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Abstract

:

Traditional thermoelectric materials often face a trade-off between efficient power generation (high ZT) and cooling performance. Here, we explore the potential of achieving simultaneous thermoelectric power generation and cooling capability in the recently fabricated bulk ZrSeTe Janus structure using first-principles density functional theory (DFT). The layered ZrSeTe Janus structure exhibits a semimetal character with anisotropic transport properties along the in-plane and out-of-plane directions. Our DFT calculations, including the explicit calculation of relaxation time, reveal a maximum ZT of ~0.065 in the out-of-plane direction at 300 K which is one order of magnitude larger than that in the in-plane direction (ZT~0.006). Furthermore, the thermoelectric cooling performance is also investigated. The in-plane direction shows a cooling performance of 13 W/m·K and a coefficient of performance (COPmax) of ~90 with a temperature difference (ΔT) of 30 K, while the out-of-plane direction has a cooling performance of 2.5 W/m·K and COPmax of ~2.5. Thus, the out-of-plane current from the thermoelectric power generation can be utilized as an in-plane current source for active heat pumping. Consequently, we propose that the semimetal ZrSeTe Janus structure can display bifunctional thermoelectric properties for simultaneous thermoelectric power generation and active cooling.
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1. Introduction


Demand for sustainable energy solutions is growing exponentially, and this drives extensive research efforts on thermoelectric (TE) materials. Waste heat from various sources can be effectively converted into useful valuable electrical power using the TE material. Thus, it helps to minimize energy waste and environmental impact [1,2,3]. The performance of thermoelectric materials is commonly evaluated using the dimensionless figure-of-merit ZT defined by ZT = S2σT/κ. Here, S, σ, and κ stand for the Seebeck coefficient, electrical conductivity, and thermal conductivity (comprising electronic (κe) and lattice (κL) contributions), and T is the absolute temperature. Thus, a high-TE-performance material should have a larger power factor (S2σ) and lower heat dissipation (κ). On the other hand, thermoelectric cooling based on the Peltier effect also offers a unique approach to heat management. The cooling performance is quantified using the coefficient of performance COP = Q/W where Q represents the amount of heat transferred or delivered by the system, and W represents the work input or energy consumed by the system [4,5]. Thermoelectric cooling can be categorized into two modes: refrigeration mode and active cooling mode [5,6]. In the refrigeration mode, the Peltier current is flowing against the natural thermal flux resulting in heat (QC) transfer from the cold side to the hot side which leads to a cooling effect on the cold side. In contrast, the Peltier current is reversed and it follows the natural thermal flux in the active cooling mode where the heat (QH) is extracted from the hot side to the cold side. This mode can be employed in electronic cooling applications.



A high ZT is crucial for both thermoelectric power generation and thermoelectric refrigeration mode. For instance, commercially available thermoelectric Bi2Te3 alloys typically exhibit a ZT value of approximately 1 at around room temperature [5]. However, a typical COP of Bi2Te3 is around 0.7 [5,7], and this is much smaller than that in conventional refrigerators (COP~4–6). To achieve a COP of 4~6, the ZT should reach approximately up to 4 [7,8]. Unfortunately, such high ZT values in thermoelectric cooling systems are still far behind what can soon be achieved [5]. In contrast, ZT is not the sole relevant parameter [6,9,10,11] in the active cooling mode. In this active cooling mode, a combination of high active cooling (high power factor PF = S2σ) and high passive cooling (high thermal conductivity) determines the thermoelectric cooling performance. The thermal conductivity should be low for a high ZT but should be high for a high cooling efficiency. Generally, semiconductors may possess higher ZT values than metal systems, but a small cooling performance owing to the low thermal conductivity. In contrast, metals are superior to semiconductors in cooling performance due to their high thermal conductivity, but they lack thermoelectric power generation efficiency because of a low ZT. Thus, it is a very challenging task to find a material that possesses high thermoelectric power production (ZT) and an active cooling performance at the same time. In this aspect, semimetals may be positioned between semiconductors and conventional metals and offer a balanced performance. Therefore, we here aim to explore this challenging issue using a layered bulk semimetal material. Indeed, thermoelectric layered semimetals have recently emerged as potential candidates for TE-based device applications [12,13].



Layered semimetal systems may possess anisotropic electrical and thermal properties: high conduction along the in-plane direction, and suppression along the cross-plane direction for both electrons and phonons [14,15,16]. As a result, the out-of-plane direction can show a better thermoelectric power generation performance due to the larger Seebeck coefficient and lower thermal conductivity. Most semimetal systems have a ZT~0.1, but they still hold the potential for specific thermoelectric applications at ambient temperatures with strong directional anisotropy [17]. This advantage arises from their highly dispersive bands where the major charge carriers significantly outnumber the minor charge carriers [13]. On the other hand, the in-plane direction can have an enhanced thermoelectric cooling performance with a larger power factor and high thermal conductivity. Recently, a layered ZrSeTe Janus system has been synthesized using the chemical vapor transport (CVT) technique [18] and exhibits a transition from a semiconducting character in the ZrSe2 to a semimetal feature in the ZrSeTe Janus and ZrTe2. Many studies have been performed on the transport properties of the pristine ZrSe2 and ZrTe2 systems [19,20,21]. However, the thermal properties of the ZrSeTe Janus material have barely been investigated. Therefore, in this report, we aim to investigate the thermoelectric power generation and cooling performances of the layered ZrSeTe Janus system. Through systematic studies, we propose that the ZrSeTe Janus can be utilized for both thermoelectric power generation in the out-of-plane direction and a simultaneously enhanced thermoelectric cooling performance in the in-plane direction.




2. Numerical Method


2.1. Electronic, Phonon, and Lattice Thermal Conductivity Calculations


We employ the Vienna Ab-initio Simulation Package (VASP) and utilize the projector augmented wave (PAW) method [22,23,24]. The calculations are carried out using the generalized gradient approximation of Perdew–Burke–Ernzerhof (GGA-PBE) exchange-correlation functional [25]. Convergence criteria for the total energy and Hellman–Feynman forces are set to 10−6 eV and 0.001 eV/Å, respectively. A kinetic energy cutoff of 650 eV for the plane wave basis is used, and the Brillouin zone (BZ) is sampled with a k-mesh of 21 × 21 × 15 in the first Brillouin zone. To accurately account for the van der Waals (vdW) interactions in the layered system along the out-of-plane direction, we have incorporated vdW interactions based on the Grimme DFT-D3 method [26]. For the phonon and lattice thermal conductivity calculations, we use the Phonopy package to determine the second-order interatomic force constants (IFCs) using the finite-displacement method [27]. A supercell of 4 × 4 × 1 with k-point meshes of 3 × 3 × 1 is used to perform the phonon spectrum calculations. The lattice thermal conductivity is computed using the single-mode relaxation time approximation (RTA) and the linearized phonon Boltzmann equation implemented in the Phono3py code [28]. Third-order interatomic force constants were calculated using a 3 × 3 × 1 supercell with k-point meshes of 3 × 3 × 1. The lattice thermal conductivity is evaluated using a well-converged q-mesh in the reciprocal lattice space of 70 × 70 × 50.




2.2. Thermoelectric Properties Calculations


To calculate the thermoelectric coefficients, we use the BoltzTraP2 code [29] which utilizes the semi-classical Boltzmann transport theory. To ensure accurate Fourier interpolation of the Kohn–Sham eigenvalues, we increase the k-mesh density by 100 times in the irreducible Brillouin zone. The relaxation time is estimated using analytical energy-dependent expressions. Here, we consider various scattering mechanisms such as the fully anisotropic acoustic deformation potential, ionized impurity, and polar electron–phonon scattering. This approach provides a reasonable and computationally efficient approximation yielding comparable accuracy to the fully first principles approach. The relaxation time (τ) is defined as in [30]:


  τ   T , E   =   1     P   i m p   +   P   a c   +   P   p o l a r      



(1)




where the impurity scattering rate (Pimp) is adopted from the Brooks–Herring formula     P   i m p     T , E   =   π   n   I     Z   I   2     e   4     E   − 3 / 2      2   m  ¯     ( 4 π   ϵ   0     ϵ   s   )   2         log  ⁡    1 +   1   x     −   1   1   +   x         with   x =     ℏ   2     q   0   2     8   m  ¯  E    . The variables     n   I    ,     Z   I   ,     ϵ   0 ,       ϵ   s    , and     q   0      represent the ionized impurity concentration, impurity charge, vacuum permittivity, relative dielectric constant, and Debye screening wavevector. Acoustic phonon scattering is modeled within the deformation potential approach in the long wavelength acoustic-phonon limit     P   a c     T , E   =     ( 2   m  ¯  )   3 / 2     k   B   T   D   2    E    2 π   ℏ   4   ρ   v   2       where E, D, ρ,     m  ¯  ,    and   v   are the electron energy, deformation potential of the band energies calculated at the band extrema, mass density, average effective mass, and average sound velocity. For the optical polar scattering (Ppolar), we use the Ridley model [31]     P   p o l a r     T , E   =   ∑  i      C   T , E ,   e   i   L O     − A   T , E ,   e   i   L O     − B   T , E ,   e   i   L O       Z   T , E ,   e   i   L O       E   3 / 2         where the sum is over all longitudinal-optical phonons with energy     e   i   L O    .





3. Results and Discussion


The 1T ZrSeTe Janus structure has a trigonal structure and space group P-3m1 (164) as demonstrated in the previous experimental report [18]. Figure 1a shows the schematic illustration of the top and side views. We obtain the lattice parameters of a = b = 3.80 Å and c = 6.35 Å after full geometry optimization. The in-plane lattice constants are close to the previous report on the 2D ZrSeTe Janus [32]. Note that the PBE-GGA functional was found to be in good agreement with the experimental measurement in the previous investigation of the ZrSeTe Janus [18]. Thus, we also calculate the electronic band structure using the PBE-GGA. Figure 1b shows the calculated band structure along the in-plane path (Γ-M-K-Γ) and the out-of-plane path (Γ-A) as indicated in the Brillouin zone (Figure 1c). The ZrSeTe Janus system has a semimetal band structure in both the in-plane and out-of-plane directions. In the in-plane direction, the Fermi energy crossing occurs near the Γ point in both Γ-M and K-Γ paths from the valence band, while the band crossing appears near the M point in the conduction band. In the out-of-plane direction, only the valence band has a Fermi energy crossing along the (Γ-A) path.



From the band dispersion, we expect that the out-of-plane transport may stem only from the valence band (hole doping) because the conduction band minimum (electron doping) has a very flat band. This implies an extremely large electron carrier effective mass, and consequently a very poor mobility. Therefore, we only consider the hole doped system in this report. In the in-plane direction, the band dispersions are similar along the Γ-M and K-Γ paths (xx and yy directions). This may indicate weak anisotropic electronic transport features in the in-plane directions. Since we aim to investigate the directional anisotropy between the in-plane and the out-of-plane directions, we consider only the K-Γ path in the in-plane direction. Note that the semi-classical Boltzmann transport theory implemented in the BoltzTraP2 code adopts the constant relaxation time (CRTA). However, it is crucial to include the energy-dependent relaxation effect. In this report, we calculate the energy-dependent hole carrier relaxation time based on the acoustic deformation potential, ionized impurity, and polar electron–phonon scattering using Equation (1). These scattering strengths can be extracted from the effective mass (m*), high-frequency (    ε   ∞    ) and lattice (    ε   L    ) dielectric constants, average sound velocity (  v  ), deformation potential (D), the dominant longitudinal optical (LO) phonon frequency (ℏωLO), and the density of material (  ρ  ). In Table 1, we present all these quantities of the ZrSeTe Janus system along the in-plane and out-of-plane directions with hole carrier charge.



Based on these, we estimate the total hole relaxation time at 300 K, 290 K, 280 K, and 270 K along the in-plane and out-of-plane directions. Figure 2a shows the calculated results. The hole relaxation time is on the scale of τ = 10−14 s, and this is on the same scale as that of conventional semimetals but shorter than that of semiconductors. The in-plane direction has a slightly longer relaxation time than the out-of-plane direction. Since the temperature range is rather narrow, no substantial temperature dependency is found at least within the range of 270~300 K. We further analyze the contributions to the relaxation from the acoustic (ac), polar electron–phonon (pol), and ionized impurity (imp) scatterings at 300 K. Figure 2b shows the calculated results. Here, we find that the polar electron–phonon scattering is the most dominant among the three scattering types. Note that the interactions between electrons and lattice vibrations (phonons) are on the order of a few meV. In addition, the ZrSeTe shows a vanishing energy gap, and its LO phonon frequency (ℏωLO) has energies of ~30.25 meV (as indicated in Table 1). This has led to a more efficient polar electron–phonon scattering process and dominant LO phonons in the ZrSeTe Janus system. This significant involvement of optical phonons in the conduction channel of the carriers results in the initial increase in the relaxation time. Subsequently, the relaxation time decreases up to the thermal activation energy level (kBT). The trend then reverses, with an eventual increase in total hole relaxation time attributed to the large doping effect.



Next, we calculate the electrical conductivity (σ). The electrical conductivity is relaxation-time dependent (σ/τ) as implemented in the BoltzTraP2 code and can be written as in [29]:


  σ   T ; μ   =   e   2    ∫    σ   α β   ( ε )     −   ∂   f   μ   ( T ,     ε )   ∂ ε     d ε  



(2)




where e and fμ represent the electron charge and the Fermi–Dirac distribution function. σαβ(ε) is the conductivity tensor which is defined as


  σ   ε , T   =  ∫    ∑  b      v   b , k     ⨂     v   b , k     τ   b , k   δ ( ε −   ε   b , k   )   d k   8   π   3        



(3)




where b represents the Cartesian indices, τb,k is the carrier-dependent relaxation time, and vb,k is the group velocity. Here, we calculate the electrical conductivity (σ) using the energy-dependent relaxation time (τ). Figure 3a shows the temperature-dependent electrical conductivity as a function of the hole carrier concentrations along the in-plane and out-of-plane directions. The magnitude of the electrical conductivity is on the scale of 106 1/Ω·m, and the maximum value is around 2.2 × 106 1/Ω·m at 300 K. Note that due to the small temperature range, the electrical conductivity is insensitive to the given temperature ranges. As expected in a layered system, the in-plane direction shows a larger magnitude of electrical conductivity than the out-of-plane direction. The extended electronic states within the layers allow a higher conductivity in the in-plane direction, and this causes directional anisotropy. A similar anisotropic behavior of the electrical conductivity was found in the pristine ZrTe2 system with a maximum value of ~6 × 106 1/Ω·m in the hole doping at 300 K [19]. This high electrical conductivity in the ZrTe2 may be attributed to the strong metallic character of the ZrTe2, while the ZrSeTe Janus has a semimetallic characteristic.



We now discuss the electronic part of the thermal conductivity (κe). From the Boltzmann transport theory, the electronic thermal conductivity (κe) can be written as in [29]:


    κ   e   ( T ,   μ ) =   1     e   2   T      ∫    σ   α β     ε       ε − μ     2       −   ∂   f   μ     T ; ε     ∂ ε     d ε    



(4)




where σαβ(ε), fμ, T, e, ε, and μ represent the conductivity tensor, the Fermi–Dirac distribution function, the temperature, the elementary charge, the electron energy state, and the chemical potential. Note that the electronic thermal conductivity is relaxation-time dependent (κe/τ) in the BoltzTraP2 code, and we apply the energy-dependent relaxation time (τ) to obtain the electronic thermal conductivity (κe). Figure 3b shows the temperature-dependent electronic thermal conductivity as a function of the hole carrier concentrations along the in-plane and out-of-plane directions. The in-plane electronic thermal conductivity is almost 10 times larger than the out-of-plane direction, indicating a strong anisotropic behavior. The in-plane electronic thermal conductivity reaches ~15 W/m·K. The pristine ZrTe2 also showed similar anisotropic behavior (κe~40 W/m·K with hole doping) at 300 K [19]. Note that both electrical conductivity (Figure 3a) and electronic thermal conductivity (Figure 3b) show a peak at the carrier concentration around 2 × 1020/cm3, which is inherently tied to the relaxation time that stems from the polar electron–phonon scattering features.



We now discuss the Seebeck coefficient. Unlike the electrical and electronic thermal conductivities, the Seebeck coefficient is carrier-relaxation-time independent in the framework of the semiclassical solution of the Boltzmann transport theory [29]. The Seebeck coefficient can be expressed as


  S ( T ,   μ ) =   1   e T        ∫    σ   α β     ε     ε − μ       −   ∂   f   μ     T ; ε     ∂ ε     d ε    ∫    σ   α β     ε       −   ∂   f   μ     T ; ε     ∂ ε     d ε      



(5)







Figure 3c shows the temperature-dependent Seebeck coefficient as a function of the hole carrier concentrations along the in-plane and out-of-plane directions. Unlike the electrical conductivity and the electronic thermal conductivity, the out-of-plane direction has a larger Seebeck coefficient than the in-plane direction. The maximum Seebeck coefficient is around 14 μV/K in the in-plane direction, while it is around 50 μV/K in the out-of-plane direction. This anisotropy arises from the anisotropic electron density near the Fermi level. The Seebeck coefficient displays a sign change with increasing hole doping concentration increases. The sign of the Seebeck coefficient along both directions depends on the electronic band structure indicating a change in the predominant charge carrier type from electron to hole concentrations. Note that the ZrSeTe Janus shows a larger Seebeck coefficient than the ZrTe2 metal system (~20 μV/K) at 300 K because of the alloying effect (Janus structure) [19].



Now we discuss the lattice thermal conductivity part (κL) which can be expressed, based on the Boltzmann transport theory, as in [28]:


    κ   L   =   1   N V       ∑  λ      K   λ     =   1   N V       ∑  λ      C   λ       v   λ   2     τ   λ    



(6)




where the N and V represent the unit cell in the system and its volume. The Cλ, vλ, and τλ are the mode heat capacity, phonon group velocity, and phonon lifetime.



The single-mode relaxation time τλ is calculated from the phonon line width Γ of the phonon mode λ using the following relation [28]:


    τ   λ   =   1   2   Γ   λ   (   ω   λ   )    



(7)




where Γ can be written as


  Γ =   18 π     ħ   2       ∑    λ   ′     λ   ″        ∆   ( − q +   q   ′     +   q   ″   )   N     λ   ′     λ   ″     ( ω )       Φ   − λ     λ   ′     λ   ″         2      



(8)







Here, Φ-λλ′λ″ is the phonon–phonon interaction strength among the three phonons λ, λ′, and λ″, and this can be calculated from the second- and third-order force constant, while Nλ′λ″ (ω) is


     N     λ   ′     λ   ″       ω   =     n     λ   ′     +   n     λ   ″     + 1   δ   ω −   ω     λ   ′     −   ω     λ   ″       +     n     λ   ′     −   n     λ   ″       ×      δ   ω +   ω     λ   ′     −   ω     λ   ″       −         δ   ω −   ω     λ   ′     +   ω     λ   ″           



(9)




with      n   λ   =   [   exp  ⁡      ħ   ω   λ       K   B   T     − 1     ]   − 1   .     Figure 4a shows the temperature-dependent lattice thermal conductivity of the ZrSeTe Janus system. The in-plane lattice thermal conductivity is almost five times larger than the out-of-plane direction. For instance, the lattice thermal conductivity is around 4.2 W/m·K in the in-plane direction, while it is 0.68 W/m·K in the out-of-plane direction. In addition, the lattice thermal conductivity is always lower than the electronic thermal part, and this is typical behavior in semimetal and metal systems. The in-plane lattice thermal conductivity of the ZrSeTe Janus structure is three times smaller than that in the ZrSe2 pristine system (~12 W/m·K at 300 K) [33]. Figure 4b shows the phonon dispersion and partial density of states (PDOS). The acoustic phonons and low-frequency optical phonons are dominated by the Te atoms, while the Se and Zr atoms contribute to high-frequency optical phonons (above 4 THz). Figure 4c shows the phonon scattering rate. The acoustic phonons show a maximum scattering rate of ~0.10 ps−1, while the optical phonons exhibit a three-times-larger maximum scattering rate (~0.28 ps−1). This leads to a more prominent role of optical phonons in reducing thermal conductivity.



Combining all the transport coefficients, we calculate the thermoelectric power generation performance; figure of merit ZT = S2σT/κ. Figure 5a shows the temperature-dependent ZT along the in-plane and out-of-plane directions. Note that the ZT temperature dependence is too weak in the selected temperature range. The out-of-plane maximum ZT (ZTmax) is larger than the in-plane ZTmax, indicating a strong directional anisotropy. The difference is about one order of magnitude at the maximum ZT (ZTmax). For instance, the out-of-plane ZTmax is ~0.065 with a carrier concentration of ~17 × 1020 hole/cm3, whereas the in-plane ZTmax is around 0.006 with a carrier concentration of ~1.5 × 1020 hole/cm3 at 300 K. We further analyze the ZT behavior based on the σ/κ ratio and S coefficient at a fixed temperature (300 K) and carrier concentration (17 × 1020 hole/cm3). The σ/κ ratio is almost the same in both the in-plane and out-of-plane directions. In contrast, the Seebeck coefficient (S) in the out-of-plane direction is five times larger than that in the in-plane direction. Hence, the directional anisotropy of the ZT is mainly governed by the Seebeck coefficient. For comparison, Figure 5b shows the temperature-dependent ZTmax of the ZrSeTe Janus system and other semimetal systems at 300 K [13,17,34,35]. The out-of-plane ZT of the ZrSeTe Janus is larger than that of other thermoelectric semimetal systems. Indeed, only the YbMnSb2 along the in-plane direction shows a larger ZT than the ZrSeTe Janus [13]. However, the ZrSeTe Janus has a better performance than the YbMnSb2 in the out-of-plane direction. Note that the growing of single crystals in the ZrSeTe Janus system is performed based on the chemical vapor transport methods along the out-of-plane direction. Thus, this ZT can be further improved using texture engineering [36].



We also investigate the thermoelectric cooling performance. The performance of thermoelectric cooling is defined as COP =   Q  H/W. From the heat current (  Q  H), the heat flux (  Q ′  H) can be obtained where the maximum heat flux   Q ′  H-max is expressed as in [9]:


    Q ′   H − m a x   = (     S   2   σ   T   H   2     2 ∆ T   + κ ) ∇ T = (   P F   T   H   2     2 ∆ T   + κ ) ∇ T  



(10)







Here, TH is the hot side temperature, and ΔT is the temperature difference between the hot (TH) and cold (TC) sides. Note that S2σ represents the power factor (PF). Hence, the effective thermal conductivity (κeff) can be written as follows [9,37]:


    κ   e f f   =     P F   T   H   2     2 ∆ T   + κ    



(11)







Here, the term     P F   T   H   2     2 ∆ T     represents the active cooling term, while   κ   is the passive cooling term. If both thermal conductivity and the power factor are large, then we can expect a high thermal performance. Then, the COPmax in the cooling mode can be expressed as follows [9]:


    C O P   m a x   =     T   H     2   T   c     +   ∆ T   Z   T   c     T   H      



(12)







Note that the COPmax is strongly related to the temperature difference (ΔT) and unlike the thermoelectric refrigerator performance, the thermoelectric active cooler performs better under larger temperature differences as well as smaller ZT values. It is crucial to note that we here consider the COP under the dynamic process. In this dynamic regime, the heat dissipation and absorption at the cold and hot ends are not necessarily in equilibrium, where the system may not be under thermal equilibrium. Notably, we investigate the cooling performance and COPmax at the carrier concentration which has ZTmax in the out-of-plane direction. Figure 6a shows the cooling performance as a function of the temperature difference along the in-plane and out-of-plane directions. Here, the black and red lines refer to active and passive cooling, while the blue line represents the overall performance. Note that the hot side temperature is fixed at 300 K in the rest of our calculations. The in-plane direction shows a much larger cooling performance than the out-of-plane direction. For instance, the in-plane cooling performance is around ~13 W/m·K, while the out-of-plane direction has a cooling performance of ~2.5 W/m·K with ΔT of 30 K. This difference is mainly due to the larger passive cooling (thermal conductivity (κ)) in the in-plane direction, although the active cooling is larger along the out-of-plane direction owing to the larger out-of-plane Seebeck coefficient. In the in-plane direction, the passive cooling is always much larger than the active cooling. On the other hand, both active and passive cooling are comparable in the out-of-plane direction. The active cooling is larger up to the ~ΔT of 10 K. After that, the passive cooling process dominates. We also estimate the COPmax along the in-plane and out-of-plane directions. Figure 6b shows the calculated COPmax results. The in-plane COPmax is about 90 with ΔT = 30 K, and this is much higher than the out-of-plane COPmax (~2.5 with ΔT = 30 K). The COPmax is inversely proportional to the ZT, and the in-plane direction has a much smaller ZT than the out-of-plane direction. Therefore, the in-plane COPmax performance is better than the out-of-plane. While the thermoelectric cooling performances of the copper (κeff~350 W/m·K with ΔT of 50 K at 500 K) [38] are far ahead, the ZrSeTe Janus system shows an almost three-times-larger COP than the CePd3 near room temperature (κeff ~ 33 W/m·K with ΔT of 30 K at 350 K) [38]. Indeed, most well-known thermoelectric cooling systems have a poor thermoelectric power generation performance (low ZT) owing to their strong metallic character. Therefore, it is rare to find a material that displays both thermoelectric power generation and thermoelectric cooling in one system for electronic cooler systems. These results may suggest that the ZrSeTe Janus system possesses bifunctional thermoelectric features. For instance, the out-of-plane direction can efficiently convert waste heat into electrical current through thermoelectric power generation. This generated electrical current can then be utilized in the in-plane direction to actively pump heat from the hot side to the cold side, leveraging the thermoelectric cooling effect as shown in Figure 6c. By combining these functionalities, the ZrSeTe Janus may possess the potential to act as a self-powered cooler for cooling hot electronic components.




4. Conclusions


In summary, we investigate the thermal transport properties of the layered ZrSeTe Janus structure. The ZrSeTe Janus structure shows a semimetallic band structure. The in-plane direction has a higher electrical conductivity and electronic thermal conductivity than the out-of-plane direction, while the out-of-plane direction shows a larger Seebeck coefficient. The lattice thermal conductivity is significantly lower than the electronic thermal conductivity due to its semimetal characteristics. Moreover, the lattice thermal conductivity shows anisotropic behavior. For instance, the in-plane direction has a higher value than the out-of-plane direction. The figure of merit ZT also displays anisotropic behavior. The out-of-plane direction ZT is ~0.065 at 300 K, while the in-plane direction ZT is one order of magnitude smaller. We also investigate the coefficient of performance (COP) based on effective thermal conductivity (κeff). The in-plane direction exhibits a significantly higher cooling performance than the out-of-plane direction due to the larger passive cooling (thermal conductivity) in the in-plane direction. The in-plane cooling performance is around κeff~13 W/m·K and COPmax~90 with ΔT = 30 K, while the out-of-plane direction shows a cooling performance of κeff ~2.5 W/m·K and COPmax ~ 2.5 with ΔT of 30 K at the room temperature hot side. As a result, the out-of-plane current from the thermoelectric power generation can be utilized as an in-plane current source for active heat pumping. It is worth noting that semiconductors possess a high thermoelectric power generation efficiency due to their large ZT values but their low thermal conductivity hampers potential thermoelectric cooling applications. On the other hand, metals are usually superior to semiconductors in cooling due to their high thermal conductivity but lack power generation efficiency due to the low Seebeck coefficient and large thermal conductivity. Therefore, semimetals may offer balanced performances in both thermoelectric power generation and thermoelectric cooling performances. Notably, we propose that the ZrSeTe Janus structure can display bifunctional thermoelectric properties for simultaneous power generation and active cooling usage.







Author Contributions


J.H. conceived the idea of this study. B.M. performed DFT calculations. J.H. and B.M. wrote and revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (2022R1A2C1004440) and by the Supercomputing Center/Korea Institute of Science and Technology Information with supercomputing resources including technical support (KSC-2023-CRE-0190).




Data Availability Statement


The raw data that support the findings of this study are available from the corresponding author upon reasonable request.




Acknowledgments


The authors acknowledge the National Research Foundation of Korea (NRF).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



He, J.; Tritt, T.M. Advances in thermoelectric materials research: Looking back and moving forward. Science 2017, 357, eaak9997. [Google Scholar] [CrossRef] [PubMed]

	



Tritt, T.M. Thermoelectric phenomena, materials, and applications. Annu. Rev. Mater. Res. 2011, 41, 433–448. [Google Scholar] [CrossRef]

	



Gayner, C.; Kar, K.K. Recent advances in thermoelectric materials. Prog. Mater Sci. 2016, 83, 330–382. [Google Scholar] [CrossRef]

	



Zhao, D.; Tan, G. A review of thermoelectric cooling: Materials, modeling and applications. Appl. Therm. Eng. 2014, 66, 15–24. [Google Scholar] [CrossRef]

	



Mao, J.; Chen, G.; Ren, Z. Thermoelectric cooling materials. Nat. Mater. 2021, 20, 454–461. [Google Scholar] [CrossRef] [PubMed]

	



Adams, M.; Verosky, M.; Zebarjadi, M.; Heremans, J. Active peltier coolers based on correlated and magnon-drag metals. Phys. Rev. Appl. 2019, 11, 054008. [Google Scholar] [CrossRef]

	



Chen, W.Y.; Shi, X.L.; Zou, J.; Chen, Z.G. Thermoelectric coolers: Progress, challenges, and opportunities. Small Methods 2022, 6, 2101235. [Google Scholar] [CrossRef]

	



Min, G.; Rowe, D. Experimental evaluation of prototype thermoelectric domestic-refrigerators. Appl. Energy 2006, 83, 133–152. [Google Scholar] [CrossRef]

	



Zebarjadi, M. Electronic cooling using thermoelectric devices. Appl. Phys. Lett. 2015, 106, 203506. [Google Scholar] [CrossRef]

	



Nimmagadda, L.A.; Mahmud, R.; Sinha, S. Materials and devices for on-chip and off-chip peltier cooling: A review. IEEE Trans. Compon. Packag. Manuf. Technol. 2021, 11, 1267–1281. [Google Scholar] [CrossRef]

	



Medrano Sandonas, L.; Teich, D.; Gutierrez, R.; Lorenz, T.; Pecchia, A.; Seifert, G.; Cuniberti, G. Anisotropic thermoelectric response in two-dimensional puckered structures. J. Phys. Chem. C 2016, 120, 18841–18849. [Google Scholar] [CrossRef]

	



Markov, M.; Rezaei, S.E.; Sadeghi, S.N.; Esfarjani, K.; Zebarjadi, M. Thermoelectric properties of semimetals. Phys. Rev. Mater. 2019, 3, 095401. [Google Scholar] [CrossRef]

	



Pan, Y.; Fan, F.R.; Hong, X.; He, B.; Le, C.; Schnelle, W.; He, Y.; Imasato, K.; Borrmann, H.; Hess, C. Thermoelectric properties of novel semimetals: A case study of YbMnSb2. Adv. Mater. 2021, 33, 2003168. [Google Scholar] [CrossRef] [PubMed]

	



Gorai, P.; Toberer, E.S.; Stevanović, V. Computational identification of promising thermoelectric materials among known quasi-2D binary compounds. J. Mater. Chem. A 2016, 4, 11110–11116. [Google Scholar] [CrossRef]

	



Zhang, J.; Song, L.; Madsen, G.K.; Fischer, K.F.; Zhang, W.; Shi, X.; Iversen, B.B. Designing high-performance layered thermoelectric materials through orbital engineering. Nat. Commun. 2016, 7, 10892. [Google Scholar] [CrossRef] [PubMed]

	



Askarpour, V.; Maassen, J. Unusual thermoelectric transport anisotropy in quasi-two-dimensional rhombohedral GeTe. Phys. Rev. B 2019, 100, 075201. [Google Scholar] [CrossRef]

	



Xu, Y.; Barani, Z.; Xiao, P.; Sudhindra, S.; Wang, Y.; Rezaie, A.A.; Carta, V.; Bozhilov, K.N.; Luong, D.; Fokwa, B.P. Crystal Structure and Thermoelectric Properties of Layered Van der Waals Semimetal ZrTiSe4. Chem. Mater. 2022, 34, 8858–8867. [Google Scholar] [CrossRef]

	



Muhammad, Z.; Zhang, B.; Lv, H.; Shan, H.; Rehman, Z.U.; Chen, S.; Sun, Z.; Wu, X.; Zhao, A.; Song, L. Transition from semimetal to semiconductor in ZrTe2 induced by Se substitution. ACS Nano 2019, 14, 835–841. [Google Scholar] [CrossRef]

	



Rezaei, S.E.; Zebarjadi, M.; Esfarjani, K. Effect of exchange-correlation functional type and spin-orbit coupling on thermoelectric properties of ZrTe2. J. Solid State Chem. 2021, 302, 122414. [Google Scholar] [CrossRef]

	



Qin, D.; Ge, X.-J.; Ding, G.-Q.; Gao, G.-Y.; Lü, J.-T. Strain-induced thermoelectric performance enhancement of monolayer ZrSe2. RSC Adv. 2017, 7, 47243–47250. [Google Scholar] [CrossRef]

	



Ding, G.; Gao, G.; Huang, Z.; Zhang, W.; Yao, K. Thermoelectric properties of monolayer MSe2 (M= Zr, Hf): Low lattice thermal conductivity and a promising figure of merit. Nanotechnology 2016, 27, 375703. [Google Scholar] [CrossRef] [PubMed]

	



Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 1999, 59, 1758. [Google Scholar] [CrossRef]

	



Blochl, P. Projector augmented-wave method. Phys. Rev. 1994, 50, 17953. [Google Scholar] [CrossRef]

	



Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev. B 1996, 54, 11169. [Google Scholar] [CrossRef] [PubMed]

	



Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865. [Google Scholar] [CrossRef] [PubMed]

	



Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [Google Scholar] [CrossRef] [PubMed]

	



Togo, A.; Oba, F.; Tanaka, I. First-principles calculations of the ferroelastic transition between rutile-type and CaCl2-type SiO2 at high pressures. Phys. Rev. B 2008, 78, 134106. [Google Scholar] [CrossRef]

	



Togo, A.; Chaput, L.; Tanaka, I. Distributions of phonon lifetimes in Brillouin zones. Phys. Rev. B 2015, 91, 094306. [Google Scholar] [CrossRef]

	



Madsen, G.K.; Carrete, J.; Verstraete, M.J. BoltzTraP2, a program for interpolating band structures and calculating semi-classical transport coefficients. Comput. Phys. Commun. 2018, 231, 140–145. [Google Scholar] [CrossRef]

	



Casu, G.; Bosin, A.; Fiorentini, V. Efficient thermoelectricity in Sr2Nb2O7 with energy-dependent relaxation times. Phys. Rev. Mater. 2020, 4, 075404. [Google Scholar] [CrossRef]

	



Ridley, B. Polar-optical-phonon and electron-electron scattering in large-bandgap semiconductors. J. Phys. Condens. Matter 1998, 10, 6717. [Google Scholar] [CrossRef]

	



Abdollah, H.M.; Mohammad, Y.; Mojtaba, Y.; Alireza, A. Investigation into thermoelectric properties of M (M= Hf, Zr) X2 (X= S, Se, Te) nanotubes using first-principles calculation. Solid State Commun. 2021, 336, 114289. [Google Scholar] [CrossRef]

	



Yumnam, G.; Pandey, T.; Singh, A.K. High temperature thermoelectric properties of Zr and Hf based transition metal dichalcogenides: A first principles study. J. Chem. Phys. 2015, 143, 234704. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, J.; Hu, S.; Lv, M.; Zhang, J.; Zhao, H.; Chen, G.; Li, W.; Chen, Z.; Sun, P. Anisotropic thermal and electrical transport of Weyl semimetal TaAs. J. Phys. Condens. Matter 2017, 29, 485501. [Google Scholar] [CrossRef]

	



Mangelis, P.; Vaqueiro, P.; Jumas, J.-C.; da Silva, I.; Smith, R.I.; Powell, A.V. The effect of electron and hole doping on the thermoelectric properties of shandite-type Co3Sn2S2. J. Solid State Chem. 2017, 251, 204–210. [Google Scholar] [CrossRef]

	



Luo, Y.; Du, C.; Liang, Q.; Zheng, Y.; Zhu, B.; Hu, H.; Khor, K.A.; Xu, J.; Yan, Q.; Kanatzidis, M.G. Enhancement of Thermoelectric Performance in CuSbSe2 Nanoplate-Based Pellets by Texture Engineering and Carrier Concentration Optimization. Small 2018, 14, 1803092. [Google Scholar] [CrossRef]

	



Markov, M.; Zebarjadi, M. Thermoelectric transport in graphene and 2D layered materials. Nanoscale Microscale Thermophys. Eng. 2018, 23, 117–127. [Google Scholar] [CrossRef]

	



Burkov, A.; Vedemikov, M. Thermoelectric properties of metallic materials. In CRC Handbook of Thermoelectrics; CRC Press: Boca Raton, FL, USA, 2018; pp. 387–400. [Google Scholar]








[image: Nanomaterials 14 00234 g001] 





Figure 1. (a) Top and side views of the ZrSeTe Janus structure. (b) Electronic band structure of ZrSeTe Janus. (c) Illustration of the in-plane and out-of-plane direction along the high symmetric points in the first Brillouin zone (BZ). 
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Figure 2. (a) Temperature-dependent hole carrier relaxation time (τtot) in the in-plane and out-of-plane directions. (b) Contributions to the relaxation time from impurity (imp), acoustic phonon (ac), and optical polar phonon (pol) scatterings at 300 K of ZrSeTe Janus. 
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Figure 3. Temperature-dependent (a) electrical conductivity, (b) electronic thermal conductivity, and (c) Seebeck coefficient in the in-plane and out-of-plane directions of ZrSeTe Janus. 
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Figure 4. (a) Temperature-dependent lattice thermal conductivity (κL) in the in-plane and out-of-plane directions of ZrSeTe Janus. (b) Phonon dispersion and partial density of states (PDOS) of ZrSeTe Janus. (c) Acoustic and optical phonon scattering rate of ZrSeTe Janus. 
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Figure 5. (a) Temperature-dependent ZT in the in-plane and out-of-plane directions of ZrSeTe Janus. (b) Temperature-dependent ZT maximum (ZTmax) of ZrSeTe Janus in comparison with the ZTmax of other thermoelectric semimetals at 300 K. 
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Figure 6. (a) Cooling performance as a function of the temperature difference (ΔT) in the in-plane and out-of-plane directions of ZrSeTe Janus. Here, the black and red lines refer to the active cooling and passive cooling while the blue lines are for the total cooling performance. (b) The coefficient of performance (COPmax) as a function of the temperature difference (ΔT) in the in-plane and out-of-plane directions of ZrSeTe Janus. The hot side is fixed at 300 K. (c) Schematic illustration of the bifunctional thermoelectric properties in the ZrSeTe Janus structure along the in-plane (thermoelectric cooling) and out-of-plane (thermoelectric power generation) directions. 
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Table 1. The effective mass ratio (m*/m), DP constant (D), high-frequency (    ε   ∞    ) and lattice (    ε   L    ) dielectric constants, average sound velocity (  v  ), the dominant LO-phonon frequency (ℏωLO), and the density of material (  ρ  ).
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