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Figure 1 (Color online) Grain boundary regulation strategies (dynamic doping, conducting path, dielectric screening, band alignment and energy

filtering) optimize carrier and phonon transport

625



M % h & 2025528 #H70% o6

Ry AR 0w SR M, AT DAVE A 3 T PR A 1
WA, LA, SR A RRR UL, AR, il
H A 2R iz MR E L0, SRR
s AL R AR EEAMER. T S IS
TR BT PRI IZ AT R, S BT T G R F
BEEERR THRE . TR M Seebeck R0 M52 M K
LA mE.

1.1 3R Tish A

FERAHL BT R, SRR e I L B 1 2 AL A
An' o~ (" T HVEE, BET ST TR B B S AL,
AT 315 XS B0 3 R B R B 4 7+
02, 1£55 10152207 2R TS0 E T s U, —ik
SR BE AR AR, BV THe B I R TR BE 2E Ak,
REAR T B FFLL, S AT HE RSN EOR T4 S8 35T,
AR IE 1T, R SRR T — A R A, T
S TR EE M Sh AT, B, Tk iRk B2
FE 2 S LEAIGIEL R 5 SRk B B WS — A, JF
WL T TR VA AR E LR, T S BRI T Bh 25
¥z, mE2 ) RN

fian, EPbTer AL EiB245MAg, HALIAg,Te
55 T AMAIE AT R AL, M IR T, AghY I
JELBEE IR BT, BRI R A PbTedk k!,
I, SR R R SN S A B AR Ag s A B 4R, TSk
B2 T v R Bt 9 A 3 hnn T R(EI2(b)). [RIREH,
B Ag, TeVE AR AN AP o75Cr gps TR R, BEE TR
JEE T v 2 S 0 AR, R R S B A AR
W BRI, AR TEEIR T S T
SR RAE Y. R AgBiStRIB I, Yok
PO POTeRE S i Sl T 40 Tk B0 Ak. %528
S5 SRR Y S AR TR B n A, 0
E2(0) T PR, BrAgICER IS, Cut R A ZIEE
TR, TSI TR R S AR, Brid,
T AL AR RO FOR sh A T AR A
T IX AR IR AT 2 AR, RERESEILZTIH )
BARPETH(E2(0)).

1.2 TR

A PR e S 2y, S E UM 20T B
Fothan, TS0 TR AR M. K28

@) Diffusion
QeQeQe QeQeOe
L o L
ee “Q.Qo YO IO XOK )
oe) WE——> o o o
QeQe0eO QeQeOe
L ] ®
T
o e e(e o L IO JOK XOK )
C
2.0 T T
10221 i PbTe-based
[ TP 101k / 157 —a—pore
¢_ 107 :Qg;z:ﬁ’iTe —e— Ag/Bi-PbTe :ig;gf;zTe
g - 108 — Theoretical curve I~ 1.0} —®—Ag/Cr-PbTe
‘;10 3 300 450 600 750000 N
< g
10"k 0.5
10%8L

400
Temperature (K)

300

500 600 700 800900

450 600 750
Temperature (K)

300 900

Bl 2 (4 RROR () S SR AL OR PR (2) AL B3 4855 R I, (b) PoTebHRHE TR, 4715l Ag/Bi-PoTeF it (Y 2R3 -k J4

RS ALHE ot L2, () Zrfi!™ "

Figure 2 (Color online) Improving carrier concentration through grain boundary regulation. (a) Schematic diagram of dynamic doping at grain
boundaries' . (b) Carrier concentration of PbTe-based materials. The inset shows the comparison between carrier concentration n;; and theoretical
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Figure 4 (Color online) Enhancing Seebeck coefficient through grain boundary regulation. (a) Schematic diagram of carrier filtering effect; (b)
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Seebeck coefficient before and after optimization ; (¢) power factor before and after optimization
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Table 1 Electrical parameters of thermoelectric materials at room temperature through different regulation strategies
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Thermoelectric materials with grain boundary: Strategies to
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Thermoelectric conversion technology is a novel clean energy technology that directly converts heat into electricity
utilizing the thermoelectric effect of materials. The optimization of thermoelectric performance in materials has garnered
widespread attention and research, where the carrier and phonon transports directly determine the final figure of merit (Z7).
Grain boundaries, the most common microstructures or defects in polycrystalline materials, significantly impact the
transport behaviors of carriers (electrons or holes) and phonons. On the one hand, grain boundaries are the locus of various
defects, which adversely affect carrier transport and thereby inhibit electrical performance. The most intuitive effect is
carrier scattering at grain boundaries, which encompasses grain boundary scattering and barrier scattering. Furthermore,
the trap effect and depletion region effect at grain boundaries also impede carrier transport. On the other hand, grain
boundaries can also act as intense scattering centers for phonons, hindering heat transport. Phonons can be scattered at
grain boundaries, altering their direction and energy of propagation, leading to changes in phonon transport paths.
Consequently, these altered phonon transport behaviors enhance the thermal resistance and diminish the thermal
conductivity of the material. Additionally, the irregular arrangement of atoms at grain boundaries may give rise to localized
phonon states, creating an additional barrier to phonon transport. Therefore, understanding and controlling electron-phonon
transport behaviors at grain boundaries is crucial for enhancing the thermoelectric performance of polycrystalline
materials.

This review paper focuses on the impact of microstructures on the behaviors of carriers and phonons at grain boundaries,
and systematically summarizes effective strategies for regulating thermoelectric transport parameters based on grain
boundary engineering. Firstly, we delve into effective mechanisms and propose strategies to optimize electrical transport
by analyzing carrier behaviors at grain boundaries. These include dynamical carrier concentration regulation, carrier
mobility optimization (through conducting paths, high dielectric constant phases, low-angle grain boundaries, and phases
aligned with the matrix band structure), and Seebeck coefficient enhancement via energy filtering. Secondly, we investigate
effective scattering mechanisms to hinder thermal transport by examining phonon behaviors at grain boundaries, and put
forward strategies to reduce lattice thermal conductivity, such as increasing grain boundary density (via grain refinement
and nano-second phases). Furthermore, we explore the mechanisms for decoupling electron-phonon transport through a
comprehensive analysis of their behaviors at grain boundaries, and develop methods to synergistically enhance
thermoelectric transport properties. This includes optimizing grain size and introducing coherent or semi-coherent
interfaces. Finally, we underscore the pivotal role of grain boundaries in optimizing carrier and phonon transport.
Moreover, we suggest that multi-scale theoretical simulations and in-situ experimental characterization of grain boundary
microstructures will contribute significantly to a deeper understanding of transport mechanisms. The exploration and
development of novel strategies and methods for grain boundary structure design will more effectively decouple carrier and
phonon transport, thereby establishing the relationship between microstructures, grain boundary regulation, and
thermoelectric properties. This review provides an essential theoretical and experimental foundation for the future design
and optimization of thermoelectric materials.

thermoelectric materials, grain boundary engineering, carriers, phonons, mobility
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