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Abstract: Thermal radiation is a fundamental physical process that refers to the spontaneous emission of
electromagnetic energy from objects with temperatures above absolute zero due to the thermal motion of particles.
Most thermal radiators lack directionality, resulting in energy loss in unnecessary directions, which reduces the
efficiency of many thermal devices and applications. In practical applications, thermal radiators are usually required
to exhibit different thermal radiation capabilities in different directions, therefore, controlling the directionality of the
thermal emission is crucial in efficient heat transfer. The study of directional thermal radiation is of great
significance in thermal imaging and sensing, radiative cooling, infrared encryption, and energy utilization. The
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review first describes the difference between traditional and directional thermal radiation, as well as the potential

value of the latter at the frontiers of science. Subsequently, based on the characteristics of thermal radiation, it

systematically organizes the research progress of domestic and foreign scholars in directional thermal radiation in

terms of both narrowband directional thermal radiation and broadband directional thermal radiation. Finally, future

research trends in this field are envisioned, and major challenges are analyzed, aiming to provide theoretical

guidance and practical insights for the further development of directional thermal radiation technology.

Keywords: directed thermal radiation; photothermal conversion; thermal radiation modulation; thermal radiator
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Fig. 1

Reciprocal directional thermal radiation design based on micro- and nano-structures. (a) First directional thermal radiation structure

based on SiC grating; (b) Emissivity of SiC grating at p-polarization for different wavelengths and angles of incidence *”; (c) Directional heat
radiation devices consisting of equally spaced concentric circular grooves on a W or Mo metal surface *"; (d) Directional and frequency-
selective thermal emission using Au-SiN-Au metasurface "; (e) Thermal emission of phonons controlled by magnetic resonance modes based
on Ag/SiO,/Al-based metasurface *?; (f) Control of thermal emission via a metasurface of Al/SiN/Al nanosandwich photoabsorber using

modulation of parity-symmetric Fano resonance
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Fig. 2 Reciprocal directional thermal radiation design based on multilayer membrane structure. (a) Small-angle directional thermal radiation
modulation achieved by a MQW layer and a two-dimensional photonic crystal (2D PC) with a lattice constant of 6.5 mm ?; (b) A directional
thermal emitter consisting of a one-dimensional photonic crystal (1D PC) film, a dielectric spacer layer and a continuous metal film“?;
(c) Narrowband radiation directional modulation by separating an Au layer from a 2D material graphene by a dielectric spacer layer ¥";
(d) Directional thermal radiation modulation by photonic crystals designed with thermal emitters and angle selectors, respectively;
(e) Demonstration of the emissivity of a directional narrow-band thermal emitter by the combination of an angle selector with 20 and
70 layers, respectively, and a thermal emitter **
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Fig. 3 Design of non-reciprocal directional thermal radiation based on micro-nanostructures. (a) Schematic of single- and multi-channel non-
reciprocal emitters; (b) Schematic of unidirectional nonreciprocal thermal emission from SiC grating; (c) Design optimization of SiC grating in the
SPhP region with respect to wavelength and emission angle and emissivity ©; (d) Schematic of a nonreciprocal multiport emitter and the
corresponding angular distributions of emissivity and absorptivity °”; () Schematic of a variable gate structure prepared from Au/Ge/ZnS/Au to
realize an asymmetric directional thermal emission structure ")
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directional thermal radiation *?; (f) Thermal radiation modulation for high directivity and broadband characteristics based on a PDME structure
consisting of SU-8 photoresist substrate, polymer structure, and silver reflective layer
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Progress in the research of directed thermal
radiation

Chen Zhiying"?, Liu Haotuo®, Wu Xiaohu"’, Zhang Kaihua"**

Overview: Thermal radiation is a fundamental physical process that refers to the spontaneous emission of
electromagnetic energy from objects with temperatures above absolute zero due to the thermal motion of particles. Most
thermal radiators lack directionality, resulting in energy loss in unnecessary directions, which reduces the efficiency of
many thermal devices and applications. In practical applications, thermal radiators are usually required to exhibit
different thermal radiation capabilities in different directions, therefore, controlling the directionality of the thermal
emission is crucial in efficient heat transfer. The study of directional thermal radiation is of great significance in thermal
imaging and sensing, radiative cooling, infrared encryption, and energy utilization. In this context, we classify
directional thermal radiation modulation into two categories, broadband and narrowband, and summarize the relevant
studies in recent years. The earliest proposed directional modulation was based on grating structures, which realized
narrowband modulation. Based on this research, non-reciprocal narrowband directional modulation based on grating
structure and narrowband directional modulation based on multilayer film structure were further developed. Due to the
theoretical broadband nature of thermal radiation, it is of great significance to realize broadband directional thermal
radiation. Broadband directional thermal radiation was first designed through gradient ENZ materials, based on which
some researchers have proposed to realize non-reciprocal broadband directional thermal radiation using magnetic
gradient ENZ materials. In addition, there are studies on broadband directional thermal radiation based on other
materials. Finally, we summarize and analyze the possible future directions and main challenges.

Chen Z2 Y, Liu HT, Wu X H, et al. Progress in the research of directed thermal radiation[J]. Opto-Electron Eng, 2024,
51(9): 240128; DOI: 10.12086/0ee.2024.240128

Foundation item: Project supported by National Natural Science Foundation of China (52106099), Natural Science Foundation of Shandong
Province (ZR2022YQ57), and the Taishan Scholars Program

"Henan Normal University, Xinxiang, Henan 453007, China; *Henan Key Laboratory of Infrared Spectrum Measures and Applications, Xinxiang,
Henan 453007, China; *Harbin University of Science and Technology, Harbin, Heilongjiang 150080, China; ‘Shandong Institute of Advanced
Technology, Jinan, Shandong 250100, China

* E-mail: xiaohu.wu@iat.cn; zhangkaihua@htu.edu.cn

240128-13


https://doi.org/10.12086/oee.2024.240128
mailto:xiaohu.wu@iat.cn
mailto:zhangkaihua@htu.edu.cn
https://doi.org/10.12086/oee.2024.240128

	1 引　言
	2 窄带定向热辐射控制
	2.1 基于光栅微纳米结构的互易性定向热辐射控制
	2.2 基于薄膜结构的互易性定向热辐射控制
	2.3 非互易性定向窄带热辐射控制

	3 宽带定向热辐射控制
	3.1 基于ENZ材料的互易性宽带定向热辐射控制
	3.2 基于其他结构的互易性定向宽带热辐射控制
	3.3 非互易性定向宽带热辐射控制

	4 总结与展望
	参考文献

