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Abstract
GeSe, an analog of SnSe, shows promise in exhibiting exceptional thermoelectric performance in the Pnma phase. The constraints on its dopability, however, pose challenges in attaining optimal carrier concentrations and improving ZT values. In this study, we demonstrate a crystal structure evolution strategy for achieving highly doped sample and promising ZTs in GeSe via LiBiTe2 alloying. A rhombohedral phase (R3m) can be stabilized in the GeSe-LiBiTe2 system, further evolving into a cubic (Fm-3m) phase with rising temperature. The band structures of GeSe-LiBiTe2 in the rhombohedral and cubic phases feature a similar multiple-valley energy-converged valence band of L and Σ bands. The observed high carrier concentration (~1020 cm-3) reflects the effective convergence of these bands, enabling a high density-of-states effective mass and an enhanced power factor. Moreover, a very low lattice thermal conductivity of 0.6-0.5 Wm-1K-1 from 300 to 723 K is achieved in 0.9GeSe-0.1LiBiTe2, reaching the amorphous limit value. This remarkably low lattice thermal conductivity is related to phonon scattering from point defects, planar vacancies, and ferroelectric instability-induced low-energy Einstein oscillators. Finally, a maximum ZT value of 1.3 at 723 K is obtained, with a high average ZT value of over 0.8 (400-723 K) in 0.9GeSe-0.1LiBiTe2. This study establishes a viable route for tailoring crystal structures to significantly improve the performance of GeSe-related compounds.


[bookmark: _Hlk152167796]Introduction
Thermoelectric materials with their unique ability to convert waste heat directly into usable electrical energy can play an importna trole role in augmenting power generation and enhancing energy efficiency across various sectors. .1-5 The dimensionless figure of merit (ZT) has been introduced to assess the performance of thermoelectric materials. It can be derived from the equation ZT=S2σT/κ, where S, σ, κ, and T are the Seebeck coefficient, electrical conductivity, thermal conductivity, and absolute temperature, respectively.6-8 Typically, the S2σ is integrated as a power factor, reflecting the electrical transport properties of the materials. The main contribution to κ originates from the lattice (κL) and electronic (κe) components.
[bookmark: _Hlk123046979]	Various promising material systems have recently emerged for thermoelectric applications, including Mg3Sb2,9-10 GeTe,11-12 MgAgSb,13 and SnSe14-16. In particular, SnSe, characterized by a layered structure, exhibits fascinating electrical transport properties owing to its complex band geometry.17 Moreover, it demonstrates ultralow thermal conductivity due to its strong anharmonicity.18-19 Consequently, p-type and n-type SnSe have attained record-high ZT values20-21 over a wide temperature range, making it suitable for thermoelectric generators.22 Its carrier mobility can also be optimized in doped crystals to enable an effective thermoelectric cooler.23 Research in SnSe has provided guidelines for developing state-of-the-art thermoelectric materials and modules. GeSe, an analog of SnSe, also possess the same layered structure (Pnma). Theoretical analysis of its electrical and thermal transport properties predicted a high ZT of 2.5 at 800 K, attributed to the multiband effects and exceptionally low lattice thermal conductivity.24 However, while the band structure of GeSe indicates the multiband transport of holes, it can only be activated with a high hole concentration of 1020 cm-3. Realizing such a high hole concentration in GeSe with doping remains a challenge limiting the enhamcment of ZTs.24-26
	Beyond the doping method, crystal structure modification by alloying is another effective strategy for enhancing thermoelectric performance since carrier and phonon transport are closely related to the crystal structures.27-29 For example, subtle alterations between the R-3m and Fm-3m structures have been shown to play a pivotal role in achieving high ZTs in GeTe and its derivatives.30-33 Furthermore, entropy engineering can stabilize the compound exceptionally well in high-symmetry structures, resulting in low lattice thermal conductivity and improved ZTs.33-35 This has been evidenced in systems such as AgSbTe2-MnTe,36 SnSe-AgSbTe2,36-38 AgBi(Se,S)2-Pb(Se,S),39-40 and Cu2SnSe3-AgGaNa.41 Previous studies on GeSe have also shown positive results by altering the crystal structure,42-45 which motivates further investigation into the mechanisms underpinning the structure-performance relationship.
	In this study, we alloyed GeSe with LiBiTe2 ((1-x)GeSe-xLiBiTe2, x ranges from 0 to 0.12), a rock-salt-structured compound with a low lattice thermal conductivity, which effectively transitioned the crystal structure from Pnma to R3m at room temperature. This structure evolution significantly reduced the measured band gap from 1.03 eV of pristine GeSe to ~0.46 eV in samples with x = 0.1. The rhombohedral alloy (1-x)GeSe-xLiBiTe2 has significantly enhanced hole concentration (~1020 cm-3), which should come from germanium vacancies. This is similar to the Ge-vacancy-induced high hole carrier concentration in GeTe, which has the similar crystal structure and chemical elements to the rhombohedral alloy (1-x)GeSe-xLiBiTe2. Consequently, the electrical conductivity is greatly enhanced, improving PF to >10 μWcm-1K-2 at 723 K. The enhanced PF in LiBiTe2-alloyed GeSe not only stems from the increased hole concentration, but also the effective convergence of the L and Σ bands. Meanwhile, in the x=0.1 sample with a rhombohedral phase, the κL is as low as 0.6 Wm-1K-1 at 300 K and 0.4 Wm-1K-1 at 723 K, reaching the theoretical lower limit of κL. The phonon scattering from localized Einstein modes, point defects, and planar vacancies contributes to the notably low κL. The very low κL and enhanced PF combine to realize a maximum ZT of >1.2 at 723 K in the x=0.1 sample with a high average ZT (ZTave) of 0.83 between 400 and 723 K.

Results and Discussion
[bookmark: _Hlk152245355]Crystal structure evolution
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[bookmark: _Hlk123136531][bookmark: _Hlk123047779]Figure 1. (a) XRD patterns for samples alloyed with different amounts of LiBiTe2. (b) Rietveld refinement with R3m structure. (c) Lattice parameters and (d) angles as a function of x. (e) High-temperature XRD patterns for x = 0.1 sample. (f) Phase structure evolution upon LiBiTe2 alloying and heating.

	Using a conventional melting-quenching method, we synthesized compounds ((1-x)GeSe-xLiBiTe2, x ranges from 0.00 to 0.12) from raw elements. First, the phase structures were identified using X-ray diffraction (XRD). The XRD pattern of the pristine sample can be indexed to the pure Pnma structure (Figure 1a). As x increased, peaks corresponding to the R3m structure began to emerge. When x > 0.06, the compounds exhibited mainly the R3m structure. The elemental distribution of the x=0.1 sample was examined by the scanning electron microscopy (SEM) on a polished surface, revealing homogenous distribution of Ge, Bi, Se, and Te (Figure S1). Analysis of the Ge/Se atomic ratios in samples with varying x was conducted through energy dispersive spectrometer (EDS). Compared to the pristine sample (x=0), samples with x>0.04 exhibited reduced Ge/Se ratios (Figure S2), indicative of the Ge vacancies within the matrix. The Ge vacancies are commonly observed in GeTe with rhombohedral phase.11, 46 Given the structural similarities and shared elemental compositions (Ge and Te) between GeTe and LiBiTe2-alloyed GeSe, we can cause a controlled emergence of Ge vacancies in the latter. The structural evolution of a typical sample (x=0.1) was analyzed using high-temperature XRD, revealing a transition from the R3m structure to a rock-salt structure (Fm-3m) at 523 K (Figure 1b). Upon cooling to 300 K from a high temperature, the structure reverts to R3m, indicating that the phase transition from the low-temperature rhombohedral phase to the high-temperature cubic phase is reversible. The phase structure evolution of GeSe upon LiBiTe2 alloying and temperature increase is summarized in Figure 1c.
We also investigated the alterations in the band gaps resulting from LiBiTe2 alloying. The pristine GeSe displayed a measured band gap of ~1.03 eV (Figure S3a), comparable to the theoretically calculated value of 0.85 eV.24 However, for samples with x=0.06 or 0.1 in the rhombohedral phase, there was intense absorption even for photons with a very small energy of 0.1-0.2 eV (Figure S3b).  We also employed the Tauc plot method ((αhv)1/2 against hv) to extract the energy band gap (Figure S3c), which also showed a significant absorption for low-energy photons. Although the extracted energy band gap is very small (Figure S3b and Figure S3c), it should be noted that these methods have limitations to obtain the accurate band gap values.47 Underestimated values were usually observed in systems with high carrier concentration.12, 35 Nevertheless, the absorption spectra still suggests that the LiBiTe2-alloyed samples have a reduced band gap compared to pristine GeSe. The decrease in the bandgap is attributed to the evolution of the phase structure, as shown in the schematic (Figure S4). In the Pnma structure, Ge2+ bonds with the three nearest Se2-, indicating that the 4s2 lone-pair electrons of Ge are localized. Consequently, the valence band states originate from the Ge-4p and Se-4p bonding states, whereas the conduction band states originate from the Ge-4p and Se-4p antibonding states. In contrast, Ge2+ bonds with six Se2- in R3m structures, suggesting that the 4s2 lone pair electrons must, to some degree, be delocalized and participate in carrier transport. Under these conditions, the Ge-4s orbitals would further hybridize with Ge-4p and Se-4p into the valence band states and rise in energy as they acquire antibonding character. This increases the energy of the valence band, the maximum of which now shows a strong contribution form the 4s2 lone pair of electrons,48-49 resulting in a lower bandgap in the R3m structure than in the Pnma structure.

Electronic transport properties
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Figure 2. Temperature-dependence: (a) electrical conductivity, (b) Seebeck coefficient, and (c) PF for xGeSe-(1-x)LiBiTe2. (d) The Pisarenko plot to estimate the effective mass of samples at 300 K, assuming a dominance of acoustic scattering. (e) Simulated Hall mobility for Pnma and R3m phases at 300 K. (f) Comparison of temperature-dependent weighted mobility for samples with x = 0.00 and 0.10.

The pristine GeSe is a p-type semiconductor with a poor electrical conductivity (σ) of 0.02 Scm-1 (Figure 2a), accompanied by a high Seebeck coefficient (S) of 710 μV/K (Figure 2b) at 300 K. With LiBiTe2 alloying, the room-temperature σ first increases to ~900 Scm-1 in the x=0.04 sample, then gradually decreases as x further increases (Figure 2a). Conversely, S follows an inverse trend to that of σ with x increasing (Figure 2b). The temperature-dependent σ and S in LiBiTe2-alloyed samples exhibit an unusual change at ~500 K, which should be related to the phase transition observed by the high-temperature XRD (Figure 1b). The enhanced electrical conductivity remarkably improves the power factor (PF), reaching 12 μWcm-1K-2 at 723 K in the x=0.1 sample (Figure 2c). 
To gain a deeper insight into the mechanisms driving the improved PF, we measured the carrier concentrations of these samples. It could be seen that the variance of σ and S upon LiBiTe2 alloying aligns with the change in carrier concentrations (Figure S4a). Pristine GeSe had a low hole concentration of ~11017 cm-3 at 300 K, which increased significantly to ~31020 cm-3 in the x=0.04 sample. With x further increasing, the carrier concentrations slightly decreased, but still kept at a high level of ~11020 cm-3. The high carrier concentration in the LiBiTe2-alloyed GeSe should be originated from the Ge vacancies, which is like the case in GeTe. In rhombohedral GeTe, which has similar crystal structures and should exhibit electronic structures comparable to those of rhombohedral GeSe, intrinsically activated Ge vacancies are responsible for its excessively high carrier concentrations of 1021 cm-3.11, 46 According to crystal orbital Hamilton population (COHP) analysis, antibonding interactions would appear at the Fermi level in stoichiometric GeTe, which can be tracked back to the interactions between Ge-4s and Te-5p.50-52 Consequently, Ge vacancies form to depopulate the antibonding states in the top of the valence band, introducing holes. When alloyed with LiBiTe2, GeSe undergoes a phase structure evolution from the Pnma phase to the R3m phase, akin to the structure of GeTe. Meanwhile, the increasing amount of tellurium incorporated in LiBiTe2-alloyed GeSe further aligns its characteristics with those of GeTe, thereby manifesting similar defect chemistries such as intrinsic Ge vacancies. Consequently, the generated Ge vacancies significantly increase the carrier concentrations to a high level of ~1020 cm-3, enhancing the electrical conductivity and PF.
[bookmark: _Hlk155376136]Besides the carrier concentrations, the density-of-state (DOS) effective mass (Figure 2d) is another determinant for PF. The m* for pristine GeSe in the Pnma phase is 1.0 m0 (where m0 denotes the electron mass), which increases to 2.5 m0 after the structure evolves into the R3m phase. The increased m* contributes to a larger Seebeck coefficient at the same carrier concentration. Additionally, the mobility at the nondegenerate limit (μ0) is also increased from 1.4 cm2V-1s-1 in the Pnma phase to 15 cm2V-1s-1 in the R3m phase (Figure 2e). The enhanced m* and μ0 collectively resulted in significantly higher weighted mobility (μw=m*3/2μ0) for the x=0.1 sample (R3m phase) across the entire temperature range when compared to pristine GeSe (Pnma phase) (Figure 2f). This elevated weighted mobility, combined with the increased carrier concentration, contributes to the enhanced PF of the x=0.1 sample. Furthermore, we investigated the effects of temperature-induced phase transitions (R3m to Fm-3m) on these physical parameters using a typical sample (x=0.1). The m* values at 473 K (R3m phase) and 573 K (Fm-3m phase) are 3.0 m0 and 2.87 m0, respectively (Figure S6a). Meanwhile, the μ0 at 473 K (R3m phase) and 573 K (Fm-3m phase) are 9 cm2V-1s-1 and 8.4 cm2V-1s-1, respectively (Figure S6b). The similarity in m* and μ0 values at 473 K and 573 K stems from the resemblance between R3m and Fm-3m structures, where the R3m structure is a distorted version of the Fm-3m structure.
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Figure 3. Calculated band structure of (a) rhombohedral 28GeSe-4LiBiTe2, (b) cubic 28GeSe-4LiBiTe2, and (c) cubic GeSe.

[bookmark: _Hlk157947129]To understand the alteration in m*, we performed density functional theory (DFT) calculations to obtain the electronic band structures of 28GeSe-4LiBiTe2. A special quasi-random structure (SQS) was constructed for the band structure calculations. The band structure of the rhombohedral phase 28GeSe-4LiBiTe2 reveals a notably smaller band gap of 0.48 eV (Figure 3a) compared to the large band gap of 0.85 eV in pristine Pnma-structured GeSe.22 For hypothetical rhombohedral phase GeSe, the computed band gap is around 0.46 eV,40 similar to the value for 28GeSe-4LiBiTe2. The congruence in band gaps between the rhombohedral phase GeSe and 28GeSe-4LiBiTe2 implies that this modest band gap is primarily associated with the hybridization of Ge 4s2 electrons into the valence band maximum (VBM), as depicted in Figure S2b. The VBM of 28GeSe-4LiBiTe2 appears at the L point, with two secondary VBMs located at Σ1 and Σ2 points, respectively. The Σ1 and Σ2 bands exhibit energies 0.183 eV and 0.240 eV lower than the L band. Given the high carrier concentrations in the LiBiTe2-alloyed samples, these bands can be considered responsible for hole transport. For cubic 28GeSe-4LiBiTe2, the valence band structure was similar to that of the rhombohedral phase, with the VBM at the L point (Figure 3b). However, the energy difference between the L and Σ1 (Σ2) bands expands to 0.332 eV (0.522 eV). This follows the slight decrease in m* observed during the rhombohedral phase transition to the cubic phase because the enlarged energy difference makes these bands less prone to convergence. We also calculated the band structure of cubic GeSe (Figure 3c) for comparison with that of the LiBiTe2-alloyed samples. Evidently, the energy difference between the L band (VBM) and the Σ band (second VBM) is significantly higher in cubic GeSe than in 21GeSe-3LiBiTe2. Since the energy of Te-5p is higher than that of Se-4p, including Te-5p would contribute to a Σ band with higher energy, decreasing the energy difference between the L band and the Σ band.
It is also worthy of conducting a comparative analysis between the band gaps of rhombohedral GeSe and rhombohedral GeTe. In rhombohedral GeTe, the DFT-calculated band gap is ~0.48 eV and the experimental value is ~0.55 eV.53-54 In a conventional expectation, rhombohedral GeSe should exhibit a larger band gap due to the greater electronegativity difference between Ge and Se compared to that between Ge and Te. However, the DFT-calculated band gap of rhombohedral GeSe is 0.46 eV, similar to or even smaller than the that of rhombohedral GeTe. Such phenomenon could be attributed to factors such as significant spin-orbit coupling in GeTe. Moreover, it could be associated with the hybridization of Ge 4s2 electrons into VBM, which is a primary contributor to the narrow band gap observed in rhombohedral GeTe and GeSe. It also hints that the incorporation Bi has an insignificant effect on the band gap, in accordance with the understanding that Bi mainly contributes to the conduction band.
Based on the above analysis, we can understand the enhanced electrical transport properties of the LiBiTe2-alloyed GeSe. Alloying with LiBiTe2 primarily stabilizes the rhombohedral phase, resulting in a reduced bandgap and valence band featuring multiple valleys. Including Te elevates the energy of the Σ band, reducing the energy difference between the L and Σ bands. Then, the high carrier concentrations facilitate an effective convergence of the L and Σ bands, contributing to the high effective mass and thereby improving the PF.

[bookmark: _Hlk155618891]Thermal transport and nanostructures
As for the total thermal conductivities (κ), the pristine GeSe exhibits a high value of 2.2 Wm-1K-1 at 300 K (Figure 4a). With the alloying content of LiBiTe2 increasing, the room-temperature κ gradually decreases to ~0.8 Wm-1K-1 in the x=0.1 sample. Subsequently, we derived the lattice thermal conductivity (κL) by deducing the electronic part (κe) from κ. The estimation of κe is based on the Wiedeman-Franz law, κe=LTσ, where the Lorenzo number, L, is calculated from the Seebeck coefficient via the equation:55
                     (1)
Upon LiBiTe2 alloying, room-temperature κL markedly decreases from 2.2 Wm-1K-1 in pristine GeSe to ~0.6 Wm-1K-1 for the x=0.1 sample (Figure 4b). With increasing temperature, the LiBiTe2-alloyed samples, such as the x=0.1 sample, displayed a sudden increase of κL at around 500 K, which can also be traced to the phase transition from R3m to Fm-3m. Nevertheless, the x=0.1 sample maintains a consistently low κL of 0.6-0.5 Wm-1K-1 within the 300-723 K temperature range. This value closely approaches the lower limit of κL based on the Cahill model:56
                  (2)
where vi means the sound speed of two transverse and one longitudinal mode, n is the number density of atoms, θi is the cutoff frequency, and is calculated as θi = vi(h/kB)(3n/4π)1/3.
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Figure 4. Temperature-dependent (a) total thermal conductivity and (b) lattice thermal conductivity for samples with different x. (c) Temperature-dependent Cp/T3. (d) Cp/T as a function of T2. The data is fitted with the Debye model, Debye+1 Einstein model, Debye+2 Einstein model, and Debye+3 Einstein model, respectively. The γ, β, and E are contributions from electronic, Debye, and Einstein modes, respectively.

The consistent low κL observed in x=0.1 samples between 300-723 K indicates that the phonon scattering is strong over this temperature range. One probable mechanism for phonon scattering is the presence of localized low-energy Einstein oscillators, often observed in the rhombohedral phase due to cation displacement.43, 57 Therefore, we measured the low-temperature heat capacity of the x=0.1 sample, which reveals a broad boson peak in the Cp/T3 versus T plot (Figure 4c). The boson peak is typically associated with interactions between localized optical and acoustic phonons,58 which cannot be accounted for using the Debye model. As such, the Debye-Einstein model was employed to simulate the heat capacity.
[image: ]         (3)
[bookmark: _Hlk155879436]In the equation, γ measures the electronic contribution, while the second term, bT2, is the Debye lattice contribution and can be computed by bT2 = C∙(12π4NAkB)∙T2/(5ΘD3), where NA, kB, and ΘD are the Avogadro’s number, Boltzmann constant, and Debye temperature, respectively. The parameter C, associated with the amplitude of the ith Einstein mode (Ai), the numbers of atoms per formula unit (N), and the gas constant (R), is calculated as C = 1 - ∑iAi/3NR. The contribution from localized Einstein oscillator modes is measured by the third term, in which n and ΘEi denote the number of Einstein modes and the corresponding Einstein temperatures. Integrating three Einstein modes with the Debye contribution, the simulations were closely aligned with the Cp/T3-T (Figure 4c) and Cp/T-T2 (Figure 4d) plots. Notably, the Einstein temperature (wavenumber) of the lowest Einstein mode is 19 K (~13 cm-1), demonstrating the existence of low-lying optical modes.
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Figure 5. STEM analysis of the 0.9GeSe-0.1LiBiTe2 sample. (a) A bright field (BF) image of a typical area in the sample. The high-angle annular dark field (HAADF) image of the corresponding area is inserted. (b) Energy dispersive spectroscopy (EDS) mapping of the area shown in (a). (c) BF image taken along the [110] zone axis, showing abundant polar domains. (d) The selected area electron diffraction (SAED) pattern and (e) a dark-field (DF) image of the area shown in (c). (f) Atomic-resolution HADDF image taken along the [110] zone axis, showing the planar vacancies. (g) Simulated results with the [110] zone axis, reproducing the planar vacancies. (h) Atomic-resolution HADDF image taken along the [112] zone axis. (i) Simulated results with the [112] zone axis.

Scanning transmission electron microscopy (STEM) was employed to identify the microstructure and potential defects. A bright-field (BF) image (Figure 5a) was taken of a typical area of the x=0.1 sample. The high-angle annular dark field (HADDF) image (inset in Figure 5a) shows a single phase, revealing a homogeneous distribution of chemical elements with no obvious segregation (Figure 5b). As a characteristic feature of the non-centrosymmetric rhombohedral phase, we observed abundant polar domains (Figure 5c) in the sample along the [110] zone axis, as determined from the selected area electron diffraction (SAED) pattern (Figure 5d). The split spots within the SAED pattern (highlighted by the red arrow in Figure 5d) again confirm the existence of the domains, which is the result of symmetry breaking.59 In the rhombohedral phase, collective cation displacement is associated with ferroelectric instability, giving rise to low-frequency optical phonons and low-energy Einstein modes. The dark-field (DF) image (Figure 5e) clearly shows that the sizes of the domains varied from tens to hundreds of nanometers.
Atomic-resolution HADDF microscopy was used to examine the atomic-scale structure of the material. The image taken along the [110] zone axis reveals the presence of planar vacancies (Figure 5f), which are common in germanium-chalcogenide-based materials,60-61 and the contrast is well reproduced in our simulations (Figure 5g). Furthermore, these planar defects may act as effective phonon scattering centers, slowing heat transport.62 Additionally, along the [112] zone axis, a layered arrangement of atoms (Figure 5h) was observed, which can also be simulated with the R3m structure (Figure 5i) and originates from the collective cation displacement in the rhombohedral phase.
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Figure 6. Phonon relaxation time as a function of phonon frequencies for different scattering mechanisms.

[bookmark: _Hlk155643016][bookmark: _Hlk155643158]To better illustrate the efficacy of the identified centers for scattering phonons, we calculated the phonon frequency-dependent relaxation time by incorporating various scattering mechanisms (Figure 6). These mechanisms encompass the grain boundary (GB), Umklapp (U), point defects (PD), planar vacancies (PV), and resonance (R) scatterings. Details of the calculations are provided in the Supporting Information. Point defects, which result from disordered cation (Li, Bi/Ge) and anion (Te/Se) arrangements, effectively scatter high-frequency phonons. Planar vacancies primarily target low- to medium-frequency phonons. The three localized Einstein oscillators, whose frequencies are within the low-to-medium frequency range, interact with phonons of matching frequencies. Therefore, the entire spectrum of phonons can be collectively scattered in LiBiTe2-alloyed GeSe, leading to low lattice thermal conductivity.

Figure of merit ZT
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Figure 7. (a) ZT as a function of temperature for samples with different x. (b) Comparison of average ZT (ZTave) between 400–723 K achieved in this study with literature values.25, 42, 45, 63-65

Finally, as the LiBiTe2 alloying content increased, the ZT value significantly increased, leading to a maximum ZT of ~1.3 at 723 K in the x=0.1 sample (Figure 7a). This considerable enhancement in ZT was facilitated by the enhanced PF and remarkably low κL, both attributed to the crystal structure evolution from Pnma to R3m phase by LiBiTe2 alloying. Due to phase transitions during heating, we repeatedly measured the electrical properties and thermal conductivity at different temperatures. These results demonstrate the stability of its high performance (Figure S7), which can be expected from the similarity between R3m and Fm-3m structures. We further estimated the average ZT (ZTave) from 400 K to 723 K (Figure 7b). Notably, the x=1 sample exhibited a high value of over 0.8, in contrast to the low value of 0.02 in pristine GeSe, underscoring the effectiveness of LiBiTe2 alloying for enhancing the thermoelectric performance of GeSe.

Conclusion
Our investigation illuminated the potential of GeSe as a thermoelectric material. Through our exploration of LiBiTe2 alloying ((xGeSe-(1-x)LiBiTe2, x ranging from 0.00 to 0.12), we unveiled a significant transformation: the orthorhombic phase (Pnma) of pristine GeSe evolved into a rhombohedral phase (R3m), with further transition to the cubic phase (Fm-3m) under thermal conditions. This crystal structure evolution led to a notably enhanced electrical conductivity in GeSe-LiBiTe2 due to its high carrier concentrations. Moreover, the low-temperature rhombohedral and high-temperature cubic phases of the GeSe-LiBiTe2 compound share a similar valence band structure, demonstrating the convergence of the L and Σ bands. Consequently, an enhanced PF of ~14 μWcm-1K-2 was achieved in the x=0.1 sample at 723 K. Additionally, the lattice thermal conductivity in the x=0.1 sample remains remarkably low at 0.6-0.5 Wm-1K-1 across the entire measured temperature range. This low lattice thermal conductivity is attributed to multiple phonon scattering mechanisms, including point defect scattering, planar vacancy scattering, and resonance scattering from the three Einstein oscillators. The combined PF enhancement and consistently low lattice thermal conductivity resulted in attaining a high ZT value (1.3 at 723 K in 0.9GeSe-0.1LiBiTe2) and a promising ZTave of over 0.8, from 400 to 723 K. Our work indicates that incorporating compound LiBiTe2 into compound GeSe induces a transformation in structure, yielding a more desirable crystal structure with higher symmetry. This elevated symmetry structure exhibits superior thermoelectric properties compared to lower symmetry counterparts. Thus, this concept presents a universal approach to elevate the performance of suboptimal thermoelectric materials by alloying them with meticulously selected alloying agents.
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