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Fig. 1. Phase diagram of *He-‘He solution, where X is the

concentration of *He.
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Fig. 2. Schematic diagram of dilution refrigerator (direction

of arrows represent the flow direction of *He).
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Fig. 3. Ultra-low temperature dilution refrigerator system
and its key components: Continuous heat exchanger and
sintered Ag powder heat exchanger. (Image courtesy of In-
stitute for Quantum Science and Engineering, Southern

University of Science and Technology).
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Fig. 4. Interfacial thermal resistance between metal nano-
particles and liquid *He. The dot is the experimental value,
the dashed line is the calculated value of single metal
particles, and the solid line is the calculated value after con-
sidering the soft phonon mode in the sintered particles,
which is extracted from the Ref. [16].
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Dilution refrigerator and its heat transfer problems”
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Abstract

In the research of cryogenic physics and quantum information science, it is essential to maintain a steady

low temperature of millikelvin regime continuously. Dilution refrigerator is a widely used refrigeration device to

achieve extremely low temperature. It utilizes the phase separation effect of superfluid ‘He and its isotope *He

mixed solution at ultra-low temperatures. The performance of heat exchanger is the key factor to determine the

performance of continuous cycle refrigerating machine. At extremely low temperatures, there appears a huge

interfacial thermal resistance between helium and metal (Kapitza resistance), and the problem of heat exchange

can be effectively solved by using the porous sintered metal particles to increase the contact area. Therefore, it

is of significance to study the heat exchange between metal particles and liquid helium at extremely low

temperature and to develop the relevant high-performance sintered Ag powder heat exchanger.

Keywords: dilution refrigerator, interfacial thermal resistance, heat exchanger
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Fig. 1. The schematic diagram of a GaN high electron mo-
bility transistors (HEMT) and the electric field distribution

across the channel. The hotspot is located close to the gate.
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Thermal science and engineering in third-generation
semiconductor materials and devices
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Abstract

The history of semiconductor materials is briefly reviewed in this work. By taking GaN-based high electron
mobility transistor as an example, the heat generation mechanisms and thermal management strategies of wide
bandgap semiconductor devices are discussed. Moreover, by taking [S-Ga,O; as an example, the thermal
management challenges of emerging ultrawide bandgap semiconductors are briefly discussed. The following
discussions focus on the interfacial thermal transport which widely exists in the semiconductor devices
mentioned above. The recent advancements in room-temperature wafer bonding for thermal management
applications are summarized. Furthermore, some open questions about the physical understanding of interfacial
thermal transport are also mentioned. Finally, the theoretical models for calculating thermal boundary

conductance are reviewed and the challenges and opportunities are pointed out.

Keywords: third-generation semiconductors, thermal management, interfaces
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Fig. 2. Skematic of physical mechanisms of thermal smart materials: (a) Nanoparticle suspensions; (b) phase change materials;

(c) layered materials; (d) soft materials; (e) materials tuned by electric and magnetic field.
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Thermal smart materials and their applications in space
thermal control system”

Cao Bing-Yang! Zhang Zi-Tong
(School of Aerospace Engineering, Tsinghua University, Beijing 100084, China)

( Received 11 October 2021; revised manuscript received 29 November 2021 )

Abstract

Effective thermal control technologies are increasingly demanded in various application scenarios like
spacecraft systems. Thermal conductivities of materials play a key role in thermal control systems, and one of
the basic requirements for the materials is their reversibly tunable thermal properties. In this paper, we briefly
review the recent research progress of the thermal smart materials in the respects of fundamental physical
mechanisms, thermal switching ratio, and application value. We focus on the following typical thermal smart
materials: nanoparticle suspensions, phase change materials, soft materials, layered materials tuned by
electrochemistry, and materials tuned by specific external field. After surveying the fundamental mechanisms of
thermal smart devices, we present their applications in spacecraft and other fields. Finally, we discuss the
difficulties and challenges in studying the thermal smart materials, and also point out an outlook on their future
development.

Keywords: thermal smart material, thermal conductivity, space thermal control, smart tuning
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Fig. 1. Research on the mechanism of nanopore assembly phase change materials.
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SPECIAL TOPIC—Nano engineering and thermophysics

Thermal design frontiers of nano-assembled phase change
materials for heat storage”

Feng Yan-Huif Feng Dai-Li  Chu Fu-Qiang  Qiu Lin
Sun Fang-Yuan  Lin Lin  Zhang Xin-Xin

(School of Energy and Environmental Engineering, University of Science and Technology Beijing, Beijing 100083, China)

( Received 24 September 2021; revised manuscript received 3 December 2021 )

Abstract

The present paper briefly reviews the development progress of solid-liquid phase change materials,
particularly the nano-porous shape-stabilized phase change materials. We outline the designs and syntheses of
the heat storage functional materials and the thermophysical mechanism of loading, crystallization, and thermal
transport in nano-confined space. Besides, the remarkable methods to enhance the heat storage and release
performance of heterogeneous materials are included. However, at present, the single-size porous materials
cannot satisfy the requirements for high heat storage/release rate and great thermal energy density
simultaneously. Based on this, the novel hierarchical porous frameworks materials are explored to overcome
these obstacles. For this purpose, some scientific problems, opportunities, and challenges are summarized at the

end of this paper.

Keywords: phase change, nano-assembled materials, thermal design, frontiers
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Fig. 1. The schematic diagram of high-power integrated chip for heat dissipation.

K2 (a) ASREIEE SRR O RGE MRS CREHK) MEIMRS) (LLEHk); (b) Za W FR by S48 3E-F s 7 R
(c) B F i SR A S0 T AR Sl (B Gk ) AR AMIR S (L0 G H73%); (d) S 8805 1 3R 7l 5 TR

Fig. 2. (a), (¢) The schematic diagram of two types of graphene-based composites where in-plane (out-of-plane) phonon group is de-

noted as black arrow (red arrow); (b), (d) the temperature distribution of in-plane phonon group, out-of-plane phonon group in

graphene and polymer.
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Fig. 3. (a) The atomic structure models of in-plane heterointerface and (c) van der Waals heterointerfaces;the temperature distribu-

tion of phonon group A(b), Ty e, Phonon group B(d), Tp g in the left region and phonon group Ty in right region.
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SPECIAL TOPIC—Nano engineering and thermophysics

Research progress of thermal transport in graphene-based
thermal interfacial composite materials”

An Meng Pt Sun Xu-Hui!  Chen Dong-Sheng!  Yang Nuo ?)*

1) (College of Mechanical & Electrical Engineering, Shaanxi University of Science and Technology, Xi’an 710021, China)
2) (School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan 430074, China)

( Received 21 February 2022; revised manuscript received 16 April 2022 )

Abstract

With the rapid increase of the thermal power density of microelectronic devices and circuits, controlling its
temperature has become an urgent need for the development and application of the electronic industry. By
virtue of the ultrahigh thermal conductivity of graphene, developing high-performance graphene-based
composite thermal interface materials has attracted much research attention and become one of hot research
topics. The understanding of phonon transport mechanism in graphene-based composites at atomic scale can be
helpful to enhance the heat conductive capability of composites systems. In this review, focused on graphene-
based thermal interfaces materials, the heat conduction mechanism and the regulating strategy are introduced
on both the internal thermal resistance and interfacial thermal resistance. Finally, the reseach progress and

opportunities for future studies are also summarized.

Keywords: thermal interfacial material, graphene composite, thermal conductivity, phonon coupling
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Fig. 1. Diagram of thermoelectric disinfection system.
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Fig. 2. Physical diagram of the measurement platform built

in the experiment: (a) A single semiconductor refrigeration
element and heat exchange element unit; (b) the multi-
stage semiconductor thermoelectric element constitutes a
channel; (¢) the physical diagram of the measurement pro-
cess; (d) the physical diagram of the measurement after
adding the insulation layer.
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Fig. 3. Numerical calculation grid model of thermoelectric

disinfection system.
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Fig. 4. Experimental test and calculation results under different input powers. (a) Temperature measurement and calculation at dif-

ferent positions when the voltage is 1.3 V; (b) cloud diagram of temperature under different power; (¢) comparison of temperature

under different power; (d) heat exchange and COP under different power.
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(b) heat exchange and COP.
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rates; (¢) temperature under different air flow rates; (d) heat exchange and COP* under different air flow rates.
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Fig. 7. (a) Temperature test and calculation with a flow rate of 8.91 L/min; (b) temperature cloud diagram before and after thick-

ening of the thermal insulation layer; (c¢) comparison of temperatures before and after thickening the thermal insulation layer under

different working conditions; (d) comparison of COP* before and after thickening the thermal insulation layer under different work-

ing conditions.
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Fig. 8. Heat dissipation calculation: (a) Influence of different working stages (other factors are flow velocity 0.1 m/s, voltage 1.0 V,

insulation layer thickness 1.5 cm); (b) influence of different voltages (other factors are 10-stage operation, flow velocity 0.1 m/s), the

thickness of the insulation layer is 1.5 cm); (c) the influence of different insulation thickness (other factors are 10-level work, the
flow rate is 0.1 m/s); (d) the influence of different flow rates (the other factors are 10-level work, the voltage is 1.0 V, The thick-

ness of the insulation layer is 1.5 cm).
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(a) Comparison of power consumption; (b) comparison of
heat exchange and COP*.
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SPECIAL TOPIC—Nano engineering and thermophysics

Thermoelectric air disinfection system
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1) (School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan 430074, China)
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( Received 20 April 2022; revised manuscript received 19 June 2022 )

Abstract

Epidemic viruses seriously affect human health and the normal operation of society, so it is particularly
important to effectively kill viruses. In this work, the thermal performance of a thermoelectric air disinfection
system are studied. Utilizing the characteristics of semiconductor thermoelectric sheets with both cold and hot
ends, the system can increase the air temperature by heating (cound be used in sterilization), and then, reduce
the temperature of the air by cooling. The measurement results show that the air temperature can be increased
to 80 °C first, and then cooled to 35 “C. The total energy utilization rate of the system can reach up to 1.2. In
addition, combined with the measurement results and numerical calculations, the parameters such as the
number of thermoelectric element series, input power, air flow, and boundary insulation can be used to analyze
their effects on the system performance. The system may have broad potential applications in public health,

medical care, and household disinfection.

Keywords: semiconductor thermoelectricity, air disinfection, COP*, COVID-19
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Fig. 1. Polymer structures at micro-nano scale and atomic
scale. Defects such as chain ends, amorphous chains, chain
entanglement, impurities in polymers act as heat carrier
scattering sites and hinder efficient thermal transport, res-
ult in relatively low thermal conductivity (about
0.1 W-m LK )P4,

P M- s AR — 2 v o) T B T B
AL B m B/ NERBRAE R B K Y JCR
g I R R Y MR (O T A AT i ] A
HAF IR VR IE LT AR XL RS B SR 2 T,
JEF RS AT LIRS SR 720 X Ah—4EiE
PBER R (o) ATLAE S (1) A5 0:

v ~ x\/> \/> (1)

Horpr o B G AR T 2 [ A P S KO il
@BJ?%ZI‘EH V14 3L BB MR D 1) T 38
it S R ) g SR Ob i = g N R B

= K22/2). W9 £, m@ﬂbﬂﬁﬁ%ﬁﬁ%%
%%%E’J%?ﬁ? 1) Jp AR 30 118791 S TSR Y
-t L St Y —4ERE SR S W A, BAERIEE R, WY
Fe 3 FRE DT I A] DS B A RO RS AR, T LASE
BT feg S A BASLSS. 0L AR Sy ARADL 28 SRR I U i
TG RTER AR O (PE, 29350 Wem LK 1) B
M (PA, 25480 W-m LK) ik B0, B2,
ISR ETYE 225 104 Wo-m LK 1) FIER 24 139)
(762 W LK) il i3 m g . BEY
F A e AN SR T A R ST =
T ). HETVE 2 S 30080 B A AT 2 il 55 R 0
SRR UL R R G YRR A AL, JF S
PG R (IR 7)) Mt m. £ 4R
SRS YHETT K AF 7T, WAESE T LA
T Fi S5 B0 B 5 174 T P AR 2R BT i) Deng
S B2 R AT LA RS SRR B X,
YA AR (R TR FER I — 9RO 0) T
T REWE I 242 (radius of gyration)
FAER 5> Tor FHETEZS [ AP AR B . AT 3R
BT B R R CIRFE SRR T S G R 61 gy
F i (molecular weight, My) f& & T REWHE
RERMFEZESL, FFA TR G T 53
REXRMAT TIRAWIIE. TR E G B 165.93])
R OIG M AT RIS S TR g g ., e in 2
B THENRB O (M, 2494 3.5%x10%), H#g
FAHK 12 Wm LK B BAESFRERCE
(M, 2970 3x10%), I FHRLA & 4.8 Wom LK ! 84,
1o 3B AR i AT DA AR SR R O X R 1
SRR, R E TR N, /R R
AT EATR D v, RIS B0 i e AR I T A HL
S0 R RS R B, 0 U ) BT

‘_HA

023601-2


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

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 2 (2022) 023601

O ERAEAEA (- stacking)®Y | 75 FC H-4r
145 B0 X m RGPS R E 2 OCE
ZPER. e Kim 55 1 5 Xie 55 Bl T &
AT U R NI IR (PAA) FIER Z M5l (PVA) &
AR B R I 3R 8] Shanker 45 P7) 48
TE AL R BT EA SRR, Xu 55 B Gl
TR RER MR R A SRR R Yu S B
B FE A A BT 7 8 B B Sl a v fig 4t
R AR,

3 FvE T &K

MR X4, H Al a8 et S 3 s orF 41
BHR IR LIS H ETTR (top-down) AT H R 1M
I (bottom-up) K2, A il Tk MNREWA &
AT, FEALFEHUAAT (1 Ah B (21:98,39.43,47.58 57.88] gy
2y i 89911 AT 46 Bl ks (31490 25 MLAR 7 A Ach 3
T, BEWIGREEE AR LT, X e i T H
J5 T2 LR P 10 8 4 5 4G R TR &
ROCRAIRE. IR YKL 4 M1, 2010 4F Shen
85 U JRAE T — AU (A B S (R HOK £T G AT
AT ZY3k 104 Wm LKL X — ISR S T
BLFRREA R AE N IR & 8, TTHU R R 206
T FGE R HAE 0.1 Wom LK VR X —5
S I S B T R AR X SR B W 2T i
] (R 2R3, £ 4 it — 2 il 1 B Y R O
LT

AR LT 4E5h, — 255 fy T o
R EE R AR R A L3, AR A 0 55 53 114 o7 FH
SIS | T AR AT N B3 D4R 992980 i qn ) i
RGP AT — 1 AR E e 25 45 AL 1 v fig
P£. H M Choy 45 1431 25 R i3l &5 F: A1 3R 206 T
BRI (29 14 Weom LK), K2 T HUBH 5 g I
KB A YA 2 BUS T V8 £ 58 384750),
Xu 45 P38 T —F s PLA bR AT R 2 38 |
62 W-m K 3R L, b E T Sk
PEE A T R AR I EGE | TRER PR,
Oy THEA TR RO, LA TS, B N2 i R 251
2Tt

KA YW 25 22 R YT, R
—Fpw & SIS A TR, BT 42BN
B UM AR A B 2 it i 37, 24 16k
% S RV 2% 1HT 5K T BT B, B T AR S 24

WRBHZER, WS PIRAT Y. T X — Al
RN RE WA B 1S 2 g, HIRA4E )7
] 1 A4 B A1 3] 0 2 4 i (115991 2015 4F, Ma
SR U0 TE 45 kV LR T RIS R 2T 2 3R L5490
KT Y 21 i 1) A9 IR Z 0 9.3 Wom LK,
MY FHARR 21 (29 0.4 W-m LK) 20 524
b WAL S R AR, R — RS T Y
22 1508 BB W BB ) R 2 i B )5 ) 5 R R 4 T
HIFRTR Z [ G OC R 161, 1A, Zhang 55 B9 X R A
YR AE ) o 5 R R K, BEE
RO M, M\ 35000 | 3000000, H AT HF
2L I, X451 LE BT S o T i i R O
Aerh S SE

Cao 5 9] i H ket i g ok Z2 LA IR H AR
il e T RAE SR AN 26.5 Wom LK
H) 5 2% i R s (HDPE 90K B3, 33X — 40 K B
1) 3k 1% e B BB R R IR T B )R | IR B
3l Gy i AR BR G AN LR SR, X — 5
R E AT = RGP ANE IR T 2 a]
AT 7 Ih).

5A LW AR, AW _EENR GRS
BAIT (BER) AT, il R A T B R
AR, FEAREBRACH IR &1 Y (template-
assisted electrochemical polymerization) il {f 2%
KA UL L (chemical vapor deposition, CVD)
S B BRI B R A I — Rl A AT R S AN
REEHE YA BOR N, T3 M5 il 25 1) SR BE M 2
KEF AR TR 3K F] 4.4 W LKL, A2
TAEG PR R EE A TR 1Y 20 £ D) F 0L S
FHUUARI: (CVD) T3z Tl 45 e 2 B e P e vk
B — 2R H AR BB A BRI 5 1= 43 T () 4 245+ A
B, RS T2 TR i 1] 45 1) SR g gy e
KE T2y 2.2 W LK HUGR B,

4 FHRBELTHIE I o3k 8

BHIF 53 FH 2 —F A 0L S 56 5005 UE B 5 40
REYFT LU RIS, IR AL 31T
TWHE. SRR A WAL BRI ASARY 5 S0 3F 2 7]
TEERKIZERE (18] 2). SCHR [54] 1D, 2D A 3D
Fin R FR A RIIR ZEE 10 7 BALLE5 R
KB PRI 225 SCHR [21] T i 25 8 2 Uil &
SEIE AR E IR 255 SCHik [87) 48 T A2 PARH Fn

023601-3


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

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 2 (2022) 023601
400
350
T
X300
I
g
E 250
=
= 200
2
g
E 150 Ref
g [21]
3
z 100 MojRet Ref s
g Ref.'T" [47] Ref. 87 :
B 50 "“‘féﬂ'[-’”] - [48] I
< i Ret. [44] o - Ret Ref . 3D
[ <+ Re Ref. 196 (E,IR(,{_Re‘[.“'("iv o057 45 ) 3D 3D o
l[{fof]'t[{‘ﬂf]' ; 5] [07] 46 143] g i [00] BoT100]140
1 4 Ref
0
3D 2D 1D Simulation PE PT
Bulks PE Films PE Fibers PE
2 TR (PE) 00 5RO 2089005505859 5707) Jy ) 4905409, 55 SO (PT) 02 S0 B 0 000
KA AL B
Fig. 2. Thermal conductivities of polyethylene at room temperature in experimental measurements/?!:38:39:43=50.8,83.87.94=97and simula-
tions®>74%], Thermal conductivities of polythiophene at room temperature in experimental measurements?**991%and simulations/®,

I 27 2 ELAR 158 25 5 SCHR [48] TR ZE(E N 20 IR
I S VS B bR I 22 5 SCRR [95] Th iR 25 H
TS R GRS RINFRER 22, STk [46) iR
EHAFREF 2 R SF; SRk [39) H IR 25 (E AR AR T
JUAaT I | 48 5 DT AR AN RS i 0 0 22 5 4ok
B b PR AR R 22 TR ANFE S S R A8k, SC
R [58] Fv Ay 152 2 1 A0 5 KAl Ak A oA 05 25 FIAE i
PRI SR ARl AR £ FE I SoR B R A ) 52
IR RS, TSI L T E i — 25
5T,

EUE TS R R, 45 3R L6 s T &
207 [ A A B RE A B AR i i B A T R L ik —
SERTE Fermi %5 57 X — 4 SR A AR P Rk
WHBAAE T . ANREFSE R R s
[ia] FA SR [ T 43 1] = 18 2 350 Wem LK B3 A
130 Wem LK1 P X IR 0 TR AN E AR 4 2R O M
AT RS T4 70 Wom LKL Fl 45 Wem LK1 54,
T HIS TR 525 RAF R E RS T
F R G IARG 5. SR, BT LR B A A
BIILFREYN iR — k. S2hs L, ARMER]
FAHMBAR G 5. T REYE N TT
S ke, RRAULEE B 505408 H A AN BEFH S 560 B R IE
Eﬁ [21,38,39,43750,58,83787,94797] ([ﬂ 2) Egﬁﬁ:‘%%% j:’j ,
T EHES) 7 10) 8 S B = S A AT 3 (21248798 SR
LB MASMREYT, T a5t 2B
P 1A G (242052331 1] 10 3R W 1) P

3 HHS

BUPE KA AE R BREE, An2s B, 2% ORI i 25, #B
S EUAER T A EUR, TR R ik — 2
IR 2L Y24 1k, I VAT il DD R L R 6% e R
PL. L, = TR E WL 24 45 A A
ROEET B BLRIDF AR T B ORRIBEAL. tedn,
195 731 FEAS WI BE A F DEAL FER 5 14 E R R )
A Fn T REWRIBEL SR PTG R A E i
SIS .

BR T SRS, AR A7 i AT RRE P
Je BR A AT R RN T B — R IN R O TG
SE MR BN IR, SR G WA B mAEE
PERIRE A BEAN, KRB A 2R & P
B R 06 SR T 2L 2 IR Tl i i AR i Ak, H
HiT, AU A T 1] 2 AR i LA LK £ i A
ROZHS T B AR, (ER ] A R PR
il 1 PR AE.

5 RAEL5RE

AR SR B T 4 4 1 R G Y i
BRI WHE T REW T RIEPALEE, 70br 7T
RGEEEZ B I C R, FRHRIE | SRR | B
WIEE o1 25 U S I o 2 T
il g R T RE Y. R T AR T
A PR G R TO5E (AN B2 i w5
SEJ7 D) T A PRAR. SR G Y EA A R

023601-4


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

) 3B £ R Acta Phys. Sin. Vol. 71, No. 2 (2022)

023601

BRI RS, e R B RS R 2Rk | T I
{11 R i O ) | IR € O 7 3 | E R N
B BN SR AAB A RT BE. 90, SRR A %
REVH i T E (Bln LED £03¢) #4080
FIRETE, AR LED H i AR ] S 2L
LED & CRCRARN A i J 4 [] 2 (29101, S PR iR
JE& ok ) SR A5 O IR A B A A P R U
JE RS 0208, B A R (LI E A B
G (T UL S S 24 02101 e HA B A PO A S o)
Y VERE 10T | it K A 100, 3 S BOT1081 | L T 2R B
P (1021091000 (g G PRI WA Sy ] 2 S 10 i
U RIBLS: . B XHR & Py A Far LR A B S
FRIAN BT SR I S B 5 Wy i o5 SRS O A R, AT TAH
5, FIRES T REVEMHMEA A S, 1
VEZ B AN R UL A P BRSO o A R oA

S7% 30k

Moore A L, Shi L 2014 Mater. Today 17 163

Schelling P K, Shi L, Goodson K E 2005 Mater. Today 8 30
Pop E, Goodson K E 2006 J. Electron. Packag. 128 102
Chen G 2005 Nanoscale Energy Transport and Conversion:

EEE =

LU AN

A Parallel Treatment of Electrons, Molecules, Phonons, and
Photons (New York: Oxford University Press)
[5) LiY,Li W, Han T, Zheng X, Li J, Li B, Fan S, Qiu C W
2021 Nat. Rev. Mater. 6 488
6] Hao M, Li J, Park S, Moura S, Dames C 2018 Nat. Energy 3
899
[7] Xia G, Cao L, Bi G 2017 J. Power Sources 367 90
[8] Feng C P, Yang L Y, Yang J, Bai L, Bao R Y, Liu Z Y,
Yang M B, Lan H B, Yang W 2020 Compos. Commun. 22
100528
9] Huaiyu Y, Koh S, van Zeijl H, Gielen A, Guoqi Z 2011 J.
Semicond. 32 014008
[10] Siricharoenpanich A, Wiriyasart S, Srichat A, Naphon P
2019 Case Stud. Therm. Eng. 15 100545
[11] XuY, Wang X, Hao Q 2021 Compos. Commun. 24 100617
[12] Chen M, Dongxu O, Liu J, Wang J 2019 Appl. Therm. Eng.
157 113750
[13] Sklan S R, Li B 2018 Natl. Sci. Rev. 5 138
[14] Chen S, Wu Q, Mishra C, Kang J, Zhang H, Cho K, Cai W,
Balandin A A, Ruoff R S 2012 Nat. Mater. 11 203
[15] Balandin A A 2011 Nat. Mater. 10 569
[16] Pop E, Varshney V, Roy A K 2012 MRS Bull. 37 1273
[17] Chen K, Song B, Ravichandran N K, Zheng Q, Chen X, Lee
H, Sun H, Li S, Gamage G A G U, Tian F 2020 Science 367
555
[18] Tian F, Song B, Chen X, Ravichandran N K, Lii Y, Chen K,
Sullivan S, Kim J, Zhou Y, Liu T H 2018 Science 361 582
[19] Kang J S, Li M, Wu H, Nguyen H, Hu Y 2018 Science 361
575
[20] Li S, Zheng Q, Lii Y, Liu X, Wang X, Huang P Y, Cahill D
G, Lii B 2018 Science 361 579
[21] Shen S, Henry A, Tong J, Zheng R, Chen G 2010 Nat.
Nanotechnol. 5 251

22]
(23]

[40]

[41]
[42]

[43]
[44]

[45]
[46]
(47]
(48]
[49]
[50]

[51]
[52]

[53]

[54]

[55]
[56]
[57]

023601-5

Qian X, Zhou J, Chen G 2021 Nat. Mater. 20 1188

Lienhard J H, IV, Lienhard, John H, V 2019 A Heat
Textbook (5th  Ed.) (New York:
Publications)

Henry A 2014 Annu. Rev. Heat Transfer 17 485
Chen H, Ginzburg V V, Yang J, Yang Y, Liu W, Huang Y,
Du L, Chen B 2016 Prog. Polym. Sci. 59 41

Anderson D 1966 Chem. Rev. 66 677

Guo Y, Ruan K, Shi X, Yang X, Gu J 2020 Compos. Sci.
Technol. 193 108134

Choy C 1977 Polymer 18 984

Mehra N, Mu L, Ji T, Yang X, Kong J, Gu J, Zhu J 2018
Appl. Mater. Today 12 92

Chen G 2014 Annu. Rev. Heat Transfer 17 1

Guo Y, Zhou Y, Xu Y 2021 Polymer 233 124168

Wei X, Wang Z, Tian Z, Luo T 2021 J. Heat Transfer 143
072101

Huang C, Qian X, Yang R 2018 Mater. Sci. Eng. , R 132 1
Xu X, Zhou J, Chen J 2020 Adv. Funct. Mater. 30 1904704
Henry A, Chen G 2008 Phys. Rev. Lett. 101 235502

Chen G 2021 Nat. Rev. Phys. 3 555

Fermi E, Pasta P, Ulam S, Tsingou M 1955 Report No. LA-
1940 (New Mexico, United States: Los Alamos Scientific
Lab.)

Choy C, Wong Y, Yang G, Kanamoto T 1999 J. Polym. Sci.,
Part B:Polym. Phys. 37 3359

Xu Y, Kraemer D, Song B, Jiang Z, Zhou J, Loomis J,
Wang J, Li M, Ghasemi H, Huang X 2019 Nat. Commun. 10
1771

Singh V, Bougher T L, Weathers A, Cai Y, Bi K, Pettes M
T, McMenamin S A, Li W, Resler D P, Gattuso T R 2014
Nat. Nanotechnol. 9 384

Kim G H, Lee D, Shanker A, Shao L, Kwon M S, Gidley D,
Kim J, Pipe K P 2015 Nat. Mater. 14 295

Gibson A, Greig D, Sahota M, Ward I, Choy C 1977 J.
Polym. Sci., Polym. Lett. Ed. 15 183

Choy C, Luk W, Chen F 1978 Polymer 19 155

Mergenthaler D, Pietralla M, Roy S, Kilian H J M 1992
Macromolecules 25 3500

Cao BY,Li Y W, Kong J, Chen H, Xu Y, Yung K L, Cai A
2011 Polymer 52 1711

Ma J, Zhang Q, Mayo A, Ni Z, Yi H, Chen Y, Mu R, Bellan
L M, Li D 2015 Nanoscale 7 16899

Ronca S, Igarashi T, Forte G, Rastogi S 2017 Polymer 123
203

Zhu B, Liu J, Wang T, Han M, Valloppilly S, Xu S, Wang
X 2017 ACS Omega 2 3931

Huang Y F, Wang Z G, Yu W C, Ren Y, Lei J, Xu J Z, Li
Z M 2019 Polymer 180 121760

Pan X, Schenning A H, Shen L, Bastiaansen C W 2020
Macromolecules 53 5599

Sweet J, Roth E, Moss M 1987 Int. J. Thermophys. 8 593
Som S 2008 Introduction to Heat transfer (New Delhi: PHI
learning Pvt. Ltd.)

Cahill D G, Ford W K, Goodson K E, Mahan G D,
Majumdar A, Maris H J, Merlin R, Phillpot S R 2003 J.
Appl. Phys. 93 793

Henry A, Chen G, Plimpton S J, Thompson A 2010 Phys.
Rev. B. 82 144308

Xiao M, Du B X 2016 High Volt. 1 34

Zhang T, Wu X, Luo T 2014 J. Phys. Chem. C. 118 21148
Shanker A, Li C, Kim G H, Gidley D, Pipe K P, Kim J 2017
Seci. Adv. 3 €1700342

Transfer Dover


http://doi.org/10.1016/j.mattod.2014.04.003
http://doi.org/10.1016/j.mattod.2014.04.003
http://doi.org/10.1016/j.mattod.2014.04.003
http://doi.org/10.1016/j.mattod.2014.04.003
http://doi.org/10.1016/j.mattod.2014.04.003
https://doi.org/10.1016/S1369-7021(05)70935-4
https://doi.org/10.1016/S1369-7021(05)70935-4
https://doi.org/10.1016/S1369-7021(05)70935-4
https://doi.org/10.1016/S1369-7021(05)70935-4
https://doi.org/10.1016/S1369-7021(05)70935-4
http://doi.org/10.1115/1.2188950
http://doi.org/10.1115/1.2188950
http://doi.org/10.1115/1.2188950
http://doi.org/10.1115/1.2188950
http://doi.org/10.1115/1.2188950
http://doi.org/10.1038/s41578-021-00283-2
http://doi.org/10.1038/s41578-021-00283-2
http://doi.org/10.1038/s41578-021-00283-2
http://doi.org/10.1038/s41578-021-00283-2
http://doi.org/10.1038/s41578-021-00283-2
http://doi.org/10.1038/s41560-018-0243-8
http://doi.org/10.1038/s41560-018-0243-8
http://doi.org/10.1038/s41560-018-0243-8
http://doi.org/10.1038/s41560-018-0243-8
http://doi.org/10.1016/j.jpowsour.2017.09.046
http://doi.org/10.1016/j.jpowsour.2017.09.046
http://doi.org/10.1016/j.jpowsour.2017.09.046
http://doi.org/10.1016/j.jpowsour.2017.09.046
http://doi.org/10.1016/j.jpowsour.2017.09.046
http://doi.org/10.1016/j.coco.2020.100528
http://doi.org/10.1016/j.coco.2020.100528
http://doi.org/10.1016/j.coco.2020.100528
http://doi.org/10.1016/j.coco.2020.100528
http://doi.org/10.1088/1674-4926/32/1/014008
http://doi.org/10.1088/1674-4926/32/1/014008
http://doi.org/10.1088/1674-4926/32/1/014008
http://doi.org/10.1088/1674-4926/32/1/014008
http://doi.org/10.1088/1674-4926/32/1/014008
http://doi.org/10.1016/j.csite.2019.100545
http://doi.org/10.1016/j.csite.2019.100545
http://doi.org/10.1016/j.csite.2019.100545
http://doi.org/10.1016/j.csite.2019.100545
http://doi.org/10.1016/j.csite.2019.100545
http://doi.org/10.1016/j.coco.2020.100617
http://doi.org/10.1016/j.coco.2020.100617
http://doi.org/10.1016/j.coco.2020.100617
http://doi.org/10.1016/j.coco.2020.100617
http://doi.org/10.1016/j.coco.2020.100617
http://doi.org/10.1016/j.applthermaleng.2019.113750
http://doi.org/10.1016/j.applthermaleng.2019.113750
http://doi.org/10.1016/j.applthermaleng.2019.113750
http://doi.org/10.1016/j.applthermaleng.2019.113750
http://doi.org/10.1093/nsr/nwy005
http://doi.org/10.1093/nsr/nwy005
http://doi.org/10.1093/nsr/nwy005
http://doi.org/10.1093/nsr/nwy005
http://doi.org/10.1093/nsr/nwy005
http://doi.org/10.1038/nmat3207
http://doi.org/10.1038/nmat3207
http://doi.org/10.1038/nmat3207
http://doi.org/10.1038/nmat3207
http://doi.org/10.1038/nmat3207
http://doi.org/10.1038/nmat3064
http://doi.org/10.1038/nmat3064
http://doi.org/10.1038/nmat3064
http://doi.org/10.1038/nmat3064
http://doi.org/10.1038/nmat3064
http://doi.org/10.1557/mrs.2012.203
http://doi.org/10.1557/mrs.2012.203
http://doi.org/10.1557/mrs.2012.203
http://doi.org/10.1557/mrs.2012.203
http://doi.org/10.1557/mrs.2012.203
http://doi.org/10.1126/science.aaz6149
http://doi.org/10.1126/science.aaz6149
http://doi.org/10.1126/science.aaz6149
http://doi.org/10.1126/science.aaz6149
http://doi.org/10.1126/science.aat7932
http://doi.org/10.1126/science.aat7932
http://doi.org/10.1126/science.aat7932
http://doi.org/10.1126/science.aat7932
http://doi.org/10.1126/science.aat7932
http://doi.org/10.1126/science.aat5522
http://doi.org/10.1126/science.aat5522
http://doi.org/10.1126/science.aat5522
http://doi.org/10.1126/science.aat5522
http://doi.org/10.1126/science.aat8982
http://doi.org/10.1126/science.aat8982
http://doi.org/10.1126/science.aat8982
http://doi.org/10.1126/science.aat8982
http://doi.org/10.1126/science.aat8982
http://doi.org/10.1038/nnano.2010.27
http://doi.org/10.1038/nnano.2010.27
http://doi.org/10.1038/nnano.2010.27
http://doi.org/10.1038/nnano.2010.27
http://doi.org/10.1038/nnano.2010.27
http://doi.org/10.1038/s41563-021-00918-3
http://doi.org/10.1038/s41563-021-00918-3
http://doi.org/10.1038/s41563-021-00918-3
http://doi.org/10.1038/s41563-021-00918-3
http://doi.org/10.1038/s41563-021-00918-3
http://doi.org/10.1615/AnnualRevHeatTransfer.2013006949
http://doi.org/10.1615/AnnualRevHeatTransfer.2013006949
http://doi.org/10.1615/AnnualRevHeatTransfer.2013006949
http://doi.org/10.1615/AnnualRevHeatTransfer.2013006949
http://doi.org/10.1615/AnnualRevHeatTransfer.2013006949
http://doi.org/10.1016/j.progpolymsci.2016.03.001
http://doi.org/10.1016/j.progpolymsci.2016.03.001
http://doi.org/10.1016/j.progpolymsci.2016.03.001
http://doi.org/10.1016/j.progpolymsci.2016.03.001
http://doi.org/10.1016/j.progpolymsci.2016.03.001
http://doi.org/10.1021/cr60244a004
http://doi.org/10.1021/cr60244a004
http://doi.org/10.1021/cr60244a004
http://doi.org/10.1021/cr60244a004
http://doi.org/10.1021/cr60244a004
http://doi.org/10.1016/j.compscitech.2020.108134
http://doi.org/10.1016/j.compscitech.2020.108134
http://doi.org/10.1016/j.compscitech.2020.108134
http://doi.org/10.1016/j.compscitech.2020.108134
http://doi.org/10.1016/j.compscitech.2020.108134
http://doi.org/10.1016/0032-3861(77)90002-7
http://doi.org/10.1016/0032-3861(77)90002-7
http://doi.org/10.1016/0032-3861(77)90002-7
http://doi.org/10.1016/0032-3861(77)90002-7
http://doi.org/10.1016/0032-3861(77)90002-7
http://doi.org/10.1016/j.apmt.2018.04.004
http://doi.org/10.1016/j.apmt.2018.04.004
http://doi.org/10.1016/j.apmt.2018.04.004
http://doi.org/10.1016/j.apmt.2018.04.004
http://doi.org/10.1615/AnnualRevHeatTransfer.2014011051
http://doi.org/10.1615/AnnualRevHeatTransfer.2014011051
http://doi.org/10.1615/AnnualRevHeatTransfer.2014011051
http://doi.org/10.1615/AnnualRevHeatTransfer.2014011051
http://doi.org/10.1615/AnnualRevHeatTransfer.2014011051
http://doi.org/10.1016/j.polymer.2021.124168
http://doi.org/10.1016/j.polymer.2021.124168
http://doi.org/10.1016/j.polymer.2021.124168
http://doi.org/10.1016/j.polymer.2021.124168
http://doi.org/10.1016/j.polymer.2021.124168
http://doi.org/10.1115/1.4050557
http://doi.org/10.1115/1.4050557
http://doi.org/10.1115/1.4050557
http://doi.org/10.1115/1.4050557
http://doi.org/10.1016/j.mser.2018.06.002
http://doi.org/10.1016/j.mser.2018.06.002
http://doi.org/10.1016/j.mser.2018.06.002
http://doi.org/10.1016/j.mser.2018.06.002
http://doi.org/10.1016/j.mser.2018.06.002
http://doi.org/10.1002/adfm.201904704
http://doi.org/10.1002/adfm.201904704
http://doi.org/10.1002/adfm.201904704
http://doi.org/10.1002/adfm.201904704
http://doi.org/10.1002/adfm.201904704
http://doi.org/10.1103/PhysRevLett.101.235502
http://doi.org/10.1103/PhysRevLett.101.235502
http://doi.org/10.1103/PhysRevLett.101.235502
http://doi.org/10.1103/PhysRevLett.101.235502
http://doi.org/10.1103/PhysRevLett.101.235502
http://doi.org/10.1038/s42254-021-00334-1
http://doi.org/10.1038/s42254-021-00334-1
http://doi.org/10.1038/s42254-021-00334-1
http://doi.org/10.1038/s42254-021-00334-1
http://doi.org/10.1038/s42254-021-00334-1
http://doi.org/10.1002/(SICI)1099-0488(19991201)37:23&lt;3359::AID-POLB11&gt;3.0.CO;2-S
http://doi.org/10.1002/(SICI)1099-0488(19991201)37:23&lt;3359::AID-POLB11&gt;3.0.CO;2-S
http://doi.org/10.1002/(SICI)1099-0488(19991201)37:23&lt;3359::AID-POLB11&gt;3.0.CO;2-S
http://doi.org/10.1002/(SICI)1099-0488(19991201)37:23&lt;3359::AID-POLB11&gt;3.0.CO;2-S
http://doi.org/10.1002/(SICI)1099-0488(19991201)37:23&lt;3359::AID-POLB11&gt;3.0.CO;2-S
http://doi.org/10.1038/s41467-019-09697-7
http://doi.org/10.1038/s41467-019-09697-7
http://doi.org/10.1038/s41467-019-09697-7
http://doi.org/10.1038/s41467-019-09697-7
http://doi.org/10.1038/nnano.2014.44
http://doi.org/10.1038/nnano.2014.44
http://doi.org/10.1038/nnano.2014.44
http://doi.org/10.1038/nnano.2014.44
http://doi.org/10.1038/nmat4141
http://doi.org/10.1038/nmat4141
http://doi.org/10.1038/nmat4141
http://doi.org/10.1038/nmat4141
http://doi.org/10.1038/nmat4141
http://doi.org/10.1002/pol.1977.130150401
http://doi.org/10.1002/pol.1977.130150401
http://doi.org/10.1002/pol.1977.130150401
http://doi.org/10.1002/pol.1977.130150401
http://doi.org/10.1002/pol.1977.130150401
http://doi.org/10.1016/0032-3861(78)90032-0
http://doi.org/10.1016/0032-3861(78)90032-0
http://doi.org/10.1016/0032-3861(78)90032-0
http://doi.org/10.1016/0032-3861(78)90032-0
http://doi.org/10.1016/0032-3861(78)90032-0
http://doi.org/10.1021/ma00039a030
http://doi.org/10.1021/ma00039a030
http://doi.org/10.1021/ma00039a030
http://doi.org/10.1021/ma00039a030
http://doi.org/10.1016/j.polymer.2011.02.019
http://doi.org/10.1016/j.polymer.2011.02.019
http://doi.org/10.1016/j.polymer.2011.02.019
http://doi.org/10.1016/j.polymer.2011.02.019
http://doi.org/10.1016/j.polymer.2011.02.019
http://doi.org/10.1039/C5NR04995D
http://doi.org/10.1039/C5NR04995D
http://doi.org/10.1039/C5NR04995D
http://doi.org/10.1039/C5NR04995D
http://doi.org/10.1039/C5NR04995D
http://doi.org/10.1016/j.polymer.2017.07.027
http://doi.org/10.1016/j.polymer.2017.07.027
http://doi.org/10.1016/j.polymer.2017.07.027
http://doi.org/10.1016/j.polymer.2017.07.027
http://doi.org/10.1021/acsomega.7b00563
http://doi.org/10.1021/acsomega.7b00563
http://doi.org/10.1021/acsomega.7b00563
http://doi.org/10.1021/acsomega.7b00563
http://doi.org/10.1021/acsomega.7b00563
http://doi.org/10.1016/j.polymer.2019.121760
http://doi.org/10.1016/j.polymer.2019.121760
http://doi.org/10.1016/j.polymer.2019.121760
http://doi.org/10.1016/j.polymer.2019.121760
http://doi.org/10.1016/j.polymer.2019.121760
http://doi.org/10.1021/acs.macromol.9b02647
http://doi.org/10.1021/acs.macromol.9b02647
http://doi.org/10.1021/acs.macromol.9b02647
http://doi.org/10.1021/acs.macromol.9b02647
http://doi.org/10.1007/BF00503645
http://doi.org/10.1007/BF00503645
http://doi.org/10.1007/BF00503645
http://doi.org/10.1007/BF00503645
http://doi.org/10.1007/BF00503645
http://doi.org/10.1063/1.1524305
http://doi.org/10.1063/1.1524305
http://doi.org/10.1063/1.1524305
http://doi.org/10.1063/1.1524305
http://doi.org/10.1063/1.1524305
http://doi.org/10.1103/PhysRevB.82.144308
http://doi.org/10.1103/PhysRevB.82.144308
http://doi.org/10.1103/PhysRevB.82.144308
http://doi.org/10.1103/PhysRevB.82.144308
http://doi.org/10.1103/PhysRevB.82.144308
http://doi.org/10.1049/hve.2016.0008
http://doi.org/10.1049/hve.2016.0008
http://doi.org/10.1049/hve.2016.0008
http://doi.org/10.1049/hve.2016.0008
http://doi.org/10.1049/hve.2016.0008
http://doi.org/10.1021/jp5051639
http://doi.org/10.1021/jp5051639
http://doi.org/10.1021/jp5051639
http://doi.org/10.1021/jp5051639
http://doi.org/10.1021/jp5051639
http://doi.org/10.1126/sciadv.1700342
http://doi.org/10.1126/sciadv.1700342
http://doi.org/10.1126/sciadv.1700342
http://doi.org/10.1126/sciadv.1700342
http://doi.org/10.1016/j.mattod.2014.04.003
http://doi.org/10.1016/j.mattod.2014.04.003
http://doi.org/10.1016/j.mattod.2014.04.003
http://doi.org/10.1016/j.mattod.2014.04.003
http://doi.org/10.1016/j.mattod.2014.04.003
https://doi.org/10.1016/S1369-7021(05)70935-4
https://doi.org/10.1016/S1369-7021(05)70935-4
https://doi.org/10.1016/S1369-7021(05)70935-4
https://doi.org/10.1016/S1369-7021(05)70935-4
https://doi.org/10.1016/S1369-7021(05)70935-4
http://doi.org/10.1115/1.2188950
http://doi.org/10.1115/1.2188950
http://doi.org/10.1115/1.2188950
http://doi.org/10.1115/1.2188950
http://doi.org/10.1115/1.2188950
http://doi.org/10.1038/s41578-021-00283-2
http://doi.org/10.1038/s41578-021-00283-2
http://doi.org/10.1038/s41578-021-00283-2
http://doi.org/10.1038/s41578-021-00283-2
http://doi.org/10.1038/s41578-021-00283-2
http://doi.org/10.1038/s41560-018-0243-8
http://doi.org/10.1038/s41560-018-0243-8
http://doi.org/10.1038/s41560-018-0243-8
http://doi.org/10.1038/s41560-018-0243-8
http://doi.org/10.1016/j.jpowsour.2017.09.046
http://doi.org/10.1016/j.jpowsour.2017.09.046
http://doi.org/10.1016/j.jpowsour.2017.09.046
http://doi.org/10.1016/j.jpowsour.2017.09.046
http://doi.org/10.1016/j.jpowsour.2017.09.046
http://doi.org/10.1016/j.coco.2020.100528
http://doi.org/10.1016/j.coco.2020.100528
http://doi.org/10.1016/j.coco.2020.100528
http://doi.org/10.1016/j.coco.2020.100528
http://doi.org/10.1088/1674-4926/32/1/014008
http://doi.org/10.1088/1674-4926/32/1/014008
http://doi.org/10.1088/1674-4926/32/1/014008
http://doi.org/10.1088/1674-4926/32/1/014008
http://doi.org/10.1088/1674-4926/32/1/014008
http://doi.org/10.1016/j.csite.2019.100545
http://doi.org/10.1016/j.csite.2019.100545
http://doi.org/10.1016/j.csite.2019.100545
http://doi.org/10.1016/j.csite.2019.100545
http://doi.org/10.1016/j.csite.2019.100545
http://doi.org/10.1016/j.coco.2020.100617
http://doi.org/10.1016/j.coco.2020.100617
http://doi.org/10.1016/j.coco.2020.100617
http://doi.org/10.1016/j.coco.2020.100617
http://doi.org/10.1016/j.coco.2020.100617
http://doi.org/10.1016/j.applthermaleng.2019.113750
http://doi.org/10.1016/j.applthermaleng.2019.113750
http://doi.org/10.1016/j.applthermaleng.2019.113750
http://doi.org/10.1016/j.applthermaleng.2019.113750
http://doi.org/10.1093/nsr/nwy005
http://doi.org/10.1093/nsr/nwy005
http://doi.org/10.1093/nsr/nwy005
http://doi.org/10.1093/nsr/nwy005
http://doi.org/10.1093/nsr/nwy005
http://doi.org/10.1038/nmat3207
http://doi.org/10.1038/nmat3207
http://doi.org/10.1038/nmat3207
http://doi.org/10.1038/nmat3207
http://doi.org/10.1038/nmat3207
http://doi.org/10.1038/nmat3064
http://doi.org/10.1038/nmat3064
http://doi.org/10.1038/nmat3064
http://doi.org/10.1038/nmat3064
http://doi.org/10.1038/nmat3064
http://doi.org/10.1557/mrs.2012.203
http://doi.org/10.1557/mrs.2012.203
http://doi.org/10.1557/mrs.2012.203
http://doi.org/10.1557/mrs.2012.203
http://doi.org/10.1557/mrs.2012.203
http://doi.org/10.1126/science.aaz6149
http://doi.org/10.1126/science.aaz6149
http://doi.org/10.1126/science.aaz6149
http://doi.org/10.1126/science.aaz6149
http://doi.org/10.1126/science.aat7932
http://doi.org/10.1126/science.aat7932
http://doi.org/10.1126/science.aat7932
http://doi.org/10.1126/science.aat7932
http://doi.org/10.1126/science.aat7932
http://doi.org/10.1126/science.aat5522
http://doi.org/10.1126/science.aat5522
http://doi.org/10.1126/science.aat5522
http://doi.org/10.1126/science.aat5522
http://doi.org/10.1126/science.aat8982
http://doi.org/10.1126/science.aat8982
http://doi.org/10.1126/science.aat8982
http://doi.org/10.1126/science.aat8982
http://doi.org/10.1126/science.aat8982
http://doi.org/10.1038/nnano.2010.27
http://doi.org/10.1038/nnano.2010.27
http://doi.org/10.1038/nnano.2010.27
http://doi.org/10.1038/nnano.2010.27
http://doi.org/10.1038/nnano.2010.27
http://doi.org/10.1038/s41563-021-00918-3
http://doi.org/10.1038/s41563-021-00918-3
http://doi.org/10.1038/s41563-021-00918-3
http://doi.org/10.1038/s41563-021-00918-3
http://doi.org/10.1038/s41563-021-00918-3
http://doi.org/10.1615/AnnualRevHeatTransfer.2013006949
http://doi.org/10.1615/AnnualRevHeatTransfer.2013006949
http://doi.org/10.1615/AnnualRevHeatTransfer.2013006949
http://doi.org/10.1615/AnnualRevHeatTransfer.2013006949
http://doi.org/10.1615/AnnualRevHeatTransfer.2013006949
http://doi.org/10.1016/j.progpolymsci.2016.03.001
http://doi.org/10.1016/j.progpolymsci.2016.03.001
http://doi.org/10.1016/j.progpolymsci.2016.03.001
http://doi.org/10.1016/j.progpolymsci.2016.03.001
http://doi.org/10.1016/j.progpolymsci.2016.03.001
http://doi.org/10.1021/cr60244a004
http://doi.org/10.1021/cr60244a004
http://doi.org/10.1021/cr60244a004
http://doi.org/10.1021/cr60244a004
http://doi.org/10.1021/cr60244a004
http://doi.org/10.1016/j.compscitech.2020.108134
http://doi.org/10.1016/j.compscitech.2020.108134
http://doi.org/10.1016/j.compscitech.2020.108134
http://doi.org/10.1016/j.compscitech.2020.108134
http://doi.org/10.1016/j.compscitech.2020.108134
http://doi.org/10.1016/0032-3861(77)90002-7
http://doi.org/10.1016/0032-3861(77)90002-7
http://doi.org/10.1016/0032-3861(77)90002-7
http://doi.org/10.1016/0032-3861(77)90002-7
http://doi.org/10.1016/0032-3861(77)90002-7
http://doi.org/10.1016/j.apmt.2018.04.004
http://doi.org/10.1016/j.apmt.2018.04.004
http://doi.org/10.1016/j.apmt.2018.04.004
http://doi.org/10.1016/j.apmt.2018.04.004
http://doi.org/10.1615/AnnualRevHeatTransfer.2014011051
http://doi.org/10.1615/AnnualRevHeatTransfer.2014011051
http://doi.org/10.1615/AnnualRevHeatTransfer.2014011051
http://doi.org/10.1615/AnnualRevHeatTransfer.2014011051
http://doi.org/10.1615/AnnualRevHeatTransfer.2014011051
http://doi.org/10.1016/j.polymer.2021.124168
http://doi.org/10.1016/j.polymer.2021.124168
http://doi.org/10.1016/j.polymer.2021.124168
http://doi.org/10.1016/j.polymer.2021.124168
http://doi.org/10.1016/j.polymer.2021.124168
http://doi.org/10.1115/1.4050557
http://doi.org/10.1115/1.4050557
http://doi.org/10.1115/1.4050557
http://doi.org/10.1115/1.4050557
http://doi.org/10.1016/j.mser.2018.06.002
http://doi.org/10.1016/j.mser.2018.06.002
http://doi.org/10.1016/j.mser.2018.06.002
http://doi.org/10.1016/j.mser.2018.06.002
http://doi.org/10.1016/j.mser.2018.06.002
http://doi.org/10.1002/adfm.201904704
http://doi.org/10.1002/adfm.201904704
http://doi.org/10.1002/adfm.201904704
http://doi.org/10.1002/adfm.201904704
http://doi.org/10.1002/adfm.201904704
http://doi.org/10.1103/PhysRevLett.101.235502
http://doi.org/10.1103/PhysRevLett.101.235502
http://doi.org/10.1103/PhysRevLett.101.235502
http://doi.org/10.1103/PhysRevLett.101.235502
http://doi.org/10.1103/PhysRevLett.101.235502
http://doi.org/10.1038/s42254-021-00334-1
http://doi.org/10.1038/s42254-021-00334-1
http://doi.org/10.1038/s42254-021-00334-1
http://doi.org/10.1038/s42254-021-00334-1
http://doi.org/10.1038/s42254-021-00334-1
http://doi.org/10.1002/(SICI)1099-0488(19991201)37:23&lt;3359::AID-POLB11&gt;3.0.CO;2-S
http://doi.org/10.1002/(SICI)1099-0488(19991201)37:23&lt;3359::AID-POLB11&gt;3.0.CO;2-S
http://doi.org/10.1002/(SICI)1099-0488(19991201)37:23&lt;3359::AID-POLB11&gt;3.0.CO;2-S
http://doi.org/10.1002/(SICI)1099-0488(19991201)37:23&lt;3359::AID-POLB11&gt;3.0.CO;2-S
http://doi.org/10.1002/(SICI)1099-0488(19991201)37:23&lt;3359::AID-POLB11&gt;3.0.CO;2-S
http://doi.org/10.1038/s41467-019-09697-7
http://doi.org/10.1038/s41467-019-09697-7
http://doi.org/10.1038/s41467-019-09697-7
http://doi.org/10.1038/s41467-019-09697-7
http://doi.org/10.1038/nnano.2014.44
http://doi.org/10.1038/nnano.2014.44
http://doi.org/10.1038/nnano.2014.44
http://doi.org/10.1038/nnano.2014.44
http://doi.org/10.1038/nmat4141
http://doi.org/10.1038/nmat4141
http://doi.org/10.1038/nmat4141
http://doi.org/10.1038/nmat4141
http://doi.org/10.1038/nmat4141
http://doi.org/10.1002/pol.1977.130150401
http://doi.org/10.1002/pol.1977.130150401
http://doi.org/10.1002/pol.1977.130150401
http://doi.org/10.1002/pol.1977.130150401
http://doi.org/10.1002/pol.1977.130150401
http://doi.org/10.1016/0032-3861(78)90032-0
http://doi.org/10.1016/0032-3861(78)90032-0
http://doi.org/10.1016/0032-3861(78)90032-0
http://doi.org/10.1016/0032-3861(78)90032-0
http://doi.org/10.1016/0032-3861(78)90032-0
http://doi.org/10.1021/ma00039a030
http://doi.org/10.1021/ma00039a030
http://doi.org/10.1021/ma00039a030
http://doi.org/10.1021/ma00039a030
http://doi.org/10.1016/j.polymer.2011.02.019
http://doi.org/10.1016/j.polymer.2011.02.019
http://doi.org/10.1016/j.polymer.2011.02.019
http://doi.org/10.1016/j.polymer.2011.02.019
http://doi.org/10.1016/j.polymer.2011.02.019
http://doi.org/10.1039/C5NR04995D
http://doi.org/10.1039/C5NR04995D
http://doi.org/10.1039/C5NR04995D
http://doi.org/10.1039/C5NR04995D
http://doi.org/10.1039/C5NR04995D
http://doi.org/10.1016/j.polymer.2017.07.027
http://doi.org/10.1016/j.polymer.2017.07.027
http://doi.org/10.1016/j.polymer.2017.07.027
http://doi.org/10.1016/j.polymer.2017.07.027
http://doi.org/10.1021/acsomega.7b00563
http://doi.org/10.1021/acsomega.7b00563
http://doi.org/10.1021/acsomega.7b00563
http://doi.org/10.1021/acsomega.7b00563
http://doi.org/10.1021/acsomega.7b00563
http://doi.org/10.1016/j.polymer.2019.121760
http://doi.org/10.1016/j.polymer.2019.121760
http://doi.org/10.1016/j.polymer.2019.121760
http://doi.org/10.1016/j.polymer.2019.121760
http://doi.org/10.1016/j.polymer.2019.121760
http://doi.org/10.1021/acs.macromol.9b02647
http://doi.org/10.1021/acs.macromol.9b02647
http://doi.org/10.1021/acs.macromol.9b02647
http://doi.org/10.1021/acs.macromol.9b02647
http://doi.org/10.1007/BF00503645
http://doi.org/10.1007/BF00503645
http://doi.org/10.1007/BF00503645
http://doi.org/10.1007/BF00503645
http://doi.org/10.1007/BF00503645
http://doi.org/10.1063/1.1524305
http://doi.org/10.1063/1.1524305
http://doi.org/10.1063/1.1524305
http://doi.org/10.1063/1.1524305
http://doi.org/10.1063/1.1524305
http://doi.org/10.1103/PhysRevB.82.144308
http://doi.org/10.1103/PhysRevB.82.144308
http://doi.org/10.1103/PhysRevB.82.144308
http://doi.org/10.1103/PhysRevB.82.144308
http://doi.org/10.1103/PhysRevB.82.144308
http://doi.org/10.1049/hve.2016.0008
http://doi.org/10.1049/hve.2016.0008
http://doi.org/10.1049/hve.2016.0008
http://doi.org/10.1049/hve.2016.0008
http://doi.org/10.1049/hve.2016.0008
http://doi.org/10.1021/jp5051639
http://doi.org/10.1021/jp5051639
http://doi.org/10.1021/jp5051639
http://doi.org/10.1021/jp5051639
http://doi.org/10.1021/jp5051639
http://doi.org/10.1126/sciadv.1700342
http://doi.org/10.1126/sciadv.1700342
http://doi.org/10.1126/sciadv.1700342
http://doi.org/10.1126/sciadv.1700342
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

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 2 (2022) 023601

[72]
73]
[74]
[75)
[76)

[77]
78]

[79]
(80]
(81]
(82]

(83]

(84]

(85]

(86]

Robbins A B, Drakopoulos S X, Martin-Fabiani I, Ronca S,
Minnich A J 2019 Proc. Natl. Acad. Sci. U. S. A. 116 17163
Cevallos J G, Bergles A E, Bar-Cohen A, Rodgers P, Gupta
S K 2012 Heat Transfer Eng. 33 1075

Secther S, Falck M, Zhang Z, Lervik A, He J 2021
Macromolecules 54 6563

Hansen D, Bernier G 1972 Polym. Eng. Sci. 12 204

Liu J, Yang R 2012 Phys. Rev. B. 86 104307

Wei X, Luo T 2019 Phys. Chem. Chem. Phys. 21 15523
Zhang T, Luo T 2016 J. Phys. Chem. B 120 803
Subramanyan H, Zhang W, He J, Kim K, Li X, Liu J 2019
J. Appl. Phys. 125 095104

Zhang T, Luo T 2012 J. Appl. Phys. 112 094304

Wei X, Zhang T, Luo T 2016 Phys. Chem. Chem. Phys. 18
32146

Lin S, Cai Z, Wang Y, Zhao L, Zhai C 2019 Comput. Mater.
Sci. 5 126

Akatsuka M, Takezawa Y 2003 J. Appl. Polym. Sci. 89 2464
Ruan K, Zhong X, Shi X, Dang J, Gu J 2021 Mater. Today
Phys. 20 100456

Wei X, Huang Z, Koch S, Zamengo M, Deng Y, Minus M L,
Morikawa J, Guo R, Luo T 2021 ACS Appl. Polym. Mater. 3
2979

Lee J, Kim Y, Joshi S R, Kwon M S, Kim G H 2021 Polym.
Chem. 12 975

Chen A, Wu Y, Zhou S, Xu W, Jiang W, Lii Y, Guo W, Chi
K, Sun Q, Fu T 2020 Mater. Adv. 1 1996

Kikugawa G, Desai T G, Keblinski P, Ohara T 2013 J.
Appl. Phys. 114 034302

Knappe W, Yamamoto O 1970 Kolloid-Zeitschrift und
Zeitschrift fiir Polymere 240 775

Toberer E S, Zevalkink A, Snyder G J 2011 J. Mater. Chem.
21 15843

Ma H, Ma Y, Tian Z 2019 ACS Appl. Polym. Mater. 1 2566
Nomura R, Yoneyama K, Ogasawara F, Ueno M, Okuda Y,
Yamanaka A 2003 Jpn. J. Appl. Phys. 42 5205

Hsieh W-P, Losego M D, Braun P V, Shenogin S, Keblinski
P, Cahill D G 2011 Phys. Rev. B. 83 174205

Zhang T, Xu J, Luo T 2020 https://arxiv.org/abs/2009.
13708

Deng S, Ma D, Zhang G, Yang N 2021 J. Mater. Chem. A. 9
24472

Deng S, Yuan J, Lin Y, Yu X, Ma D, Huang Y, Ji R, Zhang
G, Yang N 2021 Nano Energy 82 105749

Zhang Y, Zhang X, Yang L, Zhang Q, Fitzgerald M L, Ueda
A, Chen Y, Mu R, Li D, Bellan L. M 2018 Soft matter 14
9534

Xu Y, Wang X, Zhou J, Song B, Jiang Z, Lee E M,
Huberman S, Gleason K K, Chen G 2018 Sci. Adv. 4
eaar3031

Xie X, Li D, Tsai T H, Liu J, Braun P V, Cahill D G 2016
Macromolecules 49 972

Yu X, Ma D, Deng C, Wan X, An M, Meng H, Li X, Huang
X, Yang N 2021 Chin. Phys. Lett. 38 014401

[87]

[83]

[89]

[90]

[91]

[92]
(93]

[94]
[95]

[96]

[97]
(98]
[99]
[100]
[101]
[102]
[103]

[104]

[105)
[106]

[107)

[108)
[109]

[110]

023601-6

Shrestha R, Li P, Chatterjee B, Zheng T, Wu X, Liu Z, Luo
T, Choi S, Hippalgaonkar K, De Boer M P 2018 Nat.
Commun. 9 1664

Donovan B F, Warzoha R J, Cosby T, Giri A, Wilson A A,
Borgdorff A J, Vu N T, Patterson E A, Gorzkowski E P
2020 Macromolecules 53 11089

Richard-Lacroix M, Pellerin C 2013 Macromolecules 46 9473
Canetta C, Guo S, Narayanaswamy A 2014 Rev. Sci.
Instrum. 85 104901

Lu C, Chiang S W, Du H, Li J, Gan L, Zhang X, Chu X,
Yao Y, Li B, Kang F 2017 Polymer 115 52

Laaber D, Bart H J 2015 Chem. Ing. Tech. 87 306

Chen X, Su Y, Reay D, Riffat S 2016 Renewable Sustainable
Energy Rev. 60 1367

Shi A, Li Y, Liu W, Lei J, Li Z M 2019 J. Appl. Phys. 125
245110

Wang X, Ho V, Segalman R A, Cahil D G 2013
Macromolecules 46 4937

Ghasemi H, Thoppey N, Huang X, Loomis J, Li X, Tong J,
Wang J, Chen G 2014 Fourteenth Intersociety Conference
on  Thermal and Thermomechanical ~Phenomena in
FElectronic Systems (ITherm) Orlando Florida, USA, May
27-30, 2014 pp235-239

Ma J, Zhang Q, Zhang Y, Zhou L, Yang J, Ni Z 2016 Appl.
Phys. Lett. 109 033101

Shulumba N, Hellman O, Minnich A 2017 Phys. Rev. Lett.
119 185901

Roy A, Bougher T L, Geng R, Ke Y, Locklin J, Cola B A
2016 ACS Appl. Mater. Interfaces 8 25578

Rojo M M, Martin J, Grauby S, Borca-Tasciuc T, Dilhaire
S, Martin-Gonzalez M 2014 Nanoscale 6 7858

Hamidnia M, Luo Y, Wang X 2018 Appl. Therm. Eng. 145
637

Tong J K, Huang X, Boriskina S V, Loomis J, Xu Y, Chen
G 2015 ACS Photonics 2 769

Hsu P C, Song A Y, Catrysse P B, Liu C, Peng Y, Xie J,
Fan S, Cui Y 2016 Science 353 1019

Peng Y, Chen J, Song A Y, Catrysse P B, Hsu P C, Cai L,
Liu B, Zhu Y, Zhou G, Wu D S 2018 Nat. Sustainability 1
105

Zeng S, Pian S, Su M, Wang Z, Wu M, Liu X, Chen M,
Xiang Y, Wu J, Zhang M 2021 Science 373 692

Yu X, Li Y, Wang X, Si Y, Yu J, Ding B 2020 ACS Appl.
Mater. Interfaces 12 32078

Alberghini M, Hong S, Lozano L M, Korolovych V, Huang
Y, Signorato F, Zandavi S H, Fucetola C, Uluturk I,
Tolstorukov M Y 2021 Nat. Sustainability 4 715

Wang Y, Liang X, Zhu H, Xin J H, Zhang Q, Zhu S 2020
Adv. Funct. Mater. 30 1907851

Candadai A A, Weibel J A, Marconnet A M 2019 ACS
Appl. Polym. Mater. 2 437

Candadai A A, Nadler E J, Burke J S, Weibel J A,
Marconnet A M 2021 Sci. Rep. 11 8705


http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1039/C6CP06643G
http://doi.org/10.1039/C6CP06643G
http://doi.org/10.1039/C6CP06643G
http://doi.org/10.1039/C6CP06643G
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
http://doi.org/10.1039/c1jm11754h
http://doi.org/10.1039/c1jm11754h
http://doi.org/10.1039/c1jm11754h
http://doi.org/10.1039/c1jm11754h
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
https://arxiv.org/abs/2009.13708
https://arxiv.org/abs/2009.13708
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1063/1.5108520
http://doi.org/10.1063/1.5108520
http://doi.org/10.1063/1.5108520
http://doi.org/10.1063/1.5108520
http://doi.org/10.1021/ma400612y
http://doi.org/10.1021/ma400612y
http://doi.org/10.1021/ma400612y
http://doi.org/10.1021/ma400612y
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1039/C6CP06643G
http://doi.org/10.1039/C6CP06643G
http://doi.org/10.1039/C6CP06643G
http://doi.org/10.1039/C6CP06643G
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
http://doi.org/10.1039/c1jm11754h
http://doi.org/10.1039/c1jm11754h
http://doi.org/10.1039/c1jm11754h
http://doi.org/10.1039/c1jm11754h
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
https://arxiv.org/abs/2009.13708
https://arxiv.org/abs/2009.13708
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1063/1.5108520
http://doi.org/10.1063/1.5108520
http://doi.org/10.1063/1.5108520
http://doi.org/10.1063/1.5108520
http://doi.org/10.1021/ma400612y
http://doi.org/10.1021/ma400612y
http://doi.org/10.1021/ma400612y
http://doi.org/10.1021/ma400612y
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1039/C6CP06643G
http://doi.org/10.1039/C6CP06643G
http://doi.org/10.1039/C6CP06643G
http://doi.org/10.1039/C6CP06643G
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
http://doi.org/10.1039/c1jm11754h
http://doi.org/10.1039/c1jm11754h
http://doi.org/10.1039/c1jm11754h
http://doi.org/10.1039/c1jm11754h
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
https://arxiv.org/abs/2009.13708
https://arxiv.org/abs/2009.13708
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1073/pnas.1905492116
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1080/01457632.2012.663654
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1021/acs.macromol.1c00633
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1002/pen.760120308
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1103/PhysRevB.86.104307
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1039/C9CP02397F
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1021/acs.jpcb.5b09955
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.5086176
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1063/1.4759293
http://doi.org/10.1039/C6CP06643G
http://doi.org/10.1039/C6CP06643G
http://doi.org/10.1039/C6CP06643G
http://doi.org/10.1039/C6CP06643G
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
https://doi.org/10.1038/s41524-019-0264-2
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1002/app.12489
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1016/j.mtphys.2021.100456
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1021/acsapm.1c00128
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0PY01549K
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1039/D0MA00346H
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
http://doi.org/10.1063/1.4813505
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
https://doi.org/10.1007/BF02160074
http://doi.org/10.1039/c1jm11754h
http://doi.org/10.1039/c1jm11754h
http://doi.org/10.1039/c1jm11754h
http://doi.org/10.1039/c1jm11754h
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
https://doi.org/10.1021/acsapm.9b00605
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1143/JJAP.42.5205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
http://doi.org/10.1103/PhysRevB.83.174205
https://arxiv.org/abs/2009.13708
https://arxiv.org/abs/2009.13708
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1039/D1TA05519D
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1016/j.nanoen.2021.105749
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1039/C8SM01696H
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1126/sciadv.aar3031
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1021/acs.macromol.5b02477
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1088/0256-307X/38/1/014401
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1063/1.5108520
http://doi.org/10.1063/1.5108520
http://doi.org/10.1063/1.5108520
http://doi.org/10.1063/1.5108520
http://doi.org/10.1021/ma400612y
http://doi.org/10.1021/ma400612y
http://doi.org/10.1021/ma400612y
http://doi.org/10.1021/ma400612y
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1038/s41467-018-03978-3
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/acs.macromol.0c01243
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1021/ma401681m
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1063/1.4896330
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1016/j.polymer.2017.02.024
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1002/cite.201400045
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1016/j.rser.2016.03.024
http://doi.org/10.1063/1.5108520
http://doi.org/10.1063/1.5108520
http://doi.org/10.1063/1.5108520
http://doi.org/10.1063/1.5108520
http://doi.org/10.1021/ma400612y
http://doi.org/10.1021/ma400612y
http://doi.org/10.1021/ma400612y
http://doi.org/10.1021/ma400612y
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://dx.doi.org/10.1109/ITHERM.2014.6892287
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1063/1.4958905
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1103/PhysRevLett.119.185901
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1021/acsami.6b04429
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1039/C4NR00107A
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1016/j.applthermaleng.2018.09.078
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1021/acsphotonics.5b00140
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1126/science.aaf5471
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1038/s41893-018-0023-2
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1126/science.abi5484
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1021/acsami.0c04486
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1038/s41893-021-00688-5
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1002/adfm.201907851
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1021/acsabm.8b00644
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
http://doi.org/10.1038/s41598-021-87957-7
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

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 2 (2022) 023601

SPECIAL TOPIC—Nano engineering and thermophysics

Research progress of polymers with high
thermal conductivity”
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( Received 9 October 2021; revised manuscript received 12 November 2021 )

Abstract

Developing thermally conductive polymers is of fundamental interest and technological importance.
Common polymers have low thermal conductivities on the order of 0.1 W-m -K! and thus are regarded as
thermal insulators. Compared with the traditional heat conductors (metals and ceramics), polymers have
unparalleled combined properties such as light weight, corrosion resistance, electrical insulation and low cost.
Turning polymer insulators into heat conductors will provide new opportunities for future thermal management
applications. Polymers may replace many metals and ceramics, serving as lightweight heat dissipators in
electronics, refrigerators, and electrical vehicles.

In this review and perspectives, we discuss the research progress of thermal transport mechanisms in
polymers and reveal the relations between thermal conductivity and polymer structural parameters such as
bond strength, crystallinity, crystallite size, chain orientation, radius of gyration, and molecular weight. We
discuss the advanced strategies for developing thermally conductive polymers by both bottom-up and top-down
approaches. We highlight how thermally conductive polymers provide new opportunities for thermal
management applications. Finally, we emphasize the future challenges to and opportunities for designing and
synthesizing polymers with metal-like thermal conductivity and exploring the thermal transport physics in
polymers. We believe that the thermally conductive polymers with their unparalleled combination of
characteristics (light weight, electrical insulation, easy processability, corrosion resistance, etc.) promise to

possess many existing and unforeseen thermal management applications.

Keywords: thermally conductive polymers, thermal conductivity, thermal transport mechanisms in polymers,

thermal management applications

PACS: 36.20.—r, 44.10.+i, 66.70.—f, 72.20.i, 91.60.Ki DOI: 10.7498 /aps.71.20211876
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Fig. 1. Principles of radiative cooling and the nature organism that are inspirational for bio-inspired radiative cooling: (a) Schematic
of radiative energy flows occurring at the terrestrial surfaces™. P, solar radiation absorbed by the terrestrial surfaces; P,,q,
thermal radiation emitted by the terrestrial surfaces; Pam,, atmospheric thermal radiation absorbed by the terrestrial surfaces. (b) AM 1.5
solar spectrum and typical atmospheric window!'”. (c)—(h) Typical organisms and biomaterials with radiative cooling properties:
(c) Birds with different near-infrared (NIR) emissivity'®; (d) comet moth cocoon!'”; (e) butterfly Rapala dioetas and its infrared
imagel'¥l; (f) Saharan silver ant('%; (g) human skin and the structural schematic®; (h) wood fiber?!.
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Fig. 2. Thermoregulatory biological structure of different insect species. (a) Thermoregulatory mechanism of Goliathus goliatus/?!:
(i) Photograph of a male Goliathus goliatus; (ii) scanning electron microscopy (SEM) image of the shell / hollow cylinder structure
and transmission electron microscopy (TEM) image of cross-section; (iii) schematic of total reflection in the shell / hollow cylinder
structure, inset is the thin-film interference at different incident angles (6; and 6,); (iv) simulated reflectance spectra of shell/hollow
cylinder structure, hollow cylinders and solid cylinders in the mid-infrared (MIR) band. (b) Catagliphis bombycine®!: (i) Optical
photograph and SEM frontal view of the head; (ii) SEM image of the dense triangular hair. (c) Neocerambyx gigas®??: (i) Optical
photograph; (ii) SEM image of the fluffs covering on the forewing. (d) (i) Periodic microstructure models of four different butterfly
wing scales and (ii) their emission spectrum in the mid-infrared band®. (e) Butterfly Curetis acuta Moore®: (i) Optical photo-

graph; (ii) SEM image of the central part of a silver scale, (iii) cross section TEM image of the silver scales.
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Fig. 3. Bio-inspired radiative cooling materials and the fabrication of such materials. (a) The bio-inspired model from neocerambyx
gigas?: (i) Bio-inspired schematic diagram from fluff to radiative cooling film; (ii) structure of the radiative cooling film and its re-
flection characteristics for visible light and infrared emission. (b) (i) Micro-tree structures and (ii) their emissivity spectrum for radi-
ation thermal managementP!. (c) Comet moth cocoon fibersl'™: (i) Optical microscopy image; (ii) SEM image of the transverse
cross-section of a comet moth silk fiber; (iii) SEM images of the cross-section and longitudinal-section of regenerated silk fiber (up-
per) and polyvinylidene difluoride fiber (lower) containing high-density pores. (d) Wood for radiative cooling?!:: (i) Optical photo-
graph; (ii) schematic of the wood structure in scattering solar irradiance and infrared emission caused by molecular vibration of cel-
lulose functional groups. (e) Radiative cooling materials inspired by the natural fibersi: (i) Photograph of raw cotton and the
schematic of its microstructure; (ii) micrographs showing top and cross-section views of the macroporous PP/SBS sheet and

PP /SEPS sheet; (iii) reflection and emission characteristics of the macroporous PP sheets.
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SPECIAL TOPIC—Nano engineering and thermophysics

Research progress of bio-inspired radiative cooling”

Yang Run-Heng  An Shun  Shang Wen' Deng Tao*?

(School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

( Received 7 October 2021; revised manuscript received 1 December 2021 )

Abstract

As a new type of cooling technology, radiative cooling achieves temperature reduction through spectral
regulation. Compared with the traditional active cooling technologies such as absorption-based cooling and
compression-based cooling, the radiative cooling offers unique advantages, which are of great significance in
environmental protection and energy utilization. First of all, the basic principle of radiative cooling and the
radiative cooling within the natural biological systems are introduced in this review. The biological systems
achieve their regulations of radiative cooling through controlling the materials, microstructures and behaviors in
the systems, which also provide inspiration for us to explore new radiative cooling materials and devices. We
also summarize the various mechanisms of radiative cooling in the biological systems and the optimization of
such cooling structures. The recent research progress of bio-inspired radiative cooling is also presented. At the
end, the outlook of the research directions, potential applications, and the material fabrication approaches for
bio-inspired radiative cooling are discussed. The radiative cooling materials and devices with high power output
and intelligent control should be an important development direction of bio-inspired radiative cooling in the
future. With the integration of advanced micro/nano fabrication technology, bio-inspired radiative cooling will

have a broader market and much room of applications in the future.

Keywords: radiative cooling, bio-inspired, micro/nano fabrication
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Abstract

This paper briefly describes the characteristics of all-solid-state lithium-ion battery and the significance of

investigation on the internal thermal transport. The related experimental and theoretical works on the thermal

transport properties of cathode materials, anode materials, solid-state electrolytes, and electrode-electrolyte

interfaces are introduced and summarized. In view of the unclear mechanism of the influence of lithium

insertion and extraction process on the thermal conductivity of electrode materials, the challenge of solid-state

amorphization to the research of thermal transport, and the limitation of models and methods in heat transport

across the interface, we systematically sort out the important scientific issues of thermal transport in all-solid-

state lithium-ion battery.
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Fig. 1. The new physical phenomena in low dimensional
heat conduction closely related to the phonon weak coup-
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Abstract

With the development of nanoscale thermophysics, a vast number of novel phenomena have emerged,

which closely relate to phonon weak couplings. The causes of phonon weak couplings mechanism and related

physical discoveries are discussed in this article, including the size effect of low-dimensional systems, multi-

temperature model, and van der Waals cross interfaces. Corresponding frontier researches are also summarized.

The current problems of phonon weak couplings, such as how to add phonon wave-like behaviors into the

theoretical model, are also briefly discussed and prospected.
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Fig. 1. (a) Reflection(R), transmission (T), and absorption (A4) spectra of the metasurface; (b) sample temperature increase AT,

over time ¢, for the metasurface, tinted laminate, and control glass samples; (c)—(e) antifogging performance enhancement by effi-

cient sunlight absorbing; (c) the contro, (d) hydrophilic, and (e) metasurface. Reproduced from Ref.?], with the permission of

American Chemical Society.
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Fig. 2. (a) Cross-sectional SEM image of the as-fabricated coating; (b) transmittance (7) and absorption (A4) spectra of the coating
with various mass fraction of CWO NPs; (c¢) temperature responses of the coating with various mass fraction under 1-sun illumina-
tion; (d) a 10 cm x 10 cm transparent selective photothermal coating fabricated on a glass substrate. The mass fraction of CWO
NPs is kept at 10%; (e), (f) outdoor antifogging test of the large-scale (e) control and (f) photothermal samples using a homemade
freezing chamber. The solar intensity was 0.9 kW-m 2; (g), (h) antifogging demonstration (g) and (h) temperature response of a pair

of safety goggles (left side: treated, right side: untreated); (i) anti-fogging demonstration of a 30 cm x 30 cm glass substrate (left

side: untreated, right side: treated). Reproduced from Ref.l'!l, with the permission of the authors.
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Fig. 3. (a), (b) SEM images and water contact angle of the structures of CS and PSCS; (c) temperature increases of surface under

1 sunl'; (d) temperature increases of CS SCS and PSCS after illumination under 1 sun for 300 s, photothermally induced melting of
frost and ice on SCS and PSCS surfaces under 1-sun illumination!'’; (e) the melting of frost on the superhydrophilic SCS surface
and superhydrophobic PSCS surface (A2)'7)

PSCS surface (Reproduced from Ref. [17], with the permission of United States National Academy of Sciences); (g) photothermal

; (f) the melting of ice on the superhydrophilic SCS surfaces and superhydrophobic

ice removal performancel'; (h) superhydrophobicity self-recovery mechanism of the photothermal coating. Reproduced from

Ref.[18], with the permission of American Chemical Society.
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Fig. 4. (a) Side-view images of CR-SASs and their surface composition!'”; (b) condensed droplets can be continuously removed from

CR-SASs through coalesced droplet jumping!'?;

(c) long-period photothermal experiment under the low-temperature and high-hu-

midity condition for Cu and CR-SASs (Reproduced from Ref.[10], with the permission of United States National Academy of Sci-

ences); (d) schematic preparation of the PPY /Attpulgite photothermal superhydrophobic coatings!'”

hydrophobic at certain time intervals!'®

I; (f) active deicing test of PPY photothermal superhydrophobic surfacel"®

I (e) PPY photothermal super-
I; (g) PPY photo-

thermal superhydrophobic surface and aluminum sheets after outdoor exposure for 4 weeks. Reproduced from Ref.[19], with the per-

mission of Elsevier.
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Fig. 5. (a) Digital photograph of the powder of melanin nanoparticles??; (b) SEM image of superhydrophobic photothermal

coating??; (c) Photothermal-heating curves of the superhydrophobic photothermal coating at different sunlight intensity®?; (d) op-

tical images of photothermal deicing process on superhydrophobic photothermal coating under one sun irradiation(Reproduced from
Ref.[22], with the permission of Elsevier); (e) cross-sectional SEM images of the TiN-PTFE filmP*?; (f) optical images of phototherm-
al deicing processes on TiN-PTFE surface. Reproduced from Ref. [32], with the permission of Elsevier.
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Fig. 6. (a) SEM and contact angle measurement images of SHSSA; (b) UV-visible-IR absorptance spectra of SHSSA SSA and SHB;
(c) temperature increases (AT) of SHSSA, SSA, and SHB as a function of time under 1-sun illumination; (d) freezing process of a
5-uL droplet when the chamber temperature was adjusted to —60 °C. Time-zero is defined as the moment when the temperature
reaches to the set temperature; (e) top-view image sequences showing the deicing process under 1-sun illumination on the SHSSA
surface; (f) top-view image sequences showing the defrosting process under 1-sun illumination on the SHSSA surface. Reproduced
from Ref. [9], with the permission of the authors.
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TERMAL IR UK SRR 5 B s SUZ, i B Rk vk
SRR T HICAETK R0 (I 6(e) FIIEL 6(f)).
[ sF , 2% 2 THLT 0 5 18 D16 RS T 52 0PIk il 7
oK, AP T B K AN S5 R, e CHEI iz R
THI 7E 22 U KA 0I5 B /K S8R R AIR B ok A2
HH 8 5.

B K P RO RASR I R i /K G IR T Ay
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FaSIRTIRFAE. 26 1 B45 T _ERim i 1 s;
AKOCHRFTE APERE. B T HA ] T ZLA MR S
Uk, FATTHRGE B K R T R B T e 1
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# 1 AFEDCPGBEUK KR LG ERE L
Table 1.  Overall performance of various photothermal

icephobic surfaces.
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Abstract

Icing, frosting, and fogging are all natural phenomena in cold climates, which bring a lot of inconvenience
and safety problems to our daily life and industry when formed on the infrastructures. Solar-thermal anti-icing,
anti-frosting or anti-fogging surfaces have attracted a lot of interest due to their effectiveness and green
ecofriendly features in comparison with the conventional mechanical, thermal, and chemical methods. This short
review aims at summarizing the recent progress of solar-thermal anti-fogging/anti-icing/anti-frosting surfaces.
First of all, both the fundamental of solar-thermal energy conversion and the mechanism of solar-thermal anti-
fogging/anti-icing/anti-frosting are introduced. After that, recent advances in solar-thermal anti-fogging
surfaces, and superhydrophobic solar-thermal anti-icing/anti-frosting surfaces are summarized according to the
categories of photothermal materials. The results of our collaborative research groups in this field are
highlighted in this review. In the end, through comparing those reported surfaces, we point out the bottlenecks

in the existing researches of this field, and suggest the potential significant research directions in the future.

Keywords: solar-thermal energy conversion, anti-icing, anti-frosting, anti-fogging

PACS: 92.40.vv, 88.40.—j, 92.60.Vb, 78.20.nb DOI: 10.7498/aps.71.20212277

* Project supported by the Hong Kong General Research Fund, China (Grant Nos. 16206020, 16213721), the Center on Smart
Sensors and Environmental Technologies in the Hong Kong University of Science and Technology, China (Grant No.
IOPCF21EGO1), and the Project of Hetao Shenzhen-Hong Kong Science and Technology Innovation Cooperation Zone,
China (Grant No. HZQB-KCZYB-2020083).

# These authors contributed equally.

1 Corresponding author. E-mail: meshyao@ust.hk

1 Corresponding author. E-mail: mebhuang@ust.hk

089201-11


http://doi.org/10.7498/aps.71.20212277
http://doi.org/10.7498/aps.71.20212277
mailto:meshyao@ust.hk
mailto:meshyao@ust.hk
mailto:mebhuang@ust.hk
mailto:mebhuang@ust.hk
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

) 32 Z 3R Acta Phys. Sin. Vol. 72, No. 3 (2023) 034401

L. 43k TIEF0H I

RAEREREMNEE/FSEFEHRS

BEMD TR

7By

R LEMY  AgE

1) (FEhRHE RN S 30 TR b, I 430074)
2) ([T REFAFRE, Jbat 100081)
3) (B RIS R YRl SHR B, fat 210000)
(2022 4£ 10 H 16 HUk#; 2022 4E 11 A 22 HUEE )

P2 S AR T2 IO R BCASE B 0 )3 IO T 5 T A S ) T P S A 3 ) S 7 A i O T TR S
T 4 fl B il R TS o S IR 45 A A e A A P DX R K 3 S A TR N 45 2R 5 5 o AR T i 2 5
R T R A TR R TC SR 2 T TR 45 R X P TR 375 S R 1 B 3 A L (91 F) 2 i, SN £ v A R A
P i HAZAE R 5 B i 7 3 ) S AR O T AR SO S A e, AR S A 5 A e RS A
] P TR 45 R B ALY | -394 1 2% 1 5t T 4 A 6 22 i T AR 9 2 WD, 52 BT ¢ T A S 7 DR L R S N B T
B THEEN T AR (BR L M ) SR (R BRAGEE . BRALER . EILER) B0 SR TR AR /6 ST B 46
5 SR SE RS L, RS B B RN B T S LB Y B, i ELA TS I AR X L

KA SIS, FEHAH, SR RS, A RO, U K RO

PACS: 44.10.+, 63.20.D—, 63.20.kg, 68.35.p

1 5 =

BRAR L - R A2 RS 10 328 5 U/ N R ) 23R 25
TGS, A AR L AR R R AN T S 119 B
FEPRARZ — (-0 R R A 7 5 % B S 45
PG IR RS Ry, HARRE RS E 40/ 81 e i 4k
W A R R, AT RE S AR e 200
R B VI B S =N o A Ly N O 7 SR
(AR T AT 1 A B T A 5 1) 95 SR Sy g (1112,
TR AR 4 @ /2F S A AL 1 3R 32 6 1 3R 1
SEREAN T AR, anof AR SR A VS AR 2 58 ¢
HER.

VARG, B iz B 2 o AR BRI Tl A
PIBFFER B3 Deng 45 B T 5 ST 2R O AR 2 F)
T SiC/SiO, Ml Si/SiO, B A mi# S H g 5

DOI: 10.7498/aps.72.20221981

3-omega LI I =5 RAEH VA . T ol )12
(molecular dynamics, MD) #% )7z H T F i #4 4
BRI, A0 Yang 55 00T T AL/Si S iy A
15, JF BT - JC P R R S 52 e L T 75 1
i — S . Peng &5 Pl ST A1 8305 7K
TETERE A3, 57 1 R A AR T LA 35 4 i A T P A
fiiz. Ren & M6 T4 880 /7507 AALTIEFE IO H-
Hr S B s M BIFTE 2R, 2 (R] fieh 2 12 thl YU A FL H-
$r S o 45 4 i 0z 1) — FhA 80 . A, Yang
25 B3 o A A% AR PR EL (non-equilibrium Green
function, NEGF) JyiEFblLasse S HEANSE T —4
Jirt - v ] )2 BT A A o S TS s A, TR T
ST AR AR AR I A8 e A . AR RO B AR
S RIS T S T4t AL) 11514 S e B, ST AR
FILAT JURPPR A 56 MRS 1018 SR fefigg (171,200
FIA: Kk (21-23) i

*EFE A RBURRIBCA T E (S 2018YFE0127800 ) 9% Bl iR,

t BIE1E#E . E-mail: nuo@hust.edu.cn
©2023 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

034401-1


http://doi.org/10.7498/aps.72.20221981
mailto:nuo@hust.edu.cn
mailto:nuo@hust.edu.cn
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

) 32 Z 3R Acta Phys. Sin. Vol. 72, No. 3 (2023) 034401

VER 2 ML SR A E BE AR, TR L)
H, F2E BB (acoustic mismatch model, AMM)
FNE R RO (diffuse mismatch model, DMM)
Bz N TS A S A T, 2R AMM A DMM
3 S ST AR e G RIS ST A Bl | TR
A RAR A, HIas R 5 S pr At m A
BKIWZE. Zhang 45 PU 2 TIRA RBECEA (modi-
fied mismatch model, MMM), 2% J& 5 kRS & )2
O 7 458 T SR8 IR B 2 HE A9 R 2, X S
TET AT TR B A, (AT AR B MD BDAR A
TR, HAZ ARSI HCE )z fl .

R SCH A P S ) A5 3] A RS (L,
PRGSO, DT BE 7 8RB by x5 T A e
FrHu. 55, AR SRS 3 0 A S — P
TER (B ) RS (6 R L Bl
BAME) B T REE S8 B, SR TR
RAARECEEL, THRI 14| (5. 8. ) ek
SR (B L B BAEER | FALER) S A
SRR TG TR AR S TR A R
5SS R A5 RS L, THAER RS 250 E.

2 Hip 5k

X4 JE o R S, R s
FTEL - O, Xl F- DTk 32 0 [l B, A9 A B AT 19T
J& T i# £ TAE, W Singh 4% 25 3£ F Bloch-Boltz-
mann-Peierls 23 20 WFFE & B T-- 75 FHA X6 A
i i iz 1) TR AT LA 208 Hamaoud 45 20 3 12 43
BOEPER SHEF T KB, X T4 R /R R AR T
150 K i A iz F 2 s 1 £ Gird 5 P
D 308 3 B A S S R v T R B, WA
SRS, RA YR 2 AT B
PIAAET, S -7 T RO A S 0 B T A
A TR, DI, H R R A X [ - [ A AR
(R BN AE s 28, AT 4 F R R, 7E
4 I /AR 4 I S v e X S A A TR K 2
AR AT DL Z e 181 D] G AR AR SO i T A X
T DTk

4 Landaver AxCHIRE, itk A F1 B 2%
T ] P ) o A (290, b L v A S f10) L3 A 80
PRSI G, TP (1) 27

1 Wi on (w, T
Gm:4;/0 DA (w) (T )UA,jOCAHB (w)dw,

B
(1)

Hrp w AR W™ PR A IR EBOCRE
AR Dy W% (density of states, DOS);
n(w, T) A3 EA-Z RIS 10 Rl o 7 ik
BE; anp AFHHAL S T30 2 A T j 2R A
py R B(1) AT, R A B0 ST A
PEREIY 7 $ i iz 800 B TH AL 1 75 i R
apop, RIAIREENE R IMING G, TEA S, 75
i is Sl I A B0 ) 2 A — 1k R B
HEATTH, A HTAL 075 33 50 300 R FH B AR A
AT

AMM Fll DMM A 2y 28 i (14 7t 1 7 54 i 1

R H A R 2
_ 4pavApPBUB
OAMMA—B = ——————— 3, (2)
(pava + pBUB)
>, o,
ODMM,A—B = . (3)
Dava;+ Y Dyus,
Zj AUA,] Zj BvB,]
Hidr p AR B

AMM {35 S AT A A= 325 5 U, T DMM
BB LT AL A T2 SR, BT S B s 10 v A - [
FHEAL, 75 o [Rl i A AR 7 S . S TS U B0S1.
R, MMM — M BRI S p Sk Rom
FAEF L AR T ) H ] 7S T8 A %) B il
(1 - p), WEIHAYF 7 5 38 3 AMM Fl DMM
LR Aok e A

QMMM,A—B
=p-aamma—s + (1 —p) - apmMm,AB- (4)

Ziman 55 B2 W38 BT SAL p 55477 RO

JE o B R N A G, TR SC R E U

16m%n?
p = exp <_ AZ ) : (5)

(5) A S BRI B T Ak BOHLBE B 7 B3RS, Zhang
5 AR H] MD BT AL/Si B, IR H] DOS Ok
FAE 7 RV, {H MD 52 2% B E 55 454D i ] £
1 MMM B FIRCOR E 2% e, AR SOl Se ATt
FENGMRAT R ARIEEE n UA (5) 15315z
TIZEY p, BETTAT LA ] MMM RT3 5
I, IF5 LRI R AL R T USRI

AN, FESERRE DL S T AR AR ] 12 168 A7
TEFLBE . A2 BHAR A S8 SEF Mok, PRI S5 P 2 i i AR
RS A S A WS RS S TR S DI EIN 2908
PR AR SENE , A A B IEE ARS8 S

034401-2


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

) 32 Z 3R Acta Phys. Sin. Vol. 72, No. 3 (2023) 034401

(Gt R 80, YA AL 5E SETCALBRRY, S = 1,
X T PRAEN, FEAATEALBRIT, S < 1. SEBR1E
LT AT G AT LR

G=S5Gn, (6)
Hrp G, BB AR B R SR FE; SH
SR AR AL, YA AL TEALRRI, S = 1, YAt
SFFAEFLBRI, S < 1.

3 ZRfitw

48 (Al Cu, Au) FIES4K (Si, SiC) AL
K Z K DOS i H i sl J1 2484 GULPE 318

Horir A1 R Mei-Davenport! #pg %, Cu 1 Au
fi F EAMB36) S pg 8 Si i SWBT S ek, SiC
{#i | Tersoffi3s] #pR%. GaAs fl GaN IO HEIE R
K DOS fii i VASPE) 454 PHONOPY! ! 4.
VI b 3R J@ AN 4 Fpf SRR BRI R
K DOS i 1 A 2 fis.

K1 A 2 ey 2R 152 DOS, If:
AT T IH—fbAb B, 48 (Al Cu, Au) ¥R L
SEOTEER, R A — AR, BRI EEOC R
A S, BRI R BRI Al
(8.4 THz), Cu (8.1 THz), Au (3.8 THz). X} T2
ARBE, SRS 1 —AN R, R EEOCR T

10
(a) (b)

8+

or | A N

%/FE%E/THZ
~

(c)

r X K r L r XwX
BR DOS R

r L r  Xwx r r
DOS R DOS

1 ZEMETFAECCAEMDOS (a) Al; (b) Cu; (c) Au
Fig. 1. Phonon dispersion relations and DOS of metals: (a) Al; (b) Cu; (¢) Au.

20

(a)

TN [N

10 +

Wi /THz

R DOS

(©

HE /THz
N

a2l A F
r X K r L
R DOS

Kl 2 R WEHE T EEOCR R DOS

28 ¢

=3
=

S

24 F
20

&K /THz
> e o ICTE=N

R DOS

r
20 .Ed) g \</—’§
\ _/K

15+

10
5}

0

ﬁg/THz

A
)
N

N
~

r KM T A H L A
&S DOS

(a) Si; (b) SiC; (c) GaAs; (d) GaN

Fig. 2. Phonon dispersion relations and DOS of semiconductors: (a) Si; (b) SiC; (c¢) GaAs; (d) GaN.
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Fig. 3. Comparison of phonon transmittance spectra calculated by AMM, DMM and MMM (roughness: 0.28, 1.38, 2.16 nm): (a) Al/Si
interface; (b) Al/SiC interface; (c) Al/GaAs interface; (d) Al/GaN interface.
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Fig. 6. Interfacial thermal conductance of metal (Al, Cu, Au) and semiconductor (Si, SiC, GaAs, GaN) interfaces predicted by

MMM model at 300 K, roughness values: 0.28 nm, 1.38 nm, 2.16 nm.
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Abstract

The acoustic mismatch model and diffuse mismatch model are widely used to calculate interfacial thermal
conductance. These two models are respectively based on the assumption of extremely smooth and rough
interfaces. Owing to the great difference between the actual interface structure and the two hypotheses, the
predictions of these two models deviate greatly from the actual interfacial thermal conductance. The recently
proposed mixed mismatch model considers the effect of interface structure on the ratio of phonon specular
transmission to diffuse scattering transmission, and the prediction accuracy is improved. However, this model
requires molecular dynamics simulation to obtain phonon information at the interface. In this work, the mixed
mismatch model is simplified by introducing the measured roughness value, and the influence of interface
structure on the contact area is taken into account to achieve a simple, fast and accurate prediction of interface
thermal conductance. Based on this model, the interfacial thermal conductances of metals (aluminum, copper,
gold) and semiconductors (silicon, silicon carbide, gallium arsenide, gallium nitride) are calculated and
predicted. The results of Al/Si interface are in good agreement with the experimental results. This model is
helpful not only in understanding the mechanism of interface heat conduction, but also in comparing with the

measurement results.

Keywords: interfacial thermal conductance, interfacial thermal resistance, metal/semiconductor interface,

acoustic mismatch model, diffuse mismatch model
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