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M AT E R I A L S  S C I E N C E

Correlated nanoimaging of structure and dynamics of 
cation-polaron coupling in hybrid perovskites
Roland Wilcken1, Branden L. Esses1, Rachith S. Nithyananda Kumar2,3,4, Lauren A. Hurley2,  
Sean E. Shaheen1,2,5, Markus B. Raschke1*

Hybrid organic-inorganic perovskites exhibit high photovoltaic performance and other novel photonic functions. 
While polaron formation is believed to facilitate efficient carrier transport, the elementary processes of the under-
lying electron-lattice coupling are yet poorly understood because of the multiscale chemical and structural het-
erogeneities. Here, we resolve in combined ground- and excited-state spatiospectral ultrafast nanoimaging how 
structural characteristics are related to both molecular cation and polaron dynamics. We use the observed na-
noscale spatial variations of the formamidinium (FA) cation transient vibrational blue shifts as a local probe of the 
nonlocal polaron-cation coupling. From the correlation with nanomovies of the polaron dynamics, we then infer 
how a softer more polarizable lattice supports stable polarons and longer-lived residual carriers. This, together 
with a relative intragrain homogeneity in contrast to high intergrain heterogeneity, suggests pathways for im-
proved synthesis and device engineering, and that perovskite photonics performance is still far from any funda-
mental limits.

INTRODUCTION
Triple-cation perovskites (TCPs) are organic-inorganic hybrid ma-
terials (1) that rose to prominence due to a range of attractive pho-
tophysical and optoelectronic properties like high photovoltaic 
efficiency, overall stability, relative ease of fabrication, and wide 
bandgap tunability (2–4). Because of their flexibility in composition 
and structure, they hold promise for numerous other applications 
beyond photovoltaics, like lasing (5), exciton condensation (6), single-
photon emitters (7), photodetectors (8), or photocatalysis (9).

Despite the many favorable attributes of TCPs, their limited pho-
tostability under operating conditions still challanges commercial 
solar cell applications. Device degradation appears to be mostly due 
to photo- and thermal-induced deleterious chemical reactions and 
structural phase separation (10–12), which nucleate at the nanoscale 
and then progress into the bulk (13). This necessitates a fundamen-
tal understanding of heterogeneity not only in nanoscale structure 
but also of the dynamic evolution of the photoinduced excited-state 
with the associated electron-lattice interaction and polaron forma-
tion stabilizing the photoinduced carriers (14).

Since the recognition that substantial progress in optimizing the 
performance of perovskites relies on understanding and control of 
both its intrinsic and extrinsic nanoscale heterogeneities in structure 
and composition (15), almost every conceivable high–spatial resolu-
tion microscopy technique has been applied for its investigation. 
This includes the full range of optical microscopies, Kelvin probe 
microscopy, conductive atomic force microscopy (AFM), different 
electron microscopies (scanning electron microscopy, transmis-
sion electron microscopy, four-dimensional scanning transmission 
electron microscopy), micro–x-ray fluorescence, and other (16–20). 
However, these techniques can only resolve slow kinetic or static 

ground-state properties, yet the photophysical responses from low-
fluence photovoltaics to high field lasing are by their nature excited-
state dynamic properties.

All spectroscopies that can measure excited-state lattice and elec-
tron dynamics and their coupling (21–25) are limited to large-scale 
and ensemble-averaged measurements with low spatial resolution. 
However, it is precisely the coupled electron and lattice dynamics on 
the nanoscale where the photophysical properties and their limita-
tions are defined. While progress has been made toward dynamic 
imaging with high spatial resolution, such as in scattering micros-
copy (stroboSCAT) (26), scanning probe microscopy (27, 28), or 
photoluminescence spectroscopy (29) for imaging photo-induced 
carrier transport on nanosecond to microsecond time scales (30), 
simultaneous picosecond to femtosecond time-resolved nanoimag-
ing of perovskites has remained difficult.

Ultrafast pump-probe IR s-SNOM (infrared scattering scanning 
near-field optical microscopy), as established recently, combines na-
noscale imaging with ultrafast spectroscopy in the mid-IR (MIR) 
(31–35) and terahertz spectral range (36). Further, nano-FTIR (Fou-
rier transform IR) s-SNOM provides access to spatial heterogeneity 
in structure and chemical composition (37–39). In the application 
to perovskites, while a qualitative nanoscale spatial heterogeneity in 
carrier relaxation dynamics could be resolved (40), the link between 
structural heterogeneities and the photoinduced coupled electron-
lattice dynamics could not be established.

In this work, we perform correlative spatio-spectral-temporal 
nanoimaging, resolving both the vibrational ground and excited-
state responses and how they influence the coupled polaron dynam-
ics as shown in Fig. 1. We chose a composition of (FA0.6DMA0.1Cs0.3)
Pb(I2.4Br0.6) (FADMACs), with formamidinium (FA) and dimethyl-
ammonium (DMA) cations, which provides improved stability under 
ambient conditions and photostability compared to methylammonium-
containing perovskites as reported recently (41). We observe grain-
to-grain heterogeneity in the FA vibrational characteristics, which 
we attribute to variations in the local cation composition and asso-
ciated changes in lattice structure (42), in contrast to a comparatively 
homogeneous intragrain response. The intergrain heterogeneity is 
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amplified in the excited-state characterized by a transient FA vibra-
tional blue shift that we interpret as a reaction field–induced vibra-
tional Stark shift associated with polaron formation. The observed 
correlations between the Stark shift and the fraction of residual 
carriers at >1 ns, as well as polaron lifetimes and ground-state 
structure and composition, could aid in guiding materials synthe-
sis and device fabrication to improve the photophysical properties 
of perovskites.

Experiment
For the experiments, thin films of FADMACs perovskite were pre-
pared by spin coating on borosilicate glass substrates as established 
(for details, see Materials and Methods) (43, 44). The samples were 
precharacterized by optical absorption spectroscopy verifying the 
bandgap of 1.71 eV and AFM showing the typical surface texture 
composed of ~50- to 100-nm-sized grains (see Fig. 1, C to E).

We then perform static broadband nano-FTIR spatiospectral im-
aging of the FA cation vibration at ~1715 cm−1 to resolve nanoscale 

heterogeneity as previously established (37, 38, 45). We subse-
quently perform dynamic excited-state nano-FTIR spectroscopy 
at select sample locations following femtosecond visible pump 
(515 nm, 2.4 eV) excitation. Last, we perform and compare with full 
spatiotemporal pump-probe nanoimaging of the mid-IR polaron 
response (for further details see Materials and Methods) (33, 34, 40). 
The near-field spectra represent the complex valued dielectric 
response of the material expressed as near-filed amplitude ANF and 
phase ΦNF (corresponding to the absorption spectrum) according 
to ReNF(ν) + iIm

NF(
ν) = A

NF(
ν) ⋅ e

iΦNF(ν)(38).

RESULTS
Ground-state chemical and structural heterogeneity
In the following section, we first describe the results of nano-IR spa-
tiospectral imaging on the FADMACs perovskite films resolving the 
heterogeneity of the FA cation vibrational response in the electronic 
ground state. Figure 2A shows two representative FA point spectra, 
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Fig. 1. Ground-state structure and excited-state dynamics nanoimaging. (A) Structure and composition of the FADMACs TCP. (B) Above bandgap excitation 
(λpump = 515-nm pump and λbandgap = 725 nm) creates out-of-equilibrium carrier distribution. MIR pulses centered at ν = 1715 cm−1 probe both the polaron absorption 
and the FA cation NCN vibration with and without pump excitation. (C) Optical microscope image with Turing pattern and (D) AFM image of the perovskite surface. 
(E) Absorption spectrum of the perovskite film (for bandgap determination, see the Supplementary Materials). (F) Schematic of the IR s-SNOM spatiospectral and hetero-
dyne pump-probe spatiotemporal imaging (for details, see Materials and Methods).
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expressed as near-field spectral phase ΦNF and amplitude ANF fitted 
as single Lorentz oscillators. From the analysis of 900 spectra on 
different regions on the sample (Fig. 2B), we find that peak posi-
tion and linewidth vary around ν0 = (1714.7 ± 0.4) cm−1 and Γ = 
(6.2 ± 1.1) cm−1. No correlation in peak position ν0 and linewidth Γ 
is observed and other parameters are only weakly correlated (see the 
Supplementary Materials; this contrasts previous findings and is 
further discussed below).

Figure 2 (C and D) shows AFM images with the typical FAD-
MACs film texture with ~100-nm-size grains and  ~50-nm-height 
variations, overlaid by two nano-FTIR array scans of ν0 (C) and 
spectral phase amplitude AL (D), where AL of the near-field phase 
ΦNF is a measure of the FA concentration. The amplitude AL of the 
FA absorption exhibits spatial variation from 10° to 30° (see Fig. 
2D), with the highest values all located on specific grains, while the 
majority of grains fall within ±5°. As highlighted by the transect in 
Fig. 2E, ν0 shows a large degree of intergrain heterogeneity, yet com-
parably small intragrain spatial variation, even in the presence of 
topographic variations.

The underlying compositional variation is thus only weakly cor-
related with topography (see fig. S3C). Further, we see a weak posi-
tive correlation of amplitude AL with peak position ν0 and linewidth 
Γ (see fig. S3, B and D), which tend to shift to higher values with 
higher amplitude. We attribute the spectral blue shift to structural 
changes and a change in the reaction field affecting the FA cation 
caused by a local change in cation concentration between individual 
grains. In contrast, variations within a single grain are small com-
pared to the entire ensemble (Fig. 2E). Within a single grain, ν0 varies 
by ~0.1 cm−1 compared to ~0.4 cm−1 between neighboring grains.

We attribute this intergrain heterogeneity in ν0 to a combination 
of local variations in both structure (defects and lattice deformation) 

and chemical composition as illustrated in Fig. 2F. The peak position 
ν
0 and the linewidth Γ relate to the reaction field modified by the lo-

cal lattice structure as suggested previously (37), further discussed 
below. These heterogeneities have an even more pronounced effect 
on the excited-state dynamics as investigated in the next section.

Excited-state dynamics of the FA vibration
Next, we discuss the results of the ultrafast pump-probe nano-FTIR 
spectroscopy to resolve the dynamic spatiospectral heterogeneity of 
the FA vibration in response to the pump-induced electronic carrier 
excitation. Figure 3A shows the resulting excited-state vibrational 
free induction decay trace averaged over 10 point-spectra at a vis-
pump IR-probe time delay of t = 2 ps, with corresponding Fourier 
transform (lower inset). Compared to the ground-state response, the 
excited-state FA spectra show on average a spectral blue shift Δν∗

0
 (see 

Fig. 3B) that varies spatially between −2 and +7 cm−1 between sam-
ple locations (Fig. 3C) with an uncertainty of ±0.5 cm−1. The statisti-
cal distribution (Fig. 3D) of the observed spectral blue shift averages 
at Δν∗

0
= 2.5 cm−1, a value that is much larger than the spectral varia-

tion observed in the ground state of Δν0 = 0.4 cm−1. In addition, the 
observed excited-state dynamics are sensitive to heterogeneities in 
both the perovskite structure and composition, as discussed below.

The signal amplitude (ImNF) of the excited-state spectra (Fig. 3E, 
left) acquired on an individual grain decays with a time constant of 
(5.2 ± 1.0) ps (Fig. 3E, right). This time scale is similar to the fast 
component of the spectrally averaged polaron decay with time con-
stant τfast = 6 to 12 ps (see the next section and table S1). Therefore, 
carrier relaxation seems to be physically linked to the decay of the 
FA cation vibration.

From these results, we conclude that the excited-state carriers 
change the polarizability of the lattice by large polaron formation, 
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giving rise to a transient solvatochromic FA vibrational blue shift 
due to a reaction field–induced Stark effect (see Discussion). Con-
versely, the outlying negative value could result from lattice configu-
rations responding with a slight decrease in polarizability.

Excited-state dynamics of the polaron response
We measure the polaron relaxation dynamics both at selected sam-
ple locations from above and in full spatiotemporal two-phase het-
erodyne nanoimaging. Figure 4A shows images of the spectrally 
integrated R*

HPP/INF signal at variable delay times. The images are 
AFM drift corrected and normalized with respect to the second-
harmonic ground-state image (i.e., pump pulse off) INF to account 
for small signal variations due to topography. With an excitation 
density of ~1 electron per 100 unit cells, corresponding to a volume 
of ca. 12.5 nm3, and the tip-localized near-field spatially averaging 
over ca. 104 nm3, we probe about 103 polarons per sample location 
or near-field image pixel.

Spatially heterogeneous decay dynamics varying on 10- to 100-nm 
spatial and 1- to 1000-ps temporal scales is observed. In this exam-
ple, domains located in the upper (back) region of the image (e.g., 
grains I and II) exhibit a faster initial decay compared to domains in 
the lower (front) region (e.g., grains III and IV). This behavior is 
correlated with a larger (upper region) and smaller (lower region) 
signal level, respectively, at time zero.

From a simple qualitative inspection, a larger intergrain com-
pared to intragrain variation in decay dynamics is clear, similar to 
the vibrational ground-state behavior. The range of the variation in 

decay dynamics is evident from the time traces at selected locations 
shown in Fig. 4B.

We then apply different models to analyze the decay dynamics 
quantitatively to describe the underlying polaron and carrier recom-
bination processes. The high initial polaron density, the associated 
many-body interaction, and the increase in polaron size over time 
generally require a time-dependent rate equation model.

A stretched exponential model describes a time-dependent re-
combination rate without any prior assumptions of the underlying 
physical mechanism and provides an average time constant ⟨τ⟩ from 
the fitted stretched exponential time constant τSE and the stretching 
parameter β (46). The time evolution of the decay of the signal 
amplitude R∗

HPP
(t) can then be expressed as

with scaling factor A0 and offset y0. The average time constant ⟨τ⟩ is 
given by

with gamma function Γ. If the distribution underlying the carrier 
recombination probability is unknown, β can typically be fixed to 
0.5 to adequately describe the time-dependent decay rate and to not 
overparameterize the fit (47). In this case, the average time constant 
is ⟨τ⟩ = 2τSE (46).
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Fig. 3. Excited-state transient vibrational nanospectroscopy. (A) Heterodyne pump-probe interferogram of the second-harmonic side band signal at t = 2 ps. 
(B) Pump-probe transient nano-FTIR phase ΦNF spectra (solid, color) of the FA vibration for different grains of the perovskite film with Lorentzian fits (dashed), compared 
with corresponding ground-state spectra (black). (C) AFM topography with point spectra positions marked (scale bar, 200 nm). (D) Statistical distribution of the transient 
spectral shifts relative to ground state for these and other grains. (E) Pump-probe transient nano-FTIR ImNF spectra measured at a single grain at t = 1, 2.5, 5, 10, and 20 ps 
(left), and signal decay with single exponential fit with time constant τ = (5.2 ± 1) ps (right). (F) FA cation with static dipole moment μ, within the polarizable continuum 
ε*, and resulting reaction field R (top left), induced by lattice deformation associated with large polaron formation within the polaron radius rp (bottom left). Estimate (top 
right) of corresponding vibrational Stark shift (blue) based on unscreened potential (red) and inside the polaron (black), with illustration of the observed distribution of 
spectral shifts (purple). Calculated vibrational spectra (bottom right), with heterogeneous broadening estimated for the distance-dependent Coulomb field (red) of an 
unscreened carrier, and no broadening for a uniform field within a polaron (blue), compared to the ground state (black).
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Figure 4B shows fits (solid lines) to the data from selected loca-
tions using the stretched exponential model with ⟨τ⟩ = 22, 40, and 
70 ps, respectively. Processing all image data in this fashion, Fig. 4C 
then shows the resulting spatiotemporal decay map of ⟨τ⟩ generated 
by stretched exponential fits to every pixel. As can be seen, ⟨τ⟩ rang-
es from ~20 to ~120 ps and reflects the spatial trends described 
above. Because of the limited number of time frames, the uncer-
tainty for ⟨τ⟩ is estimated to be ~50%.

Further addressing variations in the decay dynamics, Fig. 4D 
shows R*

HPP time traces measured at the same locations as the 
pump-induced excited-state FA vibrational spectra in Fig. 3C. We 
add two additional exponentials to Eqs. 1 and 3 to account for both 
the initial polaron formation time τpol, and the long-lived residual 
carriers with an amplitude R0 with a lifetime on the nanosecond time 
scale responsible for the photovoltaic response. The final function is 

then numerically convoluted with the instrument response function 
(cross-correlation of pump and probe pulse) and fitted to the data. 
As can be seen in Fig. 4D, the signal peaks at ~1 ps with a rise time of 
τpol ~ 0.7 ps associated with hot carrier thermalization and polaron 
formation as established previously (48–50). Fitting with a stretched-
exponential results in ⟨τ⟩ = 19 to 41 ps. The majority of the signal 
decays within 500 ps. Yet, a spatially variable residual signal remains 
even for t > 800 ps.

We further measured the pump-fluence dependence of the decay 
dynamics (Fig. 4E). For an increase of the fluence from 100 to 550 μJ/
cm2 (pulse energy, 0.1 nJ to 0.55 nJ), a clear excitation-induced ac-
celeration of the relaxation is observed with ⟨τ⟩ decreasing from 120 
to 35 ps (dashed line). The acceleration seems to saturate with flu-
ence at ⟨τ⟩ ~ 20 ps. An exponential extrapolation to zero fluence re-
sults in ⟨τ⟩0 ~ 240 ps. This value is still at least one order of magnitude 
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faster than the carrier lifetimes under solar irradiance conditions. 
This discrepancy can be rationalized by a carrier stabilization mecha-
nism like the formation of large polarons. At early delay times, the 
sheer number of carriers and their interactions drive the recombina-
tion and inhibit carrier stabilization, while decreasing carrier density 
allows the polaron radius to increase and sufficiently stabilize the 
carriers as indicated by the associated increasing polaron binding en-
ergy as illustrated in Fig. 4G. The increasing polaron radius and the 
polaron stabilization energy is estimated from time-resolved IR spec-
troscopy from previous publications based on the Emin’s theory 
(40, 51), and the momentary recombination rate is calculated from 
the gradient of a rate model fit for a typical decay curve.

The polaron hypothesis is supported by the observation of a re-
sidual signal of ~10% of initial carriers that survive after >800 ps. 
However, the longer-lived subpopulation of carriers may not be 
identical to the long-lived carriers generated under solar irradiation 
conditions responsible for the photovoltaic response, and there is 
currently still a conceptual gap in the distinction between the solar 
and the high-density excitation regimes, which we discuss below.

A previously established alternative to the stretched exponential 
model describes the polaron recombination via a rate equation mod-
el for the time-dependent carrier density n(t) based on a bimolecular 
recombination rate k2, and higher-order rate constant k3 describing 
many-body processes like the Auger recombination (34, 52, 53). We 
neglect the first-order rate constant of single carriers because the 
higher-order terms dominate in the high-fluence regime we operate 
in (40), and the single-carrier recombination due to, e.g., defects, has 
been shown to be marginal in these types of perovskites (52, 53). The 
corresponding rate equation is then given by

with n(t) ∝ R∗

HPP
(t).

The assumption of a high carrier density is justified even though 
initially only about 1 electron/hole per 100 unit cells is excited, the 
polarons have a significant radius of ~1 nm initially (volume of 64 
unit cells for lattice constant ~0.5 nm), and grow to ~2.5 nm (vol-
ume of 125 unit cells) over time (40). Because of their high mobility, 
a high recombination rate, and strong interactions between polar-
ons is expected.

We now fit the data in Fig. 4 (D and E) with the rate equation 
model (Eq. 3) with an initial carrier density of n0 = 6 · 1019 for a pulse 

energy of 0.3 nJ (fluence, 300 μJ/cm2) assuming a unity photon-to-
carrier conversion efficiency. We determine the average rate constants 
to be k2 = (6 ± 4) · 10−10 cm−3 s−1 and k3 = (1 ± 1) · 10−29 cm−6 s−1 
for the selected locations of Fig. 4D by fitting each decay curve with 
the rate model and determining the mean and SD (see table S1 for fit 
values). We see an increase in the rate constants at different loca-
tions, consistent with a decrease in the stretched exponential decay 
time. For the fluence-dependent data, we keep k3 fixed and find values 
of k2 ~ 4 · 10−10 cm−3 s−1, largely independent of pump fluence 
(see Fig. 4F). Further, we observe that the recombination rate con-
stants vary spatially, possibly due to material-dependent (composition, 
structure, crystallinity, or defect density) differences in initial carrier 
density due to locally different absorption cross sections or differ-
ences in recombination rates.

Correlations between ground- and excited-state vibrational 
response and carrier dynamics
Last, we analyze correlations between ground and excited-state pa-
rameters (figs. S5 to S7) that can inform future material synthesis 
and device performance.

Crucially, we observe correlations between ground-state peak 
position ν0 of the FA vibration and (i) the residual carrier popula-
tion R0 on the one hand (Fig. 5A) and (ii) the vibrational Stark 
shift Δν∗

0
 on the other (Fig. 5B). The ground-state vibrational 

red shift of the FA vibration can be viewed as a local reporter of a 
sparser or more disordered molecular lattice (54). The lattice is 
then expected to be more deformable, and polarons can stabilize 
more easily and faster, and thus recombination becomes less likely 
(Fig. 5A). This would equally facilitate a large polaron related 
transient vibrational blue shift Δν∗

0
 due to a stronger reaction 

field–induced Stark effect (Fig. 5B). The interrelation of both ef-
fects is illustrated in Fig. 5C.

We further note that the FA cation concentration (as represented 
by amplitude AL) is not correlated to any parameter (see fig. S6, I to 
K), and therefore, the relative concentration of DMA and cesium cat-
ions seem to be more related to beneficial material properties. Like-
wise, the spectral linewidth indicating cation-lattice coupling (higher 
coupling leading to faster dephasing and therefore homogeneous 
broadening) and disorder (inhomogeneous broadening) is also un-
correlated with excited-state properties (see fig. S6, E to H). Neither 
seems relevant for carrier stabilization and lifetime. This suggests 
that disorder itself does not diminish photocarrier stabilization, 

dn(t)

dt
= −k2n

2
(t) − k3n

3
(t) (3)

Fig. 5. Correlations between ground and excited-state characteristics. (A) Fraction of remaining carriers 1 ns after excitation (R0), and (B) excited-state spectral shift 
Δν

∗

0
 versus ground-state vibrational frequency ν0. Trend line (linear fit, solid line) and 95% confidence interval (shaded area). Pearson correlation coefficient (Pcc) shows 

the degree of correlation (0: no correlation, 1 or −1: strong correlation). (C) Illustration for how a softer and more deformable lattice can foster more efficient polaron 
formation, in turn inducing a stronger reaction field–induced vibrational Stark shift.
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which would help explain the relative defect tolerance of these mate-
rials to their photovoltaic performance.

DISCUSSION
In the following sections, we correlate the different ground- and 
excited-state observations and discuss possible underlying phy
sical mechanisms.

Ground-state vibrational nanospectroscopy
The FADMACs samples exhibit the nanoscale polycrystalline and 
granular texture typical for spin-coated thin films. The comparably 
narrow distribution (Fig. 2, B to E) in IR s-SNOM spectral signa-
tures indicates that both composition (from signal amplitude AL) 
and structure (peak position ν0 and linewidth Γ) are quite homoge-
neous within individual grains yet are clearly distinct grain to grain.

In contrast to previous findings of an anticorrelation between 
peak position and linewidth attributed to chemical heterogeneity-
induced cation-lattice disorder on a similar perovskite (34), our re-
sults show that the FADMACs are more homogeneous in these 
aspects, which may be linked to its higher stability. This interpreta-
tion is in line with recent developments (55), suggesting a trend that 
perovskites that are more homogeneous on the nanoscale with larger 
grains of higher crystallinity and potentially less defects [e.g., FAPEA 
lead iodine perovskite (FA0.95PEA0.05PbI3) with phenylethlyammo-
nium (PEA)]. seem to exhibit improved photostability. Therefore, 
even for identical composition, modifying the material synthesis to 
yield larger grains optimized for a structure (order, disorder, or crys-
tallinity) (56) with beneficial ground- and excited-state properties 
could be a viable route for photophysical performance improvement.

Transient vibrational nanospectroscopy
Key evidence for the importance of nanoscale heterogeneity of the 
microscopic processes underlying the macroscopic photophysical 
performance derives from the transient vibrational nanospectros-
copy. For the pump fluence of 100 μJ/cm−2, the carrier density is 
n0 ~ 1019 cm−3 corresponding to 1% excitation density, i.e., ~1 po-
laron per 100 unit cells. However, the initial transient FA vibrational 
signal is as large as ~10% of that of the ground state, indicating a 
nonlocal response affecting an ensemble of FA cations within the 
region of the polaron radius rp (see Fig. 3F).

The polaron as a self-trapped phonon-dressed state with an as-
sociated ionic lattice distortion extends over multiple unit cells 
(large polaron, Fröhlich type) as confirmed by diffuse x-ray scatter-
ing (20). The observed isotropic Stark shift Δν∗

0
 can be described by 

the Onsager model, where the static dipole moment of the FA cat-
ions induces a reaction field in the lattice analogous to solutes in a 
polarizable solvent (57, 58). As established (59), the back action of 
the polaron-associated deformation of the polarization field itself 
gives rise to the “large polaron,” i.e., the polaron changes the polar-
izability of the lattice, which then can be considered a polarizable 
continuum ε*. This then leads to a stronger reaction field within 
the polaron radius, giving rise to the transient Stark shift observed 
(see Fig. 3).

It should be noted that both electron and hole polarons are pres-
ent after photoexcitation. Even though their lattice coupling, mobil-
ity, and effective mass are different (25, 60), our measurements of the 
polaron dynamics cannot distinguish between the different species. 
The different polaron types may manifest themselves in different 

degrees of solvatochromic blue shift, but we do not see evidence of 
two distinct populations like a line broadening or splitting.

On the basis of an effective Stark tuning rate of 10.3 (MV∕cm)∕cm−1 
(61), the observed VSE shift of Δν∗

0
= −2 − 7 cm−1 would require a 

local field of 0 to 60 MV/cm with the maximum value consistent with 
the field of an unscreened electron located 0.5 nm (Fig. 3F) (i.e., 
equivalent to the size of a unit cell) from a FA cation (61) (see the 
Supplementary Materials for corresponding field calculation).

The lattice distortions associated with the polaron extend over 
several unit cells yet decrease only slowly with radial distance (14). 
Therefore, the FA cations are subject to a uniform reaction field 
across the polaron area. This would explain the observation of a 
well-defined transient vibrational frequency shift without an appar-
ent change in linewidth. The Stark shift within this model is inde-
pendent of the molecular orientation (57, 58) but isotropic already 
because of the random orientation of the FA cations due to high 
rotational mobility (62), which itself has been suggested to contrib-
ute to carrier stabilization (63). The intra- and intergrain variation 
in the spectral shift can then be rationalized by local structural dif-
ferences, which give rise to both variable reaction fields and polar-
ons of different sizes. This contrasts with a large inhomogeneous 
broadening and a weak local response in the excited state as would 
be expected in case of a large unscreened electric field gradient (see 
Fig. 3F), which we do not observe.

Alternatively, direct dipole-dipole coupling between the molecu-
lar vibration and the polaron may give rise to a hybrid polaron-
vibration state with an associated vibrational blue shift as suggested 
previously (40). However, this process is unlikely due to the high 
coupling rate of ~50 cm−1 for a 6 cm−1 shift when compared to typi-
cal coupling constants (~20 cm−1) and the linewidth of the vibra-
tional mode (~6 cm−1). Although dipole-dipole coupling may 
manifest itself in an increase of the oscillator strength of the vibration 
in the excited state by borrowing strength from the lattice, evidence 
for such an increased oscillator strength has been observed in time-
resolved IR spectroscopy (24, 25, 64) as a ~10 times larger excited-
state signal compared to the ground-state bleach. This effect would 
still be too small to achieve the hybridization of polaron and molecu-
lar vibration in the bare material, yet it provides a perspective for as-
sociated IR polaron-vibration polariton formation and control with 
the help of high-Q IR cavities.

Polaron dynamics
Last, we discuss the polaron dynamics and their spatial heterogene-
ity as it pertains to the carrier recombination that ultimately relates 
to device performance. Following the pump excitation, it has been 
proposed that the short-lived excitons [due to their low binding en-
ergy of <kT (300 K) = 25 meV] (48, 65) decay into free electrons 
and holes to subsequently most form polarons within ~1 ps (48, 49) 
(Fig. 4G). The spatial heterogeneity observed in the subsequent po-
laron decay dynamics shows a higher degree of intra- and intergrain 
heterogeneity than both static ground-state and transient vibration-
al excited-state nanospectroscopy. This may be expected because the 
excitation density-dependent recombination can be a superposition 
of spatial variations in both absorptions, i.e., initial carrier density, 
and recombination rates, both of which are influenced by heteroge-
neity in local composition and structure (see fig. S5).

While the details about the true nature of charge carriers in 
perovskite are complex and discussions are still ongoing, some gen-
eral conclusions can be drawn from the systematic trends observed. 
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Foremost, the fluence-dependent measurements show that the ini-
tial momentary recombination rate scales with initial carrier density 
over a wide range of fluences. Increasing the pump fluence beyond 
500 μJ/cm2 does not increase the recombination rate further. This 
has previously been attributed to a limit on polaron diffusion (66) or 
a hot-phonon bottleneck (67). Further, we observe nearly constant 
values for the nominal recombination rate constants describing the 
bimolecular recombination (k2) and Auger recombination (k3) (see 
Fig. 4F). Therefore, their values depend only on material properties 
and not on initial carrier density.

Increasing the pump fluence reduces the fraction of residual car-
rier density that survives into the nanosecond regime (see fig. S8). 
However, with further increasing fluence the value of R0 stabilizes at 
10 to 20%. Overall, for photovoltaic devices, a lower initial carrier 
density is preferable, which results in a higher relative number of 
stabilized carriers. For high excitation applications like perovskite-
based lasers, the number of usable carriers after 1 ns remains above 
10% with higher fluence even though the initial carrier recombina-
tion becomes faster.

Our results support the interpretation that the soft ionic lattice 
plays a crucial role by reacting dynamically to the excited charge 
carriers (20, 36, 68–70) and favor the polaron model. Our results 
agree with previous transient absorption measurements evaluated 
on the basis the polaron model (40, 51), which suggest that as the 
polaron density decreases, the polarons grow in size, and simulta-
neously the polaron binding energy increases, which leads to a sta-
bilization of the charge carriers (see Fig. 4G). However, it should 
be emphasized that the relationship between the >1 ns residual 
carrier population after a high-density laser excitation and the 
carrier population excited under solar irradiance conditions has not 
yet been established.

Summary and perspective
In summary, we performed combined ground- and ultrafast excited-
state IR nanoimaging of FADMACs as one of the more stable metal 
halide perovskites and promising candidates for tandem solar cells, 
photocatalysis, and optoelectronic applications. The multiparameter 
analysis provided systematic insight into the outstanding question 
of the influence of ground-state heterogeneity on excited-state cou-
pled transient vibrational and polaron dynamics, resolving differ-
ences in intra- versus intergrain heterogeneity conventionally lost in 
spatially averaged spectroscopy.

The correlative analysis reveals that a softer lattice characterized 
by a red-shifted FA ground-state vibration leads to a larger number 
of long-lived carriers due to enhanced polaron stabilization in the 
transition from an initial picosecond nonlinear to a nanosecond lin-
ear recombination regime associated with polaron size evolution. A 
correspondingly large transient FA response with signals 10-times 
larger than expected compared to the excited state carrier density 
alone, together with a large blue shift of the FA vibration then sig-
nify the formation of larger and more stable polarons. We rational-
ize the uniform vibrational Stark shift by an Onsager-type reaction 
field model independent of the molecular orientation of the cation 
reporter vibration, thus sensing the polaron-induced uniform change 
of the lattice polarizability and the resulting vibrational reaction field 
of all cations within the polaron radius.

This work thus highlights the ability of the transient vibrational 
solvatochromism of the FA vibration to serve as a local probe of the 
nonlocal polaron formation, and a key potential metric in correlative 

analysis of the compounding factors linking microscopic heteroge-
neity with macroscopic photophysical device performance.

As a perspective, our work shows how correlated ground- and 
excited-state structural and dynamic nanoimaging could guide op-
timization of composition and thin film preparation. Larger grains 
of a composition or structure optimized for long-lived carriers are 
expected to improve photovoltaic device performance in the low-
fluence regime to, e.g., lasing applications at high excitation fluences.

With that, we have demonstrated a pathway toward resolving the 
missing links between heterogeneity in composition, structure, and 
disorder to photovoltaic device performance and stability. In future 
work, more correlative nanospectroscopy and nanoimaging would 
be needed to include chemical nanoimaging, on a real device in ope-
rando to relate microscopic composition, structure, coupling, and 
dynamics to better understand the complex time evolution of polar-
ons and their impact on the macroscopic device performance.

MATERIALS AND METHODS
FADMACs film preparation
To prepare (FA0.6DMA0.1Cs0.3)Pb(I2.4Br0.6) perovskite films, precur-
sor salts (PbI2 = 322.7 mg, PbBr2 = 110.1 mg, FA-iodine = 103.2 mg, 
CsI = 77.9 mg, and DMA-iodine = 17.3 mg) were dissolved in 1 ml 
of N,N′-dimethylformamide:dimethyl sulfoxide 3:1 (volume ratio) 
to obtain a 1 M solution. The solution was prepared in an inert at-
mosphere (glove box with dry N2) and stirred overnight (14 hours) 
at room temperature. Addition of DMA leads to an increased band-
gap and a larger octahedral tilt. Although the exact mechanism is 
still undetermined, it results in better photostability due to reduced 
photoinduced halide phase separation, and the increased bandgap is 
beneficial for tandem solar cells (>1.7 eV) (43, 44).

Borosilicate glass substrates (2 × 2 cm2) were cleaned by sonica-
tion in trichlorormethane, acetone, and methanol. The perovskite 
films were grown by spin coating onto the substrates under inert 
atmosphere. About 200 μl of the solution were pipetted onto the 
substrate, distributed with the pipette tip, and the spin coater was 
first run at 2000 rpm for 20 s, then 6000 rpm for 40 s with inert gas 
stream quenching for the last 10 s. Films were subsequently an-
nealed for 20 min at 120°C on a hot plate. The resulting films were 
black and opaque around the middle of the substrate and increas-
ingly more transparent and inhomogeneous toward the edges.

These substrates were cut into smaller pieces under an inert at-
mosphere. Films were selected from center segments and taped on 
magnetic AFM plates. Samples were kept under inert gas until 
transferred into the AFM purged with nitrogen for pump-probe na-
noimaging or under dry air for IR s-SNOM.

Film characterization
Perovskite films were precharacterized using absorption spectros-
copy, optical microscopy, and AFM. Figure S1A shows an absorp-
tion spectrum with the 1.71-eV (725-nm) bandgap determined 
using the Tauc method (71) (fig. S1B). A film thickness of ~300 nm 
is expected for our preparation method (44). Figure S1C shows an 
image of the film-coated substrate before cutting. Figure S1D 
shows a microscope image of the surface with the micrometer- to 
millimeter-size domains and  ~100-nm-height modulation that 
results from the Marangoni effect during spin coating. The AFM 
image in fig. S1E shows ~100-nm-size grains and ~50-nm-height 
variation as typical for freshly prepared films of this type (15) of 
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perovskite, while increasing grain size and growing roughness 
would indicate degradation.

Ultrafast nanoimaging and IR s-SNOM
For the combined ground-state structure and excited-state dynam-
ics nanoimaging, experiments are performed on two different IR s-
SNOM setups, one for nano-FTIR spatiospectral imaging of the 
ground-state response, and one for ultrafast vis-pump IR-probe na-
noimaging in the photoinduced excited state.

Ground-state spatiospectral nano-IR imaging
IR s-SNOM (Fig. 1C) with interferometric heterodyne detection of 
the tip scattered near-field is performed as established previously 
(37, 38). Experiments were conducted on a modified prototype IR 
s-SNOM system (Anasys NanoIR1-s, Bruker Nano Surface, Goleta, 
CA) using an optical parametric oscillator (OPO) followed by dif-
ference frequency generation (DFG) system (Levante/HarmoniXX, 
APE GmbH, Berlin) for tunable (5 to 10 μm) MIR pulse generation, 
pumped by a Yb:KGW (1030 nm and 1.2 eV) femtosecond oscillator 
(6.5 W, 80 MHz, and ~190 fs; FLINT, Light Conversion, Vilnius), 
directed onto a Pt/Ir-coated tip with ~250 kHz tapping frequency 
(ARROW-NCPt, NanoAndMore USA Corp., Watsonville). The OPO/
DFG system is tuned to 5.8 μm center wavelength (1715 cm−1), 
delivering IR pulses of 250 fs pulse duration to probe the FA 
antisymmetric stretch mode at ν0 = 1715 cm−1 in nano-FTIR with 
spatial-spectral resolution.

We measured the tip-scattered signal in back-reflection in het-
erodyne detection with an excitation pulse replica [local oscillator 
(LO)] in an asymmetric Michelson interferometer and detect the 
signal with a HgCdTe (MCT) detector (KLD 0.1-J1, Kolmar Tech-
nologies Inc., Newburyport). The signal is demodulated via lock-in 
detection (HF2LI, Zurich Instruments Ltd., Zurich) on harmonics 
of the tip tapping frequency νtip = 250 kHz (nνtip with n = 1, 2, 3...) 
to isolate the near-field signal INF ∝ ENF(νtip)E*LO with a spectral 
resolution of 1 cm−1 after the Fourier transform of the recorded in-
terferogram. Spectra are phase corrected by polynomial fits to the 
spectral phase and normalized by complex division with a reference 
spectrum measured on germanium. The phase spectra are fitted by 
a Lorentz function and a single-layer point-dipole model (72). Am-
plitude AL, center frequency ν0, and linewidth Γ determined by 
Lorentz oscillator fits report local composition and lattice structure 
in the ground state.

Excited-state pump-probe 
spatio-spectral-temporal nanoimaging
The excited-state dynamics is resolved by pump-probe IR s-SNOM 
with heterodyne detection (HPP IR s-SNOM) as described previ-
ously (34). Figure 1C shows the home-built IR s-SNOM setup, based 
on a modified AFM (Innova, Bruker Nano Surface, Goleta, CA), us-
ing the same Pt/Ir tips (see above). The femtosecond laser pulses are 
focused onto the tip using an off-axis parabolic mirror (numerical 
aperture = 0.45, f = 5 cm, and ϕ = 25 mm, custom). The tip-scattered 
near-field IR light is again interferometrically heterodyne detected by 
an MCT (KLD 0.1-J1, Kolmar Technologies Inc., Newburyport) and 
lock-in demodulated (HF2LI, Zurich Instruments Ltd., Zurich) as 
described above, with similar spectral processing with the exception 
that the spectral phase ΦNF(ν0) of the side band demodulated spec-
trum (excited state) is phase corrected with the second-harmonic 
signal phase to account for a phase shift that carries information, e.g., 

about the phase offset from the broad polaron/Drude spectrum of 
the excited-state carriers.

A solid-state Yb:KGW oscillator/regenerative amplifier (6 W, 
1 MHz, ~190 fs, and 1030 nm; Pharos, Light Conversion, Vilnius) is 
used to provide femtosecond pules, where a ~10% fraction (500 mW) 
of the fundamental power is frequency doubled to 515 nm (2.4 eV) 
in a BBO crystal to generate visible pulses for above bandgap excita-
tion of the perovskite films. The remaining fundamental power 
drives an optical parametric amplifier followed by DFG, providing a 
tunable mid-IR probe pulse (5 to 10 μm, ~180 fs, and full width at 
half maximum = 150 cm−1). The path length of the visible pump 
pulse is adjusted via a mechanical delay line (CLL42, SmarAct 
GmbH, Oldenburg), producing a pump-probe time delay (t) of up 
to 1 ns.

The amplitude of the pump pulse is sinusoidally modulated by an 
acousto-optic modulator with frequency ΩM = 16 kHz. This allows 
sideband detection of the lock-in amplified IR s-SNOM signal and 
isolation of the pump-induced signal at frequencies of nνtip ± ΩM 
corresponding to the pump-induced change in the near-field signal 
ΔINF(t) as a function of the pump-probe delay t. Scanning the inter-
ferometric delay (tref) results in the heterodyne pump-probe (HPP) 
signal I*HPP(t, tref) with the complex spectral response function of 
the excited state to A∗

NF
(ν) ⋅ e

iΦ
∗

NF
(ν) after Fourier transform.

Pump-pulse energies were varied from 0.1 to 0.5 nJ (power, 100 
to 500 μW; and fluence, 100 to 500 μJ/cm2). A noticeable accelera-
tion of the sample degradation with pump power greater than 500 μW 
was observed. Most experiments were performed at ~0.3 nJ as a 
compromise between signal level and measurement time before 
sample degradation (2 to 5 hours). Indicators of sample degradation 
include an increase in nanoscopic roughness of the sample surface, 
increase of grain size and decreased signal due to formation of lead 
halides and cation migration. The entire IR s-SNOM setup is fully 
enclosed and purged with dry nitrogen.

The probe pulse was centered at νprobe ~ 1715 cm−1 to cover both 
the FA spectrum and the excited carrier decay from the broad po-
laron response. Scanning the interferometric delay tref at a fixed 
pump-probe delay t provides both the ground-state spectrum from 
nνtip and the excited-state spectrum from the sideband modulated 
signal nνtip ± ΩM. Therefore, we obtain the FA vibrational response 
in both equilibrium and out-of-equilibrium states along with its 
corresponding relaxation dynamics.

Fixing the interferometer delay tref and scanning the pump-probe 
delay t allows us to extract the temporal dynamics of the excited state, 
discriminated from the self-homodyne background by measuring the 
signal amplitude RHPP(t) decay using two-phase heterodyne detec-
tion. The time delay tref is fixed at a delay corresponding to 0 and π 
phase of the HPP interferogram at the center burst while t is scanned 
twice, once at each fixed delay tref. The difference of these signals then 
corresponds to the excited-state decay R*HPP(t)  =  I*HPP(t, 0) − 
I*HPP(t, π). Both decay curves are recorded at a fixed sample location, 
or at selected time delays, t images are recorded by sample scanning to 
R*HPP(t, x, y) = I*HPP(t, 0, x, y) − I*HPP(t, π, x, y).

Probing at ~1715 cm−1 and recording the second-harmonic near-
field signal and its pump-induced change as a side band demodulated 
signal provides four datasets: the ground-state spectrum Ag(ν)e

iϕg(ν) 
and the excited-state spectrum Ae(ν)e

iϕe(ν) of the FA cation vibration 
(simultaneously, by scanning the reference arm delay tref at a fixed 
pump delay t), the pump-probe transient of the broadband polaron/
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Drude response by scanning the pump-probe time delay t, and a spa-
tial array of these properties with nanoscale spatial resolution by sam-
ple scanning.

Fundamentally, measuring all these parameters simultaneously 
would require sequentially obtaining an interferogram (including 
several averages, ~30 s per scan, and ~6 cm−1 spectral resolution) at 
every time delay (at least 50 points logarithmically spaced point for 
meaningful time behavior) and at every image pixel in an AFM im-
age (at least 50 points for a meaningful image). This would accumu-
late to a prohibitively long 21 hours.

Instead, while such full spatio-spectral-temporal information is 
in principle desirable, iteratively informed subsampling within this 
large spatio-temporal-spectral phase space is generally sufficient to 
extract the relevant physical information from the material system. 
Therefore, in an iterative informed process, we measure ground- 
and excited-state nano-IR spectra at specifically selected sample 
locations, two-phase heterodyne pump-probe transients at the 
same locations, and spectrally integrated nanoimaging at selected 
time points.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S8
Tables S1 and S2
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