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decoupling for optimizing thermoelectric performance
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Extend Abstract

Introduction Thermoelectric materials, capable of directly converting heat to electricity, have a significant potential in sustainable
power generation and thermoelectric cooling. Research in this area focuses on optimizing multiple interdependent and competing
thermoelectric parameters to maximize the dimensionless figure-of-merit (ZT). Achieving an optimal ZT value requires materials with
a large Seebeck coefficient, an excellent electrical conductivity, and a low thermal conductivity. However, these transport properties
are interdependent and often in competition, necessitating a balance between the related parameters. A critical aspect of this
optimization involves the trade-off between the Seebeck coefficient and electrical conductivity, and both of which are strongly
affected by carrier concentration. Lower carrier concentrations generally enhance the Seebeck coefficient, but reduce the conductivity,
whereas higher carrier concentrations favor the conductivity at the cost of a lower Seebeck coefficient. This competition also extends
to the effective mass, where an increased effective mass can boost the Seebeck coefficient, but often reduce the conductivity due to
the decreased carrier mobility. Effective thermoelectric optimization thus requires balancing enhanced effective mass with a high
mobility. Furthermore, the coupling between electronic and lattice thermal conductivities significantly impacts the overall
performance, positioning a thermal transport as a pivotal element in this optimization. To improve the ZT at low carrier concentrations,
achieving electron-phonon decoupling while enhancing carrier mobility are an effective strategy. Based on some simplified
thermoelectric models, this work demonstrated that electron-phonon decoupling could improve the thermoelectric performance at near
room temperature under the condition of enhanced carrier mobility. In the narrow region of a low carrier concentration where the
Seebeck coefficient could change minimally, the effect of the ratio of electronic conductivity to lattice thermal conductivity on the
enhancement of ZT was evaluated. Finally, we emphasized the important role of electron-phonon decoupling in enhancing carrier
mobility to optimize the thermoelectric performance.

Methods In this work, a simplified theoretical model was proposed to evaluate a relationship between the ZT enhancement and the
ratio of electronic conductivity to lattice thermal conductivity (i.e., the degree of electron-phonon decoupling). A simplified
phonon-electron decoupling parameter model was designed via assuming that the Seebeck coefficient and carrier concentration could
remain constant. In this model, the increase in electronic thermal conductivity was considered to be consistent with the increase in
mobility. The lattice thermal conductivity was primarily affected by some complex factors such as crystal structure, defects, and
anisotropy, and was therefore treated as a constant term without detailed consideration. In addition, the single-band Kane model was
also utilized under approximate conditions, effectively simulating the impact of electron-phonon decoupling on the thermoelectric
performance at near room temperature when enhancing the carrier mobility.

Results and discussion Electronic conductivity and lattice thermal conductivity are two important thermal conductivity parameters
in semiconductors, and their difference lies in the mechanism and main carrier of heat conduction. The enhancement of carrier
mobility can significantly affect the electronic thermal conductivity without changing the lattice thermal conductivity. Therefore, the
improvement of mobility can achieve the enhancement of ZT while unchanging the lattice thermal conductivity, and the improvement
effect becomes dominant as the carrier mobility increases when using the electron-phonon decoupling parameter model. In addition,
for systems with a lower lattice thermal conductivity, the electronic thermal conductivity can be a low level in order to achieve
optimal optimization when using optimization strategies to increase carrier mobility. This indicates that the ratio of electronic
conductivity to lattice thermal conductivity (i.e., the degree of electron-phonon decoupling) must be concerned when optimizing ZT
by increasing carrier mobility in different systems because this ratio directly determines the extent of ZT improvement. Since the ratio
of electronic conductivity to lattice thermal conductivity is usually limited in the range of [0.1, 10] when the ZT value reaches its peak
as a function of carrier concentration, this range ensures that the material can achieve the optimal performance. Also, the ratio of
electronic conductivity to lattice thermal conductivity increases with increasing temperature. This indicates that optimizing carrier
mobility can have a more significant effect on the improvement of near-room temperature thermoelectric performance. Since the
carrier concentration is directly proportional to the electronic thermal conductivity, and the lattice thermal conductivity does not
depend on the carrier concentration, there is a positive correlation between the carrier concentration and the ratio of electronic
conductivity to lattice thermal conductivity. This means that the electronic thermal conductivity increases quickly as the carrier
concentration increases, resulting in an increase in the ratio. Therefore, the decrease in carrier concentration can significantly enhance
the degree of electron-phonon decoupling as the carrier mobility increases. The thermoelectric performance can be effectively
improved via regulating carrier concentration and optimizing carrier mobility, providing an important theoretical basis for the design
and optimization of novel thermoelectric materials. In practical situations, the ratio of electronic conductivity to lattice thermal
conductivity is usually limited to the interval [0.1, 10] when the ZT reaches an optimum value as a function of carrier concentration.
Therefore, the improvement range of ZT value can also form different upper and lower limits, thereby restricting the improvement of
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thermoelectric performance. Although the improvement of carrier mobility can effectively improve the thermoelectric performance,
there are differences in the electron-phonon coupling strength of different thermoelectric materials, which can make it difficult to
improve the ZT to the theoretical optimal level. The single-band Kane model used is combined with some assumptions to simulate the
electron-phonon decoupling discipline that is closer to the actual situation. For instance, the peak of ZT moves in the direction of
lower carrier concentration, and achieves a larger increase in amplitude, thus forming a potential optimization area due to the increase
in carrier mobility and the enhancement of electroacoustic decoupling (i.e., the deformation potential decreases and the B parameter
increases).

Conclusions This study systematically explored the discipline of electron-phonon decoupling at near room temperature when
enhancing the carrier mobility based on the simplified electron-phonon decoupling model and single-band Kane model. The results
showed that the ratio of electronic conductivity to lattice thermal conductivity could be concerned when optimizing the thermoelectric
performance by increasing the carrier mobility, that is, the electron-phonon decoupling strength. The increase in this ratio with
increasing temperature further verified the importance of optimizing the carrier mobility for improving the room-temperature
thermoelectric performance. Meanwhile, the enhanced ZT of some thermoelectric materials was evaluated by the model, and the
increase was far from the theoretical expectation. For the electron-phonon coupling, this synergistically promoted the shift of the ZT
peak toward lower carrier concentrations and achieved significant improvements due to the increase in mobility and electron-phonon
decoupling (i.e., the reduction of deformation potential and the improvement of B parameter), revealing a potential optimization range
for the near room temperature thermoelectric performance. In summary, how to effectively manipulate electron-phonon decoupling
while improving mobility to optimize the near room temperature thermoelectric performance could become a challenge in the field of
future thermoelectric cooling.

Keywords thermoelectric performance; carrier mobility; electronic thermal conductivity; lattice thermal conductivity; electron—
phonon transport



