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Nanoscale Surface Photovoltage Spectroscopy

Yenal Yalcinkaya, Pascal N. Rohrbeck, Emilia R. Schütz, Azhar Fakharuddin,
Lukas Schmidt-Mende, and Stefan A.L. Weber*

Understanding electron and ion dynamics is an important task for improving
modern energy materials, such as photovoltaic perovskites. These materials
usually have delicate nano- and microstructures that influence the device
parameters. To resolve detailed structure–function relationships on the
relevant micro- and nanometer length scales, the current macroscopic and
microscopic measurement techniques are often not sufficient. Here,
nanoscale surface photovoltage spectroscopy (nano-SPV) and nanoscale
ideality factor mapping (nano-IFM) via time-resolved Kelvin probe force
microscopy are introduced. These methods can map nanoscale variations in
charge carrier recombination, ion migration, and defects. To show the
potential of nano-SPV and nano-IFM, these methods are applied to perovskite
samples with different morphologies. The results clearly show an improved
uniformity of the SPV and SPV decay distribution within the perovskite films
upon passivation and increasing the grain size. Nevertheless, nano-SPV and
nano-IFM can still detect local variations in the defect density on these
optimized samples, guiding the way for further optimization.

1. Introduction

Lead halide perovskites are promising materials for optoelec-
tronic applications due to their direct adjustable band gap,[1–3]

high defect tolerance,[4] and long charge carrier lifetimes.[5–7]

Unlike conventional semiconductors, lead halide perovskites
do not possess a high density of deep trap states.[8] The trap
states due to crystal defects within the halide perovskites appear

Y. Yalcinkaya, P. N. Rohrbeck, S. A. Weber
Max Planck Institute for Polymer Research
Ackermannweg 10, 55128 Mainz, Germany
E-mail: webers@mpip-mainz.mpg.de
Y. Yalcinkaya, S. A. Weber
Institute of Physics
Johannes Gutenberg University Mainz
Duesbergweg 10-14, 55128 Mainz, Germany
E. R. Schütz, A. Fakharuddin, L. Schmidt-Mende
Department of Physics
University of Konstanz
Universitätsstr. 10, 78464 Konstanz, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202301318

© 2023 The Authors. Advanced Optical Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/adom.202301318

within or close to the energy bands. This de-
fect tolerance allows high-quality perovskite
films to be fabricated from simple solu-
tion processes. Nonetheless, energy losses
still occur at areas with high defect den-
sity, such as grain boundaries (GB) of the
halide perovskites or interfaces within per-
ovskite solar cells (PSCs), increasing non-
radiative recombination losses during de-
vice operations.[9]

Defects related to non-radiative recombi-
nation in perovskites mainly occur as 1D
point defects such as interstitials, antisites,
or vacancies; 2D defects such as GBs, in-
terfaces, and surfaces; and 3D defects such
as clusters of iodine or lead or defects at
the contacts. Interfacial recombination may
originate from energy alignment mismatch
between layers, surface defects, and charge
carrier back transfer.[10–14] Improving the
perovskite film quality by means of pas-
sivation is a common strategy to improve
device efficiency.[15,16] Common surface

passivation methods use chemical agents that partially fill the
vacancies on the perovskite film surface. Here, the active group
(ammonium, for example) fills the A+ cation vacancies, whereas
other parts of the passivation agent can be used, for example, for
increasing the hydrophobicity of the perovskite surface. A good
example is phenylethylammonium ion (PEA+), which contains
an ammonium and a hydrophobic phenyl group.[15]

The main goal of defect passivation is to increase the effi-
ciency of PSCs. The most common and straightforward way to
characterize the perovskite film quality is therefore to measure
the efficiency of PSC devices. To understand the mechanisms
behind efficiency losses, however, it is helpful to characterize
the perovskite layer itself. Commonly used methods aim at
monitoring the charge carrier dynamics such as photolumines-
cence (PL)[17]; transient absorption[18]; Terahertz, microwave,
or electrical impedance spectroscopy[19,20]; surface photovoltage
(SPV)[21]; and surface photocurrent[22] measurements. These
methods are usually conducted on macroscopic length scales
and therefore yield measurements that are averaged over many
different grains, GBs, and other interfaces. Local measurements
such as PL microscopy[23] and fluorescence lifetime microscopy
(FLIM)[24] can record and map the charge carrier dynamics. How-
ever, the lateral resolution of these optical methods is diffraction-
limited and cannot fully resolve effects at the GBs. Alternatively,
qualitative SPV mapping can be performed via scanning electron
microscopy (SEM). Here, the electric fields generated by the lo-
cal photovoltage modulate the secondary electron emission and

Adv. Optical Mater. 2024, 12, 2301318 2301318 (1 of 12) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

http://www.advopticalmat.de
mailto:webers@mpip-mainz.mpg.de
https://doi.org/10.1002/adom.202301318
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202301318&domain=pdf&date_stamp=2023-10-18


www.advancedsciencenews.com www.advopticalmat.de

thereby the image contrast. Irde et al.[25] have demonstrated the
SEM-based mapping of SPV dynamics on methylammonium
lead iodide thin films within seconds to hours.[25] Pietralunga
et al.[26] used SEM-based SPV spectroscopy to study charge
transport dynamics, internal electric field configurations, and
interface energetics of perovskite films under illumination.[26]

Generally, the irradiation with high-energy electrons under high
vacuum conditions can damage delicate perovskite samples,[27]

even though electron beam damage can be reduced via the use of
low-energy electron beams[28] or by reducing the electron dose,[29]

limiting the spatial resolution and the signal-to-noise ratio.[25,30]

Here, atomic force microscopy (AFM) is a more gentle and ver-
satile alternative. Next to the sample topography, AFM can detect
many other surface properties and sub-granular structures.[31–33]

Using conductive AFM (C-AFM), Shao et al.[34] measured the cur-
rent values on the perovskite grains and the GBs in between.
These measurements demonstrated that ion migration is faster
at GBs compared to grain interiors. Conings et al.[35] used C-
AFM to track the degradation of methylammonium lead iodide
films after annealing. Recently, we showed via C-AFM that an
increased grain size as a result of methylamine treatment re-
sulted in a higher conductivity and a lower charge accumula-
tion at the GBs, indicating more efficient charge dissociation and
transport within the grains. Another important AFM method is
Kelvin probe force microscopy (KPFM). KPFM maps the elec-
trostatic surface potential and has been used to reveal interfa-
cial charges within perovskite devices[36–38] and band bending be-
havior at the GBs.[15,39] KPFM is particularly powerful in com-
bination with sample excitation, for example, using voltage or
light.[38,40] Since the contact potential difference (CPD) is depend-
ing on the electrostatic landscape on the surface, sample excita-
tion by means of voltage or light pulses adds a modulation to the
measured CPD value. Thus, KPFM can track charge carrier dy-
namics with high spatial resolution. Collins et al. carried out dy-
namic KPFM measurements by using general-mode KPFM (G-
Mode KPFM)[41,42] to do fast KPFM measurements in the time
range of tens of microseconds.[41] Other methods such as pump-
probe KPFM (pp-KPFM)[43–46] can even locally resolve processes
down to 1 ps.[43] Nevertheless, these methods require short exci-
tation pulses at high repetition rates, limiting the application to
fast and ultrafast processes (<μms).

In this study, we demonstrate KPFM-based nanoscale surface
photovoltage spectroscopy (nano-SPV) and nanoscale ideality fac-
tor mapping (nano-IFM) as a tool to map the nanoscale distribu-
tion of defects. Using these methods, we investigate triple cation
Cs0.05FA0.8MA0.15PbI3 perovskite films with different morpholo-
gies and surface passivation. We use nano-SPV to visualize the
charge carrier dynamics at grains and GBs on perovskite half-
cells with an architecture of (ITO/TiO2-SnO2/perovskite) with
small, large, and PEA-passivated perovskite grains. Our nano-
SPV measurements offer two types of measurement: i) tracking
the SPV dynamics during and after a light pulse to track the ex-
traction and recombination time of photo-generated charge car-
riers (nano-SPV) and ii) tracking the SPV as a function of light il-
lumination to obtain the local ideality factor, nid (nano-IFM). The
results show suppressed ion migration when the number of GBs
is lower due to large grains. Furthermore, half-cells showed more
uniform and lower defect densities when the perovskite films
were PEA-passivated or had larger grains.

2. Theory

Here, we introduce some common macroscopic SPV-based mea-
surement methods and how we implement them in nano-SPV
operation mode using KPFM.

2.1. Surface Photovoltage and Surface Photovoltage Decay

Upon illumination of a photovoltaic sample, the electrostatic
potential on the surface will change. This SPV is commonly
measured by means of a macroscopic Kelvin Probe. Here, a
millimeter-sized metal plate mechanically vibrates above the
sample. In the presence of a voltage difference between the plate
and the surface, the periodic variations in the plate distance will
lead to a capacitive current. By compensating the voltage differ-
ence via an external voltage, the capacitive current can be mini-
mized. Already without external voltage, there is an intrinsic volt-
age difference called the contact potential difference (CPD). The
CPD corresponds to the difference in work functions or the posi-
tion of the Fermi Level, EF, of the probe and the sample material:

VCPD =
Etip

F − Esample
F

e
(1)

where e is the elemental charge. Any illumination-induced
change in the measured CPD value corresponds to the SPV:

VSPV = VCPD, illum. − VCPD, dark (2)

The SPV signal can have different contributions: i) band flat-
tening at the semiconductor surface and ii) charge separation at
buried interfaces. At the surface, defect states lead to Fermi-level
pinning and band bending. The increased charge carrier concen-
tration during illumination screens the trapped surface charges,
leading to band flattening[47] (Figure S1, Supporting Informa-
tion). The resulting change in the surface potential can be ob-
served as a SPV signal, where the polarity depends on the major-
ity charge carriers as in n- or p-type doping (Figure S1, Support-
ing Information). Typically, n-type semiconductors yield positive
SPV while the SPV values are negative for p-type semiconduc-
tors. Therefore, the doping status of the sample can be estimated
by the sign of the SPV value.[48]

On photovoltaic device stacks, a SPV signal can be caused by
band bending at buried interfaces, for example, between the ab-
sorber and a charge-selective contact (Figure S2, Supporting In-
formation). Here, photo-generated charge carriers redistribute
across the heterojunction depending on the characteristics of the
charge-selective layer. If the layer is an electron transport layer
(ETL), the electrons will be transported while the holes remain
within the semiconductor film and the resulting SPV will be pos-
itive due to the imbalance of free charges in the film volume.[26]

On the contrary, if the charge selective layer is a hole transport
layer (HTL), the electrons will remain in the absorber while the
holes are transferred, leading to a negative SPV because of an
excess of electrons.[26]

Since the SPV signal depends on the Fermi level and the Fermi
level change under illumination in the sample, it is influenced
by band bending, doping,[49] and stoichiometry in the sample.[50]
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Figure 1. Schematic overview of the tr-KPFM setup. The laser intensity is either modulated in a pulse shape or a slow intensity increase with the tip
engaged to the surface while the local CPD signal is recorded. The CPD traces contain information about local charge carrier extraction processes, which
result in the formation of an electric field E (arrow on the left). After the light pulse, the CPD trace reveals information about recombination processes
and the presence of defect states such as GBs and interfaces, which hinder the extraction of charges (blocking symbol).

To disentangle the different contributions to the SPV signal, we
can track the SPV decay after an illumination pulse (SPV spec-
troscopy). The SPV transients contain information about recom-
bination rates,[51] trap density,[52] and ion migration[40] effects.
Figure 1 shows the illustration of a SPV decay measurement re-
sult demonstrating the characteristic voltage decay following an
illumination pulse. The decrease pattern gives information about
the contributing charge carriers. The fast-decaying component
(blue curve in Figure 1) is typically the electronic one whereas
the slow-decaying one (red curve in Figure 1) is usually the ionic
component.[40] The electronic decay is correlated to the electron–
hole recombination mechanisms taking place at the perovskite
bulk or the interface between the perovskite and the ETL after
the illumination pulse. The more trap-assisted recombination oc-
curs, the faster the SPV decay takes place. The ionic decay is cor-
related to the re-distribution of the ions from the surface which
can be migrating from the crystal lattice or be adsorbed from the
environment. Also, the electric field generated by the migration
of electrons and the accumulation of holes at the surface influ-
ences the movement of ions within the film.

We further interpret the dynamics during the SPV formation
at the beginning of a light pulse as the interfacial extraction of
charge carriers. Other experimental studies using PL[53] or photo-
conductivity measurements came to a similar conclusion.[54] The
results by Grill et al. suggest that only the ETL or HTL interface
is the charge transport-limiting factor in the device and not the
perovskite itself.[26,54] This means it is possible to see interfacial
proprieties of the device by tracking the change of the SPV.[26]

2.2. Ideality Factor

The current–voltage (I–V) characteristics of semiconductor
diodes such as solar cells can be described by the Shockley diode
equation:

I = IL − IS

(
e

V
nidkBT∕q − 1

)
(3)

where I is the overall current of the solar cell, IL is the light-
generated current, IS is the reverse bias saturation current, V is
the voltage across the solar cell, kB is the Boltzmann constant,
T is the temperature, and q is the elementary charge. Here, the
ideality factor, nid, is a measure of how close a photovoltaic de-
vice behaves to an ideal diode (nid = 1). Deviations from the ideal
diode behavior can be caused by charge carrier recombination
mechanisms. Here, nid can be estimated as the relation between
the quasi-Fermi-level splitting, ΔEF, and the recombination rate,
R[55]:

nid,C = 1
kT

dΔEF

dln(R)
(4)

where nid, C is the conceptual ideality factor and kT is the thermal
energy. Typically, a higher nid suggests that the traps within the
semiconductor contribute to the recombination process more.[56]

Practically, it is hard to obtain values for the recombination rate
and local quasi-Fermi level splitting values independently to ob-
tain nid, C. To work around this obstacle, an approximate value
for nid can be estimated from the current and voltage of the de-
vice. Here, the dark current, Jd, replaces the recombination rate,
whereas the external voltage, Ve, replaces the local quasi-Fermi
level splitting to obtain dark ideality factor, nid, d, in Equation 5:

nid,d =
q

kT
dVe

dln(Jd)
(5)

This equation uses easily measurable quantities to obtain nid.
Nevertheless, this approach has the disadvantage that shunt or
series resistances contribute to the ideality factor, as well as the
recombination rates. Therefore, the nid, d can give misleading re-
sults.

At open circuit conditions under illumination, charge genera-
tion and recombination rates are equal, as the net charge extrac-
tion is zero. Here, the steady-state open-circuit voltage (Voc) can
be seen as an approximation of the quasi-Fermi level splitting.
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By measuring Voc as a function of light intensity, ϕ, we can vary
the recombination/generation rate within the device. Modifying
Equation 6 yields

nid,l =
q

kT
dVoc

dln(𝜙)
(6)

which we refer to as the light ideality factor, nid, l. This value
gives information about the recombination mechanisms with a
minimum contribution from series or shunt resistances. Thus,
a comparison of the nid, l values between samples allows for
determining the degree of trap-assisted recombination.[57] Nev-
ertheless, there is an ongoing debate about the interpretation
of nid in PSC devices. Recently, Caprioglio et al.[58] reported
on optical nid measurements on half and full perovskite solar
cells with different perovskite/transport layer interfaces and com-
pared the nid values. Their work suggests that the interfacial
recombination dominates in nid over the bulk recombination
contribution.

2.3. Static and Time-Resolved Kelvin Probe Force Microscopy

The methods discussed so far rely on macroscopic measure-
ments, for example, using a millimeter-sized Kelvin probe or an
optical excitation spot.[59] KPFM is an AFM-based adaptation of
the Kelvin probe measurement principle.[60–63] Instead of a ca-
pacitive current, KPFM detects the electrostatic force caused by
the tip-sample potential to quantify the CPD. KPFM-based CPD
maps can give information about facets,[64] band bending due to
defects,[65] and energy level alignment in solar cells.[38]

To both map and record the nanoscale CPD and SPV dynam-
ics with KPFM, the conventional scanning mode would be too
slow. We recently introduced a point-wise time-resolved KPFM
(tr-KPFM) data acquisition method where we record the sample
response to a light or voltage pulse subsequently on every pixel
of an image (Figure 1).[38,66] Here, we collect the CPD dynam-
ics upon light or bias excitation subsequently at individual pix-
els within a designated area of the sample. Once the whole map
is completed, we can either extract snapshots of the CPD dis-
tribution at defined positions in time or extract traces of CPD
dynamics at defined positions in space (see also Experimental
Section for more details). This method has the advantage that
it is not limited in terms of the duration of the CPD traces.
In particular, on PSC samples, where the full ionic relaxation
can take several hundreds of milliseconds,[38] it is important to
wait long enough to allow the sample to relax back to an equi-
librium state. Other dynamic KPFM methods[41–46,67] require an
excitation at high repetition rates, which might leave the sam-
ple effectively in an excited state. Thus, using only standard
KPFM equipment (lock-in amplifier and feedback system), tr-
KPFM can map the CPD and SPV distribution in the time scale
of hundreds of microseconds to seconds. We call this operation
mode nano-SPV.

Although flexible in terms of longer timescales, there are phys-
ical restrictions in terms of the shortest timescales that can be
detected with tr-KPFM and nano-SPV. In the heterodyne KPFM
detection mode used in this study,[68,69] signals are detected by
means of an amplitude change on one of the cantilever’s reso-

nances. Therefore, the smallest detectable time scale τmin is de-
termined by the damping or Q-factor on this resonance:

τmin, n =
Qn

fn ⋅ 𝜋
(7)

where Qn and fn are the Q-factor and frequency of the n-th reso-
nance of the AFM cantilever, respectively (see Experimental Sec-
tion and Section S2, Supporting Information, for details). For a
typical cantilever used in this study with second eigenmode fre-
quency f2 = 977 kHz and Q2 = 461, the smallest timescale is,
therefore, τlim =150 μs. This limit could be further pushed by
using cantilevers with higher resonance frequency, or by using
frequency modulation detection.

3. Results and Discussion

To investigate the correlation between sample structure, surface
treatment, and defect distribution in perovskite thin films, we
prepared triple cation perovskite films with 0.95:1.05 A+/B2 +

cation ratio with different structures (see Experimental Section
for details). The topography images obtained via AFM are shown
in Figure S3 in Section S4, Supporting Information. These in-
clude: i) a reference sample with small (<d> Ref = 200 ± 60 nm)
grains (Ref), ii) a dimethyl sulfoxide (DMSO) vapor solvent an-
nealed (SAPristine) (<d> SAPristine

= 590 ± 160 nm), iii) solvent-
annealed triple cation sample with PEA-I surface passivation
(SAPass) (<d> SAPass

= 670 ± 210 nm), and iv) a methylamine gas-
treated triple cation sample with large (<d> MA80 >100 μm) grains
(MA80). By comparing the reference perovskite film to the sol-
vent vapor-annealed and/or passivated perovskite films, we aim
to identifying surface structures with locally higher or lower de-
fect concentrations.

3.1. Reference Sample

The topography on the reference sample (Figure 2a) shows a
structure of grains with a size of <d> Ref = 200 ± 60 nm. The cor-
related equilibrium CPD map before the voltage pulse (Figure 2b)
mostly shows the contrast between the grains and the GBs due
to band bending at the GBs,[15] where CPD increase and de-
crease correspond to downward and upward band bending, re-
spectively. The CPD varies at the GBs within a range of 2 to 30 mV
(Figure S4, Supporting Information). Furthermore, most GBs
show higher CPD values compared to the grain interiors with mi-
nor exceptions (Figure S4e, Supporting Information). Since the
band bending direction is determined by the type of defects, we
argue that the minority GBs that show smaller CPD compared to
the grains indicate different type of defects compared to the rest
of the GBs within the film. Apart from that, some grains exhib-
ited around 240 mV lower CPD value than the rest of the image
(average value of 760 ± 90 mV). By subtracting the CPD values
before illumination from the CPD values during illumination,
we obtained a map of the SPV distribution (Figure 2c). The il-
lumination pulse (0 ms <t < 201.6 ms) resulted in an average
photopotential of 280 ± 90 mV. Interestingly, grains with initially
lower CPD exhibited about 190 mV higher SPV compared to the
rest of the sample. The heterogeneous distribution of the SPV
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Figure 2. a) Topography, b) CPD in dark, c) SPV, and d) SPV plots over time from marked areas of reference perovskite sample. Panels (e)–(j) show the
CPD maps at different time frames. The maps have 150x150 pixels.

suggests either non-uniform defect distribution or non-uniform
chemical stoichiometry within the reference perovskite film. The
former possibility would be causing changes in the local Fermi
levels, whereas the latter would change the Fermi level shift dur-
ing illumination.[50]

When comparing the dynamics at high and low SPV areas
(Figure 2d; red and blue markers in Figure 2c and Figure S5b,
Supporting Information), the SPV decay at the high SPV grain
shows a slower decay compared to SPV decay at the low SPV
grain (Figure 2d). Furthermore, the SPV decay at the blue marker
shows a rapid decrease to negative SPV values before returning
to the equilibrium dark CPD value. This undershoot could be
caused by ion migration as illustrated in Figure 1.[40] During il-
lumination, the electric field caused by the SPV polarizes mobile
ions within the perovskite layer. After the illumination, the elec-
tronic polarization rapidly decays, leaving behind the ionic field
that generates a negative surface voltage. The slower SPV decays
within the high SPV grain (red and orange markers) suggest that
the defect density is lower at the high SPV areas of the reference
sample. Furthermore, the absence of an SPV undershoot during
decay also suggests that the ion migration is suppressed at the
high SPV areas.

The snapshots of the CPD distribution of the reference per-
ovskite film at different times during the nano-SPV measure-
ment show the time-evolution of the SPV before (Figure 2b), dur-
ing (Figure 2e,f), and after (Figure 2g–j) the illumination pulse
(see also Video S1, Supporting Information). Directly after the
laser was switched on, the CPD distribution remained rather uni-
form at 1030 ± 40 mV; 200 ms later, the contrast between the low
and high SPV grains was clearly visible. Directly upon switching
off the laser, the CPD values started to decrease due to the charge
carrier recombination (Figure S6, Supporting Information). The
electronic recombination for most of the image occurred within
the first ≈30 ms after the laser was switched off (Figure 2i) at
which the average CPD reached a minimum (Figure S6, Sup-
porting Information). After reaching the minimum, the average
CPD of the whole map increased again due to the slow decay of
the ionic polarization that occurs in low SPV areas (blue plot in

Figure 2d), and most grains relaxed back to their original dark
CPD values (Figure 2j). The high SPV grains, however, showed
longer decay times without the ionic undershoot, as also shown
in Figure 2d. The absence of ionic polarization and the longer
SPV decay time suggest that the defect density is lower at the
high SPV areas of the reference sample.

3.2. Solvent-Annealed Pristine Sample

To investigate the effect of solvent annealing on the defect density,
we prepared triple cation perovskite films with a post-treatment
of DMSO solvent annealing. This post-treatment should lead to a
better crystallinity of larger grains and decreased GB density.[70]

It also has been shown that the larger grain size reduces the
defect density within the perovskite layer.[71] The topography of
the SAPristine sample (Figure 3a) showed larger perovskite grains
(<d> SAPristine

= 590 ± 160 nm) compared to the reference (<d> Ref
= 200 ± 60 nm) due to the solvent annealing.[72] The dark CPD
picture of SAPristine can be found in Figure S16 in Section S6, Sup-
porting Information. The distortions in the form of comb-like ar-
tifacts were caused by sample drift.

The nano-SPV map of the SAPristine sample (Figure 3b) shows a
pattern that matches some features in the topography map. The
ETL of the reference sample and the SAPristine are SnO2 and c-
TiO2, respectively (see Experimental Section). Nevertheless, com-
pared to the reference, the SPV value decreased slightly, from 280
± 90 to 210 ± 50 mV on the SAPristine sample. This lower SPV sig-
nal could be the result of a reduced band bending at the top sur-
face due to the improved film quality[73,74] or a reduced charge
transfer at the ETL interface, for example, due to energy barri-
ers. Furthermore, at some of the GBs, we observed a stronger
SPV contrast compared to the reference sample (SPV profiles in
Figure S12b, Supporting Information). These profiles reveal a 73
± 15 mV lower SPV at the GB compared to the grain interior.
This value is in agreement with previous reports.[15] The lower
SPV at the GBs could be caused by band bending at the GBs.[48]

Furthermore, we see a SPV contrast of about 32 ± 5 mV between

Adv. Optical Mater. 2024, 12, 2301318 2301318 (5 of 12) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. a) The topography; b) SPV map; c) CPD spectroscopy curves with 30 ms pre-zero data of spots marked in (a), (b), and (e) with a calculated
slow timescale of electron extraction (τ2(extraction)) in respect to turning on the laser; d) CPD spectroscopy curves with 30 ms pre-zero data of spots
marked in (a), (b), and (e) with a calculated slow timescale of electron recombination (τ2(recombination)) in respect to turning off the laser; and e) SPV
rise time τ2(ext) map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio (SAPristine). An extended version is available in Figures
S7–S9, Supporting Information.

some individual grains and even within the same grain (see
Figure S13b,c, Supporting Information). These differences could
result from a facet dependency of the SPV,[75] stochiometry differ-
ences, or the defect distribution within the perovskite film. The
elevated structures that are visible in the topography (Figure 3a)
and the corresponding noisy SPV features in Figure 3b, together
with a locally lower CPD (Figure S16, Supporting Information)
could be caused by a locally higher PbI2 concentration.[15]

We further analyzed the nano-SPV dynamics in different lo-
cations on the map with similar SPV values. One spot was cho-
sen to be on a GB (green star) and two were placed within differ-
ent grains (blue and orange stars in Figure 3a,b,e). Analyzing the
SPV decay curves, it is obvious that the ionic undershoot that we
observed on the reference sample disappeared on most grains in
Figure 3d (some exceptions are shown in Figure S7 in Section S6,
Supporting Information). The suppression of ion migration[40]

is a result of the increased grain size and fewer GBs.[74,76] We
want to point out that the increase in the grain size already had a
massive impact on the ion migration. This means increasing the
grain size alone already improves the defect density at the GBs.
Although the grains marked with blue and orange stars exhibited
a similar SPV value, the timescale until the SPV reached equilib-
rium varied from 112 ± 2 to 206 ± 7 ms, respectively. On the GBs,
these timescales were even shorter ∼36± 1 ms (< τ2(ext) >(GB)

SAPristine
= 64 ± 21 ms; < τ2(ext) >(grain) SAPristine

= 300 ± 30 ms;
see also Video S2, Supporting Information). Changes of SPV in
the time range of seconds have been reported before by tr-SEM
measurements[25] and by earlier tr-KPFM measurements on de-
vice cross sections.[77,78]

Since ion migration is suppressed in solvent-annealed sam-
ples, the SPV decay is dominated by electron–hole recombina-
tion. Therefore, the shorter decay at the GBs can be attributed to
faster electron–hole recombination, which points out higher de-
fect density at the GBs. We interpret the equilibration time of the
SPV as a local capacitive charging or extraction time, where the
photogenerated charges fill up the capacitor between the bottom
contact and the perovskite surface. Here, a faster equilibration
time is indicative of a higher generation rate or a lower capaci-
tance of the perovskite material. Moreover, the recombination or
discharging traces and, therefore, the time in Figure 3d also show
a wide variation of τ2(rec) values between 28± 3 and 303± 70 ms.
We did not observe a consistent correlation between the extrac-
tion and recombination times, indicating that the mechanisms of
charge extraction and charge recombination are different. This is
up to future research.

The fact that the nano-SPV measurements yield complete SPV
traces for every position on the samples allows for generating
maps of the equilibration timescales. We were able to fit most of
the nano-SPV traces for excitation (ext) and recombination (rec)
with a double exponential fit, indicating that two distinctly dif-
ferent timescales, τ1 and τ2, are involved in the dynamics. While
all the other timescales showed no clear contrast, we found a dis-
tinct contrast between the grain interior and the GB in τ2(ext) (see
Figure 3e). Furthermore, there is a weak correlation between the
SPV magnitude and the SPV extraction time that could be con-
nected to different crystal facets. Generally, we observed higher
SPV extraction times for lower SPV grains or grain facets, for ex-
ample, the area in Figure 3b right to the long dotted line marked
grain. This area had a lower SPV, but a higher extraction time in
Figure 3e. This contrast trend could originate from stoichiomet-
ric differences or variations in defect density between grains in
the triple cation perovskite film. The difference of τ2(ext) between
the grain interior and the GB is about 33 ± 6 ms (see Figure S14b,
Supporting Information). This observation demonstrates that the
extraction of charge carriers usually takes place much faster at
GBs compared to the grain interior.

Although Regalado-Pérez et al. have suggested poor electronic
transport due to local electric fields at GBs caused by an ac-
cumulation of negatively charged ionic defects,[74] Tainter et al.
performed bulk measurements of photocurrent at excitation-
junction separations much larger than topographical feature size
and find that large fractions of excited carriers travel across mul-
tiple GBs.[79] These authors assumed that GBs do not prevent
charge diffusion and GBs are not major impediments to charge
motion in the polycrystalline films.[79–81] Moreover, Shao et al.
saw that larger grains have GBs perpendicular to the substrate.[82]

We, therefore, think that the overall increase in the grain size due
to the DMSO vapor annealing has not only improved the crys-
tallinity of the film but also made the GBs fast perpendicular
pathways to the underlying substrate. Such a conductive path-
way would explain the faster dynamics that we observed at the
GBs with nano-SPV. Furthermore, Figure 3e shows not only a
difference between the grain interior and the GB but also shows
a facet dependence of the timescale of the nano-SPV response
(e.g., the top left grain marked with a dashed line in Figure 3a,b,e
and Figure S7a–d, Supporting Information).

Comparing the map of extraction/generation time constants
(Figure 3e) to the map of the fast recombination/decay timescale
in Figure S18, Supporting Information, we see a similar pattern.
In particular, positions where the SPV stabilized fast were also
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Figure 4. a) The topography; b) SPV map; c) CPD spectroscopy curves with 30 ms pre-zero data of spots marked in (a), (b), and (e) with a calculated
slow timescale of electron extraction (τ2(extraction)) in respect to turning on the laser; d) CPD spectroscopy curves with 30 ms pre-zero data of spots
marked in (a), (b), and (e) with a calculated slow timescale of electron recombination (τ2(recombination)) in respect to turning off the laser; and e) SPV
rise time τ2(ext) map of Cs0.05FA0.8MA0.15PbI3 perovskite film with 0.95:1.05 A/B cation ratio and surface passivation (SAPass). A combined figure of the
CPD spectroscopy trajectory shown in (c) and (d) can be found in Figure S24, Supporting Information.

positions with fast SPV decay after the light was switched off. In-
terestingly, the second timescale obtained from the fits was very
long, up to 1.5 s (see Figure S19, Supporting Information). Map-
ping the longer timescale, we observed a much more homoge-
neous contrast. Nevertheless, the exact meaning of this second
timescale remains unclear and will be subject to future studies.

3.3. Solvent-Annealed and Passivated Sample

The topography of the SAPass sample Figure 4a shows slightly
larger perovskite grains (<d> SAPass

= 670 ± 210 nm) compared
to the SAPristine sample (Figure 3a). Again, the comb artifacts are
caused by sample drift and should not affect the interpretation
of the results. The dark CPD picture of SAPass can be found in
Figure S28 in Section S7, Supporting Information.

The nano-SPV image (Figure 4b) shows a more uniform dis-
tribution compared to the SPV image of the SAPristine sample
(Figure 3b). Overall, the SPV value decreased from 210 mV with
an RMS variation of 50 mV on the reference sample to 160 mV
with an RMS deviation of 30 mV on the passivated sample. The
decrease of the SPV could be the result of less band bending
(shown in Figure S1, Supporting Information) due to the passiva-
tion of surface defect states. Furthermore, the grain–GB contrast
decreased as a result of the passivation. The dark CPD decreased
probably due to the site-specific passivation of the GBs by form-
ing a 2D perovskite.[15] The lower defect density due to the passi-
vation specifically at the GBs may lead to decreased band bending
(see Figure S1, Supporting Information). This causes the SPV to
be lower since there is less energy needed to flatten the bands.

To further support the homogeneous distribution of the passi-
vation agent, we analyzed again four spots on the SAPass sam-
ple with similar SPV values (see spots in Figure 4b) on GBs
and within grains. Figure 4c shows that the curves appear much
more similar compared to the SAPristine (Figure 3c,d). The val-
ues of τ2(ext) are only separated by about ≈23 %. The SPV ex-
traction time map of SAPass given in Figure 4e shows an over-
all improved SPV extraction time uniformity compared to the
SAPristine sample (see Figure 3e and Video S3, Supporting Infor-
mation). There is a medium intergranular difference of τ2(ext)
of ≈20 ms between the grains shown in Figure 4e. Similar to
the pristine perovskite film, the fast recombination time map
(see Figure S30, Supporting Information) shows a uniform dis-
tribution (Figure 4a). Some non-uniformity could be caused by
the non-homogeneous distribution of PEA-ions on the surface

during preparation. Nevertheless, the distribution is much more
homogeneous compared to the pristine one (Figure S18, Sup-
porting Information). Slower SPV recombination times usually
indicate slower recombination[83] due to the passivation. There-
fore, our results show that surface passivation with PEA leads to
a more uniform SPV distribution and SPV extraction time be-
havior on GBs and within grains due to the homogenized defect
density within the perovskite film and/or the formation of 2D-
perovskite phases shown in a previous study.[15]

3.4. Methylamine-Treated Sample

The topography image of the MA80 sample (Figure 5a) shows a
structure where the grain size exceeds 100 μm. Due to the lim-
ited scan size of the AFM, we were not able to investigate areas
with several grains and therefore focused on one particular GB
(diagonal line from top left to bottom right in Figure 5a). The
CPD map before the illumination (Figure 5b) shows grain–GB
contrast without any contrast within grains with no topographi-
cal features. The average dark CPD was 960 ± 50 mV within the
grains with and about 65 mV higher at the GBs. The SPV map
(Figure 5c) obtained during the illumination pulse (0 ms <t <
201.6 ms) shows an average SPV of 200 ± 40 mV with an ≈60
mV lower value at the GB. The fact that the CPD and SPV contrast
are almost identical at the GBs supports the notion of band bend-
ing at the GBs that we suggested previously. Apart from the GBs,
MA80 shows uniform behavior considering both CPD and SPV
distribution. Therefore, we suggest that methylamine treatment
heals the perovskite grains and homogenizes the stoichiometry,
leading to a more uniform CPD and SPV distribution.

To investigate the nano-SPV dynamics at high and low SPV ar-
eas (Figure 5c, blue and red markers, respectively), we looked at
the SPV traces located at the grain interiors and a GB, respectively
(Figure 5d, blue and red markers in c, respectively). The SPV dy-
namics upon excitation were comparable to those of the previous
samples. Surprisingly, we observed a spike (inset of Figure 5d)
in CPD about 3 ms after the light was switched off. Such a VOC
overshooting effect has also been reported by Herterich et al. dur-
ing solar cell device measurements.[84] These authors suggested
that due to the presence of mobile ions in the perovskite layer, a
space charge layer forms between the perovskite and the contact
layer. This space charge layer decreases the conductivity of the
majority charge carriers, leading to a gradient of the quasi-Fermi
level splitting at the contact interface. When the light is switched
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Figure 5. a) Topography, b) CPD in dark, c) SPV, and d) SPV plots over time from marked areas of the MA80 sample. Panels (e)–(j) show the CPD maps
at different time frames. The maps have 150x150 pixels.

off, this gradient at the interface decreases faster compared to the
bulk quasi-Fermi level splitting, resulting in VOC overshoot.

When we examine a nano-SPV trace within a grain, we see
a SPV decay without any overshoot. Furthermore, in both grain
and GBs, the decay shows longer SPV decay times compared to
the reference sample. The SPV decay given in Figure 5e decays
with a characteristic time of 53 ± 4 ms according to the dou-
ble exponential fit of the signal. This result is also backed by
our previous observations on MA gas-treated samples.[85] The
longer charge recombination times in both tr-PL (Figure S38,
Supporting Information) and SPV decay (Figure 5d) indicate re-
duced defect density of the MA80 film due to the healing effect
of methylamine treatment and fewer GBs. The increased crys-
tallinity and grain orientation that we observed from the XRD
patterns (Figure S36, Supporting Information) is possibly a con-
tributing factor that leads to increased charge recombination
times. The PL spectra given in Figure S37a, Supporting Infor-
mation, also support the improvements that we see in SPV and
XRD results, since the PL full-width half maximum is narrower
after the methylamine treatment. The absence of a SPV under-
shoot further supports our earlier conclusion that decreasing the
number of GBs further suppresses ion migration within the per-
ovskite.

The SPV time frames gathered from the MA80 film during
the nano-SPV experiment show the CPD distribution before
(Figure 5b), during (Figure 5e,f), and after (Figure 5g–j) light il-
lumination (see also Video S4, Supporting Information). When
the laser was first switched on, the CPD had an average value
of 1130 ± 50 mV, while it evolved to an average of 1160 ± 20 mV
within 200 ms (Figure 5e,f). After switching off the laser, the CPD
within the grains started to relax back to the original values due
to charge carrier recombination. The SPV maps revealed that the
SPV overshoot within the first 3 ms after the light pulse had a
magnitude of up to 120 mV in the vicinity of the GB. This over-
shoot leads to a SPV decay contrast between the perovskite grains
and the GBs, comparable to the dark CPD distribution. The SPV
overshoot contrast between the GB and the grains suggests that
the ion accumulation at the interface is higher at GBs. At the end
of the nano-SPV recording at t = 355.2 ms, we see that the CPD

image is almost identical to the dark CPD image. This suggests a
more uniform SPV decay behavior within the grains of the MA80
film compared to the reference film. Moreover, the absence of
CPD contrast within the grains suggests that the methylamine
treatment could be working as a passivation treatment by heal-
ing the A+-cation site defects or causing uniform chemical stoi-
chiometry distribution throughout the film.

3.5. Nanoscale Ideality Factor Mapping

As we have shown, CPD and SPV measurements can be used to
map sample heterogeneity in terms of Fermi level contrast and
SPV decay times, which are mainly related to defects. However,
the changes in these parameters could be linked to local stoi-
chiometry changes[50] as well as they could be linked to the pres-
ence of defects within the perovskite layer or at the interfaces.
Furthermore, the time resolution of tr-KPFM during SPV decay
is determined by the use of our cantilevers and is in the order of
0.-1-1 ms. This limitation makes it difficult to obtain quantitative
results from samples with shorter SPV decay times (Figure 2j).
Therefore, we introduce a new KPFM-based technique where we
locally measure the recombination behavior in the semiconduc-
tor film by measuring the nid, l of our perovskite half-cells named
nano-IFM. To use the concept of nid, l to our advantage, we used
our AFM tip as a nanoscale probe for each pixel and measured
the SPV as a function of illumination intensity. By doing so, we
are able to map the nid, l in the scan area of the sample (see Sec-
tion S10, Supporting Information).

The topography image (Figure 6a) shows the granular struc-
ture of the same reference perovskite film given in Figure 2. The
grain size varied between 100 and 400 nm. The SPV map shows
an average SPV of 110 ± 20 mV (Figure 6b). Some grains show
higher SPV values up to 200 mV compared to the rest of the sam-
ple. Furthermore, SPV values decreased between 10 and 20 mV
at the GBs. As we suggested previously, the SPV contrast could be
related to the stoichiometry or defect density distribution within
the reference perovskite film. The nid, l distribution within the
grains shows the same trend as the SPV distribution, where the

Adv. Optical Mater. 2024, 12, 2301318 2301318 (8 of 12) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. a) Topography, b) SPV, and c) nid, l maps of reference perovskite film. The map contains 200x200 pixels. The nano-IFM map was 1x1 pixel
Gaussian filtered.

average nid, l value is 0.69 ± 0.11, with up to 0.3 higher nid, l values
within the grains with higher SPV in Figure 6b, suggesting that
these grains exhibit a lower defect density (Figure 6c). Thus, we
conclude that the defect density at the grain interiors is not uni-
form within the perovskite film, in agreement with the earlier in-
terpretation of the SPV decay (Figure 2a–f) and SPV distribution
(Figure 2h). Moreover, this result also suggests a direct correla-
tion between the quasi-Fermi level splitting and the nid, l, which
demonstrates the dominance of interfacial recombination in our
perovskite half-cells.[58,59] The GBs in Figure 6d show lower nid, l
values between 15 and 20 compared to the grain interiors, which
points out the higher defect density at the GBs.

On the MA80 sample, we again focused on a region with a GB
(Figure 5g). Here, we observed two GBs: the crack-like boundary
on the left and the more subtle boundary on the right (Figure 7a).
Apart from these boundaries, the topography was smooth with
36 nm RMS roughness (Figure 7a). The SPV map (Figure 7b)
shows a uniform distribution within the grains with an average
value of 370 ± 50 mV and about 20 mV lower SPV values at the
GB. However, SPV values of the grains near the GB were about
50 mV higher compared to the average SPV. The features appear-
ing in these areas in the dark CPD map (Figure S42b, Supporting
Information) suggest that this effect could be related to a stoichio-
metric change. The nid, l map, like the SPV map, shows uniform

distribution within the MA80 film with an average value of 0.92
± 0.28 (Figure 7c). Some areas within the grains show an about
0.4 lower nid, value compared to the average value. This decrease
could be related to the topographical features (Figure 7a). The
grain–GB contrast in Figure 7d exhibits a nid, l drop of around 0.1
at the GB. This shows that the GBs still possess higher defect
density, even after the methylamine treatment. Interestingly, the
SPV contrast (Figure 7b) and the nid, l contrast (Figure 7c) do not
exactly overlap. This supports our previous notion that SPV in-
creases near the GBs are caused by the chemical stoichiometry
changes. Therefore, a comparison of the SPV and the nid, l maps
can give us stoichiometry and defect contrasts within the same
film after a single nano-IFM measurement.

Comparing the overall nid, l values of the measured films, we
see that the average nid, l increased after the methylamine treat-
ment from 0.69 ± 0.18 to 0.92 ± 0.28. Therefore, our nano-IFM
results suggest that the methylamine treatment increases the
grain sizes and decreases the defect density inside the grains. The
non-conventional nid, l values below 1 could be related to the fact
that the measurements are carried out on perovskite half-cells
with ITO/ETL/perovskite structure in which there is a charge car-
rier imbalance due to the absence of an HTL layer. Previously, nid, l
values below 1 have been reported to be caused by energy mis-
alignment between the absorber layer and the HTL in organic

Figure 7. a) Topography, b) SPV, and c) nid, l maps of MA80 film. The map contains 150x150 pixels. The nid, l map was 1x1 pixel Gaussian filtered.

Adv. Optical Mater. 2024, 12, 2301318 2301318 (9 of 12) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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solar cells.[86] Also, the effect of ion migration and the possible
space charge layers at the interfaces on nid, l is not entirely clear
in the classical diode theory.[87] The quantities obtained via nano-
IFM could be the subject of future research.

4. Conclusion

Using nano-SPV and nano-IFM, we demonstrate the effect of
GBs on the lateral defect distribution in triple-cation perovskite
films. Using pulsed and ramped laser illumination during tr-
KPFM measurements, we showed the occurring changes within
the perovskite films with small grains, large grains, and passi-
vated grains. These measurements enabled us to experimentally
demonstrate the effect of chemical processing on the nanostruc-
tures and charge carrier dynamics within the halide perovskite
devices. Fewer GBs within the perovskite film lead to longer SPV
lifetimes, which agrees with longer electron–hole lifetimes as ob-
served in tr-PL. Furthermore, the ion migrations within the per-
ovskite films were suppressed in solvent-annealed (SAPristine and
SAPass) and MA80 films due to a lower density of GBs and higher
crystallinity. The nano-SPV and SPV decay maps showed more
uniformity when defects were passivated via PEA coating. Also,
the nano-SPV map showed that the MA80 film shows a more
uniform SPV distribution compared to the reference perovskite
film. We furthermore showed the different recombination behav-
ior of reference and MA80 perovskite films by nano-IFM. Our
nid, l mapping results show that different GBs can show varying
recombination mechanisms but they are still the main locations
for trap-assisted recombination within the perovskite films. Ac-
cording to our results, the negative effects of GBs are suppressed
by surface passivation. On top of that, the grain interiors are also
positively affected by the passivation agent coating as the higher
SPV decay values measured in the grains suggest. Nevertheless,
even the optimized films still exhibited some lateral variations in
the defect density, thus guiding the way for targeted optimiza-
tion of perovskite solar cells. Our results highlight the potential
of nano-SPV and nano-IFM for the investigation of nanoscale
structure–function relationships in optoelectronic materials be-
yond perovskites.

5. Experimental Section
Preparation of Perovskite Films: The planar ETL/perovskite half solar

cells had the architecture of ITO/c-TiO2/Cs0.05FA0.8MA0.15PbI3.
The triple-cation perovskites (Cs0.05FA0.8MA0.15PbI3) used for the tr-

KPFM measurements were prepared on Ossila ITO-coated glass sub-
strates with a conductivity of 20 Ω. After being brushed with Hellmanex III
(Hellma), the ITO substrates were washed with hot tap water and milliQ
water and then dried with an air gun. Afterward, the ITO substrates were
treated with UV–ozone for 30 min freshly before the preparation of the
compact TiO2 (c-TiO2) and once more before the perovskite layer. The c-
TiO2 layer was prepared by spin coating 80 μL of a 0.75 mol L−1 aqueous
TiCl4(aq) solution on the ITO glass. The substrates were dried for 5 min
@ 100 °C and then heated for 30 min on a high-temperature hot plate
at a temperature of 500 °C. The perovskite precursor solution of 1.0:1.0,
0.9:1.1, and 0.8:1.2 A+:B2 + cation ratio were prepared each with the con-
centration of 1.3 mol L−1 for PbI2 in DMSO: N,N-dimethylformamide
(DMF) (both anhydrous, Sigma-Aldrich) in a 1:4 volume ratio (v:v). For
spin coating, 100 μL of the perovskite precursor solution was placed on
the substrate and spin coated for 10 s @ 1000 rpm followed by 20 s @

6000 rpm. 5 s before the end of the second step, 200 μL of chlorobenzene
(CB) was used as an antisolvent. The substrate was then put on a hot plate
with a temperature of 100 °C first until the substrate turned black and the
film dried completely (≈10 s) and then for 15 min in an atmosphere of
DMSO under a petri dish for solvent annealing. For each six samples, one
petri dish was used with 90 μL of DMSO. The solvent annealing step was
followed by a step of thermal annealing at 100 °C for another 15 min with-
out DMSO for drying.

The passivated films were prepared by letting the samples cool after the
thermal annealing step and then using a 10 mM solution of PEA-I solution
in dry 2-propanol (IPA). 100 μL of the passivation solution was put on the
perovskite substrates and spin-coated for 20 s @ 3000 rpm. The samples
were then dried by thermal annealing for 10 min @ 100 °C on the hot plate.
In addition, the samples were put in a dry and dark atmosphere for at least
11 days; some were left in there for 36 days.

The samples for grain size effect investigation were prepared on Lumtec
ITO-coated glass substrates. The ITO substrates were ultrasonicated for
30 min in detergent solution in deionized water, acetone, and isopropanol.
After cleaning, the ITO substrates were treated with oxygen plasma for 7
min. The SnO2 precursor was prepared by the reflux method,[88] which
involved preparing a 0.1 M solution of tin(II) chloride dihydrate (SnCl2 ·

H2O, Alfa Aesar) in a 1:19 butanol (Sigma-Aldrich)/deionized water mix-
ture and heating it at 110 °C for 4 h. Then, the solution was spin-coated at
2000 rpm for 30 s and annealed at 130 °C for 60 min to obtain the SnO2
layer. The perovskite precursor solution was prepared by dissolving 507.1
mg PbI2, 73.4 mg PbBr2 (Sigma-Aldrich), 22.4 mg methylammonium bro-
mide (Sigma-Aldrich), and 172 mg formamidinium iodide (Greatcell So-
lar) in 1:4 DMSO:DMF. Then, 53 μL of 389.7 mg mL−1 cesium iodide
(Sigma-Aldrich) in DMSO solution was added to the perovskite precur-
sor solution. The perovskite precursor solution was then spin-coated at
1000 rpm for 10 s and then at 6000 rpm for 20 s. 250 μL of CB (anhydrous,
Sigma-Aldrich) was dropped onto the sample roughly 5 s before the end
of the program. After the coating, the films were annealed at 100 °C for
60 min on a hot plate.

The perovskite films with extremely large grains were obtained via a
methylamine treatment.[85] The methylamine treatment was carried out
with 230 mbar of methylamine partial pressure. The perovskite film was
kept under this methylamine atmosphere for 10 s before the pressure was
pumped up to 600 mbar, decreasing the methylamine partial pressure to
≈170 mbar during recrystallization.

Kelvin Probe Force Microscopy Measurements: KPFM was measured on
an Oxford Instruments/Asylum Research MFP-3D Infinity AFM in a nitro-
gen glovebox (level of humidity below 0.3 %, level of oxygen below 0.1 %)
for all experiments. The Pt/Ir-coated conductive cantilevers (Bruker Model:
SCM-PIT-V2) had a typical resonance frequency of ≈75 kHz, a spring con-
stant of 2 N m−1, a tip radius of 25 nm, and a tip height of 10 to 15
μm. The topography feedback was performed with amplitude modulation
(AM) on the first eigenmode, and the oscillation amplitude was kept to
≈20–30 nm for all measurements. A Zurich Instruments HF2 Lock-In am-
plifier was used for all heterodyne KPFM experiments,[68,69] to perform
the KPFM feedback. The electric drive amplitude of the 𝜔E signal varied
between 2 and 5 V depending on the obtained signal from the sample.
The sample was grounded via the sample holder with an external wire to
the ground level of the Zürich Lock-In Amplifier. The compensating VDC
was applied to the tip, minimizing the electrostatic tip–sample interac-
tions. For SPV measurements, the sample was illuminated from below by
a pulsed laser (Cobolt 06-01 Series) at 488 nm. The laser power was con-
trolled by a custom-written code within the MFP3D’s control software by
the AFM controller (Asylum Research ARC2), which provided analog volt-
age to activate the illumination.

Optical Measurements: PL and tr-PL measurements were performed
on a PicoQuant FluoTime300 fluorescence spectrometer with an excita-
tion wavelength of 405 nm. The repetition rate was set as 40 and 1 MHz
for steady-state and time-resolved measurements, respectively. A 455 nm
longpass filter was placed between the sample and the detector to block
the stray laser light.

UV–vis absorbance spectroscopy was carried out with a CARY 5000 UV-
Vis spectrometer by Agilent Technologies.

Adv. Optical Mater. 2024, 12, 2301318 2301318 (10 of 12) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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X-ray Diffraction Measurements: The XRD measurements were per-
formed on a Bruker D8 X-ray diffractometer with a Cu anode using the
K(alpha) emission line between 5° and 70°. The measurements were made
with a step resolution of 0.02° and a 192 s integration time per step.
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