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In December of 2015, 194 states and the European Union reached The Paris Agreement — an
ambitious global goal asking all countries to undertake efforts to limit global temperatures from
exceeding 2 °C above pre-industrial levels. Ultimately, this has led to many countries, including
the United States, to set a milestone of achieving net-zero greenhouse gas (GHG) emissions by
the year 2050. Replacing fossil fuel usage with clean energy technology to generate electricity is
one primary way to reduce GHG emissions. Lead halide perovskite semiconductors have
emerged as highly efficient photovoltaic active layers, with power conversion efficiencies (PCE)
on par with silicon — the industry standard. However, perovskites lag behind silicon in terms of
long-term and operating stability. The ability of perovskite materials to conduct ions through
their lattice is considered to be a large contributor to the lowered stability. We used scanning
probe microscopy (SPM) to further our understanding of ionic motion in lead halide perovskites.
We first used scanning kelvin probe microscopy (SKPM) to investigate how ionic motion varies
with dimensionality in 2D perovskite layers undergoing an applied electric field. In this study,

we investigated BA2Pbls (n=1) and BA2MA3Pbal1s (~<n>=4), where BA is butylammonium and



MA is methylammonium. We demonstrated that 2D perovskite materials undergo ionic
migration, similar to their 3D counterparts, and investigated how those dynamics change under
illumination. We extracted the rate of change in the contact potential difference (CPD) at
temperatures ranging from 283 — 313 K and generated Arrhenius plots to calculated activation
energies. In the dark, we calculated activation energies ~0.61 eV, which agrees well with the
activation energy attributed to iodide ionic migration. Next, we modified the SKPM technique to
probe the shift in the contact potential difference (CPD) between the AFM tip and perovskite
sample immediately after applying an electric field between the sample substrate and tip. We
used this technique to determine the suppression in ion motion after passivation with (3-
aminopropyl)trimethoxy silane (APTMS). We found that APTMS defect passivation led to a
reduction in CPD shift resulting from ionic migration from 100 to 20 mV. We further confirmed
the success of APTMS defect passivation by showing a suppression in halide phase segregation
using hyperspectral photoluminescence microscopy. Finally, we employed time-resolved
electrostatic force microscopy (trEFM) to probe carrier recombination dynamics with sub-
diffraction-limited spatial resolution. We hypothesize that trEFM is measuring the time it takes
for the surface potential to equilibrate during photoexcitation. We showed that the photo-induced
dynamics measured with trEFM correlate strongly with both carrier lifetimes and surface
recombination velocities (SRV) measured by time-resolved photoluminescnece through the use
of various surface passivating agents. Using drift-diffusion simulations, we demonstrated that the
surface potential equilibration time is primarily influenced by the SRV and ion motion. On the
nanoscale, trEFM revealed slower surface potential equilibration times at grain boundaries,
which we propose is due to locally higher concentration of defects, such as halide vacancies, that

mediate ion migration. Furthermore, we observed overall slower dynamics after passivation due



to the suppression of SRV. However, we still observed heterogeneity in the equilibration times
measured after passivation, which we hypothesize is a result of local variations in the
effectiveness and uniformity of passivation. We further supported our findings through a

combination of intensity dependent and wavelength dependent measurements.
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Chapter 1: Introduction

1.1 Lead Halide Perovskites

Lead halide perovskites are semiconducting materials with promising applications in
various optoelectronic devices.' Indeed, single-junction, perovskite photovoltaics have
surpassed 26% efficiency, on par with silicon-based technologies.* Perovskite semiconductors
have an ABX3 crystal structure with corner-sharing octahedron, where A is a monovalent cation
such as methylammonium (MA"), formamidinium (FA™), or cesium (Cs"), B is a divalent metal
cation like lead (Pb**) or tin (Sn**), and X is a halide anion such as iodide (I), bromide (Br") or
chloride (CI"). These materials can also be scaled down to a 2D structure with the formula A"2An-
1BnXzn-1 through the integration of a bulky, organic cation (A') such as butylammonium (BA™) or
phenylethylammonium (PEA™), which separate the inorganic, lead-halide octahedron layers into

planes of thickness n. Figure 1.1 illustrates the crystal structure for both 3D and 2D perovskite

materials.
a
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Figure 1.1. (a) ABX3 crystal structure for a 3D perovskite material. (b) A"2An-1BnX3n-1 crystal

structure illustrations for n = 1 and n = 4 2D perovskite materials.



Perovskite semiconductors possess many attractive properties including solution
processability, large absorption coefficients, and high carrier mobilities;>® all of which make
these materials more cost effective compared to standard semiconductors.”® Furthermore, the
perovskite bandgap can be easily tuned across the entire visible light spectrum by substituting
and alloying the A, B, and X sites.” In lead halide perovskites, the valence band is formed by the
overlap of lead 6s and halide 5p orbitals while the conduction band is formed by the overlap of
lead 6p and halide 5s and 5p orbitals.'® For this reason, lattice defects, for instance halide
vacancies and interstitials, tend to energetically lie within or near the conduction and valence
band.!! Thus, these defects are described as “shallow traps” as there is not significant energy loss
by electronic carriers being trapped at those sites.!! Consequently, the field as described halide

perovskites as being “defect tolerant”.!>!3

1.2 Ton Migration

While perovskite semiconductors may be defect tolerant, they are not defect free. Due to
the soft nature of the perovskite lattice and the weak ionic interactions, those same lattice defects
serve as channels for ion migration.'* Figure 1.2 illustrates how ion migration occurs through the
perovskite lattice, where neighboring ions are able to hop through vacancies and interstitials
migrate throughout the lattice. Thus, halide perovskites are mixed electronic-ionic conductors.!®
The presence of ion motion in these materials leads to various phenomena that limit the long-
term stability of perovskite-based devices, including current-voltage hysteresis,'® electrochemical
reactions,!” and phase segregation.'® Hence, to enhance the stability of these materials and aid in
their ultimate commercialization, we have to both understand and mitigate the effects of ion

migration.



Figure 1.2. Illustration of ion migration occurring through lattice defects. Halide vacancies are
shown as dashed, purple circles; vacancy-mediated ion migration is shown as neighboring
vacancies hop into vacancy sites. Additionally, A-site interstitials (extra red spheres) are also

shown flowing through the perovskite lattice.

Various efforts have been made to suppress ion motion: the use of 2D perovskites,
compositional engineering,” solution additives,' and surface passivation treatments.?? The
bulky, organic cation introduced in 2D perovskites is believed to also prevent mobile ion from
migrating layer-to-layer. Thus, the field has developed 2D/3D perovskite heterojunctions to
mitigate ion motion and improve photovoltaic performance and stability.* Furthermore, many of
the most successful perovskite semiconductors have mixed A sites, with FA" and Cs”, and mixed
X sites, with I and Br".?*%¢ Finally, solution additives and post-treatment of perovskite layers
with surface passivators has been shown to suppress nonradiative recombination through the
treatment of lattice defects.?’ ! Decreasing the concentration of lattice defects should, in turn,

mitigate the effects of ion migration.



1.3 Scanning probe microscopy

A significant contribution to our understanding of perovskite materials has been with the
application of microscopy. Confocal photoluminescence microscopy and scanning electron
microscopy techniques have provided invaluable information on the perovskite microstructure
and electronic carrier dynamics.**> However, these techniques are either diffraction limited or

inherently damage the perovskite,%’

making correlative measurements difficult. In modern
perovskite formulations with both mixed A and X sites, perovskite grains in polycrystalline films

are 100 — 200 nm in diameter. Thus, the ideal microscopy tool can image the optoelectronic

properties of perovskites below the optical diffraction limit in a nondestructive manner.

Scanning probe microscopy (SPM) uses a metallic tip to map the surface of materials
with nanometer level spatial resolution.® Furthermore, SPM can be used to probe the
optoelectronic properties of perovskites on the nanoscale, for instance, scanning Kelvin probe

1,3 conductive atomic force

microscopy (SKPM) maps the surface potential of the materia
microscopy (cAFM) can be used to understand nanoscale variation in charge injection and
charge extraction,* and time-resolved electrostatic force microscopy (trEFM) tracks transient

40-42

changes in photo-induced dynamics — allowing us to map carrier recombination and ion

motion below the diffraction limit.

The objective of this thesis is to further our understanding of the mixed electronic-ionic
nature of halide perovskite with the use of SPM. We show how SKPM can be used to measure
ion migration in both 2D and 3D perovskite materials, and prove the suppression of ion motion
with chemical surface passivation. Further, we employ trEFM to image carrier recombination
dynamics with sub-diffraction-limited resolution. With both experimental and simulated support,

we show trEFM is probing the time it takes for the perovskite surface potential to equilibrate,



which is strongly dependent on the local surface recombination velocity (SRV), but also

impacted by local ion motion.
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Chapter 2: Scanning Kelvin Probe Microscopy
Reveals that Ion Motion Varies with Dimensionality in
2D Halide Perovskites

Adapted from Jiang, F.; Pothoof, J.; Muckel, F.; Giridharagopal, R.; Wang, J.; and Ginger, D.S.
Scanning Kelvin Probe Microscopy Reveals that lon Motion Varies with Dimensionality in 2D
Halide Perovskites. ACS Energy Lett. 2021, 6, 1, 100-108.
https://doi.org/10.1021/acsenergylett.0c02032.

2.1 Overview

We study ion migration in 2D lead halide perovskites of varying dimensionality using scanning
Kelvin probe microscopy (SKPM). We perform potentiometry on micron-scale lateral junctions in the
absence of injected charge and we compare how ion motion varies between prototypical two-dimensional
n-butylammonium lead iodide perovskites (BA,Pbls, n=1), and methylammonium-incorporated quasi-2D
perovskites (BA2MA3Pbali3, ~<n>=4) under the effects of illumination and temperature. We attribute the
observed slow dynamics to relaxation of the bias-induced ionic charge distributions at different
temperatures, and we extract the activation energies associated with the ionic motion in each case. Finally,
we propose an explanation for these phenomena by hypothesizing that ion motion in purely-2D BA,Pbl4
perovskite films is dominated by paired halide and halide vacancy, whereas for quasi-2D BA:MA;3Pbal 3
perovskites, the ion motion is a combination of both halide and methylammonium (vacancy) migration.

These data show that dimensionality in these systems plays a critical role in ion dynamics.



2.2 Introduction

Ruddlesden-Popper two-dimensional (2D) perovskites of the form (RNH3)2An-1PbnX3n+1,
with A representing a small cation (typically CHsNHs™ (MA™) or HC(CH2)2" (FA™)), X being a
halide anion, and RNH3 being a large organic cation such as 2-phenylethylammonium (PEA™) or
n-butylammonium (BA™), have shown great potential for optoelectronic applications due to their
combination of performance and stability compared with three-dimensional (3D) perovskites.!®
In conventional 3D lead halide perovskites with the classic APbXs structure, each inorganic
[PbXe]* octahedra is connected with six neighbors via the halide anions, with small organic cations
residing in the voids of the octahedra network. In contrast, the Ruddlesden-Popper 2D perovskites,
(RNHz3)2An-1PbnX3n+1, can be viewed as n layers of [PbXs]* octahedra and n-1 layers of small
organic cations sandwiched between two layers of large organic cations. Since the large organic
cations control the electronic coupling between these octahedra layers, the 2D perovskites
naturally form multiple-quantum-well structures, which enable new and tailorable physical
properties for 2D perovskites in comparison to their 3D counterparts.® 10

It is widely recognized that metal halide perovskites show both electronic and ionic
conductivity,'*"** and their role as mixed ionic/electronic conductors has been invoked to explain
many phenomena in perovskite-based materials and devices, such as current-voltage hysteresis,*
16 the switchable photovoltaic effect,’” and device degradation.!® 8 It is thus important to
understand the ionic transport process in hopes of mitigating (or utilizing) those phenomena. While
ionic transport in 3D perovskites has been well explored through both experimental and theoretical
studies,'®24 such ionic transport processes in 2D perovskites are comparatively less understood.
Indeed, while Huang and co-workers have reported that 2D perovskites show no detectable ion

transport compared to 3D perovskites,?® 26 Ren and co-workers reported ion transport in exfoliated



2D PEA2Pbl4 and PEA2PbBra4 (n=1) perovskite single crystals based on field effect transistors and
resistive memory devices, respectively.?’”- 2 More recently, AFM studies have attempted to
understand this question at the local level. We showed that time-resolved scanning Kelvin probe
microscopy reveals slow timescale variations that might be consistent with ion motion or trap-
mediated charge motion.?® Marohn and coworkers showed via time-resolved electrostatic force
and “phase-kick” electrostatic force microscopy that the light induced conductivity in 2D BA2Pbls
(n=1) recovers five orders of magnitude faster than that in 3D perovskite systems, suggesting that
there is little clear indication of light-induced vacancy formation in 2D BA2Pbls4 (n=1) compared

to 3D perovskites.*

2.3 Results and Discussion

Herein, we use frequency-modulated scanning Kelvin probe microscopy (SKPM) to study
field-induced charge motion in 2D lead halide perovskite films on lateral junction devices.
Importantly, we use a thick insulating layer to block electronic charge injection and therefore better
isolate the effects of ionic motion from the effects of injected charges.®" 3 We focus on two
different kinds of 2D perovskite films, the prototypical two-dimensional n-butylammonium lead
iodide perovskite (BA2Pbls, n=1), and the methylammonium-incorporated quasi-two-dimensional
perovskite (BA2MAsPbalis, ~<n>=4) both in the dark and under illumination. We find that the
time-dependent potential behavior differs between BA2Pbls and BA2MAsPb4l13 perovskite films.
For pure 2D BA2Pbl4 (n=1) perovskite films, we observe similar symmetric potential profiles both
in the dark and under illumination, while for quasi-2D (~<n>=4) BA2MAsPbal13 perovskite films,
we observe asymmetric potential profiles during both the charging and discharging processes in
the dark, with large initial potential drops at the anode during the charging process and with large

residual potential at the cathode during the discharging process. The asymmetric potential profile



gradually becomes symmetric as the illumination intensity increases during both the charging and
discharging process. We propose that these observations are related to the background electronic
carrier population difference, and that the ion migration in 2D BA2Pbls (n=1) perovskites results
primarily from halide/halide vacancy migration, while ion migration in BA2MAsPbasl1s (~<n>=4)
occurs through both halide and methylammonium (vacancy) migrations. Finally, we measure the
relaxation of the bias-induced ionic charge distributions at different temperatures and extract the
activation energies associated with the ionic motion in each case, which supports our proposed
mechanism.

Figure 2.1a-b shows the geometry of the lateral junctions, comprising stacks of
glass/perovskite/PMMA/SiIOx/Au. Here we chose an insulating stack, e.g. the PMMA/SiOx, which
perform better than either the polymer or the SiOx layer alone, to prevent injected charges from
affecting the resulting ionic motion behavior and preserve the semiconductor properties (e.g.
photoluminescence).® 3 The as-fabricated BA2Pbls (n=1) and BA:MAsPhsliz (~<n>=4)
perovskite film qualities are characterized and displayed in Appendix A as Figures S1-3. When
an external bias is applied across the junction, both the electronic and ionic charges will migrate
due to the resulting electric field, leading to changes in the surface potential. Such potential
changes can be detected dynamically via SKPM and are recorded here as Viip, the experimental
bias applied to the tip to nullify the contact potential difference (see SI for SKPM details). We note
that all the potential curves displayed in this study refer to Vip, unless otherwise stated.

For the BA2Pbls (n=1) perovskite devices, during the charging process (Figure 2.1a), an
external electric field is applied to the microscale lateral junction by biasing one electrode with +9
V and grounding the other one. The resulting potential profiles as measured by SKPM are shown

in Figure 2.1c. As expected, we observe two stable, flat potential plateaus on either side of the



junction where the Au contacts are, and the potential difference between the anode and cathode is
9 V. The potential profiles within the two electrodes refer to the local surface potential at that point
on the perovskite films, which should be a combined result of the external bias, and the local,
electronic and ionic charges (both mobile and trapped), as well as surface dipoles. When the
external bias is first applied (the dark purple line), we observe a symmetrical screening of the
applied potential at both sides of the junction at the initial stage within the response time of the
measurement (~ seconds). We expect the potential drop at both edges, i.e. the extent of the potential
screening at early times, depends on the mobile electronic carrier density, as confirmed by drift-
diffusion simulation (Appendix A Figure S4a). Somewhat surprisingly, the potential then evolves
into a stable dielectric-like behavior with a uniform drop across the whole junction (the dark red
line), a process which takes ~300 seconds to finish. Since electronic carriers are able to drift on a
timescale orders of magnitude faster than ionic carriers, we propose that the time evolution
behavior can be viewed as two time-separated processes. First the fast migration of the free
electronic carriers, and second, the migration/reaction of the ionic carriers under the net field
resulting from the applied electric field and the electric field of poled electronic carriers. A more
detailed discussion is provided in supporting information (Appendix A Section 2.5 and Figure
S5): a key result is that the experimentally measured potential and field profile after removing the
bias matches almost exactly the difference between the early and long time potential profiles
obtained under bias. Consistent with this hypothesis, less ionic charge is stored for shorter poling
periods (Appendix A Figure S6). The exact nature of the chemical reactions that are likely during
the ion charging process requires further investigation. Here, we focus our analysis on the
difference in the slow discharging recovery dynamics of the perovskites as a function of

dimensionality and temperature.



During the discharging process, as shown in Figure 2.1b, we remove the external bias,
ground both electrodes, and measure the potential profile immediately. The as-obtained potential
profiles are shown in Figure 2.1d, by assuming the contact potential difference between the tip
and gold electrode as zero (as they are grounded together). Two obvious peaks of opposite sign
and similar magnitude of around ~1 V are observed within the junction (the dark purple line). This
potential profile then gradually evolves back to a flat plateau (the dark red line). We also plot this
evolution of the potential as a function of time in a 2D map, as shown in Figure 2.1e, which shows
that whole discharging process also takes ~300 seconds to finish.

In contrast, Figure 2.1f shows that, when measuring the BA2MA3sPbsliz (~<n>=4)
perovskite devices in the dark, the initial potential screening at both sides of the junction during
the charging process is asymmetric (the dark purple line), with a larger initial potential drop at the
anode side. We propose, and qualitatively confirm via drift-diffusion simulations (Appendix A
Figure S4b), that such an asymmetric potential drop would be consistent with p-doping of the
BA2MA:zPbal1s (~<n>=4) perovskites,3* at a doping concentration on the order Na ~ 10 cm™. In
this case, the larger potential drop near the anode side is due to depleted acceptor dopants. During
the discharging process, as Figure 2.1g shows, the potential profiles remain asymmetric, with a
larger potential drop of around ~4 V at the cathode side in comparison to ~1 V at the anode side.
Figure 2.1h shows the time evolution of the potential during the discharging process. We observe
the potential peaks decay in intensity and shift towards the center of the junction, which suggests
reversible migration of the poled charges. In this case, the discharging process takes ~200 seconds
to finish.

Both samples, BA2Pbls (n=1) and BA2MAsPbal1s (~<n>=4), show partial screening of the

applied potential immediately after application of the bias (within the scan resolution of < 16 —



17s, which is the time required for each scanning trace). The timescale for the initial photoinduced
charging (due to electronic charges) can be on the order of 100 ps and is not captured within the
Kelvin probe time-resolution here.?® 30 We attribute this rapid response to rapid motion of intrinsic
electronic carriers in the film at early times due to unintentional doping. Clearly, there are
additional slow components with relaxation timescales of hundreds of seconds.

We note that the observation of such slow, long-distance (microscale), and reversible
charge migration under an applied bias contrasts with previous measurements reporting the
absence of ion migration in 2D perovskites based on temperature-dependent conductivity
measurements.?> 26 We attribute our ability to measure ion motion in these junctions both because
scanning probe potentiometry can measure orders of magnitude lower current densities than DC
current measurements, 24 * and possibly because the use of injecting contacts in previous
experiments may complicate the measurement of ionic charge motion, both because of the much
higher density of injected electronic charge relative to background ionic charge, and because of
the possibility for electrochemistry to change oxidation states of various defects.3 32 % While our
data do not exclude the potential profiles are due to slower redistribution of trapped electronic
carriers, we note that a trap filling and emptying process would still involve electronic carriers
moving under the electric field and thus could not explain the time evolution of the potential under
bias. As supported by our data and mentioned before, we propose that ion migration occurs under
the net electric field resulting from the applied electric field and the electric field of poled

electronic carriers.
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Figure 2.1. Device architectures for SKPM measurement during the (a) charging and (b)

discharging process. The measured potential profiles, evolving from dark purple to dark red lines

with a 16 — 17 seconds timescale for each scanning trace, during the charging process for (c)

BA2Pbls (n=1) and (f) BA2MA3sPbsl13 (~<n>=4) perovskite films, and during the discharging

process for (d) BA2Pbla (n=1) and (g) BA2MAsPbali3 (~<n>=4) perovskite films. The arrows in

these figures indicate the evolution with respect to time. The corresponding time-resolved potential

decay for (e) BA2Pbls (n=1) and (h) BA2MAsPbslizs (~<n>=4) perovskite films during the

discharging process. All of the potential profiles have been shifted so that the grounded electrode

is fixed at zero (essentially removing the small contact potential difference (CPD) between the tip

and the gold electrode).



Light illumination is believed to be a key factor affecting ionic motion in 3D perovskites.3"
3 Here, we compare the time-dependent potential profile of the 2D BA2Pbls (n=1) and quasi-2D
BA2MAGsPbal1s (~<n>=4) perovskite films of varying dimensionality in the dark and under light
illumination using the same device architecture as shown in Figure 2.1a-b. Figures 2.2a-b
compare the potential profiles during the discharging process of BA2Pbls (n=1) perovskite films
measured both in the dark, and with light illumination (LED with a wavelength of 455 nm and
intensity of 330 W/m?), respectively. We observe the same symmetric potential profiles for both
cases, except that the peak potential values associated with the accumulated charge increase from
~1V (in the dark) to >2 V (under light illumination).

Application of the Poisson equation allows us to extract the charge density p from the

potential V during the discharging process.

V2V (x, t) = &0 (1)

€0r
Here o0 and &r denote respectively the permittivity of free space, and the relative static dielectric
constant (we take er as 6 for our BA2Pbls (n=1) perovskite sample®). The charge densities in the
dark (Appendix A Figure S7a) and under light illumination (Appendix A Figure S7b) are
calculated from the potential profiles shown in Figure 2.2a and Figure 2.2b, respectively. They
show accumulated negative and positive charges at the anode and cathode, respectively, each
accompanied with opposite signed charges extending into the middle part of the junction. In other
words, each of the two potential peaks that relaxes during the discharging process corresponds to
a pair of oppositely signed charges that diffuse (and recombine) back to the equilibrium neutral
condition (Appendix A Figure S7). The amount of charge density built up at the electrodes, at the
beginning of the discharging process, increases from around ~ 2 x 10* carriers/cm? in the dark to

~4.00 x 10 carriers/cm® under 330 W/m? of 455-nm LED illumination. Furthermore, Appendix



A Figure S8 shows that both the positive and negative potential peaks increase with increasing
light intensity. This enhancement of ion motion upon light illumination is consistent with previous
studies in 3D perovskites.®” %8 In 3D halide perovskites, ion migration is believed to be a defect-
mediated hopping process where the hopping rate depends on the density and position of adjacent
vacancies.?% 4° Therefore, light illumination could generate more interstitial sites or vacancies, and
provide more hopping opportunities for the mobile ions.?” 37 38

Similarly, illumination increases the amount of mobile ionic charge we observe in quasi-
2D BA2MA3Phal13 (~<n>=4) perovskites. Figures 2.2e-f directly compares the potential profiles
of BA2MAsPbalis (~<n>=4) perovskite films in the dark and with light illumination (LED with
wavelength of 455 nm and intensity of 330 W/m?). The results show, in the dark, that a large initial
potential drop at the anode side can be observed during the charging process, as well as a large
residual charge at the cathode side during the discharging process, as we have already discussed
and attributed to the self p-doping behavior of the BA2MA3sPbasl13 (~<n>=4) films (Figure 2.1f-g).
However, under illumination, the charging and discharging processes both become more
symmetric. The light-induced symmetry change is further confirmed by varying the illumination
intensity from 0 to 610 W/m?. In Figure 2.2i-j, we measured the charging and discharging potential
profiles at each intensity including the dark case, and then extracted the first potential line obtained
upon turning on/off the applied bias. These results show that, as the light intensity increases from
0 to 64 W/m?, the asymmetric potential profile gradually becomes more symmetric, then the
potential profile remain unchanged as the light intensity further increases. As suggested by drift-
diffusion simulation (Appendix A Figure S4c), this behavior is probably because the applied bias
has been further screened by the photogenerated electronic charges under strong illumination.

Figure 2.2c-d and 2.2g-h compare the discharging process as a function of time for BA2Pbls (n=1)



and BA2MAGsPbsl1z (~<n>=4) perovskite films in the dark and under illumination. Again, these
figures highlight the increase in density of slow mobile (ionic) species under illumination for
BA2Pbls (n=1) perovskites, and the transition from an asymmetric potential profile to a more
symmetric potential profile under illumination for BA2MA3sPbalis (~<n>=4) perovskite films. We
also note that all the potential profiles obtained from SKPM measurements do not show clear
evidence of strong charge trapping/migration at grain boundaries, which is consistent with the
results of Yun and co-authors.?* If the grain boundaries show faster ionic transport and therefore
lower resistance to ionic transport, the high-resistance (and larger) grains will dominate the total
resistance of the lateral transport path and the small lateral grain boundaries will be invisible in
lateral SKPM. We also note that we observe similar ion migration behavior based on devices that
use a PMMA layer with different thicknesses; similarly, replacing PMMA with polystyrene (PS)

results in a similar ion migration behavior, as shown in Appendix A Figure S9.
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Figure 2.2. Potential profiles, evolving from dark purple to dark red lines with a 16 — 17 seconds
timescale for each scanning trace, during the discharging process for BA2Pbls (n=1) perovskite
films (a) in the dark and (b) under illumination (455 nm, 330 W/m?), and the corresponding time
resolved potential decay (c) in the dark and (d) under illumination; The potential profiles during
the discharging process for BA2MAsPbalis (~<n>=4) perovskite films (e) in the dark and (f) under
illumination, and the corresponding time resolved potential decay (g) in the dark and (h) under
illumination. Potential profiles, evolving from dark purple lines to dark red lines as light
illumination intensity increases, for BA2MAsPbal13 (~<n>=4) based devices during the (i) charging

and (j) discharging process under illumination with different intensities. All the lines shown in (i-



J) are the extracted first potential lines after turning on/off the bias. All of the potential profiles
have been shifted so that the grounded electrode is fixed at zero (essentially removing the small
CPD between the tip and the gold electrode).

Speculating as to the origin of these phenomena, we propose that the ion motion in purely
2D BA2PDbl4 perovskite films is dominated by paired halide and halide vacancy motion, whereas
for quasi-2D BA2MAsPbalis films, the ion motion is a combination of two paired charges, i.e.
halide and its vacancy and another one (perhaps methylammonium and its vacancy). The proposed
paired ion/vacancy motion involves ions taking up the position of vacancies as they migrate
through the perovskite lattice. So as ions are driven by the electric field in one direction, vacancies
move in the opposite direction. During the discharging process, we propose that the ions and
vacancies recombine/annihilate resulting in the decrease of the accumulated surface potential over
time.

To better test this hypothesis, we measured the relaxation of the bias-induced charge
distributions at different temperatures for both BA2Pbls (n=1) and BA2MAsPbhsl1z (~<n>=4)
perovskite films. According to our hypothesis, there should be a single dominant paired species,
hence single temperature dependence for BA2Pbls (n=1) perovskite, whereas the BA2MAsPbsl13
(~<n>=4) films should exhibit different temperature dependences for the positive and negative
potential relaxations. In addition, the change in the decay dynamics under illumination are also
expected to be symmetrical for BA2Pbls (n=1) films but asymmetrical for BA2MA3sPbali3
(~<n>=4) films.

Figures 2.3a and 2.3b compare the decays of the potential profiles after bias is removed
for BA2Pbls (n=1) perovskite films at different temperatures in the dark and under light

illumination. Figure 2.3c and 2.3d compare the decays for BA2MAsPbsl13 (~<n>=4) perovskite



films at different temperatures in the dark and under light illumination. As we can see, at all
temperatures ranging from 283 K to 313 K, BA2Pbls (n=1) perovskite films (Figure 2.3a-b)
display symmetric potential decays both in the dark and under illumination, with increasing
magnitudes under illumination. In contrast, at all measured temperatures, BA2MAsPbali3
(~<n>=4) perovskite samples show asymmetric potential profiles in the dark, which become more
symmetric under illumination. Notably, the ion motion is strongly temperature dependent, even
over the relatively modest temperature range from 283 K to 313 K, with the potential decay rate
(ion motion) increasing as the temperature increases.
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Figure 2.3. Time resolved potential decays at temperatures of 283, 293, 303 and 313 K for
BA2Pbls (n=1) perovskite films (a) in the dark and (b) under light illumination, and for
BA2MAGsPbal13 (~<n>=4) perovskite films (c) in the dark and (d) under light illumination during
the discharging process.

The temperature-dependent relaxation of the bias-induced ionic charge distributions allows
us to estimate the activation energies associated with the charge motion in each case. We track the
decay of the migrating ionic species by extracting the amplitude of both the negative and positive
potential peaks at each time step and fit the decay curves with exponential functions to obtain the
decay rates for the two charge pairs at each temperature (See Appendix A Figure S10-11 for fits).
We fit the decay rates against the temperature to extract activation energies with the Arrhenius
equation:

Eq

A=Axe T 2)
using non-linear least squares orthogonal distance regression as described in the SI. In equation 2,
A, E,, T, kpy and A refer to the decay rate, activation energy, temperature, Boltzmann constant and
a prefactor respectively. The Arrhenius fittings shown by plotting the log of the decay rate versus
the inverse temperature are displayed in Figure 2.4a-d. From these fits, we obtain activation
energies associated with the ionic motion in each case, as plotted in Appendix A Figure S12 and
summarized in Table 2.1.

For the BA2Pbls (n=1) perovskite samples, the activation energies E, of negative and
positive potential peaks in the dark are best fit to be 0.61 + 0.07 eV and 0.55 + 0.05 eV,
respectively, which decrease to 0.37 + 0.05 eV and 0.30 + 0.08 eV, respectively, under light
illumination. In both cases, the activation energy for the positive and negative potential peaks are

within one standard error of each other, consistent with our hypothesis that ion migration is



dominated by paired halide and halide vacancy motion. The light-induced decrease of activation
energies is qualitatively consistent with previous reports of light-activated ion migration®’: 3 and
light-activated halide vacancy formation*® %2 in 3D perovskites, suggesting that similar light-
activated processes occur in 2D perovskites.

In contrast, the BA2MAsPbaliz (~<n>=4) perovskite samples show a more complex
temperature dependence. We observe asymmetric potential decay for the positive and negative
potential peaks in BA2MAsPb4li4 (~<n>=4) films (Appendix A Figure S11); this difference in
decay rate is maintained under illumination even though the potential profile becomes more
symmetric. The best fit E,; corresponding to the negative potential in the dark are calculated to be
0.64 + 0.15 eV, which change to 0.39 + 0.07 eV under light illumination. Both activation energies
are similar to that of the BA2Pbls (n=1) film, suggesting the charge pair associated with the
negative potential is related to halide and its vacancy. This is consistent with this charge pair being
located at the hole-accumulating electrode and the theory that holes promote the formation of
neutral iodine interstitial formation.®® On the other hand, the best fit E, corresponding to positive
potential in the dark and under illumination are similar, 0.24 + 0.07 eV and 0.25 + 0.10 eV,
respectively.

These results are broadly consistent with the expectations from our hypothesis above: both
the positive and negative potentials for the BA2Pbls (n=1) films result from a same ionic charge
pair, thus exhibiting a similar temperature dependence; while the negative potential and associated
charge pair for BA2MA3Pbal1s (~<n>=4) films show a similar temperature dependence (common
origin and transport mechanism) with the BA2Pbls (n=1) films, the positive potential and

associated charge pair exhibits distinctly different temperature dependence and light dependence



and therefore suggests a different chemical origin, which we tentatively attribute to the
methylammonium ions and vacancies.
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Figure 2.4. Arrhenius plots showing the temperature dependence of the decay rate for BA2Pbls
(n=1) perovskite films (a) in the dark and (b) under light illumination, and for BA2MAsPbali3
(~<n>=4) perovskite films (c) in the dark and (d) under light illumination. The solid lines indicate
the fitted line used to calculate activation energies and the error bars represent one standard

deviation in the uncertainty of the fit parameters as determined in Sl.



Table 2.1. Activation energies E, of negative and positive potentials for BA2Pbls (n=1) and
BA2MAsPbhal1s (~<n>=4) perovskite films in the dark and under light illumination as determined

by fitting temperature-dependent-potential curves.

Conditions Ea(eV)
BA2Pbl4(n=1), dark, negative potential 0.61 +0.07
BA,Pbls(n=1), dark, positive potential 0.55+0.05
BA2Pbl4(n=1), light, negative potential 0.37£0.05
BA2Pbl4(n=1), light, positive potential 0.30£0.08
BA>MAsPDbsl13 (n=1), dark, negative potential 0.64 £0.15
BA:MAsPDbsl13 (n=1), dark, positive potential 0.24 £ 0.07
BA>MAsPbsl1z (n=1), light, negative potential 0.39 £ 0.07
BA2MA3PDbsl1z (n=1), light, positive potential 0.25+0.10

2.4 Conclusions

In summary, we perform SKPM measurement on micron-scale lateral junctions in the
absence of charge injection in order to study ion motion in prototypical 2D BA2Pbls (n=1)
perovskite films, and methylammonium-incorporated quasi-2D BA2MAsPbaliz  (~<n>=4)
perovskite films, as functions of both light illumination and temperature. We show that these two
films show differently-shape potential profiles during the charging process, which we attribute to
a difference in their background electronic carrier population, as well as the carrier redistribution
due to photogeneration. Furthermore, we observe that the relaxation dynamics differ between
BA2Pbls (n=1) and BA2MAsPhali3 (~<n>=4) films. We explain these phenomena by proposing

that the ion motion in pure 2D BA2Pbls (n=1) perovskites could be dominated by paired halide



and halide vacancy motion, whereas for methylammonium-incorporated quasi-2D BA2MA3Pbal13
(~<n>=4) perovskite films, the ion motion results from the interplay between paired
halide/vacancy and methylammonium/vacancy. In contrast to earlier reports, these results indicate
that, just as in 3D perovskites, ion transport can and does take place, although dimensionality
clearly affects the character of both electronic and ionic transport in 2D perovskites. These results
provide a basis for understanding bias-, illumination-, and temperature-dependent ion motion in
2D perovskites that can be used to improve the performance and stability of perovskite-based

optoelectronic devices.
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Chapter 3: Surface Passivation Suppresses Local Ion
Motion in Halide Perovskites

Adapted from Pothoof, J.; Westbrook, R.J.E.; Giridharagopal, R.; Breshears, M.D.; and Ginger,
D.S. Surface Passivation Suppresses Local lon Motion in Halide Perovskites. J. Phys. Chem.
Lett. 2023, 14, 26, 6092-6098. https://doi.org/10.1021/acs.jpclett.3c01089.

3.1 Overview
We use scanning probe microscopy to study ion migration in the formamidinium (FA)-

containing halide perovskite semiconductor Cso.22FAo.7sPb(lo.s5Bro.15)s in the presence and
absence of chemical surface passivation. We measure the evolving contact potential difference
(CPD) using scanning Kelvin probe microscopy (SKPM) following voltage poling. We find that
ion migration leads to a ~100 mV shift in the CPD of control films after poling with 3 V for only
a few seconds. Moreover, we find that ion migration is heterogeneous, with domain interfaces
leading to a larger shift in the CPD. Application of (3-aminopropyl)trimethoxysilane (APTMS)
as a surface passivator further leads to 5-fold reduction in the CPD shift from ~100 mV to ~20
mV. We use hyperspectral microscopy to confirm that APTMS-treated perovskite films undergo
less photoinduced halide migration than control films. We interpret these results as due to a

reduction in halide vacancy concentration after APTMS passivation.



3.2 Introduction
Halide perovskite semiconductors are important materials for a range of optoelectronic

applications such as photovoltaics and light-emitting devices,? and power conversion
efficiencies for single-junction perovskite solar cells have increased to 25.8%.% One challenge
facing some applications is that perovskites are prone to ion migration, in which ions move
through the crystal lattice.*> lon migration reduces operational stability and can lead to undesired
interactions between the perovskite active layer and transport layers or electrodes and
segregation of the perovskite into separate phases.®>*! Due to a low activation energy, vacancy-
mediated halide migration is thought to be the dominant ion migration process in the perovskite
lattice.>2 While some theoretical studies have claimed halide vacancies are not defects of
concern due to their shallow energy levels within the perovskite bandgap,*-1°> many experiments
have been performed using chemical passivation strategies as a method of reducing surface
halide vacancies, which has resulted in increased photoluminescence quantum yields and
ultimately improved device performance.®-2> However, there are far fewer studies that examine
how surface passivation affects ion migration by means other than hysteresis reduction,?*-2
especially at the local level, which may reveal the location of halide vacancies that cause ion
migration.

Previous work from our group has shown that (3-aminopropyl)trimethoxysilane
(APTMS) significantly reduces nonradiative recombination in halide perovskite
semiconductors.?®? Since halide migration often involves halide vacancies,>*? the same sites
that are often targeted by chemical surface passivation,’1%-21:2330-32 \ye hypothesize that surface
passivation using the specific chemistry offered by molecules such as APTMS should also

suppress halide migration.



Here, we examine this hypothesis, with a particular emphasis on investigating how
APTMS surface passivation can affect ion migration locally, via scanning Kelvin probe
microscopy (SKPM). We combine SKPM measurements on locally poled perovskite samples
with studies of photoluminescence using hyperspectral photoluminescence microscopy. The use
of SKPM allows us to probe ion motion and effects of APTMS surface passivation below the
optical diffraction limit of conventional photoluminescence measurements.®*-35 We focus our
study on wide-gap (~1.7 eV), mixed-halide perovskites because such formulations are
particularly relevant for perovskite-on-silicon tandem photovoltaics and because ion migration
often causes halide phase segregation in these compositions.?>*® We find that the contact
potential difference (CPD) of the perovskite samples evolves with applied electric fields. We
quantify the average shift in CPD for perovskite control films to be near ~100 mV at poling
extremes of +/- 3 VV with a dwell time of only a few seconds, which is reduced to ~20 mV after
surface passivation with APTMS. We attribute this reduction in CPD shift to the passivation of
surface halide defects. Using photoluminescence hyperspectral imaging, we also observe a
reduction in photoinduced halide segregation in the perovskite films after surface passivation

with APTMS.

3.3 Results and Discussion
For this study, we prepared mixed-halide perovskite semiconductor films of the

composition Cso.22FAo.78Pb(lo.ssBro.15)30n ITO substrates by using a one-step spin-coating
technique as adapted from the literature (see Appendix B for full details).®” We refer to these as-
grown films as “control” or “unpassivated” perovskites. To prepare passivated perovskite films,
we exposed the films to APTMS for five minutes at room temperature in a low-vacuum chamber

as previously described.?®?° We verified that the films had a perovskite structure using XRD



(Appendix B Figures Sla and b). UV-Vis absorption data is consistent with a bandgap of ~1.7
eV, confirming the target compositions of Cso.22FAo.78Pb(lo.ssBro.15)3 and
Cso.17FA0.83Pb(lo.75Bro.25)3 (Appendix B Figure S1c and d). Figure 3.1 shows that APTMS
passivation lengthens the photoluminescence (PL) lifetimes and increases the PL intensity (and
thus the PL quantum yield) of perovskite films, as is consistent with a reduction in the surface

trap state density.
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Figure 3.1. (a) Time-resolved PL measurements for Cso.22FAo.7sPb(lo.ssBro.15)3 control and
APTMS-passivated films deposited on glass substrates. We excited the samples with a 640 nm
laser and an excitation fluence of ~3.4 nJ/cm?. Stretched exponential fits for the decay curves are
shown in black. We calculated average lifetimes of 120.78 and 1015.60 ns for control and
APTMS-passivated films, respectively. (b) Steady-state PL spectra for perovskite control and
APTMS-passivated films deposited on glass substrates.

In order to probe ion migration in these films at the local level, we combine local electric-

field poling with SKPM to measure the evolution of the CPD following application of poling



fields of both positive and negative bias. Figure 3.2 shows the general experimental approach,
which is similar to the method Yun et al. and Richheimer et al. have used to study ion migration
in unpassivated MA-based perovskites,38%

First, we perform a single pass with the cantilever to measure the topography across a
single line. Next, we lift the cantilever 10 nm above the sample, apply a potential to the tip, and
perform a second pass across the same line. During the second pass, the poling bias causes
mobile charges to move towards or away from the surface, depending upon the sign of the poling
bias. Finally, we remove the poling bias, engage the Kelvin probe at the same lift height, and we
measure the CPD between the tip and sample after poling. We repeat this process for every line
in the image. After measuring the sample at a range of different tip voltages, we generate a stack
of CPD images in the same region. This process ensures that there is no charge injected into the
film that could complicate the measurement or cause electrochemical interactions,*® and probes

the samples in the dark.
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Figure 3.2. Schematic of poling-based SKPM measurement and pathways of data analysis. We
measure the topography, followed by a poling step, and finally initiate a Kelvin probe loop to
measure the CPD at each line in the image. Parameters such as CPD shift, CPD shift distribution
and domain interface-domain center heterogeneity are extracted in data analysis.

We use the poling-based SKPM measurement to probe a Cso.22FA0.78Pb(lo.s5Bro.15)3
control film on ITO under biases ranging from -3 V to +3 V with steps of 1 V. Figures 3.3a-d
show the topography and the evolution of the CPD at applied biases of 0, +3, and -3 V. We
observe a shift to more positive CPD values when applying a positive bias to the tip, which we
attribute to the buildup of negative charges at the surface. This is consistent with accumulation of
negative ionic surface charge at the film surface resulting in a vacuum level offset. We observe
the opposite effect when a negative bias is applied to the tip — a large shift to negative CPD

values is seen as positive charges accumulate at the surface, resulting in a vacuum-level offset of



the opposite sign, which we illustrate in Appendix B Figure S2. Figure 3.3d, measured at a tip
bias of -3 V, shows a significant degree of heterogeneity in the CPD as the applied tip bias
becomes more negative and net positive charge accumulates at the perovskite surface
(presumably due to driving negative ions away).

Figures 3.3e-h show the topography and CPD evolution of an APTMS-passivated
perovskite film on ITO, which reveals two key differences between the passivated and
unpassivated samples. First, the surface-passivated samples show lower overall shifts in their
CPD following local poling. Second, the passivated perovskite films have much more
homogenous CPD distributions, both before, and after poling.

Figure 3.3i shows the distribution of the CPD shift, which is determined by the
difference between the CPD after poling and the CPD measured at 0 V. Figures 3.3j and k show
the average CPD shift and full-width half max (FWHM) of the CPD shift relative to the poling
bias. We see that the average CPD shift measured at the bias extremes decreases from around
100 mV to only ~20 mV. Importantly, this observation that APTMS-based passivation reduces
the CPD shift induced during poling is consistent with the hypothesized suppression of ion
migration due to the suppression of halide vacancies. Accordingly, the FWHM of the measured
CPD shift should reflect the extent of heterogeneity in local ion migration in a given film. Figure
3.3k shows that upon applying more negative biases, we observe a broadening of the FWHM in
the unpassivated film, while the APTMS-passivated film exhibits a consistent, narrow FWHM of
only ~10 mV. We propose that this difference is due to the greater heterogeneity in the control
film, likely due to differences in ion mobility between the perovskite domains and the interfaces
between domains. In Appendix B Figure S5, we present topography and CPD shift images for a

second wide-bandgap perovskite formulation - Cso.17FA0.83Pb(lo.75Bro.25)3 — with and without



APTMS passivation. We also show a full picture of the average CPD shift and heterogeneity as a
function of poling bias for both perovskite formulations in Appendix B Figure S6. Overall,
these results show that APTMS surface passivation mitigates ion migration in the wide-gap

perovskite formulations studied here via reducing the concentration of surface defects — such as

halide vacancies.
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Figure 3.3. (a) Topography and (b-d) CPD of a Cso.22FAo.7sPb(lo.s5Bro.15)3 control film measured
with applied tip biases of 0, +3, and -3 V. (e) Topography and (f-h) CPD of APTMS passivated
film measured with applied tip biases of 0, +3, and -3 V. All CPD images are displayed on the
same color scale to show the differences between the two samples. (i) Probability density
distribution of the shift in CPD relative to the baseline CPD for control and APTMS passivated
films measured at -3 V. (j) CPD shift relative to the baseline CPD as a function of bias for
control and APTMS passivated films. (k) FWHM of the CPD shift distribution as a function of
applied tip bias for control and APTMS passivated films. Error bars are shown as standard error

of the mean for three measurements performed on three different films.



We recognize based on previous literature that the topographical features observed are
not necessarily grain boundaries, as a single crystallite can contain multiple domains,*42 but for
the purposes of convenience here we refer to the crystallites as “domains” and the spaces
between them as “interfaces”. To separate the differences between the perovskite domains and
interfaces, we compare the mean CPDs at the domains and interfaces using images of the
Cso.22FA0.78Pb(lo.s5Bro.15)3 film collected at various biases. To achieve this separation, we align
each CPD image based on its associated topography image and manually select masks to
distinguish individual topographical domains. Figures 3.4a and b show the topography of the
unpassivated perovskite film, and the mask used to separate the domains and interfaces. Using
this methodology, we aggregate the CPD as a function of distance to the nearest domain interface
pixel for control and APTMS-passivated films. Figure 3.4c shows the average CPD as a function
of distance to the nearest domain interface for control and APTMS-passivated films measured
with a -3 V bias (Appendix B Figure S7 shows this calculation for all poling biases). We
observe a large difference in the average CPD measured at or near domain interfaces compared
to regions further away — at domain centers. In films that are surface passivated with APTMS,
we see that the CPD becomes more homogenous relative to its distance from the nearest
interface. The error bars in Figure 3.4c show the distribution of CPD values measured at each
distance and thus represent heterogeneity in surface defect density. We see that APTMS
passivation significantly narrows this distribution at all distances, which we attribute to the
effective treatment of surface defects. Figure 3.4d shows the difference between the average
CPD measured at domain centers and interfaces relative to the poling bias for unpassivated and
APTMS-passivated films. We observe a decreasing trend in the CPD difference with poling

biases increasing from -3 to +3 V for the unpassivated film. In contrast, we see the CPD



difference remains relatively unchanged with varying biases for the passivated film. Appendix B
Figure S8 visualizes the difference between the domain centers and interfaces, in which we see a
contrast inversion in the CPD color scale for the unpassivated film. The larger CPD shifts at the
visible interfaces are consistent with a range of literature reports suggesting increased ion motion
near surface interfaces and domain interfaces.®4%4% Importantly, these new SKPM results also
show that APTMS-based passivation preferentially treats domain interface-related defects,
leading to significantly more homogeneous films in terms of their response to bias-induced ion

motion.
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Figure 3.4. (a) Topography of Cso.22FAo.7sPb(lo.s5Bro.15)s control film. (b) Binary mask created to
separate perovskite domains (red) from domain interfaces (blue). (c) Average CPD as a function
of distance from the nearest domain interface for control and APTMS-passivated films. The

errors bars show the standard deviation or distribution of CPD values measured at each



difference. (d) Difference in the CPD measured at domain centers (DC) and interfaces (DI) for
control and APTMS-passivated films.

Finally, we use hyperspectral photoluminescence microscopy to further explore ion
migration in the control and APTMS-treated films. For this measurement, we kept the perovskite
samples in a dry-nitrogen environment and excited them with a 532 nm laser at 600 m\W/cm?.
Although higher than one Sun, we selected this illumination intensity to accelerate the effects of
ion migration within a reasonable time frame. We provide further details of the measurement
parameters in the Appendix B.

Figures 3.5a and b show peak wavelength maps of the unpassivated perovskite sample
before and after light-soaking under laser illumination, obtained with hyperspectral PL
microscopy. Figure 3.5¢ shows the normalized ensemble PL spectra measured during the light-
soaking process. Based on the time-dependent evolution of the PL, we observe a shift in the PL
spectra and spatial distribution of features, which we interpret as phase segregation with
contributions from both iodide-rich (peak emission at 780 nm) and mixed (peak emission at 740
nm) phases.* This phase segregation can be visualized in the overall spectra as a shoulder peak
emerging at 772 nm. The existence of phase segregated regions prior to photosoaking have been
attributed to an inhomogeneous elemental distribution that forms during the crystallization
process.***" Figures 3.5a and b show that the iodide-rich regions grow significantly in size after
30 minutes of light soaking.

We also looked at hyperspectral photoluminescence maps of APTMS-passivated films.
Appendix B Figure S10 shows the cumulative photoluminescence mapping for unpassivated
and APTMS-passivated films, in which we see a consistently higher photoluminescence intensity

for the surface passivated films. Figures 3.5d and e show the hyperspectral mapping and overall



photoluminescence spectra for APTMS-passivated films undergoing light-soaking. Similar to the
control film, we see initial halide segregation. In contrast to the control, we see that the growth of
the iodide-rich regions is hindered by the APTMS surface passivation. In both films, we observe
a slight red-shifting of the main mixed-phase emission peak, which may be attributed to
demixing of the A-site cations as observed by Knight, et al.**

We apply a wavelength threshold of 765 nm to separate the mixed and iodide-rich phases
by binning the pixels based on their emission wavelength (Appendix B Figure S11a), with the
aim of further understanding how the mixed and iodide-rich phases evolve over the course of
light-soaking. Appendix B Figure S11b shows the shift in emission wavelength relative to light-
soaking duration for the mixed and iodide-rich phases in control and passivation films. We see
the conversion from mixed-phase to iodide-rich perovskite during light-soaking, where regions
emitting at wavelengths shorter than 765 nm, prior to prolonged light exposure, shift to longer
wavelengths over time. This effect is more pronounced in the control film as compared to the
APTMS-passivated film.

In Appendix Figure S11c, we determined the extent of phase segregation by calculating
the fraction of iodide-rich pixels relative to mixed-phase pixels as a function of light-soaking
time compared with the initial amount of phase-segregation prior to light exposure. While both
the control and APTMS-passivated films show consistent red-shifting with light-soaking, the
extent of phase-segregation increases to 7X its initial value after prolonged light-soaking in the
control film, as compared to an increase of 2X in the APTMS-passivated film. Overall, we see
that APTMS passivates defects like halide vacancies in wide-gap perovskites, which results in

increased photoluminescence quantum yields and reduces halide segregation. These



photoluminescence observations are in agreement with and complement the results obtained with

SKPM.
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Figure 3.5. Peak wavelength images, extracted from hyperspectral photoluminescence
microscopy, collected at light-soaking times of (a) 0 s and (b) 1865 s for the unpassivated
Cso.22FA0.78Pb(lo.ssBro.15)3 control. (c) Ensemble spectra as a function of time for control films
obtained from the hyperspectral maps. Peak wavelength images, extracted from hyperspectral
photoluminescence microscopy, collected at light-soaking times of (d) 0 s and (e) 1865 s for
Cso0.22FA0.78Pb(lo.ssBro.15)3 passivated with APTMS. The color scale represents the emission
wavelength of each pixel. (f) Ensemble spectra for APTMS passivated films calculated from

hyperspectral maps. Samples were excited with a 532 nm laser and a fluence of ~600 mW/cm?.



3.4 Conclusions
Studying the evolution of the surface potential with SKPM following poling reveals

insight into how APTMS passivation affects ion motion in halide perovskites. Notably, we
observe a significant reduction in the concentration of charges that drift from poling after surface
passivation with APTMS. We examined differences in the CPD of domain centers and domain
interfaces as a function of poling bias and polarity, and we observed that domain interfaces
exhibit a higher amount of ion migration compared to domain centers. This difference is
suppressed following passivation with APTMS. To further study the role of APTMS on ion
migration, we used hyperspectral photoluminescence microscopy to explore time-dependent
halide segregation during illumination of these materials. We found that halide segregation, as
measured by the PL red-shift, is significantly more pronounced in unpassivated films. Taken
together, these data indicate that surface passivation with the unique chemistry of APTMS
molecules reduces ion migration, both in terms of domain-to-domain variations in ion migration
rate as well as the overall ion migration magnitude, and that these effects are correlated with
lower amounts of photoinduced halide segregation. With the combination of scanning probe
microscopy and defect passivation with APTMS, we see the surface and domain interfaces play
an important role in ion migration. These results highlight the importance of continuing to
develop new strategies to measure ion migration at the local level and provide a simple method

for screening new passivating agents via AFM for beneficial ion migration properties.
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Chapter 4: Sub-diffraction Imaging of Carrier
Dynamics in Halide Perovskite Semiconductors:
Effects of Passivation, Morphology, and Ion Motion

Madeleine D. Breshears”, Justin Pothoof", Rajiv Giridharagopal, David S. Ginger
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4.1 Overview

We spatially resolve photocarrier dynamics in halide perovskites using time-resolved electrostatic
force microscopy (trEFM) to map surface potential equilibration during photoexcitation.
Following treatment with different surface passivation agents, we show that trEFM probes
dynamics directly related to surface recombination velocity and carrier lifetimes correlated with
time-resolved photoluminescence. Our results reveal nanoscale variations in recombination
dynamics following surface passivation. We also observe heterogeneity in surface potential
equilibration times dependent on perovskite film morphology. We combine wavelength- and
intensity-dependent measurements with drift-diffusion simulations to disentangle the influence of
carrier recombination and ion migration on surface potential equilibration. These results
demonstrate that we can use mechanical detection to image electronic carrier recombination
dynamics in perovskites below the optical diffraction limit while also showing the potential for

future improvements in heterogeneity of surface passivation.



4.2 Introduction

Halide perovskite semiconductors have numerous applications including solar cells,'*
light-emitting diodes,> radiation detectors,* and even sources of quantum light.®> Their advantages

include scalable additive manufacturing, large absorption coefficients, bandgap tunability,® and

high defect tolerance.> While perovskites are defect tolerant, they are not defect free.>’!!

Passivation strategies to reduce surface recombination velocity (SRV) by a factor of ~100 have
improved perovskite device efficiencies over the last several years.”'*"!7 At the same time, ion
motion, linked to phase segregation and electrochemical reactions, can be a limiting factor in
perovskite semiconductor performance and stability.'® > Probing these effects at the device level
is useful, but inherently reflects average values given the heterogenous nature of halide perovskite

thin films,****?® and understanding how local film microstructure correlates with both electronic

8,9,27,29-31

and ionic defects, could advance materials processing.

Indeed, microscopy tools that elucidate the relationship between local structure and

nonradiative recombination have already proven useful for analyzing and improving

8,20,27,29,

semiconductor performance. 30.32-35 Time-resolved photoluminescence (trPL) probes

electronic carrier recombination processes in perovskite materials;***’ and with confocal

microscopy, we can obtain spatially resolved trPL maps at the optical diffraction limit. However,

current best-in-class perovskites comprise mixed-cation, mixed-halide compositions with grains

38-40

that are often ~100 nm or smaller, which is far below the optical diffraction limit with visible

light. Other techniques, such as cathodoluminescence microscopy, can map carrier recombination
32,41

dynamics on the nanoscale using an electron beam but often damage the sample in the process.

The ideal microscopy tool for advancing cutting edge perovskites would thus allow for



measurement of carrier recombination dynamics at nanometer scale resolution without damaging

the sample.

Time-resolved electrostatic force microscopy (trEFM), a scanning probe microscopy
technique among the family of methods capable of providing fast electronic dynamics,*>*® uses a
mechanical cantilever to sense dynamic changes in the local electrostatic force gradient between
the tip and the sample during photoexcitation.’>!4"4° To date, we have used trEFM to measure
systems with large exciton binding energies such as organic photovoltaics and layered Ruddlesden-

Popper perovskites, 30-31:43:48-53

In mixed-cation, mixed-halide perovskite systems where
photoexcitation leads to free carriers, we expect the time-dependent changes measured should

readily probe local recombination rates rather than be quantum efficiency-limited.

Here, we compare high-resolution trEFM images with spatially averaged trPL and drift-
diffusion simulations. We show that trEFM measures the time it takes for surface potential to
equilibrate as controlled by the evolution of electronic and ionic carrier concentrations during
photoexcitation, and we probe the effects of chemical passivation on electronic carrier

recombination and of local defect-mediated ion migration.

We demonstrate that treatments with different surface passivators, including (3-

aminopropyl)trimethoxysilane (APTMS),!41¢

[3-(2-aminoethylamino)propyl]trimethoxysilane
(AEAPTMS),'* and phenethylammonium iodide (PEAI),>* result in slower surface potential
equilibration times due to reduced surface recombination velocities. We find that the local carrier
dynamics vary with the perovskite morphology, where grain boundaries exhibit slower
photoinduced dynamics than grain interiors. Through a combination of wavelength- and intensity-

dependent experiments and drift-diffusion simulations, we show the competing influence of

electronic carrier recombination and mobile ions on the surface potential equilibration time. We



attribute the slower surface potential equilibration times following chemical passivation to the
suppression of SRV; we ascribe the slower surface potential equilibration time, observed at grain
boundaries to locally higher defect densities that mediate slow ion migration and incur increased
trap-mediated electronic carrier motion. Importantly, we show that surface potential equilibration
times measured by trEFM correlate directly with minority carrier lifetimes and SRVs as measured
by trPL. Our results connect the properties measured by trEFM with established optical
characterization techniques and verify that trEFM can be a predictive tool for evaluating carrier
recombination dynamics in modern halide perovskites with sub-diffraction-limited resolution,
while also demonstrating that even common, effective surface passivation schemes can still exhibit

local heterogeneity.

4.3 Results and Discussion

Figure 4.1a shows a schematic of the trEFM experiment we use to probe carrier dynamics
below the diffraction limit.***° Here, we photoexcite the sample through the ITO substrate using a
laser with a rise time of ~2 ns and record the time evolution of the mechanical cantilever dynamics
to record the transient electronic response of the sample. Figure 4.1b shows the timing diagram
of the excitation. Following photoexcitation, the carrier populations generated by the illumination
will evolve to a new equilibrium. The time-dependence of these processes leads to a time-
dependent change in the surface potential, surface capacitance, and dissipative properties of the
sample,*>*>484% and these shifts lead to transient deviations of the cantilever motion from the
steady-state sinusoidal motion of a damped, driven harmonic oscillator.’® These transient
deviations encode information about short time dynamics of the local electronic environment’s
approach to a new equilibrium, which can be reconstructed via empirical calibration,*® or even

simulation and machine learning approaches.’® Figure 4.1¢ shows a representative cantilever



frequency shift over time in response to photoexcitation. We obtain this frequency shift by
demodulating the cantilever’s oscillation (see Methods and Appendix C Note 1). The rapid shift
in the cantilever’s frequency following photoexcitation captures the transient dynamics of interest;
following that, the cantilever relaxes to its resonance frequency on timescales governed by the
cantilever quality factor, Q. We fit the frequency vs. time trace to a product of two exponentials
(black dotted line in Figure 4.1¢), which enables us to find the time it takes for the cantilever to
reach its maximum frequency deviation. We calibrate this time against the simulated response to
excitation events with a defined time constant to extract a cantilever-independent time constant, t
(see Methods, Appendix C Note 1, and Appendix C Figure S1).*** Next, we show that this time

constant reflects the surface potential equilibration time in halide perovskites.

The surface potential equilibration time is controlled by the sample’s electronic carrier
recombination dynamics and illumination conditions. First, we show there is a qualitative
correlation between trEFM and confocal PL microscopy over large length scales on a partial
perovskite  device stack (or  “half-stack)”  with  the architecture = ITO/Me-
4PACz/Cso0.17FA0.83Pb(l0.75Bro.25)3.  This perovskite formulation is known to exhibit PL
heterogeneity on the multi-micron-scale.’’” Figure 4.1d shows a map of surface potential
equilibration times in a 17.6x10 pm region-of-interest (ROI) as measured by trEFM, with
empirical time constants on the microsecond-scale. Appendix C Figure 4.2a shows the
topography. After imaging the sample with trEFM, we perform correlated confocal PL microscopy
(see Methods). Figure 4.1e shows the PL intensity map of the ROI. Figure 4.1f shows correlated
line traces (marked by the dashed lines in Figure 4.1d,e), where slower surface potential
equilibration times measured by trEFM correspond to brighter PL. Annotations on Figure 4.1f

show average minority carrier lifetime values collected at the corresponding positions shown in



Figure 4.1e, confirming that slower surface potential equilibration times measured by trEFM not
only correlate to brighter PL, but also, qualitatively longer minority carrier lifetimes. Appendix C
Figure S2b shows a positive correlation between local surface potential equilibration times
measured by trEFM and carrier dynamics measured by trPL in this image, with a Pearson

correlation coefficient of 0.88 (with a p-value of 0.018).
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Figure 4.1: trEFM measures photoinduced dynamics that correlate to PL metrics of interest.
(a) trEFM schematic, where ADC refers to an analog-to-digital converter. (b) Excitation protocol
for typical trEFM experiment. (c) Change in instantaneous frequency of cantilever after excitation,
where the black dashed line shows an empirical fit of the product of two exponentials which

describe the transient perturbation of interest and the cantilever relaxation (see Appendix C Note



1). (d) trEFM map of photoinduced dynamics across a 17.6x10 pm ROI on a sample with the
formulation Cso.17FA0.83Pb(lo.75Br0.25)3 collected using 705 nm excitation at an incident intensity
of 100 mW/cm?; Appendix C Figure S2a shows the topography of this ROI. (e) Correlated PL
map of the same ROI, taken using 60x objective, NA=0.7, using a 640 nm laser at a fluence of 105
nJ/cm?. (f) Correlated line traces from the dotted lines shown in (d) and (e), where the trEFM line
trace was smoothed to reduce pixel-to-pixel noise. Markers on (f) indicate positions shown in (e)
where time-correlated single photon counting histograms were collected and fit with a stretched
exponential (see Appendix C Note 2) to extract carrier lifetimes shown in legend (see Appendix
C Figure S2b for additional PL lifetimes collected in this ROI and corresponding correlated

surface potential equilibration times).

To further examine this correlation between trEFM equilibration times and electronic
carrier dynamics, we investigate the effects of three established surface passivation agents:
APTMS,!'* 16 AEAPTMS,!* and PEAL’>*>» We prepared half-stacks with the architecture
glass/ITO/Me-4PACz/Cso.22FA0.78Pb(lo.ssBro.1s)3. Appendix C Figures S3-4 show UV-vis
absorbance, XRD, PL, and trPL characterization for the half-stacks. The samples exhibit a
Gaussian-shaped peak with a PL maximum at 755 nm, consistent with literature reports for this
composition.’® We fit the trPL decays using stretched exponential functions®® and summarize the
fit parameters in Appendix C Table 1. From the half-stack PL data, we extract an 18x, 2%, and 2x
improvement in the minority carrier lifetime for APTMS, AEAPTMS, and PEAI treatments
respectively. Appendix C Figure S5 show the average PL quantum yields for each half-stack,
which show a 13%, 4%, and 2x improvement for APTMS, AEAPTMS, and PEAI respectively. We

attribute these enhancements to a reduction in nonradiative recombination pathways.”!4-17-5



Figure 4.2a shows the surface potential equilibration times we measured with trEFM on
untreated and passivated samples plotted against the PL lifetime measured by trPL for those
samples. Appendix C Figure S6 show the trEFM maps for these samples and Appendix C Figure
S4 and Appendix C Table 1 summarize the trPL measurements. We see that the extracted surface
potential equilibration time scales proportionally to the carrier lifetime as measured on perovskite
half-stacks before and after passivation. These trends are consistent with our interpretation of the
trEFM probing the time it takes for the surface potential to equilibrate during photoexcitation,
largely influenced by the time it takes for carriers to reach new equilibrium profiles. As we reduce
nonradiative recombination pathways via passivation, we observe slower surface potential
equilibration times that correspond to enhanced minority carrier lifetimes, consistent with general
carrier generation and recombination kinetics.®” However, consistently, the dynamics measured via
trEFM are an order of magnitude larger than the average carrier lifetime measured via trPL,
indicating that we are not measuring the trPL lifetime with trEFM. This difference is due to the
nature of each experiment: trPL probes minority carrier population decay after pulsed excitation,
while trEFM probes the evolution of the carrier population to a new equilibrium distribution in

response to a step-function in photoexcitation.

In Figure 4.2b, we compare the trEFM time constant with the SRV computed from the
trPL data following Wang et al.'* (see Appendix C Note 3 for additional information on this
calculation). We find a strong inverse linear relationship between the dynamics measured by
trEFM and the log of the SRV with a Pearson correlation coefficient of -0.91 (with a p-value of
0.013), where a value of -1.0 would indicate a perfect inverse correlation. These results show that

the surface potential equilibration time measured by trEFM is predictive of the local SRV, meaning



we can use trEFM to characterize treatments for the suppression of nonradiative recombination at

perovskite surfaces.

The direct correlation we show between trEFM equilibration times and SRV underpins the
opportunity to image carrier dynamics below the optical diffraction limit. Figures 4.2¢,d show the
topography and surface potential equilibration times measured across a 2x1 um region of an
unpassivated perovskite half-stack. We measure surface potential equilibration times that range
from 3.7 — 5.6 ps, with grain boundaries exhibiting slower dynamics than grain interiors. Figures
4.2e,f show the topography and surface potential equilibration time images for an APTMS-treated
sample; APTMS polymerizes on the surface of the sample, changing the observed
topography.'>!81 As expected from the above analysis, the equilibration times measured by trEFM
are indeed significantly (~6x) slower after passivation. Furthermore, we can no longer differentiate
grain interiors from grain boundaries. However, we still observe heterogeneous equilibration times
across the ROI, indicating that passivated samples still exhibit local heterogeneity in SRV. We
show in Appendix C Figure S7 and Appendix C Table 2 that these results are consistent across

different regions and samples.
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Figure 4.2: Photoinduced dynamics measured by trEFM correlate to PL lifetime and
(inversely) to SRV, revealing nanoscale heterogeneity on unpassivated and passivated
samples. (a) Average trEFM 1 values plotted against minority carrier lifetimes measured by trPL
and (b) approximated SRV (see Appendix C Note 3 for SRV calculation). All trPL measurements
were carried out using a pulsed 640 nm laser operated at ~30 nJ/cm? — enough to generate 2x10"
cm™ carriers (1-2 Suns). (c) Topography of untreated half-stack and (d) corresponding trEFM 1t
map. (e) Topography of sample after APTMS-passivation with (f) trEFM 1t map. All trEFM
experiments here used a 405 nm laser with an incident intensity of ~150 mW/cm? (1.5 Suns)

operated in a quasi-steady state regime.



The data so far support our hypothesis that trEFM dynamics probe carrier equilibration
during photoexcitation, as dominated by SRV. To further examine this hypothesis, we use the open
source 1D drift-diffusion simulator lonMonger, which enables us to explore the effects of various
physical parameters, such as mobile ion concentration, excitation wavelength and intensity, and
carrier recombination rates, on surface potential dynamics.’""% To reproduce our experimental
setup, we model a device stack with an inverted, p-i-n architecture and we extract the potential
evolution at the active layer surface. We find that the simulated surface potential equilibrates on
the microsecond timescale, dependent on both the electronic carrier concentration and mobile ion
concentration evolution, consistent with our experimental observations. Appendix C Note 4
describes the relationship between electronic and ionic carrier populations and the surface potential

evolution further.

Figure 4.3a shows the simulated surface potential evolution as a function of SRV ranging
from 0.1 to 1000 cm/s, spanning the range of expected experimental values for untreated and

treated films,'>!316-36

and Figure 4.3b shows the simulated surface potential equilibration time
plotted against SRV. As we decrease SRV, the simulated surface potential takes longer to reach
the new steady-state, in agreement with the experimental trends from trEFM (Figure 4.2b). This
result is consistent with general behavior of rate equations and approach to equilibrium, where
carrier generation rate is equal to recombination rate: if we decrease the recombination rate by
suppressing SRV, then we will reach equilibrium more slowly (see Appendix C Note 4). While
we are not attempting to simulate the full 3D system quantitatively, the excellent qualitative
agreement between the experimental and simulated timescales further supports our physical

interpretation that changes in surface potential equilibration times upon passivation (Figure

4.2a,b) are primarily due to suppression of SRV. Appendix C Figures S8-9 show the relationship



between simulated surface potential equilibration time and bulk nonradiative and bimolecular

recombination processes. Appendix C Table 3 contains complete simulation parameter details.

We next turn to interpreting the slower trEFM kinetics at the grain boundaries observed in
our unpassivated samples. So far, we have established that known reductions in nonradiative
recombination result in slower surface potential equilibration times, clearly showing that trEFM
dynamics correlate with minority carrier lifetimes and SRVs. However, Figure 4.2d shows that
defect-rich grain boundaries in unpassivated samples also exhibit relatively slower equilibration
times. In our previous work on 2D butylammonium lead iodide (BA2Pbl4) perovskite materials,
we also observed slower trEFM dynamics at grain boundaries, which we proposed are caused by

increased contributions from slow ionic motion or trap-mediated electronic carrier transport.’!

We now support this hypothesis with additional simulations of ion motion. Figure 4.3¢
shows the simulated surface potential evolution as a function of the mobile ion concentration
ranging from 1x10'* cm™ to 1x10'7 ¢cm?, fixing the ion diffusion coefficient at 1x107"* cm?s™!
(parameter details are available in Appendix C Table 3).%*7° Figure 4.3d shows the simulated
equilibration times as a function of mobile ion concentration, where higher mobile ion
concentrations result in relatively slower surface potential equilibration times. This observation is
supported by Poisson’s Equation: as we increase the mobile ion concentration, the contribution of
slow ion motion to the surface potential dynamics increases, thus lengthening the equilibration
times (see Appendix C Note 4 for further discussion).5® These results suggest that slower surface

potential equilibration times measured at grain boundaries indeed result from higher local mobile

ion concentrations.
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Figure 4.3: Drift-diffusion simulations reveal influence of SRV and mobile ions on surface
potential evolution. (a) Simulated surface potential evolutions plotted against time with varied
SRV. (b) The average time constants describing the simulated surface potential equilibration times
with respect to SRV, showing slower equilibration behavior at lower SRVs. (c¢) Simulated surface
potential evolutions with varied mobile ion concentrations. (d) Average time constant that
describes the equilibration of the simulated surface potential traces with respect to mobile ion
concentration (No, cm™), showing slower equilibration behavior at higher mobile ion

concentrations. For complete simulation parameter details see Appendix C Table 3.

To better understand the slower dynamics at grain boundaries, we explore the effect of
different background illuminations intensities on the trEFM dynamics. Background illumination
creates a population of mobile electronic carriers which can screen charged defects, such as halide
vacancies or charge traps, masking their influence on observed dynamics. We thus expect
background illumination bias should have two net effects: (1) the surface potential equilibration
times should become faster due to overall higher electronic carrier concentrations reducing the

marginal contribution from slower ionic processes, and (2) the observed contrast between grain



boundaries and grain interiors should homogenize due to screening of both mobile ions and charge

traps.

Figure 4.4 presents data consistent with both these expectations. We apply a continuous
illumination bias to the ROI using an LED with a peak wavelength of 660 nm. While under this
constant illumination bias, we use the 405 nm laser at 110 mW/cm? incident intensity to
photoexcite the sample for trEFM imaging. We vary the illumination bias intensity from 0 mW/cm?
to 100 mW/cm?. Figure 4.4a shows the representative topography of the ROI, with the
characteristic nanoscale grains. Figure 4.4b-e show the surface potential equilibration time maps
measured by trEFM according to increasing illumination bias intensity (where Figure 4.4f returns
to 0 mW/cm?). Consistent with our hypothesis, Figure 4.4 shows that with increasing background
illumination intensity, the average equilibration time becomes faster, consistent with our
hypothesis above. Figure 4.4g shows the surface potential equilibration times for grain boundaries
and interiors plotted against illumination bias intensity. We see that with increasing illumination
bias, the difference between grain boundaries and interiors decreases, again consistent with our
hypothesis (Appendix C Figures S10-14 for detailed analysis and replicated results with 660 nm
and 455 nm illumination biases). Overall, these results are consistent with our earlier observations
and drift-diffusion simulations in both overall equilibration times, and the intensities/photocarrier

densities required to mask the grain boundary signals.
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Figure 4.4: Surface potential equilibration with varying background illumination bias
intensity. (a) Topography of 2x1 pm ROI. (b)-(e) Images of surface potential equilibration time
constants taken in the same ROI with increasing 660 nm bias illumination intensity ranging from
0 mW/cm? to 100 mW/cm?, with a step-edge 405 nm laser at 110 mW/cm? used for trEFM
excitation. (f) Reproduced trEFM time constant image at 0 mW/cm? showing return to unbiased
time constants. (g) Average grain interior and boundary trEFM time constants with respect to
background illumination bias intensity, error bars show standard deviation of masked pixel

selection (Appendix C Figure S10).



We stress test our model and interpretation with both intensity-dependent and wavelength-
dependent trPL and trEFM measurements. Appendix C Figures S15-19 and Table 4 show the
detailed analysis of these experiments and simulations, which are broadly consistent with our
interpretation. First, at higher excitation intensities we observe both faster trPL and faster trEFM
signatures, consistent with higher order recombination processes and a correspondingly faster
approach to equilibrium. Second, since we are exciting the half-stacks through the ITO with the
cantilever at the perovskite surface, redder wavelength illumination photoexcites carriers closer to
the surface of the film, resulting in a greater contribution from SRV to the surface potential

equilibration time.

Putting the experiment and simulation results together, Figure 4.5a illustrates the key
factors that influence the surface potential dynamics: the local mobile ion concentration and SRV.
Figure 4.5b shows simulated surface potential evolutions given parameters that approximate
unpassivated and passivated grain boundaries and interiors. In the unpassivated regime, slightly
higher mobile ion concentrations (grain boundaries) result in slightly slower equilibration times.
In the passivated regime, upon the suppression of SRV and reduction in mobile ion

concentration'®!?

the equilibration times become slower and indistinguishable. These results
suggest that the heterogeneity we observe in surface potential equilibration times after passivation

(Figure 4.2f) is primarily due to local variations in SRV. This work highlights trEFM’s ability to

diagnose passivator uniformity and efficiency on the nanoscale.
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Figure 4.5: Illustration of mobile ions and SRYV, which influence surface potential evolution,
supported by drift-diffusion simulations. (a) Illustration describing the effects of SRV and slow
ion migration, which are both reduced by surface passivation with APTMS. (b) Drift-diffusion
simulations of the surface potential where the primary difference between the grain interior and
grain boundary is the concentration of mobile ions (1x10'°> cm™ and 5x10'° cm™ respectively) with
a SRV of 100 cm/s; simulated surface potential evolution of passivated grain interiors and
boundaries have both reduced mobile ion concentrations and suppressed SRV values (5x10' cm-
3 and 1x10" cm™ for grain interiors and boundaries respectively, with a SRV of 0.1 cm/s). Note
that there are two blue, dashed traces representing the passivated condition that are

indistinguishable. For complete simulation parameters see Appendix C Table 3.



4.4 Conclusions

We demonstrate that in halide perovskites, trEFM probes local surface potential
equilibration time, which is influenced by both electronic carrier recombination and mobile ions.
We show that passivation results in slower equilibration times due to strong suppression of SRV,
and we directly correlate these equilibration dynamics to SRV obtained from trPL. Importantly,
we reveal local variations in SRV after surface passivation using trEFM, demonstrating the need
to optimize passivation treatments. Additionally, we conclude that slower equilibration times
observed at grain boundaries in unpassivated samples are caused by higher defect concentrations
that result in increased contributions of slow ion motion to the surface potential dynamics. These
advances highlight the ability to characterize not only the impact of perovskite nanostructure on
local carrier dynamics, but also to evaluate the effectiveness of passivation below the optical
diffraction limit at length scales relevant to modern halide perovskites. We anticipate the use of
sub-diffraction-limited imaging of carrier recombination dynamics to optimize perovskite

semiconductor devices and passivation treatments down to the nanoscale.
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Appendix A: Supporting Information for Chapter 2

A1l. Materials and Methods
1.1 Materials

All materials were purchased from Sigma-Aldrich or Alfa Aesar and used as received, unless
otherwise stated. Butylammonium iodide (BAI) and methylammonium iodide (MAI) were
purchased from GreatCell Solar Ltd.

1.2 Film preparation and device fabrication

All perovskite devices for SKPM measurement, with the structure of
glass/perovskite/PMMA/SiOx/Au, were prepared on glass substrates. The glass substrates were
sonicated in baths using detergent in de-ionized water, de-ionized water, acetone and 2-propanol
in sequence. BA2Pbls (n=1) perovskite solution was prepared by dissolving 1.8 M
butylammonium iodide (BAI) and 0.9 M lead (II) iodide (Pbl2) in dimethylformamide (DMF).
BA2MA3Pbalis (~<n>=4) perovskite solution was prepared by dissolving 0.5 M BAIL 0.75 M
methylammonium iodide (MAI), and 1.0 M Pbl2 in DMF. The perovskite solutions were spin
coated on plasma-treated substrates at 4000 rpm for 40 s, followed by thermal annealing at 100
°C for 10 minutes. For BA2MA3Pbali3 (~<n>=4) films, the glass substrates were pre-heated on a
hot plate at 130 °C, employing the hot casting method to fabricate the perovskite films.! The
thickness of the BA2Pbls (n=1) and BA2MA3Pbali3 (~<n>=4) perovskite films was around 500
nm and 300 nm respectively. The PMMA layer, with a thickness of ~ 160 nm as measured by
profilometry, was spin-coated from chloroform solution (25 mg/mL) at 4000 rpm for 40 s. On
top of the PMMA layer, >65 nm thick SiOx layer was e-beam evaporated. Finally, 70 nm gold
electrodes were thermally evaporated on top, and junctions with width ranging between ~8 um
and ~13 um were created using commercial tungsten wires of varied width on the evaporation
mask. We have also replaced the PMMA layer with another insulating polymer polystyrene (PS)

1.3 Scanning Kelvin force microscopy measurement

Scanning Kelvin probe microscopy (SKPM) measures the contact potential difference (CPD,
where Vepp = (dip — ¢sample)/-€) between the work functions of the tip (¢tip) and sample (@sample).
The CPD measurement can be in principle an extremely useful tool to gain information
concerning the work function, dopant concentration, and charge distribution of the sample being
measured. Unless otherwise stated, all the SKPM measurements were conducted at room
temperature (T = ~25 °C). Details for the measurement are as follows: Devices were imaged in a
flow cell under nitrogen protection. The SKPM measurements were carried out using an Asylum
Research MFP-3D (Oxford Instruments) atomic force microscope mounted on an inverted Nikon



Eclipse microscope and a customized piezo-stage. Cr/Pt-coated silicon tips (MikroMasch, 325
kHz, 40 N/m) were used to probe the SKPM signal. During the measurement, the cantilever was
oriented parallel to the junction and the scanning was carried out in the direction perpendicular to
the junction. Single line scans were achieved by measuring the same line across the electrode gap
repeatedly, and each line measurement took around 16 — 17 s to finish. The two gold electrodes
at the two ends of the junctions were connected to a Keithley 2400 power supply, with one side
grounded and the other side biased with a +9 V bias. The SKPM measurement was conducted in
a frequency-modulated mode, which allows electrical characterization with better sensitivity
compared to conventional amplitude-modulated mode. An AC bias was applied to the tip (700
kHz, 2 V peak-to-peak) from an Agilent 15 MHz Function/Arbitrary Waveform Generator. The
electrostatic tip-sample interactions induce the oscillation of the cantilever, the cantilever
oscillation is isolated using a lock-in-amplifier (Stanford Research Systems Model SR830) and
set to a feedback circuit. The feedback circuit tries to minimize the frequency shift by applying a
DC bias to the tip (referred to as Vpc or Vip). Since the Vip 1s the potential applied to the tip to
nullify the CPD, the CPD in principle can be calculated simply by taking the inverse additive of
Vip. All of the potential curves shown in this study refer to Vip unless otherwise stated.
Meanwhile, for the light intensity dependent SKPM measurement, a 455 nm blue LED
(LEDEngin LZ4) was coupled and focused through the microscope optics onto the sample where
the AFM tip was placed. The temperature dependent SKPM measurements were completed in an
Asylum Research Cypher ES Environment, with a temperature-controllable stage to adjust the
temperatures. All of the potential profiles shown in the manuscript and supporting information
are given by assuming the contact potential difference between the tip and the gold electrode as
Zero.

1.4 X-ray diffraction measurement

The X-ray diffraction measurements of BA2Pbls (n=1) and BA2MA3Pbali3 (~<n>=4) perovskite
films on glass substrates were conducted using a Bruker D8 Discover with a Pilatus 100 K large-
area 2D detector (Cu Ka radiation at 50,000 mW).

1.5 UV-Vis Absorbance measurement.

UV-Vis absorbance spectra of the BA2Pbl4 (n=1) and BA2MA3Pbali3 (~<n>=4) perovskite films
on glass substrates were recorded on an Agilent 8453 UV-Vis Spectrometer in a range of 400 —
800 nm and an integration time of 0.5 s.

1.6 Activation Energy (E,) calculations.

At each timestep, the positive and negative potential peak values were extracted at 283,
293, 303, and 313 K for BA2Pbls (n=1) and BA2MA3Pbali3 (~<#n>=4) in the dark and under
illumination. Those values were then fitted with either single- or bi-exponential functions and the



decay rates were extracted for the positive and negative potential values at all temperatures. In
the case of bi-exponential fits, the decay rate was calculated as the weighted average of the two
decay rates. The decay rates were then plotted against temperature and fitted to the Arrhenius
equation using a non-linear ordinary distance regression. In the fit, errors in the temperature were
assumed to be + 2 K and errors in the decay rate were assumed to be + 10% of the decay rate
value at each data point to account for instrumental error. From this fit, activation energies were
calculated for positive and negative potential peaks (charge pairs) in the dark and in the light for
BA2Pbl4 (n=1) and BA2MA3Pbali3 (~<n>=4).

1.7 Drift-Diffusion Simulations

1-D Drift-diffusion simulations were performed on COMSOL Multiphysics 5.5, using a Nernst—
Planck-Poisson interface that combines electrostatics and transport of diluted species. As there
are no convections and magnetic fields in our system, the equations governing the charge
dynamics become

dc
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where J is the diffusion flux density, ¢ is time, D is the diffusivity of the chemical species, c is the
concentration of the species, z is the valence of ionic species, e is the elementary charge, ks is the
Boltzmann constant, 7 is the temperature, and V is the electric potential. For the boundary
condition, we set no electronic carrier or ionic species exchange with the electrode (or the
materials underneath the electrode, as we performed 1D simulation whereas the real device is a
3D stack), i.e. J(0)=J(L)=0, where L is the channel length 10um.

We set the charge of cations and anions to be +1 and -1, respectively. We also add electrons and
holes, of which the mobilities are set to be ~10 cm?/Vs, corresponding to a diffusivity D ~ 0.26
cm?/s, and the concentrations are listed in Figure S4. We note that, though the model is not
particularly designed for semiconductor simulations, it should be valid for electronic carriers at
the chosen low concentrations as those are still in the Maxwell-Boltzmann regime. We also note
that the mobilities of ionic species are on the order of 1071°~10 ¢cm?/Vs, which differentiate
them from the electronic carriers in the modeled system. For the space charges, i.e. the p-dopants
or n-dopants, we set their diffusivities D to be zero. The potential distribution shown in Figure
S4 is at 10 ms after applying the voltage. Indeed, due to the more than 10 orders of magnitude
mobility difference between the electronic carriers and ionic species, the potential distribution
remains ‘static’ over the time range of microseconds to the first few seconds, regardless of the
ionic species input, which is referred as the electronic equilibrium condition. As noted in the
main text, the ionic charging process may be a result of the electric field induced by electronic
carriers, as the electronic carriers screen the applied electric field and drift on a timescale orders
of magnitude faster than ionic carriers.



A2. Supplementary figures and discussions

2.1 Perovskite film morphologies
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Figure S1. The top-view morphologies of the as-fabricated (a) 2D BA2Pbls (n=1) and (b) quasi-
2D BA:MA3Pbalis (~<n>=4) perovskite films.

The top-view morphologies of perovskite films on glass substrates were obtained by atomic
force microscopy in the tapping mode. Both the BA2Pbl4 (n=1) and BA2MA3Pbali3 (~<n>=4)
perovskite films show good crystallinity with flat and compact morphologies. The grain sizes for
the BA2Pbl4 (n=1) perovskite films are up to several micrometers, while around several hundred
nanometers for the BA2MA3Pbali3 (~<n>=4) perovskite films.

2.2 UV-Vis Absorbance spectra.
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Figure S2. The UV-Vis absorbance spectra of the as-fabricated 2D BA2Pbl4 (n=1) and quasi-2D
BA2MA3Pbalis (~<n>=4) perovskite films.



For the BA2Pbl4 (n=1) perovskite film, we observed a strong excitonic peak at the wavelength of
~500 nm. The excitonic peak is the result of the quantum confinement in the inorganic spaces as
well as the dielectric mismatch between the inorganic and organic layers.>* The excitonic peak
was not completely captured because its intensity exceeded the limit of the equipment. In
contrast, the BA2MA3Pbali3 (~<n>=4) perovskite film shows more broaden absorption range,
with the absorption edge extending to around ~780 nm, and with several small excitonic peaks at
wavelengths between 600 nm and 750 nm. This indicates that the as-fabricated BA2MA3Pbali3
perovskite films is a mixture of 3D perovskites and 2D perovskites of varied » value.

2.3 X-ray diffraction patterns.
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Figure S3. The X-ray diffraction patterns of the 2D BA2Pbl4 (n=1) and quasi-2D BA2MA;3Pbali3
(~<n>=4) perovskite films.

For the BA2Pbl4 (n=1) perovskite film, the main diffraction peak (26 = 6.42 °) corresponds to
the (002) plane, indicating the in-plane orientation of the perovskites.* For the BA2MA3Pbali3
(~<n>=4) perovskite films, the main diffraction peak (26 = 28.40°) corresponds to the (202)
plane, indicating the out-of-plane orientation of the perovskites.!



2.4 Drift-Diffusion simulations at the electronic equilibrium condition
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Figure S4. Drift-diffusion simulated potential profiles at electronic equilibrium, i.e. within the
first scan during the charging process. (a) equal electron and hole density (n = p) with varying
mobile charge density (in the unit of cm™). (b) asymmetric potential drop as predicted for n-
doped (red) and p-doped (blue) semiconductor. (c) a p-doped semiconductor (Na = 1E15 cm™)
with varying photogenerated carrier density.

The potential distribution at electronic equilibrium greatly depends on the background mobile
charge density. These figures explain the origin of potential distribution difference between n=1
and ~<n>=4 films to be that n=1 film is more intrinsic (n, p, ~ 2E14 cm™) whereas the ~<n>=4
film is self p-doped (Na = 1E15 cm™). These simulation results further explain the potential
evolution under illumination to be a result of photogenerated carriers in help screening the
external electric field.



2.5 Proposed ion charging/discharging mechanism
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Figure S5. The proposed ion charging mechanism (a), electric field (b), and potential (c) profiles
at electronic equilibrium (1% column); the proposed ion motion equilibrium with the field and
chemical gradients (d), electric field (e), and potential (f) at the overall steady state (2"¢ column),
i.e. long time after charging; the ionic charge density (g), electric field (i), and potential (h) at the
ionic equilibrium (3™ column), where the experimental traces (solid) are measured immediately
after removing the bias and the reconstructed traces (dashed) are calculated from subtracting the
short time from the long time experimental potentials.

The charging process represent two responses (electronic/ionic) occurring on different
timescales. In chronological order: (1) the bias is applied, at times faster than we can resolve the
potential drop should be linear (not shown); (2) the electronic carriers respond, leading to the
early time potential and field profiles shown in the experimental traces in the left column of
Figure S5 (Figure S5 (c) & (b)), this is the potential trace we measure immediately (a few sec)
after poling. (If the bias is quickly removed at this point, very little ionic build up is observed).
As the figure show the electric field is substantially screened — a high electric field is only
located near the two contacts whereas the electric field in the center is near zero. Therefore, only
ions at those high-field edges will drift to the right (Figure S5 (a)), but those near the center



remain at their equilibrium location (here we draw only for the BA2Pbl4 (n=1) case, where the
mobile ionic species should only be the positively charged halide vacancies) (3) After longer
times (hundreds of seconds) the ionic charge carriers in the high field regions have migrated
under the net field, coming to equilibrium with the field and the chemical concentration gradient
(Figure S5 (d)). Eventually, the ions stop moving further along the electric field, possibly
indicating a limiting reaction, either depletion of the ion density, or reaction between the high
densities of the ions and electronic carriers. The exact chemical mechanism of this reaction will
likely require in depth study. The resulting experimental long-time/equilibrium electric potential
and field profiles are shown in the middle column of the figure (Figure S5 (f) & (e)). (4) Finally,
after the bias is removed, the electronic carriers rapidly return, leaving a snapshot of the long
time local ionic charge distribution behind as shown in the third column, experimental Figure S5
(g)-(h), [solid trace, immediately after removing the long-time poling bias]. Consistent with this
proposal, we can “reconstruct” the ionic-only potential and field by subtracting the short time
from long time electric potentials (red dashed traces in Figure SS (g)-(h)). The resulting traces
agree remarkably well, as seen in Figure S5 (g), implying that the equilibrium “linear” potential
profile results from a superposition of the early time “electronic” profile and the longer time
“ionic” profile. The resulting charge density distribution is also consistent with the scheme we
proposed for the charging process (Figure S5 (g) vs. (d)).



2.6 Potential profiles for samples with different poling time.
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Figure S6. The charging, discharging potential profiles and charge carrier densities of BA2Pbl4
(n=1) based devices under illumination with (a-c) ~ 300 seconds’ full poling, and (d-f) 16 — 17
seconds’ incomplete poling. All of the potential profiles have been shifted so that the grounded

electrode is fixed at zero (essentially removing the small CPD between the tip and the gold
electrode).



2.7 Potential, Field, and Charge Density from Experimental SKPM Data via

Poisson Equation
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Figure S7. Calculated electric field and charge density distribution during the discharging
process for BA2Pbls (n=1) perovskite films (a) in the dark and (b) under illumination, and
BA:MA3Pbalis (~<n>=4) perovskite films (c) in the dark and (d) under illumination. The lines
evolve in time from the dark purple to the dark red line. The light yellow overlays indicate the
position of the gold electrodes. The wiggles in the middle junction of electric field and charge
density plots are artifacts due to the differentiation process. All of the potential profiles have
been shifted so that the grounded electrode is fixed at zero (essentially removing the small CPD
between the tip and the gold electrode).

2.8 The light intensity dependent ion migration behavior for BA,Pbl,4 (n=1)
perovskite samples.
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Figure S8 Potential profiles, evolving from dark purple lines to bright red lines as light
illumination intensity increases, for BA2Pbl4 (n=1) based devices during the (a) charging and (b)
discharging process under light illumination. All of the potential profiles have been shifted so
that the grounded electrode is fixed at zero (essentially removing the small CPD between the tip
and the gold electrode).



2.9 Potential profiles/decay profiles of devices using polystyrene/SiOx or
PMMA (varied thickness)/SiOx as the insulator.
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Figure S9. The (a) charging and (b) discharging potential profiles of BA2Pbl4 (n=1) based device
that uses polystyrene/SiOx as the insulating layer. A comparison between the decay profiles/rates
that (c) ~ 150 nm — thick polystyrene, (d) ~ 70 nm — thick PMMA, (e) ~ 160 nm - thick PMMA,
and (f) ~ 270 nm — thick PMMA, together with ~ 65 nm — thick SiOx as the insulating layer. All
of the potential profiles have been shifted so that the grounded electrode is fixed at zero
(essentially removing the small CPD between the tip and the gold electrode).



2.10 Decay curves of BA,Pbl, (n=1) perovskite samples measured at different
temperatures.
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(d) Under light: positive potentials
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Figure S10. Decay curves and the corresponding fitted curves of (a, ¢) negative potentials and
(b, d) positive potentials for BA2Pbls (n=1) perovskite samples measured at different
temperatures, in the dark and under light illumination. The data are obtained by extracting both
the negative and positive potential peaks at each time step and then are fit with exponential
functions to determine decay rates.



2.11 Decay curves of BA>MA;Pb4lis (~<n>=4) perovskite samples measured at
different temperatures.
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Figure S11. Decay curves and the corresponding fitted curves of (a, ¢) negative potentials and
(b, d) positive potentials for BA2MA3Pbali3 (~<n>=4) perovskite samples measured at different
temperatures, in the dark and under light illumination. The data are obtained by extracting both
the negative and positive potential peaks at each time step and then are fit with exponential
functions to determine decay rates.



2.12 Comparison of activation energies for BA,Pbls (n=1) and BA;MA;3;Pb4l3
(~<n>=4) perovskite films.
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Figure S12. A graphical comparison of the activation energies obtained for BA2Pbls (n=1) and
BA:MA3Pbaliz (~<n>=4) perovskite films both in the dark and under illumination with the
associated error bars.
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Appendix B: Supporting Information for Chapter 3

B1. Experimental Methods

1.1 Sample preparation

A 1.2 M Cso.22FA0.78Pb(lo.s5Bro.15)3 solution was prepared by mixing the correct molar ratio of
Pblz (TCI, 99.99%, for perovskite precursor), PbBr2 (Alfa Aesar, 99.999%, ultra dry),
Formamidinium iodide (Great Cell Solar, >99.99%), Csl (Alfa Aesar, 99.999%) and a 3 mol%
relative to the Pb content equivalent of PbClz (TCI, >99.0%, for perovskite precursor) and
Methylammonium chloride (Xi’an Polymer Light Technology Corp., >99.5%) in a 3:1 solvent
ratio of N,N-Dimethylformamide (DMF) and Dimethyl sulfoxide (DMSO). Glass and indium tin
oxide (ITO) coated glass substrates 1.5 cm? in size were cleaned by sequential sonication in
water containing ~2% Micro-90 detergent, DI water, acetone, and isopropanol for 10 minutes
each. The substrates were ozone-cleaned for 23 minutes prior to spincoating. The perovskite
solution was filtered through a 0.2 pum PTFE membrane filter. Approximately 60 uL of the
perovskite solution was deposited on top of the substrate and spincoated at 5000 rpm for 50 s
with an acceleration of 2500 rpm/s. After 25-30 s, 200 uL of a Methyl acetate antisolvent was
deposited on the spinning substrate. The thin film was then annealed for 30 min at 100 °C on a
hot plate.

A 1.2 M Cso.17FA0.83Pb(l0.75Bro.25)3 solution was prepared by mixing the correct molar ratio of
Pblz (TCI, 99.99%, for perovskite precursor), PbBr2 (Alfa Aesar, 99.999%, ultra dry),
Formamidinium iodide (Great Cell Solar, >99.99%), Csl (Alfa Aesar, 99.999) in a 4:1 solvent
ratio of DMF and DMSO. The same cleaning and solution filtration was carried out as described
above. Using dynamic spincoating, the substrate was allowed to spin at 1000 rpm for 10 s with
an acceleration of 200 rpms/s and around 80 pL of the perovskite solution was deposited on top
of the substrate after 3 s of spinning. Next, the spincoater ramped up to 5000 rpm for 35 s with
an acceleration of 800 rpm/s and 330 pL of an anisole antisolvent was deposited at 5 s remaining.
The thin film was then annealed for 45 min at 100 °C on a hot plate.

For hyperspectral measurements, perovskite samples deposited on glass were encapsulated in a
nitrogen glovebox. The encapsulation method uses a second glass slide to sandwich the
perovskite thin film between the substrate and the other glass slide. UV curable BLUFIXX
epoxy is used along the edges and corners of the glass sandwich to seal them together in the
nitrogen atmosphere.

1.2 Surface passivation with APTMS

APTMS passivation of the perovskite films was performed at room temperature and ambient
conditions in a vacuum oven for 5 mins. A volume of 500 pL of APTMS was placed in a 4 mL
vial with the perovskite film placed face up near the vial. The vial and film were covered with a
500 mL glass jar inside of the chamber and was pumped down to -26 In. of Hg relative to
atmospheric pressure. Schematics for the silane deposition can be found in Ref. 1.!



1.3 Time-Resolved Photoluminescence (TRPL)

TRPL was measured using a PicoQuant Picoharp 300 TCSPC system equipped with a 640 nm
pulsed diode laser with a high average power of 30 mW. The laser was pulsed at repetition rates
of 500 kHz and 83 kHz for the control and APTMS passivated films, respectively, in order to
capture the full decay trace and prevent photon pile-up at the detector. The excitation fluence
used for both samples was ~3.4 nJ/cm?. The PL emission was passed through a 700 nm long-pass
filter before reaching the detector. The PL data was fitted using a stretched exponential function
with the characteristic lifetime (tc) and B factor used as fitting parameters, as described in
Equation 1. For this measurement, the perovskite samples were deposited on glass and were
measured in ambient conditions immediately after removal from a dry-nitrogen glovebox.

Equation 1.

<T1> =%CF(%)

A summary of the fitted results in Table 1 show an ten-fold enhancement in the lifetime after
APTMS passivation as well as an increase in the  factor — which suggests a reduction in the
distribution of relaxation rates.

Table S1. Stretched exponential fitting parameters for Cso.22FA0.7sPb(lo.85Bro.15)3 control and
APTMS-passivated samples

Control APTMS-passivated
B factor 0.598 0.832
tc (ns) 79.90 817.56
<t> (ns) 120.78 1015.60

1.4 Poling-based scanning Kelvin probe microscopy

Scanning Kelvin probe microscopy (SKPM) is a technique used to the contact potential
difference (CPD) between the atomic force microscopy (AFM) tip and the sample. The CPD is
determined by the difference between the work function of the tip and the sample (Vpp =
—(Prip — Psampie)/€).” Thus, electrical changes that occur in the sample to shift the work
function of the sample can be understood through the CPD. All measurements were performed at
room temperature, in the dark, and in a nitrogen flow cell. The SKPM measurements were made
using an Asylum Research MFP-3D (Oxford Instruments) atomic force microscope mounted on
an inverted Nikon Eclipse microscope and a customized piezo-stage. Cr/Pt-coated silicon tips
(MikroMasch, 325 kHz, 40 N/m) were used to probe the CPD. The SKPM measurements were
made using the conventional amplitude-modulated (AM) mode with the standard lift-based
method.

For this experiment, the SKPM measurement technique was modified to include an extra step to
pole mobile charges towards the surface. First, the topography of a line is measured during a
single-pass. Second, the cantilever lifts up to a set lift height, the AFM head is used to apply a set




DC bias to the tip while the ITO substrate is grounded, and a double-pass is performed across the
line. Applying this bias to the tip creates a vertical electric field to pole mobile charges to the
surface and prevented charge injection into the film by having the atmosphere act as an insulator
between the tip and sample. Next, the DC bias to create the electric field is removed and the
system transitions into the CPD measurement. Finally, an AM mode SKPM single-pass is
performed to measure the CPD after poling. This process occurs for each individual line
collected in the images.

1.5 SKPM image processing

Due to applying relatively large biases to the tip during the SKPM measurements and length of
the measurement, the AFM tip is prone to both picking up contaminant or dulling which may
lead to drift in the measured CPD. These errors are corrected by collecting a quick, low
resolution CPD image with no applied bias to the tip in a region 30 um away from the poled
measurement area, as shown in Figure S3. This is performed prior to every image. The average
CPD from the low resolution image is then subtracted from the following CPD image measured
with an applied bias. Small line-to-line deviations that result in “streaky’ images are also
corrected for by using detrend function from the python scipy library to subtract a linear least-
squares fit from the data at each line. Finally, the average CPD prior to detrending is added back
to the image. These corrections allow for high quality images while retaining the meaning of the
data even as the state of the tip changes throughout the measurements.

We create the binary mask to separate out domain centers from domain interfaces by first
aligning the stack of image based on the topography. Next, we manually create a custom mask
based on the topography to identify the domain interfaces. Using this mask, we extract the
coordinates of the domain interfaces and use a pairwise distance function built in to SciKit Learn
and calculate the average CPD with respect to distance from the nearest domain interface pixel.

1.6 Hyperspectral microscopy

Hyperspectral measurements were made using a Photon etc. IMA upright microscope fitted with
a transmitted darkfield condenser and a 60X objective (Nikon Plan RT, NA 0.7, CC 0-1.2).
Widefield, diffraction limited imaging is capable of being captured at a spectral range of 400 to
1000 nm with a lateral resolution of up to ~350 nm using a ThorLabs 1501M-USB 1.4
Megapixel cooled charged-coupled device (CCD) camera. The perovskite samples were
deposited on glass and were excited with a 532 nm, 3W laser at a power density of ~600
mW/cm?. A tunable Bragg filter is used by the hyperspectral microscope to image sample
emission at specific wavelengths to generate a “Hyper Cube”, which contains spectral
information at each pixel. Hyperspectral images were collected for Cso.22FA0.78Pb(lo.8sBro.15)3
control and APTMS passivated samples on glass that were encapsulated in a nitrogen glovebox
with a spectral step size of 2 nm and integration time of 1.5 s per wavelength.

1.7 X-ray Diffraction

The X-ray diffraction measurements of Cso.22FA0.78Pb(lo.85Bro.15)3 and Cso.17FA0.83Pb(l0.75Bro.25)3
perovskite thin films on glass substrates with and without APTMS surface passivation were



conducted using a Bruker D8 Discover with a Pilatus 100 K large-area 2D detector (Cu Ka
radiation at 50,000 mW). The perovskite samples were measured in ambient conditions
immediately after being removed from a dry-nitrogen glovebox.

1.8 UV-Vis Extinction

UV-Vis extinction spectra of the Cso.22FA0.7sPb(lo.s5Bro.15)3 and Cso.17FA0.83Pb(10.75Bro.25)3
perovskite thin films on glass substrates with and without APTMS surface passivation were
measured on an Agilent 8453 UV-Vis Spectrometer in a range of 400 — 800 nm and an
integration time of 0.5 s. The perovskite samples were measured in ambient conditions
immediately after being removed from a dry-nitrogen glovebox.




B2. Supplementary figures and discussions

2.1 X-ray diffraction patterns
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Figure S1. X-ray diffraction for (a) Cso.22FA0.78Pb(lo.8sBro.15)3 and (b) Cso.17FA0.83Pb(l0.75Br0.25)3
control and APTMS passivated films. UV-vis extinction spectra for (c) Cso.22FA0.7sPb(l0.85Br0.15)3
and (d) Cso.17FA0.83Pb(lo.75Bro.25)3 control and APTMS passivated films.



2.2 SKPM energy band diagram

eVepp

EVac R

A .
ll-Il-Il-IIIIIIII‘IIIIIIIII.‘='.‘

¢$ / ¢tip

.0

Ll'ﬂ

Perovskite Surface

Figure S2. Illustration of the energy band alignment between the perovskite surface and AFM
tip. Shown in black is the energy alignment when the CPD is measured without an applied field
and shown in red is the alignment when the CPD is measured under a negative tip bias — which
poles positive charges (halide vacancies) to the surface and induces further bending of the bands.

2.3 SKPM potential drift correction
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Figure S3. Low resolution (a, d) topography and (b, €) CPD of Cso.22FA0.78Pb(lo.8sBro.15)3 control
and APTMS passivated films, respectively, at a region 30 um away from poling-based SKPM
region. The measured CPD at this location is used to track and correct for drift in the measured
CPD in our regions-of-interest. (c,f) Measured CPD of region used to track the drift in the
control and APTMS passivated films, respectively, compared with the actual measured data
shown for each collected image.

In Figure S4, we examine the perovskite CPD after completing poling in both the positive and
negative direction. In the unpassivated sample, we see that the CPD remains shifted after poling,
whereas the APTMS-passivated sample returns close to its pre-poling state. This result shows that
the passivated film is more resilient to permanent changes at the surface induced by poling.

2.4 CPD pre- and post-poling
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Figure S4. (a,e) Topography of the Cso.22FA0.78Pb(l0.85Bro.15)3 control and APTMS-passivated
films. (b,f) Baseline CPD of the control and passivated films measured at 0 V. (c,g) CPD of the
control and passivated films measured at 0 V after sweeping the tip bias in the positive direction.
(d,h) CPD of the control and passivated films measured at 0 V after sweeping the tip bias in the
negative direction.
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We show in Figure S5 the same /ocal-poling based SKPM measurement on a second perovskite
composition with the composition Cso.17FA0.83Pb(l0.75Bro.25)3. We observe similar changes in the
average CPD and heterogeneity after APTMS passivation, but to a lesser extent. The decreased
effect of APTMS here may be due to decreased ion motion in the perovskite formulation or varying
degrees of passivation effectiveness on varying chemical compositions, but nonetheless shows the
reproducibility of this measurement.

2.5 Poling experiment on alternative perovskite formulation
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Figure SS. (a) Topography and (b-d) CPD of a Cso.17FA0.83Pb(l0.75Bro.25)3 control film measured
with applied tip biases of 0, +3, and -3 V. (e¢) Topography and (f-h) CPD of APTMS passivated
film measured with applied tip biases of 0, +3, and -3 V. All CPD images are shown on the same
color scale to show the differences between the two samples. (1) Probability density distribution
of the shift in CPD relative to the baseline CPD for control and APTMS passivated films
measured at -2 V. (j) CPD shift relative to the baseline CPD as a function of bias for control and

APTMS passivated films. (k) FWHM as a function of applied tip for control and APTMS
passivated films.

2.6 Probability density distributions of CPD shift
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Figure S6. Overall probability density distributions for (a) Cso.22FAo.7sPb(lo.ssBro.15)3 and (b)
Cso0.17FA0.83Pb(l0.75Br0.25)3 control and APTMS passivate films as a function of applied tip bias.

2.7 CPD relative to distance from domain interface
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Figure S7: Measure CPD as a function of distance to the nearest domain interface for
Cs0.22FA0.78Pb(lo.85Bro.15)3 control and APTMS passivated films at biases of (a) 0V, (b-d) -1 to -3
V, and (e-g) +1 to +3 V.

2.8 CPD image contrast relative to tip bias
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Figure S8: (a) Topography and (b-d) CPD of a Cso.22FA0.7sPb(l0.85Br0.15)3 control film at 0, +3,
and -3 V bias, respectively. (¢) Topography and (f-h) CPD of an APTMS passivated film at 0, +3,
and -3V bias, respectively.

We analyzed the measured CPD as a function of sample morphology by exploring the
dependence of the CPD on the area of each domain. We used the same masks to separate out
sample domain and domain interfaces to identify individual domains, as shown in Figure S9a
and c, and calculate both the area and average CPD of each domain. We show the CPD as a
function of domain area for Cso.22FA0.78Pb(lo.8sBro.15)3 control and APTMS-passivated in Figure
S9b and d. We do not see an obvious trend of CPD with domain area and we observe that the
measured values at all area agree well with the average CPD of the scanned area.

2.9 CPD relative to domain size
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Figure S9: (a,c) Map of individually selected domains of Cso.22FA0.7sPb(lo.85Br0.15)3 control and
APTMS-passivated films. (b,d) Mean CPD as a function of domain area. The red, dashed line
show the average CPD of the whole imaged area.

2.10 Hyperspectral PL intensity maps
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Figure S10. Overall PL intensity map of the Cso.22FA0.7sPb(l0.85Bro.15)3 control film after photo-
soaking times of (a) 0 s and (b) 1865 s. (c) Overall PL intensity map of the APTMS passivation
film after photo-soaking times of (¢) 0 s and (d) 1865 s.

2.11 Halide phase segregation analysis
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Figure S11. (a) Histograms to show the density of pixels emitting at wavelengths in the range of
735-785 nm for Cso.22FA0.78Pb(lo.85Br0.15)3 control and APTMS passivated films before and at the
end of photo-soaking. The dashed black line shows the 765 nm threshold used to separate out
mixed-phase and iodide-rich phase regions. (b) Shift in the emission wavelength for control and
APTMS passivated films in regions that are mixed and iodide rich. (¢) The extent of phase-
segregation calculated fraction of iodide-rich to mixed-phase pixels relative to the initial phase
segregation in control and APTMS passivated films.
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Appendix C: Supporting Information for Chapter 4

C1. Experimental Methods

1.1 Materials

Lead iodide (99.99%, for perovskite precursor) and Me-4PACz (>99.0%) were purchased from
TCI. Lead bromide (99.999%, ultra dry) and cesium iodide (99.999%) were purchased from Alpha
Aesar. Formamidinium iodide (>99.99%), phenethylammonium iodide, and methylammonium
chloride (>99.99%) were purchased from Greatcell Solar Materials. Aluminum oxide
nanoparticles dissolved at 20 wt% was purchased from Sigma Alrich. All other materials were
purchased from Sigma Aldrich.

1.2 Sample preparation

All preparation of perovskite samples were performed in a N2 glovebox.

A 1.2 M Cso.17FA0.83Pb(l0.75Bro.25)3 solution was prepared according to previous literature reports*’
by mixing the correct molar ratio of Pbl2, PbBr2, FAI, and CsI in a 4:1 solvent ratio of N,N-
Dimethylformamide (DMF) and Dimethyl sulfoxide (DMSO). 1.5 ¢cm? indium tin oxide (ITO)
coated glass substrates were cleaned by sequential sonication in DI water containing ~2% Micro-
90 detergent, DI water, acetone, and isopropanol for 10 minutes each. The substrates were ozone-
cleaned for 23 minutes prior to spincoating. Me-4PACz was dissolved in DMF at a concentration
of 50 mg/mL and subsequently diluted to 1 mg/mL in isopropanol. Approximately 60 pL of the 1
mg/mL Me-4PACz solution was deposited on the substrate and spincoated at 5000 rpm for 30 s
with an acceleration of 800 rpm/s. The film was annealed at 100°C for 10 minutes. Next, 100 pL
of a solution with the ratio 1:150 AloO3 nanoparticle to ispropanol was spincoated at 6000 rpm for
30 s with an acceleration of 800 rpm/s to wash off excess Me-4PACz and improve wettability. The
substrates were annealed at 100°C for 30 s. Finally, 70 pL of the perovskite precursor solution
were deposited on the substrate and spincoated at 1000 rpm for 10 s with an acceleration of 200
rpm/s followed by spinning at 5000 rpm for 35 s with an acceleration of 800 rpm/s; 10 s before
the completion of the final spincoating step, 300 uL of anisole was dynamically deposited on the
sample. The sample was annealed at 100°C for 45 minutes.

A 1.2 M Cso.22FA0.78Pb(l0.8sBr0.15)3 solution was prepared by mixing the correct molar ratio of Pbl,
PbBr2, FAIL, Csl and a 15 mol% relative to the Pb content equivalent of MACI to improve
crystallization in a 4:1 solvent ratio of N,N-Dimethylformamide (DMF) and Dimethyl sulfoxide
(DMSO). Indium tin oxide (ITO) coated glass substrates 1.5 cm? in size were cleaned by sequential
sonication in DI water containing ~2% Micro-90 detergent, DI water, acetone, and isopropanol for
10 minutes each. The substrates were ozone-cleaned for 23 minutes prior to spincoating. Me-
4PACz was first dissolved in DMF at a concentration of 50 mg/mL and was subsequently diluted
to 1 mg/mL in 2-propanol (IPA). Approximately 60 pL of the 1 mg/mL Me-4PACz solution was
spincoated on the substrates at 5000 rpms for 30 s with an acceleration of 800 rpm/s and annealed
at 100 °C for 10 min. Next, 100 puL of IPA was dynamically spincoated on the substrate to wash



away excess Me-4PACz at 6000 rpm for 30 s with an acceleration of 800 rpm/s and annealed at
100 °C for 5 min. Following that, Al2O3 nanoparticles suspended in IPA was diluted further with
IPA by 1:150. Approximately 50 puL of the Al2O3 solution was spincoated at 6000 rpm for 30 s and
annealed at 100 °C for 50 s to improve the wettability of perovskite on the Me-4PACz layer. The
perovskite solution was filtered through a 0.2 um PTFE membrane filter. Approximately 60 pL of
the perovskite solution was dynamically deposited on top of the substrate and spincoated at 1000
rpm for 10 s with an acceleration of 200 rpm/s followed by spinning at 5000 rpm for 35 s with an
acceleration of 800 rpm/s. After 25-30 s of the second step, 330 uL of an anisole antisolvent was
dynamically deposited on the spinning substrate. The half-stack was then annealed for 30 min at
100 °C on a hot plate.

1.3 Passivation

APTMS and AEAPTMS passivation of the perovskite half-stacks was performed at room
temperature and ambient conditions in a vacuum oven for 4 mins. A volume of 500 pL of the silane
was placed in a 4 mL vial with the perovskite sample placed face up near the vial. The vial and
sample were covered with a 500 mL glass jar inside of the vacuum chamber, and the pressure was
pumped down to -26 inHg relative to the atmospheric pressure, as described in previous work.'®

PEALI passivation was performed in a nitrogen glovebox by first preparing a 0.030 M solution of
PEAI in IPA. Next, 100 puL of the PEAI solution was dynamically spincoated on the perovskite
surface at 3000 rpm for 30 s with an acceleration of 800 rpm/s. Following treatment with PEAI,
the sample was left to rest in the nitrogen glovebox in the dark for ~24 hours prior to making
measurements.*’

1.4 UV-Vis characterization

UV-Vis absorption spectra of the perovskite control and passivated half-stacks were collected
using an Agilent 8453 UV-Vis Spectrometer in a wavelength range of 200-1100 nm and an
integration time of 0.5 s.

1.5 XRD characterization

X-ray diffraction measurements of the perovskite control and passivated half-stacks were
measured using a Bruker D8 Discover with a Pilatus 100 K large-area 2D detector with Cu Ka
radiation at 50,000 mW.

1.6 Photoluminescence characterization

trPL was measured using a PicoQuant Fluotime 100 spectrometer and Picoharp 300 TCSPC system
equipped with a 640 nm pulsed diode laser with a high average power of 30 mW and 90 ps pulse
width. The repetition rate of the pulsed laser was controlled with an external function generator.
The laser was pulsed with an excitation intensity of ~ 30 nJ/cm?, in order to capture the decay at a
carrier density near that of one Sun power. The PL emission was passed through a 700 nm long-
pass filter before reaching the detector. The PL data was fitted using a stretched exponential
function, additional information of this fitting can be found in the Supporting Information. For this



measurement, the samples were measured in ambient conditions immediately after removal from
a nitrogen glovebox.

Steady-state PL spectra and PLQY values were collected using an integrating sphere spectrometer
(Hamamatsu Photonics K.K.) and a 532 nm continuous wave laser (CrystalLaser Lc). The
integration time of the spectrometer was set to 250 ms and 5 measurements were averaged for each
spectrum. The laser fluences was measured with a Thorlabs beam profiler (BP209-VIS). A
continuous neutral density filter wheel (Thorlabs) was used to control the laser fluence. The neutral
density filter wheel was adjusted for all measurements to be made at 100 mW/cm?.

1.7 Confocal photoluminescence characterization

Confocal PL imaging was performed using a custom scanning confocal microscope built with a
Nikon TE-2000 inverted microscope fitted with 60x dry objective (Nikon Plan Fluor, NA=0.7). A
640 nm pulsed diode laser (PDL 800-D P-C-640B, FWHM = 90 ps) was used at a repetition rate
of 250 kHz, with a resulting fluence of 105 nJ/cm?. The laser was coupled to the microscope via a
FC/APC single-mode fiber and directed into the objective via a 640 dichroic cube. Sample was
encapsulated under nitrogen and excited face-on (not through the substrate). The emission was
filtered through a 700-850 nm bandpass filter (700 LP and 850 SP) and focused on a Single Photon
Avalanche Diode from Micro Photon Devices. The PL decay was collected using a PicoHarp 300
time-correlated single photon counting (TCSPC) module. The scanning is done using a piezo nano
position stage (PI). The data collection and analysis are performed through custom Python-based
software.

1.8 trEFM characterization

trEFM and the required experimental setup have been discussed in detail.**** Measurements were
performed on an Asylum Research MFP3D-BIO mounted on a Nikon inverted optical microscope.
All measurements used Pt-coated cantilevers (mikroMasch HQ/NSC15/Pt) driven at resonance
frequency (~300 kHz). The sample was mounted in an inert glovebox environment in a sealed cell,
then imaged under active flowing nitrogen in this sealed cell. The cantilever oscillation was
recorded using a 16-bit A/D digitizer (Dynamic Signals/GaGe Razor Express CSE1622), typically
at 5 MS/s, and synced to the cantilever oscillation phase (180°) using custom trigger electronics
(detailed circuit information can be found in our previous reports; additional information available
upon request).>># In an experimental window of 16 ms, we apply a bias of +10 V to the cantilever
at t =1 ms, the sample is then allowed to equilibrate for 4 ms; the cantilever oscillation is digitized
starting at t = 4.6 ms through t = 8.6 ms, and laser excitation is triggered at 5 ms and turned off at
t = 7 ms. We used either a 405 nm (Omicron PhoxXplus 405-120) or a 705 nm (Omicron
PhoxXplus 705-40) continuous wavelength laser at an incident intensity of ~110-150 mW/cm? to
excite our samples; we adjust the intensity using neutral density filters and the electrical power via
software control. The laser was focused via a bottom objective on an inverted optical microscope
and co-aligned with the cantilever tip. The illumination intensity was measured using the
combination of a calibrated photodiode and a Pixera CCD camera (150CL-CU). Raw cantilever
deflection data were used to extract the instantaneous frequency by demodulating the time-
dependent cantilever amplitude using a short-time Fourier transform (STFT) and then using a



parabolic estimation of the peak frequency (ridge finding) per time segment. This code is freely
available online via the FFTA Python package (https://github.com/GingerLabUW/FFTA).



https://github.com/GingerLabUW/FFTA

C2. Supplementary figures and discussions

Note 1. Cantilever calibration for trEFM time constant extraction.

The experimental and theoretical background behind trEFM is described in significant detail in
our previous works!? and by Tirmzi, et al.> Here, we summarize the cantilever calibration
procedure for the sake of reference.

During the trEFM experiment, we digitize the deflection or the raw oscillation of the cantilever,
and then we demodulate it using a Short-Time Fourier Transform (STFT). Many demodulation
methods work, such as non-stationary Fourier mode decomposition,* which demonstrates
improved signal-to-noise extraction but is computationally expensive and slow. Hilbert
Transforms!* are computationally fast, but less robust to the experimental noise we observe. Thus,
we use STFT to demodulate our data to balance the signal-to-noise we obtain and computation
time. We then use a product of two exponentials (Equation 1) to empirically fit the change in
frequency (Af), including the transient response and cantilever relaxation (shown in main text
Figure 4.1c¢), and extract the time it takes for the cantilever’s frequency to shift to its maximum
deviation from the drive frequency after the illumination trigger.

Af = A X [eXp (—%> - 1] X [_ P (_éﬂ

Where A is a coefficient that accounts for the magnitude of the frequency shift, t is time, T
describes the transient decay, and 12 describes the cantilever relaxation.

Equation 1.

We call the time it takes for the cantilever’s frequency to shift to its maximum deviation from the
drive frequency the “time-to-first-peak” or ts. The tf is cantilever-dependent, meaning physical
qualities of the cantilever like its spring constant or quality factor affect the frequency response.
Because the frequency response is cantilever-specific, we must extract the cantilever-independent
dynamics via a calibration of the frequency response to a time constant that describes the transient
response of interest (main text Figure 4.1c). We collect the relevant cantilever parameters during
the trEFM experiment, enabling us to use our model® to simulate a tf, to T calibration curve (Figure
S1), which we use to obtain the cantilever-independent equilibration time maps shown in this work.



2.1 Example simulated calibration curve for extraction of cantilever-
independent t values.
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Figure S1. shows characteristic time constant, t, plotted against time-to-first peak, tf, obtained
from simulation; this calibration curve is used to map experimentally obtained tf values to
cantilever-independent t values that describe the external force perturbation to the cantilever’s
oscillation (refer to Note 1). We use our publicly available FFTA Python package to generate this
calibration curve.



2.2 Topography of large-scale ROI to correlate trEFM with confocal PL
microscopy.
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Figure S2. (a) Topography of large-scale ROI shown in main text Figure 4.1d-e. (b) trEFM surface
potential equilibration time constants plotted against trPL lifetimes in correlated regions. trPL

lifetimes were collected with using 60x objective, NA=0.7, using a 640 nm laser at a fluence of
105 nl/cm?.



Note 2. Fitting trPL decays with stretch exponential.

We fit the measured trPL decays using a stretched exponential function as described in Equation
2 below. The stretched exponential function uses both a characteristic lifetime (tc) and a B-factor
which describe the time to reach 1/e of the initial signal and the degree of heterogeneity in emitting
states; a B-factor closer to 1 means emission is more homogenous, and the stretched exponential
function collapses into a mono-exponential function.’

Equation 2.
t\PB
y =exp (- ;)

From the tc and B-factor, we calculated the average trPL lifetimes as shown in Equation 3; this
takes into account the amount of heterogeneity that exists in halide perovskite emission.’

Equation 3.



2.3 UV-vis absorbance and XRD spectra to characterize perovskite half-stack
samples and passivations.
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Figure S3. (a) UV-vis absorbance of half-stack samples including the unpassivated control and
APTMS-, AEAPTMS-, and PEAl-passivated samples showing negligible change in overall
absorbance after passivation. UV-vis characterization protocol described in main text Methods. (b)
XRD spectra of half-stack samples including the unpassivated control and APTMS-, AEAPTMS-
, and PEAI-passivated samples showing negligible change in perovskite diffraction peaks and
presence of PEAI salt peak at 4.6°.%



2.4 PL spectra and trPL decays of perovskite half-stacks before and after

surface passivation treatments.
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Figure S4. (a)-(c) PL spectra of control and passivated half-stack samples for APTMS,
AEAPTMS, and PEAI passivation respectively. (d)-(f) trPL decays for control and passivated half-
stack samples for APTMS, AEAPTMS, and PEAI passivation respectively.

Table 1. Stretched exponential fitting parameters for Glass/ITO/Me-
4PACz/Cso.22FA0.78Pb(l0.85Bro.15)3 half-stack samples before and after passivation

with AEAPTMS and PEAL

Sample Tc (ns) B-factor
Control 598 0.64
AEPTMS 684 0.46
Control 814 0.75
PEAI 1335 0.60




2.5 Photoluminescence quantum vields (PLOY) for control and passivated
samples.

EEl Control
0 - B APTMS
B AEAPTMS
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0-

Figure S5. Shows PLQY enhancement after passivation with each passivator. The bar represents
the average of 3 different samples and the error bars are the standard deviation.



2.6 trEFM measurements of AEAPTMS and PEAI treatment.
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Figure S6. (a) Representative topography and trEFM time constant image of control and (b)
AEAPTMS treated half-stack samples. (¢) Associated histogram that shows slower surface
potential equilibration times after treatment. (d) Representative topography and trEFM time
constant image of control and (e) PEAI treated samples. (f) Associated histogram that also
displays slower surface potential equilibration times after treatment.



Note 3. Approximation of surface recombination velocity (SRV) from trPL
effective lifetimes.

We approximate the SRV at the surface of the perovskite from the trPL measurements using
Equation 4. Here, tsuf, W, and D describe the carrier lifetime at the surface, the perovskite
thickness (500 nm), and electronic carrier diffusion coefficient (assumed to be 0.75 cm?/s). We can
determine Tsurf from the effective carrier lifetime (tefr) and the bulk carrier lifetime (tbuik) as shown
in Equation 5. We take the average trPL lifetimes as the Teff and assume the thuik to be 8000 ns and
the surface recombination velocity at the perovskite/substrate interface to be negligible, as
previous reported.”!°

Equation 4.
w

Tsurf — (%) (%)

( ; 1 >_1
T = -
wrf Teff  Thulk

SRV =

2

Equation 5.




2.7 Histograms of the trEFM surface potential equilibration times measured
in three ROIs of a control and APTMS-treated Cso.22FA¢.78Pb(1.85Bro.15); half-
stack sample.
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Figure S7. (a) Density normalized histograms showing the trEFM time constants measured across
three unique ROIs in a Glass/ITO/Me-4PACz/Cso.22FA0.7sPb(lo.85Bro.15)3 half-stack before and after
APTMS treatment. The control and APTMS ROIs are also unique from one another.

Table 2. Average values of the trEFM surface potential equilibration times
measured in three separate Cso.22FA0.78Pb(lo.8sBro.15)3 half-stack samples before and
after APTMS passivation.

Sample Control <t> (us) APTMS <t> (ns)
1 10.5 35.0
2 5.4 14.2
3 5.5 35.5




Note 4: On surface potential equilibration in perovskite systems as modeled by
drift diffusion simulations.

We assume that the surface potential in our simulations is dominated by electronic carrier dynamics
because we observe equilibration of the surface potential on the scale of microseconds, while ion

migration is typically on the minute timescale (see Equation 6).!!!2
Equation 6.
b |Vrg,
Tion = — |—=
won DI qNO

Where tion is the time constant that describes mobile ions migrating to the Debye layers in
perovskite thin films, b is the sample thickness, D1 is the ion diffusion coefficient, Vr is the built
in voltage, €a is the dielectric constant of the absorber, q is the elementary charge, and Ny is the
mean cation vacancy density (cation vacancies are assumed to be relatively stationary compared
to anion vacancies, and cation vacancy density is assumed to be equal to mean anion vacancy
density, so N, represents mobile ion concentration).'" "> Given the parameters in Table 3, ion
motion occurs on the scale of several minutes. Because the electric potential in the sample is

. . . d? P . . .
calculated according to Poisson’s Equation (d—t(f = ei (NO —P+n — p), where ¢ is potential, P is
A
mobile anion vacancy, n is electron concentration, and p is hole concentration), we can use
electronic carrier dynamics to explain the surface potential equilibration timescale. That said, if
we increase the concentration of mobile ions (increase N, because N,=P), we will observe slower

surface potential equilibration dynamics due to the proportionally larger contribution from
extremely slow ion motion.

We propose that the carrier equilibrium condition can be described by the following set of
equations:

Equation 7.

dn

=R= ——
G dt

Where G is carrier generation rate, R is carrier recombination rate, n is electronic carrier
concentration, and t is time. We describe recombination with the following equation:

Equation 8.

R = [(no + An)] + B[(ng + An)(p, + Ap)]

TSRH
Where tsru is the nonradiative recombination carrier lifetime, no and po are the electron and hole
concentrations in the dark, An and Ap are the change in electron and hole concentrations, and f is
the bimolecular recombination rate constant. Here, we assume that there is no Auger-Meitner



recombination.”!! At the surface, there is an additional recombination term to account for surface
recombination velocity, which we describe with the following:

Equation 9.
Rgurface = SRV X An

Where SRV is the surface recombination velocity at the perovskite/surface interface. Given our
electronic carrier equilibrium condition described in Equation 7 (G = R), carrier concentrations
in a sample with a higher SRV term will reach equilibrium at earlier times than a sample with
lower SRV.

We fit the surface potential evolution with a tri-exponential function to extract an average time
constant to describe the rise time, though we note that this time constant is a phenomenological
representation of surface potential equilibration dynamics and the trends should be interpreted as
qualitative rather than quantitative in capturing the trEFM experiment.



2.8 Effects of the nonradiative recombination rate constant on the surface
potential equilibration time.
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Figure S8. (a) Boxplot showing <t> values calculated from tri-exponential fits of simulated
surface potential traces with 405 nm, 1 mW/cm? excitation, showing slight increase in surface
potential equilibration time with increasing Shockley Read Hall carrier lifetime (tsrn); at low
fluences, increasing nonradiative recombination lifetime leads to slower equilibration times, which
is also shown in (b) example surface potential evolutions and (¢) <t> fits for those examples;
however, at higher excitation intensities like 100 mW/cm?, tsru shows little to no effect on the
surface potential equilibration time, as seen in (d) and (e). Because tsru primarily affects bulk
carrier dynamics, we expect that the surface recombination velocity dominates the carrier
dynamics at the surface of the absorber. For full simulation details, see Table 3, where the primary
parameters swept for (b)-(e) are tsru (s) and illumination intensity (scalar), and all other
parameters are held constant. Boxplot mid-line is the median, box edges are the first and third
quartiles of the data, and the whiskers show the range of the data.



2.9 Effects of the bimolecular recombination rate constant on the surface
potential equilibration time.
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Figure S9. (a) Boxplot showing <t> values calculated from a tri-exponential fit of simulated
surface potential versus bimolecular rate constants, where simulated excitation was 405 nm at 100
mW/cm?, similar to experimental conditions described in text; (b) example surface potential traces
with varied bimolecular rate constants for 100 mW/cm? 405 nm excitation with all other
parameters held constant. For full simulation details, see Table 3. We recognize that bimolecular
recombination rate may be affected by surface passivation,'* but these simulations show that the
bimolecular rate constant has a relatively minor effect on the surface potential evolution. Boxplot
mid-line is the median, box edges are the first and third quartiles of the data, and the whiskers
show the range of the data.



Table 3. lonMonger simulation parameters used to simulate perovskite surface
potential evolution.

Parameter Value(s) Reference
Thickness 500 nm N/A
Bandgap 1.7eV 1
Absorption coefficient (o) 405 nm: 2.42085x10” m™! 7
705 nm: 2.5807x10° m™!
Photon flux (Fpn) 405 nm: 2.05x10?! m2s! N/A
705 nm: 3.55x10?! m2s!
Illumination Intensity 0.01 — 10 (scalar of 1 used for N/A
(scalar) all 100 mW/cm? simulations)
Dielectric constant (£4) 24.1xgo Fm'! 11,1516
Mobile ion concentration 1x10" - 1x10"7 cm™ 17-23
(No)
Ion diffusion coefficient (Dy) 1x107'3 cm?s™! 16-23
Carrier diffusion coefficient 7.5x107 —7.5x10"! cm?s’! 7,16,24,25
D)
Nonradiative recombination 5x10%-5x107 s 7,24
lifetime (Tsru)
Bimolecular recombination  1x107" - 1x10° cm’s™! LILILS
rate constant (p)
Auger-Meitner 1x102 cmSs! 7135
recombination rate
Surface recombination 1x107" - 1x10° cm s™! 7,9-11,15,26

velocity (SRV)



2.10 Binary mask used to separate grain interiors and boundaries.
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Figure S10. (a) Representative topography of illumination bias region of interest shown in Figure
4.4 of the main text; (b) binary mask calculated from topography representing grain boundaries
(red) and grain interiors (blue); and (c) binary mask overlaid on topography.



2.11 Binary mask used to separate grain interiors and boundaries for second
region of interest.
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Figure S11. (a) Representative topography of illumination bias second region of interest (see
Figure S12); (b) binary mask calculated from topography representing grain boundaries (red) and
grain interiors (blue); and (c) binary mask overlaid on topography.



2.12 Illumination bias data for second region of interest (same illumination

conditions as main text Figure 4.4).
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Figure S12. (a) Representative topography of second ROI, showing nanoscale morphology; (b)-
(e) trEFM surface potential equilibration time images of the same ROI with increasing 660 nm
bias illumination intensity ranging from 0 mW/cm2 to 100 mW/cm2, where a fast 405 nm laser at
110 mW/cm2 was used for trEFM excitation; (f) reproduced trEFM surface potential equilibration
time image at 0 mW/cm2 showing return to unbiased time constants; (g) average grain interior and
boundary trEFM surface potential equilibration times with respect to illumination bias intensity,
error bars show standard deviation of masked pixel selection. Figure S11 shows binary mask used
to extract grain boundary and interior data. Mean grain interior trEFM surface potential
equilibration times decrease 22.1% at 100 mW/cm? with respect to unbiased image, and mean
grain boundary trEFM time constants decrease 27.0%.



2.13 Binary mask used to separate grain interiors and boundaries for third
region of interest.
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Figure S13. (a) Representative topography of illumination bias third region of interest where
sample was biased with variable intensity 455 nm light and excited with the fast 405 nm laser (see
Figure S14); (b) binary mask calculated from topography representing grain boundaries (red) and
grain interiors (blue); and (¢) binary mask overlaid on topography



2.14 Illumination bias data for third region of interest.
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Figure S14. (a) Representative topography of third ROI, showing nanoscale morphology; (b)-(e)
trEFM surface potential equilibration time images of the same ROI with increasing 455 nm bias
illumination intensity ranging from 0 mW/cm?2 to 100 mW/cm2, where a fast 405 nm laser at 110
mW/cm2 was used for trEFM excitation; (f) reproduced trEFM surface potential equilibration time
image at 0 mW/cm2 showing return to unbiased surface potential equilibration times; (g) average
grain interior and boundary trEFM surface potential equilibration times with respect to background
illumination bias intensity, error bars show standard deviation of masked pixel selection. Figure
S13 show the mask used for grain boundary and interior analysis. Mean grain interior trEFM
surface potential equilibration times decrease 17.6% at 100 mW/cm? with respect to unbiased
image, and mean grain boundary trEFM surface potential equilibration times decrease 31.2%.



2.15 Excitation intensity dependent trPL lifetimes.
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Figure S15. (a) Representative measured trPL decays for a Cso.22FA0.78Pb(lo.s5Bro.15)3 half-stacks
before and (b) after APTMS passivation with varied excitation fluences. Stretched exponential fits
are shown with the dashed lines. (¢) Average trPL lifetime measured as a function of the excitation
intensity of a 640 nm laser for a set of Cso.22FA0.78Pb(lo.ssBro.15)3 half-stacks before and after
passivation. The average value is calculated from measurements made on three separate samples
and the error bars represent the standard deviation of those three samples. See Table 4 for fitting

parameters.



2.16 Excitation intensity dependent trEFM measurements.
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Figure S16. (a) Representative topography of a Cso22FAo.78Pb(lo.ssBro.15)3 half-stack showing
nano-scale grains; (b) trEFM surface potential equilibration time map from 100 mW/cm?
excitation with 405 nm laser showing slower dynamics at grain boundaries, as expected (see main
text Figure 4.2d); (¢) topography of the same region of interest; (d) trEFM surface potential
equilibration time map from image taken with 1100 mW/cm? 405 nm excitation, showing no
observed contrast at grain boundaries and faster dynamics overall; and (e) histogram of these two
trEFM surface potential equilibration time images validating our observation of faster (and lower
contrast) surface potential equilibration dynamics captured with higher excitation intensity; at
higher excitation intensity, higher order recombination dynamics have a higher contribution to
overall electronic carrier recombination, meaning the sample reaches its equilibrium condition at
earlier times.



2.17 IonMonger excitation intensity simulations.
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Figure S17. (a) Boxplot showing <t> values calculated from tri-exponential fits of simulated
surface potential dynamics plotted against excitation intensity with 405 nm excitation, showing
faster dynamics when absorber is excited with higher intensity light; (b) shows example surface
potential traces with varied excitation intensities, demonstrating faster dynamics with higher
excitation intensity. For full simulation details, see Table 3, where primary parameter swept was
[llumination Intensity (scalar).



2.18 Wavelength dependent trEFM measurements.
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Figure S18. (a) Representative trEFM surface potential equilibration time images for
Cso.22FA0.78Pb(l0.85Bro.15)3 control half-stacks excited with 405 nm and (b) 705 nm fast lasers. (c)
Representative trEFM surface potential equilibration time images for APTMS-treated half-stacks
excited with 405nm and (d) 705 nm fast lasers. All images were collected with an incident intensity
of ~150 mW/cm?. Note that (a) and (b) share a color bar and (¢) and (d) share a color bar to show
the difference observed with different wavelengths. (e) Histogram representations of all images
where 405 nm excitation, 705 nm excitation, and APTMS-treatment correspond to blue, red, and
hashed appearance, respectively. Excitation with 705 nm light yields faster surface potential
equilibration times compared to excitation with 405 nm light.



2.19 IonMonger wavelength dependence simulations.
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Figure S19. (a) <t> values calculated from a tri-exponential fit to simulated surface potential
evolution, plotted against variable mobile ion concentrations for 405 nm and 705 nm excitation,
showing 705 nm excitation consistently results in faster surface equilibration dynamics; and (b)
showing that at varied surface recombination velocities, 705 nm excitation still results in faster
equilibration dynamics than 405 nm excitation. For full simulation details, see Table 3, where the

primary parameters swept were mobile ion concentration and surface recombination velocity, with
all other parameters held constant.



Table 4. Excitation fluence dependent stretched exponential fitting parameters for
Glass/ITO/Me-4PACz/Cso.22FA0.78Pb(l0.85Bro.15)3 half-stack samples before and
after passivation with APTMS. Representative for Figure S15a,b.

Sample, Fluence (photons/cm?) Tc (ns) B-factor
Control, 9.85¢11 92 0.72
Control, 4.92¢11 118 0.69
Control, 2.46el1 209 0.72
Control, 9.85¢10 390 0.65
Control, 4.92¢10 566 0.54
APTMS, 9.85el1 504 0.52
APTMS, 4.92¢l1 853 0.54
APTMS, 2.46ell 1261 0.54
APTMS, 9.85¢10 1929 0.57
APTMS, 4.92¢10 2483 0.57
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