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Figure 1 (Color online) (a) Schematic of “2D phonon-3D charge” thermoelectric transport; (b) Z7 values for n-type SnSe-Cl-Pb crystals along the

out-of-plane and in-plane directions™"!
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Figure 2 (a) Projected DOS of SnSe near the Fermi energy level and contributions from various atomic orbitals. The insert diagram shows the

Brillouin zone of SnSe. (b) Calculated charge density distributions of n-type (top) and p-type (bottom) Snse”
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Figure 3 The ratio of lattice thermal conductivity (dotted line indicates i, ou/Kia, 1:=0.5) (a) and carrier mobility (dotted line indicates uo,/u,=1) (b)

for SnSe, SnS and PbSnS, crystals along the out-of-plane direction to the in-plane direction

28313346471 . (c) Measured electrical conductivity for Cl-

doped SnSe along the out-of-plane direction o, the simulated electrical conductivity for Cl-doped SnSe along the out-of-plane direction og;,, which is
calculated based on the measured electrical conductivity of Cl-doped SnSe along the in-plane direction (assuming that Cl-doped SnSe possesses the
same Lo, /Ui, as Na-doped SnSe), and the enhancement of electrical conductivity along the out-of-plane direction due to “3D charge”
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Figure 4 (Color online) The electrical properties for Na-doped p-type SnSe and Cl-doped n-type SnSe crystals along the out-of-plane and in-plane
directions™?. (a) Seebeck coefficient S; (b) electrical conductivity o; (c) measured power factor PF for Cl-doped SnSe along the out-of-plane direction,
simulated values of the calculated power factor along the out-of-plane direction (assuming that the S of Cl-doped SnSe along the out-of-plane direction

is equal to the S along the in-plane direction), and the enhancement of power factor along the out-of-plane direction due to the anisotropic scattering
factor
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Recent progress in “2D phonon-3D charge” thermoelectric
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Thermoelectric materials can directly convert thermal and electrical energy to each other and have a huge potential in
power generation and precise temperature control. High-performance thermoelectric materials pursue to achieve “phonon
glass-electron crystal” transport, which requires both low thermal and high electrical transport properties. However, the
strong coupling between the phonon and the electron in materials poses a significant challenge in realizing the “phonon
glass-electron crystal” transport. Developing the thermoelectric performance of intrinsically low thermal conductivity
materials, such as layered structure materials, is an effective strategy to promote the “phonon-electron” decoupling. Tin
selenide (SnSe) is an intrinsically low thermal conductivity layered material. The low lattice thermal conductivity along the
in-plane direction endows the basis of the excellent thermoelectric performance for p-type SnSe crystals. Layered structure
materials possess much lower lattice thermal conductivity along the out-of-plane direction than in-plane generally. If the
carrier mobility of SnSe and other intrinsically low thermal conductivity layered structure materials along the out-of-plane
direction can be increased, the ultra-low thermal conductivity of layered structural materials along this direction can be
utilized to form “two-dimensional (2D) phonon and three-dimensional (3D) charge” thermoelectric transport, which can be
further realized “phonon glass-electron crystal” transport. Anion-doped n-type SnSe crystals possess overlapping
interlayer charge density resulting in a large enhancement of carrier mobility along the out-of-plane direction, and thus
show “2D phonon-3D charge” thermoelectric transport and have attracted huge attention in the thermoelectric field due to
their excellent performance. Therefore, more materials with “2D phonon-3D charge” thermoelectric transport are being
discovered and show exciting potential for thermoelectric performance. Seeking materials with “2D phonon-3D charge”
thermoelectric transport among intrinsically low thermal conductivity materials is gradually becoming one of the criteria
for the development of new high-performance thermoelectric materials.

In this review, we first introduced the mechanism of “2D phonon-3D charge” thermoelectric transport. The intrinsically
low thermal conductivity along the out-of-plane direction of the layered material forms the “2D phonon” transport, which
is the basis for obtaining excellent thermoelectric performance. The overlapping interlayer charge density can facilitate
electron transport along the out-of-plane direction, and thus forms the “3D charge” transport which is the key to obtaining
excellent thermoelectric performance. We also introduced the advantages of “2D phonon-3D charge” thermoelectric
transport with lattice thermal conductivity, carrier mobility, and the Seebeck coefficient. The overlapping interlayer charge
density leads not only to high carrier mobility along the out-of-plane direction, but also to the higher scattering factor than
the in-plane direction and thus to the larger Seebeck coefficients along the out-of-plane direction than in-plane. Finally, we
summarized the research progress of materials with “2D phonon-3D charge” thermoelectric transport, and gave an outlook
on how to utilize and enhance “2D phonon-3D charge” thermoelectric transport to realize high thermoelectric performance,
as well as the challenges for the future development of thermoelectric materials with “2D phonon-3D charge”
thermoelectric transport. This review can help researchers comprehensively understand the “2D phonon-3D charge”
thermoelectric transport and also contribute to the development of new high-performance thermoelectric materials.

thermoelectric materials, phonon-electron decoupling, anisotropy, layered structure, charge density

doi: 10.1360/TB-2024-0793

644


https://doi.org/10.1360/TB-2024-0793

	“二维声子-三维电荷”热电传输特性研究进展
	“二维声子-三维电荷”热电传输特性机理 特性机理
	“二维声子-三维电荷”热电传输特性优势 特性优势
	总结与展望 结与展望


