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Abstract

Third-generation photovoltaic materials, including metal halide perovskites, quantum dots (QDs),
copper zinc tin sulfide (CZTS), and organic semiconductors, among others, have become attractive
in the past two decades. Unlike their first- and second-generation counterparts, these advanced
materials boast properties beyond mere photovoltaic performance, such as mechanical flexibility,
light weight, and cost effectiveness. Meanwhile, these materials possess more intricate crystalline
structures for understanding and predicting their transport properties. In particular, the distinctive
phonon dispersions in metal halide perovskites, the layered architecture in quasi-two-dimensional
(2D) perovskites, the strong quantum confinements in QDs, and the complex crystal structures
interspersed with abundant disorders in quaternary CZTS, result in unique and sometimes
anomalous thermal transport properties. Concurrently, the criticality of thermal management in
applications such as photovoltaics, thermoelectrics, light emitting diodes (LEDs), and
photodetections has received increased recognition, considering that many of these third-
generation photovoltaic materials are not good thermal conductors. Effective thermal management
necessitates precise measurement, advanced modeling, and a profound understanding and
interpretation of thermal transport in these novel materials. In this review, we provide a
comprehensive summary of various techniques for measuring thermal transport properties of these
materials, and discuss the ultralow thermal conductivities of 3D perovskites, superlattice-like
thermal transport in 2D perovskites, and novel thermal transport characteristics inherent in
quantum dots and CZTS. By collecting and comparing the literature-reported results, we offer a
thorough discussion on the thermal transport phenomenon in these materials. The collective
understanding from literature in this area, as reviewed in this article, can provide guidance for
improving thermal management across a wide spectrum of applications extending beyond
photovoltaics.
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L. Introduction

The escalating global energy demand along with the need for sustainable and environmentally
friendly energy sources has propelled the development of advanced photovoltaic (PV) materials.
Photovoltaics, which directly convert sunlight into electricity, will play a pivotal role in the future
energy landscape. First-generation PV materials, primarily crystalline silicon-based, have
dominated the market for decades, achieving improved efficiency and cost reduction. Second -
generation thin-film solar cells, including amorphous silicon, cadmium telluride (CdTe), and
copper indium gallium selenide (CIGS), are much more lightweight, flexible, and have lower
production costs. However, these PV materials face inherent limitations in efficiency due to high
non-radiative recombination and low material availability.! This has driven significant interest in
third-generation PV materials, which promise higher efficiencies, novel functionalities, and
potentially lower manufacturing costs.? In particular, metal halide perovskites (MHPSs), quantum
dots (QDs), and copper zinc tin sulfide (CZTS) stand out as promising candidates due to their
unique optoelectronic properties.

MHPs have garnered substantial attention due to their remarkable power conversion
efficiency improvements, which have rapidly increased from below 4% to over 26% within a
decade.-!! Their facile solution-based processing,>!2 tunable bandgaps,'?!'% and defect
tolerance!>-'% make them highly attractive for various optoelectronic applications. In the case of
lead halide perovskites, the 6s orbital lone pair electrons in Pb enable highly symmetrical structure
and thus direct bandgap, leading to high absorption of light in the visible and near-infrared
spectrum suitable for PV applications.!” In addition, the coupling between the s and p orbitals of
Pb and I allow the formation of defect states near or within the valance band and conduction band,
making MHPs defect-tolerant with high carrier diffusion lengths.!® The structure of perovskites
can also be substantially modified by changing the organic cation, allowing them to be tailored
into two-dimensional (2D) layered MHPs. In 3D MHPs, the A site cation is contained within cages
formed between the octahedral structures. In contrast, in 2D MHPs, the octahedra are confined in
layers, separated by bulk organic spacers, which exert strong quantum and dielectric confinement
on charge carriers.!” The wide range of available spacers and choice of layer number enable a
larger structural tunability and chemical diversity of 2D MHPs.

Quantum dots (QDs), sometimes referred as nanocrystals, are nanoscale semiconducting
particles utilized for third-generation photovoltaics. QDs exhibit strong quantum confinement
effects, leading to discrete energy levels and size-tunable optical properties.?%-2! QDs have larger
multiple exciton generation efficiency due to enhanced impact ionization, making it possible to
bypass the efficiency bottleneck of single bandgap semiconductor solar cells.??>> Another third-
generation PV material is copper zinc tin sulfide (CZTS), which has a direct bandgap and high
absorption coefficient, making it suitable for thin-film solar cells.>* Unlike traditional PV materials,
CZTS is made of earth-abundant and nonpoisonous elements, addressing some of the critical
material availability and environmental concerns.?>

While the remarkable electrical and optical properties of third-generation PV materials have
been extensively explored, fewer efforts are spent on understanding the thermal transport
behaviors of such systems, which significantly influences device performance, stability, and
robustness under operation conditions. Effective thermal management is critical for the efficiency
and longevity of PV devices due to the existence of many thermal-activated processes. Excessive



heat can lead to increased carrier recombination rates, reduced carrier mobility, phase transition,
and material degradation.?®-?° As an example, 3D MHPs such as MAPbI; undergo phase transition
from tetragonal to cubic above room temperature, which impedes efficiencies after thermal
cycling.3? Elevated temperature is also shown to accelerate material degradation significantly and
chemical decomposition can happen at temperatures as low as 80 °C,3!:32 which is possible in
practical solar cell operations.?3

To effectively lower the operation temperature and optimize the design of PV devices, precise
measurement and control of thermal transport properties of PV materials are necessary. As shown
in Fig. 1(a), during the past 30 years, the amount of research effort on thermal transport
measurements of PV materials surged. This trend is synchronous with the development of third-
generation PV materials, which generally possess much smaller thermal conductivity than
crystalline silicon (Fig. 1(b)), further attracting attention to thermal management. MHPs are
known for their ultralow thermal conductivities. Specifically, low thermal conductivities in MHPs
can be attributed to the flattening of low-frequency phonon bands and thus low group velocities,
as well as strong anharmonicity arising from the soft inorganic octahedral lattice, which are present
regardless of organic cation composition.3#-3¢ However, the presence of organic cations may still
modify the thermal properties of the perovskite system, by either introducing new vibrational
modes or altering material structure. In 3D organic-inorganic hybrid MHPs, the phonon mode
associated with slow rotation of the organic cation might also contribute to low thermal conduction
at low temperatures.’’” In 2D hybrid MHPs, weak van der Waals forces binding neighboring
perovskite layers further impede cross-plane heat transport, which is affected by organic spacer
orientations.>® The anisotropy of 2D perovskites poses a challenge in measuring both in-plane and
cross-plane thermal conductivities accurately. Additionally, the intrinsic instability of hybrid
MHPs requires careful consideration of measurement conditions. Vacuum conditions and non-
contact methodsare preferred to avoid degradation during testing. Therefore, versatile and flexible
measurement techniques are essential to accurately characterize the thermal transport properties
of these materials under varying conditions.

This review aims to provide a comprehensive coverage of the thermal transport properties of
MHPs, while touching on QDs and CZTS, highlighting the experimental techniques used for their
measurement. Note that our discussion does not cover organic semiconductors, which has been
reviewed elsewhere.3? The first section of the review will introduce a range of commonly used
photothermal and electrothermal-based measurement techniques, focusing on their operation
principle and capabilities. The second part discusses the thermal properties of 3D MHPs and the
effect of chemical composition, temperature, and phonons on thermal transport and summarizes
experimental and simulation efforts on measuring thermal properties. The third section considers
the scenario of 2D or lower-dimensional MHPs, and in addition to topics discussed for the 3D case,
emphasizes mechanisms and measurements of in-plane and cross-plane anisotropic transport.
Lastly, the application of QDs and CZTS in photovoltaics and efforts to maximize thermal
conduction in these systems are discussed. By combining and comparing the reported results, this
review seeks to clarify the range of applicability and limitations of methods used in thermal
properties measurement of PV materials and shed light on the underlying physical mechanisms
governing thermal transport. Accurate determination and understanding of thermal transport
properties will inform the development of strategies for effective thermal management, thereby
enhancing the performance and durability of PV devices and broadening their applicability in
various optoelectronic applications.



II. Measurement techniques

Broadly, thermal transport measurement techniques can be categorized into transient heat-
flow methods and periodic heat-flow methods. The latter method was first pioneered by Angstrom
as early as 1863, wherein one end of a metal rod is subjected to periodic heating and the
temperature oscillation at another point on the rod was measured.*? The phase lag between the
temperature oscillations at two points offers an accurate evaluation of thermal diffusivity, and
consequently, thermal conductivity (k). Various heat sources, such as light illumination or
electrical Joule heating, can induce heat flow in the sample during the measurement. Here, we
primarily focus on the photothermal methods, where temperature variations are induced by light
absorption and the resulting effects are detected through various signal modalities. A transient
decay in the time domain or a modulation dependence in the frequency domain of the detected
signals, in either transient heating or periodic heating scenarios, respectively, provides a direct
measurement of the thermal transport properties of materials. Below, we give a brief account of
the techniques utilized for characterizing third-generation PV materials. Readers interested in a
specific technique are encouraged to read the references in each section.

2.1 Laser Flash Analysis

The laser flash method (LFM), also known as the laser flash analysis (LFA), was invented by
W.J. Parker in 1961.#! Since its inception, LFA has been extensively adopted for measuring the
thermal diffusivity of materials, including PV semiconductors,*?-** owing to its simplicity and ease
of implementation. A typical LFA setup is depicted in Fig. 2(a), where a disk or square-shaped
specimen is secured in an adiabatic chamber, and its front surface is irradiated by a short laser
pulse. The temporal rise in temperature of the rear surface, which manifests as infrared (IR)
radiation, is then detected by an IR sensor. This scenario can be accurately described by a one-
dimensional heat transfer equation that is analytically solvable. For an optically opaque and
geometrically uniform specimen with a thickness of d, the thermal diffusivity can be determined
from the temperature rise time as

d? (1)

a=0.1388—

t1/2
, Where a is the thermal diffusivity in cm*s™!, and t, /, is the time for the rear-surface temperature
rise to reach half of the maximum value. Since LFA measures thermal diffusivity, separate
measurements of sample density (p) and specific heat (C,) are required to calculate the effective
thermal conductivity k¢ using the following relationship:.

Keffza'cp'p ()

While uncertancy of the thermal conductivity determination by classical LFA was estimated
to be from 3% to £ 5%,* more nuanced analysis that takes into account thermal radiation loss
and other uncertainties in LFA to improve the accuracy has also been reported.*6-4” Instead of the
conventional half-rise-time method, the entire time-dependent temperature curve can be fitted with
calculations, providing a more accurate determination of thermal diffusivity*® or enabling the
simultaneous evaluation of both thermal diffusivity and heat capacity.* A crucial requirement for
LFA is that the flash duration is much shorter compared to the characteristic time of heat diffusion,
defined as T, = d?/a, where d is the sample thickness.*! This imposes stringent constraints on the
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sample thickness, typically required to be of millimeter-scale. Furthermore, commercial
equipment often necessitates a minimal lateral size of several millimeters (e.g. 8§ mmx8 mm in
Netzch LFA 457).°° Consequently, commercial LFA instrument is generally employed for
measuring the “effective” and isotropic thermal diffusivity of large single crystals or powder-
compressed specimens. That being said, some careful treatment to the specimen dimension could
potentially enable the measurement of anisotropic thermal transport on the powder-compressed
pellets.!

A method analogous to LFA is pulsed photothermal radiometry (PPTR), which adopts a
nearly identical measurement configuration. The primary distinction is that PPTR collects IR
emission from the front surface, i.e. the same side as for illumination. Unlike LFA where the
temperature rise is contributed by the entire volume of the sample, PPTR measures the temperature
decay of a skin layer of the surface, making it more sensitive to the surface and sub-surface
properties.’? With more complex modeling and data analysis, PPTR could provide depth-resolved
information of complex structures and layered materials.>3->4

2.2 Photoacoustic

Photoacoustic (PA) effect involves the generation of acoustic waves by the absorption of light
or other forms of radiation incident on the sample. Such effect was first discovered by Alexander
Graham Bell in as early as 1880,33 but it faded into obscurity until the late 20™ century with the
advent of sensitive detectors and intense light sources. PA subsequently emerged as a viable tool
for spectral absorption and thermal transport characterization.’%®* An important advantage of
photoacoustic spectroscopy (PAS) over reflection-based method, which will be discussed later, is
that ultrasmooth and highly reflective surfaces are not necessary.5!

In a typical PAS measurement on solids, a chopped beam of continuous-wave (CW) light or
pulsed laser light is incident onto either the front or rear surface of an absorbing sample. The
absorbed radiation energy is dissipated into the lattice, primarily as heat. The subsequent periodic
temperature excursion leads to intermittent thermal expansion via thermo-elastic effects,
generating acoustic waves that propagate through the interior of samples, subsequently detected
by a sensor. This detection scheme is sometimes referred to as the transmission mode.®
Alternatively, the PA signals can be collected from the fluid (usually gas) in contact with the
surface of the sample enclosed in a gas cell. A periodic modulation of surface temperature of the
sample gives rise to pressure oscillations in the gas, the amplitude of which is proportional to the
surface temperature.®3> The collected signal is then amplified and analyzed with a lock-in
amplifier.%!

Despite some literatures distinguishing between PA effect (direct generation of acoustic
waves inside the sample) and opto-acoustic effects (acoustic waves induced in adjacent fluid),04%
in this review, we will use “PA” as a common reference. Generally, PA signals indirectly measured
from the adjacent gas under front-surface illumination are more sensitive to the surface
temperature changes, while the direct acoustic waves are more influenced by the overall thermal
and elastic properties of the sample. In the case of highly absorbing materials where only a skin
layer of the sample surface is heated, PA signals from the gas can provide higher sensitivity.

Conventionally, either a microphone or a piezoceramic transducer can be used as the detector
for PA signals. Despite the fact that microphone is an inexpensive and most commonly used
detectors in PAS, piezoelectric sensors have the advantages of eliminating acoustic mismatch
between the gas, the solid sample surface and the microphone membrane. Additionally,



piezoelectric transducers enable the use of much higher modulation frequency,®® which is
beneficial for avoiding PA saturation®”-%7 and achieving high-resolution photoacoustic imaging.%®
A typical PAS setup is illustrated in Fig. 2(b) adopting a microphone detector.

While both front- and rear-surface illumination configurations are available, it has been
verified that accurate thermal transport measurement by PAS requires rear-surface illumination
and a modulation frequency appropriately higher than the characteristic frequency, f, = %, to
eliminate the influence of backing substrate on the results.>” In this configuration, the sample is
usually directly backed by water and then a solid substrate to minimize the parasitic coherent
effects accompanying rear illumination.>” Otherwise, careful system calibration is needed to

determine the ratio of effusivities between the backing substrate and sample, g = =, where e, and

e, are the effusivities of the substrate and sample, respectively.’® Note that front-surface
111urn1nat10n requires knowledge of g and a modulation frequency lower than f,.

To determine the thermal diffusivity of the sample, PA measurements can be performed with
either a varying or a single modulation frequency. Both the modulation frequency dependence of
signal magnitude®’ and phase®* provide information to extract the thermal diffusivity. Using a
single modulation frequency, thermal diffusivity can also be evaluated with a similar scheme to
the Angstrom method*® where the phase and magnitude of PA signals are measured at varying
distance away from the heat source.®® Alternatively, magnitude ratio and phase difference of the
signals between front- and rear-surface illuminations under single modulation can also be used to
precisely determine the thermal diffusivity.>®

Instead of using uniform illumination, photoacoustic microscope focuses the excitation light
to a small spot on the sample with a lens or objective to achieve photoacoustic imaging on a
microscopic lengthscale.2-8 Combined with the capability of PA signals to provide depth-profile
information,’? subsurface features that are hard to be observed with an optical microscope can be
visualized.>*%8 Tt is also worth noting that one of the unique characteristics of PAS over other
spectroscopic methods is that signals can originate from diverse excited-state decay pathways
generating acoustic waves, such as thermal expansion,>’-’! electrostriction,’>’? breakdown and
plasma formation,”* molecule decompositions,’> and charge carrier recombination.”®

2.3 Time/Frequency-Domain Thermoreflectance (TDTR/FDTR)

Thermoreflectance (TR) is a modulation technique predicated on a periodic perturbation of
temperature, which alters the optical properties of the samples that leads to a reflectivity change.

. . . . an .
For metals, the change in the complex refractive index with temperature (d—:), arises from several

temperature effects including changes in energy bands, shifts and broadening of the Fermi level,
and variations in electron-phonon scattering rates.”” Additional effects such as shifts of energy

bandgaps in semiconductors also play a role.”® The resulting rate of change in reflectivity (3—5),

also termed as the thermoreflectance coefficient, is found to be constant (1073 ~ 10-4 K-1)7° within
a small temperature perturbation (< 10 K) at a given wavelength.®? Thus, the AC component of
reflectivity change (AR) in TR is directly proportional to the amplitude of the temperature
modulation (AT), allowing the monitoring of temperature changes during heat flow. The first
thermal transport measurement applying thermoreflectance dated back to 1986,8!-82 where ultrafast
lasers with a modulation frequency as high as 10 MHz were used to induce periodic heating and
the transient temperature change was investigated in the time domain with a picosecond time



resolution. This measurement scheme was later recognized as time-domain thermoreflectance
(TDTR).

A key advantage of TDTR over conventional photothermal methods such as LFA is the use
of ultrafast lasers with nanosecond (ns) to picosecond (ps) pulse durations,®3 which facilitates the
measurement of thin films with nanometer-scale thickness. The heat diffusion length is defined as
L = va-8t, where a is the thermal diffusivity and &t is the heating time (approximated as the
pulse duration). As discussed for LFA, a valid evaluation of k of thin-film materials requires
sample thickness to exceed the thermal diffusion length. The latest model of LFA 457 HyperFlash
provides a pulse width down to 10 ps, with the lower limit for measuring a highly conductive
sample such as a copper plate being around 200 pm. In comparison, with an ultrashort pulse
duration, TDTR allows measurement of samples ranging from bulk sizes®* down to several tens of
nanometers,® and with k ranging from ~ 2000 W-m'!-K-! to as low as 0.03 W-m-!-K-! 8687

In a TDTR measurement, a metallic transducer with a high thermoreflectance coefficient is
deposited onto the sample surface. The pump and probe beams are focused onto the transducer to
comparable spot sizes (5~20 um). The pump beam induces periodic heat flow from the transducer
to the sample and substrate while the probe captures the thermoreflectance response. Fig. 2(c)
illustrates a typical experimental configuration of TDTR. A mode-locked Ti:sapphire laser
oscillator with a center wavelength at 800 nm generates a train of sub-ps optical pulses at a
repetition rate of 80 MHz. A Faraday optical isolator follows immediately after the laser output to
prevent back reflection into the oscillator. The laser is then split into two cross-polarized pump
and probe beams by a polarizing beam splitter (PBS). The pump beam is typically modulated to a
square wave at a frequency of 0.2~20 MHz by an electro-optic modulator (EOM), or an acousto-
optic modulator (AOM) with a modulation frequency usually smaller than 1 MHz.%8-3° The probe
beam is delayed with respect to the pump beam by up to several thousands of ps via a mechanical
delay stage. Both the pump and probe beams are then directed and focused by an objective lens
onto the sample surface, with the reflected probe beam collected by a photodiode detector
converting the varying photon counts to oscillating electrical signals. A radio-frequency lock-in
amplifier with a clean sine-wave modulation at the same frequency as the pump beam analyzes the
signals, rejecting the DC component and higher harmonics, and isolating only the fundamental
harmonic component of EOM.

Several precautions are necessary for TDTR. First is the appropriate choice of transducer
according to the laser source used. For a Ti:sapphire laser, an aluminum thin film with a thickness
of ~ 100 nm is preferred due to its strong absorption’” and remarkably high thermoreflectance
coefficient ~ 104 K-! at 800 nm.’® When using other types of ultrafast lasers such as a Nd:-YAG
laser centered at 1064 nm, a Yb:doped fiber laser centered at 1030 nm, or dye laser centered at 632
nm, different materials may be preferred as the transducers. Another concern is preventing the
pump from leaking into the detector, as even a minor amount can disrupt the signals due to the

small absolute value of Z—}T? from the probe. Two approaches are commonly applied to address this

issue. One is to spatially separate the parallel pump and probe beams by several millimeters before
entering the objective, allowing the specular reflection of the pump to be blocked by a carefully
placed aperture.®® This approach is illustrated in the upper boxed panel in Fig. 2(c). While effective
for smooth samples with minimal diffuse scattering of pump from the sample surface,’! a “two-
color” approach to spectrally separate the pump and probe is also widely adopted.’? As shown in
the lower boxed panel in Fig. 2(c), the pump beam coming out of the EOM is incident on a second -
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harmonic generation (SHG) crystal. The frequency-doubled pump beam and probe beam are then
coaxially aligned and focused by the objective lens. In this case the BS can be replaced by a
dichroic mirror (cold mirror) and the reflected pump beam can be further eliminated by a long-
pass filter in front of the detector.

During a TDTR measurement, the lock-in amplifier outputs voltage signals comprising of
both in-phase and out-of-phase components as V(t) = V;,(t) + iV, (t), which contain the
necessary thermal information. While the in-phase signal V,, is directly related to the transient
temperature decay®? and V,, is related to the modulated continuous heating,’* it is usually the
phase, ¢ = tan~*(V, . /Vi,), or equivalently the ratio R = =V, /V, . of the signal that is used to
determine the k.33 Calibration to subtract the additional instrument phases introduced by the
optics and electronics is crucial. The instrument phase can be directly measured by splitting a small
fraction of the modulated pump beam to a reference detector with the same optical path length as
the pump incident on the sample,’® or calculated using the ratio between the change in V,, and
Vi, across zero delay time.°

Similar to some of the thermal transport measurements we discussed in previous sections,
TDTR determines the thermal transport properties by iteratively fitting unknown objective
parameters, such as k or diffusivity, and heat capacity, into a carefully constructed heat transfer
model to obtain optimal agreement with the measured signals. A widely used diffusive thermal
transport model based on Fourier’s law of heat transfer in cylindrical coordinates is written as
follows?%-%7

oT Ky 0 ( 0T 02T ®)

o rar (r 5) 2922
, where k,. and k, are the thermal conductivities of the sample in the radial (in-plane) and cross-
plane directions, respectively. C is the volumetric heat capacity. The interfacial thermal
conductance G between the transducer and sample, or between the interlayers of a multi-layer
sample is also taken into consideration, manifesting as a temperature drop that scales linearly with
the heat flux across the interfaces, i.e. AT = q/G . The uncertainty of fitting single, or multi
parameters with a single measurement can differ depending on factors such as materials and
substrate properties, transducer thickness, spot size, and modulation frequency. For instance,
TDTR with high modulation frequency is more sensitive to the thermal effusivity, vCk, rather
than to individual properties. As a result, the uncertainty in separately extracting C and k is
relatively high. At lower modulation frequencies C, k and G can be uniquely determined with high
precision. A more detailed discussion on uncertainty analysis in TR techniques can be found
elsewhere.”®

Note that deviation from the above model will occur as the thermal transport approaches the
Casimer regime, where heat transfer is dominated by the ballistic transport of phonons with long
mean free paths (MFPs). Practically, this could be the case when the sample is “thermally thin”,
i.e. the thickness is smaller than the thermal penetration depth, d = \/k,/mfC, where f is the

modulation frequency of the pump.®?

In the majority of TDTR measurements where k, and G are of the most interest, the above
heat diffusion equation can be simplified to a 1D or quasi-1D cross-plane transport equation. In
such cases, the pump spot size must be much larger than the thermal penetration depth, which
corresponds to a high modulation frequency. Note that the relationship between the TR signals of
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TDTR and the actual temperature decay is not straightforward due to the pulse accumulation
effect.?? At high modulation frequencies, the system does not have sufficient time to reach thermal
equilibrium between pulses, causing continuous temperature excursions. Detailed calculation
processes of TDTR signals addressing the after-pulse heating by solving the heat diffusion model
in either time®® or frequency domain®’ can be found elsewhere.

Alternative to TDTR, the modulation frequency-dependent TR response under a variation of
modulation frequency of the pump can be used to measure thermal transport properties, which is
known as frequency-domain thermoreflectance (FDTR).?¢ In FDTR, both the pump and probe can
use CW lasers which greatly simplifies the configuration and reduces instrument cost. The TR
signals are measured with respect to frequency rather than time, and the model is solved in the

frequency domain to fit the tan™?! (%) vs. f curve. Any thermal property described in eq. (3),
i.e. cross-plane and in-plane k, and heat capacity can be extracted from the TDTR or FDTR signals
by implementing different experimental conditions, provided that the rest of the parameters are

known, such as the spot size, heat capacity and k of the transducer, etc.’

Despite the numerous advantages of TDTR and FDTR, these techniques also have certain
limitations. First of all, although TR-based methods require minimal sample preparation, a smooth
surface (roughness < 15 nm) is often preferred.!?® Additionally, TDTR/FDTR have relatively low
sensitivity to radial heat transfer, presenting challenges in measuring in-plane k or resolving
spatial inhomogeneity. Fortunately, special configurations and approaches have been reported to
overcome these limitations and achieve determination of in-plane kwith low uncertainty.8%-101-105
Moreover, the performance of TDTR/FDTR at low temperatures is limited due to the low heat
capacity of the transducer. In spite of these constraints, TR-based methods are regarded as
powerful and versatile methods for measuring the thermal transport properties of materials,
particularly thin films and for investigating phonon MFPs,106-108

It is also worth noting that recent research has focused on removing or replacing the metallic
transducers, which induce parasitic contact effects and compromises the sensitivity of
conventional TR experiments to deeply buried interfacial thermal conductance, in-plane thermal
conduction, and spatial inhomogeneity.!9%-'!! Forexample, one of the transducer-less TR methods,
vibrational-pump-visible-probe (VPVP), directly heats up thin-film MHPs with infrared light and
monitors their transient TR response without any sample preparation.'!?-113 Alternatively, 4-BN,
which is commonly applied as an encapsulation layer in nanoscale PV devices, can be heated with
pulsed mid-infrared light. The optical transparency of 4-BN to visible probe light allows direct
spectroscopic observation of the heat flow within and across each of the deeply buried layers of
the device.!'* These two variations of TR provide novel tools for achieving in-situ thermal
transport measurements on either macroscopic or nanoscale PV materials and devices.

2.4 Transient thermal grating

Transient thermal grating (TTG) is a spatially periodic temperature distribution generated by
the absorption of two interfering pump beams.'!> The thermal grating produces a spatial
modulation of the refractive index through the thermo-optic effect, along with a spatially varying
surface displacement due to ununiform thermal expansion.!'® A time-delayed probe laser incident
on the sample is diffracted by the thermal grating and used to monitor the temporal evolution
(decay) of the thermal grating. The relaxation time of the grating is then used to extract the thermal
diffusivity of the samples. Because the TTG method involves direct excitation of the
semiconductors, a population grating or a spatially periodic distribution of excited and ground
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states coexists with the temperature grating and simultaneously contributes to the diffraction of the
probe beam. However, the relaxation time of the population grating can differ by several orders of
magnitude from that of thermal grating, allowing it to be separated from thermal transport
modeling.!!7-118 Materials with substantially long carrier lifetime (e.g. MAPbI3!!?) are not suitable
for this method because it becomes difficult to distinguish between the contributions of heat and
charge carriers to the TTG signals.

TTG can adopt versatile configurations,!!® among which a frequently used four-wave setup
working in reflection mode is illustrated in Fig. 2(d). Two pump beams with a wavelength of 4
(usually above-bandgap) overlapped on the sample surface with an angle of 8, generating a spatial
intensity pattern through interference with a period of A:

A 4)

A=
.0
2sin (E)

The non-uniform absorption on the surface produces a temperature grating, periodic thermo-elastic
deformation, and surface acoustic waves, relaxation of which all have different time
dependences.!?-122 Transient decay of the temperature grating can be monitored by the intensity
change of the reflected probe, which follows an exponential decay. The thermal diffusivity can be
readily determined from the decay time constant without any complex modeling as:'!”

o= A? 5
4t

, where 7 is the time constant of the exponential decay, and A is the grating period.

One of the most appealing features of TTG method is its high sensitivity to the lateral heat
transfer (parallel to the grating period), thus its capability to measure the in-plane transport of
anisotropic semiconductors, such as quasi-2D perovskites!?3 and TMDs.!?* Meanwhile, film-
morphology induced macroscopic anisotropy can also be studied by TTG.!>> While the transient
relaxation of the temperature at the interference maxima follows a t'/? decay, the temperature
response at the grating minima is directly governed by the lateral thermal diffusivity a; as:!2°

1 a2 6)
Tox —(1-— —47T C(||t/A
L(1- e

Furthermore, as the TTG is primarily influenced by the sample from the surface up to a depth of
A /7,126 depth-dependent thermal diffusivity can be semi-quantitively determined by varying the
grating period, either through changing wavelength or incident angle of the pump.

2.5 Other photothermal methods

Beyond the photothermal-based methods discussed above — LFA, PPTR, TDTR, FDTR and
TTG — other temperature-induced effects, such as light deflection,!?7-128 thermal lens,'2%13% and
Raman peak shifts'3!-132 can also be exploited to produce discernible signals. Although these
methods are not as prevalently employed for PV materials and thus fall out of the scoop of this
review, we will briefly elucidate them here.

2.5.1 Optothermal Raman spectroscopy (OTRS)

Optothermal Raman spectroscopy (OTRS) is a steady-state measurement wherein a tightly
focused laser beam heats up and probes the Raman spectrum of the sample as illustrated in Fig.
2(e). Temperature elevation induces modifications of the Raman spectrum: an increase in the
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Raman peaks intensity due to enhanced phonon-phonon scattering, and a redshift of the Raman
peak owing to the softening of vibration modes at increased temperature. Under slight
perturbations, the redshift of the peak frequency scales linearly with the temperature rise, which
itself is linearly dependent on the absorbed laser power. Consequently, employing a micro-Raman
spectrometer as a thermometer, a power-dependent Raman measurement can be performed to
directly distill the k of the material.!3? Despite the widespread and successful applications of
OTRS,!31:133.134 particularly in 2D inorganic materials,'33-138 one inherent limitation of OTRS is
the need to precisely determine the practically absorbed laser power, which is a challenging task
typically aided by theoretical estimations.'3 Moreover, OTRS requires high polarizability of the
bonds within the materials, thus more suitable for inorganic crystalline materials with well-defined
vibrational modes. Materials with strong fluorescence are not preferred for OTRS because the
fluorescence can mask the Raman signal, increasing uncertainty.

2.5.2 Photothermal deflection spectroscopy (PDS) & thermal lens spectroscopy (TLS)

Photothermal deflection spectroscopy (PDS) and thermal lens spectroscopy (TLS) are two
methods initially conceived for measuring absorption properties but later adapted for thermal
characterizations.!2%-130.140-192 P S g predicated on photothermal deflection, a phenomenon where
a light beam passing through or near the surface of a heated sample gets deflected. Transient or
periodic heating of the sample induces varying temperature gradients within the sample and in the
thin gas layer adjacent to the sample surface, the latter case often regarded as the “mirage effect”.
The temperature gradient results in a refractive index gradient in the medium that deflects the light
passing through. As depicted in Fig. 2(f), the temperature changes can be detected by the deflected
angle of a probe beam traveling through (i.e. collinear mode) or across the surface of (ie.
transverse mode) the sample using a position sensor. Similarly, thermal lens (TL) effect is the
deflection of light due to photothermally induced refractive index gradients. Although
fundamentally akin to PDS, TL specifically refers to a lens-like refractive index gradient induced
by a Gaussian-shaped light beam that converges or diverges the incident light.!4? A diverging TLS
is shown in Fig. 2(g). Such lensing effect can also occur in the medium adjacent to the sample
surface, allowing for either transmission mode which measures bulk materials properties, or
reflection mode which is more sensitive to surface characteristics.

2.6 Electrothermal methods

Instead of the photothermal and photoacoustic methods discussed above, where light is the
source of heat, electrothermal methods also see a broad application in semiconductors.

2.6.1 3m® method

The 3w method leverages the relationship between Joule heating and resistivity changes,
allowing for the measurement of x without a temperature sensor. An AC current of frequency  is
supplied to the sample and heats up the sample with a frequency of 2w. The voltage across the
sample is then detected using a lock-in amplifier, which varies at 3w as a result of temperature-
induced resistivity change. If the sample is an insulator, a metal film can be deposited on the
surface to serve as a thermal inducer. Information of the thermal properties of the sample is then
implicitly contained between Joule heating and temperature fluctuations, and can be extracted from
the lock-in signal. Compared with room temperature steady-state thermal measurements, this
method is insensitive to black body radiation due to a much smaller effective thickness of the
sample.'*3 It is most commonly applied to bulk materials, wires and thin films, but can also extend
to liquids.!#+145> Accurate determination of thermal properties relies on solving the heat conduction
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equation for the specific system. Initially, only relatively simple scenarios such as high-frequency
limit or low-frequency limit are solved. Later development presents a more general solution in the
1D case which allows simultaneous determination of specific heat and k.!4® Recently, the finite
element method (FEM) has been introduced to achieve more precise results, accommodating more
complex experimental scenarios.!4” The 3w method is most commonly used in four-point-probe
configuration as shown in Fig. 3(a), but it can be applied in other scenarios as well, such as
scanning thermal microscopy (SThM)!48:149 Despite that the 3w method is commonly used to
measure the thermal conductivity of bulk materials, by integrating the lead and electrode onto a
chip, the 3® method can be used to measure the thermal conductivity of thin film materials with
thickness in the order of nanometers. !0

2.6.2 Scanning thermal microscopy (SThM)

Scanning thermal microscopy (SThM) is a technique that combines either scanning tunneling
microscopy (STM) or atomic force microscopy (AFM) with a thermo-sensitive probe tip, which
gives nanometer spatial resolution and microsecond-to-millisecond temporal resolution of the
thermal time constant (Fig. 3(b)).!31:152 It is suitable for measurement of nanoscale structures or
microelectronic devices. The most commonly used probe tips are of thermovoltage types, which
generate a voltage at a small thermocouple junction, and thermoresistive types, whose resistivity
varies with temperature.'33-155 SThM can be used to either map out the temperature profiles without
an external heat supply (i.e., passive mode) or characterize k by varying probe tip temperature
through electrical or laser heating (i.e., active mode).!>%-!57 Local heat conduction can take several
pathways including radiation, diffusive or ballistic conduction, and solid-solid conduction, which
heavily depends on the probe parameters and surrounding environment.!'>® Thus, one of the most
crucial steps of SThM is calibration, which quantitively relates the amount of heat flow or electrical
signals to the local k of the measured material. Calibration can be performed experimentally by
measuring standard samples or by fitting parameters in established models, !48-159.160

2.6.3 Suspended-pad method

The suspended pad is a method that specializes in measuring the thermal transport properties
of low-dimensional systems, such as nanotubes, nanowires, and 2D materials.!¢1-165 As illustrated
in Fig. 3(c), a nanowire is suspended between two micro-membranes embedded with metal
resistance coils, which serve as both the heaters and temperature sensors by adopting the four-
point-probe configuration. The heat conduction process in such a system is thus greatly simplified
and the conductivity of a single nanowire can be isolated.!¢6-167

2.7 Differential scanning calorimetry (DSC)

Apart from all the above discussed photothermal and electrothermal methods to measure the
thermal transport properties, another method that is usually used alongside, differential scanning
calorimetry (DSC), is also important. More details on this technique are well covered in other
literatures. 98169 Although DSC typically measures the heat capacity and enthalpy changes, and
does not provide a direct measurement of how well heat is transferring through the material, some
special configurations and treatments can be applied to measure the heat capacity and
simultaneously.!70

III.  Three-dimensional perovskites
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3.1 Introduction to 3D metal halide perovskite photovoltaics

3D MHPs, characterized by the chemical formula ABX3 (A =Cs*, MA™, FA™; B = Pb?", Sn’;
X =CI, Br, I'; MA" = methylammonium, FA*= formamidinium), have catalyzed a revolution in
photovoltaics. A typical structure of comer-sharing [BXs]* octahedra of 3D MHPs is shown in
Fig. 4(a). The power conversion efficiencies of perovskite solar cells (PSCs), with a single planar
structure as illustrated in Fig. 4(b), has increased rapidly from an initial value of 3.8%?> to more
than 26%.!71:172 The rapid advancement is attributed to favorable properties including low trap
densities,!”3 high carrier mobilities,!’* and long carrier diffusion lengths,!”>-!78 which collectively
facilitate efficient light absorption and charge collection. The structural versatility of MHPs allows
for the adjustment of their electronic and optical properties by varying their ionic compositions.
This tunability extends their utility across various applications beyond photovoltaics, such as light-
emitting diodes (LEDs),!”? lasers,!3? and photodetectors.!3! Unlike silicon, which necessitates
high-temperature processing, MHPs are appealing due to their potential for lower manufacturing
costs!82-185 and their compatibility with flexible substrates (Fig. 4(c)).'86:187

Despite their advantages, the path toward widespread commercialization of PSCs is still
challenged by their environmental instability.!38-190 Specifically, these materials are prone to rapid
degradation when exposed to environmental stressors such as moisture, oxygen, and temperature
fluctuations (Fig. 4(d)),'%1°! which can lead to decreased efficiency and lifespan of PSCs. To
address the stability challenge, considerable research efforts have been directed toward enhancing
the robustness of MHPs through chemical modifications and improving device architectures.!%*
194 This includes the development of more stable MHP compositions that are less susceptible to
degradation and the application of advanced encapsulation techniques for protecting MHPs from
environmental exposures.'?>19¢ Additionally, innovations in the interfacial engineering and the
optimization of charge transport materials have shown promise in increasing the operational
stability and efficiency of PSCs.!97-200

Thermal stability, in particular, is a key factor that influences the operational reliability of
these devices.??! It was shown that an increase in temperature leads to an exponential decay in the
lifetime of PSCs (Fig. 4(e)). k is an important property that affects how heat generated within the
solar cell is managed, particularly given that the MHP layer serves as the primary heat source in
PSCs. Effective thermal management helps prevent thermal degradation of MHPs and maintains
PSC efficiency over time.?92-29 Recent advancements in the field have shown that managing the
thermal properties of MHPs can significantly improve the fabrication and operational stability of
solar cells (Fig. 4(f)).204205

3.2 Thermal conductivity of MAPbI;.

MAPbI3 holds a pivotal role among the diverse family of 3D MHPs for photovoltaics.? Since
the structure of MAPbI3 consists of corner-sharing [Pbls]* octahedra extending in all three
directions, in most thermal transport studies this material was treated as isotropic, for which it is
amenable to most techniques mentioned in Section II. However, it is important to note that each
technique comes with its own degree of uncertainty and specific sample requirements.
Consequently, the thermal conductivities of MAPbI3 can vary significantly depending on its form
— whether as a single crystal, film, powder, or nanowire — and the measurement method employed.
To provide a clear understanding, the discussion on the x of MAPDbI3 below will be organized

based on the different techniques used by various research groups, specifically four-point probe
(Fig. 5(a)), SThM (Fig. 5(b)), TDTR/FDTR (Fig. 5(c)), and suspended pad (Fig. 5(d)).
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3.2.1 Four-point probe

The steady-state four-point probe method was first applied to investigate thermal transport in
MAPDI; (Fig. 5(a)).>” In contrast to the 3 ® -based four-point probe method mentioned in Section
2.6.1, here the temperature-dependent electrical resistivity measurement were performed to extract
the thermal conductivities. Measurements on single crystals of MAPbI3 revealed an intrinsic,
ultralow k of 0.5 W-m!-K-!.37 This value is significantly lower than the k of other PV materials:
single crystalline Si has a k of 126 W-m'!-K-! and bulk GaAs owns a k of 54 W-m™!-K-! at room
temperature.?°6-297 This significant disparity highlights the importance of thermal management of
PSCs. In addition to single crystal measurements, it is also of great significance to determine the
Kk of polycrystalline MAPbI; thin films. A. Pisoni ef al. pressed MAPbI3 powder and obtained a
polycrystalline sample to mimic the effects of the rich grain boundaries in thin films.3” k of the
pressed polycrystal was determined to be 0.3 W-m!-K-!, smaller than that of single crystals but
still lies in the same realm. In contrast, the k of bulk silicon, single crystal thin film silicon and
amorphous silicon are 148, 22 and 1.4 W-m™!-K-!, respectively.2?6-298 This intrinsically low x and
the small disparity between single-crystalline and polycrystalline forms point to significant,
intrinsic phonon scattering in MAPbI3, which dominates heat transfer over effects from grain
boundaries and defects.

As a classical k measurement method, the four-point probe is straightforward to deploy and
produces reliable results, but mounting thermocouples and heat sources onto MHPs may cause
sample degradation. Additionally, the configuration lacks the compactness for low-temperature
measurements within a vacuum chamber, and is usually conducted in ambient environment with
the risk of sample degradation due to presence of water and air, which is especially prominent for
thin films. In addition, thermal radiation of the material itself can seriously affect the results. In
one work by A. Kovalsky et al., the uncorrected k is twice as high as the one corrected for thermal
radiation loss at room temperature.??® To this end, non-contact methods under a controlled
environment have been employed for k measurement of MAPbI3.

3.2.2 SThM

R. Heiderhoff et al. used SThM method (Fig. 5(b)) and obtained a k of 0.34 W-m'!-K-! for
single crystals and 0.33 W-m-!-K-! for thin films fabricated by a planar hot-pressing procedure.?!
The small difference within the error margin is consistent with the results obtained by the four-
point probe. It should be noted that the thin film consists of a large grain size up to 10 pm, which
is even larger than the phonon MFPs of Si membranes at ambient temperature (~ 400 nm).!!
Taking advantage of the high spatial resolution, SThM can be further used in thermal imaging. J.

Zhao et al. successfully imaged the local thermal strain, revealing the ferroelastic nature of
MAPbI3.2!2

3.2.3 TDTR and FDTR

TDTR and FDTR have been adopted in the investigation of k of MAPbI; (Fig.
5(c)(e)(f)).34213-215 The fitting results across various samples demonstrate strong agreement with
the experimental data, regardless of the delay time or the repetition rate (Fig. S(e)). The k of thin
film MAPDI3 spin-coated on Si substrate was determined to be 0.3 W-m-!-K-! while the MAPbI3
film intercalated into an Al>O3 mesoporous scaffold produced a lower k of 0.2 W-m'!-K-1.214 In
two other independent works, FDTR performed on MAPDbI; single crystals produced a k of 0.34
and 0.35 W-m!-K-!, respectively.34215 Regardless of thin films or single crystals, the results given
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by TDTR/FDTR are highly consistent with those given by SThM and slightly lower than those
given by the four-point probe. The low k for the MAPbI3 embedded in Al2O3 scaffolds arises due
to the grain boundary as small as tens of nanometers.

A TDTR-based study attempted to use a simplified model to extract x from time-dependent
reflection intensity.?!3 However, despite a minimal fitting error, a k value of 11.2 W-m'!-K-! was
obtained on MAPDI3 thin films,?!3 which is more than one order of magnitude higher than all
currently reported room-temperature k of MAPbI3. Although the low repetition rate (1000 Hz) of
the laser ensured that the material had sufficient time to fully return to its initial state, the dataused
in fitting only covered the first 6 ns, several orders of magnitude shorter than the time of heat
dissipation. Missing data points during the subsequent cooling process may compromise the
accuracy of the fitting results to a certain extent.

3.24 VPVP

S. Li et al. developed a method dubbed VPVP spectroscopy, a variant of TDTR, where the k
can be obtained by directly fitting transient changes in reflectance or transmittance without the use
of a lock-in amplifier for phase detection.!!? Utilizing an electronically triggered probe laser, the
maximum delay window in VPVP is up to 1 ms. Note that the nanosecond time resolution is
sufficient for resolving the slow thermal dissipation process in MAPbI3 and other MHPs.

One innovation is that VPVP does not involve a metal transducer. Instead, the MHP thin film
itself serves as both the heat source and temperature monitor. By pumping the vibrational mode of
the MA™ cations with mid-infrared (MIR) laser pulses, the lattice temperature increases
impulsively in sub-ns timescale, much shorter than the timescale of thermal dissipation.
Meanwhile, the transmittance of MHPs near the band gap is used to monitor the temperature
change AT as a function of time. A 1D thermal transport model can be established with only two
independent parameters: the x of MAPbIs and the interfacial conductance G of the
MAPbDI3/substrate interface. Further analysis reveals that when G exceeds 10° W-m2-K-!, the
transmittance over time becomes solely a function of x, and the error function reaches a minimum
when x most closely approximates the true value (Fig. 5(g)). Within the framework of this
simplified model, the fitted AT-vs.-time curve exhibits substantial agreement with experimental
measurements covering the whole cooling process with a high sensitivity to k (Fig. 5(h)).
Depending on the type of substrate, the VPVP-inferred k of MAPDI3 ranges from 0.30 to 0.51
W-m!1-K-!, which agrees with values extracted from TDTR/FDTR experiments.

3.2.5 Other experimental methods

Other techniques have also been utilized for measuring the k of MAPbI3, when the sample
morphology is adjusted to suit experimental requirements, i.e. single crystal samples for the LFA,
thin film samples for chip-based 3 method, and nanowire samples for the suspended pad method.
Both LFA and chip-based 3w method yield x ranging from 0.30 to 0.39 W-m!-K-!,216-219 yyhereas
the suspended pad method produced a k of 0.22 W-m!-K-! for MAPbI3 nanowires, similar with
the reduction from single crystals to thin films (Fig. 5(d)).22° Unlike other methods, where k shows
a weak correlation with sample size, the measurement results from the 3 @ method indicate that
the k of the MHP film varies significantly with thicknesses. Specifically, when the film
thicknesses are 65 nm, 80 nm, and 100 nm, the x are 0.31, 0.44, and 0.59 W-m!-K’,
respectively.!3? Such a variation in the thermal conductivity was attributed to the difference in
carefully tuned crystallite size, thus the density of grain boundaries.
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Different from the methods discussed above, C. Shen et al. used photoluminescence
spectroscopy to obtain the k of MAPbI3.22! Their measurement was predicated on the fact that an
increase in the band gap of MAPbI3 with rising temperature not only causes changes in
transmittance but also induces a blue shift in the photoluminescence (PL) spectra, which is linearly
proportional to the amplitude of temperature rise. As a st eady-state, transducer-free measurement,
a presumption behind their experiments is that energy released through radiation constitutes only
a small part of the energy from the incident pump light, so the primary energy dissipation is through
non-radiative heat transfer process. The measurements involved specially prepared MAPbI; single
crystal flakes suspended on a SiO2/Si substrate prepatterned with an array of holes. By parking the
excitation beam at the center of the floating region, heat transfer only occurs along the radial
direction. It was further assumed that the temperature of the MHP outside the suspended region is
always identical to that of the substrate acting as a heat sink. Under these conditions, the k can be
written as k = y(Q/AT),??> where y is a structure factor, Q is the heating power and AT is the
temperature difference between the excitation center and the heat sink. Since AT is linear to the
excitation power, the equation can be further writtenas k = y(Q, — Q,)/(T; — T,), where T; and
T, are the temperatures under the heating power Q, and @,, respectively. Using these equations,
C. Shen ef al. obtained a k of 0.14 W-m™!-K-! for MAPDI3 single crystals. This value is lower than
those obtained by other techniques. We note that this method is similar to OTRS, which has been
primarily employed to measure the k of 2D materials with good accuracy.??2-225 One potential
source of experimental error can be the heat flow in the vertical direction compounded by the PL
photon recycling in the film, which can alter the observed spectral location of PL.

3.2.6 Numerical simulations

Aside from experimental efforts, numerical techniques such as molecular dynamics (MD)
simulations are widely used to predict the x of materials.?2¢-239 Using the Green-Kubo relation, the
Kk can be calculated from equilibrium MD simulations as:231:232
_ 1
"~ 3VkgT?
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Here kj is the Boltzmann constant, T is the temperature, V is the volume of the simulation

cell, w is the heat current, and (W (0) - w(t)) denotes the averaged heat current autocorrelation

function. w is defined as the time derivative of the first-order energy moment with respect to the

atomic position 17,
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v=—Y Er
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, where E; is the total energy of atom i.

MD simulations effectively reproduced the experimental results of MAPDbI3, with k
determined to range from 0.3 to 0.6 W-m!-K-1 202.231.233 Another benefit of using theoretical
calculations is that the anisotropic k along different crystal orientations can be calculated
straightforwardly,20? a task often more challenging for experimentalists.

Density-functional theory (DFT) is a theoretical method widely employed to predict the
electronic and vibrational properties of semiconductors. Using DFT-based anharmonic lattice
dynamics calculations, the average group velocity and lifetimes of phonons can be deduced from
the slope and width of the phonon dispersion relations. With the calculated heat capacity and
phonon-phonon scattering rates, the k can be obtained from the solution of Boltzmann transport
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equation (BTE) using these physical quantities. However, one report that is based on DFT
calculation yielded a x of 0.05 W-m!-K-!,23% which is significantly lower than values obtained
from other experimental or numerical methods. The deviation observed in DFT compared to MD
simulations warrants further investigation.

In Fig. 6 and Table 1, we summarize the k values of MAPbI3 and the associated methods
reported in the literature. Most experimental methods and theoretical calculations show that the k
of MAPDbI3 is orders of magnitude lower than that of other PV materials. It is also discovered that
the thermal expansion coefficient of MAPbI 3 is an order of magnitude higher than that of inorganic
PV materials,?!” which may cause delamination of PSCs under variation of the operating
temperatures, thus weakening their long-term stability.

3.3  Constituent-dependent thermal conductivity of MAPbI;

One of the major advantages of MHPs over other semiconductor materials is their high degree
of chemical composition tunability. In this context, tuning the chemical composition of MHPs can
inform on the origins behind the ultralow x of MAPbIs. One of the most straightforward
approaches to isolate and quantify the effect of MA™ on thermal transport is to compare the k of
MAPbI3 with that of CsPbl3.2%° Although the k of CsPbl3 (0.43 W-m!-K-!) is higher than that of
MAPDI3, it remains an order of magnitude lower than that of other inorganic semiconductors. This
result suggests that while vibrations of the organic MA* do partly contribute to the low k, the low
K is common to all MHPs and is not unique to organic-inorganic hybrid ones.

When MHPs are subject to A-site cation mixing of Cs*, FA™, and MA™, the replacement of
B-site Pb?>* with Sn?*, and the interchange of halide anion X- (Cl, Br, and I), their k are
consistently lower than 1 W-m™'-K-!. Fig. 7 and Table 2 summarize the k values for MHPs
published in the literature found by the authors.34210:215.235-242 Their similarity implies that the
inorganic octahedral framework and the phonons corresponding to the motions of B and X atoms
should be responsible for the low x of MAPbI3 and other MHPs in general. From the data points
in Fig. 7, three key trends emerge: (1) the k of all-inorganic MHPs are generally higher than those
of organic-inorganic hybrid MHPs; (2) for MHPs containing different inorganic cages ([BXs]*),
the trend in k is as follows: k¢ > kg, > K|, Kg, > Kpp; (3) the k of MHPs with mixed A* cations
or mixed halides are lower than those of their un-mixed counterparts. The first trend has been
attributed to the resonant scattering by the organic cations,?7-20%-220 3 phenomenon also reported in
other organic-inorganic hybrid materials, and thermoelectric materials with similar cage
network,>*?> where thermal conductance is greatly suppressed due to the presence of organic
constituents.?27-244245 A g for the second trend, one potential origin is the different bond strengths
resulted by the differences in oxidation potential and atomic radii. At room temperature, the bond
dissociation energies of the B-X bonds are as follows: 350 kJ-mol~! for Sn-Cl, 337 kJ-mol~! for
Sn-Br, 235 kJ-mol™! for Sn-I, 301 kJ-mol! for Pb-Cl, 248 kJ-mol~! for Pb-Br, and 194 kJ-mol!
for Pb-1.246 The strength of these chemical bonds influences the mechanical properties of the
MHPs, such as the elastic modulus, consequently affecting the x.>4” Regarding the third trend, The
diversity of chemical components in a system increases its entropy, and one characteristic of high
entropy compounds is their low k. This property is widely exploited in the field of
thermoelectrics.?48-250

34 Temperature-dependent thermal conductivity of MAPbI;
The Debye model is widely used to bridge the macroscopic k and microscopic phonon
behaviors, where k can be approximated as:3’
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Here, 0, is the Debye temperature, C = (kp/2m%v,)(kz/h)3, and x = hw/kzT, where kg
is the Boltzmann constant, f is the reduced Planck’s constant, T is the average phonon lifetime,
and v, is the average speed of sound. T can be approximated using the Callaway’s approach, with
different phonon scattering mechanisms summed up as:>>!

e Y g (10)

There are several common scattering mechanisms: grain boundaries, point defects, and

Umklapp scattering.2>? The corresponding phonon lifetime can be written as 75 = %, Ty =

v - hy?
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unit-cell volume, M is the average atomic mass, and y is the Griinreisen parameter. For MAPbI3,
since MA™ has vibrational modes such as rotation, another resonant scattering term in the form of
2, 2
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responsible for the resonant scattering.37-209-233

w?Texp(— Z—?), where d is the average crystallite size, V is the

was added in some studies, where w, is the vibrational frequency of the guest

For solids, especially single crystals, k initially increases and then decreases with rising
temperature. This occurs because in the low-temperature region, as temperature rises, more
phonons are activated to conduct thermal energy. As phonon density continues to increase,
phonon-phonon interactions intensify rapidly, leading to predominant Umklapp scattering, which
ultimately causes k to decrease with increased temperature. In most studies, the temperature-
dependent ¥k of MHPs, including both single crystals and thin films, follows this trend (see Fig.
8(a) for an example). However, the scattering mechanisms contributing to the low k can differ.
Given the large grain size and low impurity densities in single crystals, A. Pisoni et al. utilized
only the resonant term and the Umklapp scattering term to fit the temperature-dependent k,
obtaining a curve that closely aligns with the experimental data.’” In contrast, Z. Guo et al. chose
three terms to incorporate effects from grain boundaries, point defects, and Umklapp scattering,
the results of which matches their experimental data.?'* A. Kovalsky et al. found that unless the
temperature falls below 10 K, the inclusion of grain boundaries, point defect, and resonant
scattering terms does not significantly alter the temperature-dependent k curve (Fig. 8(b)).2%° It
implies that Umklapp scattering starts to dominate heat transfer even at very low temperatures,
suggesting strong phonon-phonon coupling in MAPbI3 across a broad range of temperatures.

While there is consensus on the general tendency for the k of MAPbI3 to decrease with
increasing temperature (above 100 K), variation in k near the phase transition temperature differs
across studies. There is a suddenincrease in k after the tetragonal-to-cubic phase transition around
330 K measured by SThM,?!? which was also predicted by MD simulations.?3! In all studies
involving the LFA, no change near the tetragonal-to-cubic phase transition has been observed .?!¢-
218 As for the orthorhombic-to-tetragonal phase transition around 160 K, a decrease in k was found
by TDTR while it was not captured by the four-point probe method.37-292141t is not clear why
different methods give different trends and further research is warranted. It should be noted that in
some specific cases, such as MHPs in Al2O3 mesostructured films, the k shows a monotonic

21



increase with temperature in low-temperature regions (up to room temperature).?!4 This glass-like
thermal transport behavior mainly results from the nanostructure and is not an intrinsic property
of MHPs 234

IV.  Quasi-2D metal halide perovskites

4.1 Introduction to 2D metal halide perovskites

In this section, we will discuss the thermal transport properties of low-dimensional MHPs,
primarily focusing on 2D MHPs due to their technological importance. Systematic investigations
on the dependence of temperature,*3-235 organic spacers,>>%-23 and inorganic layer thickness?38-260-
262 reveal that thermal transport in layered 2D MHPs share some characteristics with
superlattices?%3-263 and self-assembled monolayers,?°¢-268 although these two systems exhibit
behaviors unique to themselves as a result of their chemical and structural diversities.

MHPs with reduced dimensionalities (i.e., 2D, 1D and 0D) play an important role in the MHP
family due to their favorable optoelectronic properties and diverse applications, including
photovoltaics.?6°-27! Although the record conversion efficiency of 2D MHP-based PSCs (20%)>7
is lower than the state-of-art 3D MHP-based PSCs (~ 26%),%273 the advantages of the 2D form
have been extensively reported,?7%-274275 especially their improved moisture stability owing to the
inclusion of hydrophobic organic cations.?’!-274276 Moreover, instead of serving as the light-
absorbing layer in PSCs, 2D MHPs have also been exploited as interfacial layers to improve the
charge collection characteristics and stability of 3D MHP-based PSCs.277-27° In recent years, there
has been a surge in publications on 2D MHPs !3-280-283 not only focusing on their potential as
photovoltaics but also exploring other applications such as photodetection,?$* LEDs,!3-285-287 and
thermoelectrics.?®® Concurrently, thermal management of 2D MHPs becomes increasingly
important. For instance, efficient heat dissipation prompts longer-lifetime LEDs, and effective
suppression of heat flow can maintain sizeable temperature gradients for improving thermoelectric
performances (Fig. 9(a)). The plethora of available choices of organic spacers provides a
playground for tuning the material properties and device performance by adjusting the crystal
structures, interlayer distances, and octahedral connectivity modalities.?8°

The general formulas of (100)-oriented and (110)-oriented 2D MHPs are A, A, _,B, X, ., or
A'A,_,B, X5, .1, respectively where A" is a 1+ or 2+ cation, A is a 1+ cation, B is a divalent
metallic cation (e.g. Pb?*, Sn?*, Ge?*, Cu?*, or Cd?*), and X is a halide anion (CI-, Br-, or I"). The
less common (111)-oriented 2D MHPs have a general formula of A}, , ; B, X5, , 3.2°° The structures
of (100)-, (110)- and (111)-oriented 2D MHPs are displayed in Fig. 9(b). The (100)-oriented type,
with inorganic layers comprising of corner-sharing [BXs]* octahedra separated by interdigitating
organic chain cations, are mostly investigated due to their easier processability and higher charge
mobility. Based on the selected organic spacers, (100)-oriented 2D MHPs may adopt two different
phases: the Ruddlesden-Popper (RP) phase, featuring monovalent interlayer organic spacers (A’ =
1+ cation), and the Dion-Jacobson (DJ) phase, characterized by divalent organic spacers. The
variation in organic spacers leads to distinct stacking configurations of each layer as shown in Fig.
9(b). Some commonly adopted spacers are presented in Fig. 9(b), although a substantially larger
range of cations has been utilized for making 2D MHPs, which has been summarized in an
excellent review article.?8”
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Inaddition to the facile fabrication,?”%-274tunable band gaps?®! 2 and efficient light absorption
properties!® of 2D MHPs, their ultralow k (even lower than the already-low k of their 3D
counterparts) are garnering increasing attentions.3%-238.260 Ag discussed in the 3D-MHP section
(Section 3.3.3), PSCs may benefit from the low x of MHPs through longer-lived hot carriers
arising from the hot-phonon bottleneck effect.?** However, slow heat dissipation raises concerns
on thermal degradation under high operating temperature (up to 85 °C) of PSCs.33 This delicate
trade-off necessitates better thermal management and hence a deeper understanding of thermal
transport in 2D MHPs. Additionally, due to the strong excitonic effect in 2D MHPs, they are also
extensively incorporated into LEDs, where heat generation can be more prominent. As we discuss
below, while there have been systematic studies delving into certain aspects of the thermal
transport properties in low-dimensional MHPs, a comprehensive understanding of all influencing

factors and a thorough comparative discussion of existing research are still lacking.38-25
258,260,261,295

4.2 Ultralow thermal conductivities exceeding bulk limits

Ultralow k of a series of 2D MHP films, ranging from 0.1 ~ 0.2 W-m'!-K-!, were measured
by A. Giri et al. using TDTR.38 Notably, unlike in highly-doped semiconductors and metals where
charge carriers carry a significant amount of heat,?°%-2% phonons are the dominant heat carriers in
2D MHPs. The exclusive contribution of phonons is even more pronounced in the cross-plane
thermal transport in 2D MHPs due to the strong confinement effect on charge carriers imposed by
the quantum-well-like structures.!?-2°° The low x in 2D MHPs partially comes from similar phonon
dispersions to their 3D counterparts, characterized by low phonon group velocities and short
phonon lifetimes, which originate from enhanced phonon scattering rates as a result of the
significant overlap between acoustic and optical phonon branches.!23:260.300301 Moreover, the
ultralow x of 2D MHPs exceeds the minimum limit of disordered crystals predicted by the Cahill-
Watson-Pohl (CWP) model:38

1 s ©ip2p2  ehw/kpT (11)
Kmin = gnatom Z] 0 kBTZ (ehw/kBT _ 1)2 dw

, where the k is calculated by summing over all j** phonon modes (one longitudinal and two
transverse), N, 1S the atomic density, w is the phonon angular frequency, ©; = Uj(67'[2n) 13 is
the cutoff frequency for mode j with a phonon group velocity v;.302

The x of 2D MHPs are found to be almost an order of magnitude lower than the predicted
minimum values, the discrepancy of which is much more pronounced compared with their 3D
analogue.® Such unexpectedly low k have been attributed to diffuse phonon scattering occurring
at the organic-inorganic interfaces caused by a large mismatch in acoustic impedances?®! (reaching
about 25.1 in a literature report3%3). A possible explanation for the experimental observation by A.
Giri et al. is that thermal transport falls into the classical Casimir regime wherein phonons travel
ballistically or quasi-ballistically through theinteriors of each perovskite layer and scatter diffusely
at the interfaces and boundaries.?®® This implies an incoherent thermal transport scheme at the
organic-inorganic interfaces, where phonons behave more like particles that scatter randomly off
the interfaces and lose their phase information as schematically illustrated in Fig. 10(a). This
picture of thermal transport can be quantitively described by a stacked interfacial thermal
conductance model (SITCM) that has been validly applied to self-assembled monolayers?¢7-3%4 and
nanocrystal arrays?%® with similar organic-inorganic layered structures. One intuitive prediction
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one can make with this model is that increasing the interlayer distance will lead to a decreased
density of interfaces, consequently resulting in a higher effective k in the cross-plane direction.
That is to say, increased k should be observed in 2D MHPs with larger periodicity, i.e. thicker
inorganic layer (larger » number in the formula) or organic layer (longer-chain spacers). This trend
coming from the incoherent interface scattering was observed for structurally similar
organic/inorganic hybrid superlattices,?66-305306 and also all-inorganic layered composites where
the acoustic impedance mismatch is smaller.264-307

The as-predicted trend was experimentally verified by N. S. Dahod et al. through systematic
research on (CyH2x+1NH3)2(MA),-1Pb:Br3s+1 using DSC and FDTR.>*® For stoichiometry with n
larger than one, it represents a quasi-2D MHP comprising of n layers of [PbBrs]* octahedra stacked
in the (100) direction, confined by the organic layers. By varying the » number and the value of x,
the thickness of the inorganic layer and the organic layer can be systematically altered,
respectively. In this meticulous work, the 2D MHPs were treated as superlattice-like hybrid
materials that fit in the incoherent thermal transport model presented in Fig. 10(a), with phonons
treated as particles described by the Boltzmann transport equation with boundary conditions
involving diffuse interface scattering.>®> Two key assumptions underpin this model: (1) the phonon
MEFP of the bulk material making up the superlattice is comparable or slightly larger than the period
thickness so that phonons within individual layers travel ballistically or quasi-ballistically without
coherent correlation and scatter diffusely at the interfaces; (2) each layer is governed by its bulk
dispersion relations.3%8

N. S. Dahod et al. posited similar phonon MFPs in 2D MHPs as in their 3D form,2°® which is
comparable to or slightly larger than the periodicity of the alternating layers (1 ~ 2 nm)399310
ensuring ballistic behavior of phonons inside the inorganic layers. Although counter-intuitive,
phonons were also assumed by N.S. Dahod ef al. to be traveling ballistically through the organic
layer, despite the intrinsically ultralow k of alkanes. According to the second assumption, the heat
capacity and sound speed within the perovskite octahedra and alkylammonium chain layers are
taken to be analogous to those in 3D MAPbBr3 and liquid alkanes, respectively. The decoupling
of phonon branches between different layers here is a reasonable assumption, given that the
vibrational density of states of 2D MHPs resemble the sum of those of the organic and inorganic
sub-lattices as implied by low-frequency Raman spectroscopy.’?® The monotonic trend of
increasing k with the thickness of either the organic or the inorganic layer (Fig. 10(b)) is well
described by the following equation, originally derived for superlattices264:

1 1 1 d,+d
K=ty _1(d1 +dy) (12)
2 C1v1 szz 2

, where the subscripts represent different layer components, organic or inorganic, C; is the bulk
volumetric heat capacity, v; is the sound velocity, and d; is the layer thickness. Moreover, the
measured heat capacities show fair alignment with this model assuming the overall heat capacity
to be the mass average between the organic and inorganic subphases (Fig. 10(b)).

More researchers, however, have observed consistent or even decreasing x of 2D MHPs with
an increasing layer thickness, which brought about the existence of a distinct thermal transport
mechanism in the cross-plane direction that is dominated by coherent acoustic phonons.?>6-237260
Inthis picture, as shown in Fig. 11(a), phonons move in a wave-like manner and propagate through
layers via collective vibrations of the whole materials, akin to an inorganic superlattice in the k
recovering regime.?®3 Phonons of this kind feature MFPs much larger than the periodicity and
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preserve coherence forup to several layers. Further supporting works for this model are discussed
below.

4.3 Partially coherent cross-plane thermal transport

The existence of coherent longitudinal acoustic phonons (CLAPs) in 2D RP-phase MHPs,
(BA)2(MA)n-1Pbulzn+1 (n=1 - 6), was first experimentally verified and investigated by P. Guo et
al. using a pump-probe-based transient reflection technique.?®! An above-bandgap pump was used
to excite hot charge carriers, which quickly thermalize through electron-phonon coupling,
accompanied by emission of longitudinal optical (LO) phonons.>!! These emitted LO phonons
rapidly decay to lower-energy longitudinal acoustic (LA) phonons?!? that propagate coherently in
the cross-plane direction. The local strain induced along the propagation of such CLAPs causes
depth-dependent modifications on the local material refractive index. A below-bandgap (near-
infrared) probe light is reflected by the sample and collected by a spectrometer. The interference
coming from the spatial-temporal variation in refractive index results in oscillations in the probe
intensity over time as shown in Fig. 11(b). Information about the CLAPs such as coherence time
and group velocities can then be extracted from these oscillations. Evidently from Fig. 11(b),
compounds with smaller » number show stronger coherence and longer lifetimes of CLAPs.
Applying a similar technique to another 2D RP-phase MHPs, (PEA )2(MA )u-1Pbnl3,+1, P. Maity et
al. further verified the existence of the long-lived (extending up to nanoseconds) CLAPs, similar
to those present in 3D MHPs, while the lifetime of optical phonons in the system is only on the
sub-ps scale.3!3

Despite featuring reduced group velocities and significant attenuation compared to the 3D
counterparts due to the large acoustic impedance mismatch between organic and inorganic layers,
the relatively long-lived CLAPs could serve as important heat carriers in cross-plane thermal
transport and potentially lead to increased k. Numerous studies provide compelling evidence of
another more complex thermal transport scheme involving coherent phonon transport across the
layer interfaces, contrary to the purely diffusive scattering model discussed in Section 4.2. In this
partially coherent thermal-transport picture, both incoherent interface scattering and coherent
wave-like transport of phonons across the interfaces contribute to the overall heat transfer through
the layered structures.?63

While modeling the phonon propagation with a coherent wave equation, the diffuse interface
scattering is accounted for by an imaginary part in the propagation wave vector of coherent
phonons. This model is well-established to explain the period thickness dependence of k in
superlattices.?%>314 Two anomalous trends in k, contrary to the prediction made by SITCM, are
generally observed experimentally in a wide range of research, supporting the notion that a
substantial amount of heat is carried by coherent phonons.

One observation is the cross-plane k being nearly independent on the thickness of the organic
layer (chain length of the organic spacers).38-236.257 A Giri et al. revealed an insignificant influence
of spacing distance between the inorganic layers on the x with TDTR.?® Furthermore, by
increasing the organic chain length in (C,H2,+1NH3)2Pbls fromn =4 to n = 7, an almost constant,
and even decreasing k was found with the same TDTR technique at 330 K (Fig. 11(c)).2>¢ This
trend is inconsistent with the prediction of the incoherent thermal transport model, i.e. SITCM,
and is attributed to phonons propagating coherently across interfaces. The coherence of phonons
is expected to be disrupted by larger periodicity, coming from the lengthened organic spacers
according to the partially coherent model. A recent work, up to the point of this review, reported
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an almost 2-fold decrease in k (at room temperature) as the organic chain length increases from n
=4 to n= 6 in (C,H2,+1NH3)2Pbl4, also measured with TDTR.>>°

Another unexpected trend is the decreasing cross-plane k with thicker inorganic layers (larger
n number in the general formula).2%% A. D. Christodoulides ef al. used FDTR to investigate the k
dependence on the inorganic layer thickness by measuring (BA)2(MA )u-1Pbul3.+1 with n increasing
from 1 to 4 for thin films and n = 3 - 6 for single crystals. A monotonically decreasing trend of k
with n was observed (Fig. 11(d)), which contrasts with the results from N. S. Dahod et al. that
assumed totally incoherent thermal transport across interfaces.?>® Both P. Guo et al. and A. D.
Christodoulides ef al. applied a simple harmonic bead-spring model (Fig. 11(e)) to capture the
coherent nature of these systems and revealed a stronger band-flattening effect in the phonon
dispersions for systems with higher n values.?6%26! Relationship between the phonon dispersion
and material k is given by an equation similar to eq. (11):263:315

2
K = 2 Cpn(wp) - |0_:l|  MFPy, (13)

, where i specifies the direction of thermal transport, 4 denotes the phonon mode, C,,, (w,) stands
for the mode specific heat, w is the angular frequency, and k is the wave vector. MF Py represents
the total phonon mean-free path in the superlattice-like structure as defined elsewhere.?6>

The simulated band flattening is considered to reduce the group velocities, |%|, of CLAPs,
accounting for the x diminishment in high-n samples. More intriguingly, a univelrsal coherent
phonon lifetime across n =1 - 6 is extracted to be ~ 100 ps, which corresponds to phonon MFPs
of 7 nm for n= 6 and 12 nm for n = 1 in the cross-plane direction. The much larger MFPs than the
interlayer spacing3?® further highlight the wave-like properties of phonons in RP-phase 2D MHPs.
The decreasing trend of MFPs, along with slowed group velocities as the thickness of the inorganic
layer increases, demonstrates the reduction in k dictated by eq. (13).

In addition to the direct measurements of x, Raman spectroscopy serves as another powerful
technique to provide insights into the partially coherent thermal transport nature in the 2D
MHPs.303-316 Similar to their 3D counterparts, 2D MHPs exhibit low-frequency (between 30 cm’!
and 100 cm") LO and TO modes, corresponding to octahedral twists and distortions coupling to
the organic cations,>® as shown in the sharp Raman mode at 47.5 = 0.1 cm! for an n = 2
(BA)2(MA)Pb217 in Fig. 11(f). Additionally, ultra-low-frequency modes have been identified by
Raman spectroscopy below this region (< 30 cm!') and are attributed to the zone-folded
longitudinal acoustic (zf-LA) phonons resulting from the superlattice-like layered structure of 2D
MHPs.303-316 The periodically varying elastic properties in the cross-plane direction lead to periodic
environment resembling the periodic potential wells experienced by electrons in crystals.
Consequently, a phonon “Brillouin zone” is formed in the dispersion of phonons propagating along
the direction of this discrete periodicity as illustrated in the calculated phonon dispersion diagram
in Fig. 11(f). The LA phonon branches extending out of the first Brillouin zone can then be zone-
folded back to the first zone. These zone-fold behavior is widely observed and well-studied in
superlattices.3143135,317,318

Evident in the calculated dispersions in Fig. 11(f), two anomalous phonon properties arise
from this phonon Brillouin zone picture. One is the presence of Raman-active LA modes with non-
zero frequency at the zone center. The second is the emergence of phonon bandgaps (only for the
longitudinal modes) in the dispersion for phonon wavelengths satisfying the Bragg condition.

26



These properties of LA phonons are widely observed in inorganic superlattices sharing a similar,
layered structure.3!7-31° Note that only the low-lying LA phonon branches experience the zone-
folding effect, because LA phonons with high frequencies corresponding to wavelengths shorter
than the period thickness will behave more particle-like and scatter off the interfaces instead of
transmitting coherently and forming the phonon “Brillouin zone”. Furthermore, higher n-value 2D
MHPs with thicker inorganic layers (larger periodicity) were verified to also support the zf-LA
mode, featuring a qualitatively same Raman spectrum with the n=2 MHP.3%3 Notably from the n-
number-dependent phonon dispersion relation in Fig. 11(f), the optical phonon modes originating
from the inorganic cage distortion redshift towards the bulk value in 3D MHPs, and the zf-LA
phonon branches shift upward. It can thus be well anticipated that at higher » values, the softened
optical modes and hardened acoustic modes begin to overlap, leading to more prominent phonon
scattering, thereby lower k. Also, at a high enough # value, i.e. large enough periodicity, the LA
modes will no longer be observable in Raman as the periodicity becomes larger than the
wavelength of the LA phonons. These arguments from Raman spectroscopic measurement align
well with the thermal transport measurements discussed above.

4.4 Measuring anisotropic thermal transport

All the above-discussed thermal transport and Raman characterizations revealed a partially
coherent nature of thermal transport in the cross-plane direction of 2D MHPs. Along the in-plane
direction, where phonons propagate within each constituent layer, 2D MHPs are expected to
exhibit higher k, akin to other layered structures.32°-32 However, the in-plane thermal transport
has been less investigated than cross-plane transport due to the inherent low sensitivity of TDTR
and FDTR toin-plane thermal transport (i.e., caused by heat spreading in the metallic transducers),
as well as a stringent requirement on the surface smoothness.?%:8° Measuring the in-plane x of
layered materials, especially single crystals, remains a challenging topic.

Alternatively, measurements can be conducted on polycrystalline film of 2D MHPs, where
the orientation of the layers relative tothe substrate can be meticulously controlled through various
deposition techniques.3?* While spin-coated films generally favor a horizontal orientation — where
the layers are parallel to the substrate, a vertical orientation with layers perpendicular to the
substrate is sometimes more desirable because of the significantly better electrical conductivity
and carrier mobility along the planes. TDTR and FDTR have been successfully applied to measure
the in-plane x of 2D MHPs on vertically oriented films.38-260 Nonetheless, the high density of grain
boundaries and defects in films considerably impedes thermal transport, leading to challenges in
accurately extracting the intrinsic anisotropic thermal properties of these materials.

Despite these challenges, methodsother than TDTR or FDTR, such as LFA, TTG, and SThM
as introduced in Section II have been utilized to measure the anisotropic thermal transport
properties of 2D MHPs.!23:125.255.325 The exceptional directional sensitivity of TTGs allows for the
detection of anisotropies in the lateral thermal transport near the surface.!?¢ An in-plane thermal
conductivity (k) of (BA)2Pbl4single crystals was measured with TTG tobe 0.28 £0.01 W-m™!-K-
I"at 300 K, aligning well with MD simulation predictions.!?3 Given that the cross-plane thermal
conductivity (k) predicted by the same MD simulation is 0.18 £ 0.01 W-m!-K-!, it was concluded
that (BA)2Pbl4 exhibits a relatively low anisotropy (k;/x, ~ 1.5) compared to van der Waals
layered materials that exhibit tens or hundreds of anisotropic ratio.320-321323.326 In another work,
simultaneous measurement of k, and k, was achieved with cross-section SThM on a film of
(PEA)2Pbl4, and lower-than-expected anisotropy (k,/k, ~ 3.4) was also found.3?° This minimal

27



anisotropy in 2D MHPs may be contributed by the CLAPs that are carrying substantial heat across
the layer interfaces. Using DynaCool physical property measurement system (PPMS), which is
based on steady-state methods, A. Mandal ef al. measured the anisotropic thermal conductivity of
a lead-free RP-phase 2D double perovskite, (PA)4+CulnClg (PA =C3H7NH3™), tobe 0.15 W-m!-K-
l'and 0.28 W-m'!-K-! in the cross-plane and in-plane direction, respectively.’! The measurement
was conducted on highly oriented powder-compressed pellets, enabling the use of commercial
instrument.

Beyond the organic-inorganic hybrid 2D MHPs, the thermal transport properties of all-
inorganic 2D MHPs are also of great research interest. P. Acharyya ef al. employed a commercial
LFA instrument to measure both k, and k of high-quality, Bridgman-grown all inorganic 2D
Cs2Pb2Clz and Cs3Bi2l6Cls single crystals.?>3327 As anticipated, all inorganic 2D MHPs show
higher k in both in-plane and cross-plane directions compared to organic-inorganic hybrid 2D
MHPs. In addition, the absence of organic-inorganic interfaces, which introduce strong diffuse
scattering of phonons particularly in the cross-plane direction, together with the weak interlayer
interaction, result in a remarkably low thermal transport anisotropy of k;/k, ~1.1. The k of single
crystalline and polycrystalline 2D MHPs measured with different techniques in either in-plane or
cross-plane directions are summarized in Table 3 and Fig. 12.

It is noteworthy that while LFA methods based on well-established commercial instruments
offer a straightforward and fast-handed approach to measuring the thermal transport properties,
the stringent requirement on the quality and size of the sample largely limits the applicability.
Typical LFA instruments require the samples to be millimeters in both size and thickness,*°
which is nontrivial to meet for hybrid 2D MHPs.292-328 Therefore, LFA is predominantly applied
on powder-compressed pellets, which only reflect an effective isotropic k¢. The circular markers
in Fig. 12 represent the effective k¢ without any consideration of anisotropy.

4.5 Temperature-dependent thermal transport

At high temperatures (i.e., temperatures above the Debye temperature), k of semiconducting
or insulating solids generally goes as an inverse relationship with temperature, i.e. k(T) o< T ™%,
due to strong phonon-phonon scattering.3?? In a crystal where the thermal transport is primarily
limited by the lowest-order three-phonon process (both Umklapp and normal scattering), a linearly
inverse dependence is followed, ie., « = 1. Practically however, thermal transport in typical
inorganic bulk PV materials involves higher-order phonon-phonon scatterings involving more than
three phonons, leading to a steeper temperature dependence, ie. 1 < a < 2.296,330.331

A higher value of o, which stands for a stronger temperature dependence, implies more
prominent temperature-dependent phonon scattering. As discussed in the previous sections,
anisotropic thermal transport arises in 2D MHPs due to the difference in dominating phonon
scattering mechanisms in cross-plane and in-plane directions. In the cross-plane direction, the
temperature-insensitive interface scattering plays a significant role in affecting the cross-plane «,
whereas in-plane thermal transport is dominated by the more temperature-dependent phonon-
phonon scattering. The k in either in-plane or cross-plane direction are thus expected to exhibit
different extents of temperature dependence, with i showing stronger temperature dependence
and changing more rapidly with temperature than k265 Although this behavior has not been
reported experimentally for 2D MHPs to the best of our knowledge, it has been well studied by
the same partially coherent model discussed in Section 4.2 for superlattice. A representative
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temperature-dependent k in both in-plane and cross-plane directions of GaAs/AlAs superlattice
calculated from this model is shown in Fig. 13(a).

Temperature dependence of k could shed light onto the underlying complex phonon
scattering process of thermal transport in 2D MHPs. However, it is challenging to conduct
temperature-varying thermal transport measurements on 2D MHPs, especially on hybrid ones due
to phase or structural transitions. For instance, (BA)2Pbl4 goes through a structural phase transition
featured by the shifting of BA™ cations relative to the inorganic layers at 274 K.*3 Such phase
transitions lead to abrupt changes in thermal transport properties, such as jumps in k and
divergence in specific heat, thereby obscuring the intrinsic temperature dependence. Therefore,
temperature-dependent measurements on 2D MHPs are typically limited to a relatively narrow
range, in which case the temperature dependence, i.e. the form of T ™%, is hard to extract.*3-218.255:256

By measuring the temperature-dependent thermal diffusivity of (BA)2Pbls and (PEA)2Pbl4
pellets with LFA, and the corresponding heat capacity with DSC, R.-I. Biega et al. obtained an
almost constant k of ~ 0.135 W-m™!-K-! for (PEA)2Pbl4 and ~ 0.152 W-m!-K-! for (BA)2Pbls ina
moderate temperature range of 300 ~ 385 K as summarized in Fig. 13(b).*> Although the 3D
counterpart, i.e., MAPbI3, undergoes a phase transition within this temperature range, 300 K is
well above the transition temperature of both (BA)-based and (PEA)-based 2D MHPs. While a
clear decreasing trend in the measured thermal diffusivities with increasing temperature was
recognized, the corresponding increase in heat capacity compensates the trend, yielding a nearly
invariant kg, as dictated by eq. (2).

The evaluated k.4 here are the effective values of the powder-compressed pellets, as opposed
to values measured on single crystals or highly oriented films.38:123.236260 Moreover, the
temperature range applied here is too small to accurately fit any T ~% dependence. In spite of the
experimental difficulties, numerical methods such as MD simulations have been successfully
applied to calculate the temperature-dependent k, of 2D MHPs in a relatively large temperature
range, revealing a remarkably small temperature dependence for hybrid 2D MHPs, with a = 0.41
for DJ-phase (4AMP)Pbl4 and a = 0.44 for RP-phase (PEA)>Pbls 257 as illustrated in Fig. 13(c).

Temperature-dependent thermal transport measurements were also performed on all-
inorganic 2D MHPs. Although 3D all-inorganic MHPs suffer severe phase transitions even in
ambient conditions,33?a 2D all-inorganic RP-phase MHP, Cs2PbI2Clz remains phase transition-
free over a large temperature range (100 ~ 700 K),333 making it a promising material to investigate
the temperature-dependent thermal transport in 2D MHPs. Both k and k, of Cs2PbloCl> were
measured in the temperature range of 295 ~ 523 K with LFA as shown in Fig. 13(d).>
Temperature-dependent Raman spectra also revealed a decreasing phonon lifetime with increasing
temperature, accounting for the decreasing k. Interestingly, k, shows a more prominent
temperature dependence than k. This difference is consistent with the prediction made by the
partially coherent thermal transport model, which states that cross-plane thermal transport that
experiences more temperature-independent interface scattering should have a weaker temperature
dependence than in-plane transport. This implies the potential existence of CLAPs in the all-
inorganic 2D MHPs. To this end, a quantitative analysis of the ratio of coherent and incoherent
phonons responsible for the cross-plane thermal transport is theoretically possible through
measuring the temperature-dependent k, and comparing the extent of discrepancies with both
stacked-interface model and partially coherent model.
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Another point tonote is that Cs2PbI2Clz intrinsically features higher k in all temperatures than
other hybrid 2D MHPs due to the absence of poorly conductive organic spacers separating the
layers. Reduced acoustic impedance mismatch between adjacent layers also facilitates the thermal
transport.2%¢ Even so, Cs2PbI2Cly still possesses much lower k than other inorganic PV
materials,?0%-298.331,334-337 griginating from its layered structure, and strong anharmonic coupling
between the acoustic phonons and flat, low-energy optical phonons.?>> At the same time, the
layered structure leads to a very low temperature dependence of k, (T) « T ~* with « much lower
than other inorganic PV semiconductors, approaching the inorganic superlattices.?3-338-339

An anomalous glass-like temperature dependance, @ < 0, was found in a (111)-oriented all-
inorganic 2D MHP, Cs3Biz2I6Cl3 by P. Acharyya et al..3>” The k below room temperature down to
2 K was measured using a physical properties measurement system (DynaCool PPMS) and thermal
diffusivity from 300 to 400 K was measured by LFA to obtain the k above room temperature. As
shown in Fig. 13(e), three counterintuitive features can be observed: (1) a deviation from the T3
dependence at low temperature (below the Debye temperature); (2) the absence of a k peak as
present in general crystalline materials; and (3) a plateau in k followed by a glass-like increase
approaching the glass limit. The unexpected presence of these glass-like behaviors in single
crystalline MHPs is attributed to low-frequency acoustic phonons and strong anharmonicity in the
crystals,327-340

4.6 Lower dimensionality

Lower-dimensional MHPs have been integrated into PV devices to achieve enhanced
performance.?76-341-344 Further reducing the dimensionality of MHPs from 2D to 1D and 0D brings
up different thermal properties. A decreasing k is observed using SThM for all-inorganic MHPs
as the dimensionality is reduced from 3D CsPbCl3 (0.49 W-m'!-K-1)to 2D CsPb2Cls (0.40 W-mr
I.K-1) and further to 0D CssPbCls (0.3 W-m'-K-!) (Fig. 14(a)).3%237 A 1D MHP, namely
imidazolium lead iodide, (IMI)Pbl3, comprised of face-sharing octahedra chains was measured by
LFA.2% The porosity of the powder-compressed pellets necessitated by LFA was shown to
influence the value of the measured k, as evidenced by subsequent measurements in He and Ar
atmosphere. Afteraccounting for the dependence of k on the porosity, effective “bulk” values of
k were extrapolated to be 0.156 W-m!-K-! that is almost constant in a temperature range of 300 ~
500 K.

The low-toxicity and air-stable 0D Cs3Biz2lo, which contains discrete face-sharing octahedra
dimers [Bi2lo]?- (Fig. 14(b)),>*° are gaining substantial PV and photoelectric interests due to its
excellent charge-transport properties despite the low dimensionality.346-347 Asshownin Fig. 14(b),
anearly temperature-independent low lattice k of Cs3Bi2lo was measured to be ~ 0.20 W-m!-K-!
within 30 ~ 523 K by LFA 348 At the lower temperature limit (< 30K), the k is well-described by
the Debye-Callaway model, with a peak (2.8 W-m-!-K-!)at 3 K. Notably, the k at high temperature
is approaching the diffusive k limit (0.13 W-m!-K-!) as indicated by the dashed line in Fig. 14(b).
This value ranks among the lowest k for all-inorganic PV materials.>° Temperature-dependent
Raman spectrum and DFT calculation revealed that this ultralow k originates from (1) the soft
crystal structure induced by the extended filled antibonding states near the Fermi level by Bi (6s)
— I (5p) interaction; (2) the strong anharmonicity due to the bi-octahedral rotational and torsional
modes; and (3) the strong coupling between the optical phonons associated with the Cs™ motion
and the transverse acoustic phonon modes.
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A similar lead-free 0D MHP, (MA)3;Bizl9, has also been recognized as a potential candidate
PV material. Due to its low toxicity and high stability, it has been adopted as the absorbing layer
in replacement of or integrated with MAPbI3.3#>3*° An analogously low k of ~ 0.2 W-m™!-K!
insensitive to temperature change from 300 to 450 K was measured by LFA (Fig. 14(c)).2!8300
Similar to the isostructural Cs3Bizl9, the soft phonon dispersion, strong optical-acoustic phonon
coupling and thus short phonon lifetimes, and weak chemical bonds all contribute to the poor
thermal conduction in (MA)3Bixlo.

Another type of lead-free 0D MHP, [Mn(C2H6OS)6]14, with a more preferable bandgap (1.6
eV) than both Cs3Bizlg and (MA );Bi2l9 (~ 2 eV) for PV uses, is also found to exhibit a substantially
low k 0of 0.15 £ 0.01 W-m'-K-! from 300 to 375 K.33% Moreover, the extending ligands on each
individual [MnOs]?- octahedra interact to form a 3D supramolecular network through hydrogen
bonding, resulting in effectively anisotropic thermal transport. By employing 3w method on a
highly oriented film, the in-plane x; was consequently measured to be 0.21 + 0.01 W-m™!-K-! at
room temperature and rapidly decrease to ~ 0.08 W-m™!-K-! at 345 K.

V. Compositional Origins of the ultralow thermal conductivities of MHPs

In general, the MHPs families, from 3D to 0D, exhibit significantly low thermal
conductivities. Despite the difference in their crystal structues, dimensionalities, and compositions,
similar phonon behaviors are common among them that contribute to their poor thermal conductive
properties. While 3D MHPs features a general formula of ABX;, quasi-2D perovskites have a more
complex composition, A5 A, _ B, X5, 4.

To provide guidance on thermal property tailoring by chemical engineering, in this section,
we will present a general view of how the thermal transport properties of MHPs are related to their
constituents. From Section 3.3, we discussed the dominating role of [BX¢]* octahedral cages in
influencing the thermal conductivities of 3D MHPs. Although by switching thee A-site cations
from organic toinorganic ones (e.g., from MAPbI3 to CsPbls), slightly higher thermal conductivity
can be obtained, the values still lies within a low region. This behavior is not unique to 3D MHPs
but a common trend found also in 2D MHPs. The low anisotropic ratio (x,/k ) of quasi-2D MHPs
compared with other layered materials, as discussed in Section 4.4, can be partially attributed to
this feature. Whearas thermal transport along the in-plane direction usually features a much faster
rate than that in cross-plane direction, the heat flow within the inorganic layer in 2D MHPs is still
greatly hindered by the intrinsic poor thermal conductance of the octahedral network.
Understanding the contributions of [BXe]* octahedra, and also the A-site (also A’-site) cation in
the system will help provide more insights to the chemisists in engineering the thermal transport
properties.

5.1 Role of A-site cation and [BXg]* octahedra

The correlation between heat transfer and phonon behavior is important for understanding the
low k of MHPs. Materials’ phonon dispersion can be determined through inelastic scattering
experiments or first-principle calculations to provide more wholistic information for understanding
the roles of each constituents in thermal transport.

As discussed in Section 3.3, a decreasing trend in k is observed when heavier halides (X°) is
included, i.e., k¢ > kg, > K;. Such a trend can be well explained from the perspective of phonon
behaviors. A. C. Ferreira et al. conducted coherent inelastic neutron scattering spectroscopy and
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Brillouin light scattering to investigate the low-frequency acoustic phonons in several MHPs.3>!
The speed of longitudinal acoustic (LA) and transverse acoustic (TA) phonons in different MHPs
can be fitted from the slope of the acoustic phonon dispersion (Fig. 15(a)(b)). With the
experimentally fitted phonon velocities, a complete set of elastic constants such as C;;, Cyy, C;5
and the bulk modulus were further deduced as listed in Fig. 15(c). Their significant finding was
that among these elastic constants, C,, is extremely small, which is likely related to the rotation
and tilting of the Pb-X octahedra.332 This finding revealed the dominating role of [BX¢]* phonon
modes in regulating the thermal transport.

Using inelastic neutron scattering, B. Li ef al. investigated the atomic dynamics in MAPbI3
and revealed that the dynamics of A-site MA™ primarily influence the optical phonon properties of
the material.3>® Specifically, they distinguished the jumping rotational modes of MA™ in the
orthorhombic phase, as well as an optical phonon mode related to the orientational disorder of
MA, which appears after the orthorhombic-to-tetragonal phase transition. The emergence of this
orientational disorder reduces the relaxation time of the jumping mode by an order of magnitude.
While the contribution of optical phonons to heat transfer is generally considered to be minimal,
given their sub-ps lifetime and nearly zero group velocity, in the case of MAPbI3, optical phonons
can indirectly influence the lifetime of acoustic phonons (from 5.4 ps to 3.61 ps) by phonon-
phonon interactions, ultimately reducing x.3°3 This explains the experimentally observed sudden
change in k during the orthorhombic-tetragonal phase transition of MAPbI3 from a microscopic
perspective.

Numerical simulations were also employed to shed lights onto the origins of low k in 3D
MHPs. S. Yue et al. examined the effective phonon dispersions of the inorganic cages of MAPbI3
by freezing the A-site MA™ cations.??3 Nonequilibrium ab initio MD simulations indicate that MA™*
significantly influences the vibrational modes of the inorganic cages, although these effects are
predominantly observed in the higher energy regions (Fig. 15(d)). In contrast, the impact of A-site
organic cations on the low-energy phonon spectrum can be considered negligible, which supports
the claim that low k is an intrinsic characteristic of the octahedral network. DFT calculations
further discovered that clusters composed of Pb and I atoms are important phonon scattering
sources in the low-frequency region.?35 The complex scattering mechanism results in a phonon
MFP below 10 nm in many MHPs, e.g., as low as 3.9 nm in CsSnl3 and 5.6 nm in CsPbBr3.2
Combining the BTE and DFT, the cumulative k with respect to phonon MFPs was calculated (Fig.
15(e)).23° In the kinetic theory, the k as a function of volumetric phonon heat capacity C, average
group velocity v,, and average MFP of phonons A is expressed as:3%247
K= %C vgA (14)

With this relation, the experimental average MFP can be estimated if the velocity of phonon
and heat capacity are known. Surprisingly, when the experimental data are organized by plotting
k as a function of Cv,, the various 3D MHPs align quite linearly (Fig. 15(f)).3* This suggests that

all the 3D MHPs share a similarly low A less than 10 nm, and, importantly, that variations in x
among MHPs stem largely from differences in the sound speeds.

As for thelayered quasi-2D MHPs, besides the layered interfaces that serve as extra phonon
scattering sources in the system compared with their 3D counterparts, [BX6]* octahedra still play
a crucial role in determing the phonon behaviors, in turn the thermal transport properties. The
phonon modes of (CxHax+1NH3)Pbl4 (x = 4 - 9) in the range below 100 cm! are predominantly
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attributed to the motions of the Pb-I cage, as determined by investigating the influence of organic
chain length on phonon spectrum with Raman spectroscopy (Fig. 16(a)).2%° Despite the high
volumetric ratio of the organic sublattice in 2D organic-inorganic MHPs (~ 78%), the motion of
the alkylammonium chain is shown to be primarily driven by the pulling of the heavy halide ions
through Coulombic interactions and hydrogen bonding. This dynamic nature results in an almost
invariant phonon mode frequency even when the organic chain length is doubled. Evidently, the
halide ions dominate the overall vibrational modes, which suggests the feasibility of phonon
engineering on both 3D and 2D MHPs, and consequently k modification, by altering the [BXs*
cages (e.g., constituents, connectivities, and distortions).

For instance, an effective k 0f 0.33 = 0.02 W-m'!-K-!, along with a thermal diffusivity of 0.3
+ 0.1 mm?-s”! and a small heat capacity of 0.18 = 0.6 J-g!"K-! were measured and mapped
simultaneously with 3w-based SThM on thin film CsPb2Brs.23¢In contrast, the effective k of 2D
CsPb2Cls was measured to be 0.40 W-m™'-K-1.3¢ The higher x in chloride-based 2D MHPs
compared to the bromide-based ones aligns with the general trend that lighter halide ions lead to
higher k as observed in most MHPs regardless of dimensionalities.

5.2 Role of A’-site organic spacers in 2D MHPs

In spite of the common roles of [BX¢]* in contributing to the low k of MHPs, 2D (and quasi-
2D) MHPs are subject to the impact of another constituents, A-site spacers. In Section IV, we
primarily discussed the structural origins of the ultralow k in 2D MHPs, which is even lower than
their 3D counterparts due to the introduced interfacial scatterings. Here the intrinsic influences of
the A’-site spacers are discussed, which can serve as another dimensionality to engineer the
thermal transport properties of 2D MHPs. Note that we will primarily focus on the roles of organic
spacers in hybrid 2D MHPs, as all-inorganic 2D MHPs with inorganic A’-site spacers generally
contain mixed halides to form a stable structure (examples in Section 4.4 & 4.5) and the sole effect
of spacers are hard to distinguish.

Despite the insignificant role of organic-spacer lengths in dictating the thermal transport
properties of 2D hybrid MHPs,23%2% the lateral spacing and rigidity of the organic spacers were
found to induce considerable changes in k.25731635% Ag shown in Fig. 16(b), MD simulations
predict drastically increased k in both the in-plane and cross-plane directions when the lateral
distance between the adjacent organic chains is decreased .>>” The lateral van der Waals interactions
between the organic chains contribute to the stiffness of the organic layer. The enhanced k arises
from the vibrational hardening, i.e. higher vibrational frequency, of the organic layer due to the
increased van der Waals interactions at closer distances.?!® Experimentally, the lateral distance
between the organic chains in the spacer layer can be tuned by varying the organic cations inside
the inorganic subphase, or other constituent elements, thereby allowing synthetical manipulation
of the metal-halide bond lengths, which in turn modifies the organic chain spacing.?°°

The rigidity of the organic spacer molecules also plays a crucial role. 2D hybrid MHPs with
aromatic groups as spacers, e.g. (PEA)2Pbls and (PEA)2PbBrs, were measured to have higher
thermal diffusivities than those with alkyl chain groups,33-257 originating from the increased rigidity
of organic spacer molecules via strong n-n bonding that facilitates faster energy transport3>> and
decreases the phonon dephasing rates, i.e., weakens the phonon anharmonicity.3-334 Temperature-
dependent phonon dephasing rates of (PEA)2PbBrs and (BA)2PbBrs were simulated with MD from
50 K to 300 K (Fig. 16(c)). A smaller phonon dephasing rate across all temperatures for
(PEA)2PbBr4 was present, indicating smaller anharmonicity. Additionally, the phonon dephasing
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of (BA)2PbBrs showed very weak temperature dependence, which was attributed to the more
significant disorderin its lattice, quantified by the spatial correlation relation between the nitrogen-
carbon dipoles as C(r) = (u(0) - u(r)). Here u is the dipole moment separated by a distance of r.
As shown in Fig. 16(c), the lower long-range correlation in (BA)2PbBrs implies a more amorphous
packing which is responsible for its temperature insensitive phonon relaxation rate. Note that
although PEA-based 2D MHPs generally exhibit larger thermal diffusivities than the BA -based
counterparts, the thermal conductivities are mostly the opposite trend. The origin of this
discrepancy is that thermal diffusivity and thermal conductivity are two properties describing
different aspects of thermal transport. Thermal diffusivity is a measure of speed or rate of heat
flow, and mainly correlates to how quickly the materials respond to temperature change. On the
other hand, thermal conductivity is a measure of ability to conduct heat, which is about the
magnitude of heat flow rather than speed, and influenced by other material properties such as
density and heat capacity as in eq. (2).

For RP phase 2D MHPs wherein monovalent cation spacers are included, the interaction
strength at the interfaces of two spacers were shown to have significant influence on both thermal
and mechanical behaviors of the materials.?>°-3>¢ While a positive correlation between elastic
modulus and k are usually observed for soft materials,>>7-3>® by engineering the interactions
between spacers, A. Negi ef al. achieved an anomalous correlations, ie. anti-correlation and
uncorrelation, between these two properties as summarized in Fig. 16(d).?>° Grounded in the
tendency that stronger interactions at the interfaces generally lead to improved thermal transport
across the interface (i.e. higher interfacial thermal conductance),?67-33%35% and higher stiffness (i.e.
larger elastic modulus),?%9-362 independent modification on the thermal and mechanical properties
of 2D RP MHPs were managed by choosing the bonding types and ratios at the spacer interfaces.
When both alkyl and aryl spacers are present, possible interactions at the interfaces include van
der Waals (alkyl-alkyl), CH-=n (alkyl-aryl), and n-n (aryl-aryl) with increasing strengths. Hard but
thermally insulative or soft but thermally conductive2D MHPs exhibiting anti-correlation can thus
be designed through tailoring the spacer interactions by mixing different spacers, as illustrated in
the yellow marked materials in Fig. 16(d). Furthermore, introduction of chiral spacers was found
to affect the structural and molecular packing, and also induce diverse orientations of phenyl rings,
which contribute collectively to almost constant (uncorrelated) x with increased elastic modulus.

VI.  Other third-generation photovoltaic materials

Beyond MHPs, thermal transport measurements of other third-generation PV materials, such
as zero-dimensional (0D) quantum dots and environmental-friendly copper zinc tin sulfide
(CZTS), are summarized in this section. We note that the thermal transport properties of
conventional PV materials, such as silicon, GaAs, cadmium telluride (CdTe) and copper indium
gallium (di)selenide (CIGS) have been extensively studied with the steady-state heat flow,336363
laser flash,*2-3¢4 and photoacoustic methods.334-363,366

6.1 Quantum Dots (QDs)

As a branch of third-generation PV materials, colloidal quantum dots (QDs) hold promise for
exceeding the Shockley-Queisser single-junction limit through the more efficient multiple carrier

generation.>®” Various materials in their QD form have been successfully integrated into solar cells,
such as PbS,3¢® PbSe,’%? CdTe,37%:37! CdSe,*70:372:373 CdS 373374 and graphene.375-378
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The phonon bottleneck effect, which slows the hot carrier cooling rate, can facilitate the
impact ionization effect for multiple exciton generation in these materials, potentially resulting in
higher PV efficiency. Such effect was first reported for CdSe QDs37%-30 and later also observed in
hybrid MHPs.2°4 As mentioned in previous sections, a stronger phonon bottleneck effect could
benefit from the low k of the materials. On the other hand, the low k of QDs also presents
challenges for heat dissipation in practical solar cells and LEDs with high operating temperatures
to ensure a longer device lifetime and more stable performance.33!-383 The low k and appropriate
electrical conductivity also make them favorable for thermoelectrics.?®* Despite numerous efforts
on measuring the electrical transport properties of QDs, research focusing on their thermal
transport properties remains relatively limited,!70-385-97 yet equally important for both better
thermal managements and PV performance.

6.1.1 Metal chalcogenide QDs

Two features that significantly influence the thermal transport properties of QDs or
nanocrystals (NCs) comes with the intrinsic low dimensionality (several digits of nm in sizes).
One is the increased heat capacity due to increased surface-to-volume ratio,3°3-3983% second is the
high density of organic/inorganic interfaces between the ligands and cores,*°° both of which will
largely suppress the thermal transport. The first systematic investigation on the thermal transport
properties and influencing factors is credited to W.L. Ong et al., who measured ultralow k of
several NCs using FDTR and managed a high tunability on thermal transport properties by
modifying the surface chemistry.3?°

Besides the poor thermal conductive nature of QDs (NCs), multiple factors have been
reported to influence the thermal transport properties, among which the size effect is a most
prominent factor. As shown in Fig. 17(a), QDs (NCs) with larger particle sizes exhibit higher
Kk 391396401 which is attributed to the decreased heat capacity,3°%% and interface density.3*
Concurrently, the sound speed and phonon MFPs were also found to increase with sizes, all the
above contributions lead to an over 100% enhancement in x of PbS NC superlattice, from 0.32
W-m!-K1t00.75 W-m!-K-!, when the diameters of PbS NCs increase from 3 nm to 6.1 nm.3%
Similarly, highly grain-size dependent x of CdSe NC films were measured to range 0.2 ~ 0.45
W-m!-K-! for grain sizes within 3 ~ 6 nm, the value of which is notably lower than the amorphous
limit.3°! The greatly suppressed thermal transport and strong size effect of k suggest the dominant
role of boundary scatterings in these systems.

In addition to the particle sizes, other factors also provide approaches to engineer the thermal
transport properties of QDs (NCs), such as the ligand chemistry. Modification of the surface
chemistry by exchanging the ligands is vastly applied to enhance the electrical properties of
QDs, 202404 and is also found to greatly influence the thermal transport properties.33-399405 The
ligand chemistry may influence the overall k in different waysas summarized in Fig. 17(b). Firstly,
the weak ligand-ligand interaction strength is considered as the primary limiting factors for
efficient thermal transport.38° The organic ligands connect with the inorganic core by strong
covalent bonding, while the ligands interact with each other or the environment with relatively
week van der Waals bonding.406-4% Empirically, the rate of thermal transport across these
interfaces scales with the interaction strength, i.e. stronger interaction at the interfaces should result
in a larger interfacial thermal conductance.?3® While it was found that with careful choices of
ligands to strengthen the ligand-ligand interactions, k of PbS QDs films was enhanced by up to
150%, little effect of ligand-core interaction or k of cores was shown.33%3% Secondly, in a system
where QDs are dispersed in a matrix solvent, interaction between the ligand and environments
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provides another dimension to modify the thermal transport. Solvent with better solubility and
more matching vibrational energies with the ligands were shown to facilitate the cooling of QDs
by efficiently taking the heat away.3°? Exchanging the organic ligands with inorganic chalcogen
ligands, such as Se?-, enables simultaneous enhancement in electronic and mechanical coupling
between the QDs and environments, leading to better electrical conductivity and faster heat
dissipation.*?® Moreover, even if the ligands have the same chemistry characteristics, simply
altering the length of'the ligands to modify the spacing between cores will modify thermal transport
properties, wherein a higher k is observed for smaller spacing.?8%-3% Other factors such as the long-
range ordering, and ligand grafting density also influence the thermal transport in QDs (NCs), with
k in ordered PbS NC superlattice up to ~3 times higher than randomly oriented films,3°¢ and larger

interfacial thermal conductance between the core and ligands in QDs with larger ligand grafting
density.266.389.397

The predominant role of ligand-ligand and ligand-environment interaction, and negligible
effect of the core properties on the overall k were explicitly verified by Y. Liang ef al. using an
infrared -pump-electronic-probe (IPEP) spectroscopy,®” which is a similar technique to VPVP as
discussed in Section 3.2.4. By vibrationally exciting the C-H bond in the ligands with an ultrashort
infrared laser, the heat flow across the ligand/core and ligand/environment interfaces during the
heat-cool period of CdSe QDs were monitored by the transient absorption redshift of CdSe core
using a visible probe light.392-3%3 In contrast to other works discussed here that measure the overall
thermal transport of the entity, this ultrafast spectroscopic method distinguishes the thermal
transport across the core/ligand and ligand/solvent interfaces in the QDs suspensions. As expected
from the distinct bonding energies between the covalent and van der Waals bonds, the interfacial
thermal conductance between the oleate ligand and CdSe core, hyc_;;4 = 103 MW -m2-K-! was
found to be almost an order of magnitude higher than that between ligands and solvent, hj;,_., =
14 MW -m2-K-! for a broadband of grafting densities and sizes as illustrated in Fig. 17(c).>°” The
finding again attributed the ligand-solvent interaction as the bottleneck to thermal transport in QDs
matrices.

6.1.2 Graphene QDs

As metal sulfides and metal selenides QDs have been the prevailing focus on the
photovoltaics, another promising carbon-based QDs, graphene QDs (GQDs), are emerging for
their advantageous features such as low toxicity, excellent biocompatibility and high
photostability37>-377, In addition to their wide applications as absorbers,*!? carrier transport
layers376-411 and sensitizers*!2#413 in solar cells, their intrinsically ultra-high x makes them potential
candidates for thermal management layers.’88414 One of the primary configurations of
incorporating QDs into solar cells is to disperse the QDs in the electron/hole conducting
polymers,?3415 which can alter the effective thermal transport properties. Therefore, instead of
exploring the thermal transport in bare GQDs, 388416 researchers focus more on the properties when
GQDs are in suspended forms or form a composite with other polymers. The enhancement in k
when GQDs are added are summarized in Fig. 17(d).

Nanofluids, formed by suspended nanoparticles in a base fluid, have shown their superiorities
in applications in solar energy systems.*!” The small particle sizes, thus the high surface area, lead
to significantly increased specific heat, favorable for solar collectors. The presence of
nanoparticles also enhances the k of base fluids, which helps achieve improved thermal
management in these systems. Dispersing GQDs in nanofluids has been shown to considerably
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increase the k of base fluids.*!8-420 Enhancements of as much as 53%, 21% and 18% in the k have
been achieved with 0.5%wt GQDs suspended in water, ethylene glycol, and a 6:4 water/ethylene
glycol mixture at 323 K, respectively.*?? A concentration dependence revealed an increase in k
enhancement from 5% to 7% when the concentration of GQDs in car radiator coolant varies from
100 to 500 ppm.*!® Apart from increased k, a massive enhancement in the electrical conductivity
(up to 140 times) was also reported for GQDs dispersed in distilled water.*!® Besides GQDs
nanofluids, composites formed with GQDs dispersed in polymers also exhibit superior thermal
transport performance. Enhancements of up to 144% in k, as well as 260% in toughness, have
been found for 5%wt loading of GQDs in epoxy.!7%42! Furthermore, by carefully mixing graphite
with different thickness and lateral sizes in a specific ratio, the k of epoxy can be enhanced by a
record-high value of 2300%.42?

6.2 Copper zinc tin sulfide/selenide (CZTS/Se)

Another class of third-generation PV materials attracting much attention are Cu2ZnSnSs
(CZTS) and Cu2ZnSnSes (CZTSe). CZTS and CZTSe are considered promising alternatives to
CIGS due to a replacement of the rare indium and gallium with the non-toxic and earth-abundant
zinc and tin. Compared with other all-inorganic PV materials, CZTS/Se feature a remarkably low
Kk, making them also potential candidates for thermoelectric applications.*?3-423 Note that although
single crystalline CZTS/Se were measured and calculated to have much higher k than thin
films,*26:427 polycrystalline thin films are the predominant forms for PV uses.

CZTS, also referred to as the kesterite, usually forms a stable crystallographic structure of
ordered tetragonal (space group /-4), which evolves into a disordered tetragonal structure (/-42m)
above 532 K through a reversible phase transition.*? x lower than 1 W-m™!-K-! were found for
tetragonal CZTS over a wide temperature range from 80 to 700 K by various methods, specifically
30,4342 TDTR, S0 and LFA. #3841 The low k are generally attributed to the crystal complexity of
the quaternary compounds and the abundant presence of defects, mainly cationic disorders*3? and
vacancies.*?’

Additionally, a disordered cubic phase CZTS that remains stable at temperatures up to 650 K
can be synthesized by high-energy mechanical alloying.*3? Such an uncommon phase of CZTS
was found to exhibit largely suppressed (~ 3 times reduction) and temperature-insensitive k in the
temperature window below 650 K as present in Fig. 18(a).#?8 Above 650 K, it goes through a phase
transition back tothe tetragonal phase. More intriguingly, an over 2-fold enhancement in electrical
conductivity was simultaneously achieved in CZTS when transformed into the cubic phase. The
peculiar behavior was attributed to the strong localization of s’ lone pair electrons in some Sn
atoms that (1) leads to Sn ions rattling, evident in the low frequency optical phonon modes via
which lattice energy dissipates; and (2) causes p-type doping-like effect with highly localized
acceptor levels originating from the presence of charge-deficient Sn-S bonds.

For tetragonal CZTS, a flexible tunning (either increasing or decreasing) of its k can be
achieved via manipulating defect concentrations. By sulfurizing CZTS thin films to reduce the
number of sulfur vacancies, a 4.5-fold increasement in k at room temperature was achieved, from
0.9 to 4.0 W-m!-K-1.42° Such enhancement is even more prominent under low temperatures,
reaching a peak x of 6.8 W-m™!'K-! at 145 K (Fig. 18(b)). Thermal treatment after the film growth
can also modify the thermal transport properties by introducing a higher degree of cation
disorders.*3? While the standard ordered CZTS films were measured to exhibit a k of 0.69 W-m-
I.K-! with TDTR, the highly disordered crystals produced by thermal annealing under different
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temperatures show lower k, spanning 0.38 ~ 0.54 W-m'!-K-! as summarized in Fig. 18(c). The
structural disorder from the stacking faults as well as the inhomogeneity from randomly ordered
cations were found to contribute to the reduced k. At the same time, introducing excess ZnS during
synthesis to grow Zn-rich CZTS can further modify the density of crystallographic defects,
achieving a remarkable tunability in k of carefully engineered CZTS films from as low as 0.4
W-m!-K-! to as high as 0.8 W-m™!-K-! (Fig. 18(c)). Incorporating metal nanoparticles such as Ag
and Cu has been a common strategy to modify the thermal and electrical conductivities of
semiconductors.*33-437 A small addition of Ag nanoparticles into CZTS was shown to suppress
thermal transport through enhanced phonon scattering originating from the increased grain
boundaries while simultaneously increase its electrical conductivity.**! Further addition of Ag
nanoparticles, on the other hand, facilitates thermal transport because of the large intrinsic k of Ag
as shown in Fig. 18(d). As for CZTSe, although sharing similar crystallographic structure and
properties to CZTS, CZTSe generally feature higher x due to the softer phonon modes and thus
longer phonon lifetime.*2°

VII. Summary and Outlook

Third-generation PV materials, particularly MHPs, semiconducting QDs, and CZTS/Se, are
emerging as promising candidates to supersede conventional solar cells in large-scale applications.
Despite advantageous electrical and optical properties, the ubiquitously low thermal conductivities
observed in these materials present formidable challenges in efficient heat dissipation during
practical uses. Effective thermal management is pivotal to mitigating heat accumulation, which
can precipitate thermal degradation, curtailed operational lifespan, diminished stability and
reduced efficiency. Consequently, there has been a paradigm shift from solely enhancing electrical
transport to a more holistic approach that also emphasizes the significance of thermal transport in
these materials. The development of more precise and versatile measurement techniques, along
with a thorough understanding of thermal transport, are essential for formulating strategies to
enhance thermal management, thereby achieving higher efficiency and more stable device
performance.

Motivated by these considerations, we presented a comprehensive review of the techniques
widely employed to measure the thermal transport properties of various third-generation PV
materials. We elucidated and compared the working principles, application conditions, sample
requirements, specialties, and data interpretation of various photothermal and electrothermal
methods. While electrothermal methods boast a longer developmental history and ease of
implementation, the non-contact and more versatile optical methods offer robust and flexible
approaches to measure various types of materials, extending beyond photovoltaics, and
encompassing a broad spectrum of properties beyond thermal transport. In addition to the methods
we discussed here, the innovation of novel optical methods for thermal transport measurement that
provides both temporal and spatial resolution, such as thermal imaging, represents a burgeoning
field that will pave the way for advanced thermal management from macroscopic to microscopic
scales.

From a materials perspective, we delved into the fundamental origins of the ultralow thermal
conductivities of these third-generation PV materials. The inorganic octahedra in both 3D and 2D
forms of MHPs play a predominant role in determining the phonon dispersions and vibrational
modes, which in turn influence the thermal transport properties. This characteristic permits thermal
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property engineering by adjusting the constituent metal and halide ions. Lower-dimensional 2D
MHPs exhibit stronger exitonic effects, higher moisture stability and improved structural diversity
over their 3D counterparts. However, the high concentration of organic/inorganic interfaces in the
layered structures of 2D MHPs further impedes thermal transport in the cross-plane direction,
rendering efficient heat dissipation more challenging. Strategies to address the low thermal
conductivity of the broad MHPs family include phonon engineering through constructing phononic
structure,*3® composition modification on the [BXs]* octahedra,*®3%! and morphology tailoring of
the film by controlling the grain sizes and orientations.?!3943%%0 Unique to quasi-2D MHPs,
thermal transport can be enhanced by augmenting the portion of heat carried by the coherent
longitudinal acoustic phonons through phonon band structure engineering, similar to the approach
used in superlattice.?93317 Additionally, exploiting the anisotropic nature of the structure can
facilitate faster heat transfer in the in-plane direction, analogous to the accelerated charge transport
observed along this direction.*4! Furthermore, the structurally and compositionally more complex
2D MHPs offer greater flexibility to independently modulate their thermal transport, optical,
electrical, and mechanical properties.?37->3%28% Apart from enhancing the intrinsic thermal
conductivity of MHPs, strengthening their mechanical coupling with adjacent layers in devices
(e.g., ETL and HTL) through interfacial toughening can also promote better heat dissipation. This
approach not only improves thermal management but also enhances PV efficiencies by
simultaneously boosting charge transport across the contact interfaces.#42-444

Metal chalcogenide QDs, akin to2D MHPs, exhibit tunable optoelectronic properties through
scalable quantum confinements. Despite the shared origins of ultralow thermal conductivities with
2D MHPs, ie. organic-inorganic interfaces, the thermal transport properties of QDs are
predominantly influenced by the organic ligands, including their lengths, functional groups,
solubility to the solvents and rigidity. Surface chemistry modification through different ligand
choices provides a potential approach to tune the thermal properties of QDs. Conversely, graphene
QDs possess relatively high thermal conductivities, promising superior thermal management when
integrated into a matrix material. The low thermal conductivities of CZTS/Se, attributable to the
high level of cation disorder in their complex crystal structures, can also be managed by defect
engineering or phase control.

In summation, measuring and comprehending the thermal transport properties of third-
generation PV materials are as pivotal as the optoelectronic properties for further advancing PV
performance. While the intrinsically poor thermal conductance of these promising materials
imposes challenges for more efficient heat dissipation in applications such as solar cells, LEDs,
photodetectors and other electronics and optoelectronics, various strategies have been proposed to
surmount this limitation. Meanwhile, low thermal conductivities could be advantageous for
enhanced phonon bottleneck effects that elevate PV efficiencies, and for other energy applications
such as thermoelectrics. These factors underscore the imperative for more sophisticated thermal
management strategies in these materials.
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spectroscopy (PDS) in collinear mode (left panel) for transparent materials and transverse mode
(right panel) for opaque materials. Reproduced with permission from Appl. Sci. 9, 1522 (2019).
Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC-BY) license.**¢ (g)
Thermal lens spectroscopy (TLS). A diverging thermal lens formed inside the sample deflects
(defocuses) the light, allowing it to pass through the pinhole and be detected.
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FIG. 11. (a) Coherent thermal transport in the cross-plane direction of 2D hybrid MHPs where
coherent LA phonons with MFPs spanning several layers behave wave-like and travel coherently
across layers with minimal or no interface scattering. (b) Transient reflection (AR/R) spectral maps
for (BA)2(MA)n-1Pbalsn+1 with N=1 (upper panel) and N = 6 (lower panel) showing oscillations
that indicate the presence of longitudinal coherent acoustic phonons. Reproduced with permission
from Nat. Commun. 9, 2019 (2018). Copyright 2018 Authors, licensed under a Creative Commons
Attribution (CC-BY) license.?! (¢) Decreasing thermal conductivity of RP-phase 2D MHPs with
increasing thickness of organic layers, i.e. number of carbons in the alkylammonium chain length
from n = 4 to 7, measured with TDTR (indicated by the scatters), and an opposite trend predicted
by the stacked interface model (solid and dashed lines). Reproduced with permission from ACS
Appl. Mater. Interfaces 12, 53705-53711 (2020). Copyright 2020 American Chemical Society.?*
(d) Decreasing thermal conductivity of RP-phase 2D MHPs with increasing thickness of inorganic
layers measured with FDTR on single crystals and films, and calculated with a harmonic bead -
string model. Reproduced with permission from ACSNano 15,4165-4172 (2021). Copyright 2021
American Chemical Society.?? (¢) A harmonic bead-string model for the cross-plane thermal
transport of 2D hybrid MHPs with monovalent spacer cation (upper panel) and divalent spacer
cation (lower panel). Reproduced with permission from Nat. Commun. 9, 2019 (2018). Copyright
2018 Authors, licensed under a Creative Commons Attribution (CC-BY) license.?! (f) Left panel:
low-frequency Raman spectra of n = 2 (BA)MAPb217, measured at room temperature (red) and
77 K (blue), and calculated at 0 K with DFT (green). The sharp peaks at 47.5 cm™!' and 25.2 cm’!
correspond to the inorganic cage distortion and zone-fold longitudinal acoustic (zf-LA) phonon
mode, respectively. Middle panel: Calculated phonon “Brillouin zone” dispersion (blue) and
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experimentally measured zf-LA phonon mode frequency (red). Right panel: Periodicity
dependence of the optical (blue) and zf-LA (red) phonon energy, measured with increasing
inorganic layer thickness from n = 2 to 4 and for bulk MAPbI3. Reproduced from J. Chem. Phys.
153, 044710 (2020), with the permission of AIP Publishing.3%3
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FIG. 13. (a) Temperature-dependent thermal conductivity of a typical superlattice (SL),
GaAs/AlAs, calculated with the partially coherent model, and effective bulk values based on
Fourier’s law as Kbulk,in—plane = (Kl + KZ)/Z > and Kbulk,cross—plane = 2K1K1/(K1 + KZ) :
Reproduced with permission from Phys. Rev. B 67, 195311 (2003). Copyright 2003 American
Physical Society.?%> (b) Measured heat capacity, thermal diffusivity, and determined thermal
conductivity of 3D MAPDbI; (yellow), 2D (BA):Pbl4 (red) and (PEA)2Pbl4 (blue) from 300 to 385
K. Reproduced with permission from J. Phys. Chem. C 127, 9183-9195 (2023). Copyright 2023
American Chemical Society.*3 (¢) Upper panel: Schematic of MD simulation domain for DJ-phase
2D MHPs. Middle panel: thermal conductivity calculation from the temperature gradient across
the domain when subjected a cross-plane heat flux invoking Fourier’s law. Lower panel: Predicted
temperature-dependent thermal conductivities of DJ-phase (4AMP)Pbl4 and RP-phase (PEA )2Pbls
from 100 to 350 K (normalized by the thermal conductivity of DJ phase at 300 K). Temperature
dependence (T ~%) of @ = 0.41 and 0.44 are extracted from the fitted curve for DJ and RP phase,
respectively. Reproduced with permission from Mater. Horiz. 9, 3087-3094 (2022). Copyright
2022 Royal Society of Chemistry.?3” (d) Crystal structure (upper left), temperature-dependent
lattice thermal conductivity along the in-plane (||) and cross-plane direction (L) (lower left), and
temperature-dependent Raman spectra (lower right) of all-inorganic 2D RP-phase Cs2Pbl2Cl
showing decreasing lifetime of the two Eg phonon modes with increasing temperature (upper right).
Reproduced with permission from J. Am. Chem. Soc. 140, 11085-11090 (2018). Copyright 2018
American Chemical Society.333 (¢) Upper panel: Temperature-dependent lattice thermal
conductivity of (111)-oriented all-inorganic 2D MHP, Cs3Bi216Cl3, along in-plane (Il) and cross-
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plane (L) direction measured with DynaCool physical property measurement system (PPMS) in 2
~ 300 K and with LFA in 300 ~ 400 K. The inset shows one slice of the layered crystal structure.
Lower panel: Temperature-dependent Raman spectra and temperature variation of phonon lifetime
for the modes at 151 cm™! (black), 132 cm! (red), 106 cm! (blue), 63 cm™! (green), and 58 cm’!
(purple). Reproduced with permission from Nat. Commun. 13, 5053 (2022). Copyright 2022
Authors, licensed under a Creative Commons Attribution (CC-BY) license.??’
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CsPbCls, 2D CsPb2Cls, and 0D Cs4PbCls. Reproduced with permission from ACS Mater. Lett. 4,
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Copyright 2023 John Wiley and Sons.?48 (¢) Crystal structure®4? and thermal conductivity of 0D
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permission from Adv. Energy Mater. 8, 1703620 (2018). Copyright 2018 John Wiley and Sons.
Reproduced from Appl. Phys. Lett. 115, 072104 (2019), with the permission of AIP Publishing.
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FIG. 15. (a) Transverse and (b) Longitudinal acoustic phonon dispersion curves of MAPbB13
(black), FAPbBr3 (red), MAPbI3 (green), and FAPbI3 (blue) at around the (002) Bragg reflection,
measured by INS.33! (¢) Elastic constants C11 and Ca4 as well as the bulk modulus K as functions
of the cubic lattice constant of each compound. Reproduced with permission from Phys. Rev. Lett.
121, 085502 (2018). Copyright 2018 American Physical Society.>>! (d) Comparison of the partial
vibrational density of states of Pb and I ions in the inorganic cages with and without organic MA*
clusters. The solid lines are the results of normal pseudocubic structures (with MA™) and the
dashed-dotted lines represent the empty pseudocubic inorganic cages (without MA ™). Reproduced
with permission from Phys. Rev. B. 94, 115427 (2016). Copyright 2016 American Physical
Society.?*3 (¢) Cumulative k.., With respect to phonon MFPsat room temperature computed by
a combination of BTE and DFT. Reproduced with permission from Proc. Natl. Acad. Sci. 114,
8693-8697 (2017). Copyright 2017 National Academy of Sciences.?33 (f) k as a function of
Ca-cubic,/3, where Ca-cubic is the volumetric heat capacity of acoustic phonons based on a cubic unit
cell. The dashed line is a linear fit for MAPbX3. CsPbBr3 is on the trendline, while FAPbBT3 is
above the trendline. The slope of the fit gives the average acoustic phonon mean free path A, =

4.3+ 1.1 nm. Reproduced with permission from Nano Lett. 17, 5734-5739 (2017). Copyright 2017
American Chemical Society.3*
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FIG. 16. (a) Left panel: Nonresonant continuous wave Raman spectra of 2D MHPs with varying
lengths of alkylammonium (number of carbons from 4 to 9) at 78 K. Right panel: Raman shifts of
the modes as a function of chain lengths. Reproduced with permission from J. Phys. Chem. C 123,
27904-27916 (2019). Copyright 2019 American Chemical Society.?*® (b) Enhanced thermal
conductivities in both cross-plane and in-plane directions with decreasing lateral spacing between
the organic spacers, calculated with MD simulation. Reproduced with permission from Mater.
Horiz. 9, 3087-3094 (2022). Copyright 2022 Royal Society of Chemistry.?3” (¢) MD-simulated
spatial correlations between the nitrogen-carbon dipole in the organic spacers as a function of the
lateral distance between the dipoles (left panel), and the dephasing rate of the lowest optical mode
(right panel) in (BA)2PbBr4 (blue) and (PEA)2PbBrs (purple). Reproduced with permission from
Proc. Natl. Acad. Sci. 118, €2104425118 (2021). Copyright 2021 National Academy of
Sciences.>** (d) Correlations between thermal conductivities and elastic moduli of various 2D
MHPs. Different interactions are present in 2D MHPs with different spacers incorporated. [C,A]
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represents (C,Hz2,+1NH3)",and [S] represents (S-MePEA)" Reproduced with permission from ACS
Nano 18, 14218-14230 (2024). Copyright 2024 American Chemical Society.?>°
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FIG. 17. (a) Size-dependent thermal conductivities of nanocrystalline CdSe, PbSe, PbS, Au, and
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Reproduced with permission from ACS Nano 9, 12079-12087 (2015). Copyright 2015 American
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permission from Nano Lett. 23, 3687-3693 (2023). Copyright 2023 American Chemical Society.’
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FIG. 18. (a) Thermal conductivities (filled markers) and electrical conductivities (empty markers)
of CZTS in tetragonal and cubic phases as a function of temperature measured with LFA.
Reproduced with permission from Phys. Rev. Applied 14, 064073 (2020). Copyright 2020
American Physical Society.*?® (b) Thermal conductivities of the pulsed-laser-deposited pristine
(orange) and sulfurized (purple) CZTS thin films as a function of temperature measured with 3w
method. Reproduced from J. Appl. Phys. 119, 095108 (2016), with the permission of AIP
Publishing.#?? (¢) Flexible tunning of thermal conductivities of CZTS thin film by adjusting the Zn
metals ratio and annealing temperatures after film growth measured with TDTR. Reproduced with
permission from Chem. Mater. 31, 8402-8412 (2019). Copyright 2019 American Chemical
Society.#3? (d) Thermal conductivities (upper panel) and electrical conductivities (lower panel) of
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CZTS incorporated with varying amounts of Ag nanoparticles measured with LFA. Reproduced
with permission from Ceram. Int. 45, 2060-2068 (2019). Copyright 2019 Elsevier.*3!
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Table 1 Summary of thermal conductivities of MAPbI;.

Material form Kk (W-m'-K") method ref.
SC 0.5 four-point probe 37
PC 0.3 four-point probe 37
PC 0.3 four-point probe 209
SC 0.34+0.12 SThM 210
film 0.33 +0.12 SThM 210
film (on Si) 11.2+0.8 TDTR 213
film (on Sapphire) 0.41 +£0.03 VPVP 112
film (on quartz) 0.3+£0.02 VPVP 12
film (on CaF,) 0.51 £0.02 VPVP 112
film (in n;isooimctured 02 TDTR s
film (on Si) 0.3 TDTR 214
SC 0.34 +0.08 FDTR 34
SC 0.35+0.11 FDTR 215
SC 0.14 £0.02 PL spectroscopy 221
SC 0.3 LFA 217
PC 0.38 LFA 218
SC 0.39 LFA 216
nanowire 0.22 suspended pad 220
film 0.32+£0.03 chip-based 3 219
film (65 nm) 0.31 £0.03 chip-based 3 150
film (80 nm) 0.44 +£0.03 chip-based 3o 150
Film (100 nm) 0.59 £0.04 chip-based 3o 150
SC 0.59 MD 231
SC 0.6 MD 233
SC 0.31 MD 202
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234
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Table 2 Summary of thermal conductivities of 3D perovskites other than MAPbI3

Materials form kK (W-m'-K71) method ref.
MASnI; SC 0.09 +£0.01 four-point probe 448
MAPbBT; SC 0.44 £0.08 SThM 210
MAPbBT; film 0.39 +£0.05 SThM 210
MAPDLCI; SC 0.5+0.05 SThM 210
MAPbHCI, film 05+0.12 SThM 210
CsPbls; PC 0.43 four-point probe 209
CsPbl, nanowire 0.45+£0.05 suspended pad 235
CsPbBr; nanowire 0.42 +0.04 suspended pad 235
CsSnl; nanowire 0.38 +£0.04 suspended pad 235
MAPDBT; SC 0.37 LFA 217
MAPDBCl, SC 0.52 LFA 217
MAPDbBr; nanowire 0.32 suspended pad 220
CsPbBr; nanowire 0.36 suspended pad 220
CsPbBr; film 0.43 +£0.03 SThM 219
CsPbCls film 0.49 £0.04 SThM 219
(Cs,FA,MA)Pb(LBr); film 0.26 £ 0.03 TDTR 238
CsSnl; SC 0.72 LFA 239
CsSnBr; SC 0.47 LFA 240
CsSnBr; SC 0.64 LFA 241
CsSnBr,I SC 0.51 LFA 241
CsSnBrl, SC 0.53 LFA 241
CsSnl; SC 0.6 LFA 241
MAPDBr; SC 0.51+0.12 FDTR 34
MAPDLCI; SC 0.73+£0.18 FDTR 34
CsPbBr; SC 046 +0.12 FDTR 34




FAPbBr; SC 0.49 +0.12 FDTR 34
MAPbBr; SC 0.47 +0.09 FDTR 25
MAPbI, SC 035+0.11 FDTR 215

MAPbBT, 51, 5 SC 027 +0.07 FDTR 213
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Table 3 Summary of heat capacity and thermal conductivities of quasi-2D and lower dimensional

(1D and 0D) MHPs.

Material Form | Heat K, K Method | Ref
capacity s
(W/m/K) (W/m/K)
J/g/K)
(BA),Pbl, Film 0.439 0.18 +£0.04 TDTR | *
Film 0.37 £0.13/0.12 FDTR | 20
Film 0.204 +£0.009 TDTR | *°
SC 0.546 0.125 +£0.009 (330 TDTR | ¢
K)
SC 0.48 0.28+0.01 | TTG 123
SC 0.18 £0.01 0.27+0.01 | MD 123
powder | 0.25 (200 K) | 0.149 (300 K) ~0.155 (385 K) LFA 43
0.30 (300 K)
0.28 (450 K)
SC 0.158 0.289 MD 262
*(PeA),Pbl, SC 0.697 0.123 £0.021 (330 TDTR | %%¢
K)
*(HexA),Pbl, SC 0.675 0.107 £0.011 (330 TDTR | ¢
K)
Film 0.105 +£0.007 TDTR | *°
*(HepA),Pbl, SC 0.879 0.099 +£0.021 (330 TDTR | »¢
K)
(isoBA),Pbl, Film 0.437 0.10 £0.02 TDTR |3
(isoBA),PbBr, Film 0.576 0.11 £0.02 TDTR |
(BA)>,(MA)Pb, 1, Film 0.17 +£0.08/0.07 FDTR | %¢°
SC 0.182 0.292 MD 262
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(BA),(MA),Pb;,, Film 0.21 + [ FDTR | 260
0.05/0.04
SC 0.08 + 0.06/0.04 FDTR | 2
SC 0.192 0.299 MD 262
(BA),(MA);Pb,I Film 0.17+0.03 | TDTR |3
Film 0.11+0.02 TDTR | *®
Film 0.19+0.04/0. | FDTR | 260
03
SC 0.06 + 0.04/0.03 FDTR | 290
SC 0.215 0.309 MD 262
(BA),(MA),Pbs1, SC 0.06 + 0.03 FDTR | 200
(BA),(MA)sPbgl,, SC 0.08 + 0.07/0.04 FDTR | 200
(PEA),Pbl, Film 0.467 0.15+0.03 TDTR | *®
Film 0.18 +0.03 TDTR |2
Film 0.13+0.05 0.45+0.05 |SThM | 3%
Film 0.100 + 0.005 TDTR | 2%
SC 0.38 MD 257
Powder | 0.38 (200 K) | 0.135 (300 ~ 380 K) LFA 43
0.45 (300 K)
0.80 (450 K)
*(PEA)(PA)PbL, Film 0.185+0.014 TDTR |2
(PEA)(BA)PbI, Film 0.145 £ 0.005 TDTR | 2%
(PEA),PbBr, Film 0.535 0.13+0.03 TDTR | **
(BA),PbBr, Film 0.578 0.19 +0.04 TDTR | *®
SC 052+0.16 | 0.19+0.07 FDTR | >°
(PeA),PbBr, SC 0.72+0.22 | 0.29 0.1 FDTR | %%
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(HexA),PbBr, SC 0.72 £0.22 0.29 +£0.1 FDTR 258
(HepA),PbBr, SC 0.85+0.26 |[0.40%0.12 FDTR 258
*(OA),PbBr, SC 1.03+0.3 0.51+0.13 FDTR 258
(BA),(MA)Pb,Br, SC 0.63+0.19 |027+0.07 FDTR | 2%
(BA),(MA),Pb;Br, | SC 039=0.12 | 028+0.08 FDTR | =°
*(S-MePEA)(PA)Pbl, | Film 0.106 = 0.005 TDTR |
(S-MePEA)(BA)Pbl, | Film 0.105 = 0.008 TDTR | 2
(S- Film 0.118 £0.0075 TDTR 259
MePEA)(HexA)PbI,
(S-MePEA)(OA)PbI, | Film 0.098 = 0.0055 TDTR | >
(S-MePEA)(PEA)PbI, | Film 0.109 £0.008 TDTR 259
(S-MePEA),PbI, Film 0.134 £ 0.006 TDTR | 2%
“(S-MBA),Pbl, Film 0.139 = 0.0055 TDTR | >
*(4AMP)PbI, Film 0.19 £0.03 TDTR | *7
SC 0.39 MD 257
“(4Tm),FASN,L, Film 0.124 30 288
Film 0.146 TDTR 288
*(HIST)Pbl, powder 0.162 LFA 295
CsPb,Br; Film 0.18 0.33 £0.02 3o- 236
SThM
Cs,Pbl,Cl, SC 0.37 (300K)~0.28 | 0.41 (300 K) | LFA 255
(523 K) ~0.3(532K)
Cs;Bi,[sCl, SC 0.20 0.22 LFA 327
SC 0.130 0.227 MD 340
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*(PA),CulnClg Powder 0.15 0.28 PPMS 3
*(4N4),CulnClg Powder 0.27 PPMS 3
*(4N4),CuRuClg Powder 0.3 PPMS | °!
*(IMI)PbL, (1D) Powder 0.156 LFA 295
Cs4PbCls (0D) Film 0.15+0.08 |0.30+0.03 3m- 237
SThM
(MA);Bi,1, (0D) Powder | 0.34 0.21 (300 ~ 450 K) LFA 218
Powder | 0.34 0.23 £0.02 LFA 300
Cs;BiI4 (0D) Powder 0.20 (30 ~ 523 K) LFA 348
[Mn(C,H:OS)s]Is (0D) | Powder 0.15£0.01 LFA | 3%
Film 0.21 £0.01 |3® 350

*

PA = Propyl ammonium

PeA = Pentyl ammonium

HexA = Hexyl ammonium

HepA = Heptyl ammonium

OA = Octyl ammonium

S-MePEA = (S)-Methyl-phenyl-ethyl-ammonium

S-MBA = (S)-Methyl-benzyl-ammonium

4Tm = 2-(3'",4'-dimethyl[2,2":5",2":5" 2" -quaterthiophen]-5-yl)ethan-1-ammonium

HIST = Histammonium

4N4 = 1,4-butane diammonium

IMI = Imidazolium
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