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Abstract

We present vibrational properties of Franckeite, which is a naturally occurring van der Waals 

heterostructure consisting of two different semiconducting layers. Franckeite is a complex layered 

crystal composed of alternating SnS2‐like pseudohexagonal and PbS‐like pseudotetragonal 

layers stacked on top of each other, providing a unique platform to study vibrational properties 

and thermal transport across layers with mass density and phonon mismatches. By using micro-

Raman spectroscopy and first-principles Raman simulations, we found that the PbS-like 

pseudotetragonal structure is mostly composed of Pb3SbS4. We also discovered several low-

frequency Raman modes that originate from the intralayer vibrations of the pseudotetragonal 

layer. Using density functional theory, we determined all vibrational patterns of Franckeite, whose 

signatures are observed in the Raman spectrum. By studying temperature dependent Raman 

spectroscopy (300 K - 500 K), we have found different temperature coefficients for both 

pseudotetragonal and pseudohexagonal layers. We believe that our study will help understand 

the vibration modes of its complex heterostructure and the thermal properties at the nanoscale.     
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INTRODUCTION

Van der Waals (vdW) heterostructures obtained by stacking dissimilar two dimensional (2D) 

materials such as graphene (Gr), transition metal dichalcogenides (TMDs), or hexagonal boron 

nitride (hBN) has become a major research direction in condensed matter physics owing to novel 

electronic states and applications that may be realized in these vertical heterostructures.1-6 These 

designer vdW heterostructures can demonstrate electronic,  optical, and thermal properties that 

strongly differ from those of the constituent 2D materials, thus opening the door to obtain on-

demand interesting physical, electrical, optical, optoelectrical behavior, and thermal properties, 

such as moiré exciton,7, 8 and strongly-correlated quantum phenomena, including tunable Mott 

insulators at half-filling,9, 10 unconventional superconductivity near integer-filling,11-13 and 

ferromagnetism.14 The standard fabrication method of all these heterostructures include manual

or robotic vertical assembly of 2D stacks using deterministic placement methods.5, 15, 16 Because 

of manual stacking, the neighboring layer interface may contain fabrication artifacts, such as 

foreign particles or bubbles between the interfaces, which may affect the measurement of intrinsic 

physical properties.17-20 Hence, it is critical to measure intrinsic physical properties of interfaces 

with van der Waals heterostructures free of fabrication artifacts. We present here vibrational 

properties of a naturally grown van der Waals superlattices layered semiconductors, Franckeite, 

which is free from fabrication artifacts between semiconducting layers.17-21 

Franckeite is a heterostructure composed of alternating sequences of weakly bound stacked PbS-

like pseudotetragonal (Q) layers and SnS2-like pseudohexagonal (H) layers attached by van der 

Waals interactions.17-19 Thus, Franckeite (Fr) can be considered a naturally occurring vdW 

heterostructure analog of its lab-fabricated other 2D vdWHs. Recently, several groups have 

demonstrated exfoliation of Franckeite (mechanically and by liquid-phase exfoliation) down to the 

single unit cell and the exfoliated flakes have been assembled into electronic devices, energy 

conversion devices, and photodetectors operating in the near-infrared range.17-19, 21
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Though Fr provides a fascinating 2D crystal heterostructure with possibilities of exploring new 

physics and developing many attractive applications, some of its fundamental properties remain 

unknown. First, though the crystal structure of H-layer is known (SnS2), the composition crystal 

structure of Q-layer is highly debated. It is also unclear whether pseudotetragonal (Q) layer is 

predominantly made of Pb3SbS4 or it is Sn based PbSnS2. Second, the Raman spectroscopy of 

Fr is not understood. Because Fr contains two different layered semiconducting materials, it may 

provide unique vibrational behavior because of mass density and phonon mismatches. Here, we 

answer these fundamental questions by performing micro-Raman spectroscopy, and first-

principles density functional theory (DFT) studies. First, we determine the composition of the 

crystal structure of pseudotetragonal Q-layer. Second, we conduct extensive Raman 

spectroscopy of Fr and discover several low frequency Raman modes starting at 15 cm-1. Third, 

we identify the vibrational modes responsible for the Raman-active behavior by using DFT 

calculations. Fourth, we perform the temperature dependent Raman spectroscopy of Fr vdW 

heterostructure for the first time to identify the thermal behavior of different semiconducting layers.  

We present our experimental and computational study of Raman spectroscopy of 

thermodynamically stable Franckeite immobilized flakes on SiO2 (90 nm)/p+Si substrate. The bulk 

Fr crystals were obtained from San Jose mine in Bolivia. We have prepared the sample by using 

micro-exfoliation from bulk samples. We have confirmed the thermodynamic stability by 

investigating few layer Fr flakes by optically imaging the sample. We have observed no difference 

in the image of few layer Fr even after 18 months stored in an ambient condition (see Supporting 

Information). Since we prepare the microexfoliated sample reported here and the sample reported 

in an earlier publication from the same bulk crystal,  we point the reader to the work by Ray et al., 

for a detailed characterization of the Franckeite by energy-dispersive X-ray (EDX) and scanning 

electron microscope.19 Also, detail characterizations and high resolution transmission electron 
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microscope images of Fr are reported in the pioneering work by Velický 18 et al., and Molina-

Mendoza et al.17 

Materials and Methods: 

Sample Fabrication: Fr samples immobilized on different substrates were prepared by micro-

exfoliation using polyimide tape of 0.015 mm of thickness and an adhesive layer of 0.06 mm of 

thickness, followed by characterization using optical microscopy. Raman spectroscopy and 

atomic force microscopy (AFM) were performed to verify the franckeite deposition and determine 

the sample thickness. The suspended Fr samples were picked-up and dropped off via dry-transfer 

technique with polyethylene terephthalate (PET) stamp on TEM 2000 (aperture size ~7.5 m) 

mesh grids attached to a 90 nm SiO2 substrate with double-sided Kapton tape.

Raman Characterization: Confocal micro-Raman measurements were performed using 

commercial equipment (Horiba LabRAM Evolution). A long working-distance 100× objective lens 

with a numerical aperture of 0.6 was used. The excitation source was a 633 nm laser of power 

~200 W. The Raman spectra are measured using a grating with 1200 g/mm blazed at 500 nm 

and a solid-state-cooled CCD detector. To measure the temperature dependent Raman, we 

calibrated the temperature of the sample with a Linkam THMS600 stage in ambient air using the 

Si Raman peak. 

DFT Calculations: We performed first-principles density functional theory (DFT) calculations 

using the plane-wave VASP package, where projector augmented wave (PAW) pseudopotentials 

were used for electron-ion interactions22 and the Perdew-Burke-Ernzerhof (PBE) functional was 

for exchange-correlation interactions.23, 24 Van der Waals (vdW) interactions were included using 

the DFT-D3 method. Individual Pb3SbS4, PbSnS2, and SnS2 layers were modeled for phonon and 

Raman scattering calculations, where Pb3SbS4 or PbSnS2 is commonly considered as the 

structure of the Q layer in Franckeite, while SnS2 is considered as the H layer in Franckeite.17-19 
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Note that Franckeite, a naturally occurring vdW heterostructure, exhibits a non-commensurate 

layer match between the Q and H layers, and thus it would be computationally too costly for direct 

phonon and Raman calculations of the whole Franckeite heterostructure. Because the 

interactions between the layers are weak, the phonon and Raman features of the Franckeite 

heterostructure can be described by its individual component layers, i.e., Pb3SbS4 (or PbSnS2) 

and SnS2. Single-layer Pb3SbS4, PbSnS2 and SnS2 were modeled by a periodic slab geometry, 

where a vacuum separation of at least 21 Å in the out-of-plane direction (i.e., z direction) was set 

to avoid spurious interactions between periodic images. For the 2D slab calculations, a 12×12×1 

k-point sampling was used for Pb3SbS4 and PbSnS2, while a 24×24×1 k-point sampling was for 

SnS2. For all systems, the cutoff energy was chosen as 350 eV, and all atoms were relaxed until 

the residual forces were below 0.001 eV/Å. Note that the in-plane lattice constants were optimized 

using the method of fixing the total volume (ISIF = 4 in VASP) to avoid the collapse of the vacuum 

separation in the z direction.

 Based on the fully relaxed structures, phonon calculations were carried out using the finite 

difference scheme implemented in the Phonopy software to obtain phonon frequencies and 

eigenvectors.25 Hellmann-Feynman forces in the supercell (2×2×1 for Pb3SbS4 and PbSnS2, while 

3×3×1 for SnS2) were computed by VASP for both positive and negative atomic displacements (δ 

= 0.03 Å) and then used in Phonopy to construct the dynamic matrix, whose diagonalization 

provides phonon frequencies and phonon eigenvectors (i.e., vibrations). Raman scattering 

calculations were then performed within the Placzek approximation using the in-house developed 

Raman modeling package.26-28 For the -th phonon mode, Raman intensity is I ∝ |ei· · |2, 𝑗
(𝑛𝑗 + 1)

𝜔𝑗
𝑅 eT

s

where ei and es are the electric polarization vectors of the incident and scattered lights 

respectively, and  is the Raman tensor of the phonon mode.29  is the frequency of the -th 𝑅 𝜔𝑗 𝑗

phonon mode, and is its Boltzmann distribution function at the given 𝑛𝑗 = (𝑒ħ𝜔𝑗/𝑘𝐵𝑇 ― 1)
―1
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temperature K. The matrix element of the (3×3) Raman tensor  of the -th phonon mode 𝑇 = 300 𝑅 𝑗

is26, 27, 29

,𝑅𝛼𝛽(𝑗) = 𝑉0∑
𝑁
µ = 1

∑3
𝑙 = 1

∂𝜒𝛼𝛽
∂𝑟𝑙(µ)

𝑒𝑗𝑙(µ)

𝑀µ

where is the electric polarizability tensor related to the dielectric tensor , 𝜒𝛼𝛽 = (𝜀𝛼𝛽 ― 𝛿𝛼𝛽)/4𝜋 𝜀𝛼𝛽 𝑟𝑙

 is the position of the -th atom along the direction ,  is the derivative of the polarizability (µ) µ 𝑙
∂𝜒𝛼𝛽
∂𝑟𝑙(µ)

tensor (essentially the dielectric tensor) over the atomic displacement,  corresponds to the 𝑒𝑗𝑙(µ)

displacement of the -th atom along the direction  in the -th phonon mode (i.e., the eigenvector µ 𝑙 𝑗

of the dynamic matrix),  is the mass of the -th atom, and is the unit cell volume. For both 𝑀µ µ 𝑉0 

positive and negative atomic displacements (δ = 0.03 Å) in the unit cell, the dielectric tensors 𝜀𝛼𝛽 

were computed by VASP30 and then their derivatives were obtained via the finite difference 

scheme. Based on the phonon frequencies, phonon eigenvectors and the derivatives of dielectric 

tensors, Raman tensor  of any phonon mode can be obtained, which subsequently yields the 𝑅

Raman intensity I  under a given laser polarization set-up. In the typical back-scattering laser (𝑗)

geometry (i.e., the light travels in and out along the z direction), the electric polarization vectors 

of incoming and scattered light (ei and es) are in the x-y plane. Averaging over all possible in-

plane polarizations, the Raman intensity of any given mode in the experimental unpolarized laser 

configuration is given by I ∝ | |2+| |2+| |2+| |2 . Finally, based on the calculated 
1
4

(𝑛𝑗 + 1)

𝜔𝑗
( 𝑅11 𝑅12 𝑅21 𝑅22 )

Raman intensities I  and phonon frequencies , the Raman spectrum can be obtained after (𝑗) 𝜔𝑗

Lorentzian broadening.
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RESULTS AND DISCUSSIONS

Fig.1 shows the optical and atomic force microscope (AFM) images of the micro-exfoliated 

sample. The flake SiO2/ p+Si substrate studied in this experiment is marked by an arrow as shown 

in Fig. 1(a). Fig.1 (b) shows the AFM image of the sample. The sample thickness is ~100 nm as 

seen in the height profile presented in the inset of Fig.1(b). 

Fig. 2(a) top panel presents the Raman spectrum of Fr measured at room temperature. We have 

observed many Raman modes, as A(15 cm-1), B(35 cm-1), C(45 cm-1), D(64 cm-1), E(75 cm-1), 

F(140 cm-1), G(195 cm-1), H(256 cm-1), I(276 cm-1) and J(321 cm-1). The peak position of the well-

defined peaks, A, H and J peaks, were determined using Gaussian fitting (see Supporting 

Information for the Gaussian fitting of room temperature Raman spectra. The other peak values 

were determined roughly from the maximum Raman intensity counts). 

Figure 1: Optical and atomic force microscope image of a Franckeite sample. (a) The optical 
image of the sample used in the study (marked by an arrow). The sample is immobilized on a 
SiO2 (90 nm)/p+Si substrate (b) The AFM image of the same sample shown in (a). The sample 
thickness is ~100 nm. The inset is showing the height profile along the dashed line mark in the 
main panel.
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We used a commercially available micro-Raman setup (Horiba LabRAM Evolution). We studied 

micro-Raman spectroscopy using both 532 nm and 633 nm excitation lasers and we observed 

that the Raman intensity is much larger with 633 nm laser than that by 532 nm laser (Fig.S2 in 

supporting information). Differential reflectivity measurements confirmed higher absorption in the 

red range, suggesting resonance-enhanced Raman modes with 633 nm excitation source (see 

Fig.S3 in Supporting Information). In the rest of the study, we present our results with the 633 nm 

laser, which has a beam width ~ 1 m. We have observed 10 clearly distinguishable peaks from 

the low frequency regime, as low as to 15 cm-1, to the high frequency regime. The low frequency 

Raman modes are important to understand the crystal structure as well as the interlayer 

Figure 2: Raman spectroscopy of many-layer Franckeite. (a) Experimentally measured 
Raman spectroscopy at room temperature. The excitation laser wavelength is 633 nm. The 
Raman modes are marked alphabetically as A(15 cm-1), B(35 cm-1), C(45 cm-1), D(64 cm-1), 
E(75 cm-1), F(140 cm-1), G(195 cm-1), H(256 cm-1), I(276 cm-1) and J(321 cm-1). (b)  Calculated 
Raman spectra of Franckeite are shown here. The blue line presents the Raman modes for 
Pb3SbS4 and the red line for SnS2. 
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coupling.31 To the best of our knowledge, we are reporting the low frequency Raman of Franckeite 

for the first time.  

The Raman peaks near 140, 195, 256, 276, and 321 cm–1 were reported by Velicky et al., and 

us.18, 19 It has been argued previously that the two peaks at 256 and 276 cm–1 originate from the 

stibnite (Sb2S3) and the peak at 321 cm–1 is from the berndtite (SnS2) in the H-layer, respectively. 

The peaks at 43 and 199 cm–1 may originate from the PbS lattices and SnS2 lattices.17-19 The 

origin of different Raman peaks, particularly the low frequency Raman modes we discovered, are 

still not completely understood, and their atomic vibrational patterns are not yet revealed. Hence 

a detailed study is necessary to elucidate the origin of different Raman peaks in Fr. 

To determine the crystal structure of Franckeite by Raman spectroscopy, we performed first-

principles DFT calculations using the plane-wave VASP package.22-24 Individual Pb3SbS4, 

PbSnS2, and SnS2 layers were modeled for phonon and Raman scattering calculations, where 

Pb3SbS4 or PbSnS2 is commonly considered as the structure of Q layer, while SnS2 is considered 

as H layer in Franckeite (see Method Section for details).17-19 We note that Q and H layers are 

incommensurate in Franckeite, and therefore it is computationally prohibitive for direct phonon 

Figure 3: The crystal structure of Franckeite used for calculating the Raman spectra. 
The top is the Q-layer (Pb3SbS4) and the bottom is the H-layer (SnS2). The colors 
assigned to different atoms are shown on the right. 
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and Raman calculations of the whole heterostructure. Since the interactions between the layers 

are weak, the Raman features of the heterostructure should be close to the composition of 

individual layers. 

According to our calculations, Pb3SbS4 layer has no symmetry (its crystal structure is shown in 

Figure 3 as part of Franckeite), so every phonon mode is Raman active in principle, which could 

explain why many Raman peaks are appearing in the experimental Raman spectra. This makes 

the phonon/Raman analysis challenging. By computing Raman intensities of Pb3SbS4, we can 

determine the phonon modes with strong Raman signals to compare with the experimentally 

measured Raman peaks. The SnS2 layer, however, has high symmetry and it only has two 

distinctive Raman modes: one at 189 cm-1 with symmetry, and the other one at 302 cm-1 with 𝐸𝑔

 symmetry. 𝐴1𝑔

We have found that the experimentally measured Raman peaks are in good agreement with the 

calculated ones from Pb3SbS4 and SnS2 layers (see Fig. 2 for comparison). The experimentally 

measured and first-principles calculated Raman peaks are also listed in Table 1. We also 

computed Raman peaks of PbSnS2 and SnS2 layers for comparison with the experimental data

of Franckeite (Figure S1 in Supporting Information), where the mismatch can be clearly seen. For 

example, in the experimental Raman spectra, a peak I(279 cm-1) appears as a right shoulder peak 

of peak H(256 cm-1); however, PbSnS2 layer does not exhibit such a distinctive feature and instead 

shows only one distinguishable peak around 271 cm-1 (Figure S1 in Supporting Information), 

according to our calculations. In contrast, the computed Raman profile of Pb3SbS4 layer 

reproduces the experimentally observed shoulder peak feature (Fig. 2). These results suggest 

that Q layer is mostly like composed of Pb3SbS4 instead of PbSnS2. Furthermore, in the low 

frequency region, our calculations also show that Raman peaks of Pb3SbS4 layer match better 
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with experimental ones than those of PbSnS2 layer. With the crystal structure of Q layer in 

Franckeite determined, we then computed the atomic vibrational patterns of all Raman peaks, 

including the low frequency and high frequency ones, and illustrate them in Fig.4.

Low frequency 
modes
Calculations (cm-1)

Experiment
(cm-1)

High frequency 
modes
Calculations(cm-1)

Experiment 
(cm-1)

13 15 145 140
30 35 189 195
45 45 243 256
51 64 269 276
71 75 302 321

Table 1: Different Raman modes measured experimentally and determined by 

using first-principles calculations. 

Finally, we acknowledge that there is still a discrepancy between the calculated and experimental 

Raman frequencies and intensities shown in Fig. 2 and Table 1. It is common that DFT 

calculations underestimate the phonon frequencies due to approximations adopted in the DFT 

methodology. The computed Raman intensities are not in exactly quantitative match with 

experimental ones owing to the adopted Placzek approximation and other factors missing in the 

calculations, such as the substrate effects, resonant Raman effects, etc. In addition, individual Q 

and H monolayers are modeled in our DFT calculations instead of the realistic large vdW 

heterostructure with many layers due to the computational cost. Furthermore, the experimental 

structure contains substitutions of other elements such as Fe. Modeling of the exact experimental 

structure is very challenging since it requires a large supercell incorporating a small concentration 

of substitutional elements. Nevertheless, our calculated Raman spectra capture most of the 

experimental Raman features as seen in Fig. 2 and Table 1, such as the numerous low frequency 

Raman peaks, the distinctive shoulder peak feature formed between peak H and peak I, the broad 

peak F, the weak peak G, and the highest-frequency peak J from SnS2 layer. 
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Figure 4:  Calculated atomic vibrational patterns of experimental Raman peaks A-J in 
Franckeite. Raman modes from Q layer (Pb3SbS4) and H layer (SnS2) are shown separately. 
The calculated phonon frequencies are shown for each mode. The symbols for different 
atoms are shown in the bottom right. Since Pb3SbS4 layer has no symmetry, every phonon 
mode is Raman active in principle, and thus there are many Raman peaks showing up in the 
experimental Raman spectra. Furthermore, some Raman peaks are contributed by multiple 
phonon modes close to each other (e.g., peak A, peak F, peak G, etc) , which contributes to 
the large widths of Raman peaks in the experimental data. The SnS2 layer has high symmetry 
and it only has two distinctive Raman modes: one around 188.6 cm-1 (contributing to peak 
G), and the other one around 302 cm-1 (corresponding to peak J). Other Raman peaks 
primarily originate from vibrations of Pb3SbS4 layer.
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To understand the effect of the Fr thickness on Raman modes, we performed room temperature 

Raman measurement of samples with a wide range of thickness from 6 nm to 100 nm. We have 

observed two important characteristics. First, we observed that the Raman peaks are independent 

of a wide range of Fr thickness from ~6 nm to ~100 nm (Fig.S4 in Supporting Information). 

Second, we have not detected any Raman signal for samples below 6 nm. 

Now we shift our focus to temperature dependent Raman spectroscopy. We have conducted 

Raman spectroscopy a wide range of temperatures ranging from 294 K (room temperature) to 

500 K. The Raman spectra at different temperature is shown in Figure 5(a) revealing a redshift of 

the Raman peak as we increase the temperature. We observed that different Raman peaks shift 

at different rates.  

Because the measured Raman peaks are broad, we determined the Raman peak position and 

errors using Gaussian fitting.32 To enhance visualization of the temperature dependent Raman 

shift, we have calculated the peak shift, , where  and  are the peak positions ∆ = 𝜔𝑅𝑇 ― 𝜔𝑇 𝜔𝑅𝑇 𝜔𝑇

at room temperature (~294 K) and temperature T, respectively. The peak shift, of low frequency ∆, 

Figure 5: Temperature dependence of different vibrational modes. (a) The figures present 
the Raman spectra at different temperatures from 25 C to 225 C. All peaks are shifting to 
lower Raman shift values as we increase the temperature. (b) The peak shift positions (∆ =

, where  and  are the peak positions at room temperature and temperature 𝜔𝑅𝑇 ― 𝜔𝑇 𝜔𝑅𝑇 𝜔𝑇
T, respectively) of three representative Raman peaks; low frequency mode A (red circle), 
Pb3SbS4 peak H (blue triangle), and SnS2 peak J (black square). The temperature variation 
of the Si substrate Raman peak is also shown (magenta star). We clearly see that all four 
peaks are evolving at different rates with respect to temperature. The temperature 
coefficients of all four peaks are shown next to the legends.   
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mode A peak, Pb3SbS4 peak H, and SnS2 peak J are presented in Fig.5(b). We observed a higher 

rate of red-shift for H and J peaks compared to the low frequency A mode. To quantify the Raman 

shift as a function of temperature, we have used least-square fitting to determine the slope as 𝜔 =

. Here  is the first order temperature coefficient and  is the Raman peak at the zero 𝜔0 +𝛼𝑇 𝛼 𝜔0

temperature.  

We have measured the temperature coefficient   and 22   cm-𝛼 = 4.66 × 10 ―3, 28 × 10 ―3 × 10―3

1/K for A, H, and J peaks, respectively. We have found that the temperature coefficient of the 

substrate Si is 23  cm-1/K  (see Supporting Information for the Si Raman spectrums at × 10―3

different temperature). Intriguingly, we note that the temperature coefficient for the low frequency 

peak is an order of magnitude lower than high frequency modes. Comparing to the reported 

values of other 2D layered materials, the temperature coefficient reported for the G peak in 

graphene,  mode in monolayer WS2, and  in monolayer MoS2 are, ,  𝐴1𝑔 𝐴1𝑔 16 × 10 ―3 12 × 10 ―3

and  cm-1/K respectively.33-35 The temperature coefficients of both H and J-peaks in Fr 15 × 10 ―3

are larger than the temperature coefficients of the Raman peaks in graphene and MoS2. The 

behavior of the rate of change in Raman peak position with temperature can vary for different 

phonon modes as well as for different materials.36 The variation of the first order temperature 

coefficient of the Raman peak position of the normal modes is mainly due to the contribution from 

thermal expansion or volume contribution, and from the temperature contribution that results from 

anharmonicity.36 

We have observed that the full width at half maximum (FWHM) increases significantly for both F 

and G peaks as shown in Fig.5(a), whereas there is a negligible FWHM increment for the low 

frequency mode as we increase the temperature. The peak height also decreases for all three 

peaks as the temperature increases (Fig.S5 in Supporting Information). 
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In conclusion, we have determined the composition of the crystal structure and vibrational 

properties of Fr by using Raman spectroscopy and first-principles Raman simulations. We have 

demonstrated the vibrational properties of Fr and how those phonon vibrations depend on 

temperature by measuring the temperature dependent Raman modes. Our study will help 

understand the atomic structure and vibrational modes of a natural heterostructure, and its heat 

transport management at the nanoscale.     
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Figure 1: Optical and atomic force microscope image of a Franckeite sample. (a) The optical image of the 
sample used in the study (marked by an arrow). The sample is immobilized on a SiO2 (90 nm)/p+Si 

substrate (b) The AFM image of the same sample shown in (a). The sample thickness is ~100 nm. The inset 
is showing the height profile along the dashed line mark in the main panel. 
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Figure 2: Raman spectroscopy of many-layer Franckeite. (a) Experimentally measured Raman spectroscopy 
at room temperature. The excitation laser wavelength is 633 nm. The Raman modes are marked 

alphabetically as A(15 cm-1), B(35 cm-1), C(45 cm-1), D(64 cm-1), E(75 cm-1), F(140 cm-1), G(195 cm-
1), H(256 cm-1), I(276 cm-1) and J(321 cm-1).  (b)  Calculated Raman spectra of Franckeite are shown 

here. The blue line presents the Raman modes for Pb3SbS4 and the red line for SnS2. 

Page 21 of 25

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 3: The crystal structure of Franckeite used for calculating the Raman spectra. The top is the Q-layer 
(Pb3SbS4) and the bottom is the H-layer (SnS2). The colors assigned to different atoms are shown on the 

right. 
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Figure 4:  Calculated atomic vibrational patterns of experimental Raman peaks A-J in Franckeite. Raman 
modes from Q layer (Pb3SbS4) and H layer (SnS2) are shown separately. The calculated phonon 

frequencies are shown for each mode. The symbols for different atoms are shown in the bottom right. Since 
Pb3SbS4 layer has no symmetry, every phonon mode is Raman active in principle, and thus there are many 

Raman peaks showing up in the experimental Raman spectra. Furthermore, some Raman peaks are 
contributed by multiple phonon modes close to each other (e.g., peak A, peak F, peak G, etc) , which 

contributes to the large widths of Raman peaks in the experimental data. The SnS2 layer has high symmetry 
and it only has two distinctive Raman modes: one around 188.6 cm-1 (contributing to peak G), and the 

other one around 302 cm-1 (corresponding to peak J). Other Raman peaks primarily originate from 
vibrations of Pb3SbS4 layer. 
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Caption: Figure 5: Temperature dependence of different vibrational modes. (a) The figures present the 
Raman spectra at different temperatures from 25 °C to 225 °C. All peaks are shifting to lower Raman shift 
values as we increase the temperature. (b) The peak shift positions (∆=ωRT-ωT, where ωRT and ωT are the 
peak positions at room temperature and temperature T, respectively) of three representative Raman peaks; 

low frequency mode A (red circle), Pb3SbS4 peak H (blue triangle), and SnS2 peak J (black square). The 
temperature variation of the Si substrate Raman peak is also shown (magenta star). We clearly see that all 
four peaks are evolving at different rates with respect to temperature. The temperature coefficients of all 

four peaks are shown next to the legends. 
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