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ABSTRACT  

Two-dimensional (2D) hybrid organic-inorganic perovskites consisting of alternating organic and 

inorganic layers are a new class of layered structures. They have attracted increasing interest for 

photovoltaic, optoelectronic, and thermoelectric applications, where knowing their thermal 

transport properties is critical. We carry out both experimental and computational studies on 

thermal transport properties of 2D butylammonium lead iodide crystals and find their thermal 

conductivity is ultralow (below 0.3 W	m$%	K$%) with very weak anisotropy (around 1.5) among 

layered crystals. Further analysis reveals that the unique structure with the preferential alignment 

of organic chains and complicated energy landscape leads to moderately smaller phonon lifetimes 

in the out-of-plane direction and comparable phonon group velocities in in-plane and out-of-plane 

directions. These new findings may guide the future design of novel hybrid materials with desired 

thermal conductivity for various applications. 
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MAIN TEXT  

Two-dimensional (2D) hybrid organic-inorganic perovskites have emerged as promising 

candidates for solar cells1, light-emitting diodes2, and photodetectors3, and thermoelectrics4, due 

to their significantly improved ambient stability5, remarkable structural flexibility, and tunability 

of physical properties6 compared with their three-dimensional (3D) counterparts. Understanding 

the thermal transport in 2D hybrid perovskites is important for the thermal management and energy 

conversion efficiency in optoelectronic and thermoelectric applications. The unique 2D-layered 

structures with alternating organic and inorganic layers could potentially differentiate their thermal 
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transport properties from other conventional 2D-layered structures. Despite very recent reports7–9 

on the ultralow out-of-plane thermal conductivity (𝑘(), our knowledge about thermal transport in 

2D hybrid perovskites is scarce. The anisotropy in the thermal conductivity remains unknown due 

to the lack of in-plane thermal conductivity (𝑘∥). Moreover, to obtain deep insights into underlying 

mechanisms, a close look at lattice dynamics and phonon properties in 2D hybrid perovskites is 

needed but difficult to obtain, given the complex crystal structure and complicated energy 

landscape.  

In this work, we perform a comprehensive study on the thermal conductivity and phonon 

properties in butylammonium lead iodide BA2PbI4 (BA = C4H9NH3+) at room temperature. The 

2D BA2PbI4 hybrid perovskite consists of bilayers of interdigitated C4H9NH3+ cations alternating 

with inorganic PbI42- layers.10 The 2D layers are held together by weak vdW/electrostatic 

interactions. We choose BA2PbI4  as the example material because it has a surge in popularity with 

studies on its mechanical11, electrical12, and optical13 properties. Despite challenges in measuring 

𝑘∥ of small thin crystals, we are able to measure 𝑘∥ by transient thermal grating (TTG) technique. 

The measured 𝑘∥’s of two independent sets of BA2PbI4 crystals are 0.28 ± 0.01 W	m$%	K$% and 

0.29 ± 0.01	W	m$%	K$%, respectively. The 𝑘( of BA2PbI4 crystalline thin films was found to be 

0.18 ± 0.04 W	m$%	K$%  by time-domain thermoreflectance (TDTR) measurement at the room 

temperature7. A slightly lower value of 𝑘( = 0.125 ± 0.089 W	m$%	K$% was obtained for BA2PbI4 

single crystal by TDTR at 330 K8, probably due to the laser heating induced structural 

rearrangements at 325 K. Using molecular dynamics (MD), our calculated 𝑘∥ and 𝑘( of 0.27 ± 

0.01 W	m$%	K$% and 0.18 ± 0.01 W	m$%	K$% at the room temperature agree very well with the 

experimental data. Most strikingly, the 2D layered BA2PbI4 crystals exhibit incredibly weak 
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anisotropy in their thermal conductivity. The anisotropic ratio (𝑘∥ /𝑘( ) is exceptionally small 

compared to other layered crystals and even approaches the isotropic limit. To gain a microscopic 

picture, we further map out the phonon dispersion of BA2PbI4 using inelastic x-ray (IXS) 

measurements and the spectral energy density (SED) calculations. This is the first study on phonon 

dispersion of a 2D hybrid material. We build the relationship between the crystal structure features 

and the phonon characteristics to understand its weak anisotropy in the thermal conductivity. The 

weak vdW/electrostatic interactions among organic chains and at organic-inorganic interfaces lead 

to moderately smaller phonon lifetimes in the out-of-plane direction and the preferential 

orientation of the organic chains results in comparable phonon group velocities, giving slightly 

smaller 𝑘(.  

Results 

Crystal characterization 

We carefully prepare two sets of high-quality BA2PbI4 crystals (sample #1 and #2, Figure 1a) 

using a slow cooling method14 (see Supporting Information (SI) for details) in two independent 

groups to cross-check the results. Sample #1 has a crystal size up to 5 mm in the in-plane direction 

and an out-of-plane thickness around 200 𝜇m, while sample #2 has a crystal size up to 2.5 mm in 

the in-plane direction and an out-of-plane thickness ranging from 200 𝜇m to 550 𝜇m. The x-ray 

diffraction (XRD) measurements of samples #1 and #2 (Figure 1b) show sharp (00l) peaks 

equidistant in 2θ, which demonstrates the high degree of crystallinity along the out-of-plane 

direction. The crystal structure obtained from single-crystal XRD (SC-XRD) can be found in SI. 

In order to create smooth sample surfaces for TTG measurement, we exfoliate the samples using 

Scotch tape. The sample roughness can be significantly reduced through exfoliation as 
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demonstrated by atomic force microscopy (AFM) examination (Figure 1c). The scanning electron 

microscope (SEM) images in Figure 1d further verify the smooth surface after exfoliation and 

show the clear layered features at the sample edges. The SEM images with a larger scale bar can 

be found in SI and no obvious grains are observed in large areas along the in-plane direction.  
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Figure 1 (a) Images of synthesized samples #1 and sample #2. (b) the XRD pattern of samples #1 

and #2 measured by using Cu Kα radiation. (c) AFM image of unexfoliated and exfoliated samples. 

The surface roughness of sample #1 is reduced from Rq=1.51 nm to Rq=0.89 nm, and the surface 
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roughness of sample #2 from Rq=33.60 nm to Rq=0.77 nm after exfoliation. Note that Rq is the root 

mean square average of height deviations taken from the mean image data plane. The difference 

in initial surface roughness between samples #1 and #2 results from the different synthesis 

parameters. (d) SEM images of the top surface for exfoliated samples.  

Thermal conductivity measurements and calculations 

We then perform TTG measurements (see SI for experimental details) on those two sets of 

samples. TTG is a non-contact optical technique15–17, allowing highly accurate in-plane 

measurements of thin films. The in-plane thermal diffusivity is determined by fitting the thermal 

decay data as in Figure 2a. Using a specific heat capacity of 0.48 J	g$%K$% measured by differential 

scanning calorimetry (DSC) method and a density of 2.68 g	cm$. determined by SC-XRD (see SI 

for details), we extract the in-plane thermal conductivity of samples #1 and #2 to be 0.28 ± 0.01 

W	m$%	K$% and 0.29 ± 0.01 W	m$%	K$%, respectively, at 300 K. We are unable to reliably extract 

the out-of-plane thermal conductivity of these single crystals using frequency domain 

thermoreflectance (FDTR) mainly due to the low sensitivity and laser heating, as also confirmed 

by a latest publication9. Therefore, we compare the in-plane thermal conductivity of BA2PbI4 

crystals measured by TTG with the out-of-plane thermal conductivity of BA2PbI4 thin film 

measured by TDTR7. Although TDTR and TTG are two different techniques, the measured 

samples in both experiments are fully crystalline, and the measured results agree well with 

calculation. We think the comparison between the in-plane and out-of-plane thermal conductivities 

is fair and the best we could do with the existing techniques. 
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Figure 2 (a) The obtained thermal decay data from TTG measurements. Green triangles and 

orange circles denote samples #1 and #2, respectively. Blue and black curves denote the fittings 

from the theoretical thermal model of samples #1 and #2, respectively. Inset is a schematic of the 

pump beams (blue) forming thermal gratings on samples and the probe beam (green) diffracting 

from the thermal gratings and overlapping with a reference beam (green) in TTG measurement. 

(b) In-plane (𝑘∥) and out-of-plane (𝑘() thermal conductivity of 2D BA2PbI4 hybrid perovskite 

crystals at 300 K. Orange, yellow and blue denote the thermal conductivity of crystals measured 

by TTG in this study, crystalline thin films measured using TDTR7, and single crystal calculated 

from EMD simulations in this study, respectively. (c) The anisotropic ratio (𝑘∥/𝑘() vs. average 

thermal conductivity (𝑘/01) of BA2PbI4 crystals and other layered single crystals18–23. 

We calculate the thermal conductivity of 2D BA2PbI4 using equilibrium MD (EMD) simulations 

with a classical model potential for the hybrid perovskite (MYP) force field24. We choose the MYP 

force field because it successfully reproduced the structural, elastic, vibrational properties25, and 

thermal conductivity26 of 3D MAPbI3 (MA = CH3NH3+). In addition, the MYP force field was 

applied to calculate the molar heat capacity of BA2PbI4 7 and the result agrees well with our DSC 

measurements. The predicted 𝑘∥ and 𝑘( of BA2PbI4 are 0.27 ± 0.01 W	m$%	K$% and 0.18 ± 0.01 
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W	m$%	K$%  at 300 K, respectively. The in-plane and out-of-plane thermal conductivities of 

BA2PbI4 predicted by EMD simulations with MYP force field are in good agreement with the TTG 

and TDTR measurements, respectively (Figure 2b).   

The average thermal conductivity of BA2PbI4 is 0.21 W	m$%	K$%, which is comparable to most 

amorphous polymers and much lower than other layered crystal structures (Figure 2c). Moreover, 

it is smaller than the thermal conductivity of 3D MAPbI3 (0.3 - 0.5 W	m$%	K$% )27–29, and 

comparable to that of “0D” MA3Bi2I9 (0.23 W	m$%	K$%)30. This can be intuitively explained by 

the strength of interactions. MAPbI3 has a 3D continuous inorganic framework of strong Pb-I 

ionic/covalent bonds, while MA3Bi2I9 has discontinuous inorganic units separated by organic units 

and 2D BA2PbI4 has alternating inorganic/organic layers held together by weak long-range 

electrostatic and vdW interactions. Similar to other hybrid perovskites30,31, the ultralow thermal 

conductivity of BA2PbI4 can be attributed to low phonon group velocities resulting from ultralow 

phonon frequencies and short phonon lifetimes originating from a significant overlap between 

acoustic and optical phonons as indicated by its phonon dispersion from IXS measurements (See 

SI for experimental details) and SED calculations in Figure 3a. The low phonon group velocities 

are further supported by ultralow indentation moduli from nanoindentation measurements and the 

speed of sound measurements by pulse echo technique. The detailed discussion can be found in 

SI.  

Anisotropic thermal conductivity analysis 

Most strikingly, the anisotropic ratio of BA2PbI4 crystal is only 1.50 from EMD calculations and 

1.58 from experimental measurements, which are much lower than other layered crystals and 

approach the isotropic limit as shown in Figure 2c. To understand the exceptionally small 
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anisotropy, we take a close look at the structure and phonon properties. Note that the organic chains 

are preferentially aligned in the out-of-plane direction in BA2PbI4 (Figure 3b). In the in-plane 

direction, there are strong intraplanar Pb-I ionic/covalent bonds in the inorganic layers and weak 

vdW/electrostatic interchain interactions in the organic layers. In the out-of-plane direction, there 

are covalent bonds (C-C and C-N) within organic chains and weak vdW/electrostatic interactions 

between organic chains (there are two chains stacking vertically in each layer) and at organic-

inorganic interfaces.  

Thermal conductivity can be expressed as a function of the volumetric heat capacity 𝐶3, average 

phonon group velocity 𝑣̅, and phonon lifetime 𝜏̅ as𝑘 = %
.
𝐶3𝑣̅8𝜏̅. We then connect their structure 

features to phonon lifetimes and group velocities. In the in-plane direction, the PbI42- framework 

allows for continuous heat conduction pathways (Figure 3b).  In other words, within the inorganic 

layers, phonons have relatively large lifetimes. In contrast, the heat conduction path along the out-

of-plane direction is interrupted by the weak interchain interactions and organic-inorganic 

interfaces (Figure 3b), and phonons can be strongly scattered at those joints. Strong anharmonicity 

at the organic-inorganic interfaces also contributes to phonon scatterings and suppress phonon 

lifetimes in the out-of-plane direction26,32–34. The smaller phonon lifetimes along the out-of-plane 

direction are supported by phonon dispersion using the SED method (see SI for details). The 

broader the phonon dispersion curves, the smaller the phonon lifetimes35. As shown in Figure 3a, 

acoustic phonon branches in the Γ-Z direction are more blurred than that in the Γ-X/Y directions, 

indicating smaller phonon lifetimes along the out-of-plane direction. By further extracting the 

widths of SED peaks, we reach the same conclusion, as shown in Figure S11. This difference is 

not significant, though, due to the small volume fraction of the inorganic layers. In brief, the 
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phonon lifetimes are relatively anisotropic mainly because of the continuous heat conduction path 

in the inorganic framework along the in-plane direction vs. the disconnected pathways in the out-

of-plane direction.  

For phonon group velocities, they are related to the strength of the interatomic interactions. The 

preferential alignment of the organic chain is the key factor that balances out the weak interlayered 

interactions. The orientation of the organic chains was reported to have a large effect on the out-

of-plane thermal conductivity of 2D hybrids.7 Here, we pin down the orientational effects to 

phonon group velocities. Since stronger covalent bonds in one crystal axis result in higher group 

velocities in that axis36, the group velocities along the organic chain direction are higher than those 

perpendicular to the chain direction. In the out-of-plane direction, the preferentially vertical 

alignment of organic chains leads to large phonon group velocities along the organic chains, 

compensating the weak interlayered interactions and resulting in similar phonon group velocities 

to the in-plane direction. In the in-plane direction, despite the strong intraplanar P-I ionic/covalent 

bonds in the inorganic PbI42- framework, the organic layers have weak vdW/electrostatic 

interactions and take up a large volume fraction of 78%. This dwarfs the average bonding strength 

and, thus, the overall phonon group velocities. In brief, the interplay among different effects leads 

to comparable group velocities between in-plane and out-of-plane directions. This is supported by 

the group velocities obtained from the phonon dispersion in Figure 3a and our estimations on bond 

strength comparison between in-plane and out-of-plane directions (see details in SI). As a result, 

moderately smaller phonon lifetimes along the out-of-plane direction and the comparable group 

velocities between in-plane and out-of-plane directions give slightly smaller 𝑘(  and thus 

remarkably weak anisotropy.  
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Figure 3 (a) Phonon dispersion of BA2PbI4 single crystal measured by IXS and calculated by SED 

at 300 K. The high symmetry points are chosen based on the first Brillouin zone of a simple 

orthorhombic lattice: Γ (0 0 0), X (0.5 0 0), Y(0 0.5 0), and Z (0 0 0.5) in the units of b1=(89
:
, 0, 0) 

, b2 =(0, 89
>
, 0), b3=(0, 0, 89

?
	). The markers represent phonons measured by IXS. Red solid circles, 

black solid diamonds, red circles, black diamonds denote longitudinal acoustic (LA) modes, 

transverse acoustic (TA) modes, longitudinal-optical (LO) modes, and transverse-optical (TO) 

modes, respectively. The red (LA), black (TA), magenta (ZA), green (ZO), orange (TO), and 

maroon (LO) lines were drawn based on the calculated phonon dispersion by SED. Phonon modes 

by IXS and SED are in good agreement. Note that our calculated directions (Γ-X: (X 0.05 0) Γ-Y: 

(0.05 Y 0)) are not exactly along high symmetric lines ((Γ-X: (X 0 0) Γ-Y: (0 Y 0)) since the SED 

calculations are based on a 20×20×1 supercell and an even larger supercell is too computationally 

expensive. The calculated Γ-Z is along the high symmetric line. (b) The unit cell of 2D BA2PbI4 
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single crystal with arrows denoting preferential heat conduction paths along both in-plane and out-

of-plane directions. 

Conclusion 

In summary, we perform TTG and IXS measurements, along with MD simulations to investigate 

the thermal transport properties of 2D BA2PbI4 crystals at 300 K. Despite the anisotropic 

crystalline structure, we find its thermal conductivity is amorphous-polymer-like with the 

anisotropic ratio approaching the isotropic limit. Further analysis reveals that the weak anisotropy 

comes from the comparable phonon group velocities and moderately different phonon lifetimes in 

the in-plane and out-of-plane directions. The continuous inorganic PbI42- framework with strong 

intraplanar Pb-I ionic/covalent bonds in the framework forms favorable heat conduction paths 

along the in-plane direction, while the weak vdW/electrostatic interactions among organic chains 

and at organic-inorganic interfaces lead to strong phonon scatterings and thus smaller phonon 

lifetimes along the out-of-plane direction. The preferential orientations of organic C4H9NH3+ 

chains in the out-of-plane direction and the large volume fraction of the organic layers results in 

comparable phonon group velocities between the out-of-plane and in-plane directions. The 

fundamental insights obtained in this study can advance the understanding of 2D hybrid 

perovskites and guide the rational design of materials with desired thermal conductivity for 

optoelectronic and thermoelectric applications.  
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Crystal Synthesis 

Sample #1 

The synthesis of BA2PbI4 crystals (sample #1) follows the slow cooling method reported 

previously1. 0.47 mmol PbI2 and 1 mmol butylamine are added into 3 ml of 47 wt% hydroiodic 

acid solution. The resulting precipitate is dissolved by refluxing for 2 hours at 100 oC. The solution 

is then cooled at 2 °C/hour to room temperature to induce slow precipitation and crystal growth. 

The orange crystals are removed and rinsed with hexane over a filter to remove reagents, and then 

placed in a desiccator for 2 hours to complete the drying process. Suitable crystals are selected for 

nanoindentation, speed of sound, and thermal conductivity measurements. Samples are stored in a 

glove box while not performing measurements to be on the safe side. 

Sample #2 

BA2PbI4 crystals (sample #2) are also synthesized from the slow cooling method. 0.2 mmol PbI2, 

0.4 mmol butylamine, and 0.1 mL hypophosphorous acid are added into 1mL of 57 wt% 

hydroiodic acid. The solution is heated up to 95 ℃ to dissolve all solids and then slowly cooled 

down to room temperature over 96 hours. The orange crystals are then separated by filtration and 

washed using ethyl ether with yield ~55%. Suitable crystals are selected for SC-XRD, IXS, 
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nanoindentation, and thermal conductivity measurements. Samples are stored in a glove box while 

not performing measurements to be on the safe side. 

 

Figure S1. Image of BA2PbI4 single crystal for IXS measurements. 

The image of BA2PbI4 single crystal chosen from sample #2 used in IXS measurements is shown 

in Figure S1. The SEM images in Figure S2 show the large smooth area of BA2PbI4 crystals used 

in TTG measurements. No obvious grains are observed in large areas along the in-plane direction. 

 

Figure S2. SEM images of BA2PbI4 crystals for TTG measurements. 

XRD measurements and Crystal Structure 
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XRD patterns of sample #1 and #2 in Figure 1d are collected at room temperature from the Bruker 

D8 instrument (Cu Kα radiation) and the Rigaku SmartLab X-Ray Diffractometer (Cu Kα 

radiation), respectively. Reflections associated with (001) planes (l=2,4,5,6,8,10,12) are visible, 

confirming that the samples are single crystal in the out-of-plane direction and the crystals strongly 

favor growth where the layers orient parallel to the substrate. The associated interplanar spacings 

closely match previous reports for the corresponding orthorhombic phases1,2. Note that the 

unmarked side peaks may result from a twin or crack in the crystals. 

SC-XRD measurements are performed on a selected crystal on the Bruker D8 instrument, all at 

room temperature using Mo Kα radiation (= 0.71073 Å). The crystal structure is solved and refined 

using the Olex2 program3 and Shelx software package4. The data collection is set up to 

achieve >99.5% coverage and an average redundancy from >3.5 to 0.8 Å assuming Pmmm Laue 

symmetry. The multi-scan absorption correction is applied. No twin law is detected and applied in 

the refinements. The obtained structure unit cell is shown in Figure S3. Crystal data and structure 

refinement for BA2PbI4 single crystal are listed in Table S1.  

 

Figure S3 (a) Top view and (b) side view of BA2PbI4 unit cell. 
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Table S1. Crystal data and structure refinement for BA2PbI4 single crystal used in IXS 

measurements. 

Compound name BA2PbI4 

Empirical formula C8H24N2I4Pb 
Formula weight 839.14 

Crystal size (mm) 0.068×0.191×0.224 
Space group Pbca 

T / K 296 
λ / Å 0.71073 
a / Å 8.8810(2) 
b / Å 8.6999(2) 
c / Å 27.6251(8) 
α / ° 90 
β / ° 90 
γ / ° 90 

V / Å3 2134.42(9) 
Z 4 

Density / g·cm-3 2.684 
µ / mm-1 13.671 
F(000) 1425 

θ for data collection 3.956-26.430 
Measured refls. 13342 

Independent refls. 2303 
Observed reflection (I > 2σ(I)) 1832 

Peak and hole / e Å-3 0.863/-1.195 
Rint 0.0329 

No. of parameters 72 
GOF 1.298 

aR1, wR2 [I > 2 σ (I)] 0.0429, 0.0859 
aR1, wR2 (all data) 0.0552, 0.0893 

 

Powder XRD measurements for BA2PbI4 crystal used in TTG measurements (sample #2) are 

carried out on a PANalytical Empyrean Powder x-ray diffractometer using Cu Kα radiation, with 

x-ray tube operating condition at 45 kV and 40 mA. The powder XRD pattern of BA2PbI4 crystal 
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(sample #2) used in TTG measurements as shown in Figure S4 matches the calculated XRD 

patterns and shows that the crystal has a pure phase. 

 

Figure S4. Powder XRD pattern of BA2PbI4 crystals (sample #2) used in TTG measurements. 

TTG measurements 

A full description of TTG can be found in prior work5–7. Our TTG setup is shown in Figure S5. A 

picosecond Nd:YVO4 laser (pulse duration 2 ps, wavelength 𝜆e= 517 nm, frequency 1 kHz, energy 

0.02 µJ per pulse) is used for excitation. An electro-optically gated beam from a continuous-wave 

(CW) solid-state laser (wavelength 𝜆p = 532 nm, CW power 1 mW, chopped at 10% duty cycle 

with an effective power of 0.1 mW) is used as the probe beam. The horizontally polarized 

excitation beam and the vertically polarized probe beam are focused onto the mask. To image the 

mask pattern onto the sample, we use spherical lenses with focal distances f1 = 15 cm and f2 = 10 

cm. In the sample, the laser spot diameters are about 50 µm for the excitation pulses, probe and 
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reference beams. The heterodyne phase is controlled with a motorized actuator by adjusting the 

angle of a glass plate. The diffracted signal combined with a reference beam, which is derived 

from the same source and attenuated by a neutral density filter (ND-3), is detected by a balanced 

amplified photodetector (bandwidth 45 MHz) whose output is recorded with an oscilloscope (4 

GHz bandwidth). TTG measurements of reflection geometry are performed on suspended BA2PbI4 

crystals at the grating period 𝐿 = 6.64	𝜇𝑚.  

The temperature grating decay at the surface can be written as in Equation (S1) 5 

𝑇(𝑧 = 0, 𝑥, 𝑡) = 𝐴(𝛼5𝑡)67/9 cos(𝑞𝑥) exp	(−𝛼B𝑞9𝑡)                             (S1) 

where x is the grating dimension, z is the depth into the material, t is the time, T is the deviation 

from equilibrium temperature, q is the grating wavevector, 𝛼5  is the out-of-plane thermal 

diffusivity, and 𝛼B is the in-plane thermal diffusivity. The initial part of the decay signal helps 

determine out-of-plane thermal diffusivity. However, we fit the decay signal after 100 ns to extract 

only the in-plane thermal diffusivity and to avoid the potential contributions from the excited 

carrier diffusion. The decay signal adequately follows a single exponential decay curve. The in-

plane thermal conductivity is then obtained from the in-plane thermal diffusivity together with the 

density 𝜌 and the specific heat capacity 𝐶E as in Equation (S2) 

𝑘∥ = 𝜌𝐶E𝛼B                                                                (S2) 

As shown in Figure S6, TTG signal intensity at a given spot of BA2PbI4 crystals has minimal 

variation within the initial 20 seconds after the lasers are on. We measure each spot of the crystals 

within 10 seconds after turning on the lasers to minimize the radiation damage on the crystals.  
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Figure S5. Schematic of TTG system. 
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Figure S6. Signal intensity during the TTG measurements at a given spot of BA2PbI4 crystals as 

a function of time after turning on the lasers.  

Specific heat capacity measurements 

BA2PbI4 crystals (sample #1) are heated in DSC from 193 K to 373 K with a ramp rate of 20 K/min 

in a hermetic aluminum pan. As the thermogravimetric analysis shows that crystals start losing 

weight after 493 K, we keep temperature-dependent specific heat capacity measurement below 

this temperature. DSC results show that this crystal has two phases within the measurement 

temperature. The endothermic upward peak around 280 K corresponds to phase transition and the 

small peak around 320 K could be due to sample movement during measurement or minor 

structural rearrangements in the crystals. BA2PbI4 has an orthorhombic structure in both phases 

and phase transition from orthorhombic (I) to orthorhombic (II) is primarily to the movement of 

the essentially rigid butylammonium cations relative to the inorganic layers1.  

The specific heat capacity of BA2PbI4 is determined from DSC using the 3-run heat capacity 

method (ASTM E1269) where three separate DSC measurements, i) dual empty pans, ii) a sapphire 

in a pan vs. a reference pan, and iii) the sample in a pan vs a reference pan, are combined to obtain 

the temperature-dependent specific heat capacity as in Figure S7. The specific heat capacity at 300 

K is determined to be 0.48 J	g67K67. 
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Figure S7. Temperature-dependent specific heat capacity of BA2PbI4 from DSC measurement.  

Mechanical Properties  

Nanoindentation measurements are performed along the out-of-plane direction to obtain the 

indentation modulus and hardness of BA2PbI4 crystals. The detailed measurement method can be 

found elsewhere8. The averaged indentation moduli of samples #1 and #2 are 4.37 ± 0.25 GPa and 

4.32 ± 0.29 GPa, respectively, which are close to previously reported values ~3.62 GPa for 

analogous BA2PbI4 crystals9. However, they are much smaller than MA3Bi2I98 (~12.4 GPa) and 

MAPbI310–13 (~11.4 - 16.1 GPa) crystals, indicating a more compliant nature, likely due to lack of 

a continuous network of stiff inorganic bonds across layers in BA2PbI4 crystals. The ultralow 

indentation modulus measured along the out-of-plane direction of BA2PbI4 crystals is consistent 

with ultralow phonon group velocity along that direction based on equation 𝑣 = L𝐸/𝜌 . The 

hardness values of samples #1 and #2 are 0.32 ± 0.03 GPa and 0.41 ± 0.05 GPa, respectively, 

which are slightly larger than the previously reported value of ~0.29 GPa for BA2PbI4 crystals9 
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and smaller than the values reported for MA3Bi2I98 (~0.47 GPa) and MAPbI310 (~0.55 GPa) 

crystals. These results demonstrate that the BA2PbI4 crystals are softer than MA3Bi2I9 and MAPbI3 

crystals.    

IXS measurements 

The IXS measurements are conducted on a single crystal with a size of 68	𝜇𝑚 × 191	𝜇𝑚 ×

224	𝜇𝑚 at 300 K at beamline 30ID at the Advanced Photon Source (APS), Argonne National 

Laboratory. A full description of IXS at APS 30ID can be found in prior work14. The instrument 

operates at 23.7 keV. The instrument resolution is measured beforehand and an energy resolution 

of 1.5 meV is determined. Measured energy spectra are fitted with Lorentzian peaks convoluted 

with a pseudo-Voigt function to simulate instrument resolution. The measured acoustic phonon 

modes in the low Q regions are hard to resolve because of the strong elastic peak tail overwhelming 

the acoustic phonon excitations.  

An example of the fitting curve is shown in Figure S8. Short acoustic phonon lifetimes of the 

BA2PbI4 single crystal from IXS measurements at 300 K are shown in Figure S9. They are mainly 

in the range of 0.5-30 ps. During the IXS measurements, we change the measurement spot after 

finishing each phonon branch in one direction to minimize the radiation damage. The determined 

lattice parameters remain the same until the measurements on the transverse modes along the Γ-Z 

direction, where we find a 0.5% change in the lattice parameters, indicating possible degradation. 

Therefore, we do not include the data for the transverse modes along the Γ-Z direction in the 

dispersion plot. For reported data, we think the radiation damage should be negligible. 



 

 

12 

 

Figure S8. Energy spectra from IXS measurement (blue circles) of the LA mode at q=0.5 along 

[010] for the BA2PbI4 single crystals at 300 K characterized by an elastic peak centered at zero 

energy and inelastic peaks associated with the creation and annihilation of phonons. Green and red 

curves represent the instrumental resolution function and fitting core based on the Lorentzian 

function, respectively. The blue solid curve denotes the convolution between the resolution 

function and the fitting core. 
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Figure S9. Short acoustic phonon lifetimes of the BA2PbI4 single crystal from IXS measurements 

at 300 K. They are mainly in the range of 0.5-30 ps. Note that it is not a complete dataset of the 

full Brillouin zone. 

EMD simulations 

Interatomic forces for 2D BA2PbI4 are obtained by combining the MYP potential for 3D MAPbI315 

with the GAFF16 force field for the organic alkylammonium molecules. The atomic charges of 

C4H9NH3+ molecules are calculated by the AM1-BCC method as implemented in the AMBER 

tools17. Charges of the Pb and I atoms are taken from MYP0 and a constant correction is applied 

to eventually neutralize the unit cell of the 2D crystal. The hybrid interactions are determined by 

Lorentz-Berthelot mixing rules of Lennard-Jones parameters from MYP0 and GAFF. The 

optimized lattice parameters of BA2PbI4 single crystal in MD simulations are listed in Table S2, 

in comparison with experimental values determined from SC-XRD.  
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Table S2. Crystal data and structure refinement for BA2PbI4 single crystal used in IXS 

measurements. 

 a / Å b / Å c / Å 𝛼 𝛽 𝛾 

MD simulations 8.8764 8.6925 27.6014 90° 90° 90° 

Experiments 8.8810 8.6999 27.6251 90° 90° 90° 

 

For the validation of MYP potential, we want to emphasize that the MYP potential is a non-

harmonic potential based on a simple but physically sound description of ionic interactions in 

terms of long-range electrostatic forces, Buckingham and Lennard-Jones terms18 that has been 

applied with success to study many properties of 3D hybrid perovskites showing transferability to 

non-bulk properties such as defects19, surfaces and contact angles20, water degradation20 and 

thermal properties: 

1) the model is able to reproduce the volume expansion with temperature (that is related to 

anharmonicity) of 3D hybrid perovskites and the corresponding phase transitions, including the 

temperature effects of the stochastic rotational dynamics of molecules in the different phases21; 

2) the model provides a reasonable description of vibrational properties of hybrid perovskites 

reproducing the broadening of vibrational peaks that are directly related to phonon interactions 

(anharmonicities);  

3) the MYP potential has been already applied to calculate the thermal conductivity of 3D hybrid 

perovskites22 providing results that are consistent with experimental results23; 
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4) concerning 2D layers, vibrational density of states, mechanical constants and heat capacities 

calculated by the present model have been reported24 and are in reasonable agreement with 

experiments and previous literature. 

To further demonstrate that MYP potentials include the anharmonicities of 2D BA2PbI4 single 

crystal, we further calculate its Grüneisen parameter by equation (S3) using molecular dynamics 

simulations.  

𝛾 = 7
VW
(XY
XZ
)[                                                            (S3) 

where 𝛾 , 𝐶[ , 𝑃 , and 𝑇  are Grüneisen parameter, volumetric heat capacity, pressure and 

temperature of studied system, respectively25. The calculated pressure (P) as a function of 

temperature (T) of 2D BA2PbI4 single crystal are plotted in Figure S10 and we can get XY
XZ
=

10.19	(𝑎𝑡𝑚	K67). We know that 𝐶[ = 0.48	J	g67K67	for 2D BA2PbI4 single crystal. Then we 

plug these numbers into equation (S3) to extract 𝛾 = 0.80 , which is comparable to the 

experimental Grüneisen parameters (𝛾 =1.17) of CH3NH3PbI326. 
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Figure S10. Pressure (P) as a function of temperature (T) of 2D BA2PbI4 single crystal calculated 

using molecular dynamics simulations. Blue dots are calculated data and red line is the linear fit 

with a slope=10.19.  

The thermal conductivity (k) of 2D BA2PbI4 is calculated using the LAMMPS package27. 3×3×2 

supercells are used to rule out the size effects. The timestep is set to 0.5 fs and periodic boundary 

conditions are applied in x, y, and z directions. The cutoff distance for both vdW and electrostatic 

interactions is 10 Å. In EMD simulations, k is determined from the autocorrelation of instantaneous 

heat flux through the Green-Kubo formula based on linear response theory28–30. The k is given by 

Equation (S4) 

𝑘_(𝑇) =
7

`aZb[
∫ 〈𝐽_(𝑡) ∙ 𝐽_(𝑡 + 𝜏j〉
l
m 𝑑𝜏                                              (S4)          

where	𝑘_	is the thermal conductivity along i direction, i.e. x, y, and z. 𝑉  is the volume of the 

supercells, 𝑘p is Boltzmann constant, 𝑇 is the absolute temperature, 𝜏 is the delay time. We first 



 

 

17 

relax the system in canonical (NVT) and microcanonical (NVE) ensembles subsequently for 400 

ps and 200 ps in each ensemble before collecting heat flux data in an NVE ensemble for another 

0.5 ns. All k’s are averaged over 10 different ensembles. 

SED Method 

The SED method is used to calculate phonon dispersions. SED is defined by 

𝛷(𝑞, 𝜔) = 7
stuv

∑ ∑ xy
z

p
{| }∫ ∑ 𝑢̇|z

� �𝑙𝑏, 𝑡� 𝑒𝑥𝑝
(𝑖𝑞 ∗ 𝑟� − 𝑖𝜔𝑡) 𝑑𝑡

tu
m }

9
              (S5) 

where 𝑞 is the wave vector,	𝜔 is the wave frequency,	𝛼 represents integration directions (x, y, 

z),	𝜏m is the integration time, 𝑁 is the total number of unit cells in the simulated supercell, B is the 

total number of atoms in a unit cell, 𝑚{		is the mass of atom 𝑏 in the unit cell, 𝑢̇| �
𝑙
𝑏, 𝑡� is the 𝛼-th 

component of velocity of atom 𝑏 in cell 𝑙, and 𝑟�  is the equilibrium positon of cell 𝑙. Atomic 

velocities of all atoms in the supercells are collected every 10 fs during an NVE ensemble for 100 

ps. The phonon dispersion along Γ-X, Γ-Y, and Γ-Z directions at 300K is calculated by the 2D 

Fourier transform of each 𝑢̇| and 𝑟� combination as shown in Equation (S5). 20×20×1 and 1×1×20 

supercells are used to calculate phonon dispersion along Γ-X/Y and Γ-Z directions, respectively.  

Phonon Dispersion Analysis 

Similar to layered graphite, Figure 3a shows three distinguishable acoustic branches along Γ-X or 

Γ-Y directions: the longitudinal acoustic (LA), the in-plane transverse acoustic (TA) mode, and 

the out-of-plane z-axis acoustic (ZA) mode; there are one LA and two degenerate TA modes in 

the Γ-Z direction. The phonon dispersion along Γ-X direction is similar to that along Γ-Y direction 

due to the structural similarities in the two directions. The calculated phonon dispersion from SED 

match well with the measured phonon modes near the zone boundaries. 
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The phonon dispersion of BA2PbI4 (Figure 3a) shows that the acoustic phonon modes have 

ultralow frequencies of up to ~0.55 THz along the in-plane direction (Γ-X and Γ-Y) and up to ~0.4 

THz along the out-of-plane direction (Γ-Z). They are even lower than the previously reported 

lowest phonon frequency of the “0D” hybrids MA3Bi2I9 (~0.7 THz)8. These ultralow acoustic 

modes lead to small phonon group velocities, which are critical to the ultralow thermal 

conductivity of BA2PbI4 crystals. Moreover, there is a significant overlap between acoustic and 

optical branches along all the high symmetry lines, as previously observed in other hybrid organic-

inorganic crystals8,31. The significant overlap could result in strong acoustic-optical phonon 

scattering and correspondingly short phonon lifetimes, as shown in Figure S9, thereby contributing 

to the ultralow thermal conductivity.   

Phonon lifetimes 

We estimate phonon lifetimes along in-plane (Γ-X/Y) and out-of-plane directions (Γ-Z) by fitting 

each SED peak with the Lorentzian or Gaussian function. We plot 1/FWHM as a function of their 

frequencies, as shown in Figure S11. Despite a rough estimation, a general trend can be observed 

that phonon lifetimes along the in-plane direction (blue spheres) are slightly larger than that along 

the in-plane direction (red spheres). We cannot make a direct comparison between the calculated 

phonon lifetimes with our measured ones from IXS because of the following reasons: 1) Small 

supercell (20×20×1) in the SED calculation leads to low resolution for the peaks and the fitting 

quality is low. 2) Our calculated directions (Γ-X: (X 0.05 0) Γ-Y: (0.05 Y 0)) are not exactly along 

high symmetric lines ((Γ-X: (X 0 0) Γ-Y: (0 Y 0)). Nevertheless, we feel reasonably confident to 

argue that the in-plane phonon lifetimes tend to be larger because these calculations were 

performed consistently. Note that although the peak widths from SED calculations cannot be 

directly treated as the phonon lifetimes, it does not affect the thermal conductivity calculation 
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because we calculate the thermal conductivity from a completely separate procedure based on the 

linear response theory, and the values are not limited by the SED resolution.  

 

Figure S11. Inverse of FWHM of SED peaks as a function of their corresponding frequencies for 

2D BA2PbI4 single crystal. Note that this calculation is based on 20×20×1 supercell and along in-

plane: Γ-X: (X 0.05 0) and Γ-Y: (0.05 Y 0); out-of-plane: Γ-Z: (0 0 Z).  

Phonon group velocity 

We calculate the acoustic phonon group velocities from the slope of LA/TA branches at Γ point 

based on SED as in Table S3. The overall phonon group velocity along the in-plane direction in 

BA2PbI4 is even 15.0% smaller than that along the out-of-plane direction, which is quite different 

from graphite, which shows large anisotropy in the thermal conductivity since the in-plane phonon 

group velocities are significantly larger than the out-of-plane phonon group velocities32. 
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We can only measure the acoustic phonon modes near the zone boundaries by IXS because the 

acoustic phonon frequencies of BA2PbI4 near Γ point are too low and below the energy resolution 

of the IXS technique. We use pulse echo technique to perform the speed of sound measurements 

on sample #1 to support the low frequency phonon modes near Γ point.  

Pulse echo ultrasound, in which short bursts of ultrasound are excited and detected in a sample 

using a piezoelectric transducer, provides a direct measurement of the speed of sound. The sample 

is prepared with two opposing, flat, parallel faces, and a compressional transducer (Boston Piezo-

Optics Y-cut lithium niobate) is fixed to one face of the sample with a thin layer of epoxy 

(AngstromBond 9110LV). The transducer is excited with a pulse of RF voltage, and the resulting 

strain wave propagates through the sample. After being reflected off the opposing face, the pulse 

returns to the transducer, where it is detected as an RF voltage via the inverse piezoelectric effect. 

The strain wave continues to bounce between the sample's faces producing a decaying series of 

voltage echoes which are recorded on a digital oscilloscope. The spacing between successive 

echoes, combined with knowledge of the sample's thickness, can be used to determine the absolute 

value of the speed of sound in the sample. 

Figure S12 shows the echo pattern with a 242 MHz excitation and a 50 ns pulse width, along with 

the component of the signal at the drive frequency, obtained by digital lock-in. Though clear peaks 

are visible in the signal, the echo pattern contains extra features, most likely due to stray reflections 

and interaction between the ultrasonic wave and the epoxy used to bond the transducer to the 

sample. Identifying the peak positions is further complicated by interference between the stray 

reflections and the echoes. However, distinct sets of peaks, one of which is highlighted in Figure 

S12, are present with a spacing of 280 ± 30 ns corresponding to a speed of sound of 1400 ± 100 

m/s.  
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Figure S12. The pulse echo signal of suspended BA2PbI4 crystal with a thickness of 0.19 mm. 

Distinct sets of peaks, which are highlighted, are present with a spacing of 280 ± 30 ns 

corresponding to a speed of sound of 1400 ± 100 m/s.  

We could also estimate the speed of sound from the nanoindentation measurements via 𝑣�� =

�p�s/��
�

  and 𝑣Z� = ��
�
, where B is the bulk modulus and G is the shear modulus. The measured 

indentation moduli 𝐸_��	of samples #1 and #2 are 4.37 ± 0.25 GPa and 4.32 ± 0.29 GPa, 

respectively. The Young's modulus is calculated as 𝐸 = 𝐸_��(1 − 𝜐9), where 𝜐 is the Poisson ratio 

and we use its value of 0.29 in previous MD simulations24. The bulk modulus is obtained as 𝐵 =
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�
�(769�)

, and the shear modulus is calculated as 𝐺 = �
9(7��)

. Then we extract experimental acoustic 

phonon group velocities as in Table S3. 

Table S3. Acoustic phonon group velocities of BA2PbI4 based on phonon dispersion calculations 

by SED, nanoindentation measurements, and pulse echo measurements. 

Method Direction 𝜐��(𝑚/𝑠) 𝜐Z�(𝑚/𝑠) 𝜐��(𝑚/𝑠) 𝜐̅(𝑚/𝑠) 

SED calculations 
[100] 1355 1110 147 871 
[010] 1415 1087 156 886 
[001] 1628 737  1034 

Nanoindentation 
(sample #1) [001] 1397 ± 40 760 ± 22  972 ± 28 

Nanoindentation 
(sample #2) [001] 1391 ± 47 757 ± 25  968 ± 32 

Pulse echo  
(sample #1) [001] 1400 ± 100    

 

Though not high-quality enough to be a conclusive measurement of the speed of sound on their 

own, the pulse echo results are consistent with the nanoindentation measurements. We are thus 

fairly confident that the speed of sound in [001] direction should be around 1400 m/s. We were 

unable to measure the in-plane speed of sound because it requires parallel surfaces and our crystal 

geometry does not satisfy that. The calculated longitudinal acoustic phonon group velocity (𝜐��) 

along [001] direction is 1628 m/s, which is slightly larger than the experimental values (~1400 

m/s). We think the possible reasons are 1) our calculated directions (Γ-X: (X 0.05 0) Γ-Y: (0.05 Y 

0)) from 2D Fourier transform of the velocity field are a bit off from high symmetric lines ((Γ-X: 

(X 0 0) Γ-Y: (0 Y 0)). If we have a large enough supercell, it will approach the high symmetry 

lines. But we cannot afford the SED calculations based on a larger supercell because of the 

complicated structure with 156 atoms in the unit cell. 2) Small supercell (20×20×1) in the SED 
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calculation leads to relatively low resolution in momentum space and causes uncertainties in 

phonon group velocities.  

Bond strength estimation 

We use the parallel model and series model to roughly estimate the effective bond energy in the 

in-plane and out-of-plane directions as in Figure S13, assuming the organic chains are straight 

chains in the out-of-plane direction. For the in-plane direction, we use the simplified model 𝐸∥ =

𝑉���𝐸���,∥ + 𝑉_����𝐸_����,∥  where 𝑉��� =78% is the volume fraction of organic layers and 

𝑉_����=22% is the volumetric fraction of inorganic layers, 𝐸���,∥ is the effective bond energy of 

organic layers interactions in the in-plane direction, which is mainly from the interchain van der 

Waals interactions, and 𝐸_����,∥ is the bond energy of inorganic layers in the in-plane direction, 

we estimate the effective in-plane bond energy to be 34.4 kJ/mol per cell. The out-of-plane bond 

energy is calculated to be 32.1 kJ/mol by the simplified model 𝐸⊥ = 1/[𝑉���/𝐸���,⊥ +

𝑉_����/𝐸_����,⊥ + 𝑉¢�¢£¤��/𝐸¥¦¥§¨©ª,⊥ + 𝑉«�¬/𝐸«�¬,⊥)] , where 𝑉¢�¢£¤��  and 𝑉«�¬  are the volume 

fractions of electrostatic interactions and van der Waals interactions and we use the value of 5% 

for both.  The estimated out-of-plane bond energy is comparable to the in-plane bond energy, as 

indicated by the comparable acoustic phonon group velocities between the in-plane and out-of-

plane directions. 
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Figure S13. The simplified models for effective bond strength of BA2PbI4. (a) The simplified 

schematic of the BA2PbI4 cell. (b) The out-of-plane model for effective bond energy. (c) The in-

plane model for effective bond energy. 
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