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We study the nature of photoexcited charge carriers in CsPbBr3 nanocrystal thin films by ultrafast optical
pump-THz probe spectroscopy. We observe a deviation from a pure Drude dispersion of the THz dielectric
response that is ascribed to the polaronic nature of carriers; a transient blueshift of observed phonon
frequencies is indicative of the coupling between photogenerated charges and stretching-bending modes of
the deformed inorganic sublattice, as confirmed by DFT calculations.
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Metal halide perovskites (MHPs) are “soft-lattice” ionic
semiconductors with a direct band gap that present very
interesting physical properties including superconductivity,
magnetoresistance, ionic conductivity, ferroelectricity, and
piezoelectricity, which are of great importance for micro-
electronics and telecommunication [1]. Recently, metal
halide perovskites have been the subject of intensive
studies, since they have been identified as the base
materials for highly efficient solar cells [2,3].
Despite this active research, there are aspects of the

physics of these materials that are still not completely
understood. For instance, MHPs behave as defect-free
semiconductors with all the scattering processes involving
charge carriers mitigated by the screened Coulomb poten-
tial, leading to long carrier lifetimes, long diffusion length,
and slow electron-hole recombination [4]. Unexpectedly,
MHPs show only a moderate carrier mobility that looks
conflicting with the previous characteristics. The presence
of large polarons—resulting from the dielectric electron-
phonon coupling combined with the light effective masses
for bare carriers—has been proposed as a possible explan-
ation for the limited carrier mobility in this class of
materials [4]. However, no direct experimental fingerprint
of the large polaron in the transport properties of MHPs has
been reported to date.
In this Letter, by combining ultrafast THz spectroscopy

with density functional theory (DFT) calculations, we
demonstrate the presence of large polarons in the dielectric

response of thin films of CsPbBr3 nanocrystals (a proto-
typical lead-halide perovskite nanocrystals). We observe a
distinctive coupling between the photogenerated charges
and dipole-active bending modes of the deformed PbBr3
lattice in the transient THz response. The deviation from a
free-carriers dispersion of the transient optical conductivity
and the influence of the photoinjected charge on the lattice
modes relaxation reveal the polaronic nature of the carriers.
Static and ultrafast THz spectroscopy have been fruit-

fully adopted for identifying the MHPs low-frequency
optical phonons, charge-carrier recombination rates, and
hot electron-hole transfer [5–12]. Electronic excitations in
most polar semiconductors are strongly coupled to the
lattice vibrations. This coupling can lead to carrier trapping
or it can induce a certain degree of localization that may
result in the formation of polarons, thus changing the nature
of the primary generated carrier and affecting transport and
recombination mechanisms. Phonon interactions can also
strongly perturb the Coulomb correlations between carriers
through the modulation of the effective dielectric permit-
tivity, eventually leading to phonon “dressing” of the
resultant excitonic states. MHPs are characterized by a
small charge carrier effective mass that, in a first approxi-
mation, would lead to Bloch states. The softness of the
lattice, however, results in a dielectric function that departs
significantly from a pure Drude behavior [5–8].
In this framework, the presence of large polarons has been

mentioned by Wehrenfennig et al. to explain dipole oscil-
lations in the pump-induced THz conductivity spectra [13].

PHYSICAL REVIEW LETTERS 122, 166601 (2019)

0031-9007=19=122(16)=166601(6) 166601-1 © 2019 American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.122.166601&domain=pdf&date_stamp=2019-04-24
https://doi.org/10.1103/PhysRevLett.122.166601
https://doi.org/10.1103/PhysRevLett.122.166601
https://doi.org/10.1103/PhysRevLett.122.166601
https://doi.org/10.1103/PhysRevLett.122.166601


In addition, time-resolved optical Kerr spectroscopy and
femtosecond impulsive stimulated Raman spectroscopy
allowed us to indirectly address the presence of large polar-
ons in MHPs [14,15].
Here we performed optical-pump THz-probe spectros-

copy exploiting our terahertz time-domain spectrometer
driven by 25-fs pulses from a 1-kHz Ti:sapphire laser with a
center wavelength of 790 nm (1.6 eV). THz pulses with a
0.1–2.7 THz bandwidth were generated and detected by
electro-optic sampling in two 1-mm thick ZnTe crystals.
For exciting the sample, 400-nm (3.1 eV) laser pulses
focused to a spot size diameter of 3 mm at fluences of
85 μJ=cm2 with a corresponding density of absorbed
photons of 5.8 × 1017 photons=cm3 were used. Our setup
can detect a transient dynamic induced in the sample up to a
pump-probe delay of about 200 ps.
The investigation was performed on CsPbBr3 nanocrystal

thin films. The nanocrystals have been synthesized as
reported in Ref. [3] and have an average size of about
30 nm, well beyond the critical size for observing quantum
confinement effects. The THz probe pulse has an electric
field peak amplitude of tens of kVm−1 and about a 1-ps-long
optical cycle; thus, it can displace charge carriers on length
scales much shorter than the average nanocrystal size. We
can therefore consider our outcomes as bulk properties of
single crystals. Details concerning the thin film preparation
are reported in the Supplemental Material [16].
We first investigated the static properties of the per-

ovskite thin films to elucidate the presence of phonons that
are expected to be involved in large polaron formation.
Figure 1(a) shows the THz probe spectrum and the
corresponding measured electric field. Figure 1(b) reports
the experimental transmission of the unexcited sample
½TSampleðωÞ=TReferenceðωÞ�. To extract the static dielectric
properties of the thin film, this transmission has been fitted
with a model transmission obtained by considering the
transmission of the THz electric field through the system
composed by the thin film and the substrate [17]. Details
concerning the THz data extraction are reported in the
Supplemental Material [16].
Figures 1(c) and 1(d) show the real part of the refractive

index and the absorption spectrum of a 3-μm thick
perovskite film in the 10–75 cm−1 spectral range acquired
at room temperature and extracted from the raw data
through the above-mentioned procedure. The refractive
index and the absorption spectrum show the presence of
four features at 27, 42, 57, and 63 cm−1. Phonon
resonances show typical Lorentzian line shapes: the
absorption spectrum has a peak in correspondence of
each phonon energy, whereas the refractive index shows
an inflection point at the same energy. These results agree
with previous studies on lead-halide perovskites with
different constituents [5–8]. These peaks can be finely
retrieved in the DFT-calculated absorption spectrum
(dashed red curve) and are related to the superimposition

of several IR-active pure bending and mixed stretching-
bending modes of the Pb-Br cage [14]. Note that the
calculated absorption spectrum shows a good qualitative
agreement with the experimental one; however, anharmo-
nicity, local polar fluctuation, dynamic disorder, and
cation rotational unlocking are not included in the model.
At room temperature, all these contributions can partly
affect the phonon frequencies with inhomogeneous peak
broadening, resulting in the observed discrepancy between
the experimental data and the model [6,20,21]. Dynamic
disorder of cations, for instance, plays an important role in
soft materials such as organic [22] and ionic semicon-
ductors [20] by modulating many phonon mediated
properties, e.g., carrier mobilities.
The large polaron is expected to appear because of

coupling of the photoinjected charge with soft lattice
phonons [14,23]. Previous ultrafast THz spectroscopy
studies of strongly confined ∼10 nm large colloidal
CsPbBr3 nanocrystals performed in the 0.5–5 THz fre-
quency range reported a Drude response, although just the
presence of small oscillations in the transient response [11].
A further study on the same system showed how the
transient THz permittivity is characterized by the presence
of Lorentzian line shapes that are attributed to the presence
of strong carrier-phonon coupling and to a multiphonon
process responsible for the hot carrier relaxation [12]. The
role of electron-phonon coupling on the pump-induced
conductivity has also been studied by THz spectroscopy in
MAPbI3 thin films [9,24].

(a) (b)

(c) (d)

FIG. 1. (a) Probe spectrum used in the optical pump-THz probe
experiment with its waveform in the time domain reported in the
inset. (b) Experimental transmission of the unexcited sample
TðωÞ ¼ ½TSampleðωÞ=TReferenceðωÞ� (black circle) and correspond-
ing fit with the model transmission (continuous red curve);
(c) retrieved real part of the complex refractive index of the
sample; (d) calculated IR spectrum (red dashed curve) and
experimental (blue continuous curve) THz absorption spectrum
of the sample; vertical gray lines are the calculated IR active
modes with the related cross sections.
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Remarkably, in our measurements we can clearly iden-
tify the large polaron fingerprint in the transient dielectric
response of CsPbBr3 nanocrystal thin films. Figure 2(a)
reports the transient optical conductivity acquired at 3 and
100 ps after the photoexcitation in the spectral range from
15 to 65 cm−1. Data analysis has been performed with the
same retrieval procedure adopted for the static dielectric
properties. We observe the presence of three peaks in the
real part of the transient optical conductivity spectra. These
peaks correspond to inflection points in the imaginary part
of the transient optical conductivity and this response
clearly indicates the presence of dipole oscillations char-
acterized by Lorentzian line shapes [16]. The red curve
in Fig. 2(a) is the fitting of the experimental data with
the Drude-Lorentz model σfðωÞ¼ ðnq2=mpÞ · ð1=γ− ιωÞþ
P

m½gmω=ιðω2
m−ω2ÞþΓmω�, where n is the density of

carriers, q is the elementary charge, mp is the carrier mass,
γ is the scattering rate, gm is the oscillator strength, Γm is the
FWHM of the Lorentzian curve, and ωm and ω are the THz
angular frequencies of the m phonon and of the probe
electric field, respectively. This model hence describes the
contribution to the optical conductivity of the polaronic
carriers. We adopted mp ¼ 3.5 ×m� for the carrier mass
(m� ¼ 0.21 ×me is the bare carrier effective mass and me
is the rest electron mass) in the Drude term to account for
the larger mass of the polaronic carriers, as predicted by
the Feynman-Osaka model [14,25]. The resulting mobility
μ ¼ ðqτs=mpÞ of ∼60 cm2=V s (scattering time τs ¼ 1=γ
∼20 fs as extracted from the Drude-Lorentz fit) is in good
agreement with the experimental values reported in the
literature [25] and with the predicted upper bound for
the polaron mobility of 38 cm2=V s calculated with the
Feynman-Osaka polaron model [14]. In analogy with the
MHPs case, crystalline organic semiconductors show
absorption features in the far-IR optical conductivity. For
this case, the features are due to the interaction between the
charge carrier and lattice polarization modes and are
described as a harmonic interaction between a fictitious
particle and an electron embedded in a viscous fluid, which
resemble the large polaron [26]. Recently, an intriguing
picture has been proposed to model large polarons in
MHPs, beyond the harmonic approximation. As previously
discussed, anharmonic effects and dynamic disorder impact
the dielectric properties of MHPs, hence leading to com-
plex relationships between the polarization and the external
stimulus, in particular near phonon resonances at THz
frequencies. Recently, it has been proposed that, due to the
anharmonic and dynamically disordered nature of the
MHPs lattice, the photoexcitation creates an extra charge
with a surrounding local (microscopic) ferroelectric order-
ing with radial symmetry that couples with low-energy
polar phonons to form ferroelectric large polarons [27,28].
Although the Fröhlich formalism, based on the harmonic
approximation, nicely describes our experimental results,
the inclusion of the dynamic disorder and anharmonic
effects in a more accurate model for MHPs should better
describe the large polaron dynamics.
To elucidate the nature of the vibrational modes asso-

ciated with the photoinduced lattice deformations, we
analyzed our results with the aid of DFT calculations
performed on the orthorhombic phase of CsPbBr3. Details
of the calculation are reported in the Supplemental Material
[16]. The overall lattice deformation induced by a positive
charge within the unit cell was calculated using the hybrid
PBE0 functional [29] and fixing cell parameters. The
response of the system to the addition of electrons has
not been considered here, due to the negligible lattice
deformations calculated with both PBE [30] and hybrid
PBE0 [29] functionals [14]. The difference of the Cartesian
positions of the ions between the neutral and positive
energy minima configurations is the variable representing

(b)

(c)

A

B C

D

(a)

FIG. 2. (a) Transient optical conductivity at 85 μJ=cm2

(5.6 × 1017 photons=cm3). Symbols represent the real part of
the transient optical conductivity at a pump-probe delay of 3 (blue
dots) and 100 ps (black squares), the red lines are the Drude-
Lorentz fit of the experimental data. (b) Calculated coefficients of
the electron-phonon coupling related to far-IR phonons involved
in the large polaron formation; A, B, C, and D are the labels of
the most intense phonons mode coupled to the photogenerated
carriers. (c) Real part of the Lorentzian fit at 3 and 100 ps
(continuous red and dashed magenta lines, respectively).
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the lattice distortion. Upon injection of a hole, an average
shortening of the Pb-Br bond lengths in the octahedra is
reported (−0.04 Å) coupled to an increase of the Br-Pb-Br
angle of ∼10° [14,31]. This relaxation stabilizes the lattice
by 0.14 eV and pushes the system toward a more “cubic”
symmetry, with cations following such a distortion and
occupying their corresponding cubic positions in the cell.
Based on these observations, the response of the lattice
to the positive charge is mainly related to the activation of
Br-Pb-Br stretching and bending modes.
Figure 2(b) shows the calculated normalized coefficients

of the displacement vectors projected onto the normal
modes of the crystal in the relevant spectral region. The
most intense displacement activity is predicted for four Pb-
Br-Pb pure bending modes at 25, 28, 46, and 63 cm−1,
labeled as A, B,C, andD, that are strongly coupled with the
injected charge. These values are in very good agreement
with the three phonons at 27, 42, and 58 cm−1 extracted
from the Drude-Lorentz fit of the experimental spectra at
3 ps after the photoexcitation. Indeed, according to the
theoretical prediction, these phonon modes are responsible
for the formation of the large polaron in the photoexcited
lattice. In this respect, we want to highlight that the
presence of pump-induced phonon resonances in the
transient THz response is not common for nonpolar semi-
conductors, III-V compounds, and 2D materials. Typical
bulk nonpolar semiconductors, like silicon, present a free
carrier response [32]. Bulk GaAs, a polar semiconductor,
shows a strong coherent coupling of the LO phonon at
∼8 THz with the plasmon through Coulomb interactions
and a pure Drude behavior at lower energies (0.5–2.5 THz),
while GaAs nanowires show only surface plasmon reso-
nance [33–35]. MoS2 shows free carriers together with the
presence of charged excitons [36]. On the other hand, the
lattice softness of lead halide perovskites, 10 times softer
with respect to Si and GaAs, is the crucial ingredient for
the appearance of the coupling between the photoinjected
charge and phonon modes [37].
To gain further insights into the polaronic fingerprint,

we analyze the spectra acquired at different pump-probe
delays. Figure 2(c) shows the real part of the Lorentzian fits
at 3 and 100 ps. At a pump-probe delay of 100 ps, the
intensity is decreased, and the phonons are slightly red-
shifted (24, 40, and 57 cm−1) as compared to the 3 ps delay.
This redshift can be explained considering that photo-
generated holes in CsPbBr3 nanocrystals distort the PbBr
lattice more than electrons [14,31]. Indeed, once the
photoexcitation creates a hole in the top of the valence
band—which has an antibonding character—the Pb-Br
bond becomes stiffer and the lattice shrinks, resulting in
a blueshift of phonon frequencies. As the photoinjected
charge density starts to decrease, the lattice can expand
again, and the Pb-Br bond softens. The observed
peak frequencies at 3 and 100 ps in Fig. 2(c) are thus
consistent with a lattice compression in the first ps after the
photoexcitation and the subsequent expansion during the

carrier recombination. Transient optical conductivity spec-
tra at 20 ps after the photoexcitation are shown in the
Supplemental Material [16].
If the photoinjected carriers were not coupled to the

lattice by the polaron formation, their relaxation would
not impact lattice mode frequencies. Given the redshift
observed as a function of the pump-probe delay and the
agreement between the DFT model and the deconvolution
of pump induced conductivity spectra, we claim that the
observed features are the fingerprint of the large polaron
presence in lead-halide perovskites.
To further explore the carrier dynamics, we studied the

frequency-averaged dielectric response of the sample for
different optical pump intensities, corresponding to differ-
ent carrier densities; this response is obtained by recording
the transient change of the THz field peak as a function of
the pump-probe delay. Figure 3(a) reports the transient
electric field −½ΔEðtp; 0Þ=E0� at pump fluences of
0.3, 1.1, and 2.2 × 1018 photons=cm3, respectively, where
ΔEðtp; 0Þ is the change in the transmitted THz field
detected at different pump-probe delays tp in correspon-
dence of the peak of the THz waveform located at teos ¼ 0
(teos is the electro-optical sampling delay) and E0 is the
maximum of the THz field transmitted by the unexcited
sample (see Supplemental Material for measurements at
0.07, and 0.8 × 1018 photons=cm3 [16]). With our exper-
imental setup we are not able to follow the monomolecular
decay processes that typically occurs on the ns timescale
for this class of materials [3]. Within 200 ps the sample
shows an initial fast decay of the transient electric field
change with a time constant of about ∼15 ps and a slower
one of hundreds of ps [Fig. 3(a)]. The slow component falls
well within the band-to-band carrier recombination regime
as probed by photoluminescence measurements and often
reported in the literature [3]. The fast decay component
becomes dominant when the initial carrier density N0 is
larger than 0.5 × 1018=cm3. The relationship between N0

and the absorbed photon density Nph is calculated as

(a) (b)

FIG. 3. (a) Transient change of the THz electric field peak
transmitted by the CsPbBr3 sample at 0.3 (black dots), 1.1 (blue
squares), and 2.2 × 1018 (green diamonds) photons=cm3 carrier
densities together with the biexponential fit (red continuous line).
(b) Transient dynamics in the first 3 ps after the photoexcitation at
0.3 and 1.1 × 1018=cm3 (black dots and blue squares, respec-
tively); the red lines are the fit of the buildup dynamics to the rate
equation.
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N0 ¼ φ2Nph, where the photon to carrier ratio was set to
φ ¼ 1. At these densities, trap states are saturated [16] and
many-body processes start to play a role; thus this fast
dynamic can be assigned to the increase of Augerlike
recombination.
Figure 3(b) shows the buildup of the ½ΔEðtp; 0Þ=E0�

signal up to 3 ps at 0.3 and 1.1 × 1018 photons=cm3 (see
Supplemental Material [16] for transient optical conduc-
tivity spectra in the first 2 ps after the photoexcitation).
The observed formation time is in good agreement with

recent outcomes obtained on different perovskite systems.
In Ref. [38], a simplified model has been proposed, which
considers the initial hot electron cooling and the subsequent
large polaron formation, to fit the measured buildup
dynamics for different perovskite thin films. The cooling
of the hot electron distribution occurs on a subpicosecond
timescale and is temperature and excess-energy dependent
(τcool). The large polaron formation, on the other hand,
occurs at 400 fs and is temperature and excess-energy
independent (τpol). We hence adopt this model and fit the
buildup dynamics with a 4 level rate equation system, were
the top level A is populated at time 0. Level A and B are
blind states to consider cooling and polaron formation;
the whole dynamics was fitted using level C population.
The formation time τpol was fixed at 400 fs according to
Ref. [38] and the dynamics were convoluted with a
Gaussian of 100 fs FWHM (pump pulse duration). The
resulting fits are reported in Fig. 3(b) as continuous red
curves and nicely describe the experimental data. Within
this model we obtain for the cooling time 450 and 540 fs at
0.3 and 1.1 × 1018 photons=cm3 respectively, in good
agreement with the values (τcool ∼ 470 fs) reported for
CsPbI3 samples at room temperature and photoexcited
by a 400 nm pump [38]. The buildup dynamics measured
for the photoconductivity further demonstrate the presence
of large polarons in photoexcited perovskites.
In summary, we directly unveiled the presence of large

polarons in CsPbBr3 nanocrystal thin films by optical
pump-THz probe spectroscopy combined with state-of-
the-art DFT calculations. The pump-induced dielectric
response of the perovskite thin films is decorated by
Lorentzian line shapes that imply the presence of dipole-
active vibrational modes coupled to the photoinjected
charges due to electron-phonon interaction. Our finding
represents a direct experimental evidence of polaronic
transport in lead-halide perovskites and can contribute to
the understanding of the exceptional physics of these
compounds that makes them a rich playground for the
implementation of next generation optoelectronics devices.
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