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The Relationship between Chemical Flexibility and 
Nanoscale Charge Collection in Hybrid Halide Perovskites
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Hybrid organometal halide perovskites are known for their excellent opto-
electronic functionality as well as their wide-ranging chemical flexibility. 
The composition of hybrid perovskite devices has trended toward increasing 
complexity as fine-tuned properties are pursued, including multielement 
mixing on the constituents A and B and halide sites. However, this tunability 
presents potential challenges for charge extraction in functional devices. Poor 
consistency and repeatability between devices may arise due to variations in 
composition and microstructure. Within a single device, spatial heterogeneity 
in composition and phase segregation may limit the device from achieving 
its performance potential. This review details how the nanoscale elemental 
distribution and charge collection in hybrid perovskite materials evolve as 
chemical complexity increases, highlighting recent results using nondestruc-
tive operando synchrotron-based X-ray nanoprobe techniques. The results 
reveal a strong link between local chemistry and charge collection that must 
be controlled to develop robust, high-performance hybrid perovskite materials 
for optoelectronic devices.
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applications including solar cells,[1,2] light-
emitting diodes,[3] lasers,[4] and photo
detectors.[5] The exceptional minority 
carrier diffusion lengths in these mate-
rials[6,7] lead to nearly 100% internal 
quantum efficiency[8] which results in 
high charge-carrier collection efficiency 
and high external luminescence efficiency 
in electron–photon conversion devices.[9] 
Particularly in the field of photovoltaics 
(PV), their extraordinary material proper-
ties[10–12] have enabled perovskite solar 
absorbers to achieve large improvements 
in device performance in the past 8 years. 
The perovskite crystal structure is shown 
in Figure 1a, where the A-site is CH3NH3

+ 
(MA, methylammonium), the B-site is 
Pb2+, and the X-site is I− following the gen-
eral perovskite formula ABX3. After dem-
onstration of a device with 3.8% power 
conversion efficiency (PCE) by Miyasaka 
and co-workers in a dye-sensitized solar 

cell architecture using CH3NH3PbI3,[13] a breakthrough in 
perovskite photovoltaics occurred in 2012 when the first all-
solid-state hybrid perovskite devices were shown by Kim et al.,[14] 
improving the chemical stability of the perovskite and enabling 
device performance to exceed beyond 9% using CH3NH3PbI3 
perovskites. With intense investigation of perovskite material 
properties from research groups all over the world, including 
bandgap engineering by halide mixing[15,16] and device optimi-
zation using A-site mixing,[9,17] the record PCE of hybrid perov-
skite solar cells reached 22.7% in 2017 after achieving 22.1% 
PCE in 2015[18] using a mixture of formamidinium lead iodide 
(CH(NH2)2PbI3) with 5% loading of methylammonium lead 
bromide (CH3NH3PbBr3) chemistry.[19,20] Surpassing 22% PCE 
by leveraging the chemical flexibility of the perovskite structure 
brought hybrid perovskite solar cells on par in efficiency with 
most polycrystalline solar absorbers to date, exceeded only by 
single-crystal silicon and III–V technologies.

To fully exploit the hybrid perovskites for optoelectronic 
applications, robust functional thin films must be reproduc-
ibly realized. Their electronic and chemical instability due to 
anomalous electronic hysteresis,[21] rapid decomposition under 
exposure to thermal heat,[22] UV or visible light,[23] and mois-
ture[24] present a critical challenge to the application of hybrid 
perovskites for optoelectronics.[25–27] The chemical flexibility of 
the perovskite once again holds promise to address these issues 
through substitution and control over the dimensionality of the 
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1. Introduction

Hybrid organic–inorganic perovskite materials have attracted 
increasing attention in the field of optoelectronic materials in 
the past decade due to their great potential in a wide range of 
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perovskite[28] as it did for raising the performance of perovskite 
absorbers.

However, the chemical flexibility can also lead to new chal-
lenges. For example, the rapid progress in functional per-
formance in mixed Br and I perovskites also revealed a new 
mechanism of instability under illumination,[23] which required 
stabilization by the further addition of inorganic A-site cat-
ions.[17] Of course, each of these chemical changes impacts the 
optoelectronic properties of hybrid perovskite devices as well. 
It is crucial to establish a foundational understanding of the 
perovskite film chemistry in final devices, how it varies in the 
three dimensions of the film, and how these variations relate 
to charge collection and mechanisms that may cause short 
operating lifetimes in hybrid perovskite devices. Because of the 
sub-micrometer thickness and grain sizes typically from hun-
dreds of nanometers to a few micrometers, nanoscale probes 
are required to effectively assess the heterogeneity in elemental 
composition at the scale relevant for device operation. Meas-
urements of intragranular variations, variations between grain 
boundaries and the bulk, and across the cross section of the 
device, provide direct insight toward understanding device limi-
tations and directions to improve the optoelectronic properties.

The purpose of this review is to provide an overview of how 
substitutions within the perovskite structure alter the local 
compositional heterogeneity within perovskite thin films and 
how this heterogeneity affects charge collection. We begin by 
reviewing the origins of chemical flexibility within the pero-
vskite structure and examining the evolution of perovskite 
chemistry as it relates to solar cell device performance. Turning 
to focus on how the local chemistry at the nanoscale affects 
devices, we discuss various characterization tools for accessing 
this nanoscale information in the degradation-prone perovskite 
materials. Focusing on recent results from X-ray microscopy, 
we discuss the role of local variations in chemistry on charge 
collection in perovskite materials of increasing chemical com-
plexity, progressing from effects seen in single halide to mixed 
halide materials and finally to mixed A-site, mixed halide chem-
istries. The microscopic investigations reveal a critical link 
between the local chemistry within perovskite thin films and 
charge collection that must be controlled to develop robust, 
high-performance hybrid perovskite materials for optoelec-
tronic devices.

2. Chemical Flexibility of Hybrid Perovskites: A 
Large Design Space to Tune Functional Properties

Hybrid perovskites are a broad family of inorganic–organic 
compounds that expand the material design space in the 
familiar ABX3 perovskite crystal structure,[29] which includes 
the widely studied inorganic oxide perovskites ABO3.[30,31] The 
primitive crystal structure of the most studied hybrid lead halide 
perovskite today, methylammonium lead iodide CH3NH3PbI3, 
is shown in Figure 1a, where A-site cation, B-site cation, and 
X-site anion are CH3NH3

−, Pb2+, and I−, respectively. Here we 
discuss the evolution in chemical composition of hybrid perov-
skite optoelectronic materials from CH3NH3PbI3, trending 
away from single cation (A-site) and halide (X-site) chemistry 
to triple/quadruple cations and mixed halide composition to 

enhance device performance and long-term operational and 
environmental stability.[9,13,17,32,33]

Hybrid perovskite materials combine functional advantages 
of both inorganic and organic semiconducting materials. The 
introduction of an organic cation on the A-site to create the 
hybrid organic–inorganic material may contribute to unusual 
defect tolerance[37] that facilitates minority carrier device func-
tionality. As compared to organic semiconducting films, the 
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charge transport mechanism in hybrid perovskite does not 
purely rely on overlapped π-orbitals between adjacent mole
cules[38] but rather depends on charge-carrier separation at the 
conduction and valence band edges as in inorganic materials. 
The inorganic framework of PbI6 octahedra is formed due to 
strong lead–halide ionic interaction; and the electronic struc-
ture of perovskite is mainly constituted via this interaction, 
where the valance band is composed of Pb (6s orbital) and I 
(5p orbital) antibonding states, while the conduction band is 
attributed mainly to antibonding states of Pb (6p orbital) and I 
(5p orbital) interaction.[39,40] Optoelectronic investigations have 
focused on semiconducting lead halide perovskites, though 

extensive previous work in metallic stannous halide perovs-
kites highlighted their exceptional electronic properties.[41,42] 
Recently, lead–tin alloys have also been pursued to reduce the 
bandgap toward optimal terrestrial values.[43–45] We focus here 
on the lead halide perovskites, given the explosive growth in 
recent work on their optoelectronic functionality.

Goldschmidt’s tolerance factor has been demonstrated to be 
a valuable approach for evaluating the formability of existing 
and as-yet-undemonstrated perovskite compositions. In 
1926, Goldschmidt developed the tolerance factor to estimate 
whether a specific elemental composition can exist within the 
perovskite structure on the basis of elemental ionic radii and 
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Figure 1.  Hybrid organic–inorganic perovskite chemical flexibility and device structure. a) A cubic unit cell of a hybrid methylammonium lead halide 
perovskite, with general ABX3 chemical formula. b) A contour plot of calculated nonmodified Goldschmidt’s tolerance factor for a range of hybrid 
perovskites using Shannon’s ionic radii,[34] including A-site cations from K+ to formamidinium (FA+) and X-site anion from F− to I−. c) The photolumi-
nescence spectra for triiodide mixed A-site cation perovskites shows little change in bandgap when varying MA/FA content. d) The absorption spectra 
for MA-based perovskites of varying Br and I content shows clear bandgap tunability. e) Optical images of hybrid lead perovskites solar cells of 49 
different chemistry compositions in the MA/FA and Br/I compositional space. f) Schematic diagrams of typical perovskite solar cell layers using a 
glass superstrate, fluorine-doped tin oxide (FTO) transparent electrode, TiO2 electron-transport layer, perovskite absorber (PSK), hole-transport mate-
rial (HTM), and Au back contact in mesoporous (left), and planar (right) architectures. c) Adapted with permission.[35] Copyright 2017, Elsevier. d) 
Reproduced with permission.[23] Copyright 2015, Royal Society of Chemistry. e) Adapted with permission.[36] Copyright 2016, Royal Society of Chemistry. 
f) Adapted with permission.[25] Copyright 2015, Nature Nanotechnology.
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crystal geometry.[46] As the hybrid perovskite material systems 
attracts increased attention, it encourages scholars to investi-
gate undiscovered perovskite materials that may have poten-
tial to be excellent electronic, magnetic, or optical materials. 
Recently, Kieslich et al. calculated the ionic tolerance factor for 
over 2300 amine–metal-ion permutations, indicating roughly 
742 compositions would adopt the perovskite structure.[47,48] 
Within these compositions, one-seventh are known to be 
suitable for electronic applications.[47] The octahedral factor, 
derived from the radius ratio rules of Pauling,[49] provides an 
additional easily calculated and necessary criterion for the form-
ability of halide perovskites.[50] Though formability is neces-
sary, it is not sufficient for functional applications—reasonable 
thermodynamic stability is required. Density functional theory 
calculations can provide critical insight into the phase stability 
of predicted perovskite phases to identify promising candidates 
for experimental demonstration and testing.[51]

Tolerance factor calculations provide a framework to under-
stand the current landscape of hybrid perovskite composi-
tions, and they illustrate the chemical flexibility of perovskites. 
Figure  1b displays a contour plot of tolerance factor for Pb2+ 
B-site cation perovskites using a nonmodified Goldschmidt 
equation, covering wide range of A-site cations from K+ to form-
amidinium (FA) ion and X-site anions from fluoride to iodide. 
The Shannon’s ionic radii are used in the tolerance factor calcu-
lation.[34] The contours of the tolerance span 0.75–1.05, where 
the tolerance factor of photoactive black phase hybrid perovskite 
is commonly found within the range of 0.8–1.0.[9] The contours 
of the tolerance factor indicate the structural formability of the 
hybrid perovskite is dominated by the size of large A-site occu-
pants in lead perovskites. However, the optical properties of the 
3D hybrid lead perovskite do not show a strong dependence on 
different A-site ion composition, as shown in Figure 1c using 
photoluminescence (PL) data as an example.[35] PL emission 
centers around 800 nm for perovskite samples that have FA or 
mixture of FA and MA as the A-site cation.

Expanding beyond the 3D perovskite structure through the 
incorporation of larger A-site cations can vastly broaden the 
structural and functional design space of hybrid perovskites[29] 
though the highest performing hybrid perovskite solar cells to 
date are the 3D perovskites. The dimensionality of the perovs-
kites can be tuned from 2D[52,53] to Ruddlesden-Popper quasi-
2D[54,55] to fully 3D perovskite structures by incorporating larger 
organic A-site molecules such as 2-phenylethylammonium or 
n-butylammonium.[56,57] In the 3D perovskite framework, the 
commonly used A-site cations (methylammonium or formami-
dinium) reside in the cages formed by the corner sharing PbX6 
layer networks. In contrast, the 2D structure can be regarded 
as n number of octahedral perovskite layers sandwiched top 
and bottom by two layers of larger A-site organic cations. These 
large organic molecules, also known as organic spacers, pre-
vent the continuous growth of perovskite 3D lattices resulting 
in a quasi-2D layered structure with a mixture of organic 
spacers and perovskite domains. The addition of the longer-
chained hydrophobic cations has been shown to offer greater 
environmental stability to the hybrid perovskite.[58] In addi-
tion to determining the perovskite dimensionality, the size of 
A-site cation plays an important role in PbX6 octahedron tilting, 
which can influence the electronic structure of the materials 

indirectly.[29,59] In this contribution, we narrow our focus to the 
relationship between nanoscale chemistry and charge-collec-
tion properties of 3D hybrid perovskites as they have exhibited 
the highest performance in optoelectronic applications to date.

Substitution of different halide anions within the 3D pero-
vskite structure enables us to tune the perovskite materials’ 
optoelectronic properties significantly as shown in Figure 1d. 
Changes to the lead halide bonding,[12] which contributes the 
valence and conduction band density of states, lead to sensi-
tive changes in the functional capability of the perovskite.[10,11] 
Figure 1d displays the absorption coefficients of different halide 
film compositions upon substituting I− with Br−.[23] The absorp-
tion wavelength of halide perovskites can be fine-tuned in the 
range of 800–520 nm by having the appropriate Br to I ratio. 
Both absorption and photoluminescence spectra clearly indicate 
the optoelectronic tunability that emerges from the structural 
flexibility of hybrid perovskites. In the early stage of the hybrid 
perovskite development, different halide compositions, ranging 
from single halide (Cl, Br, and I) to mixed halide Br/I,[23,60,61] 
were explored extensively while fixing the A-site cation for pur-
suing the better fine-tuned optoelectronic properties. Impres-
sively, the structural flexibility extends to postfabrication 
chemical modifications, including gas–solid heterogeneous 
reactions. For example, Solis-lbarra et  al. found that MAPbI3 
perovskite films can undergo halide conversion/exchange after 
exposure to Br2 or Cl2.[62] This observation indicates the struc-
tural flexibility of MAPbI3 thin films but also suggests the insta-
bility of the material itself.[63,64]

Incorporation of a small but increasing Br fraction relative 
to I promotes better environmental stability for MA-based pero-
vskite devices.[65] The PCE of mixed halide MAPbI3−xBrx devices, 
where x = 0.20 and 0.29, displays almost no PCE decrease after 
storing for 20 d at 35% humidity, while the PCE of the trii-
odide system drops from 11.2% to 2.5%.[15] However, this mixed 
halide composition appears to have poor photostability upon 
laser/light illumination resulting in a shift in the PL peak from 
635 to 730 nm[23] and formation of a secondary phase.[36]

To improve the long-term photo- and environmental stability 
in mixed Br/I phases, mixed A-site cations were introduced to 
the mixed halide hybrid perovskite. Remarkable advances have 
been achieved by precise compositional engineering. First, the 
addition of MAPbBr3 to FAPbI3 in small quantities has been 
demonstrated to produce better film coverage and stabiliza-
tion of FAPbI3 (nominally, outside the perovskite formability 
window, Figure 1b) achieving a PCE of 17.9% by Jeon et  al. 
with (FAPbI3)0.85(MAPbBr3)0.15

[66] and 22.1% by Yang et  al. 
using an optimized (FAPbI3)0.95(MAPbBr3)0.05 with additional 
iodide ions in organic cation precursor solutions.

[20] Optical 
photographs of 49 different devices with chemical composi-
tions within the mixed A-site, mixed halide MA1−xFAxPbI1−yBry 
system are shown in Figure 1e. The composition space starts 
with MAPbBr3 at the lower left, with increasing FA and I con-
tent, incremented by 1 part in 6 for each row and column on 
the abscissa and the ordinate axes, respectively, until the final 
composition of FAPbI3 is reached in the top right corner. 
The color of the final thin film changes from orange to black 
color as I incorporation increases. In contrast, the film color 
appears quite similar at various MA:FA ratios at a specific Br or 
I concentration except for the pure FA phases. The adjustable 
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bandgap visualized here provides the ability to fabricate a wide 
range of optoelectronic devices, including bandgap-tunable 
perovskite–perovskite tandem solar cells.[67]

Later, inorganic A-site cations were introduced into these 
complex mixed A-site, mixed halide perovskites, imparting 
improved stability. Inorganic CsPbBr3 perovskites exhibit excel-
lent thermal and phase stability up to 600 °C, offering promise 
for LEDs and other optoelectronics, though their bandgap 
(2.25 eV) is nonideal for PV applications.[17,68,69] Choi et  al. 
demonstrated Cs incorporation in MAPbI3, creating mixed Cs/
MA lead iodide perovskites, resulting in stable perovskite films 
reaching to 7.68% PCE.[70] The Cs/FA lead iodide compositional 
space was explored by Lee et al., who found that substituting a 
small amount of Cs helps to not only stabilize the photoactive 
black phase of FAPbI3 but also improve the PCE from 16.3% 
to 17.1%.[71] The presence of Cs and its effect on FAPbI3 phase 
stabilization can be understood on the basis of entropic stabi-
lization and the Goldschmidt tolerance factor.[72,73] The mixed 
Cs/FA cation chemistry exhibits significantly improved envi-
ronmental stability with respect to FAPbI3, maintaining 70% of 
the initial device performance after 220 h of continuous light 
exposure while the pure FA cation lead iodide perovskites do 
not operate after 70 h in the same testing conditions.[71]

These promising mixed inorganic–organic A-site investiga-
tions motivated novel hybrid perovskite chemistries combining 
triple A-site cations (Cs+, MA+, and FA+) and mixed halides. 
Saliba et  al. achieved 21.2% efficiency that was maintained 
over 250 h under constant illumination at room temperature 
in a nitrogen atmosphere.[17] Expanding the design space fur-
ther, Saliba et  al. incorporated a fourth A-site cation in small 
quantities, Rb+, in quadruple cation (Rb+, Cs+, MA+, and FA+) 
mixed A-site Br/I halide perovskites, yielding chemistry of 
Rb0.05(Cs0.05(MA0.17FA0.83)0.95)0.95Pb(I0.83Br0.17)3, to achieve yet 
higher photovoltaic performance of 21.6%, improved reproduc-
ibility, and further improved stability.[9] With rapid advances in 
the chemical complexity of hybrid perovskite materials, how 
mixing organic and inorganic rubidium/cesium cations on the 
A-site and halide mixing of the X-site impact charge collection 
at the nanoscale have remained open questions.

Before turning to how the modifications in perovskite chem-
istry described above affect charge collection, it is informa-
tive to briefly review the typical perovskite device structure to 
understand where charge extraction occurs. Hybrid perovskite 
solar cells are generally assembled in a simple heterostruc-
ture-like architecture. Usually, the active perovskite absorber 
is sandwiched between the top electron-transport layer (ETL) 
and hole-transport layer (HTL), yielding a layered architec-
ture of top contact/ETL/perovskite (PSK)/HTL/back contact 
(Figure  1f). Cross-sectional electron-beam-induced current 
measurements of such MAPbI3−xClx cells revealed that the het-
erostructure behaves as an n–i–p structure,[74] with charge sep-
arating junctions at both carrier selective contacts and a high 
quality intrinsic absorber between. MAPbBr3-based devices in 
the same architecture exhibit only a p–n junction at the elec-
tron selective contact and hole-transport layer-free MAPbBr3 
cells have achieved high voltage (1.11 V),[75] highlighting the 
importance of the perovskite–ETL interface. Mesoporous TiO2 
and planar SnO2 layers are broadly used as effective ETLs. Most 
commonly, a mesoporous TiO2 layer is used as the ETL,[65,76] 

which allows the perovskite absorber to infiltrate the voids 
between TiO2 nanoparticles, enhancing adhesion to the elec-
tron selective contact and improving charge extraction. Most 
perovskite devices with PCE above 20% report a mesoporous 
TiO2 layer.[9,77] However, a planar TiO2 layer without the meso- 
or nanoparticles can also provide a moderate 12–15% efficiency 
with either solution or vapor deposited perovskite absorber.[78,79] 
The other principal alternative for ETL is planar SnO2, which 
has shown promising device performance above 20% effi-
ciency.[80–82] SnOx layers processed at low temperatures have 
shown better band edge alignment with perovskites layer and 
effective hole blocking ability.[83,84] The SnOx planar structure 
and morphology largely reduce the interface complexity and 
lowers the variability by reducing the impact of the TiO2 nano-
particles on final absorber morphology.[85,86] Given the impor-
tance of this interface, a number of recent studies have focused 
on interface engineering and electron mobility enhancement in 
the selective contacts.[84,87] Below, we focus on X-ray nanoprobe 
studies using TiO2 ETLs to isolate the effect of the absorber 
chemistry on charge collection. Given the increased complexity 
of hybrid perovskite active materials and their complicated 
sensitivity to environmental conditions, it is critical to estab-
lish approaches to understand chemical heterogeneity within 
perovskite thin films and its role in determining the functional 
properties of devices.[1]

3. Tools to Assess Nanoscale Perovskite 
Chemistry and Its Optoelectronic Impacts

Focused visible light lasers, scanning probes, electron beams, 
and X-ray beams each offer unique advantages toward under-
standing the nanoscale optoelectronic quality in perovskite 
materials and devices. We have highlighted a cross-section of 
some of the most applicable tools researchers are using to char-
acterize perovskite materials on the nanoscale, dividing them 
into tools that characterize optoelectronic properties, chemical 
properties, and the relatively few techniques or platforms that 
can provide a combination of both in Figure 2.

Regarding characterization approaches to quantify nanoscale 
optoelectronic properties, we focus on summarizing the advan-
tage and limitations of spatially resolved photoluminescence 
mapping (micro-photoluminescence, µ-PL), scanning probe 
microscopy, laser-beam-induced current (LBIC), electron-beam-
induced current (EBIC), and energy-dispersive spectroscopy, 
and finally synchrotron-based X-ray fluorescence and X-ray 
beam induced current (XBIC). We discuss tradeoffs and the 
insights brought by these techniques to the rapidly growing 
hybrid perovskite field.

The quality of perovskite materials is often evaluated prior to 
the device stage by steady-state or time-resolved photolumines-
cence. Less frequently, current–voltage and EQE measurements 
on the device level are supplemented by local assessment  
of charge collection via laser-beam-induced current measure-
ments. Near-field scanning probes surpass the diffraction 
limitations of typical optical microscopy to reveal nanoscale 
photovoltage variations. Because of hybrid perovskite materials’ 
relative instability and especially their sensitivity to radiation 
exposure or different environmental conditions, techniques 
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that combine chemical and electronic characterization offer 
additional value, particularly for in situ and operando measure-
ment techniques to reveal and realize the nanoscale chemistry 
variations and their electronic impact in hybrid perovskites. 
Unlike typical optical methods, e-beam and X-ray platforms typ-
ically offer serial or simultaneous chemical composition map-
ping. Electron-beam-induced current and X-ray beam induced 
current can extend LBIC functionality to the nanoscale, past 
the visible light diffraction limit, to assess the operating mecha-
nism of photovoltaic devices, to detect and evaluate the impact 
of extended defects, and to understand the dynamics of charge-
carrier collection at the end of photovoltaics fabrication process 
when both n- and p- type contacts are deposited.

3.1. Noncontact Optoelectronic Microcharacterization: µ-PL and 
Near-Field Approaches

The main advantage of µ-PL is that it does not require a com-
plete solar cell nor electrical contacts, and the measurements 
are generally taken under easily controlled ambient conditions 
rather than high vacuum. µ-PL mapping provides an often-
qualitative measure of the local radiative recombination and 
the associated PL emission wavelength and is a critical tool for 
understanding the performance of perovskite materials in func-
tional devices. deQuilettes et al. applied the µ-PL mapping tech-
nique on perovskite thin films with chemistry of MAPbI3−xClx 
to reveal that PL intensity varies significantly between grains 
within the same sample.[1] The spatially resolved µ-PL map-
ping also indicated that carrier recombination was limiting 
collection from grain boundaries relative to the bulk, which 
was improved greatly by Lewis-base passivation.[88] In contrast, 
an irreparable inhomogenous PL distribution and low carrier 
lifetime are detected as a consequence of any PbI2 aggrega-
tion or formation.[89,90] Beyond forensic analysis, µ-PL can also 
serve as a rapid screen for material exploration. Quantitative 
mapping of the absolute intensity photoluminescence as a 
function of position in a combinatorial deposition of mixed 

Br and I chemistries by Braly and Hillhouse[91] enabled high-
throughput chemical screening by quantifying the quasi-Fermi 
level splitting as shown in Figure 3a.

PL measurement is easily implemented in different environ-
mental conditions for in situ study, which is critical for under-
standing the behavior of the dynamic perovskite materials. 
For both MAPbBr3 and MAPbI3 thin films and single crystals, 
PL is strongest when devices operate in regular air or oxygen-
containing conditions, while weaker PL is found when nitrogen 
is introduced and little PL is detected when devices are under 
vacuum.[94–96] Exposure of MAPbI3 films to oxygen, moisture, 
and light appears to create a semipermanent surface passivation 
layer that improves the photoluminescence of perovskite thin 
films substantially, achieving 32 µs carrier lifetimes.[97] µ-PL 
mapping of an MAPbI3 thin film in dry air and after illumina
tion in humid air conditions is presented in Figure 3b. The 
enhanced PL in the presence of O2 and light is attributed to a 
photochemical reaction at the thin film surface. Conversely, PL 
reduction under vacuum is suspected to be the consequence of 
desorption or debonding of passivating H2O and O2-related spe-
cies, resulting in higher carrier surface recombination velocity 
and higher density of defect states in hybrid perovskites.[96,98,99] 
The losses under vacuum conditions indicated by PL were 
recently substantiated by the observation of reversible Voc loss 
under vacuum attributed to dehydration of MAPbI3 with subse-
quent partial rehydration upon return to ambient conditions.[100]

At the frontier of high-resolution noncontact optoelectronic 
assessment, near-field scanning optical microscopy can provide 
multiple modes of optoelectronic information[101] at high resolu-
tion via mapping with as small as a 50 nm spot size, far beyond 
the diffraction limit of conventional optical microscopes.[102] 
Photoconductive atomic force microscopy has revealed 
nanoscale variations due to microstructure in photoresponse.[103] 
Recently, the time-dependent open-circuit voltage and photocur-
rent dynamics of MAPbI3 cells under light bias were monitored 
in real time via NSOM shown in Figure 3c.[92] The scanning 
probe platform can also be extended into the infrared to gain 
access to local infrared vibrational spectroscopy, which can 
provide valuable insight regarding the behavior of the organic 
component of the hybrid perovskite.[104] For example, Yuan and 
co-workers showed that photovoltaic switching in lateral MAPbI3 
perovskite devices is related to the migration of the methylam-
monium cation using photothermal infrared microscopy. A valu-
able review of the application of scanning probe microscopy to 
halide perovskites was recently published.[105] NSOM and related 
optically excited scanning probe microscopy techniques hold 
promise for gaining truly nanoscale insight into the operating 
mechanisms and in situ response of perovskite solar cells.

As generally practiced, photoluminescence is conducted 
under open-circuit conditions (or without any contacts present 
at all), while for an operating optoelectronic device we must 
either extract or inject current. To study charge extraction and 
injection, induced current measurements are especially useful.

3.2. Charge-Collection Characterization via LBIC

LBIC is a powerful technique for correlating charge-collec-
tion properties together with visible light or near-IR optical 
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Figure 2.  Selection of optoelectronic and chemical characterization tech-
niques and their analytical spot size. Five techniques, near-field scanning 
optical microscope (NSOM), EBIC, XBIC, LBIC, and µ-PL are grouped 
in blue as techniques that access optoelectronic insights. APT, nano-X-
ray fluorescence (n-XRF), tip-enhanced Raman spectroscopy, EDX, and 
IR spectroscopy are characterization tools that collect elemental and 
chemical bonding information. The in situ techniques for collecting both 
chemical and optoelectronic properties are shown in green ovals, which 
highlight transmission electron microscopy based EDX and cathodolumi-
nescence and n-XRF/XBIC.
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properties, even over large area cells. Spectrally resolved LBIC 
can be used to evaluate the relative collection of blue versus 
near-infrared light, highly relevant to the design of the front 
and back surfaces for 1-sun operation.[106] Its analytical spot 
size can be diffraction-limited but is usually in the micrometer 
to millimeter range, which is large compared to EBIC/XBIC 
nanoprobes. LBIC technique was first applied to characterize 
large area perovskite materials by Mastroianni et  al.,[107] while 
Song et al. used LBIC to study the nonuniformity of photocur-
rent and degradation mechanism in water for the perovskite/Si 
tandem device.[108]

Perovskite materials show distinct behavior when probed 
under current-extraction conditions that does not directly follow 
from the open-circuit measurement of noncontact approaches. 
To better understand local heterogeneity within perovskite 
devices, a high resolution spatially resolved LBIC measurement 
conducted via an Au-coated AFM tip was recently compared 
against µ-PL by Eperon et al.[90] An anticorrelated relationship 
was found between local photocurrent and photoluminescence 
within MAPbI3 chemistry with inverted architecture, shown in 
Figure 3d. From comparison between devices with and without 
the PCBM electron-transport layer, the spatially resolved char-
acterization indicated that the heterogeneity originated in the 
perovskite materials itself and not in the contact layers. The 
authors suggest this anticorrelation may due to the excess PbI2 
aggregating at the poorly performing regions, as PbI2 may 
form the insulating carrier extraction barrier. High-resolution 
µ-PL and LBIC characterization provides crucial optoelectronic 
insight, but chemical information is often required at similar 
scales to attribute the root cause of observed behavior.

3.3. Electrons as a Local Probe: Narrow Characterization 
Window for Hybrid Perovskites

Electron-microscope-based energy-dispersive X-ray spectros-
copy (EDX) offers the potential for composition mapping, 
while the e-beam platform offers the opportunity to extract 
e-beam-induced current to reveal nanoscale charge-collection 
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Figure 3.  Mechanistic insights are gained from nanoscale optoelec-
tronic characterization of perovskite solar cells as a function of chemistry.  
a) The photoluminescence quantum yield measurement of MA-based 
mixed halide Br/I perovskites where a Br gradient is established in the film 
spatially left to right. b) µ-PL mapping of an MAPbI3 film in dry air (left) and 
illuminated humid air (right) conditions, demonstrating significant surface 
passivation under humid, illuminated, oxygen-containing atmosphere.[97] 
c) NSOM characterization reveals time-dependent open-circuit voltage 

and photocurrent dynamics of MAPbI3 perovskites on the nanoscale. Blue 
areas shown relative Voc improvement under 500 nm irradiation while red 
areas degrade, with differences attributed to ion migration. d) Segmented 
µ-PL, LBIC, and overlaid µ-PL/LBIC maps of an MAPbI3 device. High, 
medium, and low PL areas are shown in dark red, light red, and white, 
respectively. High, medium, and low local efficiency areas are shown in 
dark blue, light blue, and white, respectively. The LBIC and µ-PL of the 
same film show an anticorrelated relationship between local photocurrent 
and photoluminescence within MAPbI3 devices e) EBIC studies in cross-
section are used to examine charge separation mechanisms in MAPbI3−xClx 
(top) and MAPbBr3 (bottom). The MAPbI3−xClx exhibits p–i–n behavior, 
with charge separation at both ETL and HTL junctions, while MAPbBr3, 
devices adopt a p–n behavior with charge separating at the ETL interface, 
as shown schematically to the right. a) Reproduced with permission.[91] 
Copyright 2016, American Chemical Society. b) Reproduced with permis-
sion.[97] Copyright 2017, Elsevier Inc. c) Reproduced with permission.[92] 
Copyright 2017, American Chemical Society. d) Adapted with permis-
sion.[90] Copyright 2016, American Chemical Society. e,top) Adapted with 
permission.[74] Copyright 2014, Macmillan Publishers Limited; e,bottom) 
Adapted with permission.[93] Copyright 2015, American Chemical Society.
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behavior. Electron beams interact strongly with matter, gener-
ating a characteristic pear-shaped interaction volume in mate-
rials upon electron irradiation due to the cascade of secondary 
electron relaxations.[109] Characteristic X-rays are generated 
throughout the volume and can be sampled by an energy-
dispersive or wavelength-dispersive spectroscopic detector.[110] 
Backscattered and secondary electrons from successively shal-
lower depths provide familiar imaging modalities. A fraction of 
energetic electrons thermalizes completely to the band edges of 
the material. These excited carriers can then be collected as in 
an operating solar cell if the device is completed with contacts, 
and the e-beam-induced current measured in plain view pro-
vides microscopic detection of defects or can examine the space 
charge region and charge separating properties of the junction 
in cross-section. The beam interaction volume can be tuned 
by adjusting the acceleration voltage to preferentially sample 
more surface versus bulk electronic information.[111] Using 
EDX measurement, an e-beam 2–3 times higher in energy 
than critical electron binding energy of an atom is often nec-
essary to obtain acceptable characteristic X-ray signal,[112] and 
the Bremsstrahlung background radiation generally limits sen-
sitivity to ≈0.1%.[113] Electron-beam electronic characterization 
of hybrid perovskite materials is extremely difficult due to the 
material’s beam sensitivity and fast degradation under even 
short exposure to electron irradiation.[114]

Despite these challenges, EDX has been used successfully 
to identify composition and investigate trace element distribu-
tion in hybrid perovskites. In the early stage of perovskite solar 
cell development, EDX was used to determine the perovskite 
layer thickness and its incorporation with the mesoporous TiO2 
nanoparticles by Lee et al.[115] Later, as incorporation of chlorine 
(Cl) containing precursors showed better grain growth,[116–118] 
EDX was used to investigate Cl incorporation in the final film 
but the data led to varying conclusions. Many studies failed to 
identify Cl incorporation from EDX characterization and con-
cluded chlorine sublimes completely during the final device 
annealing step or the incorporated amount is below the detec-
tion limit of EDX.[117–119] Only a few EDX studies successfully 
detected the incorporation of chlorine in the final perovskites 
films.[1,120]

With carefully optimized e-beam parameters, rigorous cross-
sectional EBIC studies investigating the charge collection 
and transport dynamics within MAPbI3−xClx and MAPbBr3 
were completed by Edri et  al. and Kedem et  al.[74,93,114] These 
two studies evidenced different carrier transport mechanism 
within perovskites with different halide substituents. The car-
rier generation line profiles are shown in Figure 3e. In the 
case of triiodide perovskites, the EBIC study provides direct 
evidence for the model of p–i–n junction within perovskite 
devices where the perovskite absorber is largely an intrinsic 
layer. The relative EBIC signal difference at the junction of 
the perovskite with the adjacent p- or n-type selective contacts 
indicates efficient charge extraction at these two interfaces. In 
contrast, MAPbBr3 absorbers behave as a p–n junction, where 
charge extraction occurs mostly at the perovskite/n-type contact 
(TiO2) interface and the rest of carrier transport pathway to the 
other type of contact relies heavily on diffusion after the space 
charged region. In both scenarios, carrier diffusion lengths 
can be estimated using cross-section EBIC measurement. The 

diffusion lengths for MAPbI3 and MAPbBr3 are calculated to 
be 1.5–0.4 µm, respectively, which agree with values estimated 
from TR-PL studies by Snaith and co-workers.[79] Noncon-
tact optoelectronic information can also be gained in electron 
microscope platforms via cathodoluminescence, the e-beam 
analog of photoluminescence. Scanning transmission electron 
microscopy based cathodoluminescence was used by Hentz 
and Zhao to correlate iodide segregation and nonstoichiometry 
in MAPbI3 with detrimental electronic impacts.[121] Critically, 
Edri et al.[122] and Hentz and Zhao[121] both study in detail the 
e-beam probe’s effects on the perovskite material, establishing 
the necessary experimental foundation to extract meaningful 
information from EBIC characterization.

3.4. X-Ray Nanoprobes as a Window into Nanoscale  
Composition and Functionality

The working principle for nano-XRF is similar to EDX except 
an X-ray probe is used to generate characteristic X-rays—ele-
mentally specific fluorescent photons (Figure 4a). When using 
a synchrotron radiation source, the energy of the incident X-ray 
beam is tuned to be above the binding energy of core-shell 
electrons in elements of interest. The general working mecha-
nism of XRF, an example of perovskite XRF spectra, and the 
schematic diagram of this in situ experiment are present in 
Figure 4b,d. Upon X-ray irradiation, the beam then excites core-
shell electrons, leaving behind a core hole that is rapidly filled 
by shallow-level electrons through X-ray fluorescence or Auger 
electron processes. In contrast to EDX, XRF is a photon-in and 
photon-out process, which results in a more sensitive and dose-
efficient generation of elementally specific X-ray photons. The 
brightness of the third-generation synchrotron sources enables 
the X-ray beam to be focused down to probes as small as 11 nm 
in size[124] using diffractive optics while maintaining high flux 
density to achieve attogram sensitivity.[125,126]

The high sensitivity of nano-XRF has enabled detection and 
detailed study of trace constituents or impurities in a wide 
variety of materials, ranging from biological to impurities in 
organic[127] and inorganic solar cells.[128–131] Na is typically the 
lightest detectable element in practice using X-ray fluorescence. 
Heavier elements are much more easily detected, aided by the 
roughly Z4 dependence of X-ray absorption on atomic number 
and the higher fluorescence yield relative to Auger decay at 
higher Z.[132] Unfortunately for hybrid perovskite studies, this 
Z-dependence means that the organic components are not 
detectable, though the composition and distribution of the 
inorganic A-site cations (e.g., K+, Cs+, and Rb+),[133,134] B-site 
metals, and the halides can be studied. In addition to typically 
reducing material damage relative to e-beam investigation, the 
reduced X-ray–matter interaction of XRF also has the advantage 
of probing material that is buried under various layers in com-
plex device architectures because of its long penetration depth 
(Figure 4b).

Benchtop and synchrotron-based X-ray diffraction measure-
ments have also been used to probe the evolution of the struc-
ture of the material as a function of chemistry, hydration[99] and 
as a function of temperature and irradiation.[135] Diffraction pro-
vides valuable insights but offers only area- and thus chemically 

Adv. Funct. Mater. 2018, 1706995



www.afm-journal.dewww.advancedsciencenews.com

1706995  (9 of 22) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

averaged data because of the large spot sizes. X-ray photoemis-
sion spectroscopy has also provided critical insights into chem-
ical state and valence band edge alignments,[136,137] but the 
measurement is only sensitive to the first few nanometers near 
the sample surface and requires high vacuum conditions.[138]

Alternatives to probe film composition at the nanoscale 
include destructive approaches such as secondary ion mass 
spectroscopy (SIMS) and atom probe tomography (APT). SIMS 
is valuable for providing the elemental distribution profiles as 
a function of depth or in plane via mapping nano-SIMS[139] or 
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Figure 4.  Experimental setup for nano-XRF mapping of nanoscale chemistry and XBIC measurements of charge collection in perovskite solar cells.  
a) nano-XRF operates by a mechanism where a high intensity X-ray beam removes a core-shell electron and the core hole is filled by relaxation of one of 
an outer shell electron. b) The elementally specific fluorescence photons emitted are collected and produce an XRF spectrum of the elements irradiated 
locally under the X-ray nanoprobe. c) A simulated end-of-trajectory profile of the interaction between a 9 keV X-ray photon and an MAPbI3 perovskite 
film showing the narrow, nearly cylindrical excitation volume that provides a nanoscale probe of the film properties. d) A bright synchrotron X-ray nano-
probe is used to investigate the elemental composition through the entire film stack in perovskite solar cells, penetrating through the backside metal 
contact. Excited carriers can thermalize to the band edges and be collected at the electrodes in complete perovskite devices—unaltered from standard 
architectures—using operando X-ray beam induced current. e) 5 × 5 µm lead and iodine concentration maps (30 nm resolution) from repeated nano-
XRF scans of an MAPbI3 film are shown, indicating no observable changes upon extended X-ray irradiation. The relatively weak X-ray–matter interaction 
permits stable mapping of the perovskite chemistry. c) Reproduced with permission.[123] Copyright 2016, IEEE.
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TOF-SIMS[140] but it often involves sample fragmentation.[141] 
The APT technique is similar in principle to SIMS but is 
extremely powerful in that it can resolve single atoms in three 
spatial dimensions.[142] Unfortunately, the specimen prepara-
tion for APT is much more difficult and requires the careful 
use of focused ion beam to prepare a sub-micrometer needle-
like sample without affecting the specimen.[142,143] Recently, a 
laser assisted APT analysis provided supporting evidence of 
water accumulation in the hole-transport layers within hybrid 
perovskite device after long-term exposure, over 1000 h, in 
ambient environment.[144] A recently published review by Hoye 
et  al. provides a summary of these techniques and best prac-
tices for applying them to perovskites.[145]

The nondestructive nature of X-ray-based characterization 
means it has already seen wide application in hybrid perovskite 
materials, particularly using the bright and tunable sources 
available at synchrotrons. Cl was positively identified in pro-
cessed perovskite thin films using bench top XRF and synchro-
tron-based X-ray absorption near edge structure, which provide 
area-averaged elemental and chemical information respec-
tively.[146,147] In our previous study,[148] spatially heterogeneous 
Cl incorporation was found in perovskite films, with Cl-rich 
regions forming near the perovskite crystallites boundaries by 
means of nano-XRF mapping with 30 nm resolution.[149] Criti-
cally, we demonstrated that the elemental distribution meas-
ured by nano-XRF was not affected by the probe itself upon 
repeated X-ray mapping.

Nano-XRF can be quantified using NIST-traceable XRF cali-
bration standards that have known elemental loadings with 
5–10% uncertainty in elemental concentrations depending 
on the element.[150] For greatest accuracy, these standards are 
measured immediately before or after the experimental sample 
using the same sample-detector geometry. The propagation of 
uncertainty from all possible errors during data quantification 
process thus has an optimistic lower bound error of 10%. The 
uncertainty in elemental concentration depends upon the dilu-
tion of the elements of interest and architecture of the sample 
under investigation, particularly upon the uniformity in thick-
ness of the device layers. Quantification of trace elements in 
low-absorption matrices, such as transition metal impurities 
like iron and chromium in silicon solar cells, is straightfor-
ward.[151,152] Films where the major elements are of interest, like 
the halide perovskites, require attenuation corrections to accu-
rately quantify results, with correction factors increasing in mag-
nitude as film thickness increases.[153] The standards and any 
correction factors are applied for quantification after background 
subtraction and elemental peak-fitting of the XRF spectra, which 
is typically carried out using purpose built software.[154–158]

Fortunately, the strong optical absorption of halide perovs-
kites means that their several hundred nanometer films require 
relatively smaller corrections than other solar absorbers such 
as CIGS. In general, the precision of a particular measure-
ment can be significantly higher than the absolute accuracy. For 
the analysis of halide perovskite devices, we thus emphasize 
within-sample analysis and comparison of samples produced 
using identical processes. The quantification process for nano-
XRF as applied for thin film solar cells was recently reported in 
detail in a visualized experiment to facilitate use by the broader 
community.[159]

Excited carriers generated by the X-ray irradiation can be col-
lected as X-ray beam induced current,[160,161] the X-ray analog of 
EBIC and LBIC measurements. Upon X-ray irradiation, photo-
electrons and Auger electrons radiate through the sample bulk. 
After a cascading loss of energy and thermalization, ultimately 
a single X-ray photon generates a much larger population of 
conduction band electrons and valence band holes.[149,162] The 
resulting number, N, of band-edge carriers is a function of 
the material, but has been empirically related to the energy of 
the incident X-ray photon, Ex, and the bandgap, Eg, according 
to the equation N ≈ Ex/3Eg.[149,163] Thus for a typical character-
istic hard X-ray energy of 10 keV and a bandgap on the order of 
1 eV, the flux of the ionizing radiation is amplified by a factor of 
103 in generating photoexcited carriers. XBIC involves the col-
lection of photocurrent induced by the X-ray beam’s irradiation 
of the sample. In part, XBIC’s utility stems from the ease of 
measurement of nano- or picoampere XBIC currents induced 
at high-resolution nanoprobes, though the device must be 
grounded appropriately to isolate the XBIC signal.[149] Because 
of the lower X-ray–matter interaction relative to electron beams, 
the incident X-ray has a larger penetration depth as compared 
laser or e-beam. A typical end-of-trajectory profile for X-ray 
irradiation in perovskites is shown in Figure 4c.[123] XBIC is 
the integrated current collected from the cylindrical excitation 
volume that extends through the entire film thickness.

3.5. In Situ Measurement of Elemental Distribution and Its 
Effect on Charge Collection: Nano-XRF/XBIC

In applying nano-XRF/XBIC to hybrid perovskite studies, we 
typically probe our fully operational solar cells through the 
thin Au back contact layer (Figure 4d). The bright synchrotron 
light source penetrates through the Au layer and reaches the 
perovskite absorber layer underneath it. This light–matter inter-
action generates not only the elemental specific X-ray photons 
but also excites charge carriers. The separated charge carriers 
are collected through the Au and FTO contacts and yield the 
electronic signal of the induced current. These operando meas-
urements enable us to relate the variation of nanoscale elec-
tronic performance with chemical compositional variations and 
identify directions within the compositional space for device 
improvement. To account for variations in carrier generation 
spatially in order to extract information regarding charge-col-
lection behavior, we normalized the XBIC using the local mate-
rial’s X-ray absorption coefficient and the bandgap as a function 
of its nanoscale chemical composition (a recent review of the 
XBIC technique provides further details[149]).

Perovskite film characterization is a challenge almost regard-
less of the experimental probe because of the material insta-
bility, and the characterization must be conducted carefully with 
optimized parameters to ensure measurements are properly 
attributed to the active perovskite phase and to avoid or quantify 
any degradation effects. For example, a recent study by Hoye 
et  al.[145] found that the characterization environment could 
impact perovskite stability under irradiation significantly. The 
diffraction intensity of the perovskite (002) peak remained rela-
tively unchanged when XRD characterization was conducted in 
helium condition, but linearly decreased when characterization 
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was performed in air. Nano-XRF is typically carried out in 
helium to minimize attenuation due to atmospheric argon or 
in vacuum to further protect the zone plate optics against oxi-
dation under high X-ray dose. The characterization windows 
for synchrotron-based hard X-ray nano-XRF and XBIC were 
first compiled by Stuckelberger et  al. as shown in Figure 4e. 
Five repetitions under the highest X-ray flux density available 
in the Western hemisphere at beamline 26-id-c at APS revealed 
no changes in the X-ray elemental map at the strongest beam 
focus (30 nm spot size) even for the delicate MAPbI3 perovskite 
chemistry. Although the composition extracted from XRF has 
proven to be stable under the high flux X-ray beam, it is likely 
that atomic-scale defects are generated under X-ray irradiation. 
In part, defect generation is evidenced by the decay of a simul-
taneously collected XBIC signal, which provides an indication 
of the loss of electronic quality of the perovskite under X-ray 
irradiation since current collection is highly sensitive to defects. 
For MAPbI3, the XBIC signal drops exponentially with a half-
life of ≈600 s, presumably due to point-defect generation by the 
ionizing radiation. An exponential XBIC decay is observed, a 
dependence similar to that observed in EBIC measurements as 
reported by Klein-Kedem.[114] However, with a typical 1 second 
per point nano-XRF/XBIC scan time, many experiments fit 
easily within the characterization window.[123]

If the X-ray sensitivity of the perovskite film does become 
limiting, we adopt a two-step strategy to achieve successful 
nano-XRF/XBIC measurements. We first perform an “elec-
tronic” measurement map, followed by an “elemental” map. 
For the electronic map, we combine high-throughput fly-
scanning mapping that reduces scanning time to a typical 
20–50 ms per point dwell time[164] and insert beam attenua-
tion filters to reduce X-ray dose. This strategy takes advantage 
of the ≈103 multiplication factor of band edge electrons gener-
ated per single hard X-ray photon and the relative ease of low-
noise amplification of pA current measurements. However, 
the significant reduction in dose reduces our XRF elemental 
sensitivity. As necessary to improve our XRF signal-to-noise to 
strengthen any correlation between the nanoscale chemistry 
and the charge collection, following XBIC electronic measure-
ment, we remap the area for X-ray fluorescence at full flux and 
typically with a larger per point dwell time to achieve a high 
signal-to-noise ratio of the elemental distributions. These 
largely generalizable characterization strategies have enabled 
us to investigate the relationship between nanoscale chemistry 
and charge collection in the hybrid perovskites.[123]

4. The Impact of Chemical Heterogeneity  
within Hybrid Perovskites

Here we review our latest understanding of the heterogeneous 
elemental distribution within hybrid perovskite thin films and 
the impact of stoichiometric variations on device performance 
through the lens of X-ray nanoprobe characterization. A hetero-
geneous compositional distribution arises due to the structural 
flexibility of the perovskite materials. Somewhat surprisingly, 
even films with the simplest of hybrid chemistries, MAPbI3 
and MAPbBr3, exhibit an inhomogeneous halide distribu-
tion. To illustrate the impact of these variations in elemental 

distribution on device performance, we first summarize the 
impact of halide distribution on nanoscale charge collection 
and PL for single trihalide perovskites. We then incorporate 
new results from mixed halide perovskite studies using in situ 
µ-XRF/XBIC techniques. We examine studies of heterogenous 
halide distribution and charge collection within complex mixed 
halide hybrid lead perovskite systems with MAPbI3−xClx and 
FAPbI3−xBrx. Finally, we will provide first insights into the con-
tribution of mixed A-site inorganic cations.

4.1. Insights from the Simplest Hybrids: Nonstoichiometry  
in MAPbI3 and MAPbBr3 Thin Film Devices Negatively  
Affects Charge Collection

Hybrid perovskite devices are surprisingly susceptible to halide 
nonstoichiometry. Recent studies tuning the excess amount 
of PbI2 precursor in solution-processed perovskite thin film 
synthesis indicate there are clear tradeoffs to having both a 
shortage of PbI2 (loss in Jsc) and an excess (loss in Voc), with 
the optimal performance coming from devices with a small 5% 
excess of PbI2.[165] Spatially resolved µ-XRF maps of heavy ele-
ment constituents of lead (Pb) and iodine(I) in MAPbI3 devices 
and the corresponding XBIC current provide some basis for 
microscopic understanding of the impact of lead–halide non-
stoichiometry and are presented in Figure 5.[123] This MAPbI3 
absorber is deposited in a standard architecture atop TiO2 scaf-
fold with subsequent deposition of a Spiro-MeOTAD HTL. The 
nano-XRF study used a 30 nm X-ray probe available under 
vacuum at APS beamline 26-id-c. Using a watershed analysis, 
the film is separated into iodine rich and iodine poor regions. 
The Pb:I ratio map illustrates the inhomogeneous elemental 
distribution clearly, in which a Pb-rich hot spot with Pb:I ratio 
of 0.39 ± 0.03 (mean ± standard deviation) is detected while the 
rest of the film has a stoichiometric ratio of 0.29 ± 0.03, in good 
agreement within experimental uncertainty of the expected 
MAPbI3 ratio of 0.33. Although the average Pb:I ratio of the Pb-
rich area does not yield the exact expected ratio of 0.5 for a sec-
ondary PbI2 phase, it is reasonable to expect there may be some 
mix of MAPbI3 and PbI2 along the X-ray beam path through the 
sample thickness. At a minimum, the hotspot indicates second 
phase formation in the film and the Pb-rich local stoichiometry 
suggests it is PbI2, which is known to be one of the decom-
posed products from MAPbI3 perovskites.[166,167] The effect of 
the halide stoichiometry and local electronic performance is 
revealed when comparing the XRF chemical ratio map to the 
XBIC electronic map directly. The iodine poor regions corre-
spond with low XBIC regions, indicating lower current collec-
tion, in good agreement with the lower short-circuit current 
found in devices using PbI2-deficient synthesis.[165]

Moving to the more robust bromide perovskite enabled oper-
ando µ-XRF/XBIC characterization technique to be extended 
to larger area mappings to obtain more statistical information 
regarding halide nonstoichiometry and its electronic influence. 
An MAPbBr3 perovskite device was measured using X-ray beam 
with 250 nm spot size at APS 2-ID-D under a helium ambient. 
This MAPbBr3 cell does not contain an HTL layer, which is 
slightly different from the conventional architecture, but results 
in high-voltage bromide cells.[168] The local bromide–lead 
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stoichiometry and the corresponding normalized XBIC cur-
rent maps are presented in Figure 6a,b, respectively. From the 
spatially resolved Br:Pb map, Br is found to be heterogeneously 
distributed, where it has a wide range of point-by-point molar 
ratio from 2.25 to 2.85 with an average measured stoichiometry 
of 2.6 and standard deviation of 0.09. It is challenge to estab-
lished that this is indeed substoichiometry on average given 
the XRF quantification uncertainty to be >10%. This number 
is in line with studies that have characterized the final thin 

film composition of perovskite films where 
an uncertainty of 7–10% of the average 
ratio has been reported.[138,169] However, a 
composition-spread investigation of mixed 
iodide–bromide perovskites also revealed 
systematically increasing substoichiometry 
with increasing bromide content up to MAP-
bI2Br ((Br+I):Pb of 2.6 in MAPbI2Br).[91] It is 
important to realize that, in addition to pos-
sible average substoichiometry, the relative 
variation of Br:Pb stoichiometry within the 
same film revealed by nano-XRF is consid-
erable. A similar heterogeneity is observed 
in the current collection map in Figure 6b. 
We display a normalized XBIC map that 
accounts for differences in local absorption 
due to thickness variations.[149] To assess the 
correlation between halide distribution and 
local carrier collection, the normalized XBIC 
map is divided into 10 × 10 boxes, and the 
average value within each box of the normal-
ized XBIC signal is plotted against the cor-
responding average Br:Pb ratio in Figure 6c.  
Figure 6c displays a positive correlation 
(r2  = 0.41) between charge collection and 
the Br:Pb ratio. Carrier diffusion into neigh-
boring pixels likely weakens the observed 
correlation, but the positive correlation is still 
recognizable from either visual inspection 
of the Br:Pb ratio map and the normalized 
XBIC map, or the scatter plot. The poor cur-
rent collection can be attributed to areas of 

microscopic nonstoichiometry and, in some cases, the presence 
of small nuclei of PbBr2 from perovskites decomposition seen 
as the darkest spots in Figure 6a. Clearly, more stoichiometric 
areas within both MAPbI3 and MAPbBr3 films exhibit better 
current collection, and the current collection is quite sensitive 
to nanoscale chemistry. The question arises whether the impact 
of nonstoichiometry is due only to the presence of grain bound-
aries as extrinsic structural defects or whether nonstoichiom-
etry has intrinsic impacts in the hybrid perovskites.
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Figure 6.  The influence of nonstoichiometry in an MAPbBr3 solar cell. a) A Br:Pb molar ratio map measured via nanoprobe XRF reveals a heterogeneous 
Br distribution within an MAPbBr3 thin film solar cell. Bright regions are stoichiometric, while darker regions are substoichiometric. b) A normalized 
XBIC map for the mapped area is shown, where the collected XBIC is normalized to the thickness-dependent local absorption. Current collection 
varies highly across the film. d) The correlation between nanoscale XBIC and Br:Pb ratio is shown, where the Br:Pb ratio map and the normalized XBIC 
maps are divided into 10 × 10 boxes and the average value within the box is plotted. A positive trend exists between more stoichiometric MAPbBr3 
and current collection probability.

Figure 5.  Nano-XRF and XBIC investigation of MAPbI3. a,b) Spatially resolved nano-XRF map 
of heavy element constituents, I and Pb, within an MAPbI3 device. The scanned area is 5 × 5 µm  
with a 30 nm beam spot size. Watershed analysis shows the intragranular areas of high  
concentration, and the grain boundaries are highlighted by black lines. c) A Pb:I molar ratio 
map of the same data reveals the heterogeneous stoichiometry across the film. The nominal 
stoichiometry should be Pb:I = 0.33, but varies significantly within the grains and between 
grains. An area of likely PbI2 formation appears as a hotspot. d) The XBIC map shows that the 
lead-rich regions appear to collect charge poorly. All panels reproduced with permission.[149] 
Copyright 2017, Cambridge University Press.
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4.1.1. A Critical Insight: Halide Migration and Resulting  
Nonstoichiometry Results in Increased Carrier Recombination  
in Single-Crystal Perovskites

Using micrometer-scale single-crystal model materials, we 
recently have shown that halide migration directly affects car-
rier recombination in MAPbBr3.[170] Ion migration is proposed 
as an important limiting mechanism in hybrid organic–inor-
ganic perovskite devices because of hysteresis[21,171,172] and 
photoinduced instability.[23,173] Despite concerns regarding ion 
migration, many open questions remain as to its fundamental 
mechanism[174] and how stoichiometric changes[165,175] upon 
migration relate to device performance. A number of indirect 
approaches, particularly using electronic hysteresis scanning 
coupled with kinetics modeling, have suggested halide migra-
tion is the likely mechanism of device hysteresis.[176,177] To take 
a step further, we used MAPbBr3 single crystal to study ionic 
migration, which has been recognized to be one of the possible 
mechanisms that cause secondary phase formations in the 
perovskite system under applied electric field.[178,179]

Using nano-XRF at APS 2-ID-D with 200 nm resolution, we 
mapped changes in the elemental distribution within micro-
scale single crystals of MAPbBr3, using the elementally specific 
nature of X-ray fluorescence to identify changes in nanoscale 
elemental composition.[170] The MAPbBr3 microcrystals (µ-Xtal) 
were synthesized using a facile polydimethylsiloxane stamping 
method that creates thin (<1 µm) crystals that are single crys-
tals, as revealed by sensitive electron backscatter diffraction.[180] 
Using symmetric contacts in a patterned back contact geometry 
as shown in Figure 7a, a thin MAPbBr3 single-crystal-bridged 
lateral Pt–Pt electrodes, where the left-hand electrode was 

kept grounded. Figure 7b illustrates the direct observation of 
the lateral halide migration under bias from the µ-XRF map-
pings. Four µ-XRF images are arranged in chronological order 
from left to right that followed the bias sequence as listed 
below the Br:Pb elemental maps. The initial Br distribution is 
collected without applying any bias, yielding a homogeneous 
average Br:Pb molar ratio equal to ≈3, as expected for a single-
crystal perovskite. After applying −2V bias, where the electric 
field pointed from left to right, bromide migration from right 
to left results in Br depletion above the right-hand electrode. 
Similar bromide depletion is observed above the left-hand elec-
trode upon flipping the direction of the applied electric field. 
A noticeable amount of bromide is also recovered on the right-
hand side. Lastly, the applied bias is switched to the first bias 
condition, −2V, and most of the Br depleted region is recovered 
on the left-hand electrode, while dark irreversible areas form 
on the right-hand Pt electrode. These irreversible areas indicate 
likely nanoscopic nuclei of PbBr2 forming after repeating bias 
cycles and X-ray irradiation. Given the local formation of PbBr2, 
we speculate that MABr leaves the sample in an electrochem-
ical reaction resulting in overall Br loss, particularly during 
the first negative bias. Upon cycling of the bias condition, the 
overall trend within the sample is depletion of Br in the nega-
tively biased region and recovery/accumulation of Br in the 
positively biased region, consistent with bromide migration.[170]

Micro-photoluminescence mapping of a fresh MAPbBr3 
crystal tied this bromide migration and the associated non-
stoichiometry to carrier recombination activity. A similar bias 
sequence was applied to the crystal atop the same substrate 
as shown in Figure 7c and its spatially resolved µ-PL maps 
are shown in Figure 7d,e, respectively, showing the change in 
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Figure 7.  Direct observation of bromide migration in a single-crystal MAPbBr3 thin film under applied bias. a) Optical image of a microscale MAPbBr3 
single-crystal deposited across back-contact Pt electrodes to enable in situ biasing. The left electrode is grounded for electrical biasing. b) Nano-XRF 
measurements of the local Br:Pb ratio before bias and during a sequence of −2V, +2V, and −2V biasing. The shift in the Br content upon biasing reveals 
a quasireversible migration. c) Optical image of a similar MAPbBr3 used for µ-PL mapping. d) µ-PL mapping after a return to 0V following a −2V bias 
shows that PL is enhanced in the region of Br enrichment and decreased in regions of Br depletion. e) Subsequent biasing of the same crystal to +2V 
followed by relaxation reveals a shift of the PL hotspot to the opposite electrode, consistent with the direction of bromide migration. The correlation 
between the nano-XRF and PL data in single-crystal perovskite materials suggests that halide migration and nanoscale halide nonstoichiometry play 
an important and intrinsic role in optoelectronic property within devices. Adapted with permission.[170]
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PL intensity after the same sequence of bias steps as during 
nano-XRF. PL intensity increases in halide-rich regions and 
decreases in halide-poor ones (Figure 7d).[170] Because PL is a 
measure of local excited carrier density, it correlates directly 
with local electronic quality. Br-rich regions thus exhibit lower 
recombination, while Br-depleted show higher recombination 
activity. These results indicate a close relationship between 
halide vacancies and recombination activity. The direct link 
between halide migration and optoelectronic response clari-
fies that halide migration is a challenge that is intrinsic to the 
absorber and one that plays a determining role in the perfor-
mance limits of perovskite devices. The average field applied  
(2 kV cm−1, estimated from the ±2V applied bias across the 
10 µm electrode gap) is at least one order of magnitude lower 
than the average field in operating hybrid perovskite thin 
film solar cells near their maximum power point. Mitigating 
halide migration is thus a necessary criterion for achieving 
stable perovskite optoelectronic performance. These correlative 
studies between µ-XRF and µ-PL suggests that halide migra-
tion is likely to occur under applied bias in operating cells and 
that nanoscale halide stoichiometry plays an important role in 
determining the optoelectronic properties within devices.[170] 
Developing strategies to mitigate ion migration and reduce 
defect density within perovskite thin films is necessary.

4.2. Mixing Cl and Br into Iodine-Rich Perovskites: Cl-Rich 
Regions Are Benign and Br-Rich Regions Are Efficient  
Current Collectors

Synthesis of mixed halide perovskite films has enabled 
improved solar cell efficiency, but open questions remain as 
to how the nanoscale chemistry determines performance in 
these films. Here, we analyze additions of Cl in MAPbI3 and 
Br in FAPbI3 thin films. It is now well established that syn-
thesis with Cl-containing precursors boosts the performance of 
MAPbI3 devices.[116] The presence of Cl facilitates grain growth 
during perovskite crystallization due to the formation of small 
PbCl2 nanocrystals that serve as nucleation centers, resulting 
in larger grain sizes.[25,181] The detection of remnant of Cl in 
the final film has been a challenge to further investigating the 
role of Cl. Benchtop X-ray fluorescence was used by Pool et al. 
to establish that Cl remained in the final film. X-ray absorp-
tion near edge spectroscopy confirmed that the remaining Cl 
adopts a chemical state distinct from either MACl or PbCl2, 
suggesting it is chemically incorporated in some fashion into 
the film.[147] The distribution of Cl has also been studied as a 
function of depth in the film by using X-ray photoelectron 
spectroscopy (HAXPES) and fluorescence yield X-ray absorp-
tion spectroscopy (FY-XAS).[182] The FY-XAS study found an 
inhomogeneous Cl distribution across the thin film thickness 
in MAPbI3−xClx, where no Cl was detected near sample surface 
but an upper limit estimate of Cl incorporation was established 
to be 0.07 < x < 0.4 along the depth of 10 to 26 nm.

Using synchrotron-based nano-XRF we identified a spa-
tially heterogeneous incorporation of Cl in the plane of the 
perovskite film, finding a preferential accumulation of Cl at the 
boundaries of perovskite grains.[148]Figure 8a shows nano-XRF 
maps of two perovskite films: a film fabricated with two parts to 

one MACl:MAI in a two-step method (2:1, 2s) and a film fabri-
cated with equal parts MACl and MAI in a one-step synthesis 
(1:1, 1s). Three elemental maps, Pb, I, and Cl, are shown nor-
malized to the film’s maximum to compare the relative distri-
bution between samples. The map of Cl:I mass ratio indicates 
the sensitive Cl detection and shows that the final Cl concentra-
tions in films are related to the amount of Cl-containing pre-
cursor introduced during the film synthesis. Furthermore, close 
inspection of the Cl:I mass ratio maps reveals that Cl distribu-
tion does not align with the major elements (Pb and I) in the 
film. This distinct distribution is shown more clearly for two 
randomly selected crystallites in Figure 8b. The boundaries of 
the perovskite crystallites are generated by analysis of the I-rich 
regions evident in the I map. The Cl:I ratio maps for both crys-
tallites suggest that Cl-rich regions are preferentially located 
adjacent to the perovskite crystallites (Column 3, Figure 6b).

Building from the detection of a varying Cl distribution 
within perovskite films, it is crucial to gain clearer insight into 
its nanoscale electronic impacts. deQuilettes et al. explored the 
role of Cl in MAPbI3−xClx film by correlating scanning elec-
tron microscopy (SEM)/EDX and µ-PL mapping.[1] Brighter 
PL regions are detected where Cl content is high as shown in 
Figure 8c,d. However, the electronic role of Cl is still some-
what inconclusive. Other indirect effects due to presence of Cl, 
such as better crystal crystallinity, cannot be entirely neglected. 
For example, first-principles calculations indicate that Cl may 
play a role in passivating defect states at grain boundaries.[10] 
As an alternative to looking at PL of band-to-band recombina-
tion at open circuit, we utilize nano-XRF/XBIC to look at an 
MAPbI3−xClx device under charge-extracting short-circuit condi-
tions as shown in Figure 9. A two-step deposition process was 
used to deposit perovskites on a mesoporous TiO2 scaffold. The 
organic precursor solution had MAI:MACl = 2:1. The iodide map 
shows the individual grains and grain boundaries within the 
film, and the normalized Cl:I ratio map again indicates a highly 
heterogeneous distribution of Cl in the system (Figure 9a–c).  
The normalized XBIC appears to show enhanced charge collec-
tion in the thinnest part of the film near the grain boundaries 
Figure 9d. A plot of normalized XBIC versus local Cl content is 
shown in Figure 9e. No correlation is found between the rela-
tive enrichment of Cl content and current collection. It seems 
that the Cl does not play a direct role in either enhancing carrier 
collection or preventing it. Instead, the data support arguments 
that the overall improvement on device performance and longer 
carrier lifetime upon addition of Cl containing precursors are 
likely due to the indirect effect of improving crystal quality or 
enhancing surface/defect passivation.

4.2.1. Mixed Bromide–Iodides

The benign role of Cl raises questions regarding the role 
of Br in the widely used mixed halides MAPb(I1−xBrx)3 and 
MA1−yFAyPb(I1−xBrx)3. As mentioned in Section 2, a small 
amount of Br incorporation benefits phase stability, the black 
phase of FAPbI3 in particular.[20] The FAPbI3−xBrx composi-
tion range has been studied in detail by Eperon et  al. and 
Rehman et  al., investigating the band gap tunability, phase 
stability and charge-carrier dynamics at various levels of Br 
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incorporation.[16,183] The band gap of the FAPbI3−xBrx com-
positions can be tuned from 2.2 to 1.5 eV, with a shift from 
cubic to tetragonal phase as x varies from 0 to 1. An obstacle to 
homogenous chemical mixing is the crystal structure difference 
between the tetragonal triiodide and cubic tribromide FA lead 
perovskites, and only a small fraction of Br can coexist and be 
incorporated to produce a stable film in the FA-based perovs-
kites.[16] Perovskite films with higher Br:I ratio exhibit a reduc-
tion in crystallinity and even amorphization along with XRD 
peak shifting and boarding, particularly for the (110) tetragonal 
peak.[16,184] THz photoconductivity measurements at high Br 
incorporation (Br > 0.3) reveal that the regions of poor crystal-
linity that form due to the phase mismatch hinder charge-car-
rier transport with vanishing carrier mobility.[183]

Even in optimized 4:1 Br:I MAPb(I0.2Br0.8)3 perovskite films, 
abnormal optoelectronic behavior is observed including a 
reversible photoinduced trap formation in which the photolu-
minescence wavelength is red shifted upon illumination[23,185] 
and hysteresis during JV measurements where the forward 
and reverse biased conditions produce JV curves particularly 
in the triiodide perovskites.[176,186] Multiple researchers have 
implicated ion migration[83,187] in combination with charge col-
lecting at low-bandgap iodide-rich regions[188] to explain the 
local bandgap shifting under illumination. The intrinsic het-
erogeneity in bromide–iodide nanoscale chemistry in mixed-
cation films has been evidenced indirectly by Kelvin Probe 
force microscopy with nanoscale potential fluctuations that are 
thought to fundamentally limit solar cell performance.[189]

Microscopic evidence of the nanoscale variations in chem-
istry and carrier collection underlying these important findings 
is provided by nano-XRF/XBIC investigation of FAPbI3−xBrx. 

Figure 10 shows the nanoprobe XRF and XBIC maps for sam-
ples with different Br:I ratios (x = 0.25 and 0.75). The Br incor-
poration is highly varied as seen in the Br:(Br+I) ratio maps in 
Figure 10a,b. The average Br:(Br+I) ratio and its standard devia-
tion for the nominally FAPbI2.75Br0.25 and FAPbI2.25Br0.75 films 
are 0.08 ± 0.01 and 0.25 ± 0.04, respectively, indicating good 
agreement between the average measured composition and the 
targeted composition. Though the characteristic grain sizes are 
smaller in the x = 0.25 film than in the x = 0.75 film, a similar 
degree of Br segregation is observed in both films, as quantified 
by a coefficient of variation in Br:(Br+I) (standard deviation/
average) of 0.17 for both FAPbI2.75Br0.25 and FAPbI2.25Br0.75. 
This high degree of heterogeneity is consistent with broad-
ening of the (110) diffraction peak to 0.33° and 0.45° full 
width at half-maximum for FAPbI2.75Br0.25 and FAPbI2.25Br0.75 
(not shown). The normalized XBIC electronic map accentuates 
the evident phase segregation within the films. Especially in the 
higher Br content FAPbI2.25Br0.75, large noncollecting regions 
are observed in Figure 10c,d.

A 2D histogram is used to illustrate the relation between 
Br incorporation and charge collection within each film as 
shown in Figure 10e,f. In both cases, the regions within the 
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Figure 8.  a) Nano-XRF maps of Pb, I, Cl, and Cl:I ratio (left to right) in 
MAPbI3−xClx films show a spatially heterogeneous incorporation of Cl in 
films made by two-step (top row) and one-step (bottom row) methods.  
b) High-resolution nano-XRF images of regions of randomly selected 
grains from the Cl-containing PbI2  + MACl:MAI (1:1, 1s) sample. The 
highlighted boundary indicates the approximate outline of a single pero-
vskite particle. Cl appears to accumulate predominantly at the boundaries 
or outside of iodide perovskite grains. c) SEM image overlaid with spa-
tially resolved µ-PL maps in MAPbI3(Cl) film showing the negative impact 
of grain boundaries and the high degree of variation between grains.  

d) EDS line scan of Cl/(Cl+I) weight ratio showing that Cl is associated 
with crystallites that have higher integrated PL intensity. a,b) repro-
duced with permission.[148] Copyright 2016, American Chemical Society. 
c,d) reproduced with permission.[1] Copyright 2015, AAAS.
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film with higher Br content seems to yield better charge collec-
tion. This observation can be attributed to the band gap differ-
ence between FAPbBr3 and FAPbI3, in which the local regions 
of I-rich perovskite phase serve as sinks for generated carriers, 
with carriers generated in the Br-rich regions efficiently swept 
away and collected.[188] Although the Br-rich regions show 
improved charge collection, the tendency of mixed bromide 
iodide films to segregate on the nanoscale may limit the ability 
of these perovskites to reach their ultimate voltage limits due to 
bandgap-related Voc fluctuations.[189,190]

4.3. Effect of A-Site Cation for Controlling Film Morphology  
and Environmental Stability

From an optoelectronic perspective, the incorporation of a dif-
ferent A-site cation in the 3D perovskite framework does not 
show as significant an impact on optical absorption nor photo-
luminescence peak shift as manipulating the lead halide bond 
(Figure 2c). However, the importance of A-site cations in con-
trolling phase and environmental stability, especially in mixed 
halide perovskite, cannot be neglected. With a focus on recent 
investigation of A-site inorganic cations incorporation, double, 
triple and quadruple cations have been widely implemented to 
achieved long-term stability as well as >20% photovoltaic effi-
ciency.[9,70,72] In addition to the environmental stability men-
tioned in Section 2 for FA/Cs cation mixture, one important 
aspect of Cs incorporation is that it helps to suppress the photo
induced halide segregation in perovskite device as compared to 
the MA-based mixed halide perovskites shown in Figure 11a. 
The control film of MAPb(I0.6Br0.4)3 displays a gradual photo
luminescence shift from 1.80 to 1.68 eV under 1 h light exposure 
with power density of ≈ 3 mW cm−2, while a constant PL peak 

at 1.72 eV is detected in a mixed A-site FA0.83Cs0.17Pb(I0.6Br0.4)3 
composition.[185] Our early nano-XRF experiments investigating 
the nanoscale chemistry within such mixed-A-site films indi-
cate that incorporation of Cs homogenizes the A-site chemistry 
in the plane of the film (Figure 11b).

In addition to this homogenization, Cs+ ions assist grain 
growth during perovskite film formation as shown in SEM 
images in Figure 11c. When no Cs containing precursor is 
introduced (Cs0M, (FAPbI3)0.83(MAPbBr3)0.17), the perovskite 
grain growth is not directional nor monolithic, and grains have 
the tendency to stack on top of each other. On the other hand, 
when 5% of Cs containing precursor introduced, beneficial ver-
tical grain growth is obtained. The uniform grain formation has 
been speculated to be a result of Cs-induced perovskite seeds 
that form at room temperature in precursor solution before 
spin coating.[17] Later in 2016, rubidium was introduced into 
the family of mixed A-site hybrid perovskites to form quadruple 
cation mixed halide perovskites.[9] The best performing Rb con-
taining perovskite reaches PCE of 21.6%, and its environmental 
stability extends to 500 h at 85 °C under full one sun illumi-
nation. Early indications via hard X-ray photoelectron spectros-
copy are that Rb and Cs play complimentary roles in stabilizing 
perovskite thin films.[191] Further microscopic investigations are 
necessary to clarify the role of the inorganic cations in stabi-
lizing the perovskite films and improving their performance.

5. Outlook and Conclusion

The emerging class of hybrid organic–inorganic perovskites 
offers disruptive potential for optoelectronic devices. The 
chemical flexibility of the perovskite structure has begun to 
be explored in the search for hybrid perovskites with tuned 
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Figure 9.  Nano-XRF/XBIC study of the optoelectronic role of Cl. a–c) I, Cl, and normalized Cl:I nano-XRF maps illustrate the varying halide distribution 
within MAPbI3−xClx films over many grains. d) Normalized XBIC mapping of the same film shows strong variations in nanoscale charge collection.  
d) Scatter plot of normalized XBIC and Cl:I mass ratio reveals little relationship local Cl incorporation and charge collection, indicating that the spatial 
variation in current collection is not a direct result of the Cl distribution.
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functional properties, with researchers implementing multiple 
substitutions to mix the composition of each of the constituent 
A, B, and X sites in materials of dimensionality varying from 
0D quantum dots to nanowires and atomically thin 2D layers 
to 3D films. Although truly impressive optoelectronic perfor-
mance has been achieved via this materials engineering, chal-
lenges remain to establish commercial viability for perovskite 
devices particularly regarding their performance variability and 
stability.

The chemical flexibility of perovskite benefits the optical 
absorption tunability in particular, but it often creates subse-
quent challenges in charge extraction in functional devices 
due to spatial heterogeneity in composition and phase segre-
gation within or across devices. Accessing optoelectronic and 
chemical information at the nanoscale necessary to analyze 
these materials has proven difficult in part due to a significant 

effect of most probes on the very properties 
of the film under investigation. Researchers 
have applied widely varying methods to 
examine the unique and fascinating proper-
ties of the halide perovskites with at times 
heroic efforts necessary. We have highlighted 
only a small fraction of the many approaches 
and the insights gained, but provide a more 
detailed assessment of the relative merits of 
the most common probes: optical, e-beam, 
and X-ray. Regardless of characterization 
strategy, the community must establish 
rigorous metrics of probe-induced degra-
dation in the perovskites, much as it has 
done regarding metrics for quantitative of 
perovskite solar cell device measurement.[192] 
Nanoscale characterization is necessary to 
build the detailed understanding of complex 
hybrid perovskite behavior required to over-
come remaining stability and variability chal-
lenges to perovskite commercialization and 
extract the full potential out of the promising 
hybrid perovskite materials.

We focused here on recent nanoprobe 
X-ray investigations of elemental distribution 
via X-ray fluorescence combined with X-ray 
beam induced current collection measure-
ments to identify the heterogeneous stoichi-
ometry within perovskite films and the role 
of dopant/impurities on nanoscale charge 
collection within devices. We find that spatial 
variations in stoichiometry exist within even 
all-iodide and all-bromide thin film perov-
skite absorbers. In situ synchrotron-based 
X-ray nanoprobe measurements reveal direct 
evidence that halide poor regions result in 
lower charge collection. Nanoscale halide 
nonstoichiometry also manifest itself during 
voltage biasing due to halide migration in 
methylammonium lead bromide perovskite 
single crystals. The nanoscale nonstoichiom-
etry that arises under bias negatively affects 
carrier lifetime, indicating that hybrid perovs-

kites face intrinsic materials challenges beyond phase stability in 
ambient conditions. When mixing Br and I on the halide site, 
as is done in higher efficiency solar cells, we find that Br-rich 
areas exhibit enhanced local charge collection. On the other 
hand, local Cl incorporation does not seem to directly affect the 
local electronic properties. Finally, variations in the A-site stoi-
chiometry within mixed Cs and formamidinium films show a 
larger impact on homogenizing the film than in determining 
nanoscale charge-carrier collection.

Many open questions remain where nanoscale characteri-
zation holds promise for proving unique insight, such as the 
role of structural and phase defects in degradation, the elec-
tronic and chemical interactions at contact interfaces, as well 
as the microscopic electronic and chemical impact of recently 
investigated metal substitutions in halide perovskites. Small 
concentrations (<1%) of metal dopants in hybrid lead halide 
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Figure 10.  Halide distribution in FAPbI3−xBrx and its impact on charge collection. a,b) Nano-
XRF maps showing the Br:Br+I ratio in films with x = 0.25 and 0.75. Heterogeneity increases 
with x but is seen in both films. c,d) Normalized K XBIC maps reveal highly nonuniform charge 
collection, with some local areas exhibiting far better current collection than others. Large frac-
tions of the x = 0.75 film show little photoresponse. e,f) 2D histograms of normalized XBIC 
versus Br:(Br+I) ratio for x = 0.25 and 0.75 show a positive correlation between local Br enrich-
ment and current collection probability.
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perovskites, Al3+ and Co2+ in particular, have exhibited posi-
tive benefits, such as reduction in nonradiative recombination 
and improvement of crystal growth that results in improved 
electronic quality or film morphology, though detrimental 
effects are observed at higher concentrations.[193–195] Thermal 
stability improvements are seen when using Mn2+ as a B-site 
metal dopant in cesium lead halide perovskites.[196] Metal-sub-
stituted lead halide perovskites have also shown early promise 
for application in intermediate band photovoltaics.[197] Micro-
scopic characterization pairing chemical and optoelectronic 
insights should advance understanding of the fundamental 
roles of these dopants and enable researchers to fully exploit 
the efficiency potential of perovskite optoelectronic devices.

The sensitivity of the functional properties of perovskites to 
ambient environments motivates further development of in situ 
and operando characterization platforms that can provide direct 
evidence and a more precise and comprehensive understanding 
of the relationship between device behavior and nanoscale 
chemical or structural variations. Researchers must consider 
perhaps not only how to mitigate these variations but also how 
future efforts might take advantage of this tendency in order to 
engineer novel device functionality or enhanced performance. 
Understanding how the nanoscale chemistry in complex hybrid 
perovskite thin films affects charge collection at the nanoscale 
scale is necessary to push the performance of perovskite opto-
electronic devices toward their theoretical limits.
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