries depends strongly on the material system. A
heterogeneous distribution of sodium has been shown to be
beneficial and enhance efficiency of Cu(In,Ga)Se, photo-
voltaics when incorporated along the grain boundaries.”” Early
indications in lead halide perovskite materials from spatially
resolved photoluminescence measurements are that Cl may
have a positive optoelectronic effect,” beyond crystal growth
impacts. CI segregation to interfaces between the device layers
has also been demonstrated along the depth of the device by
synchrotron-based X-ray photoelectron spectroscopy studies®’
and implicated in enhanced interfacial charge transport.”

The in-plane distribution indicates that Cl-rich areas appear
adjacent to the boundary of some particles, perhaps indicating
spatial segregation (Figure 3i—], Figure 6). The heterogeneous
Cl incorporation observed here may lead to electrostatic effects
at grain boundaries, such as (1) wider bandgap MAPbCl,
blocking layers that prevent minority carriers from reaching
recombination sites at the grain boundary or perhaps (2)
enhancing performance by acting as current-collecting channels
as is the case of trace Cl in CdTe solar cells.”’ The nanoscale
variations in Cl content that are directly observed here
correspond to recent observation of local, nanoscale Vanatlons
in bandgap in CH;NH;Pbl; CI, films by Chae et al’® that
were attributed to the heterogeneity of a Cl-doped perovskite
phase. The spatial segregation of Cl seen may suggest a
preferential heterojunction band alignment forms at grain
boundaries, enhancing device performance by limiting
recombination. Similarly, scanning Kelvin-probe force micros-
copy has found potential differences across grain boundaries
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relative to the grain interior, possibly due to Pbl, phase
segregation at grain boundaries.””’ However, other Kelvin-
probe force microscopy studies of grain boundaries in
CH;NH,I,_,CL>* films reveal insignificant potential variation
across the bulk or at boundaries, suggesting that no depletion
region develops at these interfaces.

Using Cl-containing precursors has been shown to produce
longer bulk lifetimes” and faster charge transfer to carrier
transport layers.”” Instead of electrostatic impacts, it maybe be
that (3) the heterogeneous distribution of Cl may contribute to
chemical passivation of defect and interface states. Further work
is required to elucidate the CI content and distribution after
various annealings to deconvolute the optoelectronic role of Cl.

To the extent that Cl plays a role in improving electronic
quality, the high degree of in-plane spatial variation in Cl
incorporation in perovskite thin films evidenced here may be
partially responsible for the generally large variation seen in
final device performance® and may contribute to the difficulty
in scaling highly efficient devices to larger areas.”® The degree
of heterogeneity may be reduced by extended annealing, as
indicated in Cl-containing films*® and mixed bromide-iodide
lead perovskite film from Is deposition.”” Future work is
needed to obtain high resolution, large-area correlative
microscopy of the local electronic performance and remnant
Cl distribution in the bulk of grains and at their boundaries.
The distribution of chlorine may need to be controlled within
the bulk of the perovskite particles and also tailored at the
crystal boundaries and interfaces to produce robust, highly
functional devices with tight performance distributions.

B CONCLUSIONS

Synchrotron-based X-ray fluorescence nanoprobe microscopy
provides direct quantification of the degree of Cl incorporation
in lead halide perovskite materials, with demonstration of local
variations in CI content with 100 nm resolution. Cl is positively
identified within perovskite absorber materials synthesized by
two-step, one-step, and spray deposition methods. By varying
the amount of Cl in the perovskite precursors, the area-
averaged Cl incorporation can be altered by nearly a factor of 2
in methylammonium lead halide perovskite film stacks.
However, the Cl spatial distribution within a given film is
highly heterogeneous. Variation in Cl content within single
particles can approach the total variation measured in the film.
Cl-rich regions are observed along or adjacent to crystal grain
boundaries. Future work is required to determine Cl
distribution dependency on deposition technique, annealing
condition, and the resulting morphology. Control over the
chlorine distribution may provide a path to significant
performance and stability improvement by realizing uniform
lifetime and charge transfer benefits.
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