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Thermoelectric (TE) materials with an excellent thermoelectric figure of merit (ZT) provide an effective way to alleviate energy pressure and protect the environment. By applying the first-principles method, this paper makes a systematic study of the electronic and phonon transport properties of two-dimensional (2D) novel TlInSe3 utilizing the Boltzmann transport theory (BTE). The calculation results reveal that 2D TlInSe3 has an excellent power factor (0.81 × 10−2 W/mK2) and ultra-low lattice thermal conductivity (0.46 W/mK) at 300 K. We find that the low phonon group velocity and strong anharmonicity are the main factors leading to the ultra-low lattice thermal conductivity of TlInSe3. Meanwhile, by discussing the acoustic-optical scattering, we attribute low phonon group velocity and strong anharmonicity to the increase of scattering rates between acoustic mode and optical mode, which further suppresses the lattice thermal conductivity. In the analysis of electron and phonon transport properties, 2D TlInSe3, as a novel TE material, exhibits a ZT value as high as 4.15 at 500 K. Our research results show that TlInSe3 is a potential TE material, and the relevant analysis is significant in exploring new TE materials.
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1 INTRODUCTION
The thermoelectric effect enables the conversion of waste heat to electrical energy, while the conversion efficiency of thermoelectric (TE) materials can be evaluated by the thermoelectric figure of merit (ZT) value, demonstrated in the formula: ZT = [image: image], where [image: image] is the Seebeck coefficient; [image: image] represents electrical conductivity,; [image: image]; [image: image] are lattice and electronic thermal conductivity, respectively [1]. In recent years, in order to increase the ZT value, researchers have employed phonon or electronic engineering techniques to reduce [image: image] or increase the power factor (PF = [image: image]) [2–4]. However, due to the mutual coupling between the TE parameters ([image: image]; [image: image]; [image: image]) [5, 6], it achieved a negligible boost of ZT [7]. Therefore, a new material with intrinsic ultra-low [image: image] may offer exciting prospects to achieve higher ZT and thus realize its own potential utilization in TE fields.
Recent research has shown that thallium (Tl) compounds possess intrinsically ultra-low lattice thermal conductivity ([image: image]) [8–11]. For example, in Kurosaki’s research, the binary and ternary thallium compounds demonstrated ultra-low [image: image], in which the approximate value of [image: image] of TlInTe2 is 0.5 W/mK at room temperature, almost one-third that of Bi2Te3 (∼1.4 Wm/K) [8, 11, 12]. In addition, three-dimensional (3D) thallium selenide (TlSe) was synthesized by Dutta, displaying its intrinsic ultra-low [image: image] of 0.62–0.4 W/mK [10]. However, the ZT of bulk Tl compounds (ZT value of TlInTe2 is 1.78, Tl9BiTe6 is about 1, and Tl4ZrTe4 is only 0.16) is low compared to other TE materials because of the low power factor (PF) [7, 13–19]. Therefore, an ultra-low [image: image] and a high PF is necessary to obtain a high ZT value. Fortunately, two-dimensional (2D) materials can provide excellent PF values, especially 2D selenium compounds, such as Bi2Se3, Ag2Se, SnSe, InSe, etc., where the PF value of InSe is 0.049 W/mK2 at 300 K, which is six times more than its bulk material [16, 20–24]. Moreover, experimentally synthesized Group III monolayer metal sulfides, such as In2Se3, GaSe, etc., have been widely studied because of their distinctive TE properties [15, 20, 25, 26]. Considering that Tl is in the same group as Ga and In elements, and the high electronegativity and the lone pair electrons in Tl, it is feasible to design a new type of thallium chalcogenide semiconductor. Indeed, many ternary and binary thallium chalcogenides have been studied for their TE properties [9–11, 16, 27]. However, it is worth noting that previous investigations into Tl compounds were mainly laboratory work, while the inherent physical mechanism of the ultra-low [image: image] remains unclear. In addition, the ternary compounds formed by substituting the same group of elements have also attracted the attention of researchers due to their unique thermoelectric properties [28–32]. Therefore, inspired by these factors, it is urgent to design a novel 2D ternary compound material containing thallium, thallium congeners, and selenium elements to verify whether this can become a new and effective way to obtain materials with high thermoelectric performance.
This work employs the Boltzmann transport theory (BTE), taking TlInSe3 as a typical example, to study its electron and phonon transport properties combined first principles. Our research shows that, at room temperature, TlInSe3 has a ZT value of up to 4.15 at 500 K and an ultra-low [image: image] of 0.46 W/mK. In addition, we find that the lower phonon group velocity and the large phonon anharmonicity are the main factors leading to the extremely low [image: image] of TlInSe3. Meanwhile, by discussing the phonon scattering channels, we find that the increase of the A + O/A→O (“A” is acoustic mode, “O” for optical mode) scattering channel leads to low phonon group velocity, which further suppresses the lattice thermal conductivity.
2 COMPUTATIONAL AND THEORETICAL METHODS
We perform density functional theory (DFT) calculations using the QUANTUM ESPRESSO (QE) code [33, 34]. To obtain the relaxation structure and energy band structure, we use the kinetic energy of 70 Ry, the k-points of 16 × 16 × 1; and the energy convergence standard is 10−9 Ry, while the force convergence standard is 10−8 Ry. 16 × 16 × 1 k-points and 8 × 8×1 q-points are set to calculate phonon dispersion based on density functional perturbation theory (DFPT) [35, 36]. Meanwhile, based on periodic boundary conditions, in the 2D TlInSe3 z-direction, we set a vacuum layer of 35 Å to prevent out-of-plane interactions. By working out the phonon Boltzmann transport equation, the [image: image] of 2D TlInSe3 is obtained in the ShengBTE code [37]. A scaling parameter of 1.0 and a q-point grid of 60 × 60 × 1 are set. 3 × 3 × 1 supercell, together with a 4 × 4 × 1 k-mesh, is used to get the third-order interatomic force constants (IFCs). Supplementary Figure S1 shows the convergence of [image: image] with different cutoff radii of third-order, the [image: image] converges when the cutoff radius takes into account the 10th nearest neighbor. The electron transport properties considering electron-acoustic interactions are further studied by the PERTURBO software [38–41]. The maximum local Wannier function is built, through which the s, p orbitals of Tl atoms, the s, p orbitals of In atoms, and the p orbitals of Se atoms were selected by projecting the density of states.
In addition, to determine convergence, we tested the mobility using dense k-points, as demonstrated in Supplementary Figure S2A,B, which show that holes using 160 × 160 × 1 k-points and q-points can achieve convergence, while for electrons, it is necessary to use 480 × 480 × 1 k-points and a q point of 160 × 160 × 1 to ensure convergence.
In PERTURBO, [image: image] is employed to calculate the relaxation time, where Γnk is the scattering rate defined as
[image: image]
In the above equation, [image: image] is the scattering probability. The conductivity is computed as
[image: image]
where [image: image] is the transport distribution function at energy E, while a and β are Cartesian directions. The Seebeck coefficient (S) is computed from the [image: image] using the formula
[image: image]
where μ is the chemical potential and T is the temperature. The electronic thermal conductivity is obtained by the formula
[image: image]
where [image: image] is the Fermi level of a certain doping.
3 RESULTS AND DISCUSSIONS
The top and side drawings of the novel 2D TlInSe3 are plotted in Figure 1A. The 2D TlInSe3 is a hexagonal structure and is the P-3m1 space group. The optimized lattice constant is 4.17 Å, which is in agreement with the results in the literature [20, 42, 43]. Figure 1B shows the phonon spectrum of the novel 2D TlInSe3. Since 2D TlInSe3 has no imaginary frequency, its structure is dynamically stable. Meanwhile, we have tested the energy with different k-points, and compared the phonon dispersion by using the q points of 7 × 7 × 1 and 9 × 9 × 1, and found no difference, indicating that the phonon spectrum is convergent, as shown is Supplementary Figure S3A,B. At the same time, It is noteworthy that near the [image: image] point, the coupling exists between acoustic and optical phonons, suggesting that there is acoustic-optic scattering interaction. In addition, the ZA and TA modes have an apparent concave, indicating the softening of acoustic phonons, which is beneficial to reduce the lattice thermal conductivity. In addition, the ZA mode is relatively smooth, suggesting that the ZA mode has a smaller phonon group velocity. The phonon density of states (DOS) of 2D TlInSe3 is presented in Figure 1C. Since the atomic mass of thallium (Tl) is larger than that of In atoms and selenium (Se) atoms, it controls the acoustic branch and part of the low-frequency optical branch, while the optical branch is mostly dominated by the vibration of Indium (In) atoms.
[image: Figure 1]FIGURE 1 | (A) Relaxed structure of 2D TlInSe3, h is effective thickness, (B) phonon band plots where the red line represents the ZA mode, the blue line the TA mode, the magenta line the LA mode, the orange line the low-frequency optical mode, and the black line the high-frequency optical mode, and (C) DOS for 2D TlInSe3.
Moreover, we study further the cohesive energy (Ecoh) of TlInSe3, whose formula is as follows:
[image: image]
Among them, N represents the number of atoms of each element, E is the energy of a single atom of each element, and ETlInSe3 is the total energy of 2D TlInSe3. The calculated Ecoh is 0.32 eV, indicating that its structure is energetically favorable.
The ab initio molecular dynamics (AIMD) has been simulated using a 3 × 3 supercell at different temperatures with a time setting of 5 ps and a time step of 1 fs. Due to the small fluctuation in the total energy, the atomic structure exhibits only a small deviation from its equilibrium position at 300 and 500 K. These studies show that 2D TlInSe3 is stable at 300 and 500 K. However, at 700 K, as shown in Supplementary Figure S4, there is significant distortion with large fluctuations in energy, and the TlInSe3 monolayer is unstable.
Figure 2A shows the electronic energy bands of TlInSe3 without considering the w-SOC (with the spin-orbit coupling). Meanwhile, it shows that the energy band structure of TlInSe3 has a double degeneracy at the [image: image] point, which is beneficial for obtaining a high power factor. In Supplementary Figures S3A,B, the energy band structures considering the w-SOC and without considering the spin-orbit coupling are basically the same. Moreover, our study of the electronic band structure also reveals 2D TlInSe3 as an indirect-band-gap material, which is also in line with previous studies [20, 43]. The projected density of states (DOS)in Figure 2B reveals that Se atoms are predominant near the valence band maximum (VBM), as well as the conduction band minimum (CBM). Supplementary Figure S6 displays that the PBE band is in good agreement with those constructed by Wannier 90. Since performing QE and Perturbo software to calculate electron transport properties under electron-phonon interactions does not support HSE, therefore, we use the PBE function to carry out these calculations.
[image: Figure 2]FIGURE 2 | (A) The band structures without SOC, and (B) projected density of states of 2D TlInSe3, respectively.
The electron transport coefficients of TlInSe3 are obtained by solving the Boltzmann transport equation (BTE). The electron conductivity (σ) and the Seebeck coefficient (S) as a function of the carrier concentration from 300–500 K are demonstrated in Figures 3A–D. The calculation results clearly show that the σ of n-type doping is an order of magnitude, that is, higher than that of p-type doping, as presented in Figures 3A, B. For n-type doping, σ first arises and then goes down with carrier concentration because of the sudden drop in mobility at high concentrations when considering electron-phonon (el-ph) coupling, which was also reported in previous literature [44–47]. The TlInSe3 monolayer shows a large S (absolute value) under n-type and p-type doping, as displayed in Figures 3C, D. Moreover, the S (absolute value) of 2D p-type TlInSe3 is all higher than that of n-type due to the smoother VBM relative to CBM, resulting in a larger effective carrier mass. Moreover, according to the band convergence strategy, the band degeneracy can further enhance S ([image: image]). Interestingly, at 300 K, 2D TlInSe3 exhibits a high value of 704 μV/K, compared to TE materials with excellent properties such as PbTe (185 μV/K), Bi2Te3 (215 μV/K) and SnSe (∼510 μV/K) [45].
[image: Figure 3]FIGURE 3 | (A,B) Conductivity [image: image] and (C,D) Seebeck coefficient [image: image] as a function of electrons and holes at 300, and 500 K, respectively.
Figure 4 displays the calculated results of the electronic thermal conductivity ([image: image]) and power factor ([image: image]) at 300 and 500 K, respectively. Since the [image: image] is dependent on the electrical conductivity, the [image: image] and σ have similar trends, as exhibited in Figures 4A, B. Furthermore, the calculation reveals that compared with p-type doping, n-type doping of 2D TlInSe3 demonstrates higher conductivity, which leads to larger [image: image] of n-type. The power factor (PF) can be calculated via [image: image]. Figures 4C, D shows the fluctuation of PF values of the p-type and n-type doping with the increase of the carrier concentration. Compared with p-type doping, the better conductivity and higher Seebeck coefficient of n-type doping lead to higher PF values. At 300 and 500 K, the maximum values of PF are 0.81/0.605 (10−2 W/mK2) for n-type and 0.27/0.23 (10−2 W/mK2) for p-type, respectively. Such a PF value is superior to conventional thermoelectric materials such as Bi2Te3 [48]and PbTe [49].
[image: Figure 4]FIGURE 4 | (A) and (B) are [image: image], (C) and (D) are [image: image] (PF) for 2D TlInSe3 at 300 K and 500 K, respectively.
Phonons are considered chief carriers for heat transportation in semiconductors and insulators. Here, the [image: image] can be obtained by summing the contributions of all phonon modes λ and the wave vector q:
[image: image]
where [image: image] stands for the primitive cell volume, [image: image] the specific heat capacity, [image: image] the phonon group velocity, and [image: image] the relaxation time. By summing up the radius of Se atoms on the outermost surface together with the van der Waals radius [50, 51], the effective thickness (h) is obtained as 11.2 Å. By employing the iterative method (ITA) and single-mode relaxation time approximation (RTA), and working out the Boltzmann transport equation, the [image: image] of 2D TlInSe3 was calculated and displayed in Figure 5A. Apparently, at room temperature, the [image: image] value obtained by the RTA method is 0.25 W/mK, which is much lower than the [image: image] value (0.46 W/mK) obtained by the ITA method, because the RTA method is more suitable for relatively large samples or slow heating experiment conditions. Moreover, Umklapp scattering controls the heat transport of novel 2D TlInSe3, because the [image: image] can be fitted well as the function [image: image] (the black dashed curve in Figure 5A). Meanwhile, Figure 5B shows that [image: image] is dominated by phonon and optical branches at a frequency below 3 THz, which indicates that acoustic and low-frequency optical modes contribute significantly to [image: image]. In addition, a large peak suddenly appears in the frequency range from 5 to 6 THz, indicating that the contribution of the high-frequency optical branch cannot be ignored.
[image: Figure 5]FIGURE 5 | (A) The [image: image] of novel 2D TlInSe3 at different temperatures. (B) Cumulative plot of [image: image] at different frequencies.
According to Eq. 5, it can be known that the phonon group velocity [image: image] and the phonon relaxation time ([image: image]) are the key factors in determining [image: image], and these main factors are shown in Figure 6. In Figure 6A, the acoustic phonons in the low-frequency range (frequency <2 THz) are usually considered as the main contributors to the lattice thermal conductivity because of the lager phonon group velocity of the LA mode and ZA mode. Meanwhile, Figure 6A also reveals that the Low-Opt branch possesses a non-negligible phonon group velocity, which indicates that its contribution to the lattice thermal conductivity cannot be ignored. Furthermore, In the frequency range from 5 to 6 THz, the phonon group velocity of the high-frequency optical branch is higher than that of the high-frequency optical branch in other frequency ranges, causing its contribution to the rise of [image: image], which is in agreement with the data in Figure 5B. However, for the acoustic branch and the low-frequency optical branch, the phonon group velocity differs little in the low-frequency range (frequency <2 THz), and the main advantage of the acoustic branch comes from [image: image], as shown in Figure 6B. Figure 6B shows the [image: image] as a function of frequency. Compared to the optical branch, the acoustic mode clearly dominates. It is worth noting that the rapidly decreasing [image: image] of the Low-Opt and acoustic branch is beneficial to further reduce the [image: image]. The total contributions of acoustic modes (ZA, TA, and LA), the Low-Opt branch, and the High-Opt branch to the [image: image] at different temperatures are shown in Figure 6C. Notably, each phonon mode changes very little, particularly after 300 K, which can be considered as being independent of temperature. The results show that the contribution ratio does not change with temperature after 300 K due to the small change in heat capacity and phonon lifetime with the increase of temperature. The proportion of the total contribution of acoustic modes to the [image: image] is about 45% at 300 K, compared to 32% for Low-Opt phonons. Moreover, we also analyze the Güneisen (γ) parameter because it can provide important information about heat transport, which enables the measurement of the anharmonicity of phonons. Figure 6D shows the relationship between the frequency and the γ parameter, with γ ranging from −55 to 10. Such a large value of γ (maximum γ (absolute value) of 55) reflects the strong anharmonicity of phonons, indicating the existence of strong phonon-phonon scattering. Significantly, in the low-frequency range, the acoustic and optical phonons are mixed, dedicating strong acoustic-optic scattering which is consistent with Figure 1B. Based on the above analysis, the strong phonon anharmonicity, especially the ZA and TA modes, as well as the strong acoustic-optic scattering, lead to ultra-low intrinsic lattice thermal conductivity [52, 53].
[image: Figure 6]FIGURE 6 | (A) The [image: image], (B) [image: image], (C) contribution of different phonon modes to the total [image: image] (percentage), (D) γ parameter of 2D TlInSe3 at room temperature, respectively.
According to the phonon and electron transport properties, the thermoelectric conversion efficiency (ZT) of the new 2D TlInSe3 is obtained, as plotted in Figure 7. In Figure 7A, n-type TlInSe3 has an outstanding ZT value of up to 4.15 at 500 K. The ZT values of TlInSe3 are more advantageous than the related materials reported from the literature, such as In2Se3 (2.8), TlSe (1.94), and TlInTe2 (2.6). Compared with the ZT of p-type TlInSe3 at 500 K (2.16), the ZT of n-type TlInSe3 at 300 K is more promising. Such high thermoelectric conversion efficiency benefits from ultra-low [image: image] and outstanding PF. Meanwhile, this research demonstrated the novel 2D TlInSe3 as a promising n-type TE material, further expanding the family of TE materials.
[image: Figure 7]FIGURE 7 | (A,B) The ZT values of novel 2D TlInSe3 at 300, and 500 K, respectively.
4 CONCLUSION
Overall, we investigate the TE performance of novel two-dimensional TlInSe3 by the first-principles method. By working out the BTE (Boltzmann transport equation), the study reveals that the 2D TlInSe3 possesses an ultra-low [image: image] of 0.46 W/mK at 300 K, and the analysis of the energy bands suggests that the high Seebeck coefficient is derived from the smooth energy band and band degeneracy. In addition, the performance of the phonon group velocity, phonon anharmonicity, and scattering channel shows that the ultra-low [image: image] of the novel 2D TlInSe3 is attributed to the stronger phonon anharmonicity, lower phonon group velocity, and the scattering interaction of ZA + O→O, TA + O→O, and LA + O→O process. In addition, the weak Tl-Se chemical bond is also one of the reasons for the low phonon group velocity. Based on studies of electron and phonon transport properties, the ZT values of 2D TlInSe3 are as high as 4.15 at 500 K for n-type and 2.16 for p-type, which suggests that 2D TlInSe3 is a promising thermoelectric material.
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