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Abstract 

In this letter, we show the phonon dispersion of (CH3NH3)3Bi2I9 single crystals at 300 K measured 
by inelastic x-ray scattering. The frequencies of acoustic phonons are among the lowest of crystals. 
Nanoindentation measurements verified that these crystals are very compliant and considerably 
soft. The frequency overlap between acoustic and optical phonons results in strong acoustic-optical 
scattering. All these features lead to an ultralow thermal conductivity. The fundamental knowledge 
obtained from this study will accelerate the design of novel hybrid materials for energy 
applications.  
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Introduction 
Organic-inorganic hybrid perovskite materials, such as methylammonium lead iodide 
(CH3NH3PbI3), have attracted growing attention as promising materials for next-generation 
photovoltaics and light-emitting diodes[1,2]. The potential applications of hybrid perovskite 
materials in thermoelectric applications[3-5] have also been reported. On the one hand, high 
thermal conductivity is favorable for efficient heat dissipation to avoid adverse thermal 
degradation for hybrid perovskites in optoelectronic devices[6,7]. On the other hand, low thermal 
conductivity is beneficial for the hot-phonon bottleneck effect[8] to help achieve long-lived hot 
carrier photovoltaic device, and desired for thermoelectrics[4]. Fundamental understanding of 
phonon dynamics is essential to facilitating the optimization of thermal performance for hybrid 
perovskite devices. 

Despite widespread interest in hybrid perovskites, the lead contained in CH3NH3PbI3 can cause 
persistent environmental pollution. CH3NH3PbI3 is also limited by its instability. The degradation 
of hybrid halide perovskite readily occurs under extrinsic factors such as light[9], temperature[10], 
humidity[11] and oxygen[12], which makes it difficult to maintain efficient charge extraction with 
carrier-selective contacts. Less toxic counterparts have been proposed to replace Pb, such as 
CH3NH3SnI3[13], but its potential application is also limited by its high instability[14]. Hybrid 
perovskite analogues, such as methylammonium bismuth iodide (CH3NH3)3Bi2I9, have emerged 
as a candidate photovoltaic material[15,16] due to its low toxicity[17] and high stability[18]. While 
most previous studies reported very low power conversion efficiency (0.01-0.4%)[18-20], the 
efficiency of (CH3NH3)3Bi2I9 has been pushed up to 3.17% by fabricating high-quality samples.[21] 
Moreover, a high-efficiency (18.97%) and stable solar cell based on a 
(CH3NH3)3Bi2I9/CH3NH3PbI3 heterojunction has been achieved[22]. Increasing research on 
(CH3NH3)3Bi2I9 has been done on electronic property simulations[23] and UV-vis absorption 
spectra[24]. However, its phonon transport properties were neither studied experimentally nor 
theoretically, hindering the optimal selection and design of stable, non-toxic hybrid perovskite 
material for photovoltaic and thermoelectric applications. 

In this letter, we present the phonon dispersion for (CH3NH3)3Bi2I9 single crystals at room 
temperature using high energy resolution inelastic x-ray scattering (IXS) measurement. The 
acoustic modes of (CH3NH3)3Bi2I9 are only up to 0.7 THz, which is among the lowest of all the 
reported crystals. Nanoindentation measurements confirmed that CH3NH3)3Bi2I9 single crystals 
are very compliant with an averaged indentation modulus (𝐸"#$ ) of 12.4 ± 0.8 GPa and 
considerably soft with a hardness of 471.2 ± 63.4 MPa. We observed no frequency gap between 
acoustic and optical branches in the phonon dispersion, which could lead to strong acoustic-optical 
phonon scattering. Ultralow group velocities due to low-frequency acoustic phonons and small 
phonon lifetimes originating from strong acoustic-optical phonon coupling were expected to give 
ultralow thermal conductivity, which was confirmed by measured thermal conductivity of 0.23 ± 
0.02 W/(mK) for (CH3NH3)3Bi2I9 polycrystals at 300 K. The knowledge gained in our work 
provides a deeper understanding of thermal transport properties of hybrid perovskite analogue 
materials and can facilitate the design of novel hybrid materials with higher energy conversion 
efficiency and reliability. 

Results and Discussion 



We measured the phonon dispersion of (CH3NH3)3Bi2I9 single crystals along high symmetry lines 
at 300 K using high energy resolution IXS, as shown in FIG. 1. The detailed information on the 
crystal growth and characterization and IXS measurement could be found in the Supplemental 
Material [25]. The phonon dispersion of the (CH3NH3)3Bi2I9 single crystal using first-principles 
calculations is also shown in FIG. S2 in Supplemental Material [25].  

 

FIG. 1. Phonon dispersion of (CH3NH3)3Bi2I9 single crystals measured by IXS at 300 K. The high 
symmetry points are chosen based on first Brillouin zone of hexagonal unit cell: Γ (0 0 0), A (0 0 
0.5), K (0.33 0.33 0), M (0.5 0 0) in unit of (𝐛𝟏, 𝐛𝟐, 𝐛𝟑) , where 𝐛𝟏 = ,-.
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(CH3NH3)3Bi2I9 single crystal. Green squares, yellow squares, blue circles, and blue triangles 
denote LA modes, TA modes, longitudinal optical (LO) modes and transverse optical (TO) modes, 
respectively.  

Unique features are uncovered from phonon dispersion of (CH3NH3)3Bi2I9. I. The most striking 
result is that the acoustic modes have low frequencies only up to around 0.7	THz. To the best of 
our knowledge, this is the smallest frequency range for acoustic modes among all the reported 
crystalline materials. A comparison of acoustic phonon frequency ranges along high symmetry 
lines among different types of crystals is shown in FIG. 2a. Clearly, the frequencies of hybrid 
organic-inorganic crystals are the lowest, even lower than those of van der Waals (vdW) 
crystals[26-29]. This can be attributed to the weak electrostatic interactions between organic 
cations and inorganic units[30,31], which leads to large translational degrees of freedom for 



inorganic unit vibrations as the acoustic modes of hybrid organic-inorganic compounds are 
comprised of motions by the inorganic component. Notably, compared with the most popular 
hybrid perovskite CH3NH3PbI3[32-35], (CH3NH3)3Bi2I9 has even smaller acoustic frequencies, 
which can be attributed to the discontinuity of Bi2I93- units[31]. The Bi2I93- units are isolated dimers 
of face-sharing octahedra that are separated by CH3NH3+ in all three directions ([001], [100] and 
[110]), while in CH3NH3PbI3, the inorganic component of corner-sharing PbI6 octahedra forms a 
three-dimensional framework, with CH3NH3+ in the framework cages. Please refer to their crystal 
structures in FIG. S3 for more details. Therefore, interactions between the inorganic units are 
weaker in (CH3NH3)3Bi2I9, leading to the overall lower frequency in phonon modes. II. The 
ultralow frequencies of acoustic phonons give exceptionally low average phonon group velocities 
– 1187 m/s in [100] direction, and 400 m/s in [110] direction that is even comparable to the speed 
of sound in air (Table SIII in Supplemental Material [25]). Compared to tetragonal CH3NH3PbI3 

single crystals (Table SIV in Supplemental Material [25]), the overall phonon group velocities of 
(CH3NH3)3Bi2I9 single crystals are even smaller. III. Both calculated and experimental phonon 
dispersion curves show a considerable frequency overlap between acoustic and optical branches. 
Specifically, both acoustic and optical phonon modes show up between 0.4 THz and 0.7 THz in 
the experimental dispersion. This overlap between acoustic and optical branches could result in 
the strong coupling between them and significantly reduce the phonon lifetimes, as demonstrated 
in other materials[36,37]. This was further validated by that measured phonon lifetimes of acoustic 
phonon modes are mainly in a range of 1-30 ps in FIG. S4 in Supplemental Material [25]. We 
attribute the overlap between acoustic and optical modes to the coupling of CH3NH3+ modes to 
stretching of the Bi-I bonds and breathing of the Bi2I93- units, which is similar to CH3NH3PbI3[38]. 
Based on all the features above, we anticipate (CH3NH3)3Bi2I9 to have an ultralow thermal 
conductivity.  



 

FIG. 2. (a) Comparison of  acoustic phonon frequencies of different materials measured 
experimentally: MA3Bi2I9 single crystals, tetragonal MAPbI3 single crystals[34] (MA denotes 
CH3NH3+), C60 (FCC)[26], argon (Ar) (FCC)[27], h-BN[28] and graphite[29] (cross-plane 
acoustic modes only), NaCl[39]. MA3Bi2I9 and MAPbI3 are hybrid organic-inorganic single 
crystals; C60, argon, h-BN and graphite are vdW crystals; NaCl is the ionic crystal. (b) Comparison 
of indentation modulus of different materials measured experimentally: MA3Bi2I9 single crystals, 
MAPbI3 polycrystals[40], tetragonal MAPbI3 single crystals[41-43], MAPbBr3 single crystals[41-
43]. Round brackets denote the orientation of the indented crystals. (c) Comparison of thermal 
conductivity of different materials measured experimentally at 300 K: MA3Bi2I9 polycrystals, 
MAPbI3 polycrystals[44,45], MAPbI3 single crystals[43,44,46-48], MAPbBr3 single 
crystals[46,47] [43]. Pink denotes the experimental results of this work.  



The small phonon group velocities indicate low elastic modulus based on 𝑣< = =>
?
, where 𝑣<, E 

and 𝜌 are the speed of sound, elastic modulus, and the density, respectively[49].  To confirm the 
low elastic modulus, we performed nanoindentation measurements to obtain the indentation 
modulus of (CH3NH3)3Bi2I9 single crystals and more details could be found in the Supplemental 
Material [25]. (CH3NH3)3Bi2I9 single crystals are very compliant with an averaged indentation 
modulus (𝐸"#$) of 12.4 ± 0.8 GPa. We did not convert it to Young’s modulus for the following 
reasons: Extracting Young’s modulus (𝐸<AB) requires the assumption that the material is isotropic 
with a single invariant value for Poisson ratio (𝜈<AB). 𝜈<AB  of (CH3NH3)3Bi2I9 single crystals 
remains unknown. Moreover, 𝐸"#$  is the basic quantity obtained from a nanoindentation 
experiment, which can be directly compared. By contrast, Young’s modulus is only meaningful 
for a uniaxial test. In order to compare the 𝐸"#$ values of (CH3NH3)3Bi2I9 to other similar crystals, 
for studies that reported 𝐸<AB  rather than 𝐸"#$ , the values of 𝐸"#$  were calculated using 𝜈<AB 
specified in their work. Moduli derived from indentation tests were plotted in FIG. 2b and tabulated 
in Table SV (Supplemental Material [25]). We found that indentation modulus of (CH3NH3)3Bi2I9 

single crystals is slightly smaller than that of CH3NH3PbI3 crystals but much lower than that of 
CH3NH3PbBr3 single crystals, indicating their super compliant feature. The hardness of 
(CH3NH3)3Bi2I9 single crystals was found to be 471.2 ± 63.4 MPa, which is lower than the reported 
hardness of CH3NH3PbI3 single crystals: 570 MPa for (100) face and 550 MPa for (112) face [41]. 
It demonstrates that (CH3NH3)3Bi2I9 single crystals are softer than CH3NH3PbI3 single crystals. In 
brief, (CH3NH3)3Bi2I9 single crystals are super compliant and soft.  

To demonstrate the ultralow thermal conductivity, we measured thermal conductivity of both 
(CH3NH3)3Bi2I9 and CH3NH3PbI3 polycrystals using the laser flash method to have a direct 
comparison and details could be found in Supplemental Material [25]. We found that thermal 
conductivity of CH3NH3PbI3 polycrystals is 0.36±0.01 W/(mK) at 300 K, which falls into the range 
of previous reported values (0.3 W/(mK)[44], 0.6 W/(mK)[45]). Thermal conductivity of 
(CH3NH3)3Bi2I9 polycrystals is 0.23±0.02 W/(mK) at 300 K, which is significantly lower than that 
of CH3NH3PbI3 polycrystals under the same measurement conditions and lower than the reported 
thermal conductivity values of all the hybrid perovskites as shown in FIG. 2c and Table SVI in 
Supplemental Material [25]. Note that the grain sizes of (CH3NH3)3Bi2I9 and CH3NH3PbI3 

polycrystals in this study are larger than 2 µm; therefore the grain boundaries have little impact on 
thermal conductivity.[50] This claim is further supported by the comparable thermal conductivity 
of our measured CH3NH3PbI3 polycrystals and previous reported CH3NH3PbI3 single crystals in 
FIG. 2c. Nevertheless, despite the well-defined crystal structure, the thermal conductivity of 
(CH3NH3)3Bi2I9 is ultralow and comparable to thermal conductivity of most amorphous polymers. 

Conclusions 

In summary, we measured the phonon dispersion of hybrid perovskite analogue (CH3NH3)3Bi2I9 
to provide the first dataset of intrinsic phonon properties of (CH3NH3)3Bi2I9. Remarkably, we 
observed its acoustic frequency range is the smallest among reported crystalline materials, to the 
best of our knowledge. The ultralow-frequency acoustic phonon modes may result from the weak 
electrostatic force between organic and inorganic units and the discontinuous inorganic units in 



[001], [100] and [110] directions. Based on the low frequencies of phonon modes, the ultralow 
group velocities were expected and then supported by nanoindentation measurements. It reveals 
that CH3NH3)3Bi2I9 single crystals are super compliant and considerably soft. The phonon 
dispersion also shows a considerable acoustic-optical overlap, which could lead to strong acoustic-
optical coupling and thus small phonon lifetimes. The thermal conductivity of (CH3NH3)3Bi2I9 
polycrystals was expected to be ultralow due to these unique features and was validated by the 
laser flash measurements. This work provided valuable benchmark data of thermal transport 
properties of (CH3NH3)3Bi2I9 for future studies and identified unique phonon properties for the 
design of ultralow thermal conductivity materials. 
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