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Fig. 1. Microprocessor trend data during 1972-2020. Transistor (kilo unites), single-thread performance (SpecINT x 10?) frequency

(MHz), typical power (Watts), number of logical cores, density of heat flow (W /cm?)!.
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Fig. 2. Application scenario of thermal interface materials.
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Fig. 3. Heat conduction of the computer chip: (a) Schematic diagram of chip packaging; (b) schematic diagram and temperature

profile for an interface composed of two dissimilar segments; (c¢) optimize the structure of the chip by material engineeringl®;

(d) schematic diagram of the multilayer structure inside a GaN based electronic device chip on Si substrate.
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Fig. 4. Diverged thermal conductivity in 1D systems: (a) Thermal conductivity & for an FPU lattice with 8 = 1.5 varies with the
system size N [ (b) JN ws. the number of particles N for different models (J -heat flux) ['¥l; (c) the thermal conductivity wvs.
tube length L in log-log scale for different tubes at 300 and 800 KI['6); (d) thermal conductivity of SiNWs (with fixed transverse

boundary condition) vs. longitude length L [7; (e) thermal conductivity of single extended polymer chains of five polymers as a

function of chain length [8,
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Fig. 5. Normalized thermal resistance wvs .

normalized sample length for different samples: (a) The relations between normalized

thermal resistance and sample length for carbon nanotubes (CNTs) and boron-nitride nanotubes (BNNTs)??; (b) the relations

between normalized thermal resistance and sample length for CNT?; (c) the relations between normalized thermal resistance and

sample length for BNNTs[?2.
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Fig. 10. Anomalous thermal transport in two-dimensional material. (a) kgi(NV) in the X direction vs. N in Ny X Ny lattices. FPU-B
lattice. Inset: data plotted in double logarithmic scale. Solid line corresponds to N°2511, (b) Purely quartic lattices*!l. (¢) The calcu-
lated thermal conductivity of MoS, at 300 K as a function of sample sizel*?. (d) Length dependence of thermal conductivity of each
phonon branch of graphene. (e) Length dependence of thermal conductivity of each phonon branch of silicene*.
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od as a function of sample sizell?),

3.3 ETHRMEINNFETH X —E R L PRI T A S TR SRR R —
HL TR AT DL i A7 A T, (R X T FhAT AT B P TP T IR R 1 5 AN 4K 45
PRI T T, B AN BT F R P 12 A e, IR s 7oA.

234401-9


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

#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 23 (2023) 234401

A REARRE. S IR KERE, ©
AT LATE Sl AR R AU . 7=z AT DLk A
FHEAE R, F805 10 30 5 FRE i 1 5 5 FIAERL.
PRI R — R AR e 1T A R S
D ids. SRARHAT A T5 EE A 75 R LS 2Z 6] 7
KFZR, BRRE IR, —HAE e RS R B S
PR T 2

p = nkgT, (2)
Hrr PR, TRRE, n B5THEE; ks
YR %% 2 (Boltzmann ) F 4L, M7 BB T 7 ¥
Z AT A B, H G B (-2 DA 3H 43 Al
(Bose-Einstein distribution). X4/ F 2 [6] 45 1 H.
VEFIIE, 55225 65 1 HE R sl 51 g, X AT L
HIVEAEFLH 7 # (van der Waals equation) B
HAth B A R RPIRAS T B R AR

A - RE I 2 B R B 22 (8] ) OC R S 7 18
SRAIR. — TP FHAHAZS 7 AR S A

T \?® /T 43
FE =3nkgT | — d

Hoh, kg RURGE SR TR, e T
X Op BTEFRREE, BR—5MRRA R
R T R T AR Y 3 A IR A
T, I FLIEAE B -2 U o3 A . 2175 R0 o3
AT AR N EFEAT R I, o 2 A B 52 e RS Ty
PR T 7 HE 2 AR Z ] OG-

e B RN ARG R T BN, 38w AE P 1
FEDEAT 3 iz 7 (ballistic), B 7 N7 F A
SR FNHUN . B P 72 A AR R AR
ROTFHUUTA RIS E . 4 1 H)F- 3 A AT KT
AR BT, 7 AT LA A Ve oA EAE T Y
BT, AT U3 K 258 (Boltzmann) 7 FEK
WA TRz AR YA R A AR s
BN B T /N, 7 - 22 18] AR ELA R AR A B
XN B A OB TG, TSk
LA BT 2 WA Bl , T LA A )2 7 e A
WM —F UMz, AR # AT R  F
A DATE — 3 25 T 2RI S0l Tt A4 18 2O UARFALE
WP TR A TR A IR SR A TR AR
JI2EAT R T B A B PSR Pl
RO AR HAT R . 2023 4F, BIE R LR
TR 531 Murnane A1 BA 5 R 77 BHE K 2x 2207 5C
Az O FER RSP (extreme ultraviolet, EUV)

A58 BA TR)Z 9K RUEE R 1Y) = 4E ik M A
T PR T R 3 ) 2E B, ISR E) 5 B L IR
B0 REAR. IR N Gk gy T — 2= Fl v
PYEE, HTHARTE RS I/ N T HUAR S 124 A B
TR AU RE QR S5 1 TR 75 F AR 1224728, JF 8
7~ T PR (viscosity) FIRA LR FLER %
(porosity) Z [H] Y38 i X R

TEAARRE FAAEBU R B B4, X4
TEYA K RUBE T fff PR AA 7S Rk 2 7 R AR AL A
TR BLAh, X AOKRREE Ry R, B
HIIR AN R B2 75 AT AR R AR A T 1) PAFE HORE
FE. SR T WESE = dErk rE - S A b B A2 R B B
i, BTSN DRI T AR 2R IR 2B 52 6L
SRR T, T AR A SRR 2k R AP
AT Lo 37 7 HERRISKIE 25 7 O il B ek A b vt S SR
Jo sl AT PRET AN S O RE S A% R, I
PR 30 nm YA AR S8 AN AR RO W I FERE IR
TR IR 149),

WEFE N BT A BR T 5 %t 52 Gt i) FA i e
NAEAT TR, RIS SR S S g e T Tk
BB 12 BN T EER T 4Rk S R, H
HAWARR T, I HRBE WLEE S8 S s R 1
PRI P I BRI G . i, e L A R g ok
FE AR A IR AR, TR B A OC P R 28 ) 2
R R I ) — 1 0 AR 1400, R A R I

q=—kVT, (4)
Vig=-(1-9)e. 9
A, @RI oy SREEN LERAS; 0 RIS
BT TIRRIE; ¢ = 0.385 + 0.02 S i 1Y
FLIBR A 1T S 5 3] R A A A R ] AT
BA By R (149 Wom LK 1), X — 45 0kl
i 2 B IR ARG IR RN (R AFLBUR IR SR i
R P, T AR R % IS S G
PR S AR RS54 2 (] A AH B .

SR T TR R R AZ FR AR K 2 A v ) 5 2R, Tl
LUK A i A HESR S Z2 LA Joa rh A vl AR 3
NS &, DR s MEah v s ml U]
Guyer Krumhansl equation (GKE) frfffiig 'l {H
O EAGE F T RAT A T YA s 11 3 i
USRI RS, it itk GKE, FHBs s L7
SE4 9 Laplacian T 9 %5 B R 50Uk, ol ff
FHZEAL 22 LA Joa rp 4 3R Jt A 0 1) 32K G o A A

234401-10


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

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 23 (2023) 234401

() BUV probe 1.0 (C) » Bulk Si
> — 100 ; ¢— Eucken & Russell
7
=] X
g 08 71
o = E
& Ll Apparent conductivity
i E ]
0.6 F S | |
g T —»MJ
£ 04t
. Flt start/ns
g
(b) Nanostructured metalattice ©
> 0.2
2 W
= JJ
00
100 nm

Tlme/ns

B 12 7ESIE R AR =g fE A RIS R (o) FCI0 B B R B G T — B R AT AR Y R 28 SR SR, AE R R AL S
WG DR ORISR A 3R R DA R AT TR US). (b)) AR A R T e T B R 2 500 nm J5 A4 7 & RS T
AR R REALAL, Hoh 254 36 nm JE I ME A2 20 nm EARH FCC HERALB, SEALBAY 0.385 + 0.0219). () B A (2%
21 5) 0 (5 0 S 30 A B AR AR A SR BUE (K6, R BOR T Pk rE S AR (CRA) R I A AU BT S Eucken &
Russell T (1 () DLK W] B8 A ks 2 (2068, 5 A SRR A 19149

Fig. 12. Ultra-low thermal conductivity observed in three-dimensional silicon superlattices at room temperature. (a) Schematic dia-
gram of the experimental setup. The thermal relaxation of the nickel grating on the superlattice surface is monitored after ultrafast
infrared laser pump pulse excitation using a time-delayed extreme ultraviolet (EUV) probe beam!*l. (b) cross-sectional electron mi-
croscope image of the superlattice structure. The approximately 500-nm-thick superlattice film is composed of crystalline silicon
with 36-nm periodic and approximately 20-nm diameter FCC-stacked pores, resulting in a porosity of 0.385 + 0.021*. (c) Fourier’s
law predicted values (dashed red line) and experimentally obtained ultra-low thermal conductivity values (gray). The inset shows
the bulk silicon thermal conductivity (black), the volume-reduced Eucken & Russell thermal conductivity (blue), and the distinct

superlattice thermal conductivity (red), the latter being only 1% of the bulk valuel*.
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Fig. 14. (a) Total, in-plane, and out-of-plane thermal conductivity of TBG varies as twist angle from 0° to 30° at 300 K[™l; (b) total
thermal conductivity of TBG versus twist angle below 5°[7; (c) total thermal conductivity of TBG versus with twist angle at tem-
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the periodic structurel™; (b) phonons outside the bandgap are able to pass through the periodic structurel™.
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Fig. 16. Phononic crystals with resonant cavities: (a) Comparison of phonon spectra and group velocities between nanophononic

crystals with pillars (red) and membranes without pillars (green) made of the same materiall™; (b) structure of the nanophononic

crystal with pillars(™.
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nanophononic crystals under laser heating, where the symbol size represents measurement errors®.

Localization

(a)

Transmisson

& 20

(b)
2L
10 ~s
i‘i\i
—%— Bulk Si
—d— Porosity: 90%
—@— Porosity: 80%
—@— Porosity: 50%

101 F

100F
— ——39-38

Thermal conductivity/(W-m~—1.K~1)

107 g—8—8—3-8-8
—3—1—333
1072k . L
300 600 900 1200
T/K

(a) =4 TR b T8 7 SOURBEIR PY; (b) AN TR 25 FLER AR ik 2575 T i AR 3 42 Bl 32 22 A i oL 1)

Fig. 20. (a) Schematic representation of phonon transport in three-dimensional nanophononic crystals®l; (b) temperature depend-

ence of thermal conductivity in silicon-based nanophononic crystals with different porosities®.

BN, [FEE, A TR T AR K TS 5%,
LA EBLGTT G A BEMLEE 2 T A B R
Zen %5 UAE 1 K MRS T HEAT505G, USR5 2A
DAL 1) 0 Ak T RS B SR A AR N BRI 0 (A
El 19(c)). It BT AR, M4 H TR
AU A 75, 2% B MR (R
TRIFI R R T TR R .
4.1.3 =gk E TR

W R, 5 2 1 AR RN, = 4Em 1
PR R AT 23T B AN R 1T B 05 B A0 T 75 T 15
M. Yang 55 P09 3@ 33 43 F ) Jy S4B, SRR T —
HEREGOK T SR B AR R L. AFSE R4S
T FLBR K, 75 F R SR I, LR Y
AEAE AT DR gk () P T 8 AR 2 R 1Y 1,/10000 (4N
Kl 20). HFIS 5E%ERY, A LR
i, 2R TR AL, REAKE TRR SR
Xl BE AR AN EEURR, AR E RS 1100 K, #4

SHRILFRAELL.
42 WKAEHEEERRIE

MR EHE— R G AR, Sl A BT XA
RS B RO TR 5, DTG T gt ke )y
P, X LEPETUH UM R E AN L4 B 40K 1L
AR R, S v n] SR BT RRES R ] o RURE
AW, AR A AN R BR T2 AR 7
PP IR U, A 9K AR T 7k AT
G R LR JLA#.

4.2.1 kR@atsh

TERANREE R, MR R 32 2 75 4T 4%
i, P SR R M AR, TR LU A
Aib S A B T S G B8 R, BRI 2. AT
B8 A0 S 3 R B B 288 p AT LA ] Ziman 28 2 1
153

234401-17


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

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 23 (2023) 234401

167362
p=c¢exXp (—AQ) ) (11)

Hrp NFRIRA PR 0 R IR R TR EE. Y
§ < NI, p i T 1, XPR T 4lpe A 4R T S 5, 31X
Fift S 558 %ok P AR S OR T 24 p = O, 75K
SEA 8 RS, MR I R A, XA FR PR
FRVORIRIBR (Casimir limit)*2.

H AT ATE 242 H AR 22 PSR Rk B i 75 1
ST B BARMLE] . Martin 45 ©31 DA Sy 3 i fLRS B 2
SR FIGRSCE, IR T A T
Ferm AT, Nkl 21(a) FE 21(b). Maurer 55 04 35
L FSRER 2P (Monte Carlo) Bl T HEZH K £k
IR L B AR TR, BRI, fEA R
HUREFE 25T, U443 A2 (geometric mean
free path) 23 M AT RHR TR, TEAIOREERE T
RGP A AR FRROCH; MITERHLRERE
T, P TTERIAZ HUN S B ERAM TR, 0k
FEAHRER (amorphous limit). R Ak, WK 21(c),
Chang 55 ) 3l 3 76 i A R A B AN A AL 9 K 45
HMFTOREA, B TR S Bl A 7 I RO T A
TGI8, TR IME T R A LR 2 PR

IR LAE o R I A 5 P AT O A AR 4
SR HAT T2 B R A 697,

422 %iLEM

ZALEE R Iy ik — 20 BEAR A KA A 1) B0 R 4
BET — RO . R IR T T AR AR I S P LA
¥4 TP A FLIR T LAY 5 P 1 s NS 1
YA AR, NI SRR R R

I i B L 3R W' 27 1100101 il £ Z2 L Ak
R —Ffa A i, SRR 4 i ZFLAT R &
ZALRRIE AR, Z2fLmE & AR PG HAL AR A T
2, AR AL (<2 nm) . A fL (2—50 nm) F1K
fL (=50 nm). —EL LIk, FEWFSE S F47 08, TBIF
FLAR 2 FNRLEEHES AT P FL (K75 T A 845 L
. Lee 55 102 30 55 43 8l J1 2# DRI S — 1k I 2
TR T R AMEHES R BALER (E] 22(a)) DL K
A FIAHES AL (18] 22(b)) X A A4 3 el 3 el e
REAYSZR, & R M AR R I () Lo R i 3
FR X G RAR K. SR Ma 55 191 0 Lee
S 102 FORERIAR R AV, TEH RIS T 1S
BT, A8 FH 22 A IR TCAR B U 7 R G

50 F 10
~ ~
oy 2 g
= 40} 2~ -
*gT *g?
S 30t o5 6F
g g
S8 9l SE 4
EE EE
E 10 b E 2t
= =
0 ; X , , , 0
0 50 100 150 200 250 300 0

Temperature/K

A
2

b B

/

;

\@
/

500 nm

50 100 150 200 250 300
Temperature/K

Bl 21 (a) JEHAY VLS Si gkt iy T %, 158 XUR B 2 7 RORLBE 2 Dy 1—3 Al S T 19981, () RELBE Y Si 44 K 2R 1 44
SR (I AMRE R 3—3.25 nm) B () TEYURE (AR EH) L UTAR G W A A7 B 075 (d), (e) ARBL ARG R B 4T L 7
BB R, CoH oPt YUERTE LI BT (d) J5 (o) BUBKAR A (I A K (k) B T BB R, LEBIRCE 5 mm; (f) 4%

ESUIPneM S =L

Fig. 21. (a) Thermal conductivity of smooth VLS Si nanowires. The shaded areas represent theoretical predictions result with root

mean square roughness of 1-3 A9 (b) Thermal conductivity of rough Si nanowires with root mean square roughness of

3.00-3.25 nm[”*). (c) Schematic description of depositing amorphous CyH;¢Pt (black dots) on a nanotube (lattice structure)®. (d),

(e) Corresponding low-magnification transmission electron microscopy images of the same carbon nanotube, showing the condition

before (d) and after (e) CyH;sPt deposition. Scanning electron microscopy image of a carbon nanotube (light gray line in the center)

with CyH;sPt deposited on the electrodes, the scale bar is 5 mm. (f) Schematic diagram of experimental device for thermal conducti-

vity test%],
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Fig. 22. (a) Periodic porous silicon nanomaterials!'?; (b) regularly arranged porous silicon nanomaterials'%?; (c) scattering of waves

at different frequencies through periodic porous and amorphous porous medial'%?l; (d) variation of thermal conductivity for amorph-
ous porous silicon with different porosities P = 64%, 71%, 79%, 89%!104.
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Fig. 23. (a) Experimental images and schematic diagram after helium ion irradiation!'; (b) thermal conductivity variation of silic-

on nanowire with doping concentration['; (c) decrease in thermal conductivity of single-walled carbon nanotubes with doping con-

centration('%; (d) variation of boron nitride thermal conductivity with temperature before and after doping!'’!
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Fig. 24. (a) Schematic diagram and temperature distribution of an interface composed of two different segments?; (b) the ideal in-

terface extending to finite thicknesses 61 and d2 on each side of z = 0, with phonon reflection and refraction at the interfacel?.
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Fig. 25. Comparison of theoretical and numerical methods for calculating interface thermal resistance.
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Fig. 26. Experimental methods for measuring interface thermal resistance
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Fig. 27. Theoretical calculation and experimental verification of interface thermal resistance asymmetry: (a) Theoreticall'37;

(b) experiment[!20],
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Fig. 28. (a) Schematic diagram of uniform, abrupt, and mass-graded one-dimensional atomic chains['?; (b) relationship between in-

terface thermal conductivity and the number of layers in the mass-graded intermediate layer!

terface with mass gradient!'*?); (d) relationship between interfacial thermal conductance and temperaturel
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Fig. 29. (a) Schematic diagram of the optomechanical system, including the interaction between the optical cavity and the one-di-

mensional membrane array!'"*7; (b) simplified model of the system!'*7; (c), (d) phonon numbers in the lowest (highest) model!47.
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Fig. 30. (a) Mechanical oscillator system with nonlinear feedback('*¥l; (b), (c) the vibrational energy of the lowest mode (n=1) domi-

nates in the long-term steady state, achieving phonon (energy) condensation in the lowest model!*s].
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Fig. 31. Depicts the phonon statistics of the lowest mode in the steady state. The phase diagram of the lowest mode induced by

148)

nonlinear feedback is shown in Figure (a), while Figure (b) displays the noise power spectral density of the lowest mode("*sl.
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Fig. 32. (a) The relationship between the experimental value of acoustic phonon thermal conductivity and temperaturel'”?; phonon

152].

transport and thermal conductivity of the quantum structure with (b) catenoidal shaped quantum structure, (¢) quantum dot mod-

ulated quantum structure, and (d) double cavity structure modulated graphene nanoribbon quantum structurel!55-15,
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Fig. 33. (a) Ferromagnetic (FM) devices; (b) ferromagnetic/nonmagnetic (F/N) interfaces; (c) the energy exchange in the present

magnon-phonon scattering (MPS) devices; (d) the temperature difference and external magnetic field dependence of inelastic heat

flow /104,
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Fig. 34. (a) Phonon Hall effect!!'”; (b) three temperature regions for the thermal Hall conductivity!'?; (c) magnetic field and (d)

temperature dependence of the transversal heat conductivity Kzy of a-RuCl,100
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Fig. 35. (a) Phonon Hall conductivity Kz, vs. magnetic field h for different temperatures!'®; (b) dKy/dh as a function of mag-
netic field at different temperatures: T =50 (dotted line), 100 (dashed line), and 300 K (solid line) 169,
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Fig. 36. Valley phonons in a honeycomb AB lattice: (a) Phonon dispersion relation of a honeycomb AB latticel!”; (b) phase correla-

tion of the phonon nonlocal part for sublattice A (upper two panels) and sublattice B (lower two panels)!'™; (c¢) phonon pseudo-an-

gular momentum (PAM) for bands 1 to 472,
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Fig. 37. The phonon spectra for (a) right-handed helix and (b) left-handed helix, which show the same dispersion but opposite chir-
ality distribution'™; (c) at the frequency around P in figure (a) only left-handed phonons are allowed to pass the helix from left to

right, (d) when the chirality of the helix is switched, the situation reverses!!77.
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Fig. 38. (a) Schematic illustration of the spin Seebeck effect in a ferromagnetic material. By applying a temperature gradient to the
ferromagnet, a spin current is generated in an adjacent non-magnetic layer (that is, Cu) ™. (b) Schematic illustration of the chiral-
phonon-activated spin Seebeck effect. When a temperature difference is applied to a chiral material, a spin current can be produced
in the Cu layer due to the propagation of the chiral phonons through the material in the absence of the magnetization and magnet-

ic field(178],
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Abstract

“Heat death”, namely, overheating, which will deteriorate the function of chips and eventually burn the
device and has become an obstacle in the roadmap of the semiconductor industry. Therefore, heat dissipation
becomes a key issue in further developing semiconductor. Heat conduction in chips encompasses the intricate
dynamics of phonon conduction within one-dimensional, two-dimensional materials, as well as the intricate
phonon transport through interfaces. In this paper, the research progress of the complexities of phonon
transport on a nano and nanoscale in recent three years, especially the size dependent phonon thermal transport
and the relationship between anomalous heat conduction and anomalous diffusion are summarized. Further
discussed in this paper is the fundamental question within non-equilibrium statistical physics, particularly the
necessary and sufficient condition for a given Hamiltonian whose macroscopic transport behavior obeys Fourier’s
law. On the other hand, the methods of engineering the thermal conduction, encompassing nanophononic
crystals, nanometamaterials, interfacial phenomena, and phonon condensation are also introduced. In order to
comprehensively understand the phononic thermal conduction, a succinct overview of phonon heat transport
phenomena, spanning from thermal quantization and the phonon Hall effect to the chiral phonons and their
intricate interactions with other carriers is presented. Finally, the challenges and opportunities, and the

potential application of phonons in quantum information are also discussed.
Keywords: thermal transport, chip heat dissipation, non-equilibrium statistical physics
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