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ABSTRACT

κc κa/b

The effective modulation of the thermal conductivity of halide perovskites
is  of  great  importance  in  optimizing  their  optoelectronic  device  perfor-
mance.  Based  on  first-principles  lattice  dynamics  calculations,  we  found
that  alloying  at  the  B  and  X  sites  can  significantly  modulate  the  thermal
transport  properties  of 2D  Ruddlesden–Popper  (RP)  phase  halide
perovskites,  achieving a range of lattice thermal conductivity values from
the  lowest  (  = 0.05 W·m–1·K–1@Cs4AgBiI8)  to  the  highest  (  = 0.95
W·m–1·K–1@Cs4NaBiCl4I4).  Compared  with  the  pure  RP-phase  halide
perovskites  and  three-dimensional  halide  perovskite  alloys,  the  two-
dimensional halide perovskite introduces more phonon branches through
alloying,  resulting in stronger phonon branch coupling,  which effectively
scatters  phonons  and  reduces  thermal  conductivity.  Alloying  can  also
dramatically regulate the thermal transport anisotropy of RP-phase halide
perovskites,  with  the  anisotropy  ratio  ranging  from 1.22 to 4.13.  Subse-
quently,  analysis  of  the  phonon  transport  modes  in  these  structures
revealed that the lower phonon velocity and shorter phonon lifetime were
the  main  reasons  for  their  low  thermal  conductivity.  This  work  further
reduces  the  lattice  thermal  conductivity  of 2D  pure  RP-phase  halide
perovskites by alloying methods and provides a strong support for theoret-
ical  guidance  by  gaining  insight  into  the  interesting  phonon  transport
phenomena in these compounds.
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 1   Introduction
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The  chemical  structural  formula  of  three-dimensional
(3D) metal halide perovskite is ABX3, where A represents
a monovalent metal cation or an organic cation, B repre-
sents a divalent metal cation, and X represents a halogen
anion.  As a new type of  semiconductor material,  it  has
received special attention not only for its wide range of
applications  in  fields  such  as  piezoelectricity,  ferroelec-
tricity,  and optoelectronics,  but also for its  potential  in
thermal  transport  [1–7].  At  present,  there  have  been
many  reports  exploring  3D  all-inorganic  halide
perovskites with low thermal conductivity [8–10]. This is
because  low  lattice  thermal  conductivity  contributes  to
the high thermoelectric figure of  merit  in most thermo-
electric devices [11–16]. For instance, at 300 K, Kawano
et al. [17] demonstrated through theoretical studies that
the thermal conductivity ( ) of CsSnBr3 is 0.84 W·m–1·
K–1.  The  of  Cs2PtI6 at  300  K  to  be  0.15  W·m–1·K–1

was calculated by Sajjad et al. [18]. However, numerous
studies  have  shown  that  compared  to  3D  halide
perovskites,  the  corresponding  two-dimensional  (2D)
halide  perovskites  not  only  exhibit  superior  physical
properties  but  also  have  greater  stability  [19–23].  For
example,  the  stability  of  perovskite  solar  cell  devices  is
improved  by  suppressing  ion  migration  through  the
strong ion polarization of metal ions towards halide ions
in  two-dimensional  perovskite  materials  [24].  Therefore,
in  the  thermal  management  of  perovskite  devices,  2D
halide perovskite materials may provide a more effective
solution.
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At present,  there are relevant studies on the thermal
transport  behavior  of  2D  halide  perovskite  materials
[25–27].  For  example,  Li et  al. [28]  obtained a  value  of
0.3  W·m–1·K–1 for  the  of  2D  lead  iodide  perovskite
crystals  through  theoretical  calculations  combined  with
experiments. The in-plane  of Ruddlesden–Popper (RP)
phase  (PEA)2PbI4 to  be  (0.19  ±  0.03)  W·m–1·K–1 was
measured  in  the  interlayer  direction  by  Thakur et  al.
[27].  The  in-plane  of  MAPbI3-based  RP-phase
perovskite  was  found  to  be  (0.37  ±  0.13)  W·m–1·K–1,
which is comparable to its 3D perovskite counterpart of

 [29, 30]. Recently, it is worth noting that all-inorganic
RP-phase  halide  perovskite  single  crystal  (Cs2PbI2Cl2)
was  successfully  prepared  by  the  Bridgman  method  in
experiments and the in-plane  along the crystal c-axis
was  measured  to  be  ~0.37–0.28  W·m–1·K–1 within  the
temperature  range  of  295–523  K  [31].  As  researchers
delve deeper into the thermal transport properties of 2D
halide  perovskites,  it  has  been  discovered  that  further
reducing  their  thermal  conductivity  is  an  important
pathway  to  expanding  their  range  of  applications.  Low
thermal conductivity can improve the extraction of  hot
carriers  and increase the conversion efficiency of  photo-
voltaic cells, while high thermal conductivity can help to
avoid thermal failure in light-emitting devices. Alloying,
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as one of the common means to regulate the properties
of materials, provides the possibility to increase stability
and  reduce  the  thermal  conductivity  of  materials  by
controlling the doping proportion and method of different
elements  [32–35].  For  example,  Slade et  al. [36]  alloyed
PbSe with  NaSbSe2 to  obtain  PbSe–NaSbSe2 with  very
low  in-plane  in  the  temperature  range  of  400–873  K
(1–0.55  W·m–1·K–1).  Zheng et  al. [37]  used  alloying  to
obtain the material MgAgSb with low  of 0.45 W·m–1·
K–1 at 473 K. Therefore,  a comprehensive and in-depth
investigation  of  the  effects  of  alloying  on  the  thermal
transport  properties  of  2D  RP-phase  halide  perovskites
should  be  conducted  to  promote  the  development  and
application of this field.

This  work  systematically  investigates  the  thermal
transport properties of all inorganic 2D RP-phase halide
perovskites  after  alloying  and  the  regular  variation  of
thermal conductivity with different structural components
based  on  first-principles  lattice  dynamics  calculations
and iterative solutions of the Boltzmann transport equa-
tion. We found that alloying at both the B and X sites
can significantly modulate the thermal transport properties
of  2D  RP-phase  halide  perovskite.  Compared  with  2D
pure  RP-phase  halide  perovskites  and  3D  halide
perovskite  alloys,  the  alloying  of  2D  RP-phase  halide
perovskites  introduced  more  phonon  branches  and
strengthened  the  coupling  between  phonon  branches,
resulting in  a  reduction of  lattice  thermal  conductivity.
In  addition,  alloying  can  also  significantly  regulate  the
thermal  transport  anisotropy  of  RP-phase  halide
perovskite. Phonon transport modes of RP-phase halide
perovskite alloys are also analyzed. By investigating the
effect  of  alloying on the thermal  transport  of  RP-phase
halide  perovskite  materials,  we  hope  to  avoid  thermal
failures  in  perovskite  devices.  This  study  also  provides
new insights for designing efficient thermoelectric materials
and devices.

 2   Computational method

The  equilibrium  crystal  structures  and  the  interatomic
force constants calculations (IFCs) are performed based
on the density functional theory (DFT) using the projector
augmented  wave  (PAW)  method  with  the  Vienna  ab
initio  simulation  package  (VASP)  [38].  We  used  the
local  density  approximation  (LDA)  functional  as  the
exchange-correlation  functional  [39].  The  Hellmann–
Feynman force convergence threshold is set as 1 × 10–4

eV·Å–1.  The  structural  optimization  is  done  with  the
kinetic-energy cutoff  of  520 eV and Brillouin zone inte-
gration via k-point meshes of spacing 2π × 0.03 Å–1. We
explored  a  set  of  24  halide  perovskite  compounds,
including halide single perovskites CsBBr3 (B = Ge, Sn,
and Pb), double perovskites Cs2B(I)B(II)X6 (B(I) = Na
and Ag; B(II) = In and Bi; X = Cl and Br), RP-phase
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halide  perovskites  Cs2PbX4 (X  =  Cl,  Br,  and  I),
Cs2BCl2I2 (B  =  Sn  and  Pb),  and  RP-phase  halide
perovskite  alloys  Cs4B(I)B(II)X8/Cl4I4 (B(I)  =  Na,  Ag,
and  Pb;  B(II)  =  Sn  and  Bi;  X  =  Cl,  Br,  and  I).  The
AIMD simulations were done with 2 × 2 × 2 supercells
of the single halide perovskites (with 40 atoms in total),
1 × 1 × 1 supercells of double halide perovskites (with
40 atoms in total), 2 × 2 × 1 supercells of (n = 1) RP-
phase halide perovskites (with 56 atoms in total), and 1 ×
1  ×  1  supercells  of  RP-phase  halide  perovskite  alloys
(with  56  atoms  in  total).  The  plane-wave  cutoff  of  400
eV  for  single/double  halide  perovskites  and  270  eV  for
RP-phase  halide  perovskites  and  alloys.  We  employed
the canonical NVT ensembles at a temperature of 300 K,
controlled by a Nosé‒Hoover thermostat [40]. Simulations
were  conducted  for  more  than  8000  timesteps  of  1  fs
each  on  single/double/RP-phase  halide  perovskites  and
for  100  000  timesteps  of  1  fs  each  on  RP-phase  halide
perovskite alloys to ensure the attainment of thermody-
namic equilibrium.

Temperature-dependent  harmonic  and  anharmonic
interatomic force constants were calculated using a least-
square  method,  fitting  the ab  initio molecular  dynamic
(AIMD) forces to a model Hamiltonian with the temper-
ature-dependent effective potential (TDEP) method [41,
42],
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Here U is the potential energy,  and  are the second-
and third-order IFCs. The displacement of atom i from
ideal positions is denoted , its momentum , and αβγ
are Cartesian indices. The real-space cutoff radii are set
to 5 Å for the pair and three-body interactions.

The thermal conductivity was calculated by iteratively
solving the linearized phonon Boltzmann transport equa-
tion  (BTE)  as  implemented  in  the  ShengBTE  package
[43] with temperature-dependent effective harmonic and
anharmonic IFCs. The κ of cubic systems can be calculated
as the sum of all the phonon mode λ with branch p and
wave vector q:
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where λ denotes a phonon mode in branch p with wave
vector q, N is  the number of  uniformly spaced q points
in the Brillouin zone, V is the volume of the unit cell, 
is  the  heat  capacity,  is  the  phonon  group  velocity,
and the phonon lifetime  in relaxation time approximation

Γλλ′
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is determined by the processes of two-phonon scattering
from isotopic disorder ( ) and three-phonon anharmonic
scattering  ( ).  1/  and  can  be  expressed  as
[43–46]

1

τλ
=

+∑
λ′λ′′

Γ+
λλ′λ′′ +

−∑
λ′λ′′

1

2
Γ−
λλ′λ′′ +

∑
λ′

Γλλ′ , (4)

Γ±
λλ′λ′′ =

ℏπ
8N

{
2(fλ′ − fλ′′)
fλ′+fλ′′ + 1

}δ(ωλ±ωλ′−ωλ′′)

ωλωλ′ωλ′′

∣∣V ±
λλ′λ′′

∣∣2,
(5)

and

V ±
λλ′λ′′ =

∑
iϵu.c.

∑
j,k

∑
αβγ

eαλ(i) e
β
p′±q′(j) e

γ
p′′−q′′ (k)√

MiMjMk

Φαβγ
ijk ,

(6)

Vλλ′λ′′

W±

where the upper (lower) row in curly brackets goes with
the depend on the third-order + (–) sign for absorption
(emission) processes, respectively. The scattering matrix
elements  interatomic  force  constants  (IFCs).  The
three-phonon  scattering  phase  space  (harmonic
phonon frequencies contributed to the anharmonic scat-
tering) is written as

W±
λ =

1

2N

∑
λ′p′′

{
2(fλ′ − fλ′′)
fλ′+fλ′′ + 1

} δ(ωλ±ωλ′−ωλ′′)

ωλωλ′ωλ′′
. (7)
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In addition, the Q-grid mesh with 15 × 15 × 15 of the
single  halide  perovskites,  7  ×  7  ×  7  of  double  halide
perovskites,  12  ×  12  ×  4  of  (n =  1)  RP-phase  halide
perovskites, and 6 × 6 × 4 of (n = 1) RP-phase halide
perovskite alloys are chosen for obtaining the converged

.

 3   Results and discussion

 3.1   Structure and thermal conductivity

The  optimized  halide  perovskite  alloys  Cs4B(I)B(II)X8/
Cl4I4 (B(I) = Na, Ag, and Pb; B(II) = Sn and Bi; X =
Cl, Br, and I) are 2D RP-phase structures with n = 1,
belong  to  the  I4/mmm  space  group,  as  shown  in Fig.
1(a). The 2D B(I)/B(II)X6 plane is composed of octahedral
structural  units  centered  on  B(I)/B(II)  metal  atoms,
where X halogen ions occupy both internal and external
positions in the plane as shared vertices of the B(I)/B(II)
octahedra, with Cs+ separating the octahedral structural
units. During the optimization process, the ion positions,
cell  volume,  and  cell  shape  were  fully  relaxed.  The
resulting  equilibrium  lattice  parameters  were  in  good
agreement with the experimental data, as summarized in
Table  S1  of  the  Electronic  Supplementary  Materials
(ESM). The lattice constants follow the order of Cs4B(I)
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B(II)Cl8 <  Cs4B(I)B(II)Br8 <  Cs4B(I)B(II)I8,  which  is
due  to  the  increase  in  bond  length  between  the  metal
ion at the center of the octahedron and the halogen ion
as the halogen ion radius (Cl@181 pm < Br@196 pm <
I@220 pm [47]) increases. The calculation of decomposition
enthalpy provides guidance and reference for the synthesis
process of compounds in experiments [48–50]. Therefore,
we analyzed the thermodynamic stability of all inorganic
RP-phase  halide  perovskite  alloys  by  calculating  the
decomposition enthalpy, as shown in Fig. S1 of the ESM.
The results showed that the decomposition enthalpies of
all structures were ≤ 0, indicating that they are thermo-
dynamically  stable.  We  found  that  the  Cs4PbSnCl8
compound  had  the  lowest  decomposition  enthalpy,
making it easier to synthesize experimentally.

κl κl

Based  on  the  temperature-dependent  2nd  and  3rd
order force constants, the lattice thermal conductivity of
halide single perovskites CsBBr3 (B = Ge, Sn, and Pb),
double  perovskites  Cs2B(I)B(II)X6 (B(I)  =  Na  and  Ag;
B(II)  =  In  and  Bi;  X  =  Cl  and  Br),  RP-phase  halide
perovskites Cs2PbX4 (X = Cl, Br, and I), Cs2BCl2I2 (B =
Sn  and  Pb),  and  RP-phase  halide  perovskite  alloys
Cs4B(I)B(II)X8/Cl4I4 (B(I)  = Na,  Ag,  and Pb;  B(II)  =
Sn and Bi; X = Cl, Br, and I) at 300 K were calculated
by  solving  the  Boltzmann  transport  equation.  The
specific  values  are  provided  in  Table  S1  of  the  ESM.
Our  computational  results  indicate  that  these
compounds  have  low .  At  300  K,  the  along  the c-
axis of alloyed halide perovskites even lower than that of
the  well-known  thermoelectric  material  (e.g.,
AgSbSe2@0.48  W·m–1·K–1 and  Bi2Te3@1.24  W·m–1·K–1)
[42, 43].  We  further  analyzed  the  relative  magnitude

changes in thermal conductivity of the 3D and 2D alloy
structures,  using  CsPbI3 and  Cs2PbBr4 as  reference
materials,  respectively. Figure  1(b)  shows  the  relative
percentage  differences  of  the  caculated thermal  conduc-
tivity  with  CsPbBr3 as  reference  for  Cs2AgBiBr6,  and
with Cs2PbBr4 as reference for Cs4AgBiBr8, Cs4PbSnBr8
and Cs4AgBiCl4I4 at 300 K. As shown in Fig. 1(b), the
thermal  conductivity  of  Cs2AgBiBr6 was  observed  to
decrease  by  approximately  40.0%  after  alloying  the  B
site with CsPbBr3. This indicates that thermal conductivity
in 3D halide perovskites can be regulated through alloy-
ing.  Similarly,  after  alloying  the  B  site  of  the  2D  pure
RP-phase  Cs2PbBr4,  the  thermal  conductivity  of
Cs4AgBiBr8 decreased  by  87.2%  and  75.0%  along  the
a/b and c axes,  respectively.  The  thermal  conductivity
of Cs4PbSnBr8 obtained after alloying is 84.9% and 71.4%
along the a/b and c axes, respectively. The results show
a significant reduction in the thermal conductivity of 2D
halide  perovskites  after  alloying.  It  is  noted  that
heterovalent  alloying  has  a  more  pronounced  effect  on
reducing the thermal conductivity of the structure than
isovalent alloying. In addition, the thermal conductivity
of the Cs4AgBiCl4I4 reduced by 77.9% and 67.9% along
the a/b and c axes, respectively. Therefore, in 2D halide
perovskites, alloying the B site cations is more effective
in  reducing  thermal  conductivity  than  alloying  the  X
site anions. The above results demonstrate that alloying
method  is  extremely  effective  in  reducing  the  thermal
conductivity of 2D halide perovskites.

 3.2   Phonon dispersion and density of states

We next investigated the phonon transport properties of

 
Fig. 1  (a) Schematic representation of the crystal structure of halide single perovskite (CsBX3), double perovskite (Cs2B(I)
B(II)X6), RP-phase halide perovskite (Cs2BX4/Cl2I2) and RP-phase halide perovskite alloy (Cs4B(I)B(II)X8/Cl4I4). (b) The
relative percentage differences of thermal conductivity calculated at 300 K with CsPbBr3 as reference for Cs2AgBiBr6,  and
with Cs2PbBr4 as reference for Cs4AgBiBr8, Cs4PbSnBr8 and Cs4AgBiCl4I4.
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representative  RP-phase  halide  perovskite  alloys
Cs4AgBiBr8 and Cs4AgBiCl4I4. In order to highlight the
effectiveness  of  our alloying strategy,  we also compared
the phonon properties of the aforementioned two structures
with the extensively studied 3D double halide perovskite
Cs2AgBiBr6 and the 2D pure RP-phase halide perovskite
Cs2PbCl2I2.  The  phonon  dispersion  of  these  structures
was obtained by diagonalizing the temperature-dependent
second-order  force  constants.  The  calculated  phonon
dispersions  and  corresponding  partial  density  of  states
are  shown in Fig.  2.  The  absence  of  imaginary  phonon
frequencies  in  the  phonon  dispersion  indicates  the
dynamical stability of these structured compounds. The
phonon dispersion of other structures is provided in Fig.
S2  of  the  ESM.  All  the  RP-phase  halide  perovskite
alloys studied in our work have 56 atoms in their primitive
cells, resulting in a total of 168 phonon branches in the
unit  cell,  including three acoustic  phonon branches and
165 optical phonon branches. As shown in Figs. 2(a) and
(b),  Cs4AgBiBr8 and  Cs4AgBiCl4I4 exhibit  very  similar
dispersion  curves  along  high-symmetry  paths  in  the
entire Brillouin zone. Interestingly, compared to the 3D
Cs2AgBiBr6,  the  frequency  of  the  acoustic  phonon
branch  in  the  RP-phase  Cs4AgBiBr8 is  significantly
lowered,  resulting  in  a  reduced  phonon  velocity.  Addi-
tionally,  compared  to  Cs2AgBiBr6,  Cs4AgBiBr8 exhibits
a  more  pronounced  crossing  between  the  optical  and
acoustic  phonon  branches  in  the  low-frequency  region
(< 1 THz). The strong coupling between the optical and
acoustic  phonon  branches  in  Cs4AgBiBr8 can  lead  to
more  phonon  scattering,  and  alloying  introduces  more
flat  optical  phonon  branches  with  almost  zero  phonon

κl

velocity, both of which contribute to the lower value of
 in  Cs4AgBiBr8.  Furthermore,  the  phonon  dispersions

of  Cs2AgBiBr6 and  Cs4AgBiBr8 in  the  low-frequency
region  are  mainly  contributed  by  the  vibrations  of  Cs
and Br atoms. In the case of the RP-phase Cs2PbCl2I2,
the phonon branches in the low-frequency region (< 1.5
THz) are mainly contributed by the vibrations of Cs, Pb,
and  I  atoms,  as  shown  in Fig.  2(c).  As  shown  in Fig.
2(d),  the  phonon  dispersion  of  Cs4AgBiCl4I4 is  mainly
contributed by the vibrations of Cs, Bi, and I atoms in
the  low-frequency  region  (<  1.5  THz).  Similarly,  more
phonon  branches  are  also  introduced  after  the  B  site
alloying  of  pure  phase  Cs2PbCl2I2,  resulting  in  stronger
phonon-phonon  coupling.  In  addition,  in  the  structural
system  of  Cs4B(I)B(II)X8 (B(I)  =  Na,  Ag,  and  Pb;
B(II) = Bi; X = Cl, Br, and I), the mass of the unit cell
increases  with  an  increasing  atomic  mass  of  the  X  site
halogen  atoms  (e.g.,  Cs4AgBiCl8@1132.10  a.u.  <
Cs4AgBiBr8@1487.70  a.u.  <  Cs4AgBiI8@1863.70  a.u.).
As  a  result,  the  acoustic  frequency  range  gradually
decreases, and the phonon branches soften, as shown in
Fig. S2 of the ESM.

 3.3   Phonon transport properties

κl

κω

κl

κl

κl

κl

κl
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To further understand the underlying mechanism of the
phonon contributions to thermal conductivity in different
frequency ranges, we calculated the normalized cumulative
thermal conductivity ( ) and thermal conductivity spectra
( ) at 300 K. The results indicate that the normalized
cumulative  in the a/b and c directions of the 2D RP-
phase  halide  perovskite  alloy  Cs4AgBiBr8 are  mainly
contributed by phonon modes with frequencies < 3 THz
and  <  2  THz,  respectively,  and  reach  their  maximum
values at 2 THz and 4 THz, respectively. On the other
hand,  in  Cs2AgBiBr6,  the  normalized  cumulative  is
mainly  contributed  by  phonon  modes  with  frequencies
<  3  THz  and  reaches  its  maximum  value  at  5  THz.
Therefore, alloying leads to a faster accumulation of the
normalized  cumulative  in  Cs4AgBiBr8 compared  to
Cs2AgBiBr6, as shown in Figs. 3(a) and (b). It is noteworthy
that  although  the  phonon  branch  range  contributes  to
the normalized cumulative  in Cs4AgBiBr8 is comparable
to  that  of  Cs2AgBiBr6,  the  peak  is  lower.  In  addition,
the phonon branch at intermediate frequencies (4‒6 THz)
in Cs4AgBiBr8 contributes negligibly to , resulting in a
lower  in  Cs4AgBiBr8.  After  reducing  the  dimensions
and  introducing  alloying  into  Cs2AgBiBr6,  the  number
of  atoms  in  the  Cs4AgBiBr8 unit  cell  increased.  As  a
result,  the  low-frequency  phonon  branches  showed  an
increase,  and  there  was  a  strengthening  of  the
phonon–phonon coupling, as illustrated in Figs. 2(a) and
(b). As a result of the reduction in the frequency range
of  phonons  that  Cs4AgBiBr8 contributes  to  thermal
conductivity.  The  interlayer  direction  of  Cs4AgBiBr8 is
oriented along the c-axis, which exhibits weaker chemical

 
Fig. 2  Phonon  dispersions  along  the  high-symmetry  k-
points  in  irreducible  Brillouin  zone  and  the  corresponding
partial  density  of  states  (pDOS)  of (a) Cs2AgBiBr6,
(b) Cs4AgBiBr8, (c) Cs2PbCl2I2, and (d) Cs4AgBiCl4I4.
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bonding  compared  to  the a/b-axis.  This  results  in  a
significant  decrease  in  the  frequency  range  of  phonon
contribution to thermal conductivity in the c-axis.

κl

κl

κl

κl

As shown in Fig. 3(c), the normalized cumulative  in
the a/b and c directions of the RP-phase Cs2PbCl2I2 are
mainly governed by phonon modes with frequencies < 3
THz  and  <  2  THz,  respectively.  When  we  replace  Pb
with  Ag  and  Bi  atoms,  the  along a/b and c aixs  of
Cs4AgBiCl4I4 are  mainly  contributed  by  phonon  modes
with  frequencies  <  2  THz,  and  accumulates  to  the
maximum value  faster  than in  Cs2PbCl2I2,  as  shown in
Fig.  3(d).  The  atomic  radius  follows  the  order  of
Pb@119  pm  >  Ag@115  pm  >  Bi@103  pm,  where  the
weaker  Pb–X  bond  leads  to  a  softening  of  phonon  fre-
quencies. Consequently, the frequency range of phonons
that contribute to thermal conductivity in Cs2PbCl2I2 is
expected  to  be  smaller  than  that  in  Cs4AgBiCl4I4.
However,  the  increase  in  the  number  of  atoms  in  the
Cs4AgBiCl4I4 unit  cell  after  alloying  significantly
increased  the  number  of  phonon  branches  in  the  2‒  3
THz frequency range, as shown in Fig. 2(d). This led to
a  strengthening  of  phonon  coupling,  which  is  the  main
reason for the smaller frequency range of phonon contri-
bution  to  thermal  conductivity.  After  alloying  the  Pb
atom  in  Cs2PbCl2I2,  the  Ag  and  Bi  atoms  in
Cs4AgBiCl4I4 mainly contribute to the phonon branches
with  frequencies  in  the  range  of  1‒  2  THz,  and  the
phonon  hybridization  between  different  branches  is
stronger,  leading  to  less  contribution  to  the  thermal
conductivity.  Moreover,  compared  with  the  3D  double
halide  perovskite  Cs2AgBiBr6,  alloying  evidently  intro-
duces  more  phonon  branches,  which  is  conducive  to
reducing ,  as  shown  in Fig.  2(d).  The  above  results

κl

κl

demonstrate  that  alloying  has  a  significant  promoting
effect on reducing . The lattice thermal conductivity is
strongly  influenced  by  the  three-phonon  scattering
process, which is determined by two factors: the scattering
phase  space  (WP3)  and  the  non-harmonicity  of  the
structure.  WP3  quantifies  the  number  of  scattering
channels,  which  is  entirely  determined  by  the  phonon
dispersion  of  the  material.  Therefore,  we  conducted  a
comparative  analysis  of  the  WP3  of  Cs2AgBiBr6,
Cs4AgBiBr8, Cs2PbCl2I2, and Cs4AgBiCl4I4, as shown in
Fig.  S3  of  the  ESM.  The  results  show that  the  alloyed
Cs4AgBiBr8 and  Cs4AgBiCl4I4 have  more  scattering
channels than Cs2AgBiBr6 and Cs2PbCl2I2 after alloying,
leading to lower .

κa/b κc

κa

κl

CV

κl

CV

CV

κl

κl

CV

υa/b

κl

CV

Figure 4(a) shows that the anisotropy ratio of /
as  a  function  of .  We  found  that  the  anisotropy  of
thermal transport in RP-phase halide perovskites can be
effectively  controlled  through  alloying,  resulting  in
anisotropy ratios ranging from 1.22 to 4.13. The maximum
and  minimum  anisotropy  ratios  of  RP  phase  halide
perovskite  alloys  Cs4PbSnI8 and  Cs4NaBiCl4I4 are  1.22
and  4.13,  respectively.  Next,  based  on  Eq.  (2),  we
explored  physical  factors  that  may  affect  the  of
Cs4B(I)B(II)X8/Cl4I4 (B(I)  = Na,  Ag,  and Pb;  B(II)  =
Sn  and  Bi;  X  =  Cl,  Br,  and  I)  include  heat  capacity
( ), phonon velocity (υ), and phonon lifetime (τ). They
fundamentally  determine  the  intrinsic  of  the  crystal.
The heat capacity, average phonon velocity, and phonon
lifetime are shown in Figs. 4(b) and (d), with the calculated
specific values listed in Table S2 of the ESM. The calculated
results  show  that  the  for  these  compounds  are  all
around 1.0 × 106 J·m–3·K–1,  and the variation range of
these  values  exhibits  small  differences  with  different
structures  and  compositions  of  the  compounds.  Thus,

 is not the main factor causing differences in the thermal
conductivity of these compounds. In addition, the average
τ is  significantly  lower  than  those  of  other  low 
perovskite  materials,  such  as  CH3NH3PbI3 (1‒  20  ps),
CsPbI3 (1‒  40  ps),  Cs2PbCl2I2 (0.5‒ 4.0  ps)  [17, 31, 51].
These results indicate that the physical origin of the low

 of  RP-phase  perovskite  alloys  is  mainly  due  to  the
lower υ and shorter τ. It is noteworthy that, as shown in
Fig.  4(b),  for  Cs4AgBiX8 (X  =  Cl,  Br,  and  I),  the 
gradually  decreases  with  an  increasing  atomic  mass  of
the halogen at the X site (Cs4AgBiCl8@1.24 × 106 J·m–3·
K–1 > Cs4AgBiBr8@1.10 × 106 J·m–3·K–1 > Cs4AgBiI8@
0.91 × 106 J·m–3·K–1). Similarly, the υ along the a/b-axis
direction  ( )  also  decreases  gradually  (Cs4AgBiCl8@
206.82  m/s  >  Cs4AgBiBr8@197.06  m/s  >  Cs4AgBiI8@
176.41 m/s). Although τ can effectively determine thermal
transport,  no  clear  trend  was  observed  (Cs4AgBiCl8@
1.82 ps, Cs4AgBiBr8@1.19 ps, Cs4AgBiI8@1.35 ps). This
reveals that the regular changes in  in the Cs4AgBiX8
(X = Cl, Br, and I) system are not dominated by τ, but
by υ and .  Similarly,  in  the  Cs4NaBiX8 and
Cs4PbSnX8 (X  =  Cl,  Br,  and  I)  structural  systems,  as

 
κω

κl

Fig. 3  Spectral  ( )  and  normalized  cumulative  thermal
conductivity  ( )  of (a) Cs2AgBiBr6, (b) Cs4AgBiBr8,
(c) Cs2PbCl2I2, and (d) Cs4AgBiCl4I4.
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CV υa/b

υa/b

κl

κl

the mass of the halogen atoms increases,  and the 
decrease, while the τ still  does not show any regularity,
as  shown  in Figs.  4(c)  and  (d).  We  also  observed  that
the  of all the studied structures is higher than that
along  the c-axis,  which  further  supports  our  discussion
in  structure  and  that  the  chemical  bonds  in  halide
perovskites are stronger along the a/b-axis. In summary,
our study reveals that substituting halogen atoms in the
structure can significantly adjust the average τ and the
magnitude  of  the υ along  the a/b-axis,  thus  effectively
regulating the . In addition, we selected Cs4AgBiBr8 as
a representative RP-phase perovskite alloy to investigate
the influence of the temperature on the thermal transport
properties.  Our  results  demonstrate  a  gradual  decrease
in  thermal  conductivity  as  temperature  increases.
Further  analysis  revealed  that  the  main  cause  of  this
decrease is a reduction in phonon lifetime, which is illus-
trated in Fig. S4 of the ESM.

 4   Conclusions

This work systematically investigates the thermal trans-
port  properties  of  alloyed  RP-phase  halide  perovskites
Cs4B(I)B(II)X8/Cl4I4 (B(I)  = Na,  Ag,  and Pb;  B(II)  =
Sn  and  Bi;  X  =  Cl,  Br,  and  I)  using  first-principles

lattice  dynamics  calculations  combined  with  the  Boltz-
mann transport theory. The thermal transport properties
of 2D RP-phase halide perovskites can be modulated by
alloying at the B and X sites in a wide range. By alloy-
ing,  more  strongly  coupled  phonon  branches  can  be
introduced  into  2D  RP-phase  halide  perovskite,  which
effectively  scatters  phonons  and  significantly  reduces
lattice  thermal  conductivity.  The  thermal  transport
anisotropy of RP-phase halide perovskites can be effectively
regulated by alloying, with the anisotropy ratio ranging
from 1.22 to 4.13. The phonon transport modes revealed
that the lower phonon velocity and shorter phonon lifetime
were  the  main  reasons  for  low  thermal  conductivity  of
RP-phase halide  perovskites.  This  work provides  an in-
depth  investigation  of  the  interesting  phonon  transport
phenomena in  RP-phase  halide  perovskite  alloys  within
the  framework  of  the  Boltzmann  transport  theory,  and
offers  theoretical  guidance  for  alloy  design  to  further
reduce the thermal conductivity of materials.
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