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ABSTRACT: We report on the thermal conductivities of two-
dimensional metal halide perovskite films measured by time
domain thermoreflectance. Depending on the molecular sub-
structure of ammonium cations and owing to the weaker
interactions in the layered structures, the thermal conductivities
of our two-dimensional hybrid perovskites range from 0.10 to 0.19
W m−1 K−1, which is drastically lower than that of their three-
dimensional counterparts. We use molecular dynamics simulations
to show that the organic component induces a reduction of the
stiffness and sound velocities along with giving rise to vibrational
modes in the 5−15 THz range that are absent in the three-dimensional counterparts. By systematically studying eight different two-
dimensional hybrid perovskites, we show that the thermal conductivities of our hybrid films do not depend on the thicknesses of the
organic layers and instead are highly dependent on the relative orientation of the organic chains sandwiched between the inorganic
constituents.
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Organic−inorganic hybrid perovskites possess unique
properties that make them ideal candidates for use in

emerging optoelectronic and thermoelectric applications1−4

and primarily as active materials for solar cells, achieving
efficiencies >20%.5−7 Their two-dimensional (2D) counter-
parts exhibit many of the outstanding optoelectronic properties
and quantum confinement effects8 with several added
advantages, such as exhibiting enhanced moisture stability
compared to that with the three-dimensional hybrid perov-
skites,9,10 all the while possessing exceptional physical
properties accompanying nanometer-thick 2D semiconductors.
The near-perfect crystallinity and enhanced optical properties
motivate their use in planar photovoltaics with enhanced
charge transport through the vertical orientations of the
inorganic layers with respect to the electrodes, thus increasing
their power-conversion efficiency.11,12 One of the main
bottlenecks for hybrid perovskites’ large-scale incorporation
in devices is the issue of their thermal instability.13 Therefore,
understanding the thermal transport properties of these hybrid
perovskites is of quintessential importance for their usage in
current technology, which is the main purpose of this study.
In terms of the thermal transport properties of organic−

inorganic hybrid perovskites, in general, there has been a
recent thrust both experimentally and computationally to
understand the factors controlling thermal transport in these
materials. Elbaz et al.14 measured the thermal conductivity of
various 3D single-crystal lead halide perovskites in the range of

0.34 to 0.73 W m−1 K−1 and ascribed the difference in their
thermal transport to be mainly dictated by the varying phonon
group velocities. Similarly, Qian et al.15 used molecular
dynamics simulations to reveal that the low group velocities
of acoustic phonons and strong anharmonicity are the main
factors responsible for the low thermal conductivities in these
materials. Indeed, it has been shown that acoustic phonons
that dominate thermal transport are scattered due to cluster
rattling mechanisms of the organic molecules, thus leading to
very low thermal conductivities (∼0.5 W m−1 K−1) in these
materials.16−18 However, the understanding of thermal trans-
port in 2D metal halide perovskites, in which the 2D layers
formed by metal halide octahedra that are confined by organic
cations and held together by dispersive interactions, has been
unexplored in previous literature. Therefore, a systematic
experimental study emphasizing their thermal properties will
be imperative to fully realize their potential in current
technological advances.
With regards to understanding thermal properties, advance-

ments in experimental techniques such as time domain
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thermoreflectance (TDTR) and computational tools such as
molecular dynamics (MD) simulations have allowed for the
observation of extremes in thermal transport for a variety of
unique material systems.19,20 As such, many studies have
demonstrated that utilizing high densities of interfa-
ces21−25,25,26 or reducing the interatomic bond strength21,27−29

in crystalline and quasicrystalline systems can lead to ultralow
thermal conductivities that are below the minimum limit of
thermal conductivity of the corresponding fully dense solid.
This minimum limit is generally attributed to pure amorphous

solids where energy is transported through the coupling of
nonpropagating vibrations.30 In this study, we utilize TDTR to
demonstrate ultralow thermal conductivities (below the
minimum limit) for various 2D metal halide perovskites that
are synthesized by a method of sequential spin-coating and
thermal annealing steps. Specifically, we measure the thermal
conductivities of eight different 2D hybrid perovskite thin films
and reveal that the weak van der Waals interactions between
the 2D building block layers arranged in different orientations
can lead to ultralow thermal conductivities (as low as ∼0.10 W

Table 1. Distance between Inorganic Layers (d), Density, Thermal Conductivity, and Heat Capacity of 3D and 2D Lead Halide
Perovskites at Room Temperature

sample d (Å) density (g cm−3) thermal conductivity (W m−1 K−1) heat capacity (J cm−3 K−1)

MAPbBr3 (3D, cubic) 3.83 (ref 14) 0.51 ± 0.12 (ref 14) 1.45 (ref 14)
MAPbI3 (3D, tetragonal) 4.12 (ref 14) 0.34 ± 0.08 (ref 14) 1.28 (ref 14)
isoBA2PbI4 13.07 2.79 0.10 ± 0.02 1.22 (calculated from MD)
isoBA2PbBr4 13.69 2.38 0.11 ± 0.02 1.37 (calculated from MD)
nBA2PbI4 13.80 2.69 0.18 ± 0.04 1.18 (calculated from MD)
nBA2PbBr4 13.81 2.37 0.19 ± 0.04 1.37 (calculated from MD)
PEAPbI4 16.36 2.55 0.15 ± 0.03 1.19 (calculated from MD)
PEAPBr4 16.67 2.28 0.13 ± 0.03 1.22 (calculated from MD)
vertically oriented BA2MA3Pb4I13 13.27 3.54 0.17 ± 0.03
random BA2MA3Pb4I13 13.27 3.54 0.11 ± 0.02

Figure 1. (a) Schematic of a three layered system (glass/Al/hybrid film) for our thermal measurements via the pump−probe TDTR technique.
The magnified views on the right are depictions of the unit cells for various 2D perovskites as well as a 3D MAPbI3 structure for comparison. The
chemical structures of the organic cations are also shown. Grazing-incidence wide-angle X-ray scattering patterns for (b) nBA2PbI4 and (c)
isoBA2PbI4, showing diffraction intensity concentrated spots, which indicates preferentially horizontal orientation with respect to the substrate for
all films. (d) Sample data and best-fit curves for the nBA2PbI4 (green squares) and isoBA2PbI4 (blue diamonds) films. For comparison, the TDTR
data for a control sample (80 nm Al deposited on glass substrate) that is used to accurately determine the thermal conductivity of our glass
substrate is also shown.
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m−1 K−1) compared to those of their 3D counterparts. We find
that the anion (whether Br or I) has a relatively small effect
(10%) on the thermal conductivity; conversely, a major role
(with variations up to 90%) is played by the choice of actual
organic molecule and by their orientation with respect to the
substrate. Experimental data are supported by MD simulations
based on the MYP force field recently developed by Mattoni et
al.31,32 for hybrid perovskites. The model has been extensively
applied to study 3D hybrid perovskites,33−35 and it is applied
to 2D hybrid perovskite systems in this work.
A total of eight samples were fabricated, as listed in Table 1.

The details of the sample fabrication and characterization are
given in the Supporting Information. These include the
horizontally oriented isoBA2PbBr4, isoBA2PbI4, nBA2PbI4,
nBA2PbBr4, PEAPbI4, and PEAPbBr4, a vertically oriented
BA2MA3Pb4I13, and a randomly oriented BA2MA3Pb4I13 (note,
BA = butylammonium; CH3(CH2)3NH3

+, MA = methyl-
ammounium; CH3NH3

+, and PEA = phenethylamine;
C6H5(CH2)2NH3

+).
We employ the TDTR technique to measure the thermal

properties of our samples. The details of the experimental
setup and the appropriate analyses have been discussed
elsewhere.36−38 The specifics of our experimental setup is
given in the Supporting Information. It should be noted that,
in our setup, the beams pass through the transparent glass
substrate and are focused on the Al transducer (as shown in
the schematic in Figure 1a). The magnified view to the right of
our experimental schematic depicts the unit cells of the various
2D perovskite films along with an illustration of a 3D hybrid
perovskite (MAPbI3) for comparison. In the 3D crystal, the
negative MPbX3 units are bound through a continuous
network of strong covalent/ionic Pb−I bonds. In the 2D
layered structure, the M2PbX4 layers are kept together by
weaker nonbonded interactions due to long-range electro-
statics and van der Waals interactions.
To confirm the orientations of the samples, grazing-

incidence wide-angle X-ray scattering (GIWAXS) is performed
(see Supporting Information for details). Figure 1c,d shows
characteristic GIWAXS patterns for our nBA2PbI4 and
isoBA2PbI4 structures with horizontal orientation with respect
to the substrate; for all samples except for the “random” film
(as discussed below), the diffraction intensity is highly
concentrated in spots, indicating a high degree of preferential
crystallographic orientation, as shown in Figure S1f of the
Supporting Information. For the “vertical” and “random”
orientation films, the degree of orientation is characterized to
be 96 and 48%, respectively. For these films, the degree of
orientation is defined to be the amount of vertically oriented
perovskite divided by the total amount of perovskite, and the
amount of each composition is calculated from the intensity
integration of GIWAXS.12 Therefore, our “random” film has
no preferred direction as opposed to the rest of the samples
with either horizontal or vertical orientations.
The most sensitive parameter in our thermal model used to

determine the thermal conductivity of our hybrid thin films is
the thermal conductivity of the glass substrate, which we
accurately measure with a control sample (without the
perovskite film), as shown in TDTR data in Figure 1d (red
circles). As the heat capacities of the 2D metal halide
perovskite films are nonexistent in previous literature, we
determine the heat capacities of these structures from the
vibrational density of states computed by MD simulations. In
Figure 2 (top), we report the calculated molar heat capacities

for 3D and 2D iodides as a function of temperature (see
Supporting Information). Our MD results compare well with
calorimetric data39 of the MAPbI3 3D crystal with 5% error at
room temperature (shadowed region).
The thermal conductivities of the 2D films are obtained by

fitting the thermal model on the corresponding TDTR data, as
shown in Figure 1c for our nBA2PbI4 (green squares) and
isoBA2PbI4 (blue diamonds). Table 1 summarizes our TDTR
measurements of thermal conductivity for our 2D hybrid
perovskites, which ranges from 0.10 to 0.19 W m−1 K−1. We
measure an ultralow thermal conductivity of 0.1 ± 0.02 W m−1

K−1 for our isoBA2-based films. This value is almost 5 times
lower than the values reported for some of the 3D hybrid
perovskites (see Table 1) and is also lower than that of typical
amorphous organics such as poly(3-hexylthiophene-2,5-diyl),
with thermal conductivity of ∼0.2 W m−1 K−1.28 In general, the
range of 0.10 to 0.19 W m−1 K−1 for the thermal conductivity
of our 2D metal halide perovskites is much lower than the
range of 0.34 to 0.73 W m−1 K−1 measured for their 3D
counterparts.14

Figure 3 shows the thermal conductivity of our samples as a
function of the interlayer distance between the inorganic
layers; the interlayer distance is calculated from single-crystal
X-ray diffraction from crystal structure data.40,41 Our TDTR
measurements reveal that the thermal conductivities of these
2D hybrid perovskites are not dictated by the length of the
organic layers that are sandwiched between the inorganic
layers. This is emphasized by the fact that thermal conductivity
of the isoBA2-based structures are ∼50% lower in comparison
to that of the nBA2-based structures even though both
structures possess the same organic layer thicknesses. Similarly,
even though the organic layer thicknesses in the PEA-based
structures are thicker in comparison to the nBA2-based
structures with varying chemical compositions, their thermal
conductivities are comparable within uncertainties. This
suggests that the thickness between the inorganic layers for
our 2D hybrid perovskites does not significantly dictate the
thermal transport across these films. This is in line with
previous results for organoclay nanolaminates measured by

Figure 2. Temperature-dependent molar heat capacities determined
from vibrational density of states calculated via molecular dynamics
simulations for 3D MAPbI3 (tetragonal), 2D isoBA2PbI4, nBA2PbI4,
and PEAPbI4 structures. The heat capacities predicted for the 3D
structure agree very well with the calorimetric measurements (ref 39)
for tetragonal MAPbI3. The spikes in the experimental measurements
are due to phase transitions in the 3D structure.
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Losego et al.24 that have similar layered structures with van der
Waals interactions between the alkyl chains (with varying
lengths that form the organic constituents) and the
montmorillonite sheets. They show that varying the alkyl
chain length has a negligible influence on the thermal
conductivities of their organoclay nanolaminates, and these
thermal conductivities are comparable to the ultralow thermal
conductivities measured for our isoBA2-based structures. We
note that although the organoclay nanolaminates measured by
Losego et al.24 have considerable disorder, as revealed by
transmission electron microscopy, the 2D hybrid perovskite
films are fully crystalline with perfectly layered orientation, as
suggested by the GIWAXS measurements.
The reduced thermal conductivity in materials approaching

their amorphous limit through nanoscale features is an
attractive property for applications such as thermoelectric
power generation, where the crystallinity of the material allows
for the superb electronic properties.42 Therefore, the
combination of electrically conductive and thermally insulative
characteristics in 2D hybrid perovskites makes them ideal
candidates for a new class of thermoelectric materials. Only a
few crystalline material systems have been shown to possess
thermal conductivities comparable to the thermal conductivity
of 2D hybrid perovskites.21,43 In Figure 3, we also plot the
thermal conductivity of a WSe2 film as measured by Chiritescu
et al.21 (0.06 W m−1 K−1) that exhibits one of the lowest

known thermal conductivities for a fully dense, crystalline solid,
which has been attributed to their turbostratic layered
structures. The low thermal conductivity for these structures
was also attributed to the anisotropy in the bonding
environment due to the strong intraplanar covalent bonds
and the weak van der Waals interactions in the cross-plane
dimension. This could also partially explain the ultralow
thermal conductivities compared to those of the 3D hybrid
perovskites (blue diamond symbols in Figure 3) that we
measure for our 2D hybrid perovskites, in which strong
intraplanar bonding exists for the 2D confined lead iodide
inorganic layers and the weaker electrostatic and van der Waals
interactions between the inorganic layers and the organic
chains, which can cause drastic variations in the bonding
environment in our thin films that are not present in their 3D
counterparts.44−46

In Figure 3, we also compare the measured thermal
conductivities to the predictions from a minimum thermal
conductivity model for our 2D as well for the 3D hybrid
perovskites measured by Elbaz et al.14 This model assumes that
the the lifetime of each vibrational mode is limited to one half
the period of oscillation (see Supporting Information for
details). For the calculations shown in Figure 3, the
longitudinal and transverse sound speeds for our 2D hybrid
perovskites are determined through elastic constants from our
MD simulations, whereas we take values for the 3D hybrid
perovskites from ref 14. The predicted sound speeds from our
MD simulations are listed in Table S1 of the Supporting
Information. As expected, it turns out that the sound speeds in
the 2D systems are smaller than the 3D counterparts mainly
due to the weaker interactions (i.e., reduced stiffness) along
the directions perpendicular to the layers (as verified for isoBA
and n-BA; see Supporting Information). Moreover, the 2D
systems are also characterized by a much higher elastic
anisotropy. Depending on the types of the organic layers and
the anions (whether Br or I), the elastic anisotropy ratio ranges
from 0.45 to 0.83 for the 2D systems, whereas the anisotropy
ratio is 0.95 for the 3D counterparts (see Table S1 of the
Supporting Information). The large anisotropy for the 2D
systems is a consequence of decreased sound speeds and elastic
constants in the direction perpendicular to the metallic layers
held together via weaker electrostatic and van der Waals
interactions between the layers. As the thermal conductivity for
the 3D hybrid perovskites has been shown to scale with the
elastic modulus and sound speed,14 we expect that the 2D
systems could possess substantial anisotropy in thermal
conductivity depending on the preferential orientation of the
organic layers. In this regard, as our MD simulations predict
lower transverse sound speeds in comparison to the
longitudinal sound speeds in the 2D systems, the in-plane
thermal conductivity could be higher than that of the cross-
plane measurements reported in this work. However, as we are
only sensitive to the cross-plane thermal conductivity in our
TDTR measurements, we cannot experimentally verify the
anisotropy in thermal conductivity, which clearly deserves
further investigations through experiments that can separately
measure the in-plane and cross-plane thermal conductivities in
these 2D layered systems.
Anisotropy and reduced speed of sound cannot explain the

very large differences between the theoretical minimum and
the measured values. The predicted minima in thermal
conductivity for the 3D structures are almost higher by a
factor of 2 compared to the experimentally measured values.

Figure 3. Cross-plane thermal conductivities measured via TDTR for
various types of 2D hybrid perovskites as a function of interlayer
thickness between the inorganic layers in the films (red hollow
circles). For comparison, we include the thermal conductivities for 3D
hybrid perovskites taken from ref 14. Also for comparison, we include
the thermal conductivities measured by Losego et al.24 for organoclay
nanolaminates that have similar layered structures with alkyl chains
(that have varying lengths) as the organic constituent between the
montmorillonite sheets (black solid squares). We also include the
thermal conductivity for WSe2 films, as measured by Chiritescu et
al.,21 which represents one of the lowest measured thermal
conductivities for a fully dense solid (0.06 W m−1 K−1). The
calculated minima in thermal conductivity for various 3D and 2D
hybrid perovskites are also shown for comparison.
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This can be attributed to internal modes of the organic
molecules in addition to their rotational motions that are
effective at reducing the thermal conductivity of hybrid
perovskites by scattering the low-frequency acoustic modes.18

In comparison to the reduction for 3D structures, the
reduction for our 2D hybrid perovskites is much more
pronounced; the measured thermal conductivity of isoBA2PbI4
is almost an order of magnitude lower than that predicted by
the minimum thermal conductivity model. This is a surprising
result considering that the thermal conductivities of our
crystalline samples are drastically lower than that predicted for
an amorphous hybrid perovskite system. One of the causes for
this drastic reduction could potentially be due to vibrational
scattering at the organic/organic interface between 2D layers
held together by the weak van der Waals interactions, also
responsible for the reduction of the stiffness and speed of
sound in the corresponding direction. It could also be due to
the scattering between low-energy phonons that carry most of
the heat that are introduced from the inorganic constituents
and the molecular vibrational modes.47 However, we note that
the effect of weak van der Waals interactions on the vibrational
scattering mechanisms is speculative at this point and not fully
supported by the results presented in this work. A detailed
computational study could reveal these intrinsic mechanisms
and also shed light on the anisotropy on the thermal properties
due to the preferential layering in these material systems,
which we leave for future work.
To clarify this point and to gain atomistic insight into the

role of molecules in confining the metal halide octahedra in 2D
layers and on the vibrational properties, we conduct MD
simulations of 2D hybrid perovskite structures. For compar-
ison, we also perform simulations on 3D lead halide
perovskites (MAPbI3 and MAPbBr3). Figure 4 shows the

vibrational density of states of iodine systems (continuous
lines). Results on bromides are given in the Supporting
Information, together with methodological details. For each
2D system, the dashed line is the vibrational density of states
projected on molecular atoms (i.e., the organic projection).
The overall density of states between the 2D and the 3D
structures show very similar vibrational characteristics with

comparable spectral bandwidths. However, for the 2D
structures, the low-frequency peak at ∼2.2 THz is considerably
reduced compared to that of the 3D structure as a major
fraction of vibrations in the 2D systems derives from the
organic molecules. Internal molecular modes give rise to sharp
peaks at 3000 cm−1 (associated with very localized stretching
modes of CH and NH bonds) and 900−1500 cm−1 (localized
breathings and torsions).48 Interestingly, molecular modes of
2D films give rise to sizable contributions down to the 5−15
THz range, which are almost absent in the 3D structure. These
vibrations overlap and could potentially lead to scattering of
the low-frequency vibrations (<2 THz) that have been shown
to dictate thermal conduction in 3D hybrid perovskites.14 This,
together with the weaker interlayer forces and reduced sound
velocities, could partially explain the drastically lower thermal
conductivities that we measure for our 2D hybrid perovskites.
Along with our 2D hybrid perovskites with the inorganic

layers nominally arranged horizontally with respect to the
substrate, we also study structures with vertically and randomly
stacked inorganic layers (as depicted in Figure S1 of the
Supporting Information). Even though the densities of these
films are ∼40% higher than the horizontally stacked hybrid
perovskites and are comparable to the 3D counterparts (see
Table 1), the thermal conductivities are comparable to those of
other 2D hybrid perovskites and lower than those of the 3D
counterparts. It is also noteworthy that the thermal
conductivity decreases by ∼30% for our random films with
no preferred orientation in comparison to the vertically
orientated film; the lack of diffraction intensity concentrated
spots in GIWAX patterns in Figure S1 of the Supporting
Information confirms that the “random” film has no preferred
orientation, as discussed above. This suggests that the
orientation of the organic layers has a significant influence
on the measured cross-plane thermal conductivities of these
hybrid films. Furthermore, even though the isoBA2-based and
nBA2-based structures have the same chemical compositions,
they vary in their morphologies and structurally with one
another (with varying relative orientations of the organic layers
with respect to the substrate), which might be one of the
reasons for the discrepancy in their measured thermal
conductivities, thus highlighting the significance of the
orientation of the organic layers in dictating thermal transport
across these hybrid films. Along with the orientation of the
organic layers, the number of inorganic layers could also play a
significant role in dictating the thermal conductivity of 2D
hybrid perovskite films, which is beyond the scope of the
current work but clearly deserves further assessment.
In summary, we have measured the thermal conductivities of

eight different 2D hybrid perovskite thin films via the time
domain thermoreflectance technique. These metal halide
perovskite films with weak van der Waals interactions between
the organic and inorganic constituents (that confines the
inorganic layers in 2D) possess ultralow thermal conductivities
depending mainly on the organic cation arrangement and
ranging from 0.10 to 0.19 W m−1 K−1, which is much lower in
comparison to the thermal conductivities of their 3D
counterparts. We find that the thermal conductivities of
these films are less dictated by the thicknesses of the organic
layers and more so by their relative orientations with respect to
the heat flow direction. Furthermore, we find that the
orientation of the organic chains in these hybrid crystalline
systems can lead to thermal conductivities that are well below
the minimum limit to thermal conductivity predicted for their

Figure 4. Total (continuous lines) and molecular-projected (dashed
lines) vibrational density of states for 2D iodine hybrid perovskites
compared to the 3D counterpart, calculated by MD at room
temperature. The dashed lines are the vibrational density of states
for the organic constituents only.
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amorphous counterparts. These 2D metal halide perovskites
hold great promise for optimal solar cell performance and
could potentially influence optoelectronic and thermoelectric
device performances, in general.
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