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Fig. 1. Energy transport and schematic diagram of TPV

devices.
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Fig. 2. Key milestones in the history of TPV development!*#:1011.14-19],
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Fig. 3. Main methods of spectral regulation in TPV devices.
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Fig. 4. Spectral regulation in one-dimensional metamaterial thermal emitter: (a), (b) Absorptivity of 100 nm-thick ENZ and ENP
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Fig. 5. Thermal stability of selective thermal emitters at high temperatures: (a)—(c) Simulation results of structural change of the
Ta PhC at 1200 K, (a) 2D cross-section image, (b) 3D projection image after 0 hours, and (c) after 200 h annealing!*’); (d), (e) cross-

sectional SEM images of the W/HfO, selective thermal emitter (d) before and (e) after annealing at 1400 °C for 6 h under vacuum
pressure (l; (f), (g) SEM images of the W-CNT PhC selective thermal emitter after 12 h and 168 h annealing at 1273 K.
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Fig. 6. Bi-layer thin film structure emitter®!: (a) InGaAsSb, (b) InGaAs, (c) Ge, (d) Si TPV performance based on series of bi-layer

thermal emitters; (e) design criteria of thermal expansion mismatch for bi-layer thermal emitters.
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Fig. 7. Optical properties of the intrinsic selective emitters: (a) Comparison of radiation intensity between YbyOj selective thermal

emitter and 1735 K blackbodyP?; (b) comparison of radiation intensity between Er,Oj selective thermal emitter and 1735 K black-

body 5.

144402-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 73, No. 14 (2024)

144402

PRAEARDE RS, YERESCRIBE] T 49%. ZIR T4 )8
S B AT G 1 LA i P 1 A AL
AR, &8 AW e LA B ) R S R
I, AN AEEFE R PR S 2 DTSR — B Tl
SRR E R A

2.4 PamstiEkiEIERE DS

AR B 4 R e R R A S S AN ik
PERRPERR SR D CIE A R SRR B2 T 1
. B AR, LI RCR TR R 2 2 2
T F 5

3 A

TPV e F i 7% sm i o 7 2 Bd i LT 79
FOTIRSEBL. 1) TR 5 A5 LR it =22 1] 35 DOl
TR YCUEP AR AT BRIAARSOE T B = B
P, ATSEBOE T RIS, i AE R 7RG AR H A B LA
ERRRESHE T BA RS, X — TRl B
JCIR A A L RE, SCBL RE R IR 2) 1
JEOR L PR I L SO, A DR b B B
Rt B g s . AREEANREBOE IR B 1 A FH A IF.
B TAEF DGR MS, B RO B I A
b, SEBOLT I ARBT P R4S, 8 S 4
(L RAC A Tl S 1 il B A4 R B LA S bt

ROESEPEREXHE S R, DI, AT LA
T 5 TARRE PR PR EA T A R,

3.1 RIRIKER

TEZEBENE K 59 2% 55 AR v ot 22 TR] AR g i
AT DI R S A 0 R S GIE I T R, DT
SEBRHEA B AR S e A T R B Y. &
P RE B 8 I A e [R) s L R A PR I B i
[ TR SR (et THGE I TARREET), JGig
P 1) TAEUREE AR AR, Pt AR e 88 oy
1z, HLAT LSRG Sk 52 R FORE 5 1 B8 ) 4
F, DhSEEEE s R p ik e g . SEng i A% 25
AW, —FRIE T 4R e Fano 51
B, — PR T 40T AR DBR JEJGES.

Fano T #5147 B AL 4 F 2 1 Shanhui Fan
5 Albert Polmanb #37.. Shemelya %5 09 1
X AL H FHOBR AL, 78 GaSb JGARHLb Y
LRI Au WA AR 2544, Au M P
LERIAN AT LIVEN Fano TP HEE L B 0I4E N
WA FL b i XA FEA . X — TRl BT T
T BRI B R S AR A HL TR, KiRER T T
FL 3. Zhang 45 1 3 o B8 PR 25 00018 T A
[FIIE R0 23 e T Reny 2, &3S g
HUAR 09 e B A i = 09 AT B3 SR LA R At

* 1 TPV PREH RIS OGBS

Table 1.  Summary of the structures and performance of TPV thermal emitters.

225 3k ML S MR ATE R /pm BOHEE /K IRRE OUREMAER eV SRR/ %
2] 1D Si/Si0, 1.00—8.00 1293 TAREIRE 0.55 345
39] 1D Si/SiOy/W 0.40—8.00 1473 =it 0.73 65.6
[37] 1D W+Si0y/TiOy+&42 0.80—6.00 1373 TAREIRE 0.55 46.8
[35] 1D W/HfO, 0.65—10.0 1273 =i 0.55 49.5
[45] 1D W/HfO, 0.50—4.00 1673 =il 0.72 50.2
[48] 1D W/HfO, 0.50—3.50 1673 =i 0.72 48.3
[57] 1D YSZ/W/YSZ 0.30—4.00 1640 il 0.67 50.1
(38] W+ALO3+8i0,/TiOy+W-AL O3 0.50—5.00 1696 s 0.73 57.3
3] 1DZ#Ta 1.00—3.00 1327 i 0.62 60.0
[22] 2D Ta + HIOMRE 0.25—2.50 1000 2 0.54 71.2
[49] 2D W + CNT 0.50—5.00 1273 i 0.74 42.1
[27] 3D Wi A 45t 0.50—5.00 1673 2 0.67 33.9
[54] Yb,0;4 0.80—45.0 1735 AR 0.69 18.9
[55] Al,O3/EAG 1.00—9.00 1850 TAERE 0.72 36.0
(58] NiO#7¢MgO 1.00—5.00 1473 LA 0.69 45.9
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Fig. 8. Design, optimization and application of optical filter: (a) Structure of TPV devices using chirped mirror optical filter 04

(b)—(e) multiobjective global optimization of photonic structures based on ResNet generative neural networksl®; (b) schematic of

the ResNet Global optimization; (c) reflection spectra of a 45-layer ResNet-optimized optical filter; (d) reflection spectra of the 45-

layer ResNet-optimized optical filter as a function of the incident angle; (e) emissive power of a blackbody incandescent source and

an equivalent source sandwiched by the filter featured in (c).
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Fig. 9. Photon utilization in air-bridge thermophotovoltaics!'¥l: Schematics of energy flow in a conventional thin-film TPV with Au

BSR (a) versus a thin-film TPV with air-bridge reflector (b); (¢) power distribution of a conventional thin-film InGaAs cell with a
Au BSR operated with a 1500 K blackbody source; (d) power distribution of the air-bridge TPV shown in (b) operated using a

1500 K blackbody emitter.
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Abstract

Thermophotovoltaic (TPV) device converts thermal radiation into electricity output through photovoltaic
effect. High-efficiency TPV devices have extensive applications in grid-scale thermal storage, full-spectrum solar
utilization, distributed thermal-electricity cogeneration, and waste heat recovery. The key to high-efficiency
TPV devices lies in spectral regulation to achieve band-matching between thermal radiation of the emitters and
electron transition of the photovoltaic cells. The latest advances in nanophotonics, materials science, and
artificial intelligence have made milestone progress in spectral regulation and recording power conversion
efficiency of up to 40% of TPV devices. Here we systematically review spectral regulation in TPV devices at the
emitter end as well as the photovoltaic cell end. At the emitter end, spectral regulation is realized through
thermal metamaterials and rare-earth intrinsic emitters to selectively enhance the in-band radiation and
suppress the sub-bandgap radiation. At the photovoltaic cell end, spectral regulation mainly focuses on recycling
the sub-bandgap thermal radiation through optical filters and back surface reflectors located at the front and
back of the photovoltaic cells, respectively. We emphasize the light-matter interaction mechanisms and material
systems of different spectral regulation strategies. We also discuss the spectral regulation strategies in near-field
TPV devices. Finally, we look forward to potential development paths and prospects of spectral regulation to
achieve scalable deployment of future TPV devices.
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