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摘要 热电材料由于其高可靠性、长寿命等特点, 在废热回收及半导体制冷等领域有着广泛应用. 其中, 硫化铅

(PbS)基热电材料因为原料储量丰富、价格低廉,被研究人员所关注,近些年逐渐成为研究热点.受限于本身的低载

流子浓度及高晶格热导率, PbS热电性能的提升较为困难. 本文从载流子浓度、迁移率、有效质量、晶格热导率等

热电参数优化的角度介绍了具有代表性的PbS基热电材料研究工作. 具体而言, 能带结构调控以及生长晶体等方式

对于电传输性能有很好的优化作用, 多尺度缺陷的引入则有助于晶格热导率的优化. 最后, 对PbS基热电材料未来

可能的发展方向进行了展望.
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热电材料作为可实现热电相互转换的新能源材料

受到研究人员的广泛关注[1~3]. 全球每年消耗的能源有

超过60%以废热形式散失[4], 热电材料可以回收部分余

废热来发电以提高能源利用效率. 随着5G通讯以及物

联网的快速发展, 电子产品的热管理成为热电制冷应

用的重要方向[5,6]. 衡量热电材料性能优劣的指标是热

电优值ZT, 其中T为热力学温度, Z=σS2/κ, 涉及3个热电

材料特性参数: 电导率σ、塞贝克系数S以及热导率

κ[7~9]. 铅基硫族化合物, 包括PbTe、PbSe、PbS, 是一

类传统的中温区热电材料, 其中PbTe热电性能优异, n
型最高ZT达到~2.2[10], p型ZT最高达到~2.8[11]. 由于

PbTe中Te元素原料稀缺, 与其同为岩盐结构的PbSe及
PbS被认为是其潜在的备选材料[12]. 目前实现商业化应

用的Bi2Te3热电材料同样存在Te元素储量稀少且价格

昂贵的问题[13], 热电技术的可持续发展已成为一个急

需解决的问题.

图1(a)中的数据展示了常见热电材料组成元素的

地壳丰度以及相对Te元素的价格, PbS基热电材料的原

料, 特别是S, 在地壳中储量丰富, 原料价格更为低

廉[1,12,14]. 此外, PbS相较于PbTe和PbSe, 机械性能更好,
工作温域更宽[12]. 以上优点意味着PbS有着潜在的商业

应用价值. 图1(b)展示了自2011年以来PbS基热电材料

中具有代表性的工作及其报道的最大ZT[14~42], 其中n型
PbS基热电材料逐步成为研究热点 , 最大ZT达到

~1.7[20,27], p型PbS基热电材料相对于n型发展滞后, 最

大ZT达到~1.3[17]. 本文将从载流子浓度、迁移率、有

效质量、晶格热导率等热电参数优化的角度介绍PbS
基热电材料性能的优化策略.

1 载流子浓度优化

热电材料的性能参数σ、S、κ随着载流子浓度n变
化趋势不尽相同, 衡量电传输性能的功率因子PF以及
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ZT会在一定载流子浓度范围内达到峰值[43], 如图2(a)
所示.

图2(b)为理论计算得到的PbS能带结构示意图[34],
导带和价带都在L点与Σ点有简并的能带. L点带隙在

300 K时为~0.41 eV, 带隙会随着温度变大, 因此在高温

时受到双极扩散影响没有其他窄带半导体的大[18].
PbS是本征n型半导体, 通过异价掺杂可以有效提

升PbS的载流子浓度. 如图2(c)所示, n型掺杂剂相较于

p型更为丰富, 在Pb位掺杂ⅢA族的Ga、In[26,28,31,32]、
VA族的Bi、Sb[25,27,34,44], 以及在S位掺杂第七主族的

Cl、Br等[18,40]可以优化n型的载流子浓度. 掺杂Ti等过

渡金属元素[37]以及额外加入Cu等小半径金属原子也被

证明可以优化n型PbS的载流子浓度[14,38]. 在Pb位掺杂

Li、Na、K等ⅠA族元素以及Ag元素可以优化p型PbS
的载流子浓度[41,42,45,46], 由图2(c)可以看出Cl相较于其

他元素有着较高的掺杂效率. 电导率定义式为σ=neμ,
其中e为元电荷, μ为载流子迁移率. 载流子浓度的提

升可以提升电导率, 但是由于载流子与载流子间的相

互作用, 随着载流子浓度的增加, 载流子间的散射加

剧 , 导致载流子迁移率 μ下降 [ 4 3 ] , 如图 2 ( d )所

示[18,25~28,31,32,34,40,44]. 因此, 选取掺杂剂时, 应当综合考

虑掺杂效率以及载流子浓度对迁移率的影响.

2 迁移率优化

载流子迁移率的优化有利于功率因子的提升, 对

热电性能提升至关重要. 在相对较低载流子浓度条件

下, 通过高迁移率的方式来提升热电材料性能[43]. 载流

子迁移率的优化策略包括能带锐化 [ 2 9 ]
、能带对

齐[17,29,34]
、晶格素化[14]以及生长高质量晶体[14].

Xiao等人[29]通过在掺杂2%的Sb优化载流子浓度

后的PbS中固溶Sn, 达到使能带尖锐化的效果, 使得有

效质量减小, 从而优化迁移率. 如图3(a)内示意图所示,
Sn固溶使得导带位置下移, 与引入的PbTe导带能量位

置相近, 实现了导带对齐, 减少了载流子在PbS与PbTe
带间的散射从而维持高迁移率. 图3(a)中展示了300、
623、923 K下的PbS、Pb0.94Sn0.06S以及Pb0.94Sn0.06S
+8% PbTe样品的热电品质因子B, B正比于加权迁移率

和晶格热导率的比值, 也可以反映热电性能优劣[29]. 由
于导带锐化与导带对齐策略维持了高迁移率, 品质因

子B逐步提升, PbS的性能得到了逐步优化, 与图3(b)中

图 1 (网络版彩色)PbS的原料成本优势和发展趋势. (a) 热电材料常见组成元素的地壳丰度及相对Te元素价格[1,12,14]; (b) 具有代表性的PbS工作

报道的时间以及最大ZT[14~42]

Figure 1 (Color online) Raw material cost advantage and development tendency for PbS. (a) The earth abundance and relative price to Te of normal
elements to form thermoelectric materials[1,12,14]; (b) timeline and ZT maximum for typical research for PbS-based thermoelectric materials[14‒42]
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全温域内ZT的逐步提升趋势相符, 最终该工作的最高

性能样品在300~923 K内的平均ZT达到~0.7, 923 K时

获得~1.3的ZT峰值.
Luo等人[34]在PbS中合金化GeS, 取代Pb位置的

Ge2+发生价态歧化生成Ge0与Ge4+, 从而形成稳定的

Pb5Ge5S12第二相. 由于Pb5Ge5S12与PbS可以实现良好的

导带对齐, 最终合金化14% GeS的样品在3 × 1019 cm−3的

载流子浓度下获得高达~121 cm2 V−1 s−1的迁移率 ,
400~923 K内的平均ZT达到~0.76, 923 K时获得~1.32的ZT
峰值.

p型PbS同样可以通过基体与第二相的价带对齐策

略维持高迁移率. Zhao等人[17]在p型PbS中分别引入

CdS、ZnS、CaS、SrS, 发现CdS、ZnS中化学键共价

性比CaS、SrS更强且带隙更窄. 理论计算结果表明,
CdS与PbS基体之间价带能量差仅为0.13 eV, 由于价带

对齐, 引入CdS的样品比与引入其他3种硫化物的样品

表现出更高的迁移率, 最终样品Pb0.975Na0.025S+3% CdS
的ZT在923 K达到~1.3.

晶格素化是一种通过减少材料基体的本征空位缺

陷以提升载流子迁移率的策略, 最初由Liu等人[47]在p
型SnSe晶体的研究中提出. 随后, 该策略成功应用于

PbTe基以及PbSe基热电材料近室温性能的开发以及热

电器件制冷温差的提升[48,49]. Wang等人[14]首先在PbS
中固溶40% Se优化晶格热导率, 之后在PbS基体中额

外加微量Pb, 填补本征存在的Pb空位, 降低阳离子空位

对于载流子的散射, 使得载流子浓度与迁移率实现了

协同优化. 如图3(c)中插图所示, Pb1.004S0.6Se0.4相比于

基体载流子浓度提升了60%, 但是迁移率提升至

~614 cm2 V−1 s−1. 最终, 额外补偿4‰ Pb的样品的ZT相
较于基体PbS0.6Se0.4在整个测试温域内得到了全面提

升, 300~823 K的平均ZT提升了~31%. 在该工作中, 研

究人员通过布里奇曼法生长高质量PbS基晶体, 也使得

图 2 (网络版彩色)PbS的载流子浓度优化方法. (a) 热电参数随载流子浓度变化示意图[43]; (b) 计算得到的PbS能带结构[34]; (c) 不同掺杂剂条件

下, PbS的掺杂量与载流子浓度关系[18,25~28,31,32,34,40,44]; (d) 不同掺杂剂条件下, PbS的迁移率随载流子浓度变化关系[18,25~28,31,32,34,40,44]

Figure 2 (Color online) Carrier concentration optimizing approach to PbS. (a) Thermoelectric parameters changing with carrier concentration[43]; (b)
calculated band structure for PbS[34]; (c) carrier concentration as a function of doping amount for different dopants[18,25‒28,31,32,34,40,44]; (d) carrier mobility
as a function of carrier concentration for different dopants[18,25‒28,31,32,34,40,44]
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迁移率得到明显提升. 通过生长晶体可以减少晶界对于

载流子的散射. 从图3(d)中扫描电子显微镜结果可以看

出, 同样的观测尺度下晶体样品未观察到晶界, 而多晶

样品中则存在大量晶界以及烧结过程中产生的孔洞. 相

同名义成分的晶体样品相较于SPS烧结得到的多晶样品

迁移率提升了近60%, 如图3(d)所示. 晶体样品的热电性

能在全温域内得到提升, 在300~823 K内平均ZT达到

~0.92, 室温ZT达到~0.64, 均为目前PbS基热电材料体系

中报道的最高值. 由于迁移率的提升带来的高室温性能,
该工作搭建了首个基于n型PbS基热电材料的制冷器件,
实现了36.9 K的室温制冷温差, 表明原料储量丰富的PbS
基热电材料也有成为商用制冷材料的潜力.

3 有效质量优化

有效质量的提升可以提升塞贝克系数进而优化电

传输性能. 有效质量提升方法主要包括引入共振能

级、实现能带收敛等. Hou等人[32]在PbS中掺杂了少量

的In, 计算结果表明In可以在PbS中引入穿越费米能级

的新带, 提升了有效质量从而使得电传输性能得到提

升. 该工作最终实现在423~823 K内获得~0.8的平均ZT,
在723 K获得~1.1的峰值ZT.

Chen等人[39]在n型PbS中引入化合物GaSb, 使Ga与
Sb占据Pb位置. 由于Ga的4s轨道以及Sb的5p轨道的共

同作用, GaSb掺杂将n型PbS导带中L带和Ʃ带之间的能

量差从0.34 eV降低到0.15 eV, 如图4(a)所示. 该工作通

过化合物掺杂策略, 首次实现了n型铅基硫族化合物中

的导带收敛. 从图4(b)中可以看出, 由于态密度有效质

量的增强, 掺杂GaSb的样品在相同载流子浓度下, 与掺

杂Sb以及Ga、In共掺杂的样品相比拥有更高的塞贝克

系数. 由于GaSb掺杂在优化载流子浓度的同时通过导

图 3 (网络版彩色)PbS的载流子迁移率优化策略. 导带锐化以及导带对齐增强PbS的品质因子B (a)以及ZT (b)[29]; (c)补偿铅空位提升PbS0.6Se0.4
的ZT, 插图: Pb1+xS0.6Se0. 4的载流子浓度和迁移率[14]; (d) 生长晶体优化迁移率提升PbS-Pb-Se-Cu的ZT, 插图: 多晶与晶体样品扫描电子显微镜对

比[14]

Figure 3 (Color online) Carrier mobility enhancing strategies for PbS. Enhancing quality factor B (a) and ZT (b) of PbS through conduction band
sharpening and conduction band alignment[29]. (c) Enhancing ZT of PbS0.6Se0.4 through Pb compensation. Inset: Carrier concentration and carrier
mobility for Pb1+xS0.6Se0.4

[14]. (d) Optimizing carrier mobility to enhance the ZT of PbS-Pb-Se-Cu. Inset: Comparison of the scanning electron
microscopes between crystal samples and polycrystal samples[14]
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带收敛使得有效质量增强, n型PbS的电传输性能得到

了 大 幅 度 的 改 善 . 功 率 因 子 P F在 4 2 3 K达 到

~24 μW cm−1 K−2的峰值, 在423~823 K内平均PF达到

~20.4 μW cm−1 K−2, 是目前PbS基热电材料中的最

高值.
Wu等人[41]通过在p型PbS中引入Ag, 首次实现了p

型PbS中的价带收敛, 如图4(a)所示, Ag掺杂使得p型
PbS中L带和Ʃ带之间的能量差从0.34 eV降低到0.22 eV.
由于价带收敛, 图4(b)中Ag掺杂的样品与Li掺杂及Na
掺杂的样品相比有着更高的有效质量[17,45], 使得最终

掺杂Ag的p型PbS表现出更突出的电传输性能, 如图4
(d)所示. Li等人[42]的工作也印证了Ag在p型PbS中具有

促进价带收敛从而增强有效质量的效果.

4 晶格热导率优化

本征高晶格热导率是限制PbS热电性能提升的重

要因素. 晶格热导率是不受载流子浓度影响的热电参

数, 降低晶格热导率的关键是要在考虑载流子输运的

同时尽量阻碍声子的传输[9]. 从图5(a)可以看出, 不同

的散射机制对不同频率的声子有着不同的散射率, 其

中, 声子-声子相互作用是材料本征散射机制. 在众多

散射机制中, 晶界对于声子的散射率独立于声子频率

且在低频声子区域占据主导地位, 点缺陷对声子散射

随声子频率变大而增强, 最终在高频声子区占据主导

地位, 而纳米相对于声子的散射率与纳米相尺度有

关[50]. 图5(b)为通过引入点缺陷、晶界、第二相或析

出物等缺陷散射声子 , 从而降低晶格热导率的示

意图[9].
在引入微量掺杂剂时, 掺杂元素与本征元素尺寸

不同会造成晶格畸变, 也可以利用合金化或者与Pb或S
的同主族元素形成大比例固溶体等手段, 通过尺寸及

应力波动散射声子来大幅度降低晶格热导率. 图5(c),
(d)分别列举了通过不同手段降低晶格热导率进而获得

高ZT的代表性工作. Zhao等人[25]在n型PbS中掺杂Sb调

图 4 (网络版彩色)能带收敛提升PbS热电性能. (a) PbS能带收敛示意图[39,41]; (b) GaSb、Ag以及其他掺杂剂掺杂样品的Pisarenko曲
线[17,26,39,41,45]; (c) GaSb掺杂、Ga-In共掺杂以及Sb掺杂样品的PF[26,39]; (d) Ag、Li、Na掺杂样品的PF[17,41,45]

Figure 4 (Color online) Enhancing thermoelectric performance of PbS through band convergence. (a) Schematic of band convergence for PbS[39,41];
(b) Pisarenko plot for samples doped by GaSb, Ag and other dopants[17,26,39,41,45]; (c) PF for GaSb, Ga-In and Sb doped samples[26,39]; (d) PF for Ag, Li
and Na doped samples[17,41,45]
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节载流子浓度后引入不同形式的Cu, 研究发现位于晶

格间隙的Cu相较于取代Pb位置的Cu有着更突出的降

低晶格热导率的作用. 同时, 引入两种形式Cu的样品

Pb0.95Sb0.02Cu0.03S-0.03Cu在923 K的晶格热导率降低至

~0.57 W m−1 K−1, 获得了~1.23的最大ZT.
溶剂法合成的具有纳米结构的PbS基热电材料拥

有显著低的热导率 , 从而可以获得较高的ZT [20 ,51].
Ibáñez等人[20]通过溶剂法合成了PbS-Ag纳米复合材料,
PbS的纳米结构以及晶界处Ag纳米相的存在有效阻碍

了声子输运, 最终成分为PbS-4.4% Ag的纳米复合材料

在850 K的晶格热导率降低至~0.43 W m−1 K−1, ZT达到

~1.7, 是PbS基热电材料报道的最高ZT之一. Rathore等
人[36]在PbS中引入Ge, Ge在调整电子结构的同时在基

体中生成了尺度5~20 nm的Pb2GeS4纳米第二相. 由于

平均自由程在20 nm以下的声子在PbS中占比~90%[52],
Pb2GeS4可以有效散射声子. 此外, 非弹性中子散射测

试表明该体系中存在超短的声子弛豫时间, 说明Ge掺

杂加强了该体系中的声子-声子相互作用. 最终, 掺杂

10% Ge的样品在900 K时获得了0.56 W m−1 K−1的超低

热导率, 900 K获得~1.45的高ZT.
合适的第二相的引入可以在适当保持电性能的同

时有效降低热导率, 如CaS、SrS等硫化物第二相在n型
和p型PbS中都有良好的降低热导率的效果[15~17]. 在PbS
中固溶PbSe、PbTe可以形成单相化合物, 在保持载流

子传输性能的同时显著降低热导率, 其中PbSe与PbS可
以形成任意比例的固溶体, 而PbTe在PbS中的固溶度只

有~4%[31]. Cheng等人[31]通过固溶30% Se, 消除PbTe与
PbS间的混溶间隙, 使得PbTe在PbS中的固溶度达到

16%, 最终最高性能的样品在300~723 K内的平均ZT达
到~0.73, 723 K时ZT达到~1.1.

5 总结

本文从归纳载流子浓度、迁移率、有效质量、晶

格热导率等参数强化方法的角度介绍了针对PbS近些

图 5 (网络版彩色)PbS晶格热导率优化策略. (a) 不同散射机制频率与散射率关系[50]; (b) 散射机制示意图[9]; 代表性的降低热导率工

作[15~17,20,25,31,36]报道的晶格热导率(c)及ZT(d)
Figure 5 (Color online) Lattice thermal conductivity optimizing strategies for PbS. (a) Frequency dependent scattering rate for different scattering
mechanisms[50]; (b) schematic for scattering mechanisms[9]; lattice thermal conductivity (c) and ZT (d) for some typical work related to lattice thermal
conductivity reduction[15‒17,20,25,31,36]
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年取得的代表性工作. 需要强调的是, 这些强化方法彼

此之间有一定关联, 不同的强化方法可以结合使用. 如
间隙Cu的引入不仅可以优化载流子浓度, 也可以有效

散射声子降低晶格热导率[14]. 在优化个别物理参数时,
也要考虑其他参数的影响. 比如, 载流子浓度提升虽然

可以提升电导率, 但是电子热导率也会大幅度提升, 塞
贝克系数和迁移率也会下降, 因此需要控制在合适范

围内. 目前PbS基热电材料体系的室温ZT达到~0.64, 最
大ZT达到~1.7, 充分表明原料储量丰富、价格低廉的

PbS材料具有广阔的制冷与发电的潜力.
目前针对n型PbS的研究取得了许多创新性成果, 而

p型PbS的开发稍显落后. 对于PbS基制冷器件的应用, 需
要开发与n型PbS室温性能相匹配的p型PbS热电材料, 还
需要开发与PbS相匹配的接触材料以降低接触电阻从而

提升制冷温差. 理论计算表明, 二维PbS材料由于量子限

域效应的存在会有很高的室温ZT, 可能具有潜在的制冷

能力[53]. 对于温差发电器件, 提升宽温域的平均ZT相较

于追求最高ZT对于提升发电效率更有实用意义.

参考文献

1 Shi X L, Zou J, Chen Z G. Advanced thermoelectric design: From materials and structures to devices. Chem Rev, 2020, 120: 7399–7515
2 Wu Z, Zhang S, Liu Z, et al. Thermoelectric converter: Strategies from materials to device application. Nano Energy, 2022, 91: 106692
3 Zhao D, Tan G. A review of thermoelectric cooling: Materials, modeling and applications. Appl Therm Eng, 2014, 66: 15–24
4 He P, Wu Y. Constructing of highly porous thermoelectric structures with improved thermoelectric performance. Nano Res, 2021, 14: 3608–3615
5 Yan Q, Kanatzidis M G. High-performance thermoelectrics and challenges for practical devices. Nat Mater, 2022, 21: 503–513
6 Cai B, Zhao S, Liu F. Micro TEC manufacture: The importance and challenges. MatLab, 2023, 2: 230011
7 Wang L, Zhang X, Zhao L D. Evolving strategies toward Seebeck coefficient enhancement. Acc Mater Res, 2023, 4: 448–456
8 Zeier W G, Zevalkink A, Gibbs Z M, et al. Thinking like a chemist: Intuition in thermoelectric materials. Angew Chem Int Ed, 2016, 55: 6826–

6841
9 Qin B, Wang D, Zhao L D. Slowing down the heat in thermoelectrics. InfoMat, 2021, 3: 755–789
10 Hsu K F, Loo S, Guo F, et al. Cubic AgPbmSbTe2+m: Bulk thermoelectric materials with high figure of merit. Science, 2004, 303: 818–821
11 Jia B, Wu D, Xie L, et al. Pseudo-nanostructure and trapped-hole release induce high thermoelectric performance in PbTe. Science, 2024, 384: 81–

86
12 Ge Z H, Zhao L D, Wu D, et al. Low-cost, abundant binary sulfides as promising thermoelectric materials. Mater Today, 2016, 19: 227–239
13 Calvo G, Valero A. Strategic mineral resources: Availability and future estimations for the renewable energy sector. Environ Dev, 2022, 41: 100640
14 Wang L, Wen Y, Bai S, et al. Realizing thermoelectric cooling and power generation in N-type PbS0.6Se0.4 via lattice plainification and interstitial

doping. Nat Commun, 2024, 15: 3782
15 Zhao L D, Lo S H, He J, et al. High performance thermoelectrics from earth-abundant materials: Enhanced figure of merit in PbS by second phase

nanostructures. J Am Chem Soc, 2011, 133: 20476–20487
16 Zhao L D, He J, Wu C I, et al. Thermoelectrics with earth abundant elements: High performance p-type PbS nanostructured with SrS and CaS. J

Am Chem Soc, 2012, 134: 7902–7912
17 Zhao L D, He J, Hao S, et al. Raising the thermoelectric performance of p-type PbS with endotaxial nanostructuring and valence-band offset

engineering using CdS and ZnS. J Am Chem Soc, 2012, 134: 16327–16336
18 Wang H, Schechtel E, Pei Y, et al. High Thermoelectric Efficiency of n-type PbS. Adv Energy Mater, 2013, 3: 488–495
19 Zheng Y, Wang S, Liu W, et al. Thermoelectric transport properties of p-type silver-doped PbS with in situ Ag2S nanoprecipitates. J Phys D-Appl

Phys, 2014, 47: 115303
20 Ibáñez M, Luo Z, Genç A, et al. High-performance thermoelectric nanocomposites from nanocrystal building blocks. Nat Commun, 2016, 7: 10766
21 Chang C, Xiao Y, Zhang X, et al. High performance thermoelectrics from earth-abundant materials: Enhanced figure of merit in PbS through

nanostructuring grain size. J Alloys Compd, 2016, 664: 411–416
22 Du X, Shi R, Guo Y, et al. Enhanced thermoelectric properties of Pb1−xBixS prepared with hydrothermal synthesis and microwave sintering. Dalton

Trans, 2017, 46: 2129–2136
23 Zhao M, Chang C, Xiao Y, et al. High performance of n-type (PbS)1–x–y(PbSe)x(PbTe)y thermoelectric materials. J Alloys Compd, 2018, 744: 769–

777
24 Du X, Wang Y, Shi R, et al. Effects of anion and cation doping on the thermoelectric properties of n-type PbS. J Eur Ceramic Soc, 2018, 38: 3512–

3517
25 Zhao M, Chang C, Xiao Y, et al. Investigations on distinct thermoelectric transport behaviors of Cu in n-type PbS. J Alloys Compd, 2019, 781:

820–830
26 Luo Z Z, Hao S, Cai S, et al. Enhancement of thermoelectric performance for n-type PbS through synergy of gap state and fermi level pinning. J

Am Chem Soc, 2019, 141: 6403–6412

评 述

671

https://doi.org/10.1021/acs.chemrev.0c00026
https://doi.org/10.1016/j.nanoen.2021.106692
https://doi.org/10.1016/j.applthermaleng.2014.01.074
https://doi.org/10.1007/s12274-021-3555-0
https://doi.org/10.1038/s41563-021-01109-w
https://doi.org/10.54227/mlab.20230011
https://doi.org/10.1021/accountsmr.3c00009
https://doi.org/10.1002/anie.201508381
https://doi.org/10.1002/inf2.12217
https://doi.org/10.1126/science.1092963
https://doi.org/10.1126/science.adj8175
https://doi.org/10.1016/j.mattod.2015.10.004
https://doi.org/10.1016/j.envdev.2021.100640
https://doi.org/10.1038/s41467-024-48268-3
https://doi.org/10.1021/ja208658w
https://doi.org/10.1021/ja301772w
https://doi.org/10.1021/ja301772w
https://doi.org/10.1021/ja306527n
https://doi.org/10.1002/aenm.201200683
https://doi.org/10.1088/0022-3727/47/11/115303
https://doi.org/10.1088/0022-3727/47/11/115303
https://doi.org/10.1038/ncomms10766
https://doi.org/10.1016/j.jallcom.2015.10.052
https://doi.org/10.1039/C6DT04177A
https://doi.org/10.1039/C6DT04177A
https://doi.org/10.1016/j.jallcom.2018.02.152
https://doi.org/10.1016/j.jeurceramsoc.2018.03.046
https://doi.org/10.1016/j.jallcom.2018.12.059
https://doi.org/10.1021/jacs.9b01889
https://doi.org/10.1021/jacs.9b01889


27 Jiang B, Liu X, Wang Q, et al. Realizing high-efficiency power generation in low-cost PbS-based thermoelectric materials. Energy Environ Sci,
2020, 13: 579–591

28 Cheng R, Hao S, Li J, et al. Identifying the origins of high thermoelectric performance in group IIIA element doped PbS. ACS Appl Mater
Interfaces, 2020, 12: 14203–14212

29 Xiao Y, Wang D, Zhang Y, et al. Band sharpening and band alignment enable high quality factor to enhance thermoelectric performance in n-type
PbS. J Am Chem Soc, 2020, 142: 4051–4060

30 Qin Y, Xiao Y, Wang D, et al. An approach of enhancing thermoelectric performance for p-type PbS: Decreasing electronic thermal conductivity. J
Alloys Compd, 2020, 820: 153453

31 Cheng R, Wang D, Bai H, et al. Bridging the miscibility gap towards higher thermoelectric performance of PbS. Acta Mater, 2021, 220: 117337
32 Hou Z, Wang D, Hong T, et al. Boosting thermoelectric performance of n-type PbS through synergistically integrating In resonant level and Cu

dynamic doping. J Phys Chem Solids, 2021, 148: 109640
33 Qin Y, Hong T, Qin B, et al. Contrasting Cu roles lead to high ranged thermoelectric performance of PbS. Adv Funct Mater, 2021, 31: 2102185
34 Luo Z Z, Cai S, Hao S, et al. Valence disproportionation of GeS in the PbS matrix forms Pb5Ge5S12 inclusions with conduction band alignment

leading to high n-type thermoelectric performance. J Am Chem Soc, 2022, 144: 7402–7413
35 Zhu Z, Tiwari J, Feng T, et al. High thermoelectric properties with low thermal conductivity due to the porous structure induced by the dendritic

branching in n-type PbS. Nano Res, 2022, 15: 4739–4746
36 Rathore E, Juneja R, Sarkar D, et al. Enhanced covalency and nanostructured-phonon scattering lead to high thermoelectric performance in n-type

PbS. Mater Today Energy, 2022, 24: 100953
37 Gan L, Zhang F, Zhao X, et al. Thermoelectric enhancement for n-type PbS via synergistic effect of Ti doping and Cu2S compositing. Appl Phys

Lett, 2023, 122: 032101
38 Liu Z, Hong T, Xu L, et al. Lattice expansion enables interstitial doping to achieve a high average ZT in n-type PbS. Interdiscip Mater, 2023, 2:

161–170
39 Chen Z, Cui H H, Hao S, et al. GaSb doping facilitates conduction band convergence and improves thermoelectric performance in n-type PbS.

Energy Environ Sci, 2023, 16: 1676–1684
40 Su W, Deng Q, Gan L, et al. Ultra-high thermoelectric performance achieved in only ternary lead sulfide through unconventional halogen element

doping. Mater Today Phys, 2024, 42: 101364
41 Wu M, Cui H H, Chen Z, et al. Realization of valence band convergence for high thermoelectric performance p-type PbS. Chem Eng J, 2024, 494:

153057
42 Li M, Zhao X, Wang D, et al. Enhancing the thermoelectric and mechanical properties of p-type PbS through band convergence and microstructure

regulation. Nano Lett, 2024, 24: 8126–8133
43 Qin B, Zhao L D. Carriers: The less, the faster. MatLab, 2022, 1: 220004
44 Li Y, Wu Z, Lin J, et al. Enhanced thermoelectric performance of hot-press Bi-doped n-type polycrystalline PbS. Mater Sci Semicond Process,

2021, 121: 105393
45 Hou Z, Wang D, Wang J, et al. Contrasting thermoelectric transport behaviors of p-type PbS caused by doping alkali metals (Li and Na). Research,

2020, 2020: 4084532
46 Qin Y, Wang D, Hou Z, et al. Thermoelectric transport properties of PbS and its contrasting electronic band structures. Scripta Mater, 2020, 185:

76–81
47 Liu D, Wang D, Hong T, et al. Lattice plainification advances highly effective SnSe crystalline thermoelectrics. Science, 2023, 380: 841–846
48 Zhu Y, Yu Y, Zhang H, et al. Large mobility enables higher thermoelectric cooling and power generation performance in n-type AgPb18+xSbTe20

crystals. J Am Chem Soc, 2023, 145: 24931–24939
49 Wang S, Wen Y, Bai S, et al. Realizing high-performance thermoelectric modules through enhancing the power factor via optimizing the carrier

mobility in n-type PbSe crystals. Energy Environ Sci, 2024, 17: 2588–2597
50 Yang J, Xi L, Qiu W, et al. On the tuning of electrical and thermal transport in thermoelectrics: An integrated theory–experiment perspective. npj

Comput Mater, 2016, 2: 15015
51 Zhang H, Wang H, Zhu H, et al. Hydrothermal synthesis and thermoelectric properties of PbS. Mater Sci-Poland, 2016, 34: 754–759
52 Lee S, Esfarjani K, Luo T, et al. Resonant bonding leads to low lattice thermal conductivity. Nat Commun, 2014, 5: 3525
53 Ul Haq B, AlFaify S, Alshahrani T, et al. Exploring the potential of lead-chalcogenide monolayers for room-temperature thermoelectric

applications. Ceramics Int, 2021, 47: 3380–3388

2025 年 2 月 第 70 卷 第 6 期

672

https://doi.org/10.1039/C9EE03410B
https://doi.org/10.1021/acsami.0c01269
https://doi.org/10.1021/acsami.0c01269
https://doi.org/10.1021/jacs.0c00306
https://doi.org/10.1016/j.jallcom.2019.153453
https://doi.org/10.1016/j.jallcom.2019.153453
https://doi.org/10.1016/j.actamat.2021.117337
https://doi.org/10.1016/j.jpcs.2020.109640
https://doi.org/10.1002/adfm.202102185
https://doi.org/10.1021/jacs.2c01706
https://doi.org/10.1007/s12274-022-4117-9
https://doi.org/10.1016/j.mtener.2022.100953
https://doi.org/10.1063/5.0130364
https://doi.org/10.1063/5.0130364
https://doi.org/10.1002/idm2.12056
https://doi.org/10.1039/D3EE00183K
https://doi.org/10.1016/j.mtphys.2024.101364
https://doi.org/10.1016/j.cej.2024.153057
https://doi.org/10.1021/acs.nanolett.4c02058
https://doi.org/10.54227/mlab.20220004
https://doi.org/10.1016/j.mssp.2020.105393
https://doi.org/10.34133/2020/4084532
https://doi.org/10.1016/j.scriptamat.2020.04.023
https://doi.org/10.1126/science.adg7196
https://doi.org/10.1021/jacs.3c09655
https://doi.org/10.1039/D4EE00433G
https://doi.org/10.1038/npjcompumats.2015.15
https://doi.org/10.1038/npjcompumats.2015.15
https://doi.org/10.1515/msp-2016-0098
https://doi.org/10.1038/ncomms4525
https://doi.org/10.1016/j.ceramint.2020.09.183


Summary for “低成本高性能PbS基热电材料研究进展”

Progress in PbS-based thermoelectric materials with low cost
and high performance
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Thermoelectric materials are widely used in the fields of waste heat harvest and electrified refrigeration because of their
high reliability and long life. Among them, PbS-based thermoelectric materials have attracted much attention because of
the earth abundance and low price of raw materials, and have been a research hotspot in recent years. Due to its low carrier
concentration and high lattice thermal conductivity, it is difficult to improve the thermoelectric performance of PbS. In this
paper, the representative research work of PbS-based thermoelectric materials is introduced from the perspective of the
optimization of thermoelectric parameters including carrier concentration, carrier mobility, effective mass and lattice
thermal conductivity. The energy band structure engineering such as band sharpening and band alignment maintains high
carrier mobility while reducing lattice thermal conductivity. High quality crystal growth has a crucial effect on the
optimization of thermoelectric performance in near room temperature, and high carrier mobility enables PbS-based
materials to realize thermoelectric cooling. Recently, an approach to optimize the effective mass through band convergence
has also been achieved both in n- and p-type PbS successfully. Appropriate doping (GaSb in n-type and Ag in p-type PbS)
minimizes the energy difference between L band and Σ band to optimize the effective mass. The introduction of multi-scale
defects optimizes the lattice thermal conductivity, because the combination of different kinds of phonon scattering
mechanism could hinder the transport of phonon with a wide range of frequence. We also emphasize that the influence on
other parameters should also be taken into account when optimizing individual thermoelectric physical parameters. For
example, although increasing carrier concentration could improve the electrical conductivity, the electronic thermal
conductivity will also be greatly increased, and the Seebeck coefficient and carrier mobility will also decrease, so it needs
to be controlled within the appropriate range. The scattering mechanism introduced to slow down the phonon transport also
needs to be taken into consideration. At present, the room temperature ZT of the PbS-based thermoelectric material system
reaches ~0.64, and the maximum ZT reaches ~1.7, which indicates that the PbS-based material with abundant raw material
reserves and low price has broad potential for refrigeration and power generation. However, some challenges still need to
be addressed. For example, the research of n-type PbS has achieved many innovative results, while the development of p-
type PbS is slightly left behind. For the application of PbS-based refrigeration devices, it is necessary to develop p-type PbS
thermoelectric materials that match the room temperature performance of n-type PbS. Moreover, it is also necessary to
develop contact materials that match PbS to reduce the contact resistance and thereby increase the cooling performance.
Quantum confinement in PbS with low dimension also deserves attention because it may have the potential of
thermoelectric cooling. For power generation, it is more practical to increase the average ZT of wide temperature range than
to pursue the highest ZT value for improving the power generation efficiency.

thermoelectric materials, PbS, carrier mobility, effective mass, lattice thermal conductivity
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