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ABSTRACT: Our scientiﬁc understanding of the nanoscale world is continuously
growing ever since atomic force microscopy (AFM) has enabled us to “see” materials at
this length scale. Beyond morphology, functional imaging is becoming standard
practice as new AFM-based techniques are continuously extending its capabilities.
Resolving material properties with high spatial accuracy is now extremely critical
as future next-generation energy harvesting and storage systems are comprised of
complex and intricate nanoscale features. Here, we review recent research discoveries
that implemented AFM methods to measure and determine how the electrical,
chemical, and/or optical properties inﬂuence the overall device behavior. We dedicate
a portion of this Review to perovskite solar cells, which are of primary interest to
photovoltaic research, and highlight the remarkable progress made toward understanding and controlling their instabilities. We conclude with a summary and outlook
anticipating the most pressing materials-related challenges associated with solar cells
and batteries and how that will likely be overcome in the near future by nanoimaging through AFM.

I

magine gently gliding along the surface of an object with
the tip of your index ﬁngerwhat types of information can
you obtain? Most likely, you will feel the texture (surface
roughness), temperature, shape, hardness, etc. of the item.
All of this information is acquired in less than 1 s by neurons
ﬁring from your ﬁngertip to your brain. Atomic force microscopy (AFM) is analogous to this situation, except replace your
ﬁngertip by a nanoscale probe and the neuron reactions with
the microscope detection system. AFM is, thus, an extremely
powerful tool that probes the morphological, electrical, magnetic,
mechanical, chemical, and optical properties of the sample
under examination. Since its ﬁrst implementation in the 1980s,1
AFM has revolutionized our understanding of a variety of nanoscale systems,2,3 including materials for energy harvesting and
storage, as will be presented in this Review.

Figure 1. Principle of AFM operation. Illustration of an AFM probe
scanning the surface of a textured, nonuniform sample. A laser is
deﬂected from the back of the probe onto a photodiode, and any
change in the tip−sample interaction is translated as the laser’s
coordinates on the photodiode. As a consequence, the feedback
system within the AFM adjusts itself accordingly. Out of scale for
clarity.

AFM is undoubtedly a versatile tool to
image the functionality of energy
harvesting and storage materials, and
its full potential has yet to be realized
as new techniques will shed light on
faster, dynamic processes.

the AFM tip and sample is detected by a photodiode that
collects laser light deﬂected oﬀ of the back of the cantilever.
The photodiode is calibrated with speciﬁed x−y coordinates
and continuously keeps track of the laser position. Therefore,
any minute movement of the probe, whether caused by a small

In most AFM-based setups, there is a probe with a radius
ranging from 1 to 100 nm that is positioned very close to or
in contact with the surface of a sample, illustrated in Figure 1.
The spatial resolution of AFM imaging methods is, then,
primarily limited by the size of the probe. The interaction between
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Thus, imaging the key physical and chemical properties of
these materials is crucial to their further development. In this
section of the Review, we describe how AFM methods have
been realized to probe the electrical, chemical, and optical
properties of nonepitaxial materials for PV.
1.1. Electrical Properties. Understanding the nanoscale
electrical characteristics of energy harvesting systems, such as
solar cells, is the next step toward realizing devices with
controlled response and, thus, enhanced performance. In AFMbased techniques, the electrical signal is the main diagnostic
tool used to indicate whether the local voltage and/or current
of a PV device is aﬀected by the material’s morphology and
how its spatial variation compares with the average, macroscopic device response. Nanoscale electrical characterization
can help answer critical, still not fully solved questions such as
“How do the aggregates in perovskite thin ﬁlms aﬀect overall
device morphology and performance?”,9 “Does the lifetime of
charge carriers vary as a function of incident wavelength in
organic PVs?”,10 and “What is the speciﬁc contribution of grain
boundaries in CIGS and CdTe solar cells to the local electrical
signal?”.11,12 We review the most relevant AFM methods that
have made contributions toward revealing the eﬀect of the
light-absorbing microstructure on the electronic response.
A variant of AFM to measure local voltage with nanoscale
spatial resolution is called Kelvin probe force microscopy
(KPFM), which we have recently demonstrated to map the
open-circuit voltage in solar cells11,15 (a detailed discussion is
presented in section 1.1.1). KPFM measures the work function
diﬀerence between a conductive probe and the sample surface,
termed the contact potential diﬀerence (VCPD). KPFM was
theorized by Lord Kelvin in 189816 and ﬁrst implemented a
couple of decades ago to characterize the local electrical signal
of metal and semiconductor surfaces.17,18 The work function
(W) is the energy level diﬀerence between the vacuum and
Fermi level (EF). The probe, typically Si coated with a thin
conductive metal layer, is assumed to have a constant W in
noncontact scanning mode. In equilibrium (no light), the solar
cell’s W at the surface stays constant; however, in the case of
nonuniform, heterogeneous materials, the work function may
vary locally depending on grain orientation,19 EF pinning,20,21
charge trapping,22 and chemical composition, among other
factors. When the sample is illuminated, it generates charge
carriers and is, thus, in a nonequilibrium state.
KPFM is frequently used as a diagnostic tool to image the
voltage response before and after speciﬁc deposition steps,
relevant for optimizing the fabrication parameters of the ﬁlms.
In Figure 2a, Seidel’s group compared how the electrical signal
of (FAPbI3)0.85(MAPbBr3)0.15 (FA = formamidinium, MA =
methylammonium) perovskite compounds with and without an
additional (5.7 mol %) PbI2 reacts locally when an external
voltage bias (inducing ion migration) is applied, by KPFM.9
It was found that the VCPD of the sample without the extra
treatment step presents a dramatic change as a function of bias,
particularly at the grain boundaries, while the VCPD of the
device with excess PbI2 remains constant at both the grain
interiors and grain boundaries. These observations were
attributed to ionic migration suppression due to the
incorporation of excess PbI2, which in turn improves the
overall electrical properties of the solar cell.
A derivative of KPFM, called either intensity-modulated or
illuminated-assisted KPFM, measures the decay of the surface
photovoltage (SPV), which is the subtraction between an
illuminated and a dark KPFM scan in the same location.

change in sample height or electronic carrier concentration,
is detected. The feedback loop system adjusts the cantilever
accordingly, depending on the measurement mode of interest.
There are many forces and interactions, such as electrostatic,
capillary, or chemical potential, that can excite the tip and/or
sample causing the deﬂection laser’s x−y coordinates to change.
Beyond the surface roughness,4,5 properties such as the local
electrical, chemical, and optical spatial variations are imaged,
which will be discussed in detail later.
Here, we critically review the remarkable progress made in
determining the properties and performance of materials for
energy harvesting and storage by AFM through functional and
correlative nanoscale imaging. The micro- and nanostructure
of heterogeneous photovoltaic (PV) and battery/storage
materials is well-known to inﬂuence their overall performance.6−8 Therefore, understanding the electrical and chemical
processes that harm device operation is crucial for future
renewable energy generation, conversion, and storage systems.
We choose to focus on AFM methods in this Review because
they encompass key desirable features such as the ability to
perform measurements in operando conditions with 3D nanoscale spatial resolution, are nondestructive, and require very
little sample preparation. Further, AFM is undoubtedly a versatile
tool to image the functionality of energy harvesting and storage
materials, and its full potential has yet to be realized as new
techniques will shed light on faster, dynamic processes.
We target selected AFM-based methods that are speciﬁcally
implemented to investigate the nanoscale properties of energy
conversion and storage systems that translate into device performance, such as the electrical and optical response of solar
cells (through measurements of photovoltage, photon-induced
current, and charge carrier lifetime) and chemical composition
in batteries (e.g., electrochemical strain). In the realm of PVs,
we provide an in-depth discussion of each imaging method
that has been utilized to probe relevant properties of nextgeneration solar cells. In particular, we focus on performance
mapping and perovskite dynamics as it is at the forefront of
interest for scientists and engineers working on PVs. These
novel scanning methods have the potential to elucidate key
open questions about the physical behavior of perovskite devices.
Concerning batteries and fuel cells, improvement of the current
state-of-the-art energy storage technologies critically depends
on the ability to control the ionic functionality and electrochemistry at the nanoscale. As an example, we discuss how
electrochemical strain microscopy has been recently developed
to image the Li distribution and probe reactivity upon device
cycling.
1. AFM for Energy Harvesting Systems. The most
promising emerging PV materials consist of microstructured
semiconductors with boundaries and interfaces that can lead
to undesirable nonradiative recombination of charge carriers,
reducing the power conversion eﬃciency (η) of the device signiﬁcantly below its theoretical limit.6,7 The applications of
these heterogeneous materials, including perovskites, CdTe,
Cu(In,Ga)Se2 (CIGS), Cu2ZnSnS4 (CZTS), quantum dots,
organics, dye-sensitized, etc., are aimed toward lower-cost
and/or higher-eﬃciency solar markets. Often, the devices are
fabricated as thin ﬁlms (≤3 μm thickness), which can be
deposited on a variety of surfaces with distinct mechanical
properties, including ﬂexible substrates. Despite the potential
low cost ($/kW) of these devices, it is currently not well
understood how their structure aﬀects charge carrier generation, recombination, and collection at the nanoscale.
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Figure 2. Nanoimaging electrical properties by AFM. (a) Topography and KPFM of two perovskite solar cells, with and without the
incorporation of 5.7 mol % of PbI2 as a function of voltage bias. Illumination conditions: 500 nm incident light and photon ﬂux = 0.3 kW/m2.
Adapted with permission from ref 9, Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) AFM and corresponding EFM
images of a MDMO-PPV:PCBM (1:4) polymer blend thin ﬁlm acquired at diﬀerent applied biases. Far right: diﬀerential map of the two
biased EFM maps. Adapted from ref 13, Copyright 2016 The Japanese Journal of Applied Physics. (c) Top: trEFM map overlaid on the
topography in a polymer half-processed solar cell in a 1.5 × 1.5 μm2 region. Bottom: Proﬁle of the topography and relative charging rate
acquired for two diﬀerent photon excitations. Adapted from ref 10. (d) cAFM maps of the local current signal for both nonpassivated and
passivated CdTe solar cells in a 10 × 10 μm2 area. Adapted from ref 12. (e) SCM on the cross section of a CIGS solar cell deﬁnes the location
of the p−n junction and qualitatively shows the density of dopants in each respective layer. Adapted with permission from ref 14, Copyright
2014 IOP Publishing Ltd.

poly[2-methoxy-5-(3A,7A-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV):phenyl-C61-butyric-acid-methyl ester
(PCBM) polymer blend thin ﬁlm is mapped as a function of
external voltage.13 Here, Takuya’s group was able to determine
how the electrostatic properties of an organic PV system
inﬂuence device performance. Both the permanent (addition of
two EFM maps set at diﬀerent voltage bias values) and ﬁeldinduced (diﬀerential of two biased EFM maps) charge
components were acquired. While the permanent portion of
the EFM signal did not aﬀect performance, the diﬀerential map
shows sharp, dark contrasts, which could be related to charge
trapping.
Time-resolved EFM (trEFM), an extension of traditional
EFM, measures the charging rate by tracking the resonance
frequency shift that occurs between the probe and the sample
due to charge accumulation.30,31 Under illumination or external
voltage bias, a solar cell generates electrons and holes at a
speciﬁc rate. A faster charging rate implies an increase in charge
buildup under the probe, shifting the cantilever frequency
further away from its equilibrium resonance peak, dependent
on both the incident photon energy and quantum eﬃciency.
Each of these quantities is known for varying spatially in
organic heterogeneous PV materials. Figure 2c shows a 3D
topography map overlaid with trEFM data on a MDMOPPV:PCBM (wt/wt 1:4) organic blend cast from toluene.10
The black curve denotes topography, while the green and red
ones are the normalized charging rates under 532 (above
bandgap) and 850 nm (below bandgap) illumination,
respectively. The trEFM line scans present similar spatial

Here, the VCPD depends on the frequency of the laser pulse, and
a transient SPV signal resolved on the order of submilliseconds
is observed.23,24 The decay rate of the SPV is related to the
minority charge carrier lifetime, as shown in refs 25 and 26.
Brieﬂy, when the illumination source is in OFF mode, the PV
voltage decays exponentially and is proportional to e−1/τ, where
τ is the minority carrier lifetime. These pioneering works yield
insights that link the local photovoltage, lifetime, and
topography, especially useful for correlating the role of the
microstructure to a speciﬁc type of recombination mechanism.
Electrostatic force microscopy (EFM), of the same family as
KPFM, also measures the electrical signal of the tip−sample
interaction while applying a voltage to the tip in noncontact
mode. The deﬂection of the AFM probe is linked to the
electrostatic force (FES) between the sample surface and tip.27,28
That is, the oscillation path (z-axis) of the cantilever changes
depending on the electrical charge distribution located at the
sample surface. The electrostatic force is described as
FES =

1 dC 2
V
2 dz

(1)

where z is the distance between the tip and sample, C is the
tip-to-sample capacitance, and V is a voltage term that
encompasses all voltages ﬂowing within the AFM experimental
setup. The amount of tip deﬂection is related to the charge
carrier density; therefore, by utilizing EFM, one can map
electrical properties such as capacitance, surface voltages, or
electrostatic potentials.29 The capability of this technique is
exempliﬁed in Figure 2b, where the surface charge of a
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1.1.1. Attributing Electrical Properties to Performance. While
standard electrical property mapping is an extremely
informative way to gain fundamental insights about PV
materials and devices, quantifying and relating nanoscale charge
carrier phenomena back to device performance is a critical next
step that will lead to the rational design of solar cells with high
power conversion eﬃciencies. There has been novel research
that links the acquired electrical output to a relevant solar cell
parameter, namely, photovoltage and photocurrent. Our group
recently modiﬁed illuminated KPFM to quantify the local opencircuit voltage (Voc),11 one of the most important ﬁgures-ofmerit that deﬁne PV performance.6 For this, the AFM probe
must be grounded with respect to the bottom electrode of the
solar cell and the experimental setup calibrated. In this way,
when both a dark and an illuminated KPFM map are acquired
on the same region of a sample, and subsequently subtracted,
the remaining value is the quasi-Fermi level (Δμ). As seen in
eq 2, Δμ is directly proportional to the Voc of the PV device

trends and, thus, are independent of the incident wavelength.
This result suggests that the internal quantum eﬃciency of the
polymer material is equal across a wide range of photon
energies. Ginger’s group observed that segregated regions of
PCBM have lower charging rates than if the ﬁlm were to have a
completely uniform blend.
One way to measure the current of a PV device at the nanoscale is to probe the sample using conductive- or photoconductive-AFM (cAFM or pcAFM). Here, a cAFM probe
in contact with the sample surface acts as a local electrode that
collects the solar cell’s dark (cAFM) and/or light-generated
current (pcAFM). This mature method has been widely used to
image a variety of materials for solar cells, such as perovskites,32−35 thin-ﬁlm polcrystallines,12,36,37 and others.38−42
One pressing question that cAFM can help answer is “What
is the speciﬁc role of the CdCl2 treatment on the electrical
properties of CdTe solar cells?” It has been ubiquitously
demonstrated, at a macroscopic level, that the CdCl2 improves
PV performance by passivating the CdTe grains and interfaces;43−45 yet, resolving how it aﬀects the local electrical signal
is still not well understood. Thus, cAFM has been applied to
elucidate how this extra fabrication step enhances CdTe performance; see Figure 2d.12 Here, Rockett’s group imaged two
CdTe solar cells, with and without CdCl2 treatment, under
multiple external voltages using a Pt-coated Si probe. Both the
top-left and bottom-right maps were obtained at a bias of +6 V,
while the top-right and bottom-left were acquired at −6 V.
Under positive bias the p−n junction of the CdTe solar cell
experiences reverse breakdown voltage due to the geometry of
the measurement. In this case, the current contrast between the
grains and grain boundaries in Figure 2d is accentuated for the
CdCl2 treated sample, caused by injection of electrons into the
grain boundaries from the probe. This indicates that the grain
boundaries are less p-type than the grain interiors in the treated
sample. While applying a negative voltage, the sample
undergoes forward bias and the current ﬂow in this regime is
due to electron injection from the p−n junction into the CdTe
layer. The magnitude of the current under negative applied bias
is limited by the electron collection of the AFM tip and/or by
the recombination of charge carriers at the back Schottky
contact. While this technique is a great approach to directly
map the current generated by a solar cell with nanoscale spatial
resolution, much care should be taken when acquiring images
as the thin conductive coating of the probe can be easily
removed, producing artifacts in the electrical signal.
Scanning capacitance microscopy (SCM) maps the diﬀerential capacitance (δC/δV), enabling dopant concentration
imaging in microelectronic systems such as solar cells. Brieﬂy,
the capacitance of a semiconductor can be tuned by applying an
alternating electric ﬁeld to a conductive-coated tip and is
subsequently measured by tracking the third harmonic
frequency of the cantilever.46 The type of doping (n or p)
can be deduced based on the sign of δC/δV, while the
magnitude of the capacitance is based on carrier concentration.47 Further, there has been some research eﬀort to quantitatively link δC/δV to charge carrier concentration in diﬀerent
types of semiconductors materials, such as Si, GaN, and
others.48 Daisnke’s group imaged a cross-sectional SCM map of
a CIGS solar cell, Figure 2e, showing the qualitative carrier
concentration at the CdS/CIGS n−p junction.14 Both the
accumulation and depletion regions were directly mapped,
important for determining where the electrons and holes are
generated throughout the PV ﬁlms.

Δμ = Voc × q

(2)

where q is the elementary charge. Figure 3a shows a Voc map
containing two grain boundaries in a CdTe solar cell with
distinct and contrasting electrical behavior. The defect
highlighted on the left locally reduces the Voc by 60 mV,
while the grain boundary on the right acts similar to the grain
interiors, maintaining a voltage response comparable to its
surrounding grains. Here, we determined the quantitative
contribution of CdTe grains and grain boundaries to the local
Voc. We also revealed local voltage variations in CIGS solar cells
as high as 250 mV, demonstrating the large inﬂuence that the
microstructure can have on the recombination of charge carriers,
consistent with other KPFM measurements on CIGS.49
Overall, we have demonstrated that this powerful nanoimaging
approach is a universal tool to directly map the local Voc of
mono-, polycrystalline, and perovskite solar cell devices and
works in ambient environment.11,15

Quantifying and relating nanoscale
charge carrier phenomena back to
device performance is a critical next
step that will lead to the rational design
of solar cells with high power conversion eﬃciencies.
AFM-based techniques are often limited to imaging properties at the sample surface; however, a method recently developed,
conducting tomographic AFM, maps the photocurrent in 3D,
demonstrated in Figure 3b.36 In pcAFM mode, a diamondcoated probe with a high toughness value iteratively etches
away the top few nanometers of the surface to reveal CdTe
grains and their respective photogenerated current. While this
technique is destructive in the scanned region, charge carrier
transport pathways previously hidden are measured. Using this
method, Huey’s group identiﬁed inter- and intragrain planar
defects attributed to local wurtzite and zinc blende structure
variations, consistent with stacking faults imaged with transmission electron microscopy (TEM) of the same sample. Further, by scanning the region under bias, grain boundaries with
n-type characteristics were resolved.
1.2. Chemical Properties. Very recently, researchers have
extended AFM to map the chemical information on materials
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Figure 3. PV performance at the nanoscale. (a) Illuminated KPFM on a CdTe solar cell results in direct imaging of the local Voc by subtracting
an illuminated scan by a dark one. Adapted with permission from ref 11, Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) A variant of cAFM, conducting tomographic AFM, biased near Voc. A tough diamond-coated probe was used to etch away the
top surface layer after each current map of a CdTe solar cell. Adapted by permission from Macmillan Publishers Ltd.: Nature Energy,36
Copyright 2016.

for PV at the nanoscale.50 Now, more than ever, identifying the
elemental distribution with nanoscale spatial resolution is
relevant for heterogeneous, next-generation PV technologies to
improve the state-of-knowledge of crucial unanswered questions, such as “Where do the Br3, Cl3, or I3 ions segregate in
mixed perovskite materials upon illumination?”,51,52 “Is the
non-uniform electrical response of perovskites related to variations in chemical composition?”,15,32 “Is it possible to chemically
resolve where the diﬀerent species in a block copolymer
thin ﬁlm preferentially accumulates/segregates?”,53 “What is
the primary substance limiting the electrical conductivity in
polymer solar cells?”,54 and “Are the majority of grain
boundaries in CZTS thin-ﬁlm solar cells of Cu-rich or Cupoor composition?”.55
Tip-enhanced Raman spectroscopy (TERS) is an eﬀective
method to image the chemical composition of materials.57−59
The experimental setup for TERS requires a high-intensity
polarized light focused on the apex of a metal-coated AFM
probe (e.g., Ag or Au) held ∼20 nm above the sample surface.
The interaction between the incident far-ﬁeld photons and the
tip induces a large electromagnetic near-ﬁeld enhancement,
capable of exciting Raman vibrational modes. The ampliﬁcation
eﬀect is attributed to localized surface plasmons that are
generated by the incident photon energy, which is usually near
the resonant peak of the metal coating on the AFM
cantilever.57,60,61 The strong excited optical ﬁeld is coupled
into a spectrometer, where each pixel in a TERS map corresponds to a spectrum. TERS is particularly useful when
analyzing systems with inhomogeneous chemical composition
distributions, such as perovskite and organic solar cells, as the
agglomeration or separation of elemental compounds can
deteriorate the electrical performance of the devices. Figure 4a
shows the topography (top) and corresponding TERS image
(bottom) of a PCBM (acceptor) and poly(3-hexylthiophene)
(P3HT, donor) polymer solar cell.54 Meixner’s group attributes
the bright red feature in the center of the chemical map to a
PCBM aggregate that formed on the surface of the polymer due
to an unoptimized annealing step. PCBM was identiﬁed by
both the Raman and photoluminescence (PL) spectra in this
region, and the spatial distribution of the chemical trace was
only discernible in the TERS imaging. Confocal microscopy

was attempted in the same location, and no change in the
Raman signal was detected. This PCBM aggregate is responsible for the limited electron transfer observed in these polymeric
solar cells, resolved by TERS measurements.
Photoinduced force microscopy (PiFM) is an emerging
approach that was developed in 2010.62 Here, the near-ﬁeld
Raman signal is detected in noncontact mode. Thus, changes in
the time-averaged force gradient of the tip−sample interaction
are measured, rather than a spectrum.63 During the experiment,
one (tunable) or two lasers (of diﬀerent wavelengths) are
focused onto the sample; they modulate at frequencies that
are selected based on the ﬁrst and/or second resonance of the
cantilever. The external excitation generates a unique response
in the force curve that is captured by a lock-in ampliﬁer.64
In general, the experimental setup is compatible with bottom
illumination with a high numerical aperture objective lens.
The spatial resolution of the PiFM image is slightly better than
the simultaneously acquired topography map because the PiFM
is both excited and detected in the near-ﬁeld regime. The signalto-noise ratio of PiFM is substantially larger than the one of
TERS because the latter is detected in the far-ﬁeld regime.
These advantages extend chemical imaging spatial resolution,
which can be used to reveal nanoscale domains within composites or to determine the speciﬁc segregation regions in
mixed perovskites.51,65 As a proof-of-concept and to demonstrate the power of this technique, Park’s group imaged a
block copolymer material, poly(styrene-b-methyl methacrylate)
(PS-b-PMMA), with very well-deﬁned Raman molecular
signatures, and identiﬁed each chemical compound with
<10 nm resolution; see Figure 4b.53 A point-by-point PiFM
response spectrum is shown on the left, executed by sweeping a
quantum cascade laser at the given wavenumber and recording
the magnitude of the cantilever’s deﬂection. On the right side of
Figure 4b, two PiFM images in the same location are acquired
by consecutively exciting the sample at wavenumbers 1492 (for
PS) and 1733 cm−1 (for PMMA), where both polymers are
clearly resolved. Regions of PS appear brighter in the map using
the 1492 cm−1 excitation because its near-ﬁeld Raman signal is
stimulating the cantilever at its resonance frequency, detected
by lock-in ampliﬁcation. Note that it is necessary to know the
Raman spectrum of the sample under investigation before
2765
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Figure 4. Nanoimaging chemical properties in solar cell materials by AFM. (a) Topography (top) and near-ﬁeld TERS map (bottom) of a
polymer material; a wavenumber range from 283 to 2926 cm−1 was integrated. Region III indicates the agglomeration of PCBM molecules.
Adapted with permission from ref 54, Copyright 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) PiFM images acquired at two
distinct wavenumber excitations showing the two phases of a coblock polymer material. Reprinted/adapted from ref 53, Copyright the
Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. Distributed under a Creative
Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/. (c) Topography and
PTIR absorption map acquired at 3054 cm−1 of a PDPB nanoﬁber. Corresponding PTIR absorption spectrum of the C−H stretching modes
both before and after catalysis. Adapted by permission from Macmillan Publishers Ltd.: Nature Materials,56 Copyright 2015.

material. This chemical mapping technique could also extend to
metallic nanostructures for energy harvesting,72 not possible
with TERS or PiFM as many metals (e.g., Ag and Au) do not
have a clear Raman response.
1.3. Optical Properties. Combining the information gained
from a traditional optical microscope with the spatial resolution
of an AFM yields a highly impactful imaging approach that can
reveal optical phenomena (i.e., reﬂection, absorption, and
transmission) and electrical properties of materials for energy
harvesting. Acquiring an optical response at the nanoscale
requires a small antenna (or probe) that either excites and/or
collects the near-ﬁeld optical signal, entitled near-ﬁeld scanning
optical microscopy (NSOM or SNOM). Here, the optical
information obtained is beyond the diﬀraction limit of light,
and is restricted instead to the diameter of the NSOM probe.73
Through NSOM measurements, scientists are beginning to
answer questions such as “Does the migration of MA+ and
I− ions in perovskites impact the index of refraction of the
material?”,74 “How can one eﬃciently couple far- to near-ﬁeld
light in order to image radiative recombination in nanoscale
structures of optoelectronic devices?”,75 “What is the spectral
dependence on the local photocurrent enhancement in CdTe
and CZTS grain boundaries?”,76,77 and “What is the correlation
between the facets of GaAs polycrystals and their carrier
radiative emission rate?”.78,79
In near-ﬁeld optics, the distance between the illumination/
collection source (the NSOM probe) and the sample surface
is signiﬁcantly less than the wavelength of light (∼10 nm).
The theoretical description of the near-ﬁeld eﬀect was
introduced in the 1920s81 but was realized more than half of
a century later.82,83 The major experimental innovations that
led to the successful implementation of NSOM are (i) depositing
a thin metal coating over the NSOM probe to help guide light
into the nanoscale aperture and (ii) including a feedback loop
to continuously monitor/adjust the tip−sample distance.

performing PiFM to ensure appropriate selection of the
excitation wavenumber. PiFM is, thus, a very promising
AFM-based tool to probe materials for PV ranging from
perovskites to CIGS, where local variations in chemical
composition might aﬀect carrier recombination and collection.
Photothermal induced resonance (PTIR) microscopy, or
AFM-IR, combines precise IR spectroscopy with the spatial
resolution of an AFM.66,67 Here, an external, tunable IR laser is
pulsed while the AFM cantilever is in contact mode. This photon
excitation induces local heating of the sample faster than the
acquisition of the AFM feedback and proportional to the
thermal expansion coeﬃcient of the material. As each chemical
species has a unique thermal expansion coeﬃcient, chemical
identiﬁcation is attainable at the nanoscale.68,69 In most cases,
devices or thin ﬁlms under investigation are placed on top of a
glass prism, where the incident light is reﬂected up to the
sample by total internal reﬂection.70 This method has been
applied to resolve ferroelastic domains71 and the distribution of
Cl as a function of wavelength and annealing time52 in
perovskites. In Figure 4c, both topography and PTIR maps are
presented on a UV and visible-light photocatalytic energy
harvesting material, poly(diphenylbutadiyne) (PDPB).56 Here,
the conductive polymer was fabricated as a nanoﬁber because
the photocatalytic reaction of the one-dimensional design was
more eﬃcient than its bulk counterpart. One major challenge
with current light harvesters is their long-term stability; thus,
Remita’s group investigated PDPB, a promising material that
does not require any precious metal nanoparticle co-catalyst.
Nanoscale PTIR measurements demonstrated the polymer
reusability as any composition degradation would be visualized
in the absorption map. Further, the spectra on the right side of
Figure 4c show the reproducible C−H stretching vibration
modes at 3054 cm−1 both before and after undergoing catalysis.
The overlap in the spectra indicates that there was no change in
chemical composition, indicative of a stable, photocatalytic
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Figure 5. Nanoimaging optical properties in solar cell materials by AFM. Clockwise: (a) PL maps acquired with a near-ﬁeld campanile probe
and confocal objective of an InP NW in a 2 × 2 μm2 region. From ref 75. Reprinted with permission from AAAS. (b) Illustration of NSOM in
collection mode utilizing an aluminum-coated glass ﬁber tip to compare the near-ﬁeld optical resonance of the nanopatterned region vs a ﬂat
region on an a-Si device.80 (c) Eﬀective EQE map measured at 850 nm (top) and average spectrally dependent EQE graph (bottom)
calculated from NSOM-LBIC images of a CdTe solar cell. Adapted from ref 76. (d) Left: schematic of s-NSOM. Right: s-NSOM
measurements on a perovskite microwire under diﬀerent poling conditions, used to measure ion migration; the scale bar is 500 nm. In the
s-NSOM amplitude maps, red = high signal and blue = low signal. Adapted from ref 74.

NSOM can be performed in multiple conﬁgurations,84 ranging
from excitation-only to reﬂection + collection. Below, we
review the two most useful NSOM modes for solar cells,
(i) collection and/or excitation and (ii) apertureless, where we
discuss how these methods can be extended to determine
relevant information about PV device performance.
In NSOM-PL, the probe acts as both a collection and an
excitation source. For this, incident light passes through the
small hole in the NSOM probe, and the subsequent photon
emission caused by the radiative recombination of charge
carriers in the solar cell is collected back through the same
aperture. One example of high-eﬃciency, bidirectional far- to
near-ﬁeld coupling is presented in Figure 5a,75 where WeberBargioni’s group employed a new probe design shaped similar
to a campanile bell tower to promote a more eﬀective waveguide for far- to near-ﬁeld coupling in a wide spectral range.
In Figure 5a, NSOM and confocal PL maps of an InP NW are
compared; each pixel represents the amplitude of the emission
signal at 802 nm. It is immediately apparent that the image
acquired with the campanile probe has much higher spatial
resolution, elucidating the spatial distribution of PL within a
single NW. The nonuniform emission is associated with trapstate modiﬁcations of the localized excitons, an important
discovery if InP NWs are to be implemented into light
harvesting devices. Since this study, there have been more
NSOM-PL investigations85 of the optoelectronics properties of
solar cell materials including perovskites86 and InGaN/GaN,87
each presenting novel insights about the local distribution of
radiative and nonradiative recombination mechanisms.
NSOM using an aperture in the collection-only conﬁguration
illuminates a large region of the sample and gathers the
evanescent ﬁelds of photons propagating through the surface of
the device. The NSOM probe is maintained at a distance of
∼20 nm above the sample, close enough to allow tunneling of
the guided photons. In the example shown in Figure 5b,80
Paetzold et al. used NSOM in collection mode to resolve
the near-ﬁeld enhancement induced by patterned nanostructures within a solar cell as a function of both wavelength and light polarization.80 Their results complement the

macroscopic measurements of external quantum eﬃciency
(EQE) improvement due to the addition of metallic nanostructures.88
One application of NSOM in excitation-only mode is light
beam-induced current (LBIC) microscopy, where the photogenerated current can be spatially resolved at the nanoscale.89
A spot size equivalent to the diameter of the aperture illuminates
a solar cell and locally generates a ﬂow of charge carriers.
The photocurrent signal is typically detected by using the macroscopic contacts of the device. Resolving the light-generated
current at the nanoscale is relevant when the feature size that
composes a solar cell material is of a similar dimension, e.g.,
grain boundaries.77 In Figure 5c, spectrally dependent NSOMLBIC is applied to a CdTe solar cell.76 Nanoscale spatial
variations of the EQE (calculated from photocurrent measurements) at grain boundaries (GBs), grain interiors (GIs), and
grain sides (GSs) were measured. Overall, Leite et al. found
that GBs generate more photocurrent, hypothesized to be a
local reduction in bandgap. One advantage of this optical technique over pcAFM is that it is performed in noncontact mode.
Thus, contact artifacts from the tip are reduced. However, the
signal-to-noise ratio is substantially lower in NSOM-LBIC, and
more sensitive current detectors are required.
Apertureless NSOM or scattering-NSOM (s-NSOM) follows
similar operating principles as the collection-only mode, i.e.,
excitation uses far-ﬁeld light and the optical response from the
sample is collected in the near-ﬁeld.90 However, here, the probe
is not hollow but instead a sharp, metallic tip (most cases an
AFM probe) kept <20 nm from the illumination spot. The apex
enhances and disperses the near-ﬁeld interaction induced by
the incident light occurring at the sample surface, and the signal
is then acquired with far-ﬁeld detectors. To further increase the
near-ﬁeld enhancement eﬀect, it is suggested to use an AFM
probe that is coated with a thin layer of Au.91 Because in
s-NSOM the tip no longer wields an aperture, the spatial
resolution is equivalent to standard AFM. As previously
mentioned, ion migration in perovskite materials is hypothesized to induce instabilities and degradation in the overall
electrical performance. In Figure 5d, Bao’s group implemented
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Figure 6. Imaging electrical, chemical, and optical dynamics in perovskite solar cells by AFM. (a) Sequence of fast KPFM on a perovskite solar
cell under dark and illuminated conditions; each map takes 16 s. Right graph shows voltage histograms for 42 fast KPFM maps.15
(b) Topography and three PTIR maps measured at diﬀerent annealing temperatures of a thin-ﬁlm perovskite, where the blue regions of the
map refer to high Cl concentration; scale bar is 1 μm. Adapted from ref 52. (c) NSOM topography and simultaneous PL images of two
perovskite compositions, MAPbBr3 and MAPbI3; scale bar = 4 μm. Reproduced with permission.86 Copyright the authors, published under
CC-BY 4.0 license 2015.

this section of the Review is dedicated to cutting-edge research
that investigates the electrical, chemical, and/or optical properties of these intriguing materials with nanoscale spatial resolution. With promising, single-junction power conversion
eﬃciencies > 22%92 and a new record tandem perovskite/Si
solar cell of 23.9%,93 the prospect for commercializing this PV
technology is approaching fruition. Moreover, there has been a
recent article by Nazeeruddin’s group announcing a 1 year
stable perovskite solar cell,94 indicating that our ability to
optimize and control these complex materials is increasing.
Yet, there are still many challenges that lie ahead, and we are
continuing to discover answers to important scientiﬁc questions
such as “Can we capture the real-time eﬀects of light illumination on the local Voc of perovskites?”,15 “How do the radiative
recombination distributions of charge carriers in MAPbI3 vs
MAPbBr3 perovskite compounds diﬀer?”,86 “Are Cs-containing
triple-cation perovskites more stable than conventional
ones?”,95,96 “What is the role of humidity on the perovskite
local electrical response?”,97,98 and “What are the perovskite
material options that are stable upon illumination?”.99,100
Perovskite solar cells experience performance instabilities
caused by transient processes upon material illumination101 and
exposure to humidity and oxygen.102,103 Imaging these
dynamical events at relevant length scales has become an
important next step toward identifying stable materials and
devices. Rapid temporal mapping will likely elucidate the
transport of charge carriers after excitation, spatially identifying
where trap states are located. In Figure 6a, our group measured
the real-time, photoinduced voltage response of a MAPbI3
perovskite solar cell before, during, and after illumination with
fast KPFM.15 Each KPFM map (left of image) was acquired in
16 s (2 orders of magnitude faster than conventional methods);
therefore, it was possible to capture how the electrical signal

apertureless NSOM to nanoimage, in situ, how the electric-ﬁeld
poling direction of a perovskite device inﬂuences MA+ and
I− ion migration.74 A microwire was used to isolate and conﬁne
the direction of the ions. Near-ﬁeld optical maps were obtained
under mid-IR (11.7 μm) illumination to map the index or
refraction and free-charge carrier distribution. On the left of
Figure 5d, an illustration of the experimental setup is shown.
The top portion of the right three images displays a schematic
of the observed phenomenon occurring in the microwire under
pristine (no applied voltage), positive poling (+10 V), and
negative poling (−10 V) conditions. The topography, near-ﬁeld
optical amplitude, and phase images under these three
conditions are presented for comparison. According to the
topography maps, the perovskite material expands in the poling
direction, which is also in the same orientation as the migration
of the MA+ ions. The authors calculate that the material
expansion is 4.4%; the measured shrinking−swelling eﬀect in
the perovskite structure could be one source of device degradation. Further, the near-ﬁeld amplitude (here, representing the
local carrier density) response is uniform under pristine conditions, but during poling, the distribution of charge carrier
changes: MA+ ions accumulate near the negative side, and
I− shifts toward the positive electrode, possibly generating a
temporary p−i−n junction. In the near-ﬁeld phase maps
(related to the perovskite’s refractive index), the negative
electrode has a much larger signal, indicating a decrease in
absorption due to swelling of the perovskite. Although very
informative, this microscopy method suﬀers from high background noise due to the far-ﬁeld excitation. Therefore, double
lock-in or other background-suppression methods should be
implemented to extract the near-ﬁeld signal.84
2. Probing Dynamic Processes in Perovskite Solar Cells.
Due to the high interest in perovskites for energy harvesting,
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we oﬀer our view of future directions for perovskites in the ﬁnal
section of this Review.
3. AFM for Energy Storage Systems. This section discusses
how AFM methods have been implemented to advance the
understanding of energy storage devices, mainly batteries and
fuel cells. To access the energy harvested from intermittent
renewable resources across the entire day, there is a demand to
integrate PVs with batteries.106,107 The further development of
long-lasting and high-capacity energy storage technologies
necessarily entails the study of these systems’ electrochemical

changes as a function of time. Immediately after the light was
turned oﬀ, the photogenerated voltage ceased. However, the
charge distribution was very diﬀerent from the initial dark scan,
as seen by comparing both the KPFM map and the voltage
histograms (right side of panel). In fact, the perovskite’s
electrical performance remained out of equilibrium for 9 min,
until ﬁnally stabilizing and returning to its initial dark conditions. While perovskite performance instability on the time
scale of several minutes has been observed macroscopically,104
by imaging with nanoscale spatial resolution, two distinct
regions with contrasting voltage decay rates were found to
coexist within a single MAPbI3 grain, resulting from ion migration.15 The next step is to identify the relationship between this
dynamic electrical response with local chemical composition
variations.
Mapping the local elemental distribution in perovskites is of
major interest for the PV community to help determine
where ions are segregating and/or migrating. For example, in
Figure 6b, a MAPbI3−xClx sample is annealed in situ and the
AFM (top left) and PTIR signals are acquired during each
thermal step. By identifying the PTIR proportion between high
and low incident photon energies, local changes in the
perovskite bandgap are distinguished. It is well understood
that the addition of Cl increases the bandgap energy of the
MAPbI3; therefore, regions of high Cl concentration are discerned
(blue in the PTIR maps; red indicates Cl-poor areas). Local
increases in bandgap in the “as-prepared” sample as high as
0.3 eV were measured. However, upon further annealing, the
bandgap continuously decreases, indicating that Cl content is
reduced with temperature, likely caused by MACl sublimation.
Additional spectrally dependent PTIR imaging with high spatial
resolution on the wide variety of perovskite materials would be
extremely informative, particularly to determine the role of
absorption of diﬀerent elements causing the instabilities of solar
cell eﬃciency. Recently, a novel AFM-based chemical imaging
method called peak-force infrared microscopy mapped the
distribution of methylammonium in a MAPbBr3 nanocrystal.105
To image the radiative recombination centers in perovskite
materials, Deschler’s group implemented NSOM-PL on both
MAPbI3 and MAPbBr3 thin ﬁlms. Figure 6c displays the
simultaneously acquired topography and PL maps for each
sample. The sample containing Br3 has a more homogeneous
morphology, while the I3 ﬁlm has “needle-like” features with
25% of the scanned region comprised of voids. The PL signal
shows localized hot spots (2 orders of magnitude increase) in
the Br3 sample that are not correlated with the topography.
However, the I3-containing thin ﬁlm displays some PL variation,
but the brighter regions are not nearly as dramatic as those in
the Br3 one. Their results, in combination with time-resolved
PL measurements on the same samples, revealed that regions of
high radiative recombination for both thin ﬁlms have slower
charge carrier decay rates. The authors concluded that the areas
with higher PL emission are decoupled from the low PL regions
through either a slow diﬀusion process or energy barrier that
prevents the charge carriers from moving laterally in the
perovskite layer. It is also hypothesized that higher luminescent
sites are regions of enhanced structural order and better
crystalline quality. AFM-based methods are vital for advancing
the state-of-knowledge of the dynamic responses of perovskites
when exposed to an ambient environment, where measurements prior to full device development are extremely important
for the screening and classiﬁcation of stable alternatives. Thus,

AFM-based methods are vital for
advancing the state-of-knowledge of
the dynamic responses of perovskites
when exposed to an ambient environment, where measurements prior to full
device development are extremely
important for the screening and classiﬁcation of stable alternatives.
behavior. Progress has been made to investigate the ion migration and chemical reactions for each active component and at
the surface/interfaces of batteries using X-ray spectroscopy8,108
and electron microscopy.109−111 Yet, comprehensive investigations detailing how the structure inﬂuences the electrochemical functionality at the nanoscale are still intangible;
therefore, an in situ SPM platform conducted under real
working conditions will guide the community toward reliable,
next-generation energy storage technologies.

Comprehensive investigations detailing
how the structure inﬂuences the electrochemical functionality at the nanoscale are still intangible; therefore, an
in situ SPM platform conducted under
real working conditions will guide the
community toward reliable, next-generation energy storage technologies.
3.1. Rechargeable Batteries. As the particle size composing
the electrodes is typically below 1 μm,112,113 conventional
characterization techniques, such as electrochemical impedance
spectroscopy, only measure the average functional behavior.
AFM-based methods can simultaneously detect the morphology and other material properties at the nanoscale; therefore,
it has been adapted to investigate the electrochemistry of LIBs,
among other battery technologies. 114 Some dynamical
processes in batteries include (i) ion and electron transportation in both electrodes, (ii) ion migration in electrolytes, and
(iii) reactions at the electrode/electrolyte interfaces. Monitoring each active layer will require the implementation of state-ofthe-art characterization tools with high spatial resolution.
Here we review works that contributed toward answering the
key questions in energy storage, such as “What is the correlation between fast ion diﬀusion and grain morphology in Licontaining cathodes?”,115 “Is it possible to precisely control the
chemical composition of the electrodes during lithiation/
delithiation to suppress undesired reactions?”,116 “Can we
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Figure 7. Imaging batteries at the nanoscale. (a) Topography and current obtained by cAFM on a Li1.2Co0.13Ni0.13Mn0.54O2 cathode material.
The scan size is 1.5 × 1.5 μm2. From ref 115, Published by The Royal Society of Chemistry. (b) Topography and potential maps
simultaneously acquired on a LiFePO4 electrode through SECCM before and after charging. The charged region is indicated by a white arrow.
The scanned area is 25 × 25 μm2. Adapted with permission from Macmillan Publishers Ltd.: Nature Communications,116 Copyright 2014.
(c) Left: Schematic of ESM measurement on an electrode, where the Li ions are represented by green dots.114 Reprinted with permission from
Elsevier, Copyright 2011. Right: ESM images show the deﬂection and the Li ion diﬀusivity signals on a Si anode. Adapted from ref 117.
(d) Topography of a LiFePO4 cathode and plot of the resonance frequency shift vs time for diﬀerent temperatures acquired at position A2;
the scale bar is 2 μm. The curves represent the electric ﬁeld decay and are ﬁtted to extract the eﬀective time constant of the ionic transport
within the cathode. Adapted from ref 118.

the sample (LiFePO4), an AC signal of 2 pA was generated and
the corresponding tip height was recorded as a reference for the
topography mapping. To image the voltage using SECCM, the
applied bias of the QRCE was regulated to equilibrate the
current response from the sample to the pipet. A uniform
voltage (0.4−0.6 V, red in potential map) was observed on the
pristine LiFePO4 region (before charging). Subsequently, they
utilized the meniscus of the electrolyte to locally charge (i.e.,
delithiate) the electrode and map the surface potential. A highvoltage point of around 0.8 V was measured, demonstrating the
oxidation location of FeII to FeIII in the cathode after charging,
Figure 7b. The ability to precisely control the local redox state
and chemical composition through lithiation/delithiation may
reveal ion migration processes at the nanoscale. Further,
combined with electron backscattering diﬀraction, SECCM
could clarify the eﬀect of grain orientation on electrochemical
activities during battery cycling.
Electrochemical strain microscopy (ESM), developed this
decade by Kalinin’s group,121 detects the local surface displacement/strain after applying a high-frequency bias using SPM on
the electrode of a battery. The external voltage triggers the
rearrangement of Li ions within the electrode and changes
the molar volume of the embedded materials, leading to a
surface displacement that is detected by the AFM tip;121,122 see
the schematic in Figure 7c. Using ESM, Balke and colleagues
measured the strain rather than the current, directly detecting
ionic and electrochemical processes in Si nanoparticles.117
For comparison, ESM can distinguish a strain as small as 10%
from lithiation/delithiation; however, the current signal from
this electrochemical transformation would not be recognized.
As an example, the current required to delithiate LiCoO2 into
Li0.5CoO2 (and generate a 10% strain) for a 20 × 20 × 20 nm3
LiCoO2 particle is 1.3 fA for 1 s, where theoretical capacity =
275 mAh/g,123 density = 1.68 g/cm, and molar volume =
97.87 g/mol for LiCoO2. This value is ∼3 orders of magnitude
lower than the sensitivity of current-based AFM methods.

determine where high Li ion diﬀusivity occurs in the electrode
to engineer a battery with enhanced performance?”,114,117 and
“How does the local chemical composition eﬀect the kinetics of
Li in LiFePO4 cathodes?”.118
cAFM has been implemented to investigate the electronic
conductance of GBs in batteries as it is able to simultaneously
record the topography and current signal that passes
between the tip and the sample, as discussed in section 1.1.
Zeng’s group115 applied cAFM to measure the conductivity
of GBs and grain interiors of a high-capacity cathode
Li1.2Co0.13Ni0.13Mn0.54O2 (280 mAh g−1). They revealed a
higher conductivity in the majority of GBs than inside of the
grain (see Figure 7a). However, they distinguished ﬁve grains
(marked as G1−G5) with lower current and conductivity along
their GBs, resulting from the loss of interconnection with the
microstructure due to their relatively higher position (i.e.,
brighter regions in the topography map).
As an emerging and powerful technique, scanning electrochemical cell microscopy (SECCM) is able to image the
topographical and voltammetric signals simultaneously,119,120
thus giving insight into the electrochemistry through mapping
the electrodes in LIBs.116 Brieﬂy, SECCM implements a pipet
probe ﬁlled with an electrolyte solution and a quasi-reference
counter electrode (QRCE). The QRCE is biased to generate a
direct current (DC) ﬂowing through the meniscus of the
electrolyte at the end of the pipet, which is brought close and
oscillates perpendicularly to the sample. The modulation
periodically alters the contacting volume of the meniscus with
the surface, creating an alternating current (AC) between the
probe and the sample, and uses as a set point to maintain contact. Meanwhile, the DC signal is recorded during the experiment to provide critical information about the electrical and
chemical properties. Takahashi’s group visualized electrochemical phenomena with a resolution of ∼100 nm using SECCM
on a LiFePO4 cathode,116 as shown in Figure 7b. They ﬁlled the
nanopipette with LiCl electrolyte and used the Ag/AgCl
electrode as the QRCE. When the meniscus was in contact with
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Figure 8. Nanoimaging of fuel cells. (a) ESM schematic (out of scale for clarity) and amplitude map for Sm-doped ceria demonstrating that
the grain boundaries have higher ionic conductivity than the grain cores.129 Adapted with permissions from the authors, published under
CC-BY 4.0 license 2017. (b) Topography and corresponding EFM phase maps under two biases of Ni−BaO anodes showing C deposition
(indicated by a warm color in the negative bias images and cool color for positive bias) mainly occurring in the region of Ni. Adapted from
ref 130. (c) Illustration of the triple phase boundary (TPB) for an oxygen ion and the LSM−YSZ interface. Topography and KPFM images of
the TPB at 600 °C under diﬀerent polarizations (1 Vca for cathodic polarization and 1 Van applied for anodic). The direction of oxygen ion
migration at the interface is labeled. Adapted from ref 125.

single Li hopping sites, thus correlating the structural and
transport properties of LiFePO4 cathodes.
3.2. Fuel Cells. For fuel cells, the dimensions of the electrochemical reactions are at the micron/submicron level.125,126
Thus, AFM techniques have been extended to access the local
electrical properties and investigate the cell functionality127,128
to answer questions such as “Can we resolve regions with high
ion diﬀusivity at the nanoscale?”,129 “What are the new materials
formed on the surface of anodes in solid oxide fuel cells
(SOFCs)?”,130 and “How can one map the potential distribution at the electrode/electrolyte interface for SOFCs under real
operation conditions?”.125
Li’s group129 experimentally imaged the ion diﬀusion in a
Sm-doped ceria fuel cell material by ESM; see the top of Figure 8a
for an experimental schematic. The map (bottom of Figure 8a)
shows larger strain at a triple-junction GB, indicating that there
is an accumulation of ions at the interfaces. The authors then
used a computational approach to model the ESM signal and a
spectroscopy hysteresis curve in the same region to deconvolute
the strain contribution from either ion concentration or diﬀusivity.
They found that the strain response has a higher dependency
on the local ion diﬀusion.
EFM, detailed in section 1.1, has also been used to analyze
the nucleation processes that occur on the surface of electrodes
in SOFCs. Bottomley and co-workers investigated C formation
on a Ni anode during the early stages of cell operation.130
They deposited BaO nanoclusters through polymer patterning
onto an anode surface and mapped the subsequent BaO−Ni
interface (topography in Figure 8b). The EFM phase maps
identiﬁed the existence of C patches by showing a stark color
contrast between the C and the anode composition, Figure 8b.
As expected, the phase of C shifted after inverting the sign of
the external applied bias. They revealed that C accumulates
only on regions with no BaO coverage, suggesting that BaO
suppresses the C growth and maintains active reaction sites.
These results demonstrate that surface modiﬁcations on the Ni
anode could potentially stabilize fuel cell performance.
Bonnell’s group performed in situ KPFM (see section 1.1)
to quantitatively determine the local VCPD of a lanthanum

ESM voltage spectroscopy is well-equipped to determine the
Li ion diﬀusivity at the nanoscale.124 Typically, 2 ms DC
voltage pulses, with a 2 ms relaxation time between each one,
are applied with an amplitude sweep between ±15 V. The
electrochemical strain is recorded after each pulse during the
experiment. By optimizing the frequency of the sweeping
voltage pulses to the Li ion diﬀusion time, ESM directly maps
the migration of ions as this response can only be attributed to
the movement of Li atoms (in LIBs). Figure 7c demonstrates
ESM voltage spectroscopy on a Si anode, where the measured
area includes a GB. The Li diﬀusion map shows that the GB has
a higher ion diﬀusivity than that inside of the grain, in
agreement with cAFM results.115 Overall, ESM provides insight
into ion diﬀusion with extraordinary spatial resolution for solidstate materials. Revealing these regions at such small scales
could now identify failures within LIBs because local volume
expansions or microstructural cracks in high-capacity anodes
(e.g., Si or Ge) can be resolved.
Electrostatic force spectroscopy (analogous to EFM in
section 1.1) is implemented on a LiFePO4 cathode to resolve
the diﬀerent ionic hopping processes of Li.118 Here, a step
potential is applied between the AFM probe and the sample,
inducing a redistribution of ions. Grutter’s group monitors the
resonant frequency of the cantilever after applying an external
bias; the tip’s eigenmode is continuously decreasing due to the
reduction of the electric ﬁeld directly under the AFM tip; see
Figure 7d. The electric ﬁeld decay is ﬁt to eq 3
ϕ(t ) = exp[− (t /τ *)β ]

for t > tc , 0 < β < 1

(3)

where t represents time, τ* is the eﬀective time constant, β is
the stretching factor, and tc is the cutoﬀ time (on the order of
picoseconds). τ* is a function of both temperature and activation energy; therefore, by measuring the cantilever frequency
shift under diﬀerent temperatures, the energy barrier for Li
ionic hopping is experimentally determined (veriﬁed by their
density functional theory calculations). This result distinguishes
the Li ion activation energy barriers for both bulk material and
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Nanoscale mapping of performance
through KPFM and cAFM can potentially deconvolute the role of humidity,
oxygen, illumination, bias, and temperature on perovskite degradation, including their eﬀect on both grains and
grain boundaries. These measurements
are likely to redeﬁne the design of solar
cells using conventional and emerging
perovskites, considering their contact
interfaces.

strontium manganiteyttria-stabilized zirconia (LSM−YSZ)
interface at typical operation conditions: temperature = 600 °C
and PO2 = 0.001 atm.125 Figure 8c shows the topography and
KPFM maps at the TPB (white dashed line), illustrating the
LSM grain at the interface (circled in a blue dashed line) with
an inhomogeneous voltage distribution. Under both cathodic
(ΔVca) and anodic (ΔVan) polarizations, the potential at the
center of the grain is lower, indicating a surface-mediated
process dominating the ion transport at the TPB. This observation agrees with typical LSM behavior for low overpotentials
(ΔVca = ΔVan = 1 V).131 A primary parameter that determines
the energy required to produce a current across the LSM−YSZ
interface is termed ΔGRthe change of the activation barrier
from equilibrium. The researchers quantiﬁed ΔGR = 1−2 kJ/mol
through eq 4

ΔG R = αzFηact

photocurrent, and PL) with possible chemical composition
variations through correlative microscopy (KPFM + cAFM +
PiFM) on the very same grains. AFM experiments where one
can elucidate the eﬀects of ambient environment on the local
electrical and optical properties will probably focus on correlative microscopy, in order to deﬁne how each parameter aﬀects
charge carrier generation, recombination, and collection, all
critical for device performance. We also expect NSOM-PL,
KPFM, and TERS to help us identify which perovskite compositions are stable under illumination. While extensive eﬀort has
focused on determining the ideal synthesis parameters for
optimized device performance, substantial work lies ahead to
identify what triggers ion migration and/or material segregation
upon sample illumination and exposure to ambient conditions.
This class of material has ∼100 options;99 thus, measurements
on thin ﬁlms will accelerate a high throughput and eﬀective
material selection, prior to device processing development.
Concerning polycrystalline materials for PVs, direct measurements of light−matter interactions through underutilized
NSOM-based techniques are critical for tackling relevant open
questions. For local optical measurements, better NSOM
probes are being designed and engineered to optimize the farto near-ﬁeld light coupling as the current transmission loss is
still 3−6 orders of magnitude.135,136 More eﬃcient probes will
allow for mapping on a broader variety of low-emission
materials, including CIGS and CZTS. NSOM-PL will further
impact polycrystalline GaAs fabrication137 as the dependency of
radiative recombination on diﬀerent types of grain facets could
be resolved. We also anticipate KPFM measurements combined
with scanning electron microscopy to become more common,138 where one can correlate, in situ, the electrical response
of grains and grain boundaries with their crystalline orientations.
To probe the p−n junction in inorganic solar cells, such as
CdTe and CIGS, KPFM and cAFM should be applied in the
cross section after cleaning the sample in an oxygen-free environment, to prevent surface recombination due to the material’s
exposure to air. For that, we suggest operating the AFM inside
of a glovebox, where the samples can also be cleaved.
For energy storage devices, we foresee the development of
advanced AFM systems to allow in situ characterizations of
chemical, electrical, and electrochemical behaviors of batteries
and fuel cells. For this, innovative environmental cell stages and
cycling accessories will be integrated into an AFM to scan the
sample while cycling. The advantages of in situ analysis are
(i) eliminating sample transfer and (ii) preventing contamination due to air and/or moisture exposure. It is especially
necessary to access the SEI formation and possible degradation,139 both locally and during cycling, because such information

(4)

where α is the charge-transfer coeﬃcient, z is the number of
redox equivalents in the reaction (z = 2), F is Faraday’s constant,
and ηact is the activation potential (measured during KPFM).
This work demonstrated quantitative nanoscale imaging of
the electrical properties in SOFCs at a critical interface under
operando conditions for the ﬁrst time.
4. Summary and Future Directions. In this Review, we
presented selected AFM methods that led to recent discoveries
related to the electrical, chemical, and optical responses of
materials and devices for energy harvesting and storage.
Revealing the fundamental properties of these systems is
crucial to increase our understanding of the underlying
mechanisms that deﬁne device performance at the nanoscale.

Ultimately, we envision that high spatial
resolution investigations will lead to the
redesign of materials with improved
performance, as well as devices.
Ultimately, we envision that high spatial resolution investigations will lead to the redesign of materials with improved
performance, as well as devices. In this ﬁnal section, we provide
an outlook of how AFM can be further implemented to address
pressing problems in materials for PVs and energy storage.
First, we speculate how fast AFM methods could be used to
help elucidate the role of the ambient environment on the
degradation of perovskites. Second, we discuss the need for
advancing NSOM-based methods, which, to date, are not
widely implemented. Measurements using NSOM are particularly relevant to tackle open questions in polycrystalline PVs.
Third, we consider how novel instrumentation could enable in
situ AFM to probe battery operation under extreme conditions.
Nanoscale mapping of performance through KPFM and
cAFM can potentially deconvolute the role of humidity, oxygen,
illumination, bias, and temperature on perovskite degradation,
including their eﬀect on both grains and grain boundaries.
These measurements are likely to redeﬁne the design of solar
cells using conventional and emerging perovskites, considering
their contact interfaces. We anticipate the nanoimaging of
perovskites through fast AFM techniques, such as heterodyneKPFM,6,15,132 KPFM G-mode extension,133 or 2ω D-KPFM,134
to elucidate their dynamic electrical behavior at relevant length
scales, critical to identify the driving forces behind its
instabilities. In particular, we expect researchers to correlate
the changes in the optoelectrical properties (photovoltage,
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is time-sensitive and often hard to validate by ex situ methods.
Besides cycling capabilities, environmental cells will need a
temperature controller that mimics operando conditions. The
working temperature is −35−55 °C for batteries140 and >500
°C for SOFCs;127 therefore, two distinct cells or one cell with
unprecedently wide temperature ranges would be required.
Further, a novel SPM instrumentation that can fully operate
when the sample is under extreme conditions (high temperature and pressure) will enable the assessment of battery
functionality for reliable, next-generation energy storage.
We anticipate the combination of chemical and ion diﬀusion
imaging, e.g., TERS and ESM, on the same region as the relationship between the chemical composition and electrochemistry for multicomponent electrodes141 is still under pursuit.
In the future, ESM in conjunction with nanoscale structural
studies, such as synchrotron X-ray nanodiﬀraction,142 will provide
the crystal orientation of materials with high ion diﬀusivity for
either battery or fuel cell applications. Ultimately, this correlative microscopy approach will describe the intricate relationship between the structural, chemical, and electrochemical
properties for materials used in energy storage devices at the
nanoscale.
In the past 3 decades, AFM has become the standard characterization tool to image the morphology of a specimen. In the
years following its conception, scientists have modiﬁed the
instrumentation to image beyond its typical measurement
mode, and unleashed an array of new research opportunities to
map other material properties. We have no doubt that novel
adaptations will continue to develop, as speculated above. It is
all at the tips of our ﬁngers!
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