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ABSTRACT
We study light-induced dynamics in thin films comprising Ruddlesden-Popper phases of the
layered 2D perovskite (CsH9NH3)2Pbls (BAPI). We probe ionic and electronic carrier dynamics

using two complementary scanning probe methods, time-resolved G-mode Kelvin probe force



microscopy (G-KPFM) and fast free time-resolved electrostatic force microscopy (FF-trEFM), as
a function of position, time, and illumination. We show that the average surface photovoltage sign
is dominated by the band bending at the buried perovskite-substrate interface. However, the film
exhibits substantial variations in the spatial and temporal response of the photovoltage. Under
illumination, the photovoltage equilibrates over hundreds of microseconds, a timescale associated
with ionic motion and trapped electronic carriers. Surprisingly, we observe that the surface
photovoltage of the 2D grain centers evolves more rapidly in time than at the grain boundaries.
We propose that the slower evolution at grain boundaries is due to a combination of ion migration
occurring between Pbls planes, as well as electronic carriers traversing grain boundary traps,
thereby changing the time-dependent band unbending at grain boundaries. These results provide a
model for the photoinduced dynamics in 2D perovskites and are a useful basis for interpreting

photovoltage dynamics on hybrid 2D/3D structures.

Organic-inorganic hybrid halide perovskites are widely-studied materials for thin film
optoelectronics, including photovoltaics and light-emitting diodes.>* Conventionally, films for
photovoltaic applications have been made from the typical 3D perovskite ABXs, where A = a
monovalent (often organic) cation, B = a divalent (typically inorganic, Pb?*) cation, and X = a
monovalent halide anion; the canonical halide perovskite structure used for solar cells being
CH3sNH3sPblz (MAPI). However, ion motion, stability, and defect formation are factors that still
need to be understood and controlled.>”

In an effort to improve moisture-related stability issues that can affect 3D perovskites,

several groups have reported the use of reduced dimensional phases, including 2D layered



Ruddlesden-Popper systems.®* Lower-dimensional perovskite materials also exhibit attractive
benefits in light-emitting applications'®>'° given their high (100-300 meV)?%?* exciton-binding
energies compared to the small ~7 meV binding energies of conventional perovskites.?® Recent
efforts have shown improvements in the performance in these materials, in particular with
purported 2D/3D combinations that tune the benefits of 3D perovskites with enhanced stability
due to the spacer cations.® 111216, 26

While the hydrophobic surfaces and general reduction in water absorption likely play a role
in the longer lifetimes of the 2D perovskites,® 12 the exact origin of their increased stability, yet
mixed performance, compared to their 3D parent structures is still unclear. lon motion, perhaps
dominated by grain boundaries, perhaps by halide vacancies or intrinsic defects,® is currently
believed to be a major source of instability in 3D hybrid perovskites and their derivative
structures.> ® 27 In addition to being the likely source of hysteresis in many devices, ion motion
can, in conjunction with charge injection, lead to formation of non-radiative defect centers,?® and
has been proposed as a dominant source of loss and instability threatening the long-term success
of hybrid perovskite-based technologies.?” ?°

In this context, one hypothesis put forward to explain the improved stability of the layered
2D hybrid perovskites relative to their 3D analogs is a reduction in ion mobility in the 2D phase
due to the planes of (typically) hydrophobic aliphatic chains parallel to the layering axis.>* 3! On
the other hand, ion motion across the layered planes has been demonstrated, even in single
crystals.®? In order to better understand these phenomena, we study local photoinduced ion motion
in 2D Ruddlesden-Popper phases.

Ruddlesden-Popper layered films are formed by using bulky organic cations that cannot

intercalate within the perovskite layers. One common example of Ruddlesden-Popper halide



perovskites occurs with the use of butylammonium cations in butylammonium/methylammonium
lead iodide, which has the general form (C4H9sNH3)2(CH3NH3)n-1Pbnlzn+1. In the limit of n=1 these
films consist of a single Pbl4 layer separated by butylammonium cations (Fig. 1A) (BAPI). Single
layer films like BAPI provide a limiting case from which processing can be optimized to improve,
for instance, luminescence quantum yield®® in LEDs or to tailor cations to enhance PCE in solar
cells.®® Furthermore, while early reports tended to focus on spatially-averaged photoluminescence
properties,® *° the more recent trend towards mixed 2D/3D systems has renewed interest in
understanding nanoscale electronic structure-function relationships. Beyond those systems, the
wide tunability of 2D systems has encouraged intense research in studying their basic properties'*
and in other applications like transistors.®® 3’

Here, we show that layered n=1 BAPI films exhibit highly heterogeneous dynamics across
multiple timescales in response to photoexcitation, with grain boundaries exhibiting slower
photoinduced charge buildup relative to grain interiors. We use a combination of two data-
intensive electrical scanning probe methods, time-resolved EFM (FF-trEFM)*®4 and General-
Mode KPFM (G-KPFM), to locally probe photoinduced dynamics at microsecond timescales. We
propose that these dynamics are related to a combination of ion motion and relatively slow carrier
motion through energetic traps at these boundaries, given the ~hundreds of microseconds
timescales observed. Together, these data also demonstrate the utility of modern “big data”

processing methods for scanning probe information.*
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Fig. 1. Representative schematic and structure of (C4aHsNHz3)2Pbls (BAPI) (A) Structure of the
2D Ruddlesden-Popper BAPI system, of general form (C4sHoNHz)2(CH3NHz)n-1Pbnlzn+1 where n=1
here. (B) Representative UV-Vis and photoluminescence spectra of BAPI films. (C)

Representative topography of BAPI on ITO showing grains of several microns.

RESULTS AND DISCUSSION

We study BAPI, (BA)2(MA),-1Pbnlsn+1 with n=1, as the simplest representative member
of the layered Ruddlesden-Popper lead halide perovskites with butylammonium cations. Fig. 1
shows the crystal structure (Fig. 1A), optical characterization (Fig. 1B) (UV-Vis and PL), and

AFM topography (Fig. 1C) of the BAPI (n=1) films typical of those we used for this study. The



data in Fig. 1 are characteristic of BAPI thin films, and consistent with the reported bandgap (~2.24
eV8 %) (Fig. 1B) as well as exciton absorption at ~510 nm reported previously® 3* ¢ that is n-
dependent,*’ though not layer-dependent.*® BAPI films on ITO tend to form grains with scale of
several microns, (Fig. 1C) with the Pbls planes parallel to the surface,® and a roughness in the
grains of ~15 nm with some voids between crystals. On TiO2 we observe similar structures with
albeit slightly smaller crystal sizes (~1-2 um) (Fig. S1A). Using the preparation described in the
Methods section, we yield films with ~500 nm thickness and grains of >1 um diameter. X-ray
diffraction data (Fig. S1) are consistent with those results found in similar n=1 materials for the
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Fig. 2. Photoluminescence mapping of BAPI films. (A) Confocal photoluminescence mapping
with A=470 nm (9 nJ/cm? per pulse) excitation over a representative BAPI film on glass. (B) Local
excitation and widefield collection of photoluminescence. Here, the lifetime is short enough (~1
ns, Fig. S2, S3) that only the area adjacent the laser spot is observed +/- ~1 um, in contrast to the
case with 3D perovskites. The beam diameter, measured as ~300 nm, is shown as a red circle in

the center of each excitation spot. The intensity variation in (A) is due to photodegradation over



the course of the scan under high fluence, which is common for the n=1 films even when imaged

in dry N2.

We first study these films with conventional confocal photoluminescence (PL). These
images show that that the emission properties of the film are heterogeneous, with brighter areas
exhibiting greater PL intensity (see also Fig. 2).>! However, the short lifetime of <~1 ns across the
image (Fig. S3) due to the high exciton binding energy?> 3* results in <100 nm diffusion
lengths.3>52 As a result, PL images taken with confocal excitation and widefield detection (Fig.
2B) show primarily the ~300 nm wide confocal laser spot itself with ~700 nm diffusion into the
surrounding grain, yet little of the grain-dominated behavior observed on films of 3D perovskites.>
In contrast to 3D perovskites which generate free carriers with long diffusion lengths,®* the
recombination and emission occurs almost entirely within the diffraction-limited laser spot, with
some edge-dependent light-scattering effects depending on the grain (Fig. S2).

Next, to better understand grain-dependent dynamics in these systems, we turn to scanning
probe microscopy (SPM) methods. We first use conventional KPFM to study these materials (Fig.
3). Briefly, in KPFM an AC bias voltage is applied between the tip and a substrate. A DC nulling
potential is applied to the tip to cancel any oscillation amplitude at this particular AC frequency,
and the value of the nulling potential is then the “contact potential difference” (CPD). Here, we
use the convention where CPD is defined as (®ip - ®sample)/e, @ being the work function, and the
CPD is equal to the sign of the bias applied to the tip. That is, if the CPD is more positive, it
indicates a shallower work function (closer to vacuum, or more n-type for a semiconductor); a

more negative CPD corresponds to a deeper work function.



Fig. 3 shows a KPFM image on a BAPI film taken under dry nitrogen. Compared to the

dark CPD (Fig. 3B), under illumination (Fig. 3C) BAPI shows a more negative CPD everywhere.
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Fig. 3. Surface photovoltage of a (CaHsNHs)2Pbls (BAPI) film. (A) Topography. (B) Dark
KPFM and (C) KPFM under ~150 mW/cm? 455 nm illumination. (D) Surface photovoltage
calculated as the pixel-wise difference of (B) and (C). (E) Histogram of the contact potential
difference (CPD) showing a negative surface photovoltage. (F) Band diagram showing flattening

of the band at the BAPI-ITO contact under illumination.

Interpreting surface photovoltage data can be complicated,® particularly in mixed
ionic/electronic conductors like perovskites.>® In this case, ITO has a work function of ~4.7 to 5
eV depending on preparation.®” %8 While previous reports have measured a valence band maximum
of BAPI at ~4.6 eV, 3346 Silver, et al. recently reported a valence band minimum of -5.8 eV.%
We use calibrated KPFM compared to freshly-cleaved graphite to confirm a value closer to -5.8

eV in our samples here (see Fig. S4 and related discussion).”. As a result, when BAPI is deposited



on ITO, electrons should flow from BAPI into the ITO until the Fermi levels are equilibrated. The
resulting charge transfer from the perovskite to the ITO leads to band bending at the
perovskite/ITO interface as depicted in (Fig. 3F). Under illumination, the built-in field
preferentially pushes any photogenerated electrons away from the BAPI-ITO junction and
photogenerated holes towards the junction, thus reducing the built-in potential barrier and
flattening the bands. In SPV measurements on a semiconductor, the nature of the CPD shift under
illumination can be influenced by both surface charge/band bending and the electronic interface
with the back contact. In our experiments here, the overall ~ -200 mV SPV shift is consistent with
the dominant effect being a photoinduced reduction in band bending at the buried BAPI/ITO
contact. To test this hypothesis, we also performed SPV experiments on BAPI grown on TiO2 (see
Fig. S5 in Sl for data on TiO2). TiO2 grown by the method used here typically has a work function
of 4.0 eV, resulting in the opposite sign band bending at the perovskite/TiO2 contact compared
to the perovskite ITO contact. We therefore expect the SPV to exhibit an opposite sign on the
BAPI/TiO2 samples if our hypothesis that photoinduced flattening of the back surface band
bending is the largest contributor to the average SPV signal. Fig. S5 shows that the BAPI/TiO>
samples indeed show a net positive SPV. Because the surface photovoltage has an opposite sign
on ITO (negative), and TiO2 (positive) substrates due to the different energetics at the perovskite-
contact interface,5 82 we thus conclude that our measured SPV data are consistent with
photoinduced unbending of the bands at the electrode/perovskite interface.>

Importantly however, in all images the difference between the illuminated and dark CPD
values (the surface photovoltage (SPV), Fig. 3D) show that the photovoltage is more negative at
the grain boundaries on both the ITO and TiO> substrates. This effect is evident in the separate

CPD histograms (Fig. 3E) where the shapes of the distributions change by more than a simple
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offset due to the illumination; that is, the system changes non-uniformly under illumination. This
contrast is important because if the photovoltage was only from band unbending at the back
contact, then the magnitude would be greater at grain boundaries on both TiO2 and ITO but would
be opposite sign on TiO2> (more positive). However, the grain boundaries show more negative
photovoltage (more p-type character) for both substrate materials. These data show that the static
photovoltage contrast is a combination of both buried contacts and surface effects, with the
perovskite grain boundaries becoming on average, more positively charged than the bulk following

illumination.

Photovoltage Dynamics with G-KPFM:

Having probed the static surface photovoltage and its substrate-dependent sign, we now
explore the dynamic changes in surface photovoltage that occur on sub-millisecond timescales as
the sample equilibrates under illumination. While heterodyne KPFM can probe perovskite
dynamics on the timescale of seconds or milliseconds,®*" and dissipation methods can probe
single pixels with microsecond,%® we seek to probe the timescale over which the surface
photovoltage evolves on sub-millisecond scales, and to explore if that timescale varies with the
local film structure at or away from a grain boundary. It is important to have methods that span a
wide range of timescales from seconds down to sub-millisecond regimes. For sub-millisecond
effects, carrier mobilities in perovskites tend to be high (even in n=1) and can even be sub-
microsecond. For some ionic species, slower motion can occur in the realm of milliseconds given
the different mobilities for the various ions in the film, and thus millisecond-resolution probes are
useful for slower ion dynamics. Longer timescale effects can include irreversible phenomena, such

as charging or photobrightening effects, that occur on the timescale of seconds or longer To
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achieve this time-resolution goal, we first probe SPV dynamics via G-KPFM (Fig. 4A, schematic),

a “big data” approach to SPM described in recent reports.5%-
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Fig. 4. Schematic and example CPD. (A) Instrumentation schematic showing AC voltage applied
between the tip and the substrate, with a voltage step applied to turn on an LED in a controlled
time window at each pixel. The resulting photodiode response is digitized and processed. (B) The
filtered photodiode signal plotted against the AC voltage waveform exhibits a parabolic shape for

several pixels. Fitting a second order polynomial yields the voltage corresponding to the peak at
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each time step, corresponding to the contact potential. (C) The potential is plotted versus time for

several representative pixels. The period where the light is on is, in this case, from 1 to 5 ms.

In G-KPFM we apply an AC voltage signal to the tip that is tuned to the resonance of the
cantilever, which allows us to measure the deflection vs. AC voltage multiple times within a single
cantilever oscillation and extract the CPD (Fig. 4B), in some cases, in less time than a single
cantilever oscillation. Importantly, this process is performed without the tip voltage-feedback loop,
distinguishing it from classical KPFM schemes which null the potential.”® At each pixel, the light
is turned on for a fixed duration (typically 4 ms here). We then can extract the CPD during the
dark and illuminated case to yield the SPV. After de-noising (see Methods section) we fit
exponential decays to the CPD vs. time traces to extract local time constants (Fig. 4C).

Fig. 5A-E shows G-KPFM images on BAPI films on ITO illuminated with a 455 nm LED
at ~60 mW/cm?; this intensity is many orders of magnitude less than the high fluence in the
confocal image (Fig. 2). The CPD shifts to a more negative value (more positively charged sample)
during illumination, as was shown in the static SPV images (Fig. 3), consistent with electron
transfer to the ITO and photoinduced hole accumulation on the perovskite. However, we can now
resolve the photovoltage shift in time, and each pixel in Fig. 5 contains time-resolved information,
like the data in Fig. 4C. We plot the fitted time constant in Fig. 5F and 5G to generate CPD
“charging” and “discharging” maps. The charging and discharging maps exhibit similar spatial
contrast to each other, with the CPD near grain boundaries changing more slowly than the grain
interiors. The discharging time constants here are ~2X longer than the photoinduced charging time
constants. Individual CPD traces are shown in Fig. S7, and we attribute the lateral variation to

possible variations in the contact to ITO. Consecutive images of the same area show similar CPD
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values and time constants as well (see SI) and do not reveal strong charging effects (Fig. S10).To
exclude topographic artifacts as the source of contrast, we can also compare the resulting data
against the gradient (Fig. S12).

Assuming the ~200 us time-evolution of the ~60 mV photovoltage results from drift of
charged species in the surface potential and a thickness of ~500 nm, we estimate an average
mobility of the charges responsible for the photoinduced shifts to be on the order of ~105cm?Vv-1s?,
This value is 100,000 times smaller than the carrier mobility of ~0.5 - 1 cm?V-1s? that have been
reported in-plane.>? " On the other hand, assuming a dominant ion mobility of 10" to 10°® cm?/V-
s (comparable to iodide in the 3D halide perovskites™), these hundreds of microsecond time
constants would correspond to ion transport lengths (L% = uksT/q) of ~500 nm to 1 um- which
are comparable to the feature sizes (grain boundaries and film thickness) observed in our current
films. We thus conclude that these measured G-KPFM time constants, on the order of hundreds of
microseconds, would appear to be more consistent with ion motion. However, the slow motion of
deeply trapped carriers, could also be consistent with these timescales. While it has been argued
that ion migration should be inhibited by the organic cation spacer layer,®* we note that Br- motion
perpendicular to the perovskite layer in PbBrs systems has been observed in recent reports focusing

on resistive switching in n=1 type materials, albeit at high fields.3% 7
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Fig. 5. Time-Resolved G-KPFM on BAPI films. (A) Topography and (B-E) Time slices of
contact potential images on the same location showing the evolution of contact potential over the
image. (F) The reconstructed CPD charging time constant and the (G) discharging time constant

over the image. Illumination source is 455 nm and ~60 m\W/cm?,

From the charging and discharging images, we observe that the surface potential is
consistently more negative adjacent to grain boundaries on BAPI. To confirm this quantitatively,
in Fig. 6A-B we show a contact potential difference image on BAPI as a function of distance to

nearest grain boundary (Fig. 6C). We apply unsupervised learning via k-means clustering to
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segment the G-KPFM data into three sets of pixels. We then plot the average contact potential as
a function of distance to the nearest grain edge pixel (see Fig. S11 and related discussion for
details). Similar clustering has been used in recent scanning probe microscopy studies,’® 7/
including three-dimensional G-KPFM surface photovoltage measurements.®® The scatter plot (Fig.
6C) shows quantitatively that as the distance to nearest grain boundary increases (i.e. more towards
the center of a given grain) the CPD also becomes more positive (more n-type/less p-type). We
overlay the clustering pixels corresponding to these three feature sets in Fig. 6D. In addition, we
consistently observe that the potential drop near the grain boundaries becomes narrower under
illumination, shifting from ~1 um wide in the dark, to ~750 nm wide under illumination (Fig. S8,

S9).
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Fig. 6. Clustering spatial dependence of contact potential variations under illumination. (A)
Topography and (B) CPD of a BAPI film (under 455 nm illumination, ~150 mW/cm?), with pixels
defining the grain boundaries masked off for clustering. (C) CPD of the pixels plotted versus
distance to the nearest grain boundary pixel, using the mask in (B) to define the grain boundaries
based on the amplitude image. The colors correspond to regions defined by unsupervised k-means

clustering of the G-KPFM data at each pixel, thereby quantifiably categorizing the data into
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regions. These data show that as the distance to the nearest grain boundary increases (towards
center of the grain) the CPD tends to increase, as indicated by the centroids of each cluster depicted
as a solid circle. (D) Clustering of the 4-dimensional data (x, y, CPD, time) via k-means confirms
these findings, with the clusters lying across contours of potential. These data show that the time
series information are reflective of the spatial component of the CPD data relative to the grain

boundary position, and they show that the average shifts to higher potentials at grain interiors.

Time-Resolved EFM Dynamics:

The time constants we measure with time resolved G-KPFM are consistent with ion
motion, electronic carriers moving in a manifold of traps, or a mixture of both, occurring on
timescales of ~100-300 ps. Since BAPI is a mixed conductor it therefore could reflect dynamics
from both ions and electronic carriers, with characteristic times faster than is measured in our G-
KPFM data. To look for signals faster than could be resolved with G-KPFM data, we next extract
fast dynamics using fast free time-resolved electrostatic force microscopy (FF-trEFM). FF-trEFM,
like the newer G-KPFM method, is also a feedback free approach that involves digitizing the entire
free response of the cantilever following a perturbation to recover fast dynamics. FF-trEFM
analyzes the time-dependent frequency shift of the cantilever following a transient excitation (in
this case, an LED pulse) to discriminate between sub-microsecond transient phenomena or even
sub-100 ns transients as long as the phase of the excitation is controlled precisely.”® 7 In FF-trEFM
it is possible to see the combination of time constants, such as combination of fast electronic and
slow ionic characteristic processes, as a single effective time (Fig. S18).

Here, we use FF-trEFM to probe similar films to those in the G-KPFM data. As shown in

Fig. 7, consistent with the G-KPFM data, FF-trEFM also shows generally faster charging at grain
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interiors with slower photoinduced charging near grain boundaries. The experimental data
correspond to actual time constants of ~30 to 70 ps based on simulations of the calibrated
cantilever (Fig. S13). We observe two key features: 1) charging is slower at grain boundaries (Fig.
7B) 2) the magnitude of the frequency shift is greater at grain edges (Fig. 7C), which is consistent
with larger surface photovoltage shifts at grain boundaries although the shift can be prone to
topographic crosstalk more so than the charging rate or the G-KPFM.® Unsupervised clustering
confirms that the time constants at grain interiors indeed tend to shorter (faster charging) (Fig S17).
In this case, the average trr decreases by ~15 us from regions associated with grain boundaries
compared to regions associated with grain interiors. We can use the frequency shift, which is
generally related to the total photogenerated charge, to show that the charging rate differences
from center to edge are not due to changes in absorption from scattering near grain boundary edges.

These data are consistent with the G-KPFM approach in terms of the charging rates as a
function of grain boundary position. The comparatively faster time constants being measured by
FF-trEFM might be interpreted in a few ways: 1) variations in photocurrent generation rate as in
systems without ionic carriers;*® 2) ionic and electronic carrier transport times that are faster in
FF-trEFM compared to G-KPFM due to different instrument response and applied fields between
FF-trEFM and G-KPFM. Additionally, we note that much higher light intensities than used here
are required to generate detectable electronic currents in these films (as shown in photoconductive
AFM Fig. S19), particularly at grain centers

We thus propose that differences in the electrical excitation and response profiles between
the technique of G-KPFM and FF-trEFM can account for the quantitative differences in kinetics.
Notably, in FF-trEFM we apply a DC field during illumination, compared to the ~70 kHz AC field

during G-KPFM. Since changing the voltage from +5 V (Fig. S15-S16) to +7 V (Fig. 7) results in
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slightly faster time constants, and since the ionic response is likely characterized by a range of
relaxation times, it seems plausible that the square voltage pulse and AC oscillations sample
slightly different weighted portions of the ionic response function. A further difference is in fitting
the functional form of the electrostatic force versus voltage (G-KPFM) compared to fitting the
cantilever relaxation (FF-trEFM), and thus they arrive at electrical information by focusing on

different dynamic analyses.

190 nm

faster

1-55 Hz

Fig. 7. Fast free time-resolved electrostatic force microscopy (FF-trEFM) on BAPI. (A)
Topography, (B) FF-trEFM time constant, and (C) FF-trEFM frequency shift images under 455
nm illumination (~100 mW/cm?) and Viip= +7 V. Brighter regions exhibit slower charging in (B)
and greater total charge (C). Regions adjacent grain boundaries exhibit slower charging and are

therefore consistent with the G-KPFM image data.
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We take these two dynamic techniques’ data together to propose a possible mechanism
where ion migration and trap-mediated transport would result in grain boundaries with seemingly
slower time constants (see schematic in Fig. S20) but larger net photovoltage. As cast, BAPI
surfaces contain acceptor-type iodine vacancies but otherwise little inherent doping.2® Under
illumination, photogenerated excitons separate at the BAPI/ITO interface or BAPI surface states,?"
which we observe using photoconductive AFM in Fig. S19 as has been used on conventional
MAPI films.82 The built-in field from band bending drives holes toward the top surface and reduce
band bending. At grain boundaries, the band bending in the dark is less than at grain interiors based
on the dark CPD images (Fig. 2), implying fewer acceptor-type vacancies. From previous
perovskite studies it is thought that free electrons trapped in positively-charged vacancies create
an electric field that can induce ion motion,?’ in this case between adjacent planes.®? In these data,
we propose that this effect from trapping induces ion motion, thereby changing the acceptor-type
vacancy population while under illumination. As a result, the total band unbending ends up greater
at grain boundaries (larger surface photovoltage and greater FF-trEFM frequency shift), while the
slower time constant is due to the initially lower screening potential in the dark. Another possibility
could be that electronic carriers relax more slowly at grain boundaries in the presence of multiple
barriers and a more complex energy landscape. The timescales measured by G-KPFM (sub-
millisecond) and FF-trEFM (~100 us or less) indicate a slower phenomenon than free carriers. In
this case the carrier mobility at grain boundaries would need to be on the order of 10 cm?V-1s?,
which is lower than the 0.5 cm?V-1s for n=1 BAPI74, thus suggesting a slower effect such as trap-

mediated carrier transport at grain boundaries.
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CONCLUSIONS

In summary, we find that layered perovskites of (CsH9NH3)2Pbls (BAPI) exhibit
heterogeneous optoelectronic properties using confocal PL and two dynamic AFM methods, G-
Mode KPFM and time-resolved EFM. Surprisingly, these methods appear to show that BAPI films
exhibit faster surface charge buildup in grain centers rather than at grain boundaries, possibly due
to a mixture of ionic and trap-mediated electronic transport. In G-KPFM, this effect happens with
timescales on the order of < ~500 us. In FF-trEFM, which in principle can achieve sub-
microsecond time resolution, we also see qualitatively similar behavior where grain boundaries
exhibit slower response, with response times we estimate at ~70-100 pus. We propose that this
effect is dominated by a change in acceptor-type vacancies and associated screening under
illumination due to the generation of photoinduced field that occurs primarily at grain boundaries,
along with a higher density of traps at the grain boundaries resulting in slower electronic charging
rates. In addition to advancing the use of new SPM methods, especially for energy applications,
this study also provides insight into photoinduced ion motion in a model 2D perovskite phase
which may help lead to more stable materials and devices by increasing grain sizes to minimize
boundaries, & or by finding ligands that can passivate defects at the 2D grain boundaries, similar

to how Lewis bases have been shown to passivate surfaces in 3D perovskites.%

EXPERIMENTAL METHODS
2D perovskite film fabrication:

Lead iodide (99.999%) and dimethylformamide (99.8% and anhydrous) were purchased
from Sigma-Aldrich. n-butylammonium iodide was purchased from Dyesol Ltd. The perovskite

precursor solution contains a mixture of 1.0 M tetrabutylammonium iodide and 1.0 M lead iodide
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in dimethylformamide that was stirred overnight to fully dissolve. Substrates used were glass and
indium tin oxide substrates cleaned via ultrasonic bath in 2% Micro-90 detergent, deionized water,
acetone, and then isopropanol. The glass substrates were dried under nitrogen and then plasma-
cleaned for 10 minutes immediately before film deposition. Perovskite films were fabricated by
spin-coating 40 uL of precursor solution onto the precleaned substrates at 4000 RPM and 4000
RPM/s for 45 seconds and then annealing for 10 minutes at 70 °C. All steps except the cleaning of

glass substrates were performed within a nitrogen-filled glovebox.

AFM measurements:

AFM measurements were performed in the dark for both G-KPFM and FF-trEFM, in both
cases on an Asylum Research MFP3D-Bio. G-KPFM data were taken at the Center for Nanophase
Materials Science at Oak Ridge National Lab. Pt-coated cantilevers with spring constant ~2 N/m
and resonance frequency ~75 kHz were used in both cases. Tips were cleaned with isopropyl
alcohol prior to use. For FF-trEFM data the samples were kept under active nitrogen in a sealed
flow cell. G-KPFM and FF-trEFM procedures are presented in full detail in their original work.>®
87 For G-KPFM, the scan rate is set to sample 8.192 ms per pixel, with a typical G-KPFM image
as used here being 128 x 64 pixels. The LED is focused via a bottom objective on an inverted
optical microscopy and co-aligned with the tip. lllumination intensity (per unit area) was measured

using a calibrated photodiode and calculating based on a diffraction-limited spot size.

Confocal Microscopy:

We used a custom scanning confocal microscope built around Nikon TE-2000 inverted microscope

with 100x infinity corrected dry objective for optical microscopy and spectroscopy. The sample
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was illuminated with 470 nm pulsed diode laser (PDL-800 LDH-P-C-470B, 1 MHz, ~300 ps pulse
width and 9 pJ/cm?) and the emission was filtered using a 50/50 dichroic beam splitter and a pair
of 500 nm long-pass filters. The system was calibrated using 200 nm fluorescent microspheres
(Lifetechnologies FluoSpheres Polystyrene Microspheres, 200 nm, red fluorescent, 580/605) prior
to measurement. For time-resolved measurements here, the emission was directed to a Micro
Photon Devices PDM series single-photon avalanche photodiode with a 50 um active area and for
local-excitation and widefield measurements, the emission was directed to a CCD camera (Pixera,
Penguin 150CLM) equipped with a 500 nm long-pass filter. The sample stage was controlled via
a piezo controller (Physik Instrumente E-710). The pixel size used for fluorescence lifetime images
was 100 nm and pixel dwell time (integration time) was 100 ms; the data shown here are 400 x

100 pixels. This setup has been described elsewhere.>

Data analysis:

All time-dependent data (both G-KPFM and FF-trEFM) are processed via Python scripts
interfacing with the Pycroscopy package,®® with the PyUSID data format.2® The time-resolved
EFM data were converted to Pycroscopy-compatible format and then processed with code used
previously.®® "® The primary change is the introduction of a Principal Component Analysis (PCA)
filtering step prior to the Hilbert transform process, which results in a significant improvement in
the quality of the reconstruction. For G-KPFM, the script itself is partially based on code used in
F3R and time-resolved EFM.%® 72 For G-KPFM beyond original F3R is the addition of CPD
photocharging time fitting (as proposed in those works). Briefly, we first filter the data for noise
related to instrumentation and allow at least the first harmonic in. Then, after accounting for any

phase-lag due to voltage reflections and impedance mismatches, we divide the data by the transfer
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function of the tip as measured previously. We then use PCA to filter extraneous and noisy
components of the data that contribute minimally to the variance; typically, the components
selected preserve >95% of the variance. At each pixel, we fit the deflection vs. voltage data to a
parabola and extract the CPD vs. time as the voltage corresponding to peak (i.e. the value —b/2a
for a parabola of ax?>+bx+c) vs time. From the CPD data we then can fit an exponential during
illumination to generate photovoltage charging and discharging time maps. Clustering analysis is
described in Supplementary Information. The G-KPFM code® and the FF-trEFM code®® are

available online.
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