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ABSTRACT: We report the band-like transport of photogenerated charge
carriers within all-inorganic black γ-phase CsPbI3 (γ-CsPbI3) thin films,
with local mobilities up to 270 ± 44 cm2V−1s−1 recorded using terahertz
(THz) spectroscopy at room temperature. Temperature-dependent, high-
frequency photoconductivity measurements indicate that large polaron
formation governs charge carrier transport, following the Feynman
polaron model. The mobility values derived using THz spectroscopy are
nearly 1 order of magnitude higher than that reported for hybrid organic−
inorganic lead halide perovskites and approach the theoretical limit for
polarons scattering from longitudinal optical (LO) phonons. Our results
identify γ-CsPbI3 as a fascinating all-inorganic perovskite semiconductor
with high charge carrier mobility for optoelectronics and reveal the effect
of polaron formation on charge transport properties.

Low-cost, solution-processable lead halide perovskites
(LHPs) have attracted tremendous attention in recent
years owing to their superior photovoltaic performance

with the reported single-junction solar cell power conversion
efficiency beyond 25%.1 Such high photovoltaic efficiency
originates from the excellent optoelectronic properties of
LHPs, including high absorption coefficients,2 large carrier
diffusion lengths,3,4 and inherent defect tolerance.5,6

Despite their great promise, the volatility of organic cations
in organic−inorganic hybrid LHPs (e.g., APbX3 with A =
methylammonium (MA) or formamidinium (FA), with X =
Cl, Br, or I) imposes severe thermal and chemical instability,
which impedes the practical realization of hybrid LHP-based
applications.7−10 Within this context, cesium-based all-
inorganic LHPs (e.g., CsPbX3) are promising alternatives for
efficient photovoltaics with improved chemical stability.7,11,12

In particular, the optically active black phase of CsPbI3
possesses both a solar-friendly bandgap (∼1.7 eV) and strong
optical absorption in the UV−vis regime, holding great
promise for the development of efficient all-inorganic perov-
skite photovoltaics.13 Despite the high chemical stability, the
black phase CsPbI3 perovskite is thermodynamically unstable
at room temperature (RT), energetically preferring the
formation of its optically inactive yellow phase. Concerted
efforts have been made to stabilize the black phase at
RT,7,14−18 yet its photophysical details remain largely unex-
plored. Initial optical studies focused on understanding the
evolution of charge carriers (charge separation and recombi-

nation, carrier multiplication, etc.) on the picosecond (ps)
time scale following photoexcitation.19−22 While the inferred
carrier lifetimes in these reports are of great interest for
developing efficient devices, the charge transport properties,
such as the mobility of photogenerated carriers, a vital figure of
merit for photovoltaic applications, are yet to be revealed.
Due to the “soft” and polar nature of lead halide perovskite

crystals, photogenerated charge carriers have been shown to
polarize the lattice and induce atomic displacement of the ions
from their equilibrium positions.23,24 The charge carriers,
together with the associated local lattice deformation, can be
described as a polaron quasi-particle.25 Several recent experi-
ments have provided spectroscopic evidence of polaron
formation in perovskites,26−32 by, e.g., probing subpicosecond
lattice or vibrational dynamics. Polaron formation has been
reported to be responsible for several of the fascinating
optoelectronic properties in LHPs, including long-lived hot
carriers and slow carrier recombination processes.33,34

Exploring the influence of polaron formation on the photo-
generated charge carrier transport will be essential for
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fundamentally understanding CsPbI3-based optical device
design and function.
Here, we report on the temperature-dependent transport

properties of photogenerated charge carriers in black phase γ-
CsPbI3 thin films employing ultrafast terahertz spectroscopy.
The remarkably high charge carrier mobility in γ-CsPbI3 of
∼270 ± 44 cm2 V−1 s−1 at room temperature approaches the
theoretical limit, based on the Feynman polaron model of
charge−LO phonon interaction. This result indicates that grain
boundaries and defects do not play critical roles in determining
the charge mobility in our samples. As such, we expect the
mobility reported here for a polycrystalline sample to be that in
single γ-CsPbI3 crystals. Furthermore, this value is almost an
order of magnitude higher than that for hybrid LHPs.
Recently, Steele et al.7 examined the thermal phase relations

of polymorphic CsPbI3 thin films and demonstrated the
formation of a metastable, strained γ-CsPbI3 perovskite thin
film at RT. Hence, RT γ-CsPbI3 polycrystalline thin films were
prepared following the reported method (see details in SI).7

The γ-CsPbI3 persists at RT long enough to finalize the
spectroscopic study when maintained under a nitrogen
atmosphere or under vacuum conditionssupported by stable
photoconductivity properties. A schematic illustration of the
orthorhombic crystal structure of the γ-CsPbI3 is shown in
Figure 1a. The RT UV−vis absorption spectra of the same
sample before (yellow phase) and after (black γ-phase) the
thermal-driven phase transition are shown in Figure 1b.
Compared to the yellow phase, the γ-CsPbI3 exhibits much
stronger absorption across the UV−vis spectrum with a direct
bandgap around the expected 1.75 eV (Figure S1).
To investigate the dynamics and transport properties of

photogenerated carriers in polycrystalline γ-CsPbI3 thin films,
we employed ultrafast optical pump-THz probe (OPTP)
spectroscopy.35 In a typical OPTP measurement, a 400 nm,
∼50 fs (fs) laser pulse promotes electrons from the valence to
the conduction band. After a specific delay time, a collinearly
propagating THz pulse with ∼1 ps duration probes the

photoconductivity σ of the sample. The photogenerated free
charges can be accelerated by the oscillating THz electric field
(E), resulting in the attenuation of E. The relative change of
the THz field, defined as −ΔE/E, is proportional to σ which is
determined by the carrier density, n, and charge mobility, μ,
following: σ = neμ (e the elementary charge).
In Figure 1c, the photoconductivity dynamics at the same

absorbed photon density are compared for yellow phase and γ-
CsPbI3 thin films. The photoconductivity rise in γ-CsPbI3 in
the first 2−3 ps is attributed to hot carrier cooling.36 Relative
to the yellow phase, the charge carriers in the black phase
possess a much longer lifetime (ns vs subps, see Figure 1c and
d) and a ∼50 times higher peak conductivity. The yellow
phase’s fast photoconductivity decay is assigned to ultrafast
charge trapping due to the high defect density. This high defect
density may be partially responsible for the low photo-
conductivity of yellow phase CsPbI3. The comparative study
demonstrates the superior photophysical and charge transport
properties of γ-CsPbI3 and its suitability for photovoltaics. The
data in Figure 1d were recorded at sufficiently low excitation
fluence to avoid higher-order recombination effects. Detailed
fluence-dependent results (Figure S2) and analysis can be
found in the SI, including the corresponding charge
recombination fitting by the rate equation and a comparison
of the rate constants with previous reports. On the basis of the
analysis (see SI), we find that the monomolecular trapping rate
is enhanced (∼40 times higher) compared to MAPbI3 samples
reported by Herz.37 This indicates a relatively high defect
density present in our samples.
To determine the charge carrier mobility, an important

figure of merit within photovoltaic devices, we conduct a time-
domain spectroscopic (TDS) analysis for the γ-CsPbI3 thin
film at a given pump−probe delay time. TDS provides
frequency-resolved complex conductivity spectra as exempla-
rily shown in Figure 2a: 4 ps, 124 ps, and 524 ps after
photoexcitation (for TDS measurement and data analysis
details, see SI). Both the real and imaginary parts are positive

Figure 1. (a) Schematic representation of the black γ-CsPbI3 crystal structure. (b) Absorption spectra of yellow phase and γ-CsPbI3. (c) THz
photoconductivity comparison for γ-CsPbI3 and yellow phase at the same absorbed photon density of 5.81 × 1013 cm−2. The solid line
represents a single exponential fit with an offset. (d) Photoconductivity dynamics of γ-CsPbI3 at the absorbed photon density of 1.67 × 1012

cm−2. The solid line is an exponential fit that yields a decay time of ∼2 ns.
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and show negative and positive dispersion within the 0.25−1.8
THz bandwidth of the THz pulse, respectively. The Drude
model (lines in Figure 2a) provides a quantitative description
of the data:35,38

i
( )

1
p s

s

2
0σ ω

ω ε τ

ωτ
=

− (1)

Here, ωp is the plasma frequency, ε0 the vacuum permittivity, τs
the scattering time and ω the angular frequency. From the
good agreement, we infer the mean charge scattering time τs to
be 19 ± 3 fs based on measurements spanning time delays
from 3 to ∼550 ps, as shown in Figure 2b. Remarkably, despite
the relatively high defect density (manifested by the large first-
order recombination constant k1, see SI), the obtained charge
scattering time in black phase CsPbI3 is found to be ∼5 times
longer than that in hybrid LHP samples with the same
polycrystalline nature in the film as our γ-CsPbI3. For example,
a scattering time of 4 ± 0.5 fs in MAPbI3 films has been
reported previously.39

To gain additional insight into the charge carrier transport,
we conducted temperature (T) dependent THz conductivity
measurements between 77 K and RT. Previous THz-based
measurements on hybrid perovskites found a T−1.5-dependence
of the mobility, which was interpreted by free electron-acoustic
phonon scattering.39−42 Meanwhile, the formation of large
polarons (i.e., with lattice distortion beyond several lattice
constants) has shown to occur on subpicosecond time scales in
all-inorganic perovskites, including CsPbI3.

36,43 Large polarons
undergo band-like transport, with the mobility decreasing with
increasing temperature, i.e., dμ/dT < 0. Frost24 has calculated
the charge mobility in perovskites, including all-inorganic
CsPbI3, based on the Feynman polaron model, assuming the
dominant role of LO phonon scattering for polaron transport.
In addition, the polaron mobility is found to increase
nonlinearly with lowering T. For the T range studied here,
Frost predicts that μ ∝ T−β, with β ∼ 0.5.24 As shown in Figure
3, we present both the photoconductivity of charge carriers
based on the OPTP study, and the charge scattering time
extracted from the Drude model, as a function of temperature.
The general trend for both parameters is consistent with the
transport of large polarons. For the experimental data in Figure
3, we find β ∼ 0.40 for the scattering time and β ∼ 0.77 for the
photoconductivity. This reasonable agreement between our
experimental results and theoretical predictions supports the
notion of large polaron transport, limited by polaron-LO

phonon scattering in γ-CsPbI3. The large polaron formation
can also explain the observed high defect tolerance in our
sample.33,34

To quantify the charge carrier mobility, μ, from the
scattering time using the relation

e
m

sμ = τ
* , we need knowledge

of the effective mass of the photogenerated charge carriers m*.
This can be obtained from band structure calculations, but
other renormalization factors, e.g., polaron formation, need to
be considered. Large polarons can exhibit band-like transport
with an increased effective mass, m*, relative to the bare band
mass, mb*, of the solids,44 following:45

m m 1
6 40

...b

2α α* = * + + +
i
k
jjjj

y
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zzzz

(2)

Here, α is the dimensionless Fröhlich electron−phonon
coupling constant, defined as46
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where εopt and εs are respectively the optical and static
dielectric constants (in units of vacuum permittivity ε0), ωLO is
the effective LO phonon angular frequency of the coupled
modes, and ℏ is the reduced Planck constant. Notably,
previous theoretical calculations have reported very similar
properties for α- and γ-black phases in terms of electronic
structure and electron−phonon coupling strength.47,48 There-
fore, here, we estimate the Fröhlich electron−phonon coupling
constant of the γ-phase, using the widely reported dielectric
properties and vibrational modes of the α-phase (εopt = 6.1 ε0,
εs = 18.1 ε0, ωLO = 16.15 THz, respectively), based on
theoretical studies.24 These values are in line with previously
reported experimental results for black phase CsPbI3.

49,50 We
calculate α to be 1.23. The small value of α is consistent with
the formation of large polarons (α < 6) in the γ-CsPbI3 as
well.51 Using the band effective mass, mb*, from DFT
calculations (∼0.1 m0, in which m0 is the rest mass of an
electron48,52), m* is calculated to be 0.124 m0.

53 With this
value, the charge carrier mobility amounts to ∼270 ± 44 cm2

V−1 s−1, which is nearly an order of magnitude higher than
other hybrid LHP polycrystalline thin films, as summarized in
Table 1. The high mobility of the large polaron originates
primarily from the long charge scattering time. Previous

Figure 2. (a) Real (open symbols) and imaginary (solid symbols)
components of the THz frequency-domain conductivity measured
4 ps, 124 ps, and 524 ps after photoexcitation with a photon
density of 5.9 × 1012 cm−2 at RT in a vacuum. The solid lines
represent Drude model fits. (b) Scattering times measured at
different pump−probe time delays. The dashed line is the average
of all scattering times.

Figure 3. Temperature-dependent scattering time and photo-
conductivity (proportional to −ΔE/E). In this study, the incident
photon density and wavelength for the optical excitation pulse is
fixed (5.9 × 1012 cm−2 for 400 nm excitation). The solid lines are
power-law fits.
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theoretical studies by Zheng et al. revealed that dynamic
disorder caused by the organic cations can cause localization of
charge carriers and thus reduce the mobility of large polarons
in LHPs.23 Our observation of a substantial enhancement in
charge carrier mobility in all-inorganic perovskites compared to
their organic−inorganic hybrid counterparts supports this
conclusion. Furthermore, based on the lifetime inferred from
the dynamics and the estimated mobility, the diffusion length
of photogenerated polarons exceeds 1 μm (see the SI for more
details). This result illustrates the great potential of the γ-
CsPbI3 for photovoltaic applications.
To further verify the high mobility of charge carriers in γ-

CsPbI3, we conducted a second estimate of the mobility from
the amplitude of the OPTP data as exhibited in Figure 1c,d
(see SI for more details). This is distinct from the first method,
which relies on the dispersion (frequency dependence) of the
complex photoconductivity. Briefly, −ΔE/E is proportional to
the photoconductivity, σ, of the free charge carriers, and μ = σ/
(en). The photogenerated carrier density, n, can be obtained

from the Drude model, since e n
mp

2 2

0
ω =

ε
·

· * . This estimate reveals

a mobility of 258 ± 6 cm2 V−1 s−1. This value is in good
agreement with the polaron-based mobility estimation made
from the TDS dispersion analysis, supporting the estimates of
the electron−phonon coupling constant and polaron effective
mass giving rise to highly mobile large polarons in black phase
CsPbI3.
Furthermore, based on the code developed by Frost and

using the band effective mass (0.1 m0) given by previous DFT
studies,48 we calculate the maximum polaron mobility to be
344 cm2 V−1 s−1 at RT for γ-CsPbI3. Thus, the experimentally
determined mobility in our sample reaches ∼80% of the
theoretical limit. The remaining difference between the
experimental and theoretical results may be due to the
contributions from defect scattering or dielectric drag effects
in perovskites.51

In conclusion, we have performed a systematic THz
spectroscopic study of γ-CsPbI3 and revealed a remarkably
high charge carrier mobility in the material, up to 270 ± 44
cm2 V−1 s−1, which is nearly 1 order of magnitude higher than
that of conventional hybrid lead halide perovskites. We further
provide evidence for large polaron formation dictating the
transport properties and T-dependent conductivity of the
photogenerated carriers. Our results highlight the black γ-
phase CsPbI3 as a fascinating all-inorganic perovskite material
class for efficient optoelectronics.
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Table 1. Comparison of the Mobility Measured in γ-CsPbI3
Wtih That from Calculations and Measurements in Other
Reports for Hybrid LHPs

material (polycrystalline thin film) mobility (cm2 V−1 s−1) technique

CsPbI3 (this work) 270 ± 44 THz
CsPbI3 344 calculation24

MAPbI3 ∼27 THz39

MAPbI3 ∼20−75 TRMC54,a

MAPbI3 ∼25 THz55

FAPbI3 ∼75 THz56

FAPbI3 ∼27 THz57

MAPbI3 (single crystal) ∼620 THz38

aTRMC = time-resolved microwave conductivity.
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