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Photo-induced enhancement of lattice fluctuations
in metal-halide perovskites
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The optoelectronic properties of metal-halide perovskites (MHPs) are affected by lattice
fluctuations. Using ultrafast pump-probe spectroscopy, we demonstrate that in state-of-the-
art mixed-cation MHPs ultrafast photo-induced bandgap narrowing occurs with a linear to
super-linear dependence on the excited carrier density ranging from 107 cm=3 to above
10’8 cm—3. Time-domain terahertz spectroscopy reveals carrier localization increases with
carrier density. Both observations, the anomalous dependence of the bandgap narrowing and
the increased carrier localization can be rationalized by photo-induced lattice fluctuations.
The magnitude of the photo-induced lattice fluctuations depends on the intrinsic instability of
the MHP lattice. Our findings provide insight into ultrafast processes in MHPs following
photoexcitation and thus help to develop a concise picture of the ultrafast photophysics of
this important class of emerging semiconductors.
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ARTICLE

nderstanding the dynamics of photogenerated carriers in

semiconductors has been essential to unleash their max-

imum performance in optoelectronic applications such as
light-emitting diodes and solar cells. In emergent metal-halide
perovskite (MHP) semiconductors, Wannier-type excitons are
the initial photogenerated species, since the small effective elec-
tron mass (~0.1-0.15 m,)"? and high optical permittivity
(€opt ~4-6.5)% yield a Bohr radius larger than the perovskite’s
lattice constant. Based on the Wannier-exciton approximation,
the exciton binding energy (R,) can be estimated to ~54 meV,
assuming &, =5 and using the hydrogen model?. However,
experimentally significantly lower values have been determined,
for instance R,~5-15meV was found for the classic
CH;3NH;PbI; (MA) perovskite, based on analysis of the steady-
state absorption spectra in the framework of Elliot theory?, and
Ry ~10-12 meV was determined independently from the dielec-
tric response from magneto-optical measurements on MAI,
yielding a frequency of 2.44-2.93 THz, which is in the range of
optical phonon energies (~0.5-7 THz)°. Thus, the corresponding
excitonic dielectric response (ex~11+4) is in the region of
optical phonon dielectric responses®, indicating that the lattice
screening is dynamic in nature due to the “soft” crystal lattice of
MHPs’.

Longitudinal optical (LO) phonons dominate the exciton
screening, since the measured R, can be explained when con-
sidering strong Frohlich electron-phonon coupling, resulting
from the polar ionic crystal structure of MHPs, which screens
efficiently the electron-hole mutual attraction potential®®.
Organic cations contribute to the exciton screening via vibra-
tional modes (~20 meV)!0. Although cation polarization operates
at much lower frequencies (~100 GHz)!!, they can cause dynamic
screening by coupling with the inorganic LO-phonons
(~3-15.8 meV)!2. Due to efficient thermally-assisted dissocia-
tion, excitons are barely observed in MHPs at room T (thermal
energy ~25meV). In fact, ultrashort pump-probe measurements
have revealed that the timescale of exciton dephasing is only
~20 fs!3. Consequently, free carriers are the primary photo-
generated species, as also indicated by the quadratic carrier
density dependence of spontaneous photoluminescence
intensity!4.

However, the transport of photogenerated carriers is limited by
localization effects. First, static disorder resulting from thin-film
imperfections reduce carrier mobility by scattering!®. Second,
strong Frohlich coupling drives lattice distortions that tend to
slow carriers'®. The Fréhlich model not only reproduces quali-
tatively the changes of the carrier mobility depending on different
inorganic lattices, but also it yields values only slightly larger than
the experimental values!”, suggesting that Fréhlich coupling is the
main mechanism limiting carrier mobility in MHPs. However,
the Frohlich model predicts a polaron mobility dependence on
temperature of ~T~046 (for a range from 200 to 300 K), inde-
pendent of multi-phonon coupling!8. This result is inconsistent
with the ~T—3/2 dependence observed experimentally!®, which
subsequently has been ascribed to large atomic displacements
(lattice  fluctuations)!120,  The thermally-activated lattice
fluctuations?! retard polaron transport by introducing nonlinear-
Fréhlich coupling??, while the random potential fields caused by
lattice fluctuations favor quantum Anderson localization20. Both
are potential mechanisms that can be responsible for the T—3/2-
dependence.

The energetic barrier for re-orientation and rotation of the
organic-cation dipole moments is as small as ~20 meV23. Con-
sequently, organic cations can re-orient and rotate around their
latticesites at room T (resulting in dynamic disorder), which
prolongs carrier lifetimes242> by localizing electrons and holes in
different regions2®, implying a tradeoff exists between carrier

lifetime and carrier mobility?’. The carrier localization induced
by dynamic disorder depends also on lattice vibrations. Theore-
tical studies using density functional theory?$2° and spectro-
scopic studies’®3! have respectively demonstrated that lattice
distortions compete with dynamic disorder, leading to the for-
mation of ferroelectric polarons32.

In this study, we performed transient absorption (TA) pump-
probe measurements on thin films of the state-of-the-art triple-
cation lead mixed halide perovskite (CsposFAqsMAg;s5)
Pb(Iyg5Brg15)3 or CsFAMA. This perovskite composition has
consistently delivered a power conversion efficiency in excess of
20% in conjunction with excellent photostability in perovskite
solar cells3>34, Carrier density-dependent TA spectra were mea-
sured at room T across carrier densities from N ~ 1.5 x 1017 cm—3
to N~3.5x1018cm~3. We developed a model to analyze the
high-energy part of the TA spectra, which revealed weak photo-
induced exciton screening and a linear to super-linear depen-
dence of photo-induced bandgap renormalization (BGR) on N.
This anomalous BGR cannot be explained by carrier-carrier
interactions or thermal effects, but can be rationalized by photo-
induced lattice fluctuations, which was subsequently supported by
time-domain terahertz (td-THz) spectroscopy measurements.

Terahertz spectroscopy is a powerful technique to study
photoconductivity!®3>-39,  Fluence-dependent THz photo-
conductivity spectra obtained from the td-THz spectra show that
carrier localization increases with N, possibly due to photo-
induced lattice fluctuations. We found that the THz photo-
conductivity spectra present a broadband Lorentz-like resonance,
which is governed by size-constrained localization possibly
involving Anderson backscattering. The extracted dc carrier
mobility (w/2m = 0) decays exponentially with N, consistent with
a carrier mobility limited by Anderson localization and a Mott
mobility edge, indicating photo-induced enhancement of lattice
fluctuations. This result is in agreement with the anomalous BGR
observed in our TA experiments. The Anderson localization
mainly affects the dc carrier mobility (w/2mw = 0) at high N, while
its contribution to the carrier mobility in the THz range (w/
2m~0.1-3 THz) at low N is less pronounced, suggesting that the
T—3/2-dependence of carrier mobility obtained from low-fluence
THz experiments is mainly due to nonlinear-Frohlich coupling.
The magnitude of photo-induced lattice fluctuations depends on
the intrinsic instability of the MHP lattice. Our findings are
related to light-induced fluctuations also observed earlier by other
techniques?>40.

Results

Photo-induced transient absorption. CsSFAMA films (thickness
d ~ 300 nm) were prepared by the solution-processing method on
spectroscopic-grade quartz substrates (see methods). Figure la
shows the steady-state ground-state absorption spectrum, ana-
lyzed in the framework of the Elliott model, indicating the
absorption (coefficient) consists of a linear combination of exci-
tonic absorption (ax) and absorption from continuum states (ec)
as also reported earlier#4!. According to the Elliott theory, ac is
enhanced by a factor ¢ due to Coulomb attraction between
electrons and holes according to*:

27/ Ry /x
1 — exp(—2m\/Ryy/x)

&(Ryg, x) = (1)

where Ry is the exciton binding energy, and x = E — E,, where E,
is the band gap. £ approaches unity when Ry, — 0 (L ‘Hospital’s
rule), which implies the Coulomb enhancement of ac does not
exist any longer once excitons (electron-hole pairs) are entirely
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Fig. 1 Ground-state absorption and transient absorption spectra of CsSFAMA thin films. a Elliott model fit to the ground-state absorption spectrum. The
dashed line denotes the continuum absorption, in case excitons are fully screened (£ =1). The divergence indicated at 1.82 eV implies that parabolic band
dispersion is invalid for E>1.82eV. b TA spectra recorded at 5 ps delay time for carrier densities varying from 1.5 x 10" to 3.5 x 108 cm~3. The pump
wavelength was 550 nm (photon energy ~2.25eV). PIA-H represents the photo-induced absorption at the high-energy part of the TA spectra. Inset:
normalized TA spectra for carrier densities of 1.5 x 1017 and 3.5 x 1018 cm—3, respectively. ¢ Plot of the amplitude of the PIA-H signal at £ =1.82 eV versus
the carrier density. The error bars indicate standard errors. The red solid line is a linear fit to the data. The dash-dotted line is a power law fit with ocNV/3,
Inset: normalized TA spectra for a carrier density of ~2 x 10'8 cm~3, generated by different pump photon energies.

screened. Using &, the Elliott formula can be expressed also by*:

R/? £(Ryg, x)

a(E):AMT"‘)S(HRbO) +ATT— )

where A is a fitting parameter related to the transfer matrix ele-
ments, d is the Dirac delta function, 4/x is the normalized density
of states in the conduction band assuming a parabolic shape
(valid below ~1.82 eV in our sample, see Fig. 1a). The first term
accounts for ay, while the second term accounts for &ac. To
describe the room-temperature absorption spectra, a hyperbolic-
secant broadening function accounting for thermal and inho-
mogeneous broadening was convoluted with Eq. 2 (see SI),
yielding Ry ~11meV and E,~1.677 eV (Fig. 1a). The decom-
posed ax and &ac are plotted in Fig. 1a alongside ac. Clearly, the
high-energy part of the absorption spectrum is very sensitive to &,
i.e., the exciton screening.

Next, we focus on the high-energy part of the TA spectra to
explore the photo-induced BGR and underlying many-body
effects (Fig. 1b). When analyzing the photo-induced absorption at
the high-energy part (PIA-H) of the spectra, we can safely neglect
ax (Fig. la) and photo-induced broadening (see SI). Therefore,
the photo-induced absorption of PIA-H may be described by*!:

S

Aa(E) = EE(RM — AR, x— AEbg,> Jx— BB (1-f) - %f(Rbo, X)/x
3)

where AR, and AEy,, are the screened exciton binding energy and
the photo-induced BGR due to many-body effects, respectively.
Here, a negative AE,, represents bandgap narrowing.
f,=1/[1 + eE=E/ksTe] is the Fermi-Dirac distribution function
accounting for the occupation probability of electrons in the
conduction band, where Er is the quasi-Fermi level, kp is the
Boltzmann constant, and T, is the absolute electron temperature.
Since the effective mass of holes is similar to that of electrons*2,
we assume that the occupation probability of holes in the valence
band is symmetric to that of electrons in the conduction band.
For PIA-H recorded 5 ps after photoexcitation, (1 — f;) is close to
1 due to hot-carrier cooling®3. In this case, Eq. (3) can be further

simplified (see SI):

A I AR _ \/@AE@
Aoc(E);—fﬁ[(EeZ” x—l)—b—er” =
E™ 0 2R, ° 2x

(4)

where &, represents §(Ryo, x) and &,e™ 2™V Ro/x < 1.

The photoexcitation was varied across the linear response
regime to avoid saturation effects typically occurring at high
excitation density (Supplementary Fig. 3). A blue shift of the
photo-bleach peak induced by band filling is observed (inset in
Fig. 1b), implying that the photo-induced bandgap narrowing
should be smaller than the Burstein-Moss shift AEg,,, which can
be estimated from the broadening of the TA photo-bleach peak
(~38 meV for N=3.5x 1018 cm—3)%, Hence, an upper limit of
ARy/Ryg ~10% can be determined from Eq. (4) using AEy, =
—38 meV, indicating that the photo-induced exciton screening is
weak. The same consideration was suggested in earlier works
when fitting the entire TA spectra®>#0, In the framework of the
hydrogen model, the excitonic dielectric response ex at the
ground state can be evaluated by: Ry = 13.6 m,/(m.ex?) eV,
where 13.6 is the Rydberg constant and m, ~0.12m,2 is the
reduced electron mass, yielding ex ~ 12.18. According to the Mott
transition criterion of ag/Ap = 1.19%7, where ag = 0.0592m,ex/m,
is the exciton’s Bohr radius and Ap = [exE1/(87Ng?)]!/2 is the
Debye screening length, the estimated Mott density in our sample
is Ny ~2x100cm=3 at room T, implying complete exciton
screening in the entire excitation regime. The quadratic carrier
density dependence of the spontaneous photoluminescence
intensity supports the conclusion of complete exciton screening!4.
This indicates that photogenerated excitons in MHPs are
dynamic in nature, consequently, they can be monitored by
absorption-based measurements (responses to &x), but not by
photoluminescence measurements (responses to ¢;). We note that
the weak exciton screening observed here could indicate the
presence of Mahan-type excitons*8. Mahan-type excitons are
known to survive at carrier densities much larger than the
nominal N,4°. However, Mahan-type excitons have only been
reported in CH;NH;PbBr; crystals until now, indicated by the
observation of strong excitonic peaks even at very high N
(N1019 cm_3)48.
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Fig. 2 The TA spectra of CsSFAMA thin films at early times after photoexcitation. a Left axis: normalized terahertz kinetics (blue solid line). Right axis:
time evolution of the TA bleach (peaked at ~1.68 eV) after photoexcitation (red dashed line). The green area represents the correlation (width ~176 fs) of
pump and probe laser pulses. The TA bleach reaches its maximum in ~1ps due to hot-carrier cooling, while the terahertz signal reaches its maximum at
~2 ps. The rise of the terahertz kinetics observed after hot-carrier cooling is an evidence of polaron formation (shaded area). b Normalized TA spectra at
0.3 ps delay for different carrier densities and photon energies. PIA-L represents the photo-induced absorption at low probe photon energies, which scales

with the carrier density, but decreases with decreasing pump photon energy.

In a doped semiconductor where carrier-carrier interactions
are predominant, AE,,, should follow a power law dependence on
N according to: AEyg, = —E, — E.xNk, where —E,, and —E, are
the bandgap narrowing due to exchange correlation and electron-
impurity interactions, respectively®®, and k~1/3 if electron-
impurity interaction is insignificant®!. However, Fig. 1c shows
k=1 for Aajgyey, which appears to be universal in MHPs
(Supplementary Fig. 4). This behavior is independent of photon
energy, since all TA spectra can be rescaled to similar line shapes
(inset in Fig. 1c). Because exciton screening depends either sub-
linearly (Wannier-type exciton?®) or linearly (Mahan-type
exciton®?) on N, Eq. (4) suggests k > 1 for AEpg,. Such anomalous
BGR cannot be explained by carrier-carrier interactions.
Electron-phonon coupling and thermally-induced lattice expan-
sion can be responsible for the observed k > 1 dependence as they
both contribute to the BGR by:>? AE,,, = —E . — E.+E,,, where
E . and E, account for the exchange correlation and electron-
impurity 1nteract1ons respectively, if electron-phonon coupling
(Egp) is included. We believe that photo-induced thermal effects
can be neglected since, first, heat accumulation should be
negligible, because of the low repetition rate of the pump laser
system (3kHz) used here and thus long off-times between
excitation pulses (~333 us), much longer than the reported heat
transport time from the MHP film to the substrate (<9 us)>3.
Second, the estimated temperature increase of the lattice caused
by a single excitation pulse is only about ~0.32K for
N=35x10"¥8cm™3 and E,,=225eV (see SI), calculated by
usmg the heat capacity of the MHP lattice (~170-190 J/K~! mol

1 at room T%%). Third and importantly, E, in MHPs increases
with the lattice temperature by ~0.3 meV/K4%5, which reduces the
k value rather than increasing it.

Electron-phonon coupling is important in determining the
bandgap in MHPs. As mentioned above, unlike classical
semiconductors (Si, GaAs, etc.), whose bandgap reduces with
temperature, electron-phonon coupling widens the bandgap of
MHPs according to°°:

1
E,(T) = / F(w, T) [ngm T) +5} dw 5)
where F(w) is a spectral function related to the phonon spectra
and np is the Bose-Einstein distribution of optical phonon modes.
Despite E.,(T) being positive, lattice fluctuations can effectively
reduce F(w,T) and thus introduce a negative component®,

4

yielding a temperature-dependent E, with reduced slope®®. Thus,
the k=1 BGR found here is most likely due to an increase of the
contribution from photo-induced lattice fluctuations, supported
by light-induced fluctuations as revealed by various other
techniques?>40. The BGR can include a polaronic contribution,
since optical spectroscopy measures the bandgap of polarons, so
the BGR is possibly linked to polaron formation. However, we
have no clear evidence of polaron formation, only indirect
evidence is found when comparing the hot-carrier cooling
dynamics with the rise of the time-resolved terahertz signal.
Figure 2a reveals that the terahertz photoconductivity reaches
only half of its maximum, when hot-carrier cooling concludes,
which has been ascribed to reduction of the carrier scattering rate
due to polaron formation®”.

This scenario can help to clarify why the low-energy photo-
induced absorption (PIA-L, Fig. 2b) at t ~ 0.3 ps was ascribed to
BGR?*® and polaron formation?’, respectively. Figure 2b shows
that the amplitude of PIA-L scales with N, once again indicating
weak photo-induced exciton screening, since a strong exciton
screening would significantly reduce the PIA-L amplitude at
high N. This dependence coincides with the linear dependence of
PIA-H on N, suggesting that PIA-L is determined by BGR and
polaron formation. However, the amplitude of PIA-L increases
with the carrier’s excess energy (Fig. 2b), which is inconsistent
with the dependence of PIA-H on photon energy (inset in
Fig. 1c). This discrepancy is likely caused by band filling. Since the
PIA-L decay mimics hot-carrier cooling?®, the band filling is
predominant in determining PIA-L’s amplitude during the hot-
carrier cooling process. Therefore, if carriers at the same N
(similar AE,,,) have different excess energy (significant difference
in T,), higher excess energy results in less band filling and thus a
larger amplitude of PIA-L.

Photo-induced THz absorption. Photo-induced lattice fluctua-
tions affect the carrier photoconductivity in MHPs!>22. Mea-
surements of the td-THz spectrum without prior photoexcitation
(Ern.) were performed followed by measurements of the photo-
induced td-THz spectra (AE7y,) recorded at 5 ps after photo-
excitation (Supplementary Fig. 7). The differential td-THz spectra
in the frequency domain (AEry,/Ery.) were obtained by Fast
Fourier Transformation (Supplementary Fig. 7), and subsequently
the photo-induced change of the photoconductivity (Ao) was
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Fig. 3 Photo-induced changes of terahertz photoconductivity in CsFAMA thin films. a The real part and b the imaginary part of the photo-induced change
of the terahertz photoconductivity calculated from the time-domain THz spectra recorded at 5 ps delay time for carrier densities varying from 6.9 x 1017 to
7.5x10'8 cm=3. The pump wavelength was 550 nm (photon energy ~2.25 eV). All error bars indicate standard errors based on multiple measurements.
Dash-dotted lines are fits using the Drude-Smith model (DS model), red solid lines are fits using the Drude-Debye model (DD model). The fits using
the Drude-Anderson model (DA model) and Drude-Lorentz model (DL model) are not shown, because they are similar to the DD model fits. € Schematic
photoconductivity from Lorentzian resonance and Anderson localization. Although Anderson localization substantially reduces the dc photoconductivity,
carrier hopping can overcome the Anderson localization, resulting in a photoconductivity response similar to the Lorentzian resonance. Inset: Scheme of
carrier localization caused by polaron (E,) formation and due to the presence of an energy barrier (E).

calculated by?8:

AE 1 d
Tz — _ / Ao(w, x)dx
soc(l + nsub) 0

6

ETHZ ( )
where ¢, is the vacuum dielectric constant, ¢ the speed of light,
Neup ~ 2.13 the refractive index of the quartz substrate in the
terahertz region, d is the sample thickness, and w is the angular
frequency.

The calculated Ao shows a weak ground-state bleach of two
transverse-optical phonon modes (Fig. 3a, b, see also Supple-
mentary Fig. 10), indicating the contributions from phononic
responses are secondary, consistent with the observations
reported in earlier THz works!?30, At low N, Re(Ao) is virtually
frequency independent (Fig. 3a) and Im(Ao) is close to zero
(Fig. 3b). These spectral signatures indicate that the photo-
conductivity is mediated by free charges that undergo high-rate
Drude scattering8. At high N, Re(Ao) turns downward at the low
frequency side and Im(Ao) shows a zero-crossing in the high
frequency side. This non-Drude behavior can be assigned to a
broadband Lorentz-like resonance centered out of our THz
window (Fig. 3c), which is a direct response to the photo-induced
lattice fluctuations, or a characteristic of the carrier localization®®.
In fact, the former has been observed in organic crystals®,
supported by the THz lattice fluctuations in MHPs revealed by
Raman spectroscopy®!, however, centered at the low-energy side.
The latter is common in size-constraint or disordered
semiconductors®.

If the broadband Lorentz-like resonance is a direct response to
the photo-induced lattice fluctuations, then the photoconductivity
response can be described by the Drude-Debye model (DD
model, see SI):

N 1,
m* 1 —iwt

iwTt, @)

—0 -
Ol—zwrr

Aopp(w) =
N
where 0y is the peak photoconductivity provided by the lattice
fluctuations. For experimental THz photoconductivity, m" = m,
should be constraint in the fit, because td-THz probes both
electrons and holes. Clearly, our Ao can be well reproduced by the
DD model (Fig. 3a, b). The fits yield 7,~147-1.04fs (N-
dependent, see Supplementary Table 1 for details),

0y~ 0.68-12.29 S/cm (N-dependent), 7,~261fs (global). The
resonance peak can be estimated to ~16-39 meV by w?,=1/
(1,79) using 7,< 19 <6.37 fs (see SI). This energy range equals
~3.9-9.5THz and ~130-390 cm~! and is related to the isolated
cation modes®2. However, these fluctuations are infrared-inactive
and thus they cannot be resonant with the THz radiation
directly®2.

The photoconductivity response of a localized system is usually
described by the Drude-Smith model (DS model) which
considers a series of backscattering events3:

Ng? ¢
_QTif[Hzij} ®
m* 1 — iwT,

Avos(w) = (1~ ins)]

where g is the elementary charge and 7, is the carrier’s
momentum scattering time. ¢; is a parameter (-1< G < 0) that
is related to the backscattering probability of the jth scattering
event. Here, the scattering time for each scattering event is
considered constant. ¢;=—1 implies full backscattering (i.e., no
conduction), while ¢;=0 implies no backscattering (Drude
conduction). A negative ¢; decreases the dc photoconductivity
(w=0) by shifting the Drude peak to higher frequency.
Generally, j is considered only once, since the transport direction
of carriers cannot be retained after collision. This approach works
well for the case of ¢; ~ —1, e.g., isolated nanoparticles with zero
dc photoconductivity®3. In the case of MHPs, their high dc
conductivity indicates moderate localization (Fig. 3a), and thus
we assume the jth scattering event to dominate backscattering.
The DS model fits the Ao except for Im(Ao) at high N (dash-
dotted lines in Fig. 3a, b), which could be caused by the simple
assumption that carriers don’t change transport direction after
any non-backscattering events.

The DS fits yield 7,=1.76-1.59fs (N-dependent), j= 122
(global), and ¢;j= —0.11-0.18 (N-dependent), indicating that
backscattering occurs on a timescale of 7, ~ 1227, yielding a
localization length of L~3.72nm calculated by L* =~
7,1,7/2E; /m*%* using 17,=1.76fs, Ep=25meV, m" =2m, ~
0.24 m,. Comparison of the film thickness (d~300nm) and
grain size (>300nm) with L yields d/L~80. The results of
¢j=—0.11-0.18 and d/L ~80 are consistent with the previous
assumption of moderate size-constrained localization. The likely
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explanation for j= 122 is the quantum Anderson localization?0.
Due to the random electrostatic potential induced by lattice
fluctuations, Anderson backscattering can occur after many
scattering events with a backscattering time 7, 7,20, Since
Anderson backscattering results in substantial reduction of the dc
photoconductivity (Fig. 3c), the dc photoconductivity of localized
states is governed by carrier hopping (Fig. 3c), which breaks the
Anderson localization in the dephasing time 7,%0. The
Drude-Anderson model (DA model) is given by®*:

qu Ts _ ¢¢st — Td (9)
m* |1 —iwt b T+ 1,

Aop(w) =

s 1— iw(/)bTb ,

where 0<¢<1 is the fraction of localized carriers?® and
0<¢p<1 is a parameter accounting for the hopping dephasing.
Here, ¢¢, is the effective fraction of localized carriers and ¢, 7} is
the effective backscattering time. The DA fits the experimental Ao
similarly well as the DD model, since they are mathematically
equivalent (see SI). The fits yield 7, ~ 1.9-1.76 fs (N-dependent),
¢dp ~0.23-0.42 (N-dependent), and ¢, 7, ~ 245.6 fs (global).

Both the DS model and DA model are backscattering models
that cannot describe the case of localization due to an energy
barrier characterized by a barrier height (E;) and hopping time
(11,) (scheme in Fig. 3). The thermally-assisted hopping time can
be expressed as 7, = 1,exp(Ep/kpT). When E;, — 0, 1), reduces to
the Drude scattering time 7,. In this case, the photoconductivity
response can be expressed by the Drude-Lorentz model (DL
model):

Ng? (1 - ¢)TS
m* | 1 —iwT

pwt), E,
2 NI
0 — ity (w? — w})

Aop (0) = h

(10)
where 0 < ¢ <1 is the fraction of localized carriers. Since wr, < 1
is satisfied in the THz window, the DL model becomes
mathematically equivalent to the DA model, when ¢ = ¢¢,,
w?, = 1/(14pp1p), and 1, =7, (see SI) however, the two models
have different physical implications. The DL fits are similar to the
DD fits in Fig. 3a, b except, they vyield 7,~1.68-1.31fs,
¢ ~0.1-0.22, E,~22.6meV. The localized pairs with energy
E,+Ej, are usually the surface/interface plasmons caused by
carrier accumulation at grain boundaries and the film surface®.
However, plasmon resonance can be ruled out, because its
peak position is proportional to +/N, yet no obvious peak shift
can be observed here when N increases (Fig. 3a). Therefore, we
hypothesize that the broadband Lorentz-like resonance is
caused by size-constrained localization due to Anderson
backscattering.

N

Discussion

Based on the finding of Anderson localization, Fig. 4a shows the
Drude mobility (y;) calculated from the momentum scattering
time (y, = er/m"), together with the carrier mobility calculated
from the frequency-averaged photoconductivity (iayg = 0ayg/eN),
and the dc mobility calculated by p4. = (1 — ¢¢pp)s. The decrease
of py; with N may be related to the photo-enhanced nonlinear-
Frohlich coupling introduced by lattice fluctuations'?22. yy. is
smaller than p due to the Anderson localization. Interestingly, .
decreases faster than pg, since 1 — ¢¢;, decreases with N (Fig. 4b),
indicating photo-enhanced Anderson localization and thus lattice
fluctuations, consistent with the conclusion drawn from p,. We
note that p,,, is higher than y4,, because it partially accounts for
the non-dc mobility contributed by localized carriers. However,
Havg has a similar N-dependence as y, and unlike p4,, indicating
that y,,, is dominated by y,. While Anderson localization results
in a carrier mobility obeying the experimentally observed T—3/2-
dependence?), this finding suggests that the T—3/2-dependence of

the carrier mobility determined from ¢,,, is primarily caused by
nonlinear-Fréhlich ~ coupling, especially for low-fluence
measurements!®38. It is noteworthy that the carrier mobility
obtained from microwave photoconductivity may be
mainly determined by Anderson localization, because the
microwave is closer to w = 0%.

The DA model also fits the data for MAPbI; (MA) and
FA0'33MA0'17Pb12'4gBr0'51 (FAMA) (Supplementary Flg. 11) The
ratio of pa/ps =1 — ¢¢;, decreases exponentially with N (Fig. 4b).
According to the Mott mobility edge theory®’, u,./u, decreases
exponentially according to:

b _ g~ Ea=Er)
U kBT

where E,; is the mobility edge determined by lattice
fluctuations®”. Since after hot-carrier cooling (ie., t=>5ps), Er
and T depend only weakly on N, the exponential decay of 1 — ¢¢,,
results in an increase of E,; and thus an increase of lattice fluc-
tuations, consistent with the conclusion drawn from the k=1
dependence of the BGR observed in the TA spectra. Conse-
quently, the product ¢¢,, is a measure of lattice fluctuations. We
note that ¢¢, at N=0 is nonzero due to the presence of
thermally-activated lattice fluctuations. The large value of ¢¢,
(~0.46) in FAMA indicates that FAMA is intrinsically instable,
possibly due to the larger cation size of FAt, and/or the dynamic
disorder of FAT re-orientation and rotation. However, incor-
porating only 5% Cs™ into the FAMA structure greatly improves
the lattice stability, as evidenced by the small background of ¢¢,
(~0.21) in CsFAMA. This improvement has previously been
ascribed to the smaller size of CsT which results in a lattice
structure closer to the Goldschmidt tolerance range®8, indicating
that the contribution of dynamic disorder from FA™ to the lattice
fluctuations is secondary.

By comparing the exciton binding energy R, with the Drude
scattering time 7, (Fig. 4¢c), we find that 7, has a positive corre-
lation with Ry, which appears reasonable since both 7, and Ry
are affected by electron-phonon coupling. However, this is no
longer valid if the unscreened exciton binding energy is very
different®. 7, of all samples decreases with the population of
excited states, as discussed above, which can be a result of the
photo-enhanced nonlinear-Frohlich coupling introduced by lat-
tice fluctuations!>?2. This is supported by the larger ¢¢, for
excited states and the anti-correlation between 7, and ¢¢,
(Fig. 4c). In fact, the same behavior was proposed theoretically®®
and experimentally observed in PL spectra’®, but it has been
ascribed to the polaron destabilization related to the wave func-
tion overlap between neighboring polarons’’. The photo-induced
lattice fluctuations reported here could be related to light-induced
fluctuations observed by other techniques?>40, with magnitudes
depending on the intrinsic instability of the MHP lattice (Fig. 4c).
The Anderson localization scenario suggests coexistence of band-
like and hopping transport which challenges the standard band-
like carrier transport model for perovskites?*. However, the
precise nature of carrier transport in MHPs remains an open
question. Here, we emphasize that the observation of photo-
induced lattice fluctuations, which is the main finding of our
work, is independent of the Anderson localization. In fact, band-
like transport models (Supplementary Tables 1-3) indicate
a photo-induced increase of the dielectric response (DD model)
or carrier localization (DS model and DL model). To some extent,
both can be related to photo-induced lattice fluctuations.

In conclusion, triple-cation MHP films (CsFAMA) were
investigated by TA and td-THz spectroscopy. We developed a
model to analyze the high-energy part of the TA spectra,
which takes into account photo-induced exciton screening and
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Fig. 4 Photo-induced carrier localization. a The carrier mobility (us, open squares) obtained from the fitted value of the momentum scattering time (zy).
Havg 1S the carrier mobility calculated from the frequency-averaged photoconductivity (open circles). uqe represents the dc mobility (solid circles). b The
ratio of pg/pus =1— ¢, decreases with carrier density, indicating photo-induced carrier localization. Solid lines are exponential fits to the data of MA,
FAMA and CsFAMA thin films, respectively. € Comparison of 75 and ¢¢, between ground-state and excited-state together with the ground-state exciton
binding energy (Rpo). The black arrows indicate photo-induced enhancement of electron-phonon coupling and lattice fluctuations. All error bars indicate a

95% confidence interval.

bandgap narrowing. The bandgap narrowing was found to
increase linearly or super-linearly with carrier density, which
cannot be explained by carrier-carrier interactions, but can be
rationalized by photo-induced lattice fluctuations, as supported
by the increased carrier localization in the terahertz photo-
conductivity spectra. Anderson backscattering is the most likely
mechanism responsible for the increased carrier localization. The
photo-induced lattice fluctuations aggravate the randomness of
the quantum electrostatic potential and thus increase carrier
localization. Finally, the comparison of Anderson localization
between different MHP systems revealed that the magnitude of
photo-induced lattice fluctuations correlates with intrinsic
instability of the MHP lattice. Our findings provide specific
insight into the excited-state photophysics of state-of-the-art
MHPs, and they aid the development of a concise picture of the
ultrafast physics of this important class of semiconductors.

Methods

Materials: Pbl, and PbBr, were purchased from TCI. FAI and MABr were pur-
chased from Dyesol. CsI, RbI and all anhydrous solvents (DMF, DMSO, chlor-
obenzene) were purchased from Sigma-Aldrich. SnO, colloid precursor was
obtained from Alfa Aesar, the particles were diluted by H,O and isopropanol to
2.67%. All chemicals were used without further purification.

Perovskite film fabrication: MAPbI; perovskite precursor solution in a mixed
solvent (DMF/DMSO = 9:1) was used. In total, 70 pl of perovskite solution was spun
onto the substrates at 4000 rpm for 30s. In total, 150 pl of chlorobenzene was
dropped in the center of the substrates 22 s before the end of the spin-coating process.
After the rotation ceased, the substrates were immediately transferred onto a hotplate
of 100 °C and annealed for 10 min. Pbl, (508 mg, 1.1 mmol), PbBr, (80.7 mg,

0.22 mmol), FAI (171.97 mg, 1 mmol) and MABr (22.4 mg, 0.2 mmol) in 1 ml of a 4:
1 (v/v) mixture of anhydrous DMF and DMSO. This resulting precursor solution for
(FA 83sMA 17)Pb(Iy 83Bro 17)5 contains a 10 mol% excess of Pbl, and PbBr,, respec-
tively, which was introduced to enhance device performance. The FAMA solution
was filtrated through a 0.45 um syringe filter before use. CsI was dissolved in 1 ml
DMSO and 42 pl of the ~1.5 M CslI stock solution was added to 1 ml FAMA solution
to get (CsposFAgsMAg 15)Pb(Ipg5Brg 15)5 solution. In total, 70 pl of perovskite solu-
tion was spun onto the substrates at 2000 rpm for 10 s and 4000 rpm for 30 s. In total,
150 ul of chlorobenzene was dropped in the center of the substrates 10 s before the
end of the spin-coating process. After the rotation ceased, the substrates were
immediately transferred onto a hotplate of 100 °C and annealed for 10 min.

TA setup: our TA setup uses a commercial Ti:sapphire amplifier operating at
800 nm with a repetition rate of 3 kHz as laser source. Its pulse width (FWHM) is
compressed to ~125 fs. Two optical parametric amplifiers are used to tune the laser
wavelength. The white-light probe is generated by 1300 nm laser (from TOPAS1)
with a CaF2 crystal that mounted on a continuously moving stage, which enables
us to generate a super-continuum pulses with a spectral range from 350 to
1100 nm. The pump laser (from TOPAS2) is chopped to 1.5 KHz and delayed by
an automated mechanical delay stage (Newport linear stage IMS600CCHA) from
—400 ps to 8 ns. Pump and probe beams were overlapped on the front surface of

the sample, and their spot sizes (D86 ~ 3 mm) were measured by a beam viewer
(Coherent, LaserCam-HR II) to make sure the pump beam was about three times
larger than the probe beam (D86 ~ 1 mm). The perovskite samples are stored in a
nitrogen-filled chamber to protect from degradation, and photo-excited by 475,
550, and 675 nm in this work. The probe beam was guided to a custom-made prism
spectrograph (Entwicklungsbiiro Stresing) where it was dispersed by a prism onto a
512 pixel complementary metal-oxide semiconductor linear image sensor
(Hamamatsu G11608-512DA). In order to account for the reflection, we first
measured the transient reflection (AR/R), then measured the TA (AT/T).

td-THz setup: our td-THz setup uses the same Ti:sapphire amplifier as the TA
setup. The THz emitter and detector are two 1 mm thick <110> oriented zinc
telluride (ZnTe) crystals. All the THz related optics were placed in a closed
chamber, which was continuously purged with pure nitrogen gas. Perovskite
samples were excited by 550 nm laser pulses obtained from the same TOPAS2 as
used in the TA experiment. A motor equipped with a circular ND filter was used to
change the pump fluence in the fluence-dependent experiments.

Data availability

The main data supporting the findings of this study are available within the Article and
its Supplementary Information. Extra data are available from the corresponding author
(M.W. or F.L.) upon request.
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