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ABSTRACT: Hybrid organic—inorganic perovskites exhibit extra- ~ 8.0F ; :
ordinary photovoltaic performance. This is believed to arise from ~ - 2
almost liquid-like low-energy interactions among lattice ions and ) D Tl v "' Sou, o
charge carriers. While spatial variations have recently been identified A 5 ':"h,.';"g}ol .
over multiple length scales in the optoelectronic response of A > = TR
perovskites, the relationship between the heterogeneity and the soft 4 #~ = 601 4o el
cation—lattice interactions has remained elusive. Here, we apply ~ ¢: o. 17135 17140 (171}1).5 17150
Vi (cm”

multivariate infrared vibrational nanoimaging to a formamidinium

(FA)—methylammonium (MA)—cesium triple-cation perovskite by

using the FA vibrational resonance as a sensitive probe of its local chemical environment. The derived correlation among
nanoscale composition, cation—lattice coupling, and associated few-picosecond vibrational dynamics implies a heterogeneous
reaction field and lattice contraction that we attribute to a spatially nonuniform distribution of cesium cations. The associated
spatial variation in elasticity of the lattice leads to disorder in charge—phonon coupling and related polaron formation—the
control of which is central to improving perovskite photovoltaics.

ybrid organic—inorganic perovskites have been

intensely studied in recent years for their remarkable

photovoltaic performance.'~® One of the core proper-
ties underlying the photophysical response of perovskites is their
unusually dynamic lattice. The associated cation—lattice
interaction is determined by organic cations rotating and
switching hydrogen-bonding sites on ultrafast time scales’~ "
and the soft inorganic framework undergomg low-frequency
vibrations in the terahertz regime.'*”"” The dynamic lattice is
believed to play a central role in stabilizing the photoinduced
carriers, by a reconfiguration of the surrounding lattice and
polaron formation.”’~** However, the associated overall weak
chemical bonding within the structure conversely results in
chemical instability, most notoriously in the presence of
atmospheric humidity and oxygen.”>”*° Precise tuning of
cation—lattice interactions and coupled lattice dynamics is
therefore key to understanding and simultaneously enhancing
optoelectronic performance and chemical stability. In a variety
of efforts to control the dynamic lattice response, compositional
engineering has proven successful by incorporating cations and
anions with different ionic radii and field strengths into the
perovskite lattice.”* "

Unlike conventional inorganic semiconductor-based photo-
voltaics, spin-coated perovskite films exhibit spatial hetero-
geneity in open-circuit voltage, bandgap, and photolumines-
cence intensity and lifetime, as found in recent studies by
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scanning probe and photoluminescence microscopy.

Interestingly, the optoelectronic response in perovskites seem
to vary over multiple length scales, from nanometer subgranular,
to grain-to-grain, and further into micrometer scales across
multiple grains,”” suggesting the contributions of more than one
physical mechanism controlling the disorder and thus device
performance. However, the characterization of the associated
spatial variations of the elementary cation—lattice interaction
has remained limited.

The spatially resolved characterization of the cation—lattice
interactions and their coupling and dynamics requires
simultaneous implementation of imaging with spatial resolution
beyond the homogeneous domain size limit and spectroscopic
access into the low-energy landscape of the perovskite lattice.
While infrared vibrational nanospecteroscopy®”**°* and X-ray
fluorescence microscopy”* have successfully elucidated compo-
sitional heterogeneity with high spatial resolution and chemical
specificity, insights into the variations of the critical cation—
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Figure 1. Infrared vibrational nanospectroscopy of a triple-cation perovskite. (A) The dynamic lattice of the triple-cation perovskite FAMACs
with the formamidinium cation (FA*, center) serving as a local probe of the cation—lattice interaction through its vibrational resonance. (B)
The chemical composition and unit cell structure of the FAMACs perovskite, [(FAgg3;MAg17)095CS0.05)Pb(Igs3Bro17)3- (C) Schematic
illustration of IR s-SNOM experiment, where the nano-localized near-field formed by the input mid-infrared pulse interacts with the FAMACs
perovskite, scattering the signal field encoding the vibrational free induction decay (FID) from the CN antisymmetric stretch mode of the FA*
cation.
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Figure 2. Nano-localized vibrational signal in time and frequency. (A) Infrared vibrational s-SNOM interferogram of the FAMACs perovskite
film measured by interfering a scattered near-field signal with a reference field, with the vibrational FID observed as a long-lasting coherence.
(B) The phase spectrum in frequency domain arising from Fourier transform of the corresponding time-domain interferogram, shown together
with the fitting curve based on Lorentzian vibrational resonance and point dipole model (PDM). The spatial variations in the peak area (A),
peak position (7,), and line width (I") report on the heterogeneity in terms of the concentration of the FA* cation, the cation—lattice interaction,
and their associated vibrational dynamics, respectively.

lattice coupling have remained elusive because of the difficulty to in different perovskites,® yet surprisingly with no correlated
spectrally resolve the low-energy interaction. change in chemical heterogeneity. We observe that stronger

Here, we use infrared nanospectroscopic imaging based on cation—lattice interactions facilitate vibrational damping,

scattering scanning near-field optical microscopy (IR s-SNOM) suggesting a varying degree of lattice contraction potentially
to probe the vibrational resonance of the formamidinium cation, due to a nonuniform distribution of cesium cations. The
which acts as a reporter of its local chemical environments in the observed variations in the low-energy landscape likely give rise
triple-cation perovskite [(FAgg3MAg17)0.05Csg.05]Pb- to disordered charge—phonon coupling and subsequent polaron
(Ios3Bro.17)3 termed FAMACs (Figure 1A) with formamidi- formation, which regulate the optoelectronic responses of
nium (FA), methylammonium (MA), and cesium (Cs) mixed as perovskites.
A-site cations (Figure 1B). By measuring the nano-localized FAMAC:s Perovskite. Spin-coated films of triple-cation perov-
vibrational resonance with high precision, we resolve subtle skite FAMACs with the average chemical formulation of
spatial variations in the vibrational line shape. This allows us to [(FAgg3MAg17)005Cs0.05]Pb(Igg3Bry17); (Figure 1B) are pre-
go beyond conventional chemical mapping and characterize the pared by following a procedure by Saliba et al,,”” yielding as-
spatial heterogeneity and correlations in composition, cation— prepared films of ~600 nm thickness and ~100 nm average grain
lattice interaction, and its dynamics. Insight into this dynamic size with a broad size distribution between 50—200 nm as
coupling helps understanding the nonuniformity in the typically observed previously.”> Water-vapor annealed films with
fundamental low-energy processes in this model perovskite larger grain sizes are obtained by exposing the film to 90% RH
system, which is chosen for its high stability against humidity for 36 h. See the Supporting Information for further details on
together with an optimal bandgap for solar cell applications.””*” sample preparation and characterization.

The spatio-spectral IR s-SNOM imaging of the FA cation’s IR s-SNOM. IR s-SNOM nano-Fourier transform infrared
CN antisymmetric stretch mode provides for a spatially resolved (nano-FTIR) spectroscopic imaging is performed by illuminat-
mapping of composition within a spin-coated FAMACs film. ing the tip of a tapping mode atomic force microscope
Furthermore, with subwavenumber (<0.1 meV) precision (nanolR2-s, prototype, Anasys Instruments/Bruker) with
resolved variations in vibrational peak position and line width, femtosecond infrared radiation®” (for details, see the Supporting
we are able to probe disorder in the cation—lattice interactions Information, Figure S2). The infrared pulse with the center
and their coupled vibrational dynamics.”~>" To study the frequency of ~1715 cm™ and the spectral bandwidth of ~100
evolution of heterogeneity induced by an external perturbation, cm™' fwhm (Flint, Light Conversion; Levante OPO +
we expose the perovskite film to high humidity that results in the HarmoniXX DFG, APE GmbH) provides low noise and high
formation of larger vapor-annealed grains as previously observed spectral irradiance to characterize the CN antisymmetric stretch
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Figure 3. (A) Vibrational infrared s-SNOM imaging of the FAMACs perovskite film as prepared (left) and the film annealed by high humidity
(right), with a clear signature of spatial variations in the peak area (A), peak positions (7,), and line width (T") corresponding to compositional,
structural, and dynamical heterogeneity. The IR s-SNOM images are constructed by cubic splining based on 100 data points within the regions
indicated by the dotted squares in the corresponding AFM topography images. (B) The radial autocorrelations of each vibrational s-SNOM
parameter based on multiple data sets. Regardless of the larger grain sizes in the water-vapor annealed film, the correlation lengths for the
vibrational s-SNOM parameters do not evolve accordingly, suggesting the formation of subgrain heterogeneity. (C) The mechanism of the
subgrain heterogeneity formation, where the grains fuse only at their boundaries while retaining heterogeneous domains associated with the

original grains.

mode of FA cations (Figure 1C). The high spectral irradiance
enables selective vibrational mode excitation and spectroscopy
with high signal-to-noise ratio, allowing for precise line-shape
analysis as a measure for molecular coupling and dynamics. This
is in contrast to broadband synchrotron infrared nanospectro-
scopy (SINS),”**” which can simultaneously characterize
multiple vibrational resonances spanning a wide spectral
range,”’ yet with limited signal-to-noise for each resonance
because of the low spectral irradiance of synchrotron IR.

The gold-coated AFM tip serves as an optical dipole antenna,
and the tip-scattered localized near-field vibrational response is
observed through interferometric optical heterodyne detection.
Figure 2A shows a typical nano-IR interferogram for a FAMACs
as-prepared perovskite film. The free-induction decay (FID)
signal, following the broadband instantaneous nonresonant
response, already indicates the long dephasing time of the FA
vibration. Fourier transform then yields dispersive amplitude
Anr(D) and absorptive phase ®(TD) spectra, corresponding to
the complex refractive index 71(D) = n(7) + ix(7) with dispersion
n(7) and absorption k(7) to good approximation.”* Assuming a
Lorentzian vibrational resonance and modeling the frequency-
dependent scattering using the established point dipole model,
the observed asymmetric line shape in ®y(7) is reproduced
with the vibrational peak area (A), peak position (7,), and line
width (") as fitting parameters (Figure 2B). While the absolute
values of the retrieved parameters are somewhat dependent on
the model details of the near-field tip—sample interaction,>*>*>’
we find the extracted spatial variations and correlations to be
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consistent across the different models as delineated in the
Supporting Information (Figures S3 and S4).

The localization of the IR s-SNOM signal is determined to
first order by the apex radius of the tip, which is ~20 nm. The
corresponding spatial resolution allows for probing grain-to-
grain heterogeneity in as-prepared samples and subgrain
heterogeneity in water-vapor annealed films, as discussed below.

Vibrational Nanoimaging. Figure 3A (left) shows the spatial
variation of peak area (A), peak position (7;), and line width
(T), together with the AFM topography image reflecting the
polycrystalline nature of the as-prepared FAMACs film. To
extract the length scale of the spatial variation, the radial
autocorrelations of each s-SNOM image are calculated (Figure
3B, solid lines). As can be seen, while the correlation length for
the peak area A agrees with the grain size of ~100 nm from the
topography, 7, and I" vary over longer length scales than
individual grain sizes.

We next study water-vapor annealed films (Figure 3A, right).
The AFM topography image shows larger perovskite grains
(>200 nm), suggesting that the high humidity annealed the
perovskite grains, similar to previous observations for an
MAPbDI, perovskite.”® In spite of the larger grain sizes, in the
corresponding radial autocorrelations (Figure 3B, dotted lines),
the correlation length for all three parameters of A, Ty, and I are
nearly identical and shorter than those observed in the as-
prepared film.

We interpret the spatial variation of the vibrational parameters
in terms of cation composition and cation—lattice interaction.

https://dx.doi.org/10.1021/acsenergylett.0c00522
ACS Energy Lett. 2020, 5, 1636—1643
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Figure 4. Vibrational peak position—line-width correlation. (A) Representative IR s-SNOM vibrational images exhibiting a strong
anticorrelation between the peak position and line width, together with the spatial correlation. (B) The corresponding peak position (¥,)—line
width (I') correlation plot, with the line width converted to the dephasing time T,. (C) A potential microscopic mechanism behind the 7,—I"
anticorrelation, caused by the variation in cesium concentration. Higher cesium concentration contracts the lattice structure (left), resulting in
stronger cation—lattice interaction and faster vibrational damping. Lower cesium concentration expands the lattice (right) and yields weaker

cation—lattice interaction and slower vibrational damping.

The peak area (A) reflects the concentration of the FA cation
within the nano-localized excitation volume, thus probing
compositional heterogeneity within a film. Further, infrared
vibrational peak positions (7,) have been established to be
sensitive to local interactions between probe molecules and
surrounding chemical environments, as demonstrated for
multiple molecular vibrational resonances in a variety of
materials and attributed to, for example, a vibrational Stark
effect.”®* In our case, the variation in the peak position 7
signifies varying cation—lattice interactions arising from spatially
heterogeneous lattice structures within perovskite, where a
stronger cation—lattice interaction yields a red-shifted peak
position due to a locally higher reaction field. Lastly, although
multiple contributions including homogeneous and inhomoge-
neous broadening affect the vibrational line width (T"),*” the line
width of the CN antisymmetric stretch mode of the FA cation is
mostly dominated by homogeneous broadening, as suggested by
a recent far-field two-dimensional infrared (2D IR) study on
similar perovskites.'”"> Our reproduction of the measured near-
field spectra ®:(D) with Lorentzian vibrational line shapes to
good approximation indeed supports the interpretation of
homogeneous broadening. Observed variations in the line width
can thus be quantitatively converted to variations in the
corresponding dephasing time (T, « 1/I') and used as a
measure of the associated cation—lattice coupled vibrational
dynamics.

In the as-prepared film, the variation in the peak area A, with a
correlation length similar to the grain dimensions, reveals
varying composition in A-site cation from grain to grain. In
contrast, the variations in the peak position (7,) and line width
(I') at a length scale exceeding the grain sizes suggest that the
structures and dynamics of neighboring grains tend to be
correlated. Such long correlation length exceeding grain sizes
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points to a possible film growth mechanism, where a grain
formed earlier serves as a template or nucleation site for the
formation of adjacent grains. A similar behavior has been
previously observed in the formation of molecular semi-
conductor crystals, where orientations of the molecular crystals
correlate over a longer length scale than grain dimensions.”’

The observed spatial variation in peak position 7, should
contribute to the infrared absorption band as inhomogeneous
broadening when characterized in ensemble-averaged far-field
measurements. Interestingly, while the CN antisymmetric mode
of the FA cation in FAPDI; perovskite is largely homogeneously
broadened,'*a 2D IR spectrum for the same vibrational mode in
a mixed cation perovskite exhibits a signature of a small but non-
negligible contribution from inhomogeneous broadening."®
Thus, at least a fraction of such contribution from the
inhomogeneous broadening should be attributed to the
nanoscale spatial heterogeneity in the peak position 7, observed
here.

Water-Vapor Annealing. In contrast, for water-vapor annealed
grains, correlation lengths shorter than grain sizes reveal a
subgrain heterogeneity. This behavior can be reasonably
explained by an expected formation mechanism of the water-
vapor annealed grains, where grains fuse only at their boundaries
without homogenizing the heterogeneous bulk domains
associated with the original grains, as illustrated in Figure 3C.
The reduced correlation lengths for 7, and I', compared with
those for the film as prepared, might arise from the fused grain
boundaries with irregular structures and dynamics, as suggested
by the blurred domains in Figure 3C.

The humidity-induced annealing stands in clear contrast to
thermally induced degradation, where the formation of Pbl, is
observed through the complete loss of the FA vibrational
resonance in the same triple-cation perovskite using broadband

https://dx.doi.org/10.1021/acsenergylett.0c00522
ACS Energy Lett. 2020, 5, 1636—1643
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IR s-SNOM.>” The lack of evolution in the FA vibrational
resonance upon water-vapor annealing, together with a
maintained band structure of the perovskite (see the Supporting
Information), confirms a preserved cubic perovskite phase and
verifies solvent-vapor annealir}g to be a potential tool to control
the granularity of perovskites.” 6465 The subgrain heterogeneity
in the annealed grains could lead to unique transport properties
of carriers and associated polarons due to the structural and
dynamical mismatch across neighboring vapor-annealed do-
mains.

Correlation between Reaction Field and Vibrational Damping.
To address the physical mechanism leading to the observed
variations in 7, and I', we create correlation plots among the
three vibrational parameters (A, Ty, and I'). The absence of
correlations between A—7, or A—I" (Figure S5) indicates that a
varying concentration of the FA cation is not a dominant
mechanism in regulating lattice structure and dynamics. In
contrast, a negative correlation between peak position 7, and
line width I" (Figure 4A,B) for the as-prepared film suggests that
the corresponding strength of cation—lattice interactions and
their associated vibrational dynamics vary together in a
concerted manner. We also observe a similar correlation for
the water-vapor annealed film (Figure SS), suggesting that a
common microscopic mechanism underlies the structural and
dynamical nonuniformity in both cases.

The negative correlation between 7, and I is consistent with
related observations, most prominently in hydrogen bonded
systems, allowing us to infer the underlying microscopic
mechanism.”®"*%” The correlation observed can be explained
by two distinct features of the vibrational dynamics in mixed
cation perovskites, namely, (i) a nonuniform cation—lattice
coupling due to a varying extent of lattice contraction™ that
facilitates the cation-to-lattice vibrational damping and (ii) a
homogeneously broadened line width of the FA vibrational
resonance purely reflecting the vibrational dephasing dynamics
pertaining to the cation—lattice interaction.'* This implies that a
stronger lattice contraction imposes a more intense reaction
field on the FA cation inducing a red-shift in the peak position
(To),*® while it simultaneously leads to a faster cation-to-lattice
vibrational damping rate that broadens the homogeneous line
width (I') (Figure 4C).

A minor doping (<5%) of cesium, which has a much smaller
ionic radius than the FA and MA cations, not only significantly
contracts the crystal lattice but also slows the lattice dynamics, as
represented by an extended reorientation time of the FA cation
as suggested recently.”® This lattice contraction mechanism can
explain the observed negative peak position—line width
correlation, by assuming that the spatial variations in these
parameters result from a variation in cesium concentration
(Figure 4C). Higher cesium concentration contracts the lattice,
which creates a higher reaction field as experienced by the FA
cations, resulting in a vibrational red-shift due to a vibrational
Stark effect. The contracted lattice also slows the rotational
dynamics of the cation and enforces a stronger cation—lattice
coupling, facilitating the cation-to-lattice vibrational damping
which results in a faster dephasing time. In contrast, the FA
cations in domains with lower cesium content experience a
lower reaction field due to a more expanded lattice structure and
thus a weaker cation—lattice coupling, resulting in a blue-shift
together with a slower dephasing time. Considering the
nonuniform concentration of FA cation together with the
previously reported heterogeneous halide composition,”® such
disordered cesium distribution is likely present in mixed cation
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perovskites. This is also supported by a **Cs NMR study
revealing inhomogeneously broadened line shapes in mixed
cation perovskites.”’

Considering the major roles that the cesium cation is believed
to play in mixed cation perovskites,”**”*" the nonuniform
distribution of cesium cations is likely a cause of the
heterogeneous lattice contraction as discussed above. While
the disorder in the anion composition could in principle cause
the varying degree of lattice contraction as well, the difference in
the effective ionic radii between Br™ (196 pm) and I” (220 pm)
is much smaller than the mismatch in the radius of Cs* (167 pm)
from those of the other cations (253 pm for FA* and 217 pm for
MA*).”%”" Thus, the variation in the cesium concentration likely
leads to more pronounced impact on the lattice contraction
compared with that of the anion distribution. The observed
correlation thus reveals the structural heterogeneity originating
from the unique nature of the highly elastic lattice of perovskites,
which is believed to exhibit extreme sensitivity to subtle
variations in A-site cation composition.”*

The spatial heterogeneity that we identify in cation—lattice
interactions provides important implications for understanding
the previously observed chemical and optoelectronic hetero-
geneity in perovskites. The chemical stability of perovskites is
highly dependent on their composition.”””” Therefore, the
heterogeneous composition observed here would lead to varying
stability within the film, with the presence of more reactive
domains that can act as seeds for larger-scale degradation
(Figure S1A).>77*

The spatially varying cation—lattice couplings, manifested by
heterogeneous lattice contraction, affect the local elasticity of the
perovskite lattice. Upon the generation of photoinduced
carriers, this leads to disordered charge—phonon coupling and
associated polaron formation, which involves the dynamical
reconfiguration of the lattice structure surrounding a charge.
Considering the widely accepted roles of the polaron in
determining the optoelectronic responses of perovskites,'®'”*
such polaron heterogeneity likely accounts for };reviously
reported optoelectronic disorders within perovskites.”>~***>

In summary, using vibrational spectroscopic nanoimaging
with high precision, we resolved the spatial heterogeneity in the
fundamental low-energy interaction in a model organic—
inorganic hybrid perovskite. The line-shape analysis of the
vibrational response provides insights into the nonuniform
cation—lattice interaction and its dynamics. In triple-cation
perovskite films, we resolved heterogeneity in the cation—lattice
coupling at grain-to-grain and larger length scales. Subgrain
heterogeneity observed in a water-vapor annealed film suggests
an annealing mechanism in which grains fuse only at their
boundaries without significant cation diffusion. The correlated
cation—lattice coupling and associated vibrational relaxation
together yield a microscopic picture of the nonuniform lattice
deformation across the film. The varying degree of lattice
contraction leads to heterogeneous polaron formation and
mobility, which act as a regulating mechanism behind spatially
varying optoelectronic properties of the perovskites.””

Our approach of multivariate infrared vibrational nano-
spectroscopy is generally applicable to the wide variety of other
hybrid perovskites with molecular cations and anions. The
heterogeneity in fundamental low-energy interactions and
coupling, characterized by hyperspectral infrared vibrational
nanoimaging, can thus facilitate the understanding and control
of disorder toward the further enhancement of the photovoltaic
performance of perovskites.

https://dx.doi.org/10.1021/acsenergylett.0c00522
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