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Controlling the flow of thermal energy is crucial to numerous
applications ranging from microelectronic devices to energy
storage and energy conversion devices. Here, we report ultralow
lattice thermal conductivities of solution-synthesized, singlecrystalline all-inorganic halide perovskite nanowires composed of
CsPbI3 (0.45 ± 0.05 W·m−1·K−1), CsPbBr3 (0.42 ± 0.04 W·m−1·K−1),
and CsSnI3 (0.38 ± 0.04 W·m−1·K−1). We attribute this ultralow
thermal conductivity to the cluster rattling mechanism, wherein
strong optical–acoustic phonon scatterings are driven by a mixture
of 0D/1D/2D collective motions. Remarkably, CsSnI3 possesses a
rare combination of ultralow thermal conductivity, high electrical
conductivity (282 S·cm−1), and high hole mobility (394 cm2·V−1·s−1).
The unique thermal transport properties in all-inorganic halide
perovskites hold promise for diverse applications such as phononic
and thermoelectric devices. Furthermore, the insights obtained
from this work suggest an opportunity to discover low thermal
conductivity materials among unexplored inorganic crystals beyond caged and layered structures.
halide perovskite
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anipulation and utilization of thermal energy can be revolutionized via the discovery of novel materials with extreme thermal transport properties (1). Materials with low
thermal conductivity are sought for turbine engines, thermal data
storage devices, and thermoelectric energy conversion devices
(2–4), and materials with high thermal conductivity are required to
dissipate heat efficiently from microelectronic devices (5). While
electrically insulating amorphous solids generally possess the lowest
thermal conductivities (6), single crystals with ultralow thermal
conductivity are rare due to their well-ordered atomic structure,
and these rare crystals often involve complicated compositions and
expensive synthetic processes (4, 7). To achieve low thermal conductivity, complex systems have been designed with large numbers
of atoms in the primitive unit cell along with cage-like crystal
structures that exhibit atomic rattling motions (e.g., skutterudites
and clathrates) (8, 9). Other approaches use disordered layer
structures and superlattice structures. For example, the thermal
conductivity in disordered layered crystals of WSe2 was found to be
lower than the amorphous limit in the cross-plane direction (10),
and the thermal conductivity of epitaxial oxide superlattices was
reduced below the alloy limit by phonon interference effects (11).
However, finding materials with low thermal conductivity in a
simple, fully dense, and single-crystalline solid with a simple synthetic process has proven extremely challenging.
Halide perovskite materials have attracted significant attention for
their excellent optoelectronic properties. This family of materials
spans organic–inorganic hybrid halide perovskites (HHP) such as
CH3NH3BX3 and HC(NH2)2BX3 as well as all-inorganic halide perovskites (AIHP), which include CsBX3 (where B = Pb, Sn and X =
Cl, Br, I). Both of these halide perovskites have been investigated for
potential applications in solution-processed optoelectronic devices
www.pnas.org/cgi/doi/10.1073/pnas.1711744114

such as photovoltaics (12, 13), light-emitting diodes (14, 15), and
lasers (16, 17). However, fundamental study of thermal transport in
halide perovskites has been significantly lacking despite its practical
and fundamental importance. For HHP, very few experimental
studies have been performed for thermal conductivity (18, 19) and an
ultralow thermal conductivity value of 0.5 W·m−1·K−1 has been
reported for single-crystalline CH3NH3PbI3. Computational study
revealed that the main reason for the ultralow thermal conductivity of
HHP is rotational motions of organic CH3NH3+ ions (20–22). For
instance, Hata et al. computationally demonstrated the critical role
of CH3NH3+ rotations by comparing results with A-site cations
possessing different degrees of freedom, where the elimination of the
rotational degree of freedom results in greater thermal conductivity by a factor of ∼2 (20). While limited investigations of thermal
transport in HHP have been reported and some aspects of thermal
transport in HHP are understood, fundamental understanding of
thermal transport in AIHP remains largely elusive. The thermal
transport mechanism in AIHP is expected to be fundamentally
different from that in HHP, since vibrational density of states in
organic and inorganic ions are largely mismatched for HHP, and
monoatomic Cs+ in AIHP does not contain rotational modes in
contrast to the CH3NH3+ ion in HHP (20, 21).
Here, we synthesize AIHP CsPbI3, CsPbBr3, and CsSnI3
nanowires (NWs) via solution processes, measure their ultralow
thermal conductivity, and elucidate fundamental thermal
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The measured temperature-dependent thermal conductivity for
a representative NW of each composition is presented in Fig. 2.
The characteristic lengths of the
pNWs,
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃwhich can be represented
in terms of the Casimir length ( 4wh=π, where w is the width and
h is the height) (27), are 134, 240, and 400 nm for CsPbI3,
CsPbBr3, and CsSnI3, respectively. To obtain the lattice thermal
conductivity (klattice) from the measured total thermal conductivity
(ktotal) in CsSnI3, we directly measured electrical conductivity
(details are described below and in SI Appendix) and estimated
electronic thermal conductivity (kelectron) from the Wiedemann–
Franz law. Subsequently, klattice is obtained by subtracting kelectron
from ktotal (klattice = ktotal – kelectron). In contrast to CsSnI3, measured thermal conductivity in CsPbI3 and CsPbBr3 is klattice, since
these NWs are electrically insulating (SI Appendix). Despite their
different compositions and phases, klattice of AIHP NWs is found
to be ultralow: 0.45 ± 0.05 W·m−1·K−1 for CsPbI3, 0.42 ±
0.04 W·m−1·K−1 for CsPbBr3, and 0.38 ± 0.04 W·m−1·K−1 for
CsSnI3 at room temperature. Further, while amorphous-like thermal
transport behaviors are observed in several crystalline materials with
low thermal conductivity (28, 29), AIHP NWs exhibit crystal-like
thermal conductivity in which the klattice initially increases and
then decreases as temperature rises.
To benchmark the observed ultralow klattice of single-crystalline
AIHP NWs, we estimated the amorphous limit of klattice (kmin)
using the model developed by Cahill et al. (6). As can be clearly
seen in Fig. 2 A–C, klattice approaches kmin near room temperature
in all AIHP NWs. To verify our experimental results, we measured
the thermal conductivity of several single NWs of each composition
and confirmed consistent results (SI Appendix, Fig. S8). Given the
ultralow klattice in single-crystalline AIHP NWs, it is worth comparing with other classes of single-crystalline materials with ultralow
thermal conductivity (Fig. 2D). Remarkably, klattice of AIHP NWs
are comparable to and even smaller than various crystals such as
Zintl compounds, clathrates, and skutterudites (4). Further, the
ratio of klattice to kmin of AIHP NWs at room temperature is only
∼2 for all cases (Fig. 2D, Inset). This ratio is lower than that of other
crystals exhibiting low thermal conductivity (SI Appendix, Table S1),
particularly for CsPbBr3 and CsSnI3. We also note that AIHP NWs
have far smaller thermal conductivity compared with traditional
inorganic oxide perovskites whose values are 2–10 W·m−1·K−1 (30).

transport in AIHP. Whereas we have developed solution-phase
synthetic methods for CsPbI3 and CsPbBr3 NWs (17, 23) (details
in SI Appendix), we report the successful low-temperature
solution-phase synthesis of black orthorhombic phase CsSnI3
(B-CsSnI3) NWs in this work (SI Appendix, Figs. S1 and S4), which
has been a challenge because of the tendency to form a more stable
yellow polymorph of CsSnI3 based on [Sn2I62−] double chains (24,
25). The B-CsSnI3 has a direct bandgap of 1.3 eV, and unlike other
materials with strong emission in the near-infrared, this material
does not contain toxic lead or cadmium or require highly reactive
metal-organic chemical vapor deposition precursors (24). We confirmed B-CsSnI3 by X-ray powder diffraction and single-NW photoluminescence (SI Appendix, Fig. S2).
At room temperature, CsPbI3 NWs adopt a double-chain
structure in the orthorhombic Pnma space group (δ) while
CsPbBr3 and B-CsSnI3 NWs have a distorted perovskite phase in
the orthorhombic Pbnm space group (γ) (Fig. 1 A–C). Although
δ-CsPbI3 does not possess the 3D bonding network characteristic
of the perovskite structure, we investigate δ-CsPbI3 along with
γ-CsPbBr3 and γ-CsSnI3 as this is a perovskite-related material
(see SI Appendix for more details). In addition, the distinct connectivity patterns within these materials composed of similar
chemical elements provide a desirable platform for understanding
the impact of the topological character of the bonding network on
thermal transport properties. High-resolution transmission electron microscopy, fast Fourier transforms of the lattice images, and
selected area electron diffraction data for CsPbI3, CsPbBr3, and
CsSnI3 NWs confirm that these NWs are single crystalline,
and that the crystal growth directions are [010], [110], and [110],
respectively (Fig. 1 D–F and SI Appendix, Fig. S3). The difference
of crystal growth direction in CsPbI3 NWs resulted from the different crystal structure as described above.
To measure the thermal conductivity along the length of the
AIHP NWs, we used suspended microisland devices (Fig. 1 G–I)
(26). We validated the experimental platform by measuring the
thermal conductivity of amorphous SiO2 NWs (SI Appendix, Fig.
S5). Further, we estimated the thermal contact resistance between the AIHP NWs and Pt electrodes, and the contact resistance is found to be ∼3% of the intrinsic thermal resistance of
the AIHP NWs (SI Appendix, Fig. S6).
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Fig. 1. AIHP NWs and suspended microisland devices to measure their thermal and electrical properties. (A–C) Crystal structures of CsPbI3, CsPbBr3, and
CsSnI3. Atoms are colored by Cs: green, Pb: gray, I: purple, Sn: light purple, Br: brown. (D–F) High-resolution transmission electron microscopy images and
corresponding fast Fourier transform patterns of CsPbI3 (D), CsPbBr3 (E), and CsSnI3 (F) demonstrate the single-crystalline nature of the AIHP NWs. (G and H)
SEM images of suspended microisland devices. Individual AIHP NW is suspended between two membranes. The transport measurement direction is along the
growth direction of the NWs. (I) SEM image of the individual AIHP NW. (Scale bars in D–F, 5 nm; in G, 10 μm; in H, 3 μm; in I, 1 μm.)
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Fig. 2. Thermal conductivity of AIHP NWs. (A–C) Measured thermal conductivity (klattice for A and B, and ktotal for C), ab initio calculated lattice thermal conductivity
(kcomputed), and estimated minimum thermal conductivity (kmin) for each NW. Electronic thermal conductivity (kelectron) for CsSnI3 NW is estimated from measured
electrical conductivity and the Wiedemann–Franz law, and lattice thermal conductivity (klattice) is obtained by subtracting electron thermal conductivity (kelectron) from
total thermal conductivity (ktotal). (D) Comparison between inorganic perovskites and other single crystals with ultralow thermal conductivity [Ba8Ga16Ge30 (36),
Yb11InSb9 (37), Yb11Sb10 (38), La2Mo2O9 (39), Yb14AlSb11 (40)]. (Inset) Ratio of lattice thermal conductivity to the minimum thermal conductivity for AIHP NWs.

To elucidate the fundamental mechanisms responsible for the
observed ultralow thermal conductivity, we apply a combination of
density-functional theory (DFT) and the Boltzmann transport
equation (BTE) (details in SI Appendix) (31). Considering the
intrinsic uncertainty associated with perturbation theory and
DFT-based simulations, the calculated klattice values without
fitting parameters are in reasonable agreement with the experimental values at high temperature (Fig. 2 A–C). At low temperature, an empirical model is adopted to describe defect and
boundary scatterings, and the computed data qualitatively agree
with the trend observed in experimental data (Fig. 2 A–C).
Our simulations show that the extremely low klattice can be
attributed to low group velocities (vg) and more importantly to
extremely short phonon mean-free paths (l). The calculated vg in
all cases is quite small (vg < 2,000 m·s−1) due to constituent heavy
atoms in AIHP (SI Appendix, Fig. S9 and Table S3). In general, l is
suppressed by scattering with intrinsic defects and with the NW
surface at low temperature, and by phonon–phonon scattering at
high temperature (Fig. 3A and SI Appendix, Figs. S12 and S13). In
AIHP, strong interactions between optical and acoustic modes are
stimulated as a result of the large number of band crossings in the
low-frequency range (Fig. 3A, Inset). Although the l distribution is
much broader and the phonon scattering rates are slightly smaller
Lee et al.

in the δ-phase than in the γ-phase, these factors in combination
with their distinct phonon density of states (DOS) still lead to a
similar klattice in both situations (SI Appendix, Fig. S10).
Extremely short maximum l associated with 95% contribution
to total klattice (γ-CsSnI3: 3.9 nm, γ-CsPbBr3: 5.6 nm, δ-CsPbI3:
14.2 nm) is caused by dramatic anharmonicity due to a cluster
rattling mechanism (Fig. 3A). The rattling mechanism associated
with local soft modes is widely accepted to be responsible for the
low klattice in clathrates (32) and Zn4Sb3 (33). From the cage
structure of the γ-phase, it is intuitive to consider the rattling
mechanism as the main source of anharmonicity. However, it is
nontrivial why such an effect would be especially significant in the
γ-phase, and how this concept would extend to the δ-phase where
there are no explicit cages. To answer these questions, we correlate the rattling strength with structural inhomogeneity via an
analysis of bond length distributions. In the case of γ-CsSnI3 (Fig.
3B), the different distances between the Cs rattler and the surrounding I atoms generates soft optical modes as evidenced by the
projected DOS on Cs atoms (SI Appendix, Fig. S10). In δ-CsPbI3
(Fig. 3C), although no single atom can be isolated from the network, the inhomogeneous bond length map enables us to identify
clusters composed of Pb and I atoms that are loosely bound to
their neighbors. These clusters play a similar role as atomic rattlers
PNAS | August 15, 2017 | vol. 114 | no. 33 | 8695
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Fig. 3. Theoretical analysis of lattice thermal conductivity (klattice) based on the cluster rattling model. (A) Cumulative klattice with respect to mean-free path (l) at
room temperature computed by a combination of BTE and DFT, with dashed lines illustrating the defect concentrations fitted to the experimental data shown in
Fig. 2. (Inset) Phonon dispersion curve of CsSnI3 calculated by DFT, with the band crossing between optical and acoustic modes highlighted by the purple circle.
(B and C) Inhomogeneous bonding structures associated with (B) atomic and (C) cluster rattling mechanisms in CsSnI3 and CsPbI3, respectively. The Cs–I bonds with
length <3.90 Å are shown as sticks, while the others are denoted by dashed lines. The rattling units are highlighted by orange-shaded regions.

but with a larger characteristic size, which is consistent with the
dominant contribution from Pb and I atoms to the phonon DOS
in the low-frequency range (SI Appendix, Figs. S10 and S11), and
this explains the longer l in the δ-phase compared with that in the
γ-phase as a consequence of the reduced scattering rates between
phonons with short wavelengths. Within this framework, we further identified a variety of low-frequency phonon modes that
contribute to the cluster rattling mechanism, which are associated
with 0D/1D/2D collective motions in both γ-CsSnI3 and δ-CsPbI3
crystals (SI Appendix, Fig. S11).
Since the rattling mechanism has been widely believed to rely
on the presence of sufficient interstitial space that enables intensive vibration of rattlers, relevant investigations have been
limited to a few types of materials with large cages (34) or layered
structures (35). In addition, most of the rattlers reported so far
contain only one atom/molecule (34) or components with incoherent motions (35), and the reduction of thermal conductivity
was attributed to a single type of rattler. Via quantitative joint
experimental–theoretical analysis, we present the unambiguous
demonstration of the impact of cluster rattling mechanism on
thermal transport properties: comparable and even lower klattice of

Temperature (K)

ZT

S (μV K-1)

σ (s cm-1)

B

Power factor, S2σ (μW m-1 K-2)

A

AIHPs compared with HHPs (18) (kHHP = 0.5 W·m−1·K−1) imply
that the strength of phonon–phonon scattering induced by the
cluster rattling mechanism is comparable to that originating from
the individual rattlers. While the size, shape, symmetry, and vibrational modes of the organic molecule are key parameters for
thermal transport properties in HHP (20), the topological pattern
and bond strength distribution of the entire framework dictates
thermal transport properties in AIHP.
To understand other transport properties of CsSnI 3, we
measured the four-probe electrical conductivity (σ) and Seebeck
coefficient (S) of the exact same NW studied for thermal transport in
Fig. 2C with the suspended microisland devices (Fig. 4A). At room
temperature, σ is 282 S/cm and S is 79 μV/K. Temperaturedependent σ exhibits metallic behavior, and the positive sign of S
indicates a hole-dominant (p-type) semiconductor, in agreement with
previous studies (24). We also performed experiments on several
single CsSnI3 NWs, and the results are consistent (SI Appendix, Fig.
S8). Remarkably, CsSnI3 NWs have a relatively high electrical conductivity, yet ultralow thermal conductivity (ktotal = 0.57 W·m−1·K−1
at 300 K). We also estimated the hole mobility (μ). Electronic relaxation time is extracted by fitting the calculated σ to experimental

Temperature (K)

Fig. 4. Experimental data of thermoelectric properties in CsSnI3. (A) Temperature-dependent electrical conductivity (σ, black squares) and Seebeck coefficient (S,
blue circles) of a single CsSnI3 NW, which is the exact same NW studied in Fig. 2C. The positive sign of S indicates p-type behavior, and CsSnI3 exhibits a relatively high
electrical conductivity despite its ultralow thermal conductivity. (B) Figure of merit ZT (black dots) and power factor (blue squares) obtained from the exact same single
CsSnI3 NW studied in Fig. 2C. Power factor and ZT of as-synthesized CsSnI3 before any attempts at optimization are 186 μW·m−1·K−2 and 0.11 at 320 K, respectively.
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Materials and Methods
Additional details regarding the materials and methods may be found in the
SI Appendix.

(Kimble, FS74504-20) with the CsI-coated side facing up. The vial containing
the CsI-coated substrates is heated to 60 °C before the reaction begins.
Separately, a saturated stock solution of SnI2 (99.999%, ultradry, Alfa Aesar) in
anhydrous 2-propanol (99.5%, Aldrich) is prepared (6.6 mmol/L) by stirring overnight, and the solution is diluted with anhydrous 2-propanol to 4–0.3 mmol/L.
To begin the reaction, 1 mL of SnI2/2-propanol solution is pipetted onto the
CsI-coated substrates, and the vial is capped and allowed to react for 90–120 min.
Afterward, the chip is lifted out of the solution, quickly washed in anhydrous 2-propanol, and dried. Our synthesis is performed in an argon-filled
glove box with an O2 level of <0.1 ppm and an H2O level of <2.0 ppm.
Thermal Conductivity Measurement. The thermal conductivity measurement is
based on a well-established single-NW thermometry technique (26), in which
microislands are suspended from a substrate to force heat flux through an
NW. Two symmetric island structures are each equipped with Pt electrodes,
which can act as both a thermometer and a heater, and these islands are
supported by thin and long SiNx beams. Individual NWs are placed across the
two islands by a manipulator such that the NW bridges the two islands. The
NW is then mechanically and thermally anchored on the Pt electrode by
electron beam-induced deposition of Pt-C. Subsequently, the single NW on the
device is transferred to a closed cycle He cryostat (Janis). Under a high vacuum
(<10−6 torr), one island is heated, and the bridged NW transports heat by
conduction to the other island. During this process, the temperature of each
island is monitored simultaneously. Knowing the temperature of each membrane and the amount of heat dissipation, the thermal conductance of a single
NW can be quantified. The dimensions of the NW are measured using SEM,
and the thermal conductivity is calculated using the obtained dimensions.

Synthesis of γ-CsSnI3 NWs. A saturated solution of CsI (99.999%, anhydrous
beads, Aldrich) in anhydrous methanol (99.8%, Spectrum) is prepared by
allowing the solution to stir for at least 1 h. Afterward, clean Si or SiO2
substrates (1 cm2) are heated to 100 °C and are allowed to equilibrate for
10 min. The saturated CsI solution (70 μL) is pipetted dropwise onto the
substrates without spilling, and the solution is allowed to completely dry for
30 min. Afterward, the CsI-coated substrates are placed in a 20-mL vial
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data, and a high hole-mobility value of 394 cm2·V−1·s−1 at room
temperature is obtained from σ = neμ in the low concentration limit,
with the carrier concentration estimated by fitting the calculated
Seebeck coefficient to the experimental data (theoretical analyses of
charge transport in AIHP are discussed in detail in SI Appendix, Figs.
S15–S17). We also report the power factor and ZT of as-synthesized
CsSnI3 before any attempts at optimization, 186 μW·m−1·K−2 and
0.11 at 320 K, respectively (Fig. 4B and SI Appendix, S8D). We note
that electrical conductivity, Seebeck coefficient, and thermal conductivity are measured from the exact same CsSnI3 NW, and these
values are used to obtain the power factor and ZT. Data for two
other CsSnI3 NWs are presented in SI Appendix, Fig. S8 and the
results are consistent.
Our work reveals that single-crystalline AIHP NWs synthesized
by facile low-temperature solution processes have ultralow klattice,
and CsSnI3 uniquely also possesses high electrical conductivity.
Ultralow klattice in AIHP calls attention to the vital thermal
transport processes and thermal management strategies needed
for the viable development of applications such as phononic devices, thermoelectric devices, optoelectronic devices, and electrically conductive thermal barrier coatings. Further, the generality
of the cluster rattling mechanism will provide insights to discover
other inorganic crystals with ultralow thermal conductivity.

