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l and time-resolved mapping in
perovskite and organic solar cells: a multimodal
technique to visualize the photoinduced charge
dynamics

M. Bilal Faheem, † Yuchen Zhang,† Madan Bahadur Saud, Hansheng Li,
Poojan Indrajeet Kaswekar and Quinn Qiao *

Recently, perovskite solar cells (PSCs) and organic solar cells (OSCs) have emerged as solution-processable

photovoltaic (PV) technologies with certified power conversion efficiencies (PCEs) surpassing 26% and 20%,

respectively. However, challenges such as charge generation, separation, transport, collection, and

recombination at the nanoscale still exist in fully controlling and understanding the performance-limiting

factors in the photoactive layers of OSC and PSC devices. Although several efforts have been reported to

address the above phenomena, the origin of the nanoscale defects and how they lead to performance

losses have not yet been fully understood. This perspective provides an in-depth discussion of nanoscale

spatial and time-resolved mapping for OSCs and PSCs to understand their roles in improving PV

performance. A comprehensive multimodal technique to map the charge carrier photodynamics at the

nanoscale, such as charge generation, separation, transport, collection, and recombination in OSCs and

PSCs, is presented, which has the potential to evaluate the photodynamics related to local

heterogeneities in the active layers of the corresponding devices.
Introduction

Thin lm solar cells fabricated through solution-processed
deposition techniques have revolutionized the eld by placing
themselves near silicon (Si)-based photovoltaics. Recently, OSCs
and PSCs have presented tremendous improvements in their
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PCE and operational stability, and it is believed that they will
soon be commercialized and challenge the market occupancy of
Si solar cells. The PCE of OSCs containing a conjugated polymer
donor and a small organic molecule acceptor1 has recently
exceeded 20%,2,3 which is mainly driven by the engineering of
the device architecture, dynamics of the photoactive material,
and improved thin lm morphology. The PCE of PSCs, on the
other hand, have surpassed 26%4,5 while placing themselves
near the single-crystalline Si-based solar cells in terms of device
efficiency, through the efforts made in compositional tuning,
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materials processing, and choice of charge carrier transport
layers (CTLs).6–8 Both OSCs and PSCs are relatively new tech-
nologies compared to traditional Si-based solar cells, and
present similar device architectures.9–12 The understanding of
the fundamental processes underlying the function of OSCs and
PSCs has also advanced; however, there are still certain aspects
that are not fully understood and are actively being researched.
These aspects include various mechanisms for generating,
transporting, and recombining photogenerated charge carriers
within the devices, at length scales ranging from crystalline
grains to sub-grains and atomic levels. In both types of solar
cells, photophysics (the study of the interaction between light
and matter) and charge carrier dynamics play crucial roles in
determining the overall PCE of the devices. To improve the
overall PCE and hence the operational stability of these devices,
it is essential to have a deep understanding of the photody-
namics and charge carrier kinetics of active layer absorbers in
OSCs and PSCs.9,12 Some key differences between the two
systems are outlined below.

In photoinduced charge carrier generation in OSCs, light
absorption leads to the formation of excitons (bound electron–
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hole pairs) within the organic semiconductor and these excitons
must be dissociated into free carriers (photoelectrons and
photo-holes) at the donor–acceptor heterojunction to generate
photocurrent. In contrast, PSCs directly generate free carriers
upon photoexcitation of the perovskite absorbers. OSCs typi-
cally exhibit hopping-like carrier transport, where charges move
through the organic semiconductor via localized states and this
transportation type is associated with the disordered nature of
organic materials. In PSCs, carrier transport occurs through
band-like transport, like conventional inorganic semi-
conductors, due to the crystalline nature of perovskite semi-
conductors.13,14 The majority of OSCs utilize a bulk
heterojunction structure, consisting of a blend of donor and
acceptor materials, which allows for efficient exciton dissocia-
tion and charge separation at the interface between the donor
and acceptor phases. PSCs, on the other hand, do not typically
require a donor–acceptor heterojunction structure as the
perovskite material itself acts as both the light absorber and
charge transporter but they are known to contain relatively
mobile ions, typically organic or inorganic cations, within the
perovskite active layer absorber.14 These ions can contribute to
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device PCE and stabilize the power output by assisting with
defect passivation and ionic migration, which is not the case
with OSCs.10

Fig. 1a and b explains the operational mechanisms of OSC
and PSC devices, respectively, which are based on light
absorption and, in effect, the separated charge carriers through
the photoactive layer.15 In both OSC and PSC devices, the
ultrafast charge carrier dynamics, of the order of picoseconds, is
critically important for understanding the behavior of charge
carriers; however, the temporal sensitivity of their systems is
limited to tens to hundreds of nanometers and they extract
lifetimes of several microseconds,15,16 as represented in
Fig. 1a.10 Upon photoexcitation, the low dielectric constant of
organic semiconductors leads to the formation of Frenkel
excitons; this separation process is driven by the energy offsets
between the electronic energy levels of the donor and acceptor
species. These excitons are localized electron–hole pairs and
typically exhibit lifetimes ranging from approximately 20 pico-
seconds (ps) to 1 ns in neat organic semiconductor lms.
Exciton diffusion lengths, which represent how far the excitons
can travel before dissociation, range from approximately 3 to
Fig. 1 Operational mechanism of (a) OSCs and (b) PSCs.10 Reproduced fr
(c) Schematic illustration of c-AFM on the surface of a MAPbI3−xClx PSC
geneity for ISC and VOC with the corresponding facets; areas in blue (high
topography.38 Reproduced from ref. 38 with permission from Springer
tomographic-AFM with bottom illumination. (g) Volumetric perspective o
AFM. (h) AFM topography image (6 mm× 6 mm) of the MAPbI3 surface befo
respectively, revealing Type-I GBs at and hidden beneath the surface al
Type-I and insipid Type-II GBs, along profiles respectively indicated by the
highlighted by overlain ovals, demonstrating absolute through-thickne
topographically indistinguishable at the surface.39 Reproduced from ref.

This journal is © The Royal Society of Chemistry 2024
20 nm. Moreover, the separation of these excitons into free
charges (electrons and holes) is primarily achieved at the
interfaces between the organic donor and acceptor materials,
which are oen referred to as charge carrier transfer (CT) states.
On the other hand, PSCs are comprised of mixed semi-
conductor absorber layers, which are usually synthesized
through two or more precursors dissolved in some suitable
polar aprotic solvents (dimethyl formamide (DMF), dimethyl
sulfoxide (DMSO), n-methylpyrrolidone (NMP), etc.) and in the
majority of cases, the spin coating of the precursor solution
onto the substrate and post-annealing at optimal temperatures
produce a uniform thin lm of the perovskite active layer
(PAL).17 Therefore, the operational mechanism of PSCs is
comparatively less complex as represented in Fig. 1b.10 Upon
photo-absorption, free electrons and holes are generated inside
the PAL, which are transported through CTLs and collected at
the respective electrodes to derive the electronics of the external
circuit. The photogeneration within the PAL is attributed to the
lower binding energies resulting from the higher dielectric
constants and crystalline nature of perovskites. The ultrafast
carrier dynamics in PSCs are less detrimental to the overall PCE,
om ref. 10 with permission from John Wiley and Sons, copyright 2021.
. (d) Topographical image of MAPbI3−xClx. (e) Comparison of hetero-
VOC and ISC), and areas in red (low VOC and ISC) are overlaid on the local
Nature, copyright 2016. (f) Schematic illustration of photoconductive
f the photocurrent distribution throughout the MAPbI3 thin film by T-
re T-AFM. (i) Segmented cross-sectional tomograms of GBs and grains
ong the blue long-dashed line from (h). Cross-sectional tomogram of
magenta dotted line and yellow dashed line in (h). (j) Specific interfaces
ss differences in photocurrents for Type I and II GBs, despite being
39 with permission from Springer Nature, copyright 2020.
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unlike OSCs. Various optical techniques are commonly
employed to investigate the carrier dynamics and understand
the performance and stability of these solar cell technologies
(OSCs and PSCs). Photoluminescence (PL) spectroscopy
provides information about the radiative recombination
processes and the efficiency of charge carrier generation in
active materials.18–20

Transient absorption spectroscopy (TAS) allows the study of
excited states and charge carrier dynamics by monitoring
changes in the absorption of the material following
photoexcitation.20–22 Some recently deployed techniques for
evaluating multiple nanoscale properties simultaneously in
OSC and PSC devices are termed multimodal techniques.23,24

Such techniques include transmission electron microscopy
(TEM)25,26 and photoinduced force microscopy (PiFM),27–30 etc.,
with their multiple testing modes to evaluate the structure–
property–function and performance relationships among the
common and complex parameters over nanoscales.31–33

Although various characteristics can be inferred from parallel
techniques, multimodal measurements allow direct relation-
ships with enhanced precision. Direct measurements through
such techniques are important in perovskite and organic
semiconductors because they are very sensitive to the process-
ing conditions. In both kinds of devices, the local (nanoscale)
structures and properties may vary from sample to sample and
over different pixelates, making it challenging to have precision
on the same region under scanning. Herein, we represent
a brief review of the multimodal atomic force microscopy (AFM)
technique that can precisely and quantitatively characterize
semiconductor thin lms against their critical photodynamics
such as charge carrier diffusion length (LD), carrier recombi-
nation lifetime (sr), carrier transport time (st), carrier density,
etc. In the meantime, we refer the readers to other reports
regarding crystal growth investigations and thin lm formation
through bulk multimodal strategies. Some device performances
lag in PSCs and OSCs, including intrinsic disorders such as
current–voltage (JV) hysteresis, ion migration, and trap-assisted
recombination. Recently a multimodal characterization study of
local nanoscale phase impurities,34 such as carrier traps and
PCE degradation sites, was revealed by Stranks et al.33,35 A
hexagonal polytype perovskite structure (with segregated
iodine, even in a trace amount) as the minority phase caused by
the photochemical degradation of the formamidinium (FA)-rich
perovskite composition was investigated as a major responsible
factor for deteriorating the carrier dynamics in PSCs.35–37

Because the PALs are polycrystalline, there are several grain
boundaries (GBs) with very weak dangling bonds, which act as
the recombination pathways limiting the overall PCE and
operational stability of PSCs.40–42 In another study by Bao et al.,43

a multidimensional nano-spectroscopic imaging technique was
presented to map the heterogeneities in local charge recombi-
nation within the indium phosphide nanowires at 40 nm
hyperspectral resolution. However, this technique was never
deployed to map the properties of perovskite or organic poly-
meric structures against their local carrier dynamics. There is
still a large gap in the fundamental understanding of charge
carrier behaviors in GBs and the surrounding locations in the
16332 | J. Mater. Chem. A, 2024, 12, 16329–16342
grain crystallites, termed grain interiors, in this report. In PSC
research, there has been a contradiction regarding the role of
GBs as benign in carrier transport;40,44 however, many studies
have reported their adverse effects on the carrier
dynamics.40,45,46 Spatially resolved measurements are required
to understand the qualitative view of the heterogeneities in
GBs.33 Weaker PL intensities and shorter carrier lifetimes were
observed for the GBs to spatially investigate the carrier
dynamics, which further suggested that GBs act like carrier
recombination centers.34,47 GBs are vertically aligned but still
have detrimental effects on the photodynamics of PV devices.
Some conventional microscopy techniques were also used for
the spatial resolution of the carrier lifetimes, photocurrent
testing, and trap-density maps to explain the dominant carrier-
trapping and de-trapping processes in PSCs but these tech-
niques were unable to correlate the microstructural evolutions
and the carrier dynamics in GBs at the nanoscale.48 Conductive
AFM (c-AFM) is reported to be a powerful technique, which has
the potential to map the inhomogeneities in charge carrier
concentrations and local photocurrent at the GBs and evaluate
the facet-dependent photovoltaic performance mishmashes in
thin lm solar cells and PSCs.38,42,49 PSCs and OSCs with
different active layer morphologies were reported with the
mapping of local photocurrent hysteresis, photovoltage,
photocurrent, and the variations in photovoltaic performance at
the nanoscale, with the relationship between grain size and
photocurrent.24 These reports lack experimental evidence for
simultaneously mapping the nanoscale photodynamics such as
carrier lifetime, transport time, and diffusion length in photo-
active microstructures.
Nanoscale photodynamics mapping

Leblebici and co-workers reported, for the rst time, the prac-
tical realization of local short-circuit photocurrent, open circuit
photovoltage, and dark dri current in MAPbI3 solar cells using
photoconductive (pc)-AFM.38 They observed signicant varia-
tions in both ISC and VOC, indicating, by extension, uctuations
in local efficiency across the characterized area of about 4 mm2.
This variability is pronounced to the extent that certain regions
exhibit negligible electronic activity, resulting inminimal power
output. Moreover, even within a single-crystalline grain, there is
apparent performance heterogeneity. A preliminary examina-
tion of the data suggested that approximately 5% of the area
showed no current generation, and most of the area produced
currents below the peak values.38,42 Fig. 1c represents the sche-
matics of the modied AFM, showing that the tip approaches
each pixelate to map the photocurrent, and retracts50 to move to
the next pixel. Unlike traditional c-AFM, the modied instru-
ment eliminated friction, leading to a decrease in tip-sample
wear and material transfer while ensuring a consistent
contact area during current measurements. The topography
image in Fig. 1d represents the distinct crystal grains and
diverse crystal facets within the grains. The variety of grain
shapes observed in the topography image is attributed to the
absence of any preferential grain orientation in the MAPbI3−x-
Clx perovskite lms. Fig. 1e explains the overlap of topography
This journal is © The Royal Society of Chemistry 2024
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in grey scales with the blue pixelates representing the high-
efficiency regions with VOC > 0.6 V and ISC > 12 pA and low-
efficiency regions (red pixels) with VOC > 0.6 V and ISC < 5 pA.
Their results demonstrated the observed spatial variation as an
intrinsic characteristic of the corresponding PSC without the
interactions between the tip and the sample material, indi-
cating that many grains have a specic crystal facet that facili-
tates higher performance. Another devised and exclusive
method utilizing tomographic AFM was reported by Huey et al.
as they presented a comprehensive 3D map of photogenerated
carrier transport at the nanoscale in hybrid perovskites. This
unveils GBs functioning as extensively interconnected con-
ducting pathways for carrier transport. The presence of buried
GB types in hybrid perovskites was revealed (Schematics Fig. 1f),
some of which were slightly inert while some GBs heightened
carrier mobilities.39 Fig. 1g represents the photocurrent tomo-
gram obtained for polycrystalline MAPbI3, derived from 34
initial images, collectively encompassing a total of 7.6 million
pixels (11.7 nm× 11.7 nm) of photocurrent and (x, y, z) position
data. The assessment of the milling and interpolation distances
indicated that over 95% of all tomogram voxels were situated
close to just two adjacent nearest neighbors from the initially
acquired data. Throughout this process, consistent measure-
ments of photocurrents ranging from 100 pA to 10 nA were
obtained, with dark current detection below 10 pA under the
same DC bias. They performed a thorough analysis of 2D-
mapping (for photocurrent and photovoltage) through photo-
conductive (pc)-AFM51 and 3D-mapping through tomographic
(T)-AFM, over the type and inuence of GBs on the photody-
namics of the MAPbI3 perovskite thin lm. A precise compar-
ison of the topography was studied and represented in Fig. 1h
with the corresponding photoconduction maps derived from
our tomographic approach; both GB types can easily be differ-
entiated. In Fig. 1i, cross-sectional tomograms show the
segmentation of the 3D GB network and the 3D grain photo-
conductivity. Numerous type-I GBs are identiable, including
those concealed within the lm and undetectable through
traditional surface measurements. Notably, on the upper le
side of Fig. 1i, the higher and lower photocurrents within
neighboring grains explicitly demonstrate the anticipated type-I
behavior, which hinders the in-plane inter-grain charge carrier
diffusion. On the contrary, the more elusive type-II interfaces at
the surfaces become evident in T-AFM results, as exemplied in
Fig. 1j (corresponding to Fig. 1h).39 In each instance, two
seemingly distinct grains are separated by a topographic GB
groove that is morphologically indistinguishable from other
GBs, while the photocurrents at the surface and beneath the
surface remain uniform. Importantly, neither type-I nor type-II
GBs show any correlation with low or high load AFM scan
directions, as evidenced in specic instances oriented at −85°
(blue oval, including numerous other type-I GBs), −20° (yellow
oval, type-II), and −70° (magenta oval, type-II) with respect to
the horizontally scanning probe (0°).39 Conclusively, an inter-
connected network of type-I GBs revealed a pathway for charge
carriers in 3D and the presence of about 5% of benign type-II
GBs52,53 restricted the out-of-plane conduction and exhibited
in-plane carrier transport. Type-II or twin GBs53 have fewer
This journal is © The Royal Society of Chemistry 2024
detrimental effects (which may be attributed to their lower
number density) on the photodynamics of perovskite semi-
conductors, while type-I GBs were proved to have adverse effects
on the carrier dynamics.39 The techniques presented so far with
customized AFM relied on the full illumination of the samples
either from the top or bottom side and may face severe phase
segregation; the reports lack this critical aspect while explaining
the direct relationship of the facet or GB-dependent perfor-
mance evaluations. In the earlier study presented by Leblebici
et al.38 and represented here, the only conditioning to avoid
phase segregation is a minimized time of contact between the
AFM-tip and sample surface; however, continuous illumination
(Fig. 1c–f) may leave the perovskite with severe halide segrega-
tion.54,55 Another effort was made by de Quilettes et al.34 as they
analyzed the relationship between the local heterogeneity of the
MAPbI3 perovskite and the photocurrent and device perfor-
mance yields through the high-resolution (sub-micrometer)
laser beam-induced current/voltage mapping and spatially
resolved pc-AFM. An anti-correlation was found between the
measurements taken from the PL and pc-AFM for the device
with CTL and top contact and the device without, considering
the same sample area under observation for both types of
measurements (PL, pc-AFM). The regions with higher PL
showed lower photocurrent and efficiency, highlighting the
obvious disparity between the two measurements, and pro-
specting the crucial role of the top contact in mitigating the
losses in the PSC devices. The investigated correlation is likely
due to discrepancies in the perovskite absorber where varia-
tions in its surface lead to uctuations in electronic coupling
with the extraction layers. Consequently, although material
heterogeneity may pose limitations to device performance in
the long run, it was not the primary determinant in the
performance evaluation of PSC devices. In all the previous
reports regarding the multimodal AFM technique, the perov-
skite under observation was MAPbI3, which is not the highest-
performing perovskite process for solar cells. Subsequent
research proved that the MAPbI3-based PSCs suffered degra-
dation losses and other compositional analogues such as the
cations and anions mixing within perovskite absorbers yielded
extraordinary outputs.56,57 Since the advent of such modied
techniques, there are still very few studies regarding the
underlying technique for the simultaneous and quantitative
analyses of carrier recombination lifetime, transport time, and
diffusion length; our group published a similar but compara-
tively more precise multimodal nanoscale mapping technique
for spatial and time-resolved analyses of charge carrier photo-
dynamics.58 To best explain the structure–property
(microstructure-photodynamics) relationship of the photo-
active layer, and to gain further insights into the behavior of
photogenerated charge carriers, the contact mode c-AFM-
enhanced nanoscale mapping technique has been proven to
be better than other previously reported techniques. The
formerly explained techniques were deployed to study the
carrier dynamics under the full illumination of the sample from
either the top or the bottom, and are critical for avoiding the
halide segregation and ion migration through the GBs of the
bulk perovskite. The c-AFM is used to probe local charge-carrier
J. Mater. Chem. A, 2024, 12, 16329–16342 | 16333
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dynamics in photoactive layers with improved spatial resolution
at the nanometer scale38 (the actual resolution of the measure-
ment was about 9.26 nm)58 and overcome the obstacles of the
normal AFM circuit bandwidth to detect the local characteris-
tics including transient parameters (sr, st and LD) and with
improved temporal resolution by pulse widths from a function
generator driving the optical source ranging from 50 ns to 500
ns. Fig. 2a shows a schematic diagram of the customized tran-
sient photo-response AFM (TP-AFM) instrumentation setup
where the PSC or OSC can be mounted in a c-AFM conguration
with an RGB laser illumination, a Breakout Box (Agilent
N9447A) and a mixed signal oscilloscope (Agilent MSOX4154A)
to measure transient photovoltage (TPV) and transient photo-
current (TPC) by using a platinum/chromium-coated conduc-
tive tip.59 With the tip movement across the surface, the TPV
and TPC charge carrier dynamics mapping can be generated
based on the transient decay data from the synchronization of
the laser pulse, illuminating the underside of the sample under
observation. The lower right part of Fig. 2a demonstrates the
synchronization of the AFM-tip and the laser pulse for each
movement at each pixel on the PAL. Fig. 2b represents the
device equivalent circuit with an alternative sampling resistor.
When Ro = 1 MU, the device was in open circuit conditions to
record TPV, which was processed to obtain the measured sr of
the solar cell. When Ro = 50 U, the device was in a short circuit
and recording TPC, which was processed to obtain st. For PSCs,
a 100 × 100 nm2 region (sufficient to encompass both the
adjacent perovskite grains and clear GB) was selected and the
mapping region is derived from the c-AFM topography image.58

For OSCs, the 100 × 100 nm2 mapping region was derived from
the c-AFM conductivity image (the topography image does not
Fig. 2 (a) Schematics of TP-AFM with the demonstration of a rear-la
transient measurements based on the c-AFM. (b) Equivalent electronic
perovskite films (c) MAPbI3, and (d) FAMACs-IBr. (e) Charge carrier mappin
(sr, st, LD) mapping in the GB-region of the FAMACs-IBr perovskite. Sta
FAMACs-IBr perovskites, respectively.58 Reproduced from ref. 58 with pe

16334 | J. Mater. Chem. A, 2024, 12, 16329–16342
provide clear boundary information for OSC blend lms),
including evenly distributed donor-rich and acceptor-rich
regions (shown different color by conductivity) and related to
the same location on the topography image.60 These 100 × 100
nm2 regions were used to map charge carrier dynamics by col-
lecting the local TPV decays using 1.0 MU https://
en.wikipedia.org/wiki/Omega input impedance from an
oscilloscope and TPC decays using 50 U https://
en.wikipedia.org/wiki/Omega input impedance.

The carrier ‘sr’ can be obtained by tting TPV decays based
on themono-exponential decay model (eqn (1)), which is related
to trap-assisted charge recombination:

vðtÞ ¼ V0 exp

�
� t

sr

�
(1)

where V0 is the steady-state photovoltage. During TPV
measurement, the device is in an open circuit with a large
oscilloscope channel impedance of 1 MU, and the photo-
generated charges are recombined.

The carrier st can be obtained from (eqn (2)):

IðtÞ ¼ I0 exp

�
� t

st

�
(2)

where I0 is the steady-state photocurrent. During TPC
measurement, the device is in a short circuit with a small
oscilloscope channel impedance of 50 U https://
en.wikipedia.org/wiki/Omega, and the photogenerated charges
are collected. Among all charge carrier decay processes, one is
much slower than the others and the charge carrier lifetime
or transport time is dominated by this slower one. In this
case, the decay curves of two transients can be tted well
ser-illuminated perovskite through the FTO/glass substrate, with the
circuit for TPV and TPC testing in PSCs. AFM-topography images for
g (sr, st, LD) in the GB-region of theMAPbI3 perovskite. (f) Charge carrier
tistical distribution of sr, st, and LD parameters for (g) MAPbI3, and (h)
rmission from Elsevier, copyright 2020.

This journal is © The Royal Society of Chemistry 2024
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through the mapped region (R-square larger than 0.95) with
a mono-exponential function instead of a multi-exponential
function. This suggests that only one recombination mecha-
nism mainly contributes to the time constants and dominates
the entire recombination process. We attribute this major
recombination process to the non-radiative recombination
lifetime. Based on the literature results, generally, the average
TPV is slightly larger than the average TPC at the same loca-
tion of mapping for an identical lm. Also, improved perfor-
mance and operational stability will usually produce larger
TPV and smaller TPC for revised PSCs and similarly optimized
acceptor- and donor-based OSCs.60 In this case, based on eqn
(3), a higher LD with an identical active layer thickness would
generally support better local charge carrier dynamic
behaviors.

LD ¼ L�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sr=ð2:35� stÞ

p
(3)

here, L is the active layer thickness, which is usually around
100 nm for OSCs and several hundred nanometers (400–500
nm) for PSCs.58,61,62 The factor 2.35 was given by Frank et al.,
which explains the relationship between the effective diffusion
length and the time constant.63

Two widely studied and intrinsically stable perovskite
compositions, i.e., single cation MAPbI3 and triple cation mixed
halide FAMACsPb-IBr were investigated through the c-AFM
technique to quantitatively nd the apparent sr, st, and LD at
the nanoscale with a spatial resolution of 9.26 nm (derived from
the spring constant of an AFM cantilever, the tip radius and
sample feature size radius) in perovskite and organic photo-
active layers.58 Contact mode topographical images for perov-
skite compositional analogues can be seen in Fig. 2c and d,
where contact mode topography with a selected (red-marked)
area of 100 × 100 nm2 including the GB region was used to
map the carrier dynamics at the nanoscale. A comparison was
made in terms of the nanoscale mapping of sr, st, and LD for two
different perovskite compositions, as represented in Fig. 2e and
f, where carrier dynamics were mapped in the GBs and its
neighboring regions extended to another 30 nm (shown in
Fig. 2e and f) within the active layer. This study revealed that the
single-cation MAPbI3 perovskite presented a shorter lifetime in
the GB region than the triple-cation mixed halide FAMACsPb-
IBr. It is important to mention here that the conditions used
to map the photodynamics of the photogenerated charge carrier
through PSC and OSC devices suppressed the possible phase
segregation64–66 because the tip is usually in contact with the
sample surface for only 2 ms and the current is stable for
hundreds of seconds;67 also, the laser was integrated to illumi-
nate only a very small area under observation, unlike full
sample illumination.

These results further indicate that the carrier dynamics in
the single-cation MAPbI3 perovskite are adversely affected by
the presence of the GBs and the several-nanometer extended
GB-regions that act as the carrier trapping sites, which are fewer
in the case of mixed-cation and mixed halide FAMACs-IBr
perovskites. A shorter ‘st’, a longer ‘sr’, and a longer LD, are
desired for improved carrier dynamics and photovoltaic yields.
This journal is © The Royal Society of Chemistry 2024
A statistical view of the carrier lifetimes in two compositional
perovskite analogues is represented by the pie charts in Fig. 2g
and h. In the GB-region of theMAPbI3 perovskite, almost 68% of
the sr values occur in less than 12.5 ms, which was noted to be
33.83% in the case of the FAMACs-IBr perovskite, and the mean
sr in the GB-region of FAMACs-IBr was 13.94 ms and 12.69 ms for
MAPbI3. The investigation of nanoscale mapping revealed the
carrier dynamics, i.e., a shorter sr, LD, and longer st for the
MAPbI3 perovskite but a longer carrier sr, LD, and shorter st in
the case of the mixed-cation and mixed halide FAMACsPb-IBr
perovskite. Other reports for the nanoscale mapping of perov-
skite semiconductors also revealed that engineering multi-
cations at A-site and mixed X-site halides, such as triple and
quadruple cation wide bandgap compositions, were benecial
for improving the carrier dynamics and overall performance in
PSCs. In another report regarding the mixing of rubidium (Rb)
into the triple cation CsFAMA perovskite, we studied the
passivation of GB-related defects in wide-bandgap quadruple-
cation RbCsFAMA perovskite through enhanced secondary
crystallite growth (SCG). Guanidinium iodide (GAI)-inspired
SCG also passivated the GB-related traps while reacting well
with the PbX2 residues within the PAL and enhanced the tran-
sient parameters of charge carriers while improving the PCE
and stability of the corresponding PSC devices.68 RbCsFAMA-
SCG had the highest GB sr (9.68 ms) compared to 8.94 and
7.72 ms for RbCsFAMA and CsFAMA, respectively. For the st at
GBs, an opposite trend was noted as RbCsFAMA-SG showed the
fastest st of 3.94 ms compared with 4.66 ms for RbCsFAMA and
5.45 ms for the CsFAMA perovskite analogue compositions.
Finally, the LD related to local sr and st showed improvement for
RbCsFAMA-SCG (0.536 mm) over the RbCsFAMA (0.458 mm) and
CsFAMA (0.425 mm) withmuch smaller differences between GBs
and extended GB-regions.68
Contact potential difference mapping over surface and grain
boundaries

Kelvin-probe force microscopy (KPFM), i.e., another feature of
the multimodal AFM, was used to study surface potential maps
over perovskite and organic semiconductors.69–73 KPFM can
identify the contact potential difference (CPD) between the
surface of the sample and the conductive tip of the probe.74

Consequently, it can be employed to determine the work func-
tion of the sample, provided that the tip's work function is
known. Unlike c-AFM and pc-AFM, KPFM is a localized
measurement that specically gathers information about the
sample surface beneath the tip as shown in the schematic in
Fig. 3a. It has found extensive applications in the examination
of PSCs, particularly in studying variations in surface potential
and work function across grains and GBs, especially those
induced by light illumination.45,75,76 The CPD between the
sample and the AFM tip was determined through eqn (4)
simultaneously with the topography test.68,77

vCPD ¼ 4t � 4s

�e (4)
J. Mater. Chem. A, 2024, 12, 16329–16342 | 16335
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Fig. 3 (a) Schematics of KPFM, (b) CPD mapping in dark conditions for the pristine perovskite, (c) individual line profiles for CPD variation
between the GB and the adjacent grain surface (GS), (d) CPD mapping for the PHI-treated perovskite, (e) CPD variation between GB and the
adjacent GS of the PHI-treated perovskite.77 Reproduced from ref. 77 with permission from the American Chemical Society, copyright 2020.
Surface potential evolution of the perovskite at the nanoscale, (f) surface topography, (g) voltage acquired through KPFM measurement in the
dark for the selected area in (f). (h) The voltage distribution as a function of time showing reversible dynamics for dark scans.78 Reproduced from
ref. 78 with permission from the American Chemical Society, copyright 2017. (i) KPFM images of the VCz(CHO)/PCBM film grating, (j) profiles of (i)
under dark and illumination conditions, (k) KPFM image of the grating after light was turned off. (l) Surface potential against elapsed time in the
upper and lower regions of the grating.79 Reproduced from ref. 79 with permission from the American Chemical Society, copyright 2014.
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where 4t and 4s are the work functions of the AFM-tip and the
sample, respectively. The difference in potential between the
grain surface (GS) and GB gives the potential barrier at GBs.

The investigation of the SCG strategy was also extended to
suppress the surface and GB defects via the insertion of phenyl
hydrazinium iodide (PHI). In particular, the PHI-facilitated
synergistic treatment reduced the current at the GBs while
generating an electron barrier and reducing trap state density,
which indicated the mitigated carrier recombination and
leakage pathways, through GB passivation.77 The surface
potential mapping results were taken at ten different (random)
locations in the topography of the triple-cation perovskite to
measure and differentiate the surface current from the current
at GBs. Fig. 3b–d represent the surface potential images of the
pristine and PHI-treated perovskite layers, respectively, and
Fig. 3c–e represent the CPD variation between the GB and GS for
the pristine and PHI-modied perovskites obtained through
line proles at different locations.77 For the pristine perovskite,
the GBs exhibited negative potential as compared to the GS, and
16336 | J. Mater. Chem. A, 2024, 12, 16329–16342
the average value of the potential difference (DCPDGB = CPDGB

− CPDGS) observed at 10 different areas was −35.68 mV, indi-
cating a negative potential barrier or a hole barrier at the GBs.
The PHI-treated perovskite showed the opposite behavior, i.e.,
the CPD at the GB was positive as compared to the adjacent GS,
which is attributed to the effective PHI passivation.77 High-
speed scans (16 s/scan) over the perovskite sample surface
under illumination-, and dark-KPFM at the nanoscale spatial
resolution of 50 nm were reported by Leite et al.78 As repre-
sented in Fig. 3f–h, the topography of the perovskite sample
with the simultaneously scanned voltage over a selected area
was obtained under dark-KPFM measurements. Fig. 3j repre-
sents the statistical analyses for the quantication of CPD
measurements over perovskites tested in their study, as the
histograms depict that the initial distribution of dark voltage
(blue) is relatively wide, with a peak at approximately 0.2 V.
Upon exposure to light, this distribution shis, with the peak
increasing to around 0.4 V (shown by the green curves). Over
time, VCPD widened again, predominantly extending towards
This journal is © The Royal Society of Chemistry 2024
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higher voltages (dark gray curves). This pattern persisted across
various illumination intensities applied to the perovskite,
ranging from 2.0 nW to 4.2 mW. These KPFM-based measure-
ments highlight the temporal evolution of voltage in the
perovskite following exposure to light, even under dark condi-
tions.78 In another recent study regarding surface potential
measurement through KPFM, an effective organo-metallic-
functionalized interface was reported for high performance
and improved operational stability of inverted PSCs. The
perovskite lm treated with optimized ferrocenyl-bis-
thiophene-2-carboxylate (FcTc2) demonstrated a reduced
contact potential of approximately 50 mV as compared to the
control sample that implies a direct interaction and surface
charge transfer between FcTc2 and the perovskite semi-
conductor. Furthermore, the FcTc2-functionalized perovskite
exhibited a narrower potential distribution and surface poten-
tial difference, approximately 150 mV, in contrast to the control
sample, which showed a difference of approximately 250 mV.
This uniform distribution of surface contact potential is
advantageous for facilitating efficient charge carrier extraction
and preventing non-radiative recombination.71 The surface
reconstruction strategy within the PSC domain has been re-
ported several times as another unique approach to engineering
the overall device performance and operational stability of
single-junction organometallics, lead, and tin-based PSCs, and
large-area tandem cells.80–84 Evaluating the surface potential
through KPFM may provide extended evidence for the extent to
which the actual reconstruction is executed and the improved
photodynamics would be tested simultaneously.

OSCs consisting of a conjugated polymer/fullerene bulk
heterojunction were evaluated for the rst time (to the best of
our knowledge) by Hoppe and co-workers through KPFM
against the topography and local work functions at the nm
scale.70 Surface analyses of two distinct kinds of lm obtained
through the chlorobenzene and toluene-based casting of the
classical organic solar cell system with MDMO-PPV/PCBM
blends were conducted, and KPFM-enhanced ndings enabled
them to identify the electron transmission barrier at the PCBM/
cathode interface. The said barrier was found to be responsible
for the lower PCE in their nal OSC devices synthesized from
toluene casting in comparison to chlorobenzene-based
casting.70 Pump-probe KPFM was reported to reveal the
hidden surface photovoltages (SPV) in the organic bulk heter-
ojunction thin lm based on the PTB7-PC71BM tandem OSCs.85

Two-dimensional dynamic maps of the organic blend's photo-
response were tested by recording pump-probe KPFM curves
in data cube mode. These maps revealed regions with an
additional positive SPV component, showing decay time
constants of several tens of microseconds. Decay time constant
images of the negative SPV component conrmed that the
acceptor clusters serve as electron-trapping sites. The revealing
of SPV in organic blends showed strong implications over other
thin lm PV devices for a better understanding of crucial
aspects of surface-enhanced potentials.85 Watanabe et al. re-
ported an in situ KPFM study to identify the electron donor and
acceptor regions within blended organic thin lms.79 Periodic
photopolymerization, triggered by an interference pattern from
This journal is © The Royal Society of Chemistry 2024
two laser beams, created surface relief gratings (SRGs) in the
structured lms. Analysis of the surface potential distribution
within the SRGs suggests the formation of donor and acceptor
spatial distributions. Illumination induced reversible changes
in the surface potential due to the generation of fullerene
anions and hole transport from the lms to substrates,
demonstrating the successful imaging of the local photovoltaic
characteristics of the structured photovoltaic devices. Fig. 3i
and j represent KPFM images taken under illumination and
dark conditions for the VCz(CHO)/PCBM lm (80 : 20 wt%)
grating. During the rst observation at 3 min, the KPFM image
revealed periodic surface potential modulation based on the
distribution of donor and acceptor materials in the lms and
the depth of this modulation was approximately 40 mV. KPFM
images exhibited changes in the surface potential distribution
post-illumination, as aer 40 minutes, the surface potential of
the upper region decreased relative to the lower region, result-
ing in a saturated potential modulation of approximately
−20 mV. Fig. 3k represents the KPFM image of the grating aer
the white light was switched off, demonstrating a gradual return
of the surface potential distribution to its pre-illuminated state.
This reversibility highlights the processes of charge carrier
generation under illumination and subsequent charge carrier
collection. The periods of charging and discharging are notably
longer than the intervals of photoinduced charge generation,
suggesting the presence of deep electron charge trapping and
de-trapping. These phenomena are observable in both the
surface potential of the upper and lower regions of the gratings,
as well as the average surface potential as demonstrated by
Fig. 3l. Local PV properties evaluated by KPFM under mono-
chromatic light illumination enabled the acquisition of photo-
current action spectra in the structured organic blended lm
SRGs synthesized through the periodic photopolymerization.79

Multimodal c-AFM can also be extended to observe the
charge recombination and transport constants (sr, st) through
TPV and TPC to establish the collection efficiency of photo-
generated charge carriers. The time constants were calculated
through TPV and TPC measurements under open- and short-
circuit conditions.77,86 Many studies have been supported by
the c-AFM nanoscale mapping of the OSCs where the charge
carrier dynamics of the control and the optimized OSCs have
been compared. As explained in the introduction, OSCs are
comprised of blends of organic donor and acceptor regions,
unlike GBs, and locating and differentiating such regions is the
obvious advantage of the multimodal AFM technique. Lu et al.60

improved the performance of widely used PM6:Y6-based OSCs
from 16.2% to 17.6% by employing highly emissive trans-bis(-
dimesitylboron) stilbene (BBS) as a solid additive. The c-AFM
nanoscale mapping declared that the revised PM6: Y6: BBS
device has a longer charge-carrier sr, shorter charge-carrier st,
and improved charge-carrier LD. These results indicate that the
performance improvement is mainly derived from the
enhanced exciton dissociation and charge-transport ability. The
ne-tuning of another organic semiconductor PBDB-T: PNDI-
CBS0.5 aer annealing showed enhanced charge carrier
dynamics, resulting in overall enhanced photovoltaic perfor-
mance.87 Wang et al.88 found that PTB7-Th: Y6 QHJ devices at
J. Mater. Chem. A, 2024, 12, 16329–16342 | 16337
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donor: acceptor (D°:°A) ratios of 1 : 8 or 1 : 20 can achieve 95%
or 64% of the efficiency obtained from its BHJ counterpart at the
optimal D : A ratio of 1 : 1.2. Yu et al.89 concluded that PDI-EH
benets the photovoltaic performance of ternary OSCs under
both 1-sun and indoor illuminations due to morphology
modulation and the resulting local charge carrier dynamics. c-
AFM nanoscale mapping for OSCs is more complicated than
for PSCs. Unlike PSCs, which mainly focus on the perovskite GB
locations, OSCs have blend lms with different D°:°A ratios and
it is harder to localize the mapping area. During the nanoscale
mapping of OSCs, the donor-, and acceptor-rich regions are
compared, while for mapping PSCs, the grains and GB locations
can be clearly identied and compared. The c-AFM setup is
made to selectively detect the electron current by using the
inverted device architecture of the samples and incorporating
an electron-transport layer (like ZnO or PTAA, etc.) between the
active layer and bottom ITO/FTO electrode. In the c-AFM surface
conductivity images, the greater conductive region can be
assigned as the acceptor-rich region, whereas the lesser
conductive region can be assigned as the donor-rich region in
most cases.87,90 However, in some cases, the ambipolar charge
Fig. 4 AFM-topography of (a) PM6:Y6, and (b) PM6:Y6: BBS. c-AFM-con
carrier transport time ‘st’, (g) carrier diffusion length LD. (h and i) Statistical
Reproduced from ref. 60 with permission from John Wiley and Sons, co

16338 | J. Mater. Chem. A, 2024, 12, 16329–16342
transport channel from the OSCs can affect the electron trans-
port and result in unusual donor-rich and acceptor-rich region
assignments. Also, once the donor or acceptor ratio is extremely
higher than the other, the acceptor-rich or donor-rich regions
may not be identied.88 One of the most recent contact mode c-
AFM-enhanced nanoscale mappings in OSCs for the concurrent
and quantitative analysis of carrier dynamics was performed by
our group. To explain the favorable results, by employing highly
emissive BBS as an additive into PM6:Y6-based OSCs, the
carriers' transient parameters such as st, sr, and LD were
compared at the neighboring donor-rich and acceptor-rich
regions in the active layer. Fig. 4a and b shows the 1 mm × 1
mm contact mode AFM topography of PM6:Y6 and PM6:Y6: BBS
lms.60 The mapping area (100 nm × 100 nm) indicated by the
red square was selected from the half-bright (acceptor-rich
region) and half-dark (donor-rich region) of the OSCs' c-AFM
conductivity images in Fig. 4c and d. Fig. 4e–g presents the
nanoscale st, sr, and LD mapping of both PM6:Y6 and PM6:Y6:
BBS samples in comparison within the red square. The donor-
rich and acceptor-rich regions are both split by white dashed
lines in each mapping.60 The work indicated that the modied
ductivity of (c) PM6:Y6 and (d) PM6:Y6: BBS. (e) Carrier lifetime ‘sr’, (f)
distribution of sr, st, and LD for PM6:Y6 and PM6:Y6: BBS organic films.60

pyright 2022.

This journal is © The Royal Society of Chemistry 2024
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PM6:Y6: BBS sample has an extendedmean sr (4.94± 0.39 ms) as
compared to that of PM6:Y6 (sr = 4.70± 0.31 ms). The mean st is
shorter in the BBS-based sample (st = 4.52 ± 0.28 ms) than that
of PM6:Y6 (st= 4.67± 0.38 ms). In line with eqn (3), the mean LD
for the PM6:Y6: BBS sample was 68.2 ± 3.9 nm, which is longer
than that of the PM6:Y6 sample (65.4± 3.1 nm). These transient
parameter improvements are benecial to the charge carrier
dynamics and photovoltaic performance. On the other hand,
the donor-rich regions showed higher LD, which is desirable for
increased bimolecular recombination. Fig. 4h and i describes
the statistical view from the histogram distribution of the three
transient parameters. The majority of sr values (86.6%) of the
PM6:Y6 sample were less than 4.8 ms, while most sr values
(44.2%) of the PM6:Y6: BBS sample were more than 4.95 ms. The
sr values of both samples are close, between 4.5 and 4.7 ms, but
PM6:Y6: BBS had only 2.7% sr values > 4.9 ms while PM6:Y6 had
11.8%. Further examination concluded that the sample without
BBS had only 15.9% of LD values >67.5 nm, while 36.3% of LD >
67.5 nm in BBS-based samples. The LD mapping and histogram
indicate that the addition of BBS can effectively increase the
charge-carrier LD of the organic active layer.60 These measure-
ments provide another route to verify the carrier transport and
collection mechanism at the respective electrode, which is
Fig. 5 (a) Nanoscale mapping of the area indicated by the light blue squ
Thewhite dashed line shows the GB region. (b) c-AFM topography of the c
Nanoscale-resolved mapping of the area indicated by the dark blue squ
corresponding GB region. (d), (e) Ultra-thick perovskite absorber deposite
modified through the SLP approach.92 Reproduced from ref. 92 with perm
copyright 2020.

This journal is © The Royal Society of Chemistry 2024
directly related to the photodynamics (dis)order of the PSC and
OSC devices.77,91

The photodynamics of single-junction conventional PSCs
with active layer thicknesses of several nanometers have been
reported many times with nanoscale mapping as a character-
istic tool. The fabrication of a tandem c-Si/PSC solar cell device
was reported with the PAL thickness in microns as a wide-
bandgap top cell, and the photodynamics of the correspond-
ing perovskite was studied through a nanoscale mapping
technique. Hou et al. reported the enhanced LD and efficient
carrier collection through engineering micrometer (mm)-thick
PAL with a self-limiting passivant (SLP) of 1-butanethiol. A
concentrated solution (1.65–1.75 M) of perovskite was used to
fully cover the pyramid-type c-Si textured surface of the under-
side with micron thickness, a crystalline grain size of 4 mm, and
comparatively reduced GBs. Nanoscale mapping was carried out
to investigate the AFM topography of the wide-bandgap Cs0.05-
MA0.15FA0.8PbI2.25Br0.75 perovskite, with the charge carrier LD
measurements. Characterized by nanoscale spatial mapping in
c-AFM mode, the carrier LD in the SLP-treated sample in the
grains and GBs was improved as compared to the control
sample. Fig. 5a–c represents the nanoscale mapping of the
corresponding mm-thick wide-band perovskite, as the carriers
LD within the grains for the SLP-treated sample was around
are in (100 × 100 nm) of the diffusion length of the control perovskite.
ontrol sample (top) and SLP perovskite (bottom) (scale bar-100 nm). (c)
are in (b) of LD of the SLP perovskite. The white dashed line shows the
d on top of Si by solution processing. (f) JV curve for the certified cells
ission from The American Association for the Advancement of Science,
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570 nm and about 50 nm in GBs (the region denoted by the
blue-square and conned by the white dashed-lines), while the
carrier LD was decreased by 100 nm in the pristine samples. By
the synergistic GB passivation and mitigation of phase-
segregation through the SLP approach, the nal solar cell
device (with tandem architecture as shown in Fig. 5d) with c-Si/
mm-thick wide-band perovskite (Fig. 5e) yielded a certied
(Fraunhofer ISE CalLab PV-cell) PCE of 25.7%, as represented in
Fig. 5f.92 The nanoscale spatial mapping has unique features,
including the measurement of transient photodynamics
parameters such as sr, st, and LD, combined with VCPD at the
grain surface and GBs by KPFM, so the mapping technique has
strong potential for investigating the large-area perovskite thin
lm coatings deposited by the slot-die-coating, inkjet printing,
gravure, or relief-printing,93 etc.

Limitations

There are some limitations to the nanoscale mapping of charge
carrier dynamics, including the spatial resolution restriction of
the tiny morphological features in AFM (Agilent 5500), as
quantum dots (QDs) with diameters smaller than 5 nm are hard
to identify and locate for nanoscale mapping. Due to the limi-
tation of the laser generator sources (with a 402 nm violet laser
pulse, 473 nm blue laser pulse, and the mostly used 532 nm
green laser pulse), the solar cells with low absorbance at those
wavelengths might not work for nanoscale mapping since
irregular current pulses cause greater uncertainty for tting.
However, this limitation can be addressed with a continuum
laser generator with a wider range. Nanoscale mapping at high
resolution can be advantageous for the better investigation and
understanding of carrier dynamics in perovskite and blended
organic photoactive layers, which may provide a facile way to
improve the photovoltaic performance in the respective devices.

Summary and outlook

Multimodal nanoscale spatial and time-resolved mapping of
photoinduced charge carriers are crucial for the device perfor-
mance and operational stability of PSC and OSC devices. The
benets of the multimodal nanoscale mapping technique are
manifold, however, reports regarding the large-area solar
modules and their extremely important carrier dynamics
through such a technique are still lacking. The current status of
the research on PSC and OSC devices demands thorough
investigation i.e., from the structure to the properties, and
multimodal techniques are required to engineer the photovol-
taic yields and improve the intrinsic stability of such devices.
Within the PSC research domain, all-inorganic perovskite solar
cells have comparatively higher thermal and operational
stability and would be the best possible research direction to
yield higher throughputs via nanoscale engineering. These
nanoscale multimodal approaches should be integrated into
the manufacturing lines according to set industrial protocols to
gain ultrahigh outputs. The prospect of the nanoscale mapping
as a multimodal approach also includes the integration of
a variety of thin lm morphologies and optoelectronic devices,
16340 | J. Mater. Chem. A, 2024, 12, 16329–16342
such as nanowire-based OSCs, wrinkling PSCs, perovskite and
organic light emitting diodes, large area PSCs, and their tandem
partners, using different laser wavelengths at higher
resolutions.
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