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摘要 热电材料是一种通过声子和载流子定向运输实现热能和电能相互转化的新型能源材料, 具有可靠性高、无

传动组件等优势, 被广泛应用于航空航天及5G通讯等领域. 在寻找理想的热电材料过程中, 研究人员将目光转向了

地壳中包含丰富元素的材料, 如锡硒化合物(SnxSey). 其中一个被广泛研究的化合物是硒化锡(SnSe), 其被认为是迄

今为止最有前景的热电材料之一. 此外, 二硒化锡(SnSe2)也是一种具有发展潜力的热电材料. 本文首先简要介绍了

SnSe和SnSe2的研究成果, 然后对SnSe/SnSe2复合材料以及新型Sn2Se3的热电性能进行了总结, 最后指出了Sn2Se3热
电材料领域的一些研究挑战及发展前景.
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煤炭、石油等传统化石燃料是全球生活生产的重

要能源供给, 但是其储量有限. 由于传统化石能源有近

60%的热量损耗,因此开发和利用一种能进行废热回收

的新型能源材料具有重要的现实意义[1]. 近几十年来,
热电材料一直是备受关注的新能源材料, 因为其能通

过热能与电能的相互转换实现温差发电和通电制冷,
并且其具有可模块化、无噪声、低损耗等特点[2]. 第一

代商用热电材料开发于20世纪50年代, 随着材料在更

低维度和尺度方面的研究突破, 热电材料也得到快速

发展[3,4]. 热电器件能量转化效率主要由器件两端温差

以及热电材料的无量纲性能优值(ZT)决定, ZT=(S2σ/к)
T. ZT值越高, 则其发电或者制冷的效率就越高. 定义

ZT值的几个参数分别为材料的温度T、塞贝克系数S、
热导率к和电导率σ, S2σ称为功率因子. 高ZT值的热电

材料需要同时拥有低导热和高导电性能. 通常来说, 只
要降低热导率的同时提高塞贝克系数和电导率, 就能

得到高的热电优值. 但是金属和陶瓷材料很难同时满

足这两点, 因为金属材料的热导率普遍过高, 而陶瓷材

料的电性能过低. 热电半导体材料能够很好平衡导电

和导热之间的关系, 因此具有更加优异的热电性能[5,6].
目前唯一商用的热电材料是Bi2Te3, 从近年来热电制冷

材料研究取得的显著成果来看, 基于Bi2Te3化合物的材

料体系仍是一类最具竞争力的热电材料. 但从目前材

料研究的大趋势来看, 需要兼顾矿产资源储量和环境

兼容性. Te元素在地球上的丰度只有0.005 ppm, Bi2Te3
热电器件的大规模应用会导致原料成本的大幅攀升,
制约了热电制冷器件的推广应用[7,8].

1 SnxSey复合材料

锡和硒元素在地壳中含量丰富[9], 而且SnSe一直是

近10年来热电材料研究的热点. 锡和硒反应能够合成

多种二元化合物, 如图1(a)所示[10]. 在固溶S之后, 其化

合物种类更是大幅增加, 如图1(b)所示[11]. 在众多锡硒

化合物中, SnSe和SnSe2的热电性能被研究得最为充分.
SnSe为本征p型半导体, 室温下空间群为Pnma. 之前受

限于多晶极大的电阻率, SnSe一直以来不被认为是一
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种高性能的热电材料[12]. 但2014年, Zhao等人[13]发现,
其面内沿b轴方向(SnSe平面内垂直方向为a轴)具备优

异的低热导性能以及高载流子迁移率, ZT值在923 K时

高达2.6. 后续Qin等人[14]通过对Sn位进行固溶Sr的合金

化处理有效改变了p型SnSe的晶体结构, 促进了多带输

运, 提高了晶体对称性和载流子迁移率, 最终使得SnSe
单臂器件在温差300 K的情况下发电效率达到9%. 另

外, Chang等人[15]通过阴离子位卤素掺杂实现了高热电

优值n型SnSe, 通过卤素Br的掺杂制备了层间电荷密度

高度重叠的n型SnSe晶体材料, 除连续相变增加对称性

之外, 原先收敛的导带在高温发散(高温下两导带能量

差增大, 导带退简并, 使得迁移率提高, 从而在高温下

获得高热电性能), 从而得到了材料的高性能.
虽然SnSe2和SnSe由相同的元素组成, 但是SnSe2为

本征n型半导体, 室温下空间群为P-3m1. 相对于SnSe,
SnSe2的热电性能研究较少. Shu等人[16]通过6 at%的卤

素Cl掺杂使n型SnSe2多晶的最大ZT值在773 K下达到

了0.56. Li等人[17]通过插层Cu同样提高了SnSe2的热电

性能. Cu的引入一方面可以提供额外的电子, 提升层

间与层内的电荷传输, 另一方面能够减轻对载流子的

散射作用, 最终最大ZT值在773 K下达到了0.8.
由于锡硒化合物之间具有相似的层状结构, 因此

SnSe与SnSe2可以形成复合材料, 并且也被众多研究人

员关注[18~20]. Li等人[21]通过SnSe2和少量SnSe复合并掺

杂Cl, SnSe和SnSe2的两相散射可以大幅度降低SnSe2的
热导率, Cl掺杂优化了载流子浓度, 提升了其原先较差

的电传输性能, 最终在773 K时, SnSe2-2 at%SnSe-5 at%

Cl在平行于放电等离子烧结压力方向(SPS-211Lx, 日

本富士电波)的ZT值达到了0.6. Gowthamaraju等人[22]按

不同比例制备了SnSe/SnSe2复合材料并研究了其热电

性能. SnSe/SnSe2复合材料中载流子浓度和迁移率如图

2(a)所示[22]. 随着SnSe2掺杂量的提升, 载流子浓度呈先

上升后下降的趋势, 并在掺杂23 at%左右的SnSe2时达

到峰值. 迁移率的变化与载流子浓度的变化呈相反趋

势, 随着掺杂量的提升先降低后上升, 在23 at% SnSe2
时达到最小值. 如图2(b)所示[22]为其复合材料的总热导

率随温度的变化, 因为SnSe极强的非谐振效应, 在室温

下掺杂 1 1 a t %左右的 S n S e 2 时总热导率约为

0.8 W m−1 K−1, 与其他多晶p型SnSe相当. Sassi等人[23]

发现其在823 K时获得最大ZT值为0.5, 室温下总热导

率约为0.6 W m−1 K−1. Gowthamaraju等人[24]通过Sn位
掺杂Cu, 发现最大载流子浓度超过1018 cm−3, 室温下总

热导率约为0.5 W m−1 K−1. 在0~300 K的温度区间内,
复合11 at%SnSe2的SnSe的总热导率低于SnSe, 这归因

于两相复合引起的第二相散射. 但随着SnSe2复合量的

进一步提升, 总热导率显著提升. 这是因为SnSe2具有

更高的热导率, 当复合的SnSe2超过一定范围时, 高热

导基体的复合效应超过了两相的声子散射效应. 综合

考虑SnSe2对于导电和导热性能的影响, 掺杂11 at%
SnSe2是最优复合成分.

2 Sn2Se3热电性能

Sn2Se3从成分上来看是SnSe和SnSe2按照1:1的比

例混合而成的. 有些研究指出Sn2Se3相是SnSe和SnSe2

图 1 (网络版彩色)Sn-S-Se之间的相组分关系. (a) Sn-Se的二元相图[10]; (b) Sn-S-Se的三元相图[11]

Figure 1 (Color online) The phase constituent relationship between Sn-S-Se. (a) Binary phase diagram of Sn-Se[10]; (b) ternary phase diagram of Sn-
S-Se[11]
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的两相叠加[25~27], 并利用密度泛函理论进行了第一性

原理电子结构计算[28~30]. Sen等人[31]对1D-Sn2Se3和
3D-Sn2Se3的电子、输运、热学性质进行了计算模拟,
与Sn2S3进行了对比[32,33].

利用Vesta程序模拟出的Pnma相Sn2Se3和SnSe与P-
3m1相SnSe2的优化模型如图3(a)所示[31,34,35], 其中灰色

球体为Sn, 绿色球体为Se. 由模型可分析其对应的XRD
数据, 将其与SnSe和SnSe2的标准卡片进行对比, 发现

Sn2Se3部分峰与SnSe和SnSe2标准卡片重合, 但仍有部

分强峰并没有与SnSe和SnSe2一一对应, 如图3(b)所
示[31,34~36]. 这些结果表明Sn2Se3是一种不同于两相混合

的新相. 图3(c)为Sn2Se3的电子能带结构示意图[31]. 不

同于opt-PBE泛函计算结果的0.22 eV, 通过HSE06+D3
泛函计算得出的间接带隙为0.64 eV, 小于SnSe的
0.9 eV[11]和SnSe2的1.1 eV[21]间接带隙, 这同样证明了

Sn2Se3是一种全新的化合物. Lee等人[32]通过模拟计算

出Sn2S3的间接带隙为1.09 eV, David等人[33]模拟计算

出Sn2S3的间接带隙为0.97 eV.
通过比较新的物相, 对Sn和Se原子的形成焓可以

评估Sn-Se不同相下的热力学稳定性[26,37]. 图4(a)为
SnxSey相的相对形成焓[26]. 以SnSe和SnSe2作为参考的

基态结构, 基于计算结构所得Sn2Se3相位于SnSe和
SnSe2的连线上方, 但相对能量也仅比Pnma相的SnSe
和P-3m1相的SnSe2组成的相分离基态高9 meV/
atom[26]. 这意味着它在0 K温度下处于热力学不稳定状

态, 但仍有可能以非稳态的形式存在, 例如高压或存在

晶格应力的情况下. 对SnxSy相的相对形成焓进行分析

发现, Pnma相的Sn2S3同样位于折线的上方, 如图4(b)
所示[31], 与Pnma相的Sn2Se3类似.

Sen等人[31]利用第一性原理对Sn2Se3在300 K时3D
和1D状态下的电子热导率、电导率、塞贝克系数和

ZT值与化学势(μ)的依赖关系进行了计算评估. μ>0, 化

学势为正, 体现n型导电性; μ<0, 化学势为负, 体现p型
导电性. 塞贝克系数在化学势绝对值趋近于0时呈现极

值, 随着载流子浓度不断变大总体呈下降的趋势, 如

图4(c)所示[31]. Sn2Se3的电导率随着p型载流子浓度的

增大而升高. 而n型半导体的电运输性能不如p型半导

体. Sn2Se3的热导率与电导率的变化趋势相似, 都呈现

先增后减的趋势, 如图4(d), (e)所示[31]. 最终, 3D-Sn2Se3
的计算最大ZT值为0.9, 而1D-Sn2Se3的计算最大ZT值为

1.0, 如图4(f)所示[31].

3 Sn2Se3中的相变

Zhu等人[38~40]发现Sn2Se3能够实现晶态-非晶态相

变, 而且能量转变阈值较低, 其非晶态和导电晶相间体

现极高的电阻对比度. 他们通过实验和分子动力学

模拟研究了Ti掺杂对Sn2Se3薄膜相变性质的影响[41]. Ti
掺杂的Sn2Se3薄膜电阻与温度关系如图5(a)所示[41]. 样

品在加热过程中出现电阻的急剧下降现象称为晶化,
可以看出, 当温度即将达到晶化所需的温度时, 电阻

会发生急剧下降. Ti掺杂后材料的晶态和非晶态下的

电阻均高于未掺杂的Sn2Se3薄膜, 并且晶化电阻为

109 Ω时的转变温度同样随着Ti元素的掺杂提升, 如

图5(b)所示[41]. Hu等人[42]选取了Al元素作为Sn2Se3的

图 2 (网络版彩色)SnSe2的掺杂量提升对复合材料热电性能的影响. (a) SnSe/SnSe2复合材料载流子浓度和迁移率随SnSe2 (%)复合量的变化[22];
(b) SnSe/SnSe2复合材料的总热导率随温度的变化[22]

Figure 2 (Color online) The increase in SnSe2 doping levels affects the thermoelectric performance of composite materials. (a) Variation of carrier
concentration and mobility for SnSe/SnSe2 composites

[22]; (b) total thermal conductivity of SnSe/SnSe2 composites
[22]
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图 3 (网络版彩色)Sn-Se基的球棍模型、对应的XRD数据以及Sn2Se3的带隙数据. (a) Sn2Se3、SnSe、SnSe2的晶体结构[31,34,35]; (b) 根据Sn2Se3
晶体结构得到的XRD数据、SnSe和SnSe2的XRD标准卡片[31,34~36]; (c) 通过第一性原理计算得到的Sn2Se3间接带隙[31]

Figure 3 (Color online) Ball-and-stick model of the Sn-Se based compound, its corresponding XRD data, and the band gap data of Sn2Se3. (a) Ball-
and-stick models of Sn2Se3, SnSe, and SnSe2

[31,34,35]; (b) XRD data obtained after simulating the ball-and-stick model for Sn2Se3, SnSe and SnSe2
[31,34–36];

(c) indirect band gap of Sn2Se3 calculated by DFT calculations[31]

图 4 (网络版彩色)Sn-S-Se间的相对形成焓以及Sn2Se3的热电性能. (a) Sn-Se的相对形成焓[26]; (b) Sn-S的相对形成焓[31]; (c) 300 K时1D-Sn2Se3
和3D-Sn2Se3的塞贝克系数与化学势的变化关系[31]; (d) 300 K时1D-Sn2Se3和3D-Sn2Se3的电导率与化学势的变化关系[31]; (e) 300 K时1D-Sn2Se3和
3D-Sn2Se3的热导率与化学势的变化关系[31]; (f) 300 K时1D-Sn2Se3和3D-Sn2Se3的ZT值与化学势的变化关系[31]

Figure 4 (Color online) The relative formation enthalpy of the Sn-S-Se system and the thermoelectric performance of Sn2Se3. (a) Relative formation
enthalpy of Sn-Se[26]; (b) relative formation enthalpy of Sn-S[31]; (c) Seebeck coefficient of 1D-Sn2Se3 and 3D-Sn2Se3 as a function of μ at 300 K

[31]; (d)
electrical conductivity of 1D-Sn2Se3 and 3D-Sn2Se3 as a function of μ at 300 K

[31]; (e) thermal conductivity of 1D-Sn2Se3 and 3D-Sn2Se3 as a function of
μ at 300 K[31]; (f) ZT value of 1D-Sn2Se3 and 3D-Sn2Se3 as a function of μ at 300 K

[31]
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掺杂元素, 采用射频溅射法成功制备了Alx(Sn2Se3)1−x薄

膜, Alx(Sn2Se3)1−x (x=0.003、0.010、0.023)薄膜在

10 K/min升温速率下的电阻随温度的变化关系如

图5(c)所示[42]. 随着Al含量增多, 在相同退火温度的情

况下, 其非晶态和晶态的电阻不断升高, 并且Al元素在

一定程度上提高了晶化所需要的温度, 在109 Ω左右的

晶化电阻处, 温度同样随着Al元素的掺杂而提升, 如

图5(d)所示[42].

4 总结

SnxSey是一类低成本且具有高性能潜力的热电材

料. 本文总结了常见的SnSe、SnSe2、SnSe/SnSe2复合

材料以及Sn2Se3的热电性能研究. 一方面, SnSe与SnSe2
复合能够优化基体的电输运和热输运性能, 从而实现

热电性能优化. 另一方面, 第一性原理计算表明Sn2Se3
有可能以不同于SnSe和SnSe2的新的物相存在, 并且其

近室温ZT值有望达到1.0. 此外, 相关的实验结果表明

通过Al、Ti等元素的引入能够提升Sn2Se3晶态-非晶态

转变的温度. 但值得注意的是, 目前Sn2Se3材料在制备

与合成中仍存在一些问题, 例如不易合成、低温退火

后易分相、稳定性一般等问题, 相关问题在未来Sn2Se3
的相关研究中需要重点关注.

参考文献

1 Wang C L. Recent progress in thermoelectric materials, devices and applications (in Chinese). Chin Sci Bull, 2021, 66: 2024–2032 [王春雷. 热电

材料、器件设计和应用新进展. 科学通报, 2021, 66: 2024–2032]
2 Minnich A J, Dresselhaus M S, Ren Z F, et al. Bulk nanostructured thermoelectric materials: Current research and future prospects. Energy Environ

Sci, 2009, 2: 466–479
3 Mahan G D. Introduction to thermoelectrics. APL Mater, 2016, 4: 104806
4 Vedernikov M V, Iordanishvili E K. A. F. Ioffe and origin of modern semiconductor thermoelectric energy conversion. In: Proceedings of the 17th

图 5 (网络版彩色)掺杂对Sn2Se3热稳定性能的影响. (a) Ti掺杂后Sn2Se3电阻随温度变化图[41]; (b) Ti掺杂对Sn2Se3晶化反应的影响对比[41]; (c)
Al掺杂后Sn2Se3电阻随温度变化图[42]; (d) Al掺杂对Sn2Se3晶化反应的影响对比[42]

Figure 5 (Color online) The influence of doping on the thermal stability of Sn2Se3. (a) Electrical resistance of Sn2Se3 changes with temperature after
Ti doping[41]; (b) crystallization temperature comparison of Sn2Se3 after Ti doping

[41]; (c) electrical resistance of Sn2Se3 changes with temperature after
Al doping[42]; (d) crystallization temperature comparison of Sn2Se3 after Al doping

[42]

评 述

701

https://doi.org/10.1360/TB-2020-1560
https://doi.org/10.1039/b822664b
https://doi.org/10.1039/b822664b
https://doi.org/10.1063/1.4954055


International Conference on Thermoelectrics (ICT98), Nagoya, Japan, May 24–28, 1998. IEEE, 1998, 1: 37–42
5 Kanatzidis M G. Nanostructured thermoelectrics: The new paradigm? Chem Mater, 2010, 22: 648–659
6 Sootsman J, Chung D, Kanatzidis M. New and old concepts in thermoelectric materials. Angew Chem Int Ed, 2009, 48: 8616–8639
7 Jin Q, Jiang S, Zhao Y, et al. Flexible layer-structured Bi2Te3 thermoelectric on a carbon nanotube scaffold. Nat Mater, 2019, 18: 62–68
8 Peng C, Wu L, Song Z, et al. Performance improvement of Sb2Te3 phase change material by Al doping. Appl Surf Sci, 2011, 257: 10667–

10670
9 Harish S, Sathyakam P U. A review of tin selenide-based electrodes for rechargeable batteries and supercapacitors. J Energy Storage, 2022, 52:

104966
10 Sharma R C, Chang Y A. The Se−Sn (selenium-tin) system. Bull Alloy Phase Diagrams, 1986, 7: 68–72
11 Liu H, Chang L L Y. Phase relations in systems of tin chalcogenides. J Alloys Compd, 1992, 185: 183–190
12 Pathinettam Padiyan D, Marikani A, Murali K R. Electrical and photoelectrical properties of vacuum deposited SnSe thin films. Cryst Res Technol,

2000, 35: 949–957
13 Zhao L D, Lo S H, Zhang Y, et al. Ultralow thermal conductivity and high thermoelectric figure of merit in SnSe crystals. Nature, 2014, 508: 373–

377
14 Qin B, Wang D, Hong T, et al. High thermoelectric efficiency realized in SnSe crystals via structural modulation. Nat Commun, 2023, 14: 1366
15 Chang C, Wu M, He D, et al. 3D charge and 2D phonon transports leading to high out-of-plane ZT in n-type SnSe crystals. Science, 2018, 360:

778–783
16 Shu Y, Su X, Xie H, et al. Modification of bulk heterojunction and Cl doping for high-performance thermoelectric SnSe2 /SnSe nanocomposites.

ACS Appl Mater Interfaces, 2018, 10: 15793–15802
17 Li C Y, He W K, Wang D Y, et al. Realizing high thermoelectric performance in SnSe2 via intercalating Cu (in Chinese). Acta Phys Sin, 2021, 70:

208401 [李彩云, 何文科, 王东洋, 等. 通过插层Cu实现SnSe2的高效热电性能. 物理学报, 2021, 70: 208401]
18 Shi W, Gao M, Wei J, et al. Tin selenide (SnSe): Growth, properties, and applications. Adv Sci, 2018, 5: 1700602
19 Kang M, Rathi S, Lee I, et al. Photodetector based on multilayer SnSe2 field effect transistor. J Nanosci Nanotechnol, 2018, 18: 4243–4247
20 Li Z, Guo Y, Zhao F, et al. Effect of film thickness and evaporation rate on co-evaporated SnSe thin films for photovoltaic applications. RSC Adv,

2020, 10: 16749–16755
21 Li C, He W, Wang D, et al. Anisotropic thermoelectric transport properties in polycrystalline SnSe2. Chin Phys B, 2021, 30: 067101
22 Gowthamaraju S, Deshpande U P, Bhobe P A. Augmentation of the thermoelectric properties of polycrystalline Tin selenides via formation of

SnSe/SnSe2 composites. J Mater Sci-Mater Electron, 2021, 32: 11781–11790
23 Sassi S, Candolfi C, Vaney J B, et al. Assessment of the thermoelectric performance of polycrystalline p-type SnSe. Appl Phys Lett, 2014, 104:

212105
24 Gowthamaraju S, Bhobe PA, Nigam A K. Improved figure of merit and other thermoelectric properties of Sn1−xCuxSe. Appl Phys Lett, 2018, 113:

243904
25 Chung K M, Wamwangi D, Woda M, et al. Investigation of SnSe, SnSe2, and Sn2Se3 alloys for phase change memory applications. J Appl Phys,

2008, 103: 083523
26 Xing G, Li Y, Fan X, et al. Sn2Se3: A conducting crystalline mixed valent phase change memory compound. J Appl Phys, 2017, 121: 225106
27 Bletskan D. Phase equilibrium in binary systems AIVBVI. J Ovonic Res, 2005, 1: 61–69
28 Kohn W, Becke A D, Parr R G. Density functional theory of electronic structure. J Phys Chem, 1996, 100: 12974–12980
29 Kresse G, Furthmüller J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set. Comput

Mater Sci, 1996, 6: 15–50
30 Kresse G, Furthmüller J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys Rev B, 1996, 54:

11169–11186
31 Sen R, Johari P. One-dimensional-Sn2X3 (X = S, Se) as promising optoelectronic and thermoelectronic materials: A comparison with three-

dimensional-Sn2X3. ACS Appl Mater Interfaces, 2019, 11: 12733–12744
32 Burton L A, Colombara D, Abellon R D, et al. Synthesis, characterization, and electronic structure of single-crystal SnS, Sn2S3, and SnS2. Chem

Mater, 2013, 25: 4908–4916
33 Singh D J. Optical and electronic properties of semiconducting Sn2S3. Appl Phys Lett, 2016, 109: 032102
34 Liu Y, Calcabrini M, Yu Y, et al. Defect engineering in solution-processed polycrystalline SnSe leads to high thermoelectric performance. ACS

Nano, 2021, 16: 78–88
35 Pałosz B, Salje E. Lattice parameters and spontaneous strain in AX2 polytypes: CdI2, PbI2SnS2 and SnSe2. J Appl Crystlogr, 1989, 22: 622–623
36 Wang X, Liu Y, Dai J, et al. Solution-processed p-SnSe/n-SnSe2 hetero-structure layers for ultrasensitive NO2 detection. Chem Eur J, 2020, 26:

3870–3876

2025 年 2 月 第 70 卷 第 6 期

702

https://doi.org/10.1021/cm902195j
https://doi.org/10.1002/anie.200900598
https://doi.org/10.1038/s41563-018-0217-z
https://doi.org/10.1016/j.apsusc.2011.07.072
https://doi.org/10.1016/j.est.2022.104966
https://doi.org/10.1007/BF02874984
https://doi.org/10.1016/0925-8388(92)90566-R
https://doi.org/10.1002/1521-4079(200008)35:8%3c949::AID-CRAT949%3e3.0.CO;2-R
https://doi.org/10.1038/nature13184
https://doi.org/10.1038/s41467-023-37114-7
https://doi.org/10.1126/science.aaq1479
https://doi.org/10.1021/acsami.8b00524
https://doi.org/10.7498/aps.70.20211444
https://doi.org/10.1002/advs.201700602
https://doi.org/10.1166/jnn.2018.15189
https://doi.org/10.1039/D0RA01749C
https://doi.org/10.1088/1674-1056/abeee1
https://doi.org/10.1007/s10854-021-05807-8
https://doi.org/10.1063/1.4880817
https://doi.org/10.1063/1.5051227
https://doi.org/10.1063/1.2894903
https://doi.org/10.1063/1.4985247
https://doi.org/10.1021/jp960669l
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1021/acsami.8b18430
https://doi.org/10.1021/cm403046m
https://doi.org/10.1021/cm403046m
https://doi.org/10.1063/1.4959104
https://doi.org/10.1021/acsnano.1c06720
https://doi.org/10.1021/acsnano.1c06720
https://doi.org/10.1107/S0021889889006916
https://doi.org/10.1002/chem.201905337


37 Wang Y, Lv J, Zhu L, et al. CALYPSO: A method for crystal structure prediction. Comput Phys Commun, 2012, 183: 2063–2070
38 Schrott A, Lung H L, Happ T, et al. Phase-change memory development status. In: Proceedings of the International Symposium on VLSI

Technology, Systems and Applications. IEEE: New York, 2007. 100–101
39 Wuttig M. Towards a universal memory? Nat Mater, 2005, 4: 265–266
40 Burr G W, Breitwisch M J, Franceschini M, et al. Phase change memory technology. J Vac Sci Technol B, 2010, 28: 223–262
41 Zhu D, Yu N, Gong C, et al. Ti-doped Sn2Se3 phase change material for improved thermal stability. Mater Lett, 2019, 254: 186–189
42 Hu Y, Zhu X, Zou H, et al. Alx(Sn2Se3)1−x phase change films for high-temperature data retention and fast transition speed application. J Mater Sci-

Mater Electron, 2015, 26: 7757–7762

评 述

703

https://doi.org/10.1016/j.cpc.2012.05.008
https://doi.org/10.1038/nmat1359
https://doi.org/10.1116/1.3301579
https://doi.org/10.1016/j.matlet.2019.07.049
https://doi.org/10.1007/s10854-015-3421-5
https://doi.org/10.1007/s10854-015-3421-5


Summary for “SnxSey: 一类具有发展潜力的新型热电材料”

SnxSey: New promising thermoelectric materials
Yumo Zhu, Cheng Chang* & Yanling Pei*

Tianmushan Laboratory, Hangzhou 311115, China
* Corresponding authors, E-mail: changchengcc@buaa.edu.cn; peiyanling@buaa.edu.cn

Traditional fossil fuels, which are finite and have high thermal losses, necessitate the development of new energy materials
for waste heat recovery. As the world continues to grapple with energy shortages and environmental concerns, finding
sustainable and efficient energy solutions has become a priority. Among these solutions, thermoelectric materials have
gained significant attention over the past few decades due to their unique properties. These materials stand out because of
their modularity and noiseless operation, making them promising candidates for power generation and refrigeration. The
efficiency of thermoelectric materials is primarily determined by the dimensionless figure of merit (ZT), which is a measure
of a material’s ability to convert heat into electricity. ZT depends on three key parameters: The Seebeck coefficient,
electrical conductivity, and thermal conductivity. Achieving high ZT values is essential for the practical application of
thermoelectric materials. High ZT values require materials that exhibit both low thermal conductivity and high electrical
conductivity. However, this is a challenging issue to achieve. Metals, which typically have high electrical conductivity, also
have high thermal conductivity, making them less efficient for thermoelectric applications. On the other hand, ceramics,
which have low thermal conductivity, generally suffer from poor electrical performance. In the search for ideal
thermoelectric materials, researchers have turned their attention to elements that are abundant in the Earth’s crust, such as
tin (Sn) and selenium (Se). These elements not only are plentiful but also exhibit properties that are conducive to
thermoelectric applications. One compound that has been extensively studied is tin selenide (SnSe). SnSe has garnered
interest due to its remarkable thermoelectric performance, particularly in its p-type semiconductor form. It has been
reported to have a high ZT value of 2.6 at 923 K, making it one of the most promising thermoelectric materials discovered
to date. In addition to SnSe, tin diselenide (SnSe2) is an n-type semiconductor that has shown potential for thermoelectric
applications. Recent research indicates that SnSe2 has achieved ZT values of up to 0.8. Moreover, the combination of SnSe
and SnSe2 in the form of SnSe-SnSe2 composites has been explored as a way to optimize thermoelectric performance.
These composites leverage the advantages of both materials, achieving lower thermal conductivity and enhanced electrical
transport properties. Another compound that has emerged as a potential thermoelectric material is Sn2Se3, which consists of
a 1:1 ratio of SnSe and SnSe2. Both computational and experimental studies suggest that Sn2Se3 is a unique phase distinct
from a simple mixture of SnSe and SnSe2. The band structure and thermoelectric properties of Sn2Se3 have been analyzed,
revealing potential ZT values of around 1.0 for both three-dimensional (3D) and one-dimensional (1D) forms. These
findings indicate that Sn2Se3 could be a valuable addition to the family of thermoelectric materials. Furthermore,
researchers investigated the effects of doping Sn2Se3 with elements such as titanium (Ti) and aluminum (Al) to enhance its
properties. Doping can improve the stability and electrical resistance of Sn2Se3, making it more suitable for practical
applications. Relative research has shown that Ti and Al doping can enhance the phase change properties of Sn2Se3,
potentially leading to higher performance and greater stability. Despite the significant progress made in the development of
SnxSey compounds for thermoelectric applications, several challenges remain. One of the primary challenges is the
synthesis of these materials with consistent properties. Ensuring the stability of the materials is also crucial. Future research
should focus on addressing these challenges to unlock the full potential of Sn2Se3 and other SnxSey compounds as low-cost,
high-performance thermoelectric materials.
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