#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 14 (2024) 144401

E TR TR NZTES T 2GR

e B BB S PVNIZ T AR

WA B

B ALY

HEYT R 2

1) (WZEARERFERRARS S5 TSR, 19% 710055)
2) (PYZERPIRHR K2 1= BORHFERE, V9% 710055)
3) (hERFEB AT, JE3 100029)
4) (hMEBEB ALK RER S RIS, JLE 101400)

(2024 4E 4 F 9 HIKE; 2024 45 5 A 28 HUEMEHR)

AR T 2 S 0 8 B I S 3, P K Bl g~ TR A i 3 0 K P R 1 P s R R R B
G SRS (GAAFET) i = ZE VA 38 B B etk 1 s 2 P R, (H 0 oK RO AIE o 5 2 3 $n] i
AR 3k A PR FE T, AR SCEF X A0K R GAAFET #5404 P9 9 75 7 FA4% i R P T 8 350 A B0(E A 40 4
Br. B2, T A THURZ 2 DT B As e 1 A 7K 8l Iy 2B R R FL 260 HE ST 1 T A BR O Y B (R it
FB, #P0RTELA GAAFET #efF, 70 M 17 R MOHDRE B2 | J0E K | I A | b o o, 5 T BB A5 3R
X HARAL R P ) 2 W L. W ST 4 SRR, AR SORY I ) i B2 S HE SR 66 T 75 17K 8l ) 2 A 70 Rt 2 Bk R
ZAF I AR A8 LB O3 BT 5 15 RS A A U GAAFET PN & (i B 75 7 G B, 48 75 74 1B e U RS
I /ST PR AL 305 T AE Ry ik — 2 Ak GAAFET AT SEpE T, 38 m Hop R e v A T /e pE B 4

AL A I

KSR RIFTEMHR AR, 7 ToKEh Iy SR R EEBRER, AR A

PACS: 44.10.+, 65.80.-g, 63.20.kg, 63.22.-m

1 3 =

BT, B A0 h T2 R A s 46
1R GEHF- T AEE 2B A BRI PR . 4238
LM A% (gate-all-around FET, GAAFET)
()76 B WA 50 4 A ], L = e PR Se 2t HAA T4y
14 36 38 42 T BE T, WA A 2 B X RO A AR
(FInFET) ZJ5 T — R E R M EE AR L R
B GAAFET FefiE R A /N BGOR PR E R T
ERCEE, (R A AR I AR PR % B b 2 3, &

DOI: 10.7498/aps.73.20240491

5 H IR F R BRI H g . S e[
R B SR B AT AR A R SRR A i — 2D 4R
T, © A BRI BT ) R el [ A 46,
I, SRABFFEFSMT GAAFET AUEMREE, Xt
THFRIHAE TR TAESRMF TR T R B CE 2. X
ANAAT By T4 7= PRS0 S A P R i B
T H XT3 RO P BRSO as R4 1
PE i A AT SR AT SRR S T
GAAFET R A BORRE RSS2 9Kk 2, H
P T HURAE I R s T R R AR T B R
& 55 1) B AR BUS (umaklapp scattering) 3 51

* ER HRFIERS (S 62374173) P AR R EM B R G E R4S (S 2023XYBPY006) 7% B ifLE.

t iBfE1E#E . E-mail: sunkail@ime.ac.cn
1 BIE1E#E. E-mail: sunbohua@binn.cas.cn
© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

144401-1


http://doi.org/10.7498/aps.73.20240491
mailto:sunkai1@ime.ac.cn
mailto:sunkai1@ime.ac.cn
mailto:sunbohua@binn.cas.cn
mailto:sunbohua@binn.cas.cn
http://wulixb.iphy.ac.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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 14 (2024)

144401

P Z [0 AU (boundary scattering) fi
T G R SGE A2 TP X — AR A 2 L
M5 A TEHE R GAAFET @4 thils th i vt
T RERSZ R FR. S TR ALK R T A
EINGE, 2FEA M O i (ansi—1 R ) 43
T3l 125 10 R RLEAD R S s . —
R Uk, SIOW T ik B TR AR B v, R TR
A UTRAR. A5 (T3 R 252 i 1 18))
AR SR AN T 2 AR EEL P A TR N B o0 T 3k 22 ] 1
2200, C BN T ERER R i 5, (1
TEARFRHE S AR | Z AR Z Y B
iF, I RRCR A AR LA I TR R
FATREZOR. BT LBk, A Z 2 [E A R
B SRR B M-CV 5 R 14050 UM S 7
& (DPL)16YT giE Y HO #2 (BDE)IS “4A 5 J7
i 1920 Guyer-Krumhansl 77 #2 (GKE)!?122 P f&&
FT KBl Ji 2 dr R (PHE)3 48 22 WLk 1 et
SRR LE 20 L) (8 LR A — 2 R R
SRS T 7 O L AR A TN AN o Y B, [ s PR
A H A A B L HVI‘%:E 5L
A TAREOR. Horh, K8 e e G
2 P8 T AR RSk N At B AN, I 45 A AR A i
A, iR R R BR 0 B 2420) ) B R ) ()
B iy i 626270 85 1 R Ty iy T 6 =X A0 A 1R
& (FinFET) A9 3E {8 B 4007 R RRAE 1 R AE 25291,
5 FIinFET #H I, GAAFET 2347538 i) = 48 2 5
LRV I Jm B axk # (] R Ol g8 ML SR A X
GAAFET ##14 B9-E (8 B 2853 B AR S ST AR
RN, RIAT BT GAAFET #RF A1
Rk, HARSOTAS AT SRR HR RS TS S
FF I, AR T K2, T
T =4 R GAAFET (0 3E 8 Bt 5 P
R, IR A BRIC I R IR AR AR 1Y PHE. AT,
LA RN AR FRAHER, fEAY - SRR
115 | AR BE BRER I A5 1. 36T R g T R A T
BERAER DT T RIS A K IIE AR
SAACIIR B B LS TP =X GAAFET
SRR R . BFST S RANVU GAAFET 1)
AT HARAL TR, B GAAFET # R4
CIETAY 0 | o e s R 0B O T A €7 B o
FESR. 4 SR ZHE IR : 48 2 TR 48 T
P B IR 252 R BN K ) 205 R B4 S R
BALIGUE K GAAFET ##7; 55 3 TR 11

HIETEA R BRm BLAS TOTTEE A, JEXEAR AR
W5 AT TR,

2 BRI A A A
2.1 YEERMBREG
211 MKAETFHREZEZTALE
T AL

FEHLA BRI SR L, - TG
B 0 -2 1 (Bose-Einsein) 4t i1 ) 3 £8, 7 B0
HHUR R AR (1) shimsplE S mi#f a2k, i
R (M) s s U RO IE AU (normal
scattering), WiFRA N U ; 1 () shiASFERY
7 I B R B B (resistive scattering),
fAIFRA R OB, =IRT, BT RS R A AE EAR
FHARXH S5, N U 1Y 52 e o] LA 200, E 255 )8
R U R R B B iR BIRCP A, oA
11 Bose-Einsein 4tit, Fitt, 7] LIR FH 5t i
AR 3% R 2% = 07 B IR Il RUBE Y 75 1 34
iR B, HERIRAH

N — T

Hr, e & R B IIR BT f = f(2,t, k) 275
For AR, o s B E, tERR], kSRR
v B IR, AR PR AR R A AR I i L
B FAHOCRGE], v, = View(k), w5 00
B fol 2k R BT 04, #%54E Bose-Einsein
I3 PR

BF A%

e 1
R = axp [ (R T)] 1 @

Ch=nf(2n), R BTEAH, hy IR
?5( T &
ﬁji TFﬂ?ﬁﬁ@@lLﬁ* ﬁj\_ﬁﬁafﬁn?%/b
BT e IR E g . #1

i 36
/ﬁﬁgﬁ, 3)
qz/%mﬁgﬁp @)

Q- /%%MQ2) (5)

IR O B P e e T it — 25 5
PRGN A& (NFEEEE e IREE q)

144401-2


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 14 (2024)

144401

T
Oe
dq . q

¥ (1) P 4 51 3 LA 7S - 1 008 A%
oyveheo JFAERE D25 AT RS, 7178 Q 0T
IR

0Qi; 0 1 /1
at] + aikaijk = a (3’(}565@' — Q”> s (8)
. 3dk - —
X, My = ”givgj”gkhwfwm Q il &t

BBk, 6 B NIRRT
¥ (8) Atk REAL P2
0Qij 0 , 1 (Lls.
ot + e F T e <3Ug65” Q”)' 9)
T AT T, AT A R i 1 i R A
2 2% L dq; | 0q;
TRV, o 5” 5TRUg (6:2] +8Jiz .
(10)
B F % R g R A (10) X5 (7) Ak
S, AU B oK B 1 R

0 A2 1
TR£+Q = *HVT+? [V2Q+ §V(V : Q)] , (11)

ot

otk R, A = v 75 TP R,
v R T TREHRIEE . PR 5 FE AP ITURA J  4 3 1
R T R B I 1] F P 2 N R
SRS (8] AT BT R AR
SR, AT A f S

vq:Q—c%, (12)
Horh, Q2T A B LAY, C AR
A K (11) 2R (12) K7 AT LA ), Bl R
FEARKR R TACH IR B T Ao il 7

BT 0T _x (T 10T 0T
o "o —c\orz T rar T a2
w0 (PT 10T T
15 ot \ or2  r Or 022

O woQ A2
totom met? (13)

FReEEIIR, (13) AT faifkh
T or _x (BT 107 #T

R ot? ot  C\or2  ror 922
442 9 (a?:r 107 82T> 0

T5 o to (1

oz T rar T o

(14) FORS B MU T 99 K RUBE R 75 - 4iis i s
FRPE, $B7R T — RSl p $E AL . 528y
fHE e SO R, %R SR T S
B BRAE 2, 38 (W) A4 T R i 2 B ) ISP A R
IX PR EEA 25 1A TR0 44 K RUBE 2 PN B 2 24 1 A
e L S A 2 PR AL T T ARG A R B A Ut
Gh, AT AR — A R SR B R AR N — T
it — 2% B 5 A BURE ], X —id Xt
ST RN RUEE T A% S R 28 G EE 2L
2.1.2 REIRIKIAF

TR BRBR A5 1 2% 0B T 2 AR SR 9Kk S5 K
L TR AU H B 7 TR, FbaCan s 2433);

T
T—-Ty= deA%, (15)

K, T, S A AR BB AR n A R 1)
dy B R/ NR T AL A SR b4 L 22 8] 1 ST
PR, Tk ok B3

R1gr - Kefr (Kn)
dy, — LUTBR " Feff {Bn) 16
Kn . Lc ( )

HA, Rrr s G AR Lo 2 MM VA 38 B RFAE
K Ko=A/L S ARE. WAL, T ik gl
KRE T FIARBNFRAR, 75 &5 - m A L
Srid e, SR TSR RRBIENTEY, ke
ARCFREEL, d R HE B

2K, -tanh(1/2K,
1+Cy - tanil(/1/2K)n)] D

Hoilt, Oy = 2(1+p)/(1 - p) 225 Ziman BEI 5

Ker(Kn) = K {1 -

AR T RENRE. p FRNB RIS, #Rig
S VB T RO MR &3k =Xy 135,501;
p=exp (_W) 7 (18)

HoA XN A PRI, oms 42 3% THORLRE BE 19 24 05
R, 6 =F FRIAFME. Y om < X, H T
EASE, p— 181Cy — oo, X7 2l MU 24
p=0RF, Cy =1, FHFHEN 58 18 R, Hat
PRI BT A R BURAR.

2.2 YpIBRERIIGIT

KR O LU, A FHURE 27 (BTE)
FE TR i RUBE B A el L i 75 - #hs B4 T T
HLA 0 R M 101924 S T IR UEAF 5T £ Hh Y
PR B 1R T REYE, SR SCHR [11]) R4

144401-3


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 14 (2024) 144401

(1) AR RS A P - S A ) R e S ) IR A R A )
FIE S R E R ). AnlEl 1(a) FE 1(b) FiR, 455
J& % H Lattice Boltzmann J5% (LBM) 3K fift /5
IR 25 2 i R AR, T SE 4 R 1T A5
T R BR T 7 VR SR A 7 17K 3l 1 2 A B A 21 )
g Hr B 1(a) TS y/L 2 — DTN
()30 LA B AR AR . X LG A BT PR AN SR A 25 2R R B
K H PHE FUR A LBM 15 2] B9 25 5 e 8 21
— 3, A J1 MBS IEA SR 7K 8 ) 2R i
A RNEFIAER .

0.6

(a) o LBM
S, — Present PHE
0.5 R
0.4
® 0.3}
0.2
0.1
O oy
X
1.0
(b) & LBM, K, =0.035
o LBM, K,=0.35
0.8F o LBM, K, =35
0.6
@
0.4
0.2 | — Present PHE, K,, =0.035
—— Present PHE, K, =0.35
—— Present PHE, K, =3.5
O 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
X
K1 (a) Z4efaaSTs )8 0 B 99 IR EE 43 A 5 (b)

JEE 1] I 25 5 A ) L) G ek 40 UL BE 43 A . 45 g STk [11]
19 LBM Z52R , S22k i1 7 7K 3l 1 % 5 B A 40 45 2R

Fig. 1. (a) Dimensionless temperature distribution of the
two-dimensional steady-state phonon thermal conductivity
problem; (b) dimensionless temperature distribution of the
normal transient thermal conductivity problem of the thin
film. The symbols represent the LBM results in Ref.[11],
and the solid lines represent the simulation results of cur-

rent phonon hydrodynamics equation.
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Fig. 2. (a) Schematic diagram of three-dimensional GAAFET

structure; (b) two-dimensional axisymmetric structure.
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PESgy 2837]

Table 1. Thermal physical property parameters of
Si and dielectric materials (SiO,, Al,Og, HfO,)2837.

HXSH Si  Si02  HfO2  AlO3

v/ (m-s~1) 3000 5900 4800 8800
k/(W-m~LK™1) 150 1.4 1.0 1.5
c/(10°Im=3 K1) 150 175 271 2.65
A/nm 100 0.4 0.23 0.19

R = A/v/ps 333 0.068 0.048  0.02
Rypr/(m*-K-GW—!) — 0.1 9.03 6.92
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Fig. 3. Temperature distribution of GAAFET devices at
t=30ps:(a) p=0;(b) p=0.1;(c) p=1.
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Fig. 4. 2D Isotherm cloud maps of GAAFET devices at
t=50ps:(a) p=0.2;(b) p=0.4;(c) p=0.6.
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Fig. 5. Temperature and heat flux changes of GAAFET
devices with different channel lengths: (a) Time evolution of
temperature peak at the midpoint of the silicon/oxide inter-
face; (b) radial heat flux distribution along the centerline in
the r-direction at ¢t = 200 ps.
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Fig. 6. Temperature and heat flux variations of GAAFET
devices with different channel radius. (a) Time evolution of
peak temperature at the midpoint of the silicon/oxide inter-
face; (b) the heat flux distribution along the channel length

of the oxide semiconductor interface at time ¢ = 50 ps .
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Fig. 7. Temperature distribution of GAAFET devices with
different gate dielectric materials: (a) Si-SiO2; (b) Si-
Aly03 ; (c) Si- HfO, .
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Fig. 8. (a) Temperature rise and (b) radial heat flux vari-
ation along the centerline of different thermal resistances
GAAFET in the r-direction at ¢ = 100 ps .

4 RAES5RED

41 B £

L5 L, AR ST AR R 8500 SR R T
KN SR, S GAAFET s iz of 2 i
11 TIRAGIT, JEAmPAG T AR 20 P20 AR
RS

D) fEJEIR I b, TR THURZE 2T ™
IRHESE T 2R TR B 2407 R, A7 1 S L
S5 R BRBR A PR AR IR, A 118 400k

144401-7


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

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

144401

RO P F W A A AP A i B R R FHAT BR
TCJT IS T R A BB R A

2) TEAH AT J2 T b, 3T Bk rikok i T
YKk RBE GAAFET #8409 75 1 B S iz i 12,
20 Y R Ab BT BRI R, R ARAS T AR T
RERE IE K BE | A TE A | EALE HA TR R
FUHHPHEES B GAAFET M PR ) 50

B2 ARHFTESRE T 28 AR R B AR Bk
PRI TN S RO 2 AR 1 A 336 1
g2, R e st — ik GAAFET i 245441
T SRR e A T AR R PE THHR E T 2
BRI SR 4R

42 E =E

1 GAAFET il FinFET 4 Jg ik 2k SR g8 1
AT, FLZEAT N SRR BRI R R A 1] 2
LY. FRa T = A B R AR G 3
B R PERE R BURN FIPE. S T RS A B LU
T ) SEBRARA TR, SR AR S B 3 G
B X ARRIR G T R SRR AR AT, S
PP T — A —HELE, DT REUSHERITAL F R 7E SR
R PR A FAREOR Be X R A S

TESZBRI R, 2GS A e DR A S 0
P S48 AR TR SRR T )32 SR, (HX il
FEPII BRI 2. X )T Al i R o i S
GG T i 1) A 25 A AN R A R P A A
P, BEr, Srpide S5 S AR A AR B R A
BTN IR, DI g R A R 1y TR
8 12, AR, A T SIS () 32 T B A S A B
ifie, W E o 2 A /S A S B, BT I
LTI RE L I A I BT A T AR R B R R
R TR T TR AR AR B R, SRR SIS Y
THE L AR R TR 28 2. Sl R e
TGy A b < i BT ) B A < N
RIS PR A BT 4 R R M, 30O sk g R 3
TR AR AR A A F 2R L

Sk

[1] LiuS Q,Li QH, Yang C, Yang J, Xu L, Xu L Q, Ma J C, Li
Y, Fang S B, Wu B C, Dong J C, Yang J B, Lu J 2022 Phys.
Rev. Appl. 18 054089

[2] Yoon J S, Rim T, Kim J, Meyyappan M, Baek C K, Jeong Y
H 2014 Appl. Phys. Lett. 105 102105

[3] Zhang Q Z, Yin H X, Meng L K, Yao J X, Li J J, Wang G L,

(31]

(32]
33]

[34]

35]

(36]
37]

38]

144401-8

LiY D, Wu Z H, Xiong W J, Yang H, Tu H L, Li J F, Zhao
C, Wang W W, Ye T C 2018 [EEE Electron Device Lett. 39
464

Belkhiria M, Echouchene F, Jaba N, Bajahzar A, Belmabrouk
H 2021 IEEE Trans. Electron Devices 68 954

Belkhiria M, Alyousef H A, Chehimi H, Aouaini F,
Echouchene F 2022 Thin Solid Films 758 139423

Rezgui H, Mukherjee C, Wang Y, Deng M, Kumar A, Miiller
J, Larrieu G, Maneux C 2023 IEEE Trans. Electron Devices
70 6505

Myeong I, Son D, Kim H, Shin H 2019 IEEE Trans. Electron
Devices 66 4631

Chhabria V A, Sapatnekar S S 2019 20th International
Symposium on Quality Electronic Design (ISQED). pp235-
240

Alvarez P T 2018 Thermal Transport in Semiconductors:
First Principles and Phonon Hydrodynamics (1st Ed.)
(Switzerland: Springer) pp41-71

Yang N, Zhang G, Li B W 2010 Nano Today 5 85

Guo Y'Y, Wang M R 2016 J. Comput. Phys. 315 1

Ran X, Guo Y Y, Wang M R 2018 Int. J. Heat Mass
Transfer 123 616

Zhang C, Guo Z L 2021 Int. J. Heat Mass Tranfer 181 121847
Cattaneo C 1948 Atti Sem. Mat. Fis. Univ. Modena 3 83
Vernotte P 1958 Comptes Rendus 246 3154

Tzou DY 1995 J. Heat Transfer 117 8

Xu M T, Wang L Q 2005 Int. J. Heat Mass Transfer 48 5616
Chen G 2002 J. Heat Transfer 124 320

Cao BY, Guo Z Y 2007 J. Appl. Phys. 102 053503

Dong Y, Cao BY, Guo Z Y 2011 J. Appl. Phys. 110 063504
Guyer R A, Krumhansl J A 1966 Phys. Rev. 148 766

Guyer R A, Krumhansl J A 1966 Phys. Rev. 148 778

Alvarez F X, Jou D, Sellitto A 2009 J. Appl. Phys. 105
014317

Hua Y C, Cao B'Y 2014 Int. J. Heat Mass Tranfer 78 755
Kaiser J, Feng T L, Maassen J, Wang X F, Ruan X L,
Lundstrom M 2017 J. Appl. Phys. 121 044302

Guo Y'Y, Wang M R 2018 Phys. Rev. B 97 035421

Beardo A, Hennessy M G, Sendra L, Camacho J, Myers T G,
Bafaluy J, Alvarez F X 2020 Phys. Rev. B 101 075303

Rezgui H, Nasri F, Ali A B H, Guizani A A 2020 [EEE
Trans. Electron Devices 68 10

Rezgui H, Nasri F, Ali A B H, Guizani A A 2021 Therm. Sci.
Eng. Prog. 25 100938

Chen G 2005 Nanoscale Energy Transport and Conversion: a
Parallel Treatment of FElectrons, Molecules, Phonons, and
Photons (New York: Oxford University Press) pp227-275
Peierls R E 1996 Quantum Theory of Solids (Oxford:
Clarendon Press) pp45-52

Chen N X, Sun B H 2017 Chin. Phys. Lett. 34 020502

Aissa M F B, Nasri F, Belmabrouk H 2017 IEEE Trans.
Electron Devices 64 5236

Sellitto A, Carlomagno I, Jou D 2015 Proc. R. Soc. A 471
20150376

Beardo A, Calvo-Schwarzwilder M, Camacho J, Myers T,
Torres P, Sendra L, Alvarez F, Bafaluy J 2019 Phys. Rev.
Appl. 11 034003

Zhang Z M 2020 Nano/microscale Heat Transfer (2nd Ed.)
(Switzerland: Springer) p235

Mahajan S S, Subbarayan G, Sammakia B G 2011 [EEE
Trans. Compon. Packag. Manuf. Technol. 1 1132

Chen G F, Hu B 'Y, Jiang Z L, Wang Z L, Tang D W 2023
Int. J. Heat Mass Tranfer 202 123676


https://doi.org/10.1103/PhysRevApplied.18.054089
https://doi.org/10.1103/PhysRevApplied.18.054089
https://doi.org/10.1103/PhysRevApplied.18.054089
https://doi.org/10.1103/PhysRevApplied.18.054089
https://doi.org/10.1103/PhysRevApplied.18.054089
https://doi.org/10.1103/PhysRevApplied.18.054089
https://doi.org/10.1103/PhysRevApplied.18.054089
https://doi.org/10.1103/PhysRevApplied.18.054089
https://doi.org/10.1063/1.4895030
https://doi.org/10.1063/1.4895030
https://doi.org/10.1063/1.4895030
https://doi.org/10.1063/1.4895030
https://doi.org/10.1063/1.4895030
https://doi.org/10.1063/1.4895030
https://doi.org/10.1063/1.4895030
https://doi.org/10.1109/LED.2018.2807389
https://doi.org/10.1109/LED.2018.2807389
https://doi.org/10.1109/LED.2018.2807389
https://doi.org/10.1109/LED.2018.2807389
https://doi.org/10.1109/LED.2018.2807389
https://doi.org/10.1109/LED.2018.2807389
https://doi.org/10.1109/TED.2020.3048919
https://doi.org/10.1109/TED.2020.3048919
https://doi.org/10.1109/TED.2020.3048919
https://doi.org/10.1109/TED.2020.3048919
https://doi.org/10.1109/TED.2020.3048919
https://doi.org/10.1109/TED.2020.3048919
https://doi.org/10.1109/TED.2020.3048919
https://doi.org/10.1016/j.tsf.2022.139423
https://doi.org/10.1016/j.tsf.2022.139423
https://doi.org/10.1016/j.tsf.2022.139423
https://doi.org/10.1016/j.tsf.2022.139423
https://doi.org/10.1016/j.tsf.2022.139423
https://doi.org/10.1016/j.tsf.2022.139423
https://doi.org/10.1016/j.tsf.2022.139423
https://doi.org/10.1109/TED.2023.3321280
https://doi.org/10.1109/TED.2023.3321280
https://doi.org/10.1109/TED.2023.3321280
https://doi.org/10.1109/TED.2023.3321280
https://doi.org/10.1109/TED.2023.3321280
https://doi.org/10.1109/TED.2023.3321280
https://doi.org/10.1109/TED.2019.2942074
https://doi.org/10.1109/TED.2019.2942074
https://doi.org/10.1109/TED.2019.2942074
https://doi.org/10.1109/TED.2019.2942074
https://doi.org/10.1109/TED.2019.2942074
https://doi.org/10.1109/TED.2019.2942074
https://doi.org/10.1109/TED.2019.2942074
https://doi.org/10.1109/TED.2019.2942074
https://doi.org/10.1016/j.nantod.2010.02.002
https://doi.org/10.1016/j.nantod.2010.02.002
https://doi.org/10.1016/j.nantod.2010.02.002
https://doi.org/10.1016/j.nantod.2010.02.002
https://doi.org/10.1016/j.nantod.2010.02.002
https://doi.org/10.1016/j.nantod.2010.02.002
https://doi.org/10.1016/j.nantod.2010.02.002
https://doi.org/10.1016/j.jcp.2016.03.041
https://doi.org/10.1016/j.jcp.2016.03.041
https://doi.org/10.1016/j.jcp.2016.03.041
https://doi.org/10.1016/j.jcp.2016.03.041
https://doi.org/10.1016/j.jcp.2016.03.041
https://doi.org/10.1016/j.jcp.2016.03.041
https://doi.org/10.1016/j.jcp.2016.03.041
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.117
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.117
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.117
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.117
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.117
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.117
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.117
https://doi.org/10.1016/j.ijheatmasstransfer.2018.02.117
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121847
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121847
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121847
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121847
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121847
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121847
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121847
https://doi.org/10.1115/1.2822329
https://doi.org/10.1115/1.2822329
https://doi.org/10.1115/1.2822329
https://doi.org/10.1115/1.2822329
https://doi.org/10.1115/1.2822329
https://doi.org/10.1115/1.2822329
https://doi.org/10.1115/1.2822329
https://doi.org/10.1016/j.ijheatmasstransfer.2005.05.040
https://doi.org/10.1016/j.ijheatmasstransfer.2005.05.040
https://doi.org/10.1016/j.ijheatmasstransfer.2005.05.040
https://doi.org/10.1016/j.ijheatmasstransfer.2005.05.040
https://doi.org/10.1016/j.ijheatmasstransfer.2005.05.040
https://doi.org/10.1016/j.ijheatmasstransfer.2005.05.040
https://doi.org/10.1016/j.ijheatmasstransfer.2005.05.040
https://doi.org/10.1115/1.1447938
https://doi.org/10.1115/1.1447938
https://doi.org/10.1115/1.1447938
https://doi.org/10.1115/1.1447938
https://doi.org/10.1115/1.1447938
https://doi.org/10.1115/1.1447938
https://doi.org/10.1115/1.1447938
https://doi.org/10.1063/1.2775215
https://doi.org/10.1063/1.2775215
https://doi.org/10.1063/1.2775215
https://doi.org/10.1063/1.2775215
https://doi.org/10.1063/1.2775215
https://doi.org/10.1063/1.2775215
https://doi.org/10.1063/1.2775215
https://doi.org/10.1063/1.3634113
https://doi.org/10.1063/1.3634113
https://doi.org/10.1063/1.3634113
https://doi.org/10.1063/1.3634113
https://doi.org/10.1063/1.3634113
https://doi.org/10.1063/1.3634113
https://doi.org/10.1063/1.3634113
https://doi.org/10.1103/PhysRev.148.766
https://doi.org/10.1103/PhysRev.148.766
https://doi.org/10.1103/PhysRev.148.766
https://doi.org/10.1103/PhysRev.148.766
https://doi.org/10.1103/PhysRev.148.766
https://doi.org/10.1103/PhysRev.148.766
https://doi.org/10.1103/PhysRev.148.766
https://doi.org/10.1103/PhysRev.148.778
https://doi.org/10.1103/PhysRev.148.778
https://doi.org/10.1103/PhysRev.148.778
https://doi.org/10.1103/PhysRev.148.778
https://doi.org/10.1103/PhysRev.148.778
https://doi.org/10.1103/PhysRev.148.778
https://doi.org/10.1103/PhysRev.148.778
https://doi.org/10.1063/1.3056136
https://doi.org/10.1063/1.3056136
https://doi.org/10.1063/1.3056136
https://doi.org/10.1063/1.3056136
https://doi.org/10.1063/1.3056136
https://doi.org/10.1063/1.3056136
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.037
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.037
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.037
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.037
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.037
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.037
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.037
https://doi.org/10.1063/1.4974872
https://doi.org/10.1063/1.4974872
https://doi.org/10.1063/1.4974872
https://doi.org/10.1063/1.4974872
https://doi.org/10.1063/1.4974872
https://doi.org/10.1063/1.4974872
https://doi.org/10.1063/1.4974872
https://doi.org/10.1103/PhysRevB.97.035421
https://doi.org/10.1103/PhysRevB.97.035421
https://doi.org/10.1103/PhysRevB.97.035421
https://doi.org/10.1103/PhysRevB.97.035421
https://doi.org/10.1103/PhysRevB.97.035421
https://doi.org/10.1103/PhysRevB.97.035421
https://doi.org/10.1103/PhysRevB.97.035421
https://doi.org/10.1103/PhysRevB.101.075303
https://doi.org/10.1103/PhysRevB.101.075303
https://doi.org/10.1103/PhysRevB.101.075303
https://doi.org/10.1103/PhysRevB.101.075303
https://doi.org/10.1103/PhysRevB.101.075303
https://doi.org/10.1103/PhysRevB.101.075303
https://doi.org/10.1103/PhysRevB.101.075303
https://doi.org/10.1016/j.tsep.2021.100938
https://doi.org/10.1016/j.tsep.2021.100938
https://doi.org/10.1016/j.tsep.2021.100938
https://doi.org/10.1016/j.tsep.2021.100938
https://doi.org/10.1016/j.tsep.2021.100938
https://doi.org/10.1016/j.tsep.2021.100938
https://doi.org/10.1016/j.tsep.2021.100938
https://doi.org/10.1016/j.tsep.2021.100938
https://doi.org/10.1088/0256-307X/34/2/020502
https://doi.org/10.1088/0256-307X/34/2/020502
https://doi.org/10.1088/0256-307X/34/2/020502
https://doi.org/10.1088/0256-307X/34/2/020502
https://doi.org/10.1088/0256-307X/34/2/020502
https://doi.org/10.1088/0256-307X/34/2/020502
https://doi.org/10.1088/0256-307X/34/2/020502
https://doi.org/10.1109/TED.2017.2763241
https://doi.org/10.1109/TED.2017.2763241
https://doi.org/10.1109/TED.2017.2763241
https://doi.org/10.1109/TED.2017.2763241
https://doi.org/10.1109/TED.2017.2763241
https://doi.org/10.1109/TED.2017.2763241
https://doi.org/10.1109/TED.2017.2763241
https://doi.org/10.1109/TED.2017.2763241
https://doi.org/10.1098/rspa.2015.0376
https://doi.org/10.1098/rspa.2015.0376
https://doi.org/10.1098/rspa.2015.0376
https://doi.org/10.1098/rspa.2015.0376
https://doi.org/10.1098/rspa.2015.0376
https://doi.org/10.1098/rspa.2015.0376
https://doi.org/10.1103/PhysRevApplied.11.034003
https://doi.org/10.1103/PhysRevApplied.11.034003
https://doi.org/10.1103/PhysRevApplied.11.034003
https://doi.org/10.1103/PhysRevApplied.11.034003
https://doi.org/10.1103/PhysRevApplied.11.034003
https://doi.org/10.1103/PhysRevApplied.11.034003
https://doi.org/10.1103/PhysRevApplied.11.034003
https://doi.org/10.1103/PhysRevApplied.11.034003
https://doi.org/10.1109/TCPMT.2011.2112356
https://doi.org/10.1109/TCPMT.2011.2112356
https://doi.org/10.1109/TCPMT.2011.2112356
https://doi.org/10.1109/TCPMT.2011.2112356
https://doi.org/10.1109/TCPMT.2011.2112356
https://doi.org/10.1109/TCPMT.2011.2112356
https://doi.org/10.1109/TCPMT.2011.2112356
https://doi.org/10.1109/TCPMT.2011.2112356
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123676
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123676
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123676
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123676
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123676
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123676
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. 73, No. 14 (2024) 144401

[39] Lai J H, SuY L, BuJ H, Li B H, Li B, Zhang G H 2020 [41] Cheng Z 2021 Acta Phys. Sin. 70 236502 (in Chinese) [f2¥7
IEEE Trans. Electron Devices 67 4060 2021 PRI 70 236502]

[40] The Chinese Academy of Sciences 2022 Thermal Management [42] Jeong J, Choi S J, Shim J, Kim E, Kim S K, Kim B H, Kim
of Electronic Devices p2 (in Chinses) [f'EF}2% B¢ 2022 HF J P, Suh Y, Beak W J, Geum D, Koh Y, Kim D, Kim S 2023
WAPER (dtat: Bl iRgt) 55 2 T) 2028 International Electron Devices Meeting (IEDM) ppl—4

Analysis of GAAFET’s transient heat transport process
based on phonon hydrodynamic equations”

Liu ZheV?  Wei Hao!  Cui Hai-Hang!  Sun Kai®® Sun Bo-Hua?%!
1) (School of Building Services Science and Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China)
2) (Institute of Mechanics and Technology, Xi’an University of Architecture and Technology, Xi’an 710055, China)

3) (Institute of Microelectronics of the Chinese Academy of Sciences, Beijing 100029, China)

4) (Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 101400, China)

( Received 9 April 2024; revised manuscript received 28 May 2024 )

Abstract

Compared to the classical Fourier’s law, the phonon hydrodynamic model has demonstrated significant
advantages in describing ultrafast phonon heat transport at the nanoscale. The gate-all-around field-effect
transistor (GAAFET) greatly optimizes its electrical performance through its three-dimensional channel design,
but its nanoscale characteristics also lead to challenges such as self-heating and localized overheating. Therefore,
it is of great significance to study the internal heat transport mechanism of GAAFET devices to obtain the
thermal process and heat distribution characteristics. Based on this, this paper conducts theoretical and
numerical simulation analyses on the phonon heat transfer characteristics within nanoscale GAAFET devices.
Firstly, based on the phonon Boltzmann equation, the phonon hydrodynamic model and boundary conditions
are rigorously derived, establishing a numerical solution method based on finite elements. For the novel
GAAFET devices, the effects of factors such as surface roughness, channel length, channel radius, gate
dielectric, and interface thermal resistance on their heat transfer characteristics are analyzed. The research
results indicate that the larger the surface roughness, the smaller the channel length and the channel radius, the
larger the interface thermal resistance leads to the higher hot spot peak temperature. The non-Fourier heat
analysis method based on the phonon hydrodynamic model and temperature jump condition within the
continuous medium framework constructed in this paper can accurately predict the non-Fourier phonon heat
conduction process inside GAAFET and reveal the mechanisms of resistive scattering and phonon/interface
scattering. This work provides important theoretical support for further optimizing the thermal reliability
design of GAAFET, improving its thermal stability, and operational performance.

Keywords: gate-all-around field-effect transistor, phonon hydrodynamic model, temperature jump, non-

Fourier thermal analysis
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