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Abstract

:

This paper reports first-principles calculations on PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   monolayers. The strain effects on their electronic and thermoelectric properties as well as on their stability have been investigated. Without strain, the PbBi   2  Te   4   monolayer exhibits highest Seebeck coefficient with a maximum value of 671  μ V/K. Under tensile strain the highest power factor are   12.38 ×  10 11    Wm    − 1   K    − 2   s    − 1   ,   10.74 ×  10 11    Wm    − 1   K    − 2   s    − 1    and   6.51 ×  10 11    Wm    − 1   K    − 2   s    − 1    for PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   at 3%, 2% and 1% tensile strains, respectively. These values are 85.9%, 55.0% and 3.3% larger than those of the unstrained structures.
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1. Introduction


Thermoelectric (TE) materials that enable direct electrothermal energy conversion can have important applications in power generation [1,2], the recovery of waste heat, and on-chip cooling [3,4] and can thus provide a new route for green, clean energy to tackle the global energy crisis. However the application of TE devices has been limited by the low efficiency of their constitutive materials [5,6]. The energy conversion efficiency of TE materials is determined by the figure of merit   z T =  S 2  σ T /  (  κ e  +  κ l  )   , where S is the Seebeck coefficient,  σ  is the electrical conductivity,   κ e   and   κ l   are the electronic and lattice thermal conductivities, respectively, and T is the temperature. As a consequence, an improvement of the TE performance requires increasing the power factor (  P F =  S 2  σ  ) and/or reducing the total thermal conductivity. Several effective strategies such as the optimization of the carriers density, the convergence of the electronic bands [7,8], and the introduction of resonant states [9,10] have been proposed to enhance   P F  . For instance, Diznab [8] recently boosted the   P F   of Bi   2  Te   3   monolayer by 43.6% via valence band convergence obtained through Se substitution for Te. Besides, the existence of a resonant level in Tl-doped PbTe and in Tl    0.02   Pb    0.98   TeSi    0.02   Na    0.02    boosts the Seebeck coefficient, allowing   z T   for reaching a value of 1.5 [10] and 1.7 [11], respectively. Apart from band engineering,   z T   can also be improved by the so-called phonon engineering through reducing the material’s dimensionality or generating superlattices. This strategy has proved efficient in n-type Bi   2  Te    2.7   Se    0.3    nanowires with a 13%   z T   improvement [12].



Among many TE materials systems proposed in the past decades, complex layered chalcogenides are potential candidates for TE applications due to their low   κ l  . Based on the methods mentioned above, the   z T   value has been pushed up to 2.2 for phase-separated PbTe    0.7   S    0.3    [13], 1.86 for Bi    0.5   Sb    1.5   Te   3   [14] and 2.5 for PbTe-8%SrTe [15]. Furthermore, experimental measurements and theoretical calculations reveal that monolayer structures are promising for future TE applications [12,16,17], since they benefit from the combination of two complementary approaches, namely the electronic band engineering and the phonon one. As reported in literature for MoS   2  , Bi   2  Te   3   and Bi   2  Se   3   [18,19,20], monolayer or few-layer nanosheets can be experimentally obtained by exfoliation from the bulk, or synthesized by solution-phase method as with PbBi   2  Te   4   and Pb   2  Bi   2  Te   5   [21]. Due to their layered structures involving van der Waal interactions, these latter compounds present additional interest for future TE application, namely an intrinsically low thermal conductivity and the possibility to obtain few-layer thick nanosheets by exfoliation from the bulk.



The bulk compounds in the n(PbTe)-m(Bi   2  Te   3  ) system bearing a layered structure are the following: Bi   2  Te   3   with a quintuple layers structure and sequence -Te-Bi-Te-Bi-Te-, PbBi   2  Te   4   with a septenary layers structure and sequence -Te-Bi-Te-Pb-Te-Bi-Te-, and Pb   2  Bi   2  Te   5   with an ennead layers structure and sequence -Te-Bi-Te-Pb-Te-Pb-Te-Bi-Te-. Among them, topologically protected surface states have been found in Bi   2  Te   3   thin film [22], PbBi   2  Te   2  Se   2   monolayer [23] and PbBi   2  Te   4   bilayer [24], leading to the intrinsic convergence of multivalley bands, which is the most interesting for improving TE properties.Benefiting from band convergence and quantum confinement, the single quintuple tetradymites family of Bi   2  X   3   (X = S, Se, Te) exhibits high zT values of 1.4–2.4 [8,25,26] and have been widely investigated to date. Hence, in this study, we have focused our investigation on the PbBi   2  Te   4   nanosheet and PbBi   2  Te   2  Se   2   and PbBi   2  Te   2  S   2   ones, which have been obtained by substituting Se and S for two Te atoms in PbBi   2  Te   4  . Using DFT calculations, we have determined the stability, the electronic structure, the TE properties, and the thermal conductivity of these nanosheets. We have also explored the effect of bi-axial strains on their properties.




2. Materials and Methods


DFT calculations have been performed using the all-electron FP-LAPW approach with local orbital method as implemented in WIEN2K [27]. To obtain a good convergence, the plane wave cut-off criterium    R  m t    K  m a x     was set to 9.0, and the k-meshes used to sample the Brillouin zone have been set to   12 × 12 × 1   for structural optimization and   16 × 16 × 1   for self-consistent energy calculations. The total energy and atomic forces convergence thresholds have been defined as 0.068 meV and 0.257 meV/Å for the three compounds PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4  . The energy separation between the core and valence electrons has been fixed at −5.0 Ry. The electronic transport properties, namely S,   κ e  , and  σ  have been calculated by solving the Boltzmann semi-classical transport equation as implemented in BoltzTraP2 [28]. The implementation of BoltzTraP2 is based on the use of full band structure in the Brillouin zone (BZ). Herein, the BZ has been sampled using a dense k-mesh of   64 × 4 × 8  , and we have checked that the interpolation of the band structure performed by BoltzTrap2 properly reproduced the DFT band structure.



Second and third order anharmonic interatomic force constants (IFCs) have been calculated by means of the DFPT method by using the QUANTUM-ESPRESSO package [29] together with the Phonopy and Phono3py programs [30]. A supercell of   5 × 5 × 1   with a k-mesh of   4 × 4 × 2   and a supercell of   4 × 4 × 1   with a  Γ  k-point calculation have been considered for second and third order IFCs evaluations, respectively. The calculation is carried out by using the projector augmented-wave pseudopotential method with a plane-wave energy cutoff of 70 Ry (952 eV) and a total force threshold of 10    − 4    Ry/bohr. In subsequent post-processing calculations, phonon lifetimes have been sampled using a   43 × 43 × 7   mesh. The lattice thermal conductivity has been calculated by using both a full solution of the linearized phonon Boltzmann equation (LBTE) method as introduced in ref. [31] and the relaxation time approximation (RTA) method. Within the RTA method, the lattice thermal conductivity tensor   κ l  α β    is expressed as


   κ l  α β   =  1  N  V 0     ∑ λ   C λ   v λ α   v λ β   τ λ   ,  








where N is the number of q-points,   V 0   is the unit cell volume,   v λ   is the group velocity indexed with the Cartesian coordinates  α  and  β , and   τ λ   is the phonon scattering time for the specific phonon mode  λ . The heat capacity for the specific phonon mode with frequency   ω λ   is    C λ  =  k B       ℏ 2   ω λ     k B  T    2   n λ 0   (  n λ 0  + 1 )   , where   n λ 0   is the Bose-Einstein distribution function. The spectral representation of the dynamical thermal conductivity obtained from the LBTE method is    κ l  = ∫ d  ω ′    ρ (  ω ′  )    ω ′  − i ω    , where   ρ (  ω ′  )   is the spectral density. Furthermore, because the lattice thermal conductivity is an intensive property for bulk materials, that of two-dimensional material should be normalized by multiplying by    L z  / d  , where   L z   is the lattice parameter c and d is the thickness of the nanosheet.




3. Results


3.1. Structural Data


Bulk PbBi   2  Te   4   crystallizes in a rhombohedral lattice system (R  3 ¯  m) with seven atoms located along the c-axis (Supplementary Materials Figure S1a). However, PbBi   2  Te   4   can also be treated as a hexagonal cell (Figure S1b) constituted by three seven-atom-layered slabs with three non-equivalent bonds each, held together by van de Waals interactions. One of these slabs is presented in Figure 1. It clearly shows seven atomic layers (one of Pb, two of Bi, two outmost Te layers and two inner Te ones) bonded by three non-equivalent bonds. To avoid spurious interaction between neighboring layers, the PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   nanosheets have been optimized with an on-top vacuum thickness of 1.6 nm. Based on our previous work on bulk Bi   2  Te   3  , PbBi   2  Te   4   and Pb   2  Bi   2  Te   5   [32], all of the in-layer bonds are neither pure ionic bonds nor pure covalent ones, the covalent contribution being increased when the material is subjected to compressive strains. Since both the size of the gap between slabs and the inter slabs X-X distances are also increased under compressive strains, we should expect a similar trend in the nanosheet that corresponds to an isolated slab, i.e.,   b 1   should be more ionic than   b 2   and   b 3  . If one replaces the inner Te atom by a more electronegative Se or S one, the outermost Te atom gets much less electron-rich.



The equilibrium lattice constants of PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   have been calculated using the WC-GGA functional [33] without spin-orbit coupling (SOC) for both bulk and nanosheet structures. The results are listed in Table 1. For bulk PbBi   2  Te   4  , the optimized lattice constants are   a = 0.443   nm,   c = 4.156   nm and the slab thickness is   1.127   nm, which is in good agreement with reported experimental values [34]. As to the PbBi   2  Te   4   nanosheet, the thickness is   1.120   nm, which is close to that of the slab in the bulk and to that reported in the literature [21]. In the septuple layers slab, each Pb atom binds with six Te atoms with identical bond length (  b 3 = 0.3210   nm), while each Bi atom binds with six Te atoms with two sets of three identical bond lengths (  b 1 = 0.3070   nm and   b 2 = 0.3248   nm). If the inner Te atoms are replaced by S or Se ones, the corresponding slab thickness and bond lengths decrease.




3.2. Electronic and Transport Properties


As shown in Figure 2, PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   nanosheets are semiconductors with indirect energy band gaps of 0.354 eV, 0.314 eV and 0.376 eV, respectively. The band structure of PbBi   2  Te   4   calculated with WC-GGA is compared in Figure S2 with that calculated with the HSE06 hybrid functional [35]. Except for the band gap, which is substantially enlarged with HSE06 (0.967 eV), both functionals qualitatively give the same results. The same observation can be done for PbBi   2  Te   2  Se   2   and PbBi   2  Te   2  S   2  . Since the band gaps calculated with the WC-GGA functional are in better agreement with those reported in literature for nanosheets of homologous Pb   m  Bi    2 n   Te    3 n + m    compounds, which all belong to the range 0.25–0.7 eV [21], and the hybrid HSE06 functional has not been found superior to pure DFT ones in the calculations of band structures and thermoelectric properties of tetradymite materials [36], we have been using the WC-GGA functional in this work. In all the three compounds, PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4  , the conduction band minimum (VBM) is located at the  Γ  point and the valence band maximum (VBM) is located along the  Γ -K direction (Figure 2). In contrast to a single conduction band minimum, two, three and four valence band maxima (V1,V2,V3,V4) located within a small range of 0.1 eV wide are observed near the Fermi energy for PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4  , respectively. In contrast to observations made in Bi   2  Te   3   monolayer [8], the substitution of Se for Te in the PbBi   2  Te   4   monolayer does not lead to high valence band degeneracy   N v  . Compared with the conduction band, the valence band is less dispersed, leading to a higher total DOS slope and thus promising higher Seebeck coefficient for p-type material.



The analysis of partial density of states (PDOS) (see Figure S3) reveals that Te-5p, S/Se/Te-5p, Bi-6s and Pb-6s orbitals dominate the valence band near the Fermi energy, while the conduction band is dominated by Bi-6p, Pb-6p and S/Se/Te-5p orbitals. A slight contribution of the Pb-6p orbital in the valence band around the Fermi level is also evidenced. It increases for the PbBi   2  Te   2  X   2   compounds along the Te, Se and S sequence.



The bulk modulus B, elastic constants, effective mass and the cohesive energy of the compounds of interest have been calculated and the values are reported in Table 2. When X in PbBi   2  Te   2  X   2   follows the sequence Te, Se, S, the bulk modulus B increases, indicating a bond strengthening, which can be associated to the electronegativity increase of the chalcogen. One can note that, in agreement with the evolution of the band structure (Figure 2), the calculated effective mass increases with the change of inner chalcogenide layer from S to Se and Te. Indeed the top valence orbitals and bottom conduction orbitals are getting softer, leading to heavier effective mass and lower carriers mobility.



The elastic constants calculations allows for characterizing the mechanical stability of the nanosheets. The necessary and sufficient conditions of mechanical stability for the rhombohedral I system are given in Ref. [37] as


     C 11    >     |   C 12   | ;    C 44  > 0       C  13  2    <      1 2    C 33   (  C 11  +  C 12  )        C  14  2    <      1 2    C 44   (  C 11  −  C 12  )      











Our calculations show that the PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   monolayers are mechanically stable. Furthermore, the cohesive energies have been evaluated with the general formula:    E  c o h   =  E  t o t   −  ∑ i   E i   , where   E  t o t    is the total energy of the monolayer, and   E i   is the energy of each constitutive atom. The negative values at 0 K of the cohesive energies, namely −3.22 eV/at., −3.09 eV/at. and −2.93 eV/at. for PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4  , respectively, also support the nanosheet stability.



Based on the above considerations, we present in Figure 3 the temperature and p-type doping dependence of the thermoelectric properties (Seebeck coefficient S, electrical conductivity   σ / τ   and electronic thermal conductivity    κ e  / τ  ) in the a-axis direction. The optimum Seebeck coefficient appears for the doping levels   10 17   to   5 ×  10 19    h/cm   3   and the low to intermediate 100–400 K temperatures, where both   σ / τ   and    κ e  / τ   are low. The largest Seebeck coefficients at room temperature are 601  μ V/K, 559  μ V/K, 671  μ V/K for PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4  , respectively.




3.3. Lattice Thermal Conductivity


The harmonic phonon spectrum depends weakly on the choice of the functional [38]. In addition, it has been reported that the LDA functionals [39] consistently give a proper bulk modulus, resulting in a better agreement with experiment for Bi   2  Te   3   [40]. Hence the LDA functionals have been chosen to determine the harmonic and anharmonic IFCs. The PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   monolayers have been reoptimized to their relaxed states. The obtained equilibrium lattice constants are   a = 0.417   nm,   c = 1.032   nm for PbBi   2  Te   2  S   2  ,   a = 0.424   nm,   c = 1.065   nm for PbBi   2  Te   2  Se   2   and   a = 0.436   nm,   c = 1.118   nm for PbBi   2  Te   4  , which are quite close to the lattice constants obtained in Section 3.1. The phonon dispersion curves together with the DOS of PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   are shown in Figure 4 depicting 3 acoustic and 18 optical branches. The longitudinal optical (LO)-transverse optical (TO) splitting at the  Γ  point is particularly large on the phonon dispersion in the m(PbTe)-n(Bi   2  Te   3  ) system compounds [41,42], which is caused by large Born effective charges. Therefore, the contribution of the non-analytical term to the dynamical matrix has been considered and the calculated Born effective charges by the Berry phase method [43] and dielectric constants are shown in Table S1. All the monolayer crystals are dynamically stable with no imaginary modes through the whole BZ. To further acertain the thermodynamic stability of the compounds, the Gibbs energy G has been calculated by taking into account the vibrational part of the partition function. The procedure is described in the supplemental data. Negative G values have been found for the investigated monolayers in the temperature range 0–1000 K (see Figures S4 and S5), suggesting that they are all stable. PbBi   2  Te   2  S   2   and PbBi   2  Te   2  Se   2   have similar dispersion curves with strongly interlaced optical and acoustic modes and small frequency gaps at 2.4 THz for PbBi   2  Te   2  Se   2   and 2.7 THz for PbBi   2  Te   2  S   2  . For PbBi   2  Te   4  , there is less crossing between optical and acoustic branches, which will play an important role in the acoustic + acoustic → optical scattering. Furthermore, the maximum frequencies of the acoustic phonon modes are 1.69 THz, 1.51 THz and 1.38 THz, and that of the optical phonon modes are 7.05 THz, 4.89 THz and 4.41 THz for PbBi   2  Te   2  Se   2  , PbBi   2  Te   2  S   2  , and PbBi   2  Te   4  , respectively.



The lattice thermal conductivity   κ l   evaluated by solving the Boltzmann transport equation (BTE) with LBTE and RTA methods is shown in Figure 5a. Contrary to RTA, the LBTE gives a rigorous way to evaluate lattice thermal conductivity by considering phonon–phonon interactions, but it necessitates huge calculations. From the LBTE method, the   κ l   at room temperature of PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   are 0.84 Wm    − 1   K    − 1   , 0.79 Wm    − 1   K    − 1    and 0.21 Wm    − 1   K    − 1   , respectively. Although   κ l   is underestimated by RTA, it is still a useful method to evaluate the phonon transport through the phonon mode group velocities and lifetimes calculations (see Figure S6). Both the average phonon lifetime and average phonon group velocity of PbBi   2  Te   4   (0.64 ps and 0.32 km s    − 1   ) are substantially lower than those of PbBi   2  Te   2  Se   2   (1.75 ps and 0.36 km s    − 1   ) and PbBi   2  Te   2  S   2   (1.51 ps and 0.39 km s    − 1   ). The detailed analysis shows that the contribution of the acoustic modes to the velocity is approximately the same in the three structures. It is noticeable that, in PbBi   2  Te   2  S   2  , optical modes above 5 THz are particularly prominent with high velocity whereas they are absent in PbBi   2  Te   2  Se   2   and PbBi   2  Te   4  . In addition, irrespective of the frequency domain, the phonon life time is larger for PbBi   2  Te   2  Se   2   and PbBi   2  Te   2  S   2   than for PbBi   2  Te   4  . Theses observations explain why   κ l   of PbBi   2  Te   4   is lower than that of PbBi   2  Te   2  S   2   to PbBi   2  Te   2  Se   2  . Slack [44] reported that intrinsically high lattice thermal conductivity can be obtained by low average atomic mass, strong interatomic bonding, simple crystal structure and strong anharmonic interaction. Since PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   bear roughly opposite characteristics to those just exposed, they are expected to have low lattice thermal conductivity. As mentioned above, more electronegative atoms such as Se or S compared to Te, are expected to share stronger bonding with neighbors (Pb and Bi), leading to higher lattice thermal conductivity. The trend observed in the bulk modulus of PbBi   2  Te   2  S   2   (30.33 GPa), PbBi   2  Te   2  Se   2   (28.75 GPa) and PbBi   2  Te   4   (26.05 GPa) also support the bonding strength trend and the lattice thermal conductivity one.



The  τ -scaled power factor is depicted in Figure 5b,c for PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   as a function of the whole doping level and at temperatures 300 K, 500 K, 700 K and 900 K. The observed tendency is the same for all the compounds, namely, the maximum peak of the power factor increases with temperature, except for 300 K, where it is noticeable that the power factor of PbBi   2  Te   2  S   2   and PbBi   2  Te   2  Se   2   are about the same, whereas that of PbBi   2  Te   4   is obviously lower.




3.4. Strain Engineering of Electronic and Phonon Transport Properties


In this section we investigate the effects of in-plane biaxial strains on the electronic and phonon transport properties of the PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   monolayers. The positive (negative) values of strain  η , which indicates the magnitude of relative tensile (compressive) strain along the a and b directions, have been calculated as   η =  ( a −  a 0  )  /  a 0   . In this work, the in-plane strains vary from −3% to 3% and the cross-plane c lattice parameter and atomic positions for each  η  have been optimized until the total energy and atomic forces reached their minimum. The optimized lattice parameters and total energy of the structures are listed in Table 3. The lattice constant c of the relaxed structure decreases approximately linearly under the in-plane strain changing from −3% to 3%, with a slope of 0.012 nm per unit percentage (1.15% of the lattice constant c), which shows strong coupling between a and c.



To evidence the strain effect on the electronic structure, the bands structures and DOS of the strained and unstrained PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   monolayers are shown in Figure 6. The energy gap decreases slightly as the applied strain (from −3% to 3%) increases, although not leading to a semiconductor-metal transition. More interestingly, as shown in Figure 6, the valence band around  Γ  is very robust under strains whereas secondary valence band maxima rise in energy with the increasing tensile strains, which provides an opportunity to boost the thermoelectric properties via valence bands degeneracy. By applying strains, the derivative of the valence bands total DOS first increases and then decreases, especially for PbBi   2  Te   4  . Following the band theory, the hole contribution to the Seebeck coefficient is given as [45]:   S =   k B  e   2 + ln    N V  p     , where   N V   and p are the effective DOS and the number of hole carriers, respectively. Therefore, a slight tensile strain should lead to a higher Seebeck coefficient. This result is in agreement with previously reported ones. Indeed, it has been shown that slight tensile strains applied on p-type Pb   2  Bi   2  Te   5   increase the   P F   [32].



The  τ -scaled   P F   of the PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   monolayers at 500 K as a function of carrier concentration are plotted in Figure 7. In all cases, the maximum   P F   with p-type doping increases first and then decreases with increasing applied tensile strains. This behavior can be seen for PbBi   2  Te   2  S   2   in Figure S7, which shows the   P F   evolution up to 4% tensile strain.



The maximum PF values are found to be   12.30 ×  10 11    Wm    − 1   K    − 2   s    − 1   ,   10.74 ×  10 11    Wm    − 1   K    − 2   s    − 1    and   6.51 ×  10 11    Wm    − 1   K    − 2   s    − 1    for PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   at 3%, 2% and 1% tensile strains, respectively; they are 85.9%, 55.0% and 3.3% larger than those of unstrained structures. Therefore, it appears that an appropriate mean of optimizing the thermoelectric properties of PbBi   2  Te   4   nanosheet is to substitute S/Se for Te in the inner layers and subject it to a tensile strain.



Using the same scheme as for unstrained structure, the anharmonic force constants as well as the Born effective charges and dielectric constants under strains have been calculated. The phonon spectrum curves of PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   along high symmetry directions are plotted in Figure 8, Figures S8 and S9, respectively. Irrespective of the strain, no imaginary phonon modes are found in the phonon spectrum of PbBi   2  Te   2  S   2   and PbBi   2  Te   2  Se   2  . By contrast, PbBi   2  Te   4   shows imaginary phonon modes under −3%, −2% and 3% strains.



When strain goes from −3% to +3%, the maximum frequency of the optical and acoustic phonon modes for PbBi   2  Te   2  S   2   decrease from 7.36 Thz to 6.71 Thz, and from 1.63 THz to 1.57 THz, respectively. According to the Slack equation [44], there is a negative correlation between   κ l   and the Debye temperature, which can be defined as    θ i  =   ℏ  ω i    k B     [46], where   ω i   is the frequency of phonon mode boundary. When the strain varies from −3% to 3%, the decrease of the maximum frequency indicates a decrease of the Debye temperature, leading to more activated phonon modes, higher phonon scattering rates and hence lower lattice thermal conductivity.





4. Conclusions


In summary, we have performed first-principle calculations of the electronic structure, the thermoelectric properties, the stability and the strain-engineering effects on PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   monolayers. All the three monolayers of interest are narrow-gap semiconductors with an indirect band gap and are energetically and thermodynamically stable without strain. In these conditions, compared with PbBi   2  Te   2  S   2   and PbBi   2  Te   2  Se   2  , PbBi   2  Te   4   presents a higher Seebeck coefficient, lower electrical conductivity and lower electronic thermal conductivity. The maximum Seebeck coefficient of PbBi   2  Te   4   monolayer is 671  μ V/K. Under small strains, the bands structures near  Γ  are very robust, whereas secondary valence band maxima rise in energy, leading to a valence bands alignment near the Fermi level. The highest   P F / τ   values are   12.38 ×  10 11    Wm    − 1   K    − 2   s    − 1   ,   10.74 ×  10 11    Wm    − 1   K    − 2   s    − 1    and   6.51 ×  10 11    Wm    − 1   K    − 2   s    − 1    for PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   at 3%, 2% and 1% tensile strains respectively. These values, which are 85.9%, 55.0% and 3.3% larger than those of the unstrained structures, prove that strain engineering is an effective approach to enhance thermoelectric properties.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/nano11112979/s1, Figure S1: Primitive (a) and conventional (b) cell of bulk PbBi   2  Te   4  . Figure S2: Calculated electronic band structures of PbBi   2  Te   4   with WC-GGA (blue lines) and HSE06 hybrid (red lines) functionals. Figure S3: Calculated partial DOS of PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   with WC-GGA functionals. Figure S4: (a,b,c) Volume dependence of the free energy from 0 K to 900 K with a temperature step of 100 K, and (d,e,f) temperature dependence of the crystal volume. PbBi   2  Te   2  S   2   (a,d), PbBi   2  Te   2  Se   2   (b,e) and PbBi   2  Te   4   (c,f). Figure S5: Calculated Gibbs energy as a function of temperature for PbBi   2  Te   2  S   2   (a), PbBi   2  Te   2  Se   2   (b) and PbBi   2  Te   4   (c). Figure S6: Group velocities (left panel) and phonon lifetimes (right panel) in the xx direction at 300 K for PbBi   2  Te   2  S   2   (top row), PbBi   2  Te   2  Se   2   (middle row), and PbBi   2  Te   4   (bottom row). Contribution from phonon mode ZA (blue circles), TA (orange circles), LA (purple circles), optical (olive circles) branches and averaged value over a small frequency window of 0.04 THz (red lines). Figure S7:  τ -scaled power factor of PbBi   2  Te   2  S   2   monolayer versus p-type doping level for various compressive and tensile strains in a-axis direction at 500 K. Figure S8: Phonon spectrum curves of PbBi   2  Te   2  Se   2   monolayer under strains. Figure S9: Phonon spectrum curves of PbBi   2  Te   4   monolayer under strains. Table S1: Born effective charges   Z *   (e) and dielectric constants   ϵ ∞   in the in-layer and cross-layer directions [xx, zz] of PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   calculated with the LDA (Ceperley-Alder) functional.
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Figure 1. Side view (a), top view (b) and extended view (c) of PbBi   2  Te   2  X   2   (X = S, Se, Te). The three non-equivalent bonds (b1–b3) are shown in (a). 
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Figure 2. Electronic band structures of PbBi   2  Te   2  S   2   (a), PbBi   2  Te   2  Se   2   (b), PbBi   2  Te   4   (c) and corresponding total (light yellow background) and partial (color lines) DOS (d) calculated with the WC-GGA functional and SOC. 
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Figure 3. Calculated Seebeck coefficient and  τ -scaled electrical and electronic thermal conductivities in the a-axis direction versus temperature and p-type doping levels for PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4  . 
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Figure 4. Phonon spectrum curves of PbBi   2  Te   2  S   2   (a), PbBi   2  Te   2  Se   2   (b), PbBi   2  Te   4   (c) and corresponding total DOS (light yellow background) and projected DOS (color lines). 
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Figure 5. (a) Lattice thermal conductivity of the PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   as a function of temperature obtained from LBTE (dash lines) and RTA (solid lines) in the a-axis direction. Figure of merit versus hole doping level at various temperatures for PbBi   2  Te   2  S   2   (b), PbBi   2  Te   2  Se   2   (c), and PbBi   2  Te   4   (d). 
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Figure 6. Electronic bands structure of PbBi   2  Te   2  S   2   (a), PbBi   2  Te   2  Se   2   (b) and PbBi   2  Te   4   (c) under applied strain and their corresponding total DOS (d). 
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Figure 7.  τ -scaled power factor of PbBi   2  Te   2  S   2   (a), PbBi   2  Te   2  Se   2   (b) and PbBi   2  Te   4   (c) monolayers versus p-type doping level for various compressive and tensile strains in a-axis direction at 500 K. 
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Figure 8. Phonon spectrum curves of Pb Bi   2  Te   2  S   2   monolayer under −3% (a), −2% (b) and −1% (c) compressive strains, and 1% (d), 2% (e) and 3% (f) tensile strains. 
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Table 1. Calculated lattice constants, slab thickness and bond lengths as labeled in Figure 1 (  b 1   is Te-Bi,   b 2   is Bi-S/Se/Te and   b 3   is S/Se/Te-Pb) of PbBi   2  Te   2  X   2   (X = S, Se, Te) in bulk and nanosheet structures optimized with the WC functional. All data in nm.
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PbBi    2   Te    2   S    2   

	
PbBi    2   Te    2   Se    2   

	
PbBi    2   Te    4   






	
Bulk

	
a

	
0.4230

	
0.4300

	
0.4430




	
c

	
3.954

	
4.042

	
4.156




	
Slab thickness

	
1.037

	
1.072

	
1.127




	
   b 1   

	
0.3029

	
0.3051

	
0.3070




	
   b 2   

	
0.2987

	
0.3085

	
0.3248




	
   b 3   

	
0.2958

	
0.3046

	
0.3210




	
Nanosheet

	
a

	
0.4210

	
0.4280

	
0.4410




	
c

	
1.041

	
1.074

	
1.128




	
   b 1   

	
0.3018

	
0.3030

	
0.3048




	
   b 2   

	
0.2987

	
0.3082

	
0.3244




	
   b 3   

	
0.2959

	
0.3047

	
0.3203
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Table 2. Bulk modulus B (GPa), bulk elastic constants C    i j    (GPa), two-dimensional elastic constant   C  2 D    (N/m), effective mass   m *   (  m e  ) of electrons/holes, cohesive energy   E  c o h    (eV/at.) at 0 K, calculated with the WC–GGA functional. (Note: The column corresponding to the deformation potential constants has been deleted).
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	B
	    C 11    
	    C 12    
	    C 13    
	    C 14    
	    C 33    
	    C 44    
	    C  2 D     
	    m *    
	    E  c o h     





	PbBi   2  Te   2  S   2  
	30.33
	50.2
	18.2
	23.8
	14.1
	41.1
	27.9
	21.2
	−0.023/0.073
	−3.22



	PbBi   2  Te   2  Se   2  
	28.75
	49.5
	14.5
	22.7
	13.5
	40.2
	27.0
	21.2
	−0.024/0.073
	−3.09



	PbBi   2  Te   4  
	26.05
	44.5
	13.0
	20.7
	13.1
	36.4
	35.6
	19.6
	−0.028/0.085
	−2.93










[image: Table] 





Table 3. Calculated lattice parameters a (nm), thickness c (nm), and relative energy    E  r e   =  E strained  −  E unstrained    (  10  − 2    eV) of PbBi   2  Te   2  S   2  , PbBi   2  Te   2  Se   2   and PbBi   2  Te   4   monolayers under strains  η .
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 Strains

	
PbBi    2   Te    2   S    2   

	
PbBi    2   Te    2   Se    2   

	
PbBi    2   Te    4   




	
a

	
c

	
    E re    

	
a

	
c

	
    E re    

	
a

	
c

	
    E re    






	
−3%

	
4.09

	
10.76

	
8.28

	
4.15

	
11.10

	
10.41

	
4.27

	
11.65

	
9.93




	
−2%

	
4.13

	
10.64

	
3.19

	
4.20

	
10.98

	
4.99

	
4.32

	
11.53

	
4.90




	
−1%

	
4.17

	
10.52

	
0.5

	
4.24

	
10.86

	
1.84

	
4.36

	
11.40

	
1.92




	
0%

	
4.21

	
10.41

	
0

	
4.28

	
10.74

	
0

	
4.41

	
11.28

	
0




	
1%

	
4.26

	
10.29

	
0.7

	
4.33

	
10.62

	
1.72

	
4.45

	
11.16

	
1.70




	
2%

	
4.30

	
10.17

	
3.68

	
4.37

	
10.50

	
4.41

	
4.49

	
11.04

	
4.31




	
3%

	
4.34

	
10.05

	
8.74

	
4.41

	
10.38

	
8.90

	
4.54

	
10.91

	
8.52
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