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ABSTRACT: Further global adoption of photovoltaic energy conversion technologies
is contingent on sustained progress toward widespread grid-parity. For that, solar cell
materials composed of microscale grains and nanoscale boundaries show the highest
potential due to their large theoretical efficiency and low-cost fabrication methods.
Here we outline the current challenges facing hybrid perovskites and prevalent thin-
film polycrystalline materials for photovoltaics. We offer our perspective on how
mesoscale functional imaging can enable a complete understanding of the physical and
chemical processes restricting their performance, completing the materials science
structure−properties−processing−performance tetrahedron. First, we present the key
characteristics of hybrid perovskites, CdTe, CIGS, CZTS, and pc-GaAs, emphasizing
their main limitations. Second, we discuss how novel imaging methods based on
electron and scanning probe microscopies can be realized to provide quantitative
information about the relevant parameters (figures-of-merit) that define solar cell
performance, with nanoscale spatial resolution. Finally, we offer our vision for the
upcoming years, wherein correlative functional microscopy will lead to a complete narrative of the electrical, optical,
structural, and chemical properties of these materials, including their surface and bulk properties.

Renewable energy is expected to become a significant
percentage of the global energy sources as the total
amount of power consumed globally continues to

increase each year. Of the renewable resources available, solar is
the only one that can deliver the >184 000 TWh per annum
required to meet the worldwide energy needs by 2020.1

Nevertheless, effective high-efficiency and low-cost photo-
voltaics (PV) are still necessary to successfully replace fossil
fuel-based technologies. While single-crystalline PV materials
generally outperform their polycrystalline counterparts,2 the
extremely high cost associated with their epitaxial fabrication
methods is still a barrier to implementation. Nonepitaxial
compounds, such as hybrid perovskites and thin-film
polycrystalline materials, are very promising alternatives, but
improvement in device stability and power conversion
efficiency (η) are still required for successful deployment, as
will be discussed in detail in this Perspective.
The absorbing layer of halide hybrid perovskites and of most

polycrystalline materials for PV (CdTe, CIGS, CZTS, and
polycrystalline GaAs) is composed of grains in the microscale
range, as shown in Figure 1, with well-defined facets, interfaces,
and boundaries. The macroscopic performance of the devices
strongly depends on these mesoscale constructs, where the
behavior of the average density of atoms corresponding to
length scales of 5−50 nm (and to a volume commonly
comprised of thousands of atoms) is more relevant than the
contribution of the individual atoms themselves.3 Thus, it is
imperative to resolve the performance of the device at similar

length scales. While conventional electrical characterization
methods are extremely useful, they do not provide information
about how each grain and interface contributes to/affects the
electrical and optical responses of the PV devices. Scanning
probe microscopy (SPM) and scanning (transmission) electron
microscopies (STEM and SEM) have been successfully applied
to characterize materials for solar cells with high spatial
resolution.4−6 Recently, microscopic techniques have been
combined to investigate the structural, optical, chemical, and
electrical properties of a variety of relevant materials.7,8

However, the nanoscale functional imaging of critical mesoscale
phenomena in PV materials and in operando devices is still
missing. The performance of PV devices is defined by their
main figures-of-merit: open-circuit voltage (Voc), short-circuit
current density (Jsc), fill factor (FF), and η. Thus, the ability to
map these quantities with nanoscale spatial resolution will likely
unravel the intricate physical and chemical processes that define
device functionality at the mesoscale, elucidating the origin of
the modest performance of some technologies and of the light-
induced chemical reactions that take place in perovskites.
In this Perspective, we first highlight the most promising

materials for high-efficiency and low-cost solar cells, including
halide hybrid perovskites, CdTe, CIGS, CZTS, and pc-GaAs.
Second, we evaluate how cutting-edge functional nanoimaging
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methods can be implemented to advance our understanding of
the fundamental physical and chemical processes governing
these nonuniform materials, including the use of both electrons
and photons as the excitation source for charge carriers. Third,
we discuss the need for real-time microscopic methods to probe
the degradation mechanisms of perovskite solar cells, still not
well understood. Finally, we briefly analyze the relevance of big
data to effectively correlate the information acquired by a set of
microscopic methods.
Thin Film Materials and Hybrid Perovskites for PV:

Opportunities and Current Limitations A complete description
of electron and hole generation, recombination, and collection
throughout the granular structure of perovskites and poly-
crystalline thin films can potentially enable us to rationally
design the next generation of higher-efficiency PV. Without this
critical information, one cannot explain nor control the
operating mechanisms that will ultimately help improve device
performance and stability. Before discussing the opportunities
associated with functional and correlative microscopy to
advance the state-of-knowledge of emerging PV technologies,
we summarize below the major advantages and challenges of
the selected nonuniform solar cell materials.
(i) Hybrid Organic−Inorganic Perovskites. Since 2009, the

research community has witnessed the rise of hybrid halide
perovskites as a competitive PV technology.12−14 The perov-
skite material has the chemical formula ABX3, where A is an
organic cation (most commonly used is methylammonium
(MA), CH3NH3), B is an inorganic cation (typically Pb or

Sn15), and X is a halide (typically iodine, but chloride and
bromide have also been used). The interchangeability of
elements within the compound enables bandgap energy (Eg)
tuning from 1.6 to 3.2 eV, very appropriate for multijunction
designs. At present, perovskites hold a record power conversion
efficiency similar to that of CdTe and CIGS, at η = 22.1 ±
0.7%.16 However, stabilizing the high performance has proven
to be a challenge and is one of the main ongoing focuses of
research in the field.17 Scientists have observed the PV
characteristics change in a matter of seconds,6,18 and the
primary processes that cause this instability are still under
intense debate.19 Most perovskites are composed of submicron-
scale grains (Figure 1a), where spatial variations in their
chemical composition resulting from the spin coating
deposition process during device fabrication are possibly
responsible for the spatial electrical variations reported in the
literature6,20 as well as ion migration. Therefore, imaging
electronic charge separation and collection at the numerous
interfaces could elucidate the pathways for carrier transport
within the material.21 Full comprehension and control of the
time-dependent physical and chemical processes responsible for
the commonly observed degradation of perovskites will likely
lead to stable, high-efficiency devices. Additionally, by probing
the local electrical response of new lead-free perovskite
alternatives,22 the community will ultimately identify which
materials are stable under PV operation conditions and, thus,
suitable for device development, which is currently unknown.
(ii) CdTe. CdTe/CdS heterojunction solar cells are a mature

technology, available on today’s PV market. Thus, improving
device performance for a well-established technology can
significantly impact the associated industry. At present, the
power conversion efficiency record of CdTe solar cells is η =
22.1 ± 0.5%, and the maximum module performance is η =
18.6 ± 0.6%.16 While the Jsc of world record devices has
practically achieved its maximum, there is a ∼25% gap between
the theoretical and the measured Voc of polycrystalline CdTe
solar cells; see Table 1. It has been recently shown that single-
crystalline CdTe devices (boundaries free) can achieve Voc as
high as 1.096 V,23 corresponding to ∼20% voltage improve-

Figure 1. SEM images of selected polycrystalline materials for PV highlighted in this Perspective: (a) hybrid perovskites, reprinted from ref 9,
(b) CdTe, (c) CIGS, (d) CZTS, reprinted from ref 10, and (e) polycrystalline GaAs, reprinted from ref 11. In all cases, the absorbing layer is
composed of micron-sized grains or smaller, where their optical and electrical responses vary on the same length scale.

The macroscopic performance of non-
uniform PV devices strongly depends
on their mesoscale constructs, where
the behavior of the average density of
atoms corresponding to length scales
of 5−50 nm is more relevant than the
contribution of the individual atoms
themselves.

Table 1. Theoretical vs Experimental Solar Cell Parameters

material Eg (eV) Voc,theory (V)
14,38 Voc,meas (V)

16 V
V

oc, meas
oc, theory

Jsc,theory (mA/cm2)14,38 Jsc,meas (mA/cm2)16 J
J

sc, meas
sc, theory

η (%)16

perovskite 1.58 1.325 1.105 0.86 27.2 25.0 0.92 22.1 ± 0.7
CdTe 1.45 1.168 0.887 0.76 30.5 30.25 0.99 22.1 ± 0.5
CIGS 1.15 0.890 0.741 0.83 42.1 37.8 0.90 22.6 ± 0.5
CZTS 1.13 0.884 0.513 0.58 43.3 35.2 0.81 12.6 ± 0.3
polycrystalline GaAs 1.42 1.160 0.994 0.89 31.7 23.2 0.73 18.4 ± 0.5
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ment over the best values ever obtained for polycrystalline
CdTe solar cells (limited at ∼0.9 V, as shown in Table 1). This
result strongly indicates that the grain boundaries (GBs) do
indeed negatively impact the recombination rate of charge
carriers. However, fabricating monocrystalline CdTe thin films
is an extremely slow and expensive process. Therefore,
identifying and controlling where carrier recombination events
take place within polycrystalline CdTe will facilitate the design
of devices with suppressed nonradiative recombination, higher
Voc, and, thus, performance. It has been recently suggested that
not every CdTe GB results in voltage reduction;4,24 thus, the
response of individual grains (∼1 μm in diameter, as shown in
Figure 1b) and their interfaces must be resolved, which requires
high spatial resolution electrical measurements.
(iii) Cu(In(1−x)Gax)Se2 (CIGS). The extensive character-

ization of CIGS/CdS heterojunction devices strongly indicates
that this material can become a marketable PV technology.
Currently, CIGS is the highest-performing thin-film solar cell at
η = 22.6 ± 0.5%.16 The CIGS Eg can be tuned from 1.02 to
1.68 eV as a function of Ga/In content (useful for
multijunction approaches), has high optical absorption, is
compatible with flexible substrates, and has the potential for
low cost/W installation.25 Nevertheless, the Voc and the Jsc of
these devices can still be improved, as shown in Table 1. Note
that, recently, the Jsc of small cells (0.51 cm2) reached >41 mA/
cm2 (uncertified),26 approaching the theoretical value. How-
ever, its Voc is still >20% below the theoretical prediction. The
p-doped CIGS absorbing layer is composed of grains
approximately 1 μm in diameter; see Figure 1c. Voltage
variations of >20% have been observed despite the uniform
chemical composition of the grains.7 Therefore, enhanced
power conversion efficiencies will require mapping how the
different grains and interfaces composing the CIGS layer affect
charge carrier generation, recombination, and collection. In
particular, the possible correlation between the physical
behavior of in operando CIGS devices and their structural
properties (resulting from a distribution of grain orientations)
is still unclear.25

(iv) Cu(Zn,Sn)(S,Se)2−CZTS. CZTS belongs to a class of
material similar to CIGS (see Figure 1d for grain morphology).
The main difference, as the chemical formula suggests, is that
the elemental compound does not contain possibly scarce
elements like In or Ga and is purposefully restricted to using
earth-abundant elements. Here, the Zn and Sn atoms replace
the group III elements (In and Ga), producing a structure with
a charge-neutral valence state.27,28 Although extensive efforts to
increase the performance of CZTS solar cells, its Voc is 50%
below the theoretical prediction for this material (Table 1).

Moreover, improvements in the Jsc are also still necessary. As a
result of its modest Voc, the record device efficiency is η = 12.6
± 0.3%.16,29 This lower performance is primarily associated
with fabrication of films with high void density or impure
phases within the Cu2ZnSnS4, such as SnxSy,

30 despite multiple
attempts to optimize the thin-film deposition parameters.
Determining how these variations in chemical composition
affect the local electrical response of CZTS thin films could aid
in the fabrication of higher-efficiency devices.
(v) Polycrystalline GaAs. Single-crystalline GaAs offers near-

ideal optical and electrical properties. As a result, today’s world
record single-junction devices are made of monocrystalline
GaAs, with power conversion efficiency of η = 28.8 ± 0.9%
under AM1.5 global illumination.16 Moreover, this semi-
conductor compound, together with InP and other III−V
alloys, has been successfully implemented in high-efficiency
multijunction solar cells for concentrator systems and space
applications.31−33 However, the epitaxial fabrication methods
required for manufacturing monocrystalline III−V semi-
conductor modules have prohibitive costs for terrestrial
applications. Polycrystalline GaAs is, thus, an attractive
alternative to monocrystalline compounds11 as they can be
fabricated as both n- and p-type by close-spaced vapor transport
(CSVT); see Figure 1e.34,35 The record cell efficiency for
multicrystalline GaAs is η = 18.4 ± 0.5%,16 which is
significantly below its single-crystalline counterpart and likely
due to either the structural defects in the GaAs polycrystals or
surface recombination within the distinct facets. By spatially
resolving the Jsc and Voc of the GaAs mesoscale constructs, we
can measure the local response of each crystal facet
independently. For instance, it is well-known that the GaAs
substrate orientation affects the density of defects.36,37 Yet,
analysis of the contribution of the individual GaAs polycrystals
to charge carrier recombination and collection and, therefore,
to the overall device performance is critical and still missing.
From Table 1, it is evident that there is an opportunity for

material scientists, electrical engineers, physicists, and chemists
to advance the state-of-knowledge of perovskites and
polycrystalline materials for PV. As the mesoscale constructs
strongly influence the efficiency of charge carrier generation,
recombination, and collection events, it is imperative that we
resolve the performance of these materials/devices at similar
length scales. We suggest the implementation of high spatial
resolution microscopy methods beyond their standard
operation mode as a functional imaging platform to directly
resolve the role of the grains and interfaces on solar cell
performance. To emulate PV device operation conditions, both
electrons and photons can be employed as the carrier excitation

Figure 2. Electrons as a source of excitation for high-resolution functional imaging of solar cells. (a) Illustration of the main radiation signals
generated from an e-beam upon interaction with a material. (b) Schematic of EBIC, where the generated current is spatially resolved. (c)
Illustration of CL resulting from the radiative recombination of charge carriers.
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source. Therefore, we discuss the primary advantages and
limitations of selected microscopy approaches and how they
can be modified to offer quantitative information about device
figures-of-merit at the nanoscale.
Electrons as a Source of Excitation. Electron microscopy has

proven to be an indispensable tool to acquire structural,
electrical, and chemical information on PV materials with
nanoscale and atomic spatial resolution. SEM-based measure-
ments are typically performed in a high-vacuum atmosphere,
minimizing sample contamination. The interaction of the
electron beam (e-beam) with the material can generate
secondary and backscattered electrons, X-rays, and cathodolu-
minescence (CL), portrayed in Figure 2a. A commonly used
electrical measurement in SEM is termed the electron-beam-
induced current (EBIC), where the e-beam acts as a local
source of excitation of carriers, Figure 2b. As the e-beam rasters
across the sample, it produces a map of the generated current
with spatial resolution primarily determined by the beam size.39

This characterization method is frequently performed on cross
sections to determine the relative changes in charge carrier
collection across p−n junctions and other important interfaces.
These measurements are especially important for perovskite
devices as they do not have a conventional, well-defined p−n
junction. However, the use of electrons as the carrier excitation
source is prone to severe image artifacts, mainly caused by (i)
the e-beam penetration path and depth and (ii) damage to the
sample.
CL is the physical phenomenon defined by the emission of

photons (electromagnetic radiation) within the UV−IR range,
occurring when electrons relax to their fundamental state,
resulting from material excitation by an e-beam;40,41 see the
representation in Figure 2c. Thus, information about where
radiative recombination takes place within a PV material can be
obtained by CL. The spatial resolution is, in principle, defined
by the size of the e-beam in the SEM. CL imaging has been
implemented in the investigation of a variety of solar cell
materials.42−45 The successful acquisition of reliable data
heavily depends on the instrumentation used for light
detection. A parabolic mirror, inserted between the specimen
and the pole piece, focuses the photons emitted from the solar
cell into a well-defined point on the detection system. Then,
the collected radiation is spectrally analyzed/resolved for every
e-beam position using a high-sensitivity CCD detector, and a
two-dimensional emission map is recorded. In this manner, the
spectrally and spatially resolved optical response is acquired. CL

has recently been implemented to probe the optical response of
fully processed devices. As an example, CdCl2 treatment during
CdTe solar cell fabrication has been shown to reduce
nonradiative recombination in all types of GBs as the overall
intensity of the CL spectrum increases after this passivation
step.24 One unique feature of CL is the fact that it does not
require device processing. In other words, electrical contacts are
not required for mapping the radiative recombination rate of
carriers within a thin film. Nevertheless, similar to EBIC, it
suffers from the same limitations (see Table 2), mostly caused
by the e-beam, used here as the excitation source.
Though the imaging methods described above have been

extensively used to characterize nonuniform solar cell materials,
a combinatorial SEM-based functional imaging platform is
necessary to describe the full picture of the fundamental physics
of charge carriers. Thus, both EBIC and CL are beginning to be
used in conjunction with other SEM-based imaging capabilities
to gain information about additional material properties (e.g.,
chemical or structural). X-rays produced by the e-beam (Figure
2a) are used for compositional mapping, by employing energy
dispersive X-ray spectroscopy (EDX).47 Alternative chemical
imaging techniques include electron energy loss spectroscopy
(EELS)39 and time-of-flight secondary-ion mass spectroscopy
(ToF-SIMS).8 Additionally, the orientation of the grains and
the types of interfaces present in a sample can be mapped by
electron backscattering diffraction (EBSD). Recently, EBIC,
transmission electron microscopy with selected area diffraction
(TEM-SAD), and atom probe tomography (APT) were united
to investigate the CdSexTe1−x alloy that forms upon annealing
of CdTe devices.5 Here, the zinc blende phase showed superior
photoresponse when compared to wurzite. Although very
informative, EBIC measurements do not provide quantitative
information regarding current collection nor has the generated
current been compared to macroscopic light current−voltage
(I−V) measurements.
We foresee correlative SEM and TEM approaches becoming

widespread over the coming years as the dynamics of the charge
carrier processes responsible for high (low) PV performance is
strongly related to the structural and chemical characteristics of
the grains composing the thin-film devices. To date, most of the
work using SEM techniques has focused on capturing the
relative variations in current; however, measurements of Jsc, a
key figure-of-merit for solar cells, are still missing. While a
photon generates only one electron−hole pair, an electron can
generate up to thousands of electron−hole pairs. The volume

Table 2. Selected Nanoscale Functional Imaging Methods Performed on PV Materials along with Their Primary Applications
and Limitations

imaging technique applications limitations

Electrons as a Source of Excitation
EBIC maps of generated current e-beam induced artifacts due to sample damage, strong dependence on accelerating voltage,

primarily a surface signal46

CL radiative recombination of charge carriers resolution is limited to e-beam volume interaction and excess carrier diffusion
Photons as a Source of Excitation

pcAFM photocurrent, relative nanoscale I−V
characterization

removal of conductive coating on probe due to sample contact, slow scan speeds, and effect
of contact size

illuminated-
KPFM

quantitative, nanoscale Voc topographic artifacts due to surface roughness

NSOM LBIC photocurrent beyond diffraction limit decouple the evanescent field around probe aperture and near-field sample−probe
interactionsNSOM PL radiative recombination of charge carriers beyond

diffraction limit
Tr-PL through
NSOM

minority carrier lifetime with subwavelength spatial
resolution
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in which the carrier excitation event occurs depends on the e-
beam current and voltage, the material density, the bandgap
energy, its backscatter coefficient, the atomic weight, the atomic
number, and the quantum efficiency for generating an
electron−hole pair.48 Thus, the volume of excitation, which is
defined by the trajectory of the electrons within the solid, must
be calculated for a quantitative comparison between EBIC and
Jsc. For that, the role of the contact size must also be taken into
consideration.49 Although the contribution of each individual
atom is not as relevant as the mesoscale behavior of the
material, if atomic resolution becomes needed, we expect TEM-
based EBIC to be implemented. In this case, besides all
considerations mentioned above, one must also determine the
possible overestimated contribution of surface recombination
due to the very large surface area-to-volume ratio of the
samples (as a result of the lamella sample size).
Photons as a Source of Excitation. The nanoscale functional

imaging of PV using photons as the excitation source requires
researchers to use atomic force microscopy (AFM) or near-field
scanning optical microscopy (NSOM). Both platforms offer
spatial resolution beyond the diffraction limit, <100 nm,
enabling elucidation of the local electrical and optical properties
of solar cells. In this section of the Perspective, we summarize
the operation principles of selected AFM- and NSOM-based
methods that provide invaluable insights about the material
optoelectronic response and focus on how they can provide
quantitative information about the figures-of-merit of the solar
cells, with nanoscale spatial resolution.
SPM methods have demonstrated exceptional versatility

when mapping the electrical response of PV with nanometer

spatial resolution.4,50 Briefly, in AFM, a deflection laser shines
light onto the probe, which is reflected back onto a photodiode
detector. The coordinates of this laser are sent to a feedback
loop in the microscope controller, which adjusts the height of
the cantilever (and probe) and the x,y scan stage position.
Force−distance curves and the surface topography of the
sample are acquired by evaluating the probe−sample
interactions. A common AFM mode used to determine the
electrical response of solar cells is photoconductive (pc)AFM.
Here, a conductive metal probe acts as the top local electrical
contact of the PV device, as illustrated in Figure 3a. Upon
device illumination by an external light source, the probe
directly collects the generated photocurrent while recording the
topography of the sample in contact mode. The potential
beneficial role of GBs in CdTe, CIGS, and CZTS devices as
current collectors has been broadly investigated through
pcAFM.51−53 However, it is still unknown how the GBs affect
charge carrier recombination, which requires mapping Voc, as
will be discussed later. pcAFM has been applied to perov-
skites54 and recently integrated with voltage biasing to produce
spatially resolved “I−V curves” of the devices.20 In these
measurements, individual maps of I−V parameters can be
obtained, extremely valuable to estimate relative changes in all
figures-of-merit, with nanoscale spatial resolution. In order to
translate this information into macroscopic device parameters,
one needs to take into consideration (1) the extremely small
volume of excitation when light focusing is used, (2) the effect
of the probe size as a current collector and charge carrier
diffusion length, (3) the photon flux in single-wavelength
measurements, (4) spatial variations in the absorption

Figure 3. Photons as a source of excitation to nanoimage PV functionality through SPM. (a) In pcAFM, a conductive probe acts as a local
electrical contact. An external light source is used, where the illumination direction, (i) or (ii), depends on device configuration. Both the
surface topography and current are measured simultaneously. (b) Kelvin probe force microscopy (KPFM) measures the work function (W)
difference (or contact potential difference, VCPD) between the probe and the sample surface when grounded with respect to one another. In
the dark, d, the solar cell is in equilibrium, and all of the Fermi levels are equal. Under illumination (il) there is a splitting of the quasi-Fermi
level (Δμ). The Voc is, thus, determined by subtracting dark- from light-KPFM scans. Evac, Ec, EFn, EFp, and Ev denote the vacuum, conduction,
the quasi-Fermi level for e− and h+ and valence band energies, respectively. Adapted from ref 4. (c) NSOM schematic showing two possible
types of measurements with spatial resolution beyond the diffraction limit: photoluminescence (PL) and laser-beam-induced current (LBIC)
microscopy.
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coefficient of the material under investigation (which will
necessarily affect charge carrier generation), and (5) the
possible optical losses of the experimental setup.
While extensive efforts have been made to increase the Jsc of

thin-film polycrystalline solar cells, higher efficiencies are still
limited by the Voc (see Table 1). The local variations of Voc
within these materials can be determined by a much less
explored and equally powerful AFM-based method: Kelvin
probe force microscopy (KPFM).4,6 Here, the work function
difference between the sample surface and the probe is
measured, as illustrated in Figure 3b. By subtracting an
illuminated KPFM scan from a dark one, the quasi-Fermi
level splitting (Δμ) and, therefore, the local Voc generated by
the material are obtained. This universal approach only requires
a half-processed device and can be performed in ambient
conditions. With proper system calibration, the quantitative Voc
obtained from focused illumination is converted into a 1 sun
Voc map under AM1.5 global illumination. We anticipate Voc
mapping through KPFM to be combined with pcAFM (on the
very same grains and boundaries) to quantify where charge
carrier recombination and collection take place, respectively.
Combined, these measurements enable the deconvolution of
both processes, critical to identify which mechanism is limiting
the performance of the device under investigation. Further, by
implementing a correlative microscopy approach, where the
SPM methods are combined with ex situ EBSD, one can
elucidate which interfaces and grain orientations in polycrystal-
line materials are responsible for the modest Voc of the
technologies discussed earlier.
Functional imaging through NSOM has been applied less

frequently to solar cells when compared to AFM-based
methods. Here, evanescent waves are used to break the far-
field diffraction limit. By keeping the distance between the
probe and the sample surface considerably smaller than the
wavelength of light (at least 2 orders of magnitude), it is
possible to map the solar cells’ optical response with true
nanoscale spatial resolution. In NSOM, a probe or an optical
fiber with a hollow center (60−200 nm in diameter) is used as
the excitation and/or collection source, as depicted in Figure
3c. One electrical measurement option using NSOM is laser-
beam-induced current (LBIC). In this configuration, the
photons transmitted through the probe induce photocurrent
in a highly localized region of the solar cell. This method has
been applied to identify the diffusion of sulfur in CdTe55 and to
spatially resolve the external quantum efficiency (EQE) of
CdTe solar cells, determining the contribution of grains and
boundaries to the overall signal of the device56−58 and the
photoresponse of grain and GBs in CIGS.59 For quantitative
comparison between the LBIC signal and the macroscopic Jsc of
a device, one must accurately determine the contribution of the
dark saturation current of the entire sample (whole device area)
and extricate possible topographic artifacts due to near-field
light coupling. One attractive application of NSOM for
perovskites is to realize spectrally dependent LBIC scans to
spatially monitor the existence of trap states within the material,
where ion migration seems to be a major contributor in their
local electrical response.6

A powerful alternative measurement is to use the NSOM
probe for both the excitation of carriers and the collection of
emitted photons (photoluminescence, PL) resulting from
radiative recombination. Collection of the PL signal strongly
depends on light−probe coupling, and considerable effort has
focused on designing optimized probes for capturing the

emitted photons. For instance, campanile tips have been
identified as an excellent geometry to enhance the coupling
efficiency between far and near fields, allowing for PL signal
imaging of nanoscale features in InP nanowires for PV
applications.60 PL microscopy with nanoscale spatial resolution
can be realized to probe the impact of GaAs polycrystals’ facets
on carrier recombination. Note that device processing is not
required here. Different than InP, GaAs is a material that is not
self-passivated. Thus, one could use PL through NSOM to
identify the effect of distinct surface passivation processes (e.g.,
Na2S and Si3N4) on the recombination rate within the different
facets composing the GaAs polycrystals. Although unconven-
tional, NSOM can also be integrated into SEM. In this dual-
probe approach, the NSOM tip collects the near-field CL
emission caused by the e-beam to image the energy transport
mechanisms without being limited by photon recycling or
excess carrier diffusion.61 We foresee that combining LBIC and
PL signals with simulations of the electrodynamics at the near-
field regime could enable a tomography of charge carrier
generation, recombination, and collection, resolving the role of
the mesoscale constructs within polycrystalline solar cells on
their macroscopic device performance.
Time-resolved PL (tr-PL) is an extremely powerful method

to quantify the minority carriers’ lifetime within a material.
Here, the carriers that recombine radiatively (PL signal) are
detected by a time-correlating photon counting system. tr-PL
spectroscopy has been widely implemented to resolve the effect
of passivation methods on the lifetime of polycrystalline
materials for PV,62,63 as well as the role of precursor solution
concentration (and band gap) in halide perovskites.64,65 When
combined with a NSOM microscope, it provides maps of the
temporal dynamics of the PL signal, with subwavelength spatial
resolution. tr-PL through confocal optical microscopy66,67 or
NSOM68 could be implemented to investigate the spatial
distribution of minority carrier lifetimes in perovskite grains
and its photoinstability. A primary advantage of tr-PL
microscopy is that it enables measurements in a film, not
requiring any device processing.

Probing the Degradation of Perovskite Solar Cells. The
commonly observed degradation of perovskite solar cells is
the main barrier for this emerging material to become a reliable
PV technology. Thus, measuring and controlling the physical
and chemical processes responsible for the transient electrical
behavior of perovskites is critical for its widespread deploy-
ment.6,19 We foresee pcAFM and illuminated KPFM being
implemented to track material degradation. For instance,
MAPbX3 (X = Br or I) is unstable under illumination, can
suffer from structural phase transition at low temperatures (<60
°C), and often degrades upon exposure to moisture.69 Thus,
SPM under controlled illumination, humidity, and temperature

The nanospectroscopy of polycrystal-
line solar cells through NSOM, com-
bined with full-field simulations, could
enable a tomography of charge carrier
generation, recombination, and collec-
tion, resolving the role of the mesoscale
constructs to their macroscopic device
performance.
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conditions will help elucidate the driving forces behind the
material degradation commonly observed in perovskites. For
example, spectrally dependent KPFM will likely reveal the
possible presence of trap states within the material and how
their density varies from grain to grain. The reversibility of the
electrical response of perovskites can also be probed by tuning
the humidity (low, high, low) upon sequential SPM measure-
ments. Here, pcAFM and KPFM could resolve how both Jsc and
Voc change as the perovskite is exposed to moisture. The
advantage of using microscopic methods to probe perovskite
solar cells lies in quantifying spatial variations within the
samples, which could be associated with chemical composition
deviations from grain to grain.
The dynamic electrical behavior of the perovskites has been

measured both in plane-view and in cross section by pcAFM70

and KPFM.6,71 However, there is still a pressing need for
scientists to discover the driving forces responsible for the
devices’ transient behavior when the material is exposed to light
and humidity. In our opinion, this dynamic response requires
further development of time-dependent functional microscopy
methods that will provide four-dimensional (4D) information,
space and time, at relevant length scales. Mimicking realistic
operation conditions (including the environment) of perovskite
devices during operando measurements is necessary to identify
why and how the material is degrading. Preferably, these 4D
measurements should be combined with chemical imaging to
establish a correlation between device behavior and the changes
in chemical composition. The combination of illuminated
KPFM (as described earlier) with Raman imaging and other
AFM-based chemical mapping is a promising route to elucidate
the effect of photoinduced chemical reactions in device
degradation. As recently demonstrated,6 fast KPFM scans (16
s/frame) that allow real-time measurements of local Voc have
revealed (1) substantial ion migration during perovskites’
illumination and (2) a residual postillumination voltage
resulting from a time-dependent ion migration current, never
measured before. These fast scans can be extended to lead-free
perovskite films,72 for example, MASnI3

73 or Cs2BiAgCl6,
22 as

well as new compounds for multijunction PV, such as Rb-
FA0.75MA0.15Cs0.1PbI2Br,

74 to determine their dynamic response
and, thus, material stability when exposed to light.

Correlative Microscopy and the Need for Big Data Analytics.We
foresee that the use of combined functional imaging
microscopies will produce large amounts of data that must be
effectively analyzed for an understanding of the material
behaviors. An emerging investigation pathway is “big data”,
which encompasses the analysis of all data to identify critical
patterns and associations (e.g., correlation between GBs and
low Voc). Big data analytics involves evaluating the detected
signals with approaches from multivariate statistics and machine
learning to identify meaningful relationships between material
properties, obtained from a set of microscopy measurements in
this case.75 Ultimately, the main advantage of the available

paradigms76 is to gain insight into complex phenomena while
minimizing computational time. For example, using principal
component analysis (PCA),77 one can determine which
dimensions of the data account for the most variance in an
imaging data set. Note that in this situation each physical
quantity is assigned as one data dimension. This method has
already proven useful when combined with band excitation
magnetic force microscopy; PCA provided the same qualitative
insight as the simple harmonic oscillator model while requiring
∼104 less computation time.77 Machine learning approaches
will likely help scientists determine which defects and GBs in
polycrystalline PV materials contribute most to performance
deficiencies. For instance, a combination of NSOM LBIC and
ex situ EBSD data acquired at the same region of a sample
could train an algorithm to predict the electrical signal based
solely on the angle between two adjacent GBs. Data mining
may also identify degradation mechanisms in perovskite solar
cells. Namely, factor analysis can be applied to a combination of
illuminated KPFM and tip-enhanced Raman spectroscopy
under a controlled atmosphere to establish how the electrical
and chemical responses vary as a function of relative humidity.
Further, time-dependent photocurrent and photovoltage
measurements of emerging lead-free perovskite alternatives
could provide a roadmap for stable materials. For the reasons
outlined, we anticipate the use of big data analytics on
information produced by combinatorial functional microscopy.

Functional Imaging of Mesoscale Behavior/Phenomena in PV:
Looking Forward. In perovskites, device stability is currently the
main barrier toward implementing a reliable technology,
followed by the pressing need to identify nontoxic lead-free,
stable options. The full potential of thin-film polycrystalline
materials for PV is primarily limited by their Voc, which is
strongly related to nonradiative recombination events within
the material. As the grains and boundaries forming the devices
are acknowledged to affect their electrical response, it is
imperative that we identify which types of grains and interfaces
contribute to charge carrier nonradiative recombination. In
order to determine the local electrical properties of the
mesoscale constituents of both perovskites and inorganic thin-
film PV, researchers must implement microscopy techniques
beyond their standard operation modes, quantifying the figures-
of-merit (and, hence, the device performance) at relevant
length scales. Further, the large amount of generated data must
be analyzed in an effective manner using approaches based on
big data analytics, leading to quantitative information about the
devices under investigation.
We expect the realization of correlative microscopy and the

functional imaging of materials/devices at the mesoscale to
finally elucidate some critical open questions in the field, such
as the following: What are the light-induced chemical reactions
responsible for perovskites’ degradation under 1 sun illumina-
tion? What is the role of humidity in perovskite’s performance?
Which types of interfaces in CdTe, CIGS, and CZTS are

The hallmark transient electrical be-
havior of perovskites requires the
further development of four-dimen-
sional, space and time, functional
microscopy methods to quantify device
degradation at relevant length scales.

Machine learning approaches based on
big data analytics will likely help
scientists determine which defects and
grain boundaries in polycrystalline PV
materials contribute most to perform-
ance deficiencies.
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responsible for the low carrier radiative recombination rate that
limits their Voc? How do the different facets composing GaAs
polycrystals affect charge carrier generation, recombination, and
collection? Is the diode ideality factor for all GBs the same in a
polycrystalline PV device? To answer these questions, among
many others, it is essential to determine the physical behavior
of the mesoscale constructs when the devices are in operando.
Functional imaging methods will likely act as the central
“covalent bond” between the materials science structure−
properties−processing−performance tetrahedron cornerstones,
providing unprecedented correlative insights into materials for
PV at the mesoscale. In turn, these sophisticated measurements
can potentially allow rational design of higher-performance PV
devices based on low-cost materials/methods.
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