) 32 2 3R Acta Phys. Sin. Vol. 74, No. 11 (2025) 116302

BT R RIB R A TR N 2
SMET RIS LA S HAHTFR
kMY IR EERD FER A mED

1) (FREERZFHUM TRRSABE, AL RS SRR, LI 201620)
2) (EBEEY5e T R, WA E EER B s by, KRR SHUREAR TG, IA3EER 91120, 14 [E)
(2025 4E 3 H 17 HUk#; 2025 4E 4 A 7 HiEIENR)

IS HR S AR TR T AR B A T2 B, PR ROV S AL X T AR T L A8 AR A PERE AN
AR OCH 2. IR IFTE R 2 38 T00 130 7 2 A — METRTIEAR PR- A PR T5 15, AR LLE R 25 IR AR IR sl A5 X
(1 T IATTHR. A SCHE TE T AR MR- AR BRIE , 255 ARSI Iy 22 AN, XA A B A AR i — AL AR 45 40 1Y
Iz LAY I AT 5E. 17 1 T A R R B TR AR PR - A DR T R A BRI ST L. B T 1
5 AL O T AR G RO A A e B S B AR S R T RS MR U, R s A R B
225 DURK, 2 B — R AT A AR A DR IR AR AG AR f TSR A R RIS R, A SO TR 3 25 454
P70 B 1AL A 1T X AR AR AR TR, THR R I BT AR A R R AR A S R
o 4 B SRR SR, AL R T R S R TTERAT AN T 20w, G o FE AT Rk 20% DL L, LR AT R A8 DR O

KR MR AR AR, MR- ARBLE, AT i

PACS: 63.50.Lm, 66.70.—f, 02.70.Ns
CSTR: 32037.14.aps.74.20250350

1 3

BT P Jm A A W Y L BH SR LA A
(RRAM) PALEA I KA SR T e Ao vk | i
JF O [ AR REFE AR 2, S — AR Ktk
Pk e B A TR B R E AR 2 —. AR AL
(HfO,) HA B5m i B 5 B AL s i AL P RE, 7
HIE T i AR A L RS, AT ELA 5 i 1Y)
S v HR B TR, DR R D08 A Bk e 1 i )
HE5EE TR T RIS TERARRA R
G IR, G B N i 1 RRAM SR AT G

il

DOI: 10.7498/aps.74.20250350

JERPRET. % R RRAM #fafTid R A 1
AR 2 7™ F 5 MR il A BB A T SR, A A
HfO, BT T AL 5 L T AMTAY) 32 3 10,
TE Tl Uk, Ko AP v 20 0 AR TR 12
S ] 3 AR P A SO R A P AR P 32 PR
Ve T AT M AR R U AN AR I, v SR
% = R AR TS, EAHDIBRE T, MR AR
FHUCER Py AR kb O DI EAT B 714
SRS DR BT s 1, SRR DU
e MR LR IRAR A A, ITT A Pl v A
LR LU AR AR S, (A R RO 14
AR | SR L TC A ORI B B A A 3 25 e (190,

*EERARBERS (S 12304039, 52150610495, 12374027). [T A KRR 2#3 4 (HLfES: 22YF1400100, 21TS1401500)
HIrh e A AR 45 2% (HHES: 2232022D-22, CUSF-DH-T-2024061) % B AR,

t iBfE1E#H . E-mail: shouhang.li@universite-paris-saclay.fr
1 BIEMEE. E-mail: xjliu@dhu.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

116302-1


http://doi.org/10.7498/aps.74.20250350
https://cstr.cn/32037.14.aps.74.20250350
mailto:shouhang.li@universite-paris-saclay.fr
mailto:shouhang.li@universite-paris-saclay.fr
mailto:shouhang.li@universite-paris-saclay.fr
mailto:shouhang.li@universite-paris-saclay.fr
mailto:xjliu@dhu.edu.cn
mailto:xjliu@dhu.edu.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

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 11 (2025) 116302

HEEAR M REh C 2 &, OASH A e BE XA
SR A W] e L40L A B EE A HEO, &
PR SZ AT SR AR AL Ktk A W E R R AR i HEO,
ARG HIL, DA ST HAA G 38 AT A R 4
FHEC AR AR R, BUA DT AR G R S AL
HIBFFEAIRT AL, BT T-BBh K k. Kittelld
75 20 22 40 4EACR G GRS 1 AR MES i
B TR BRI, Allen F1 Feldman('7)
(A-F) R4 P 1R AR FRRAIE ) 52 2k DX 53 i [ 44
M =2 R SN, AL 7 ¥ ECF AR T b
TS T — A WAL, R T TR A R
A AR R R T AE R R T ISR A
L. SR, A-F B 2200 1 AR TRl o, i &
TR 23 ERAURARES, SO0 TR MR TR
TR R 2 0819, 313 )% (MD) A48 AT LA
TAYERTC 1R AR 451, JF 2% IR TR Ak

TV SONE , TR 32 P T 00 A it 3R 4 120220

2 AR 32 FAE ALY 020 AT AL AR, T
&5 MD JriE I 250 137, 200 1 1300,
FEARRRREE LSS T HEsf . tbsh, SR MD J5
EARIFI S AT R B, MELAER #a 7IK
TR SRR O TG AR 0 TR 28290,

I A SR R F) e P e 7 A R AR T ik B0 A
Wigner iz 75 & BU I #i e TAE5ER) A-F AL,
BFFEAE A R A R R R LR AR AL T S
PR AEAL. 3K 675 1 A] L [ ) 25 SR 254 T e P
RIS R, DRLI PT DAEAR S r 8 3 el A o
T AL S AR R F B2 RN Xy AT
SR SR (N) RISCERA O (N3) B3 AXRETT
A FRIGT AR R ES I P T2, BB S 7R AR AR
PR, PR TC IR = SEARAIR Sh A =Y 4R
TiHk. fift, Fiorentino 45 33 % J& T WAk sh J1 24 4h
T, SR T ARG R AR AT B RUSTASE L Hh H
iz TTERARAL A R FEi% 0 (B 7% TR B
SARIPREETELA BT B, MY BT R R s
TR TR 2R IS TR AS AR- A R (QHGK) J7
i B PR, SR RSl S 7 ik A BR R
RGN TR HME 2 TCRR KRS 2 G2 vt iz ) 4

ARSCRA QHGK kg & ik sh J12: My
2, WIS TS5 BEREE & HEO, ik T
SRIF . 1 SE A MD 38 2 42 i 7 GH 3R A
ARV Y BE R AR SR S5 #E, Z 05 DA MD Hh 4 B

TIEBONEA, T QHGK HIBZS & ik sl )12
SMETT TR T G s R, JF e T QHGK
TIE A BRI X R A, &)m, 708 1A
Al FAIR S RO R A A P T R 10 BT,

2 Jr kARl
2.1 AERIEREH

A b A5 FaE A MD B A -V ok 1R kst
FEIAS, WIUR DR TS5 F4 p B 7 7 PR B STHT 3 M
RIRABFRF 5 E R n =3 Fln =6 KAGH]. B
A AR R R ] GPUMD 34 BT
7. WAL FRE Y (NEP) Z54 18—k 5
TR RS BE L o8 R i bk, ARHIFSE vy
J - IR)AH AR fh SCRik [37] JT & B NEP HLeS2E >
PR, Zhang 55 B H T % NEP 35 eRE0 T 11
JEdh HEO, 1Y X SHERE5 A T 5 325 - —2, 1T
B RRSIRAS B S % B RS TONAIY &, R
EHRBEA RS T EENE. SRR IR UL, 48 3C
FiiA MD B R[5 350h 1 fs. MD BBl 2
WR: WIERES A B JE7E 20 ps UM 300 K T i £
4000 K, 2 J5 B i AE 4000 K 9 1E N R 28 (NVT)
Hilig 50 ps, SR FE LA [] B V4 ok B R IR 2
300 K. B K TR E5F7E 300 K Y5510 55 R R 45
(NPT) F#E47T 500 ps iR KAL) BEHGZ R L5 T 5t
BEE A e — WS R R L A AR, iR
1) 55 5 PR BRI AE R R ) R 54T O T ke MD
BRAEL B AL 158 2 X I 2 25 SR 52 ) AR SR FHAS ]
PIBENLERR I GR f RT3 B, FERE TR JGRBE
PR T 5 MAREIEEH . SR R e A asF 1
R ELN 7.69 g/cm®, 552500 25 S HiAl
BV TN 25 S Wy B 5 8, S T 00 18T B E T AR SC
Ak fh HEO, Z5 4 liad B iy n] Sk B2,
AR TR A T R B A AR S 25 R A
R FZ M, B R TS L R S A (R
SR YR RE A ) X R S ARG B 5 .

2.2 EEERK-ARTE

ARICHI ] ALDo B4 B4 455 MBI 500
TIATHLEE (LAMMPS)B JEHUE iy HEO, Z5#
AT DR, 2R T QHGK BgiHE
AR AR IR TR AR T SRR R
A B

116302-2


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. 74, No. 11 (2025)

116302

1
Kaa' = v E :Cuu’Vw’an’a’Tuu’v (1)
!

Hr, v Z2RGRR, o Fl o/ SR RIRBAR, 1l
! FR ARSI, | S O, PTRIE N

hwpwr ny —nyy @)

A, TR, B ) A0, =
(ehen/MT 1)1 S TR v, HOFIA N

1 (Tia — Tja)

Cup =

)
Wy — Wy

Digjp MuigMu B’

Vi =
My 2 W Wy BB MiMj
3)
Ferb, o R M3 2R G R R L R

@wgz%i%ﬁ%:ME%ﬁﬁmﬁﬁﬁ,&
SRE, 83 R R f . 1 X
e e BRI A, FRR T BT
IR 2 A B P

Tup = (0 — w;;@i?}iﬂ T FH,)Q + 0(52) (4)
S, T AR o HOAE R, T LIk
S )

2.3 RIKENFEIMNET X

e QHGK J5 ¥k HL A T 780K T 1000
AR i R G ZH FEBOR AT S A IR 1Y
RIS E]. T e A BRI TRl 2R75 TR &R
GERIATAR, AR SCRAISCHR (33] 4t Bt R sl g2
SMIETT . 0T B T BRI PEIERE T (ke )
DR S BT FURISER T (kD ) DURR:

Rhydro = KP + Kp, (5)

R T RAEIR wp B P27 IR AL T,
Hgh RO RIA N

c2 o[ 1
Kp = Z gb Cb(w)pb(w)QFb(w)

b=LT 0

dw,  (6)

Hopp =L, TFpRm (L) g (T) fH250 30
I FREIE. W TR PRSI, L v 2
Iy (w) = a1w® + asw?, oy Filan UG SHL
o FEFHE, pp = w?/ (1) EASE L. PR R
HXIRFR R AN BUR, SR AT (7) AT

1
Kp = 37 Z @(wwf - WP)CM/ Vo Vi n T s (7)
Hp!

P, © J& Heaviside-theta PR, HLH T X 1&#%
IR R sk, B8+ . 9 B AR
TR PEELIR SRRAE I LA 43, 3 SERRAE AT DL A
IEIASEER TR . BHE R G shAR LS F A - 10
IR AP 5 | AR LAHE

S Q) = =3 QB (®)

K, (ulQ,b) FomH A TERAER IR Q Tk
TERR B 7 ) L 3.

AR LAMMPS, %A B 2243 83 542
Y 324 AR A HEO, 45H 19 — B fil = F J5i 1
(VR FH T B0 0L I 2592 AN B AR i HEO, 4544
1) B S [ VR 5 . AR BO)) F B R
JE TSR 1x10°6 A, Bl J5 0 S5 125 F R AH
I B 7 B0 QHGK 3K fi# 7% kALDo 9% A LA
RAFGF N THE (6) P rp (H, FHELA
H Ty (w) P BR R IR . 1500 324 il 2592 4R
T AE AT B AR sh B LS T ((8) 20)
PIA BT RIS 2% R BOE
(1@, b)[” Q) )

n (w— Q) + IH(Q)*
HETT FRAG S e, LR TE 1,(Q) . Fifi J5 R 1 £
B, Blwy=c,Q , 1B TE SHURIREUC R [ (w)
W HAU A U vk 230 2 B AT RIS A R o A ag
A

Sb(w7 Q) ~

3 HEXRAitik
3.1  JBR-EAN-RANSEREFEHEET
ME 1 RTLIE W 7R 20 ps A Rl R v 4
FRIFABEMGE BT, TR 3 B g
Bifi J57F 4000 K T 5t 50 ps, BLETHA R B R GETE
—3050 — 3000 eV Z[8)_I F k83 Hix Boad i rp
P4 AR AR GRS BEAR R, X SRR R YR
FOL BRI, ZJE R AL 131012 K/s FITE -k
BRI ZE 300 K, R RBEGEZWT T B 507
AT SZ, X R WK R N 0 I A2 Ak 2
5/ FJETE 300 K 1) NPT Z45 FiE 2k 500 ps, &
Z M PRELE-3235.6 — —3238.3 eV Z[a] = AR AR /)N
W s, o7 iR n BRI E AR LVE F Y 2.4574—
2.4710 A2, 3 IR B Z5H7EIR 500 ps J&
REZYY 2= hil

116302-3


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

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 11 (2025) 116302
—2950 : 3.0 15.0
! (a) — _
~3000 P R HFO 5x1012 K/s
5050 i o ik 1x1012 K/
! 2.0 > Ak
k ; o = 10.0 I 5x 10! K
< —3100 [ = g ‘\ — /e
o | 1.5 BK & 1x10" K/s
fired o1 1 a8 -
%; —3150 { : ‘1—; <B H 5x 1010 K/S
. | 1.0 1] b
—3200 1 ! X & 50} .
—3250 { 00
—3300 ' s s S
0 1000 2000 3000 4000 0
T I / ps 0
FL AR A L B b S RE AN T A B B A 0

LI TR] (AR Ak, 81 B €0 8 2k 22 Ay s e AR K £ i 4R
RS Z A AR 4000 K T Aol fe, 406 5%
A ZJE FiR K

Fig. 1. Variation of potential energy and accumulated mean
square displacement with simulation time during the gener-
ation of amorphous structures, the melting process is be-
fore the gray dashed line, the relaxation process at 4000 K
is between the gray dashed line and the black solid line,

and the annealing process is after the red dotted line.
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Fig. 2. (a) Radial distribution function and (b) ring distri-
bution of amorphous HfO, at different quenching rates.

0.0 LA —e—5x102 K/s —e- 5x100 K/s
HMfE —a— 5X1012 K/s —— 5X 100 K/s
¥
X 15}
T—<
Z 10}
~
i
£ 05
0

200 400 600 800 1000
/K

K3 AR (2692 4N F) AR 3l 0y 2 bk vk iy R
it HEO, [ il 8 715 £ (1 8 S 23 ] o 60 481 1940 50 3 7 i 2k
B PR TR AR i 22

Fig. 3. Thermal conductivity of amorphous HfO, with tem-
perature for finite size (2592 atoms) and the hydrodynamic
extrapolation. The values of the legend denote the quench-
ing rate, error bar is standard deviations of thermal con-

ductivity.
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Fig. 4. Temperature-dependent thermal conductivity of
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Fig. 5. (a) Heat capacity; (b) lifetime; (¢) modal diffusivity; (d) participation ratio of amorphous HfO, with different quenching
rates at 300 K.
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Abstract

Amorphous hafnia (a-HfO,) has attracted considerable attention due to its excellent dielectric properties
and broad applicability in the electronic industry. Considering that the self-heating is becoming the bottleneck
for the performance and reliability of microelectronic devices, it is necessary to clarify the thermal transport
mechanism in a-HfO,. The microstructures of ¢-HfO, can be significantly changed during the fabrication
process, whose effects on thermal transport remain to be revealed. Here, we conduct a comprehensive
investigation of thermal transport in o-HfO, based on the quasi-harmonic Green-Kubo (QHGK) theory
combined with hydrodynamic extrapolation. The calculation scheme fully considers the contributions from low-
frequency vibrational modes, overcoming the drawbacks of finite size in the single QHGK method and molecular
dynamics simulation. It is found that the thermal conductivity (k) of a-HfO, is weakly related to its degree of
order. The amorphous structures with slower quenching speed and higher degree of order have higher thermal
conductivities due to their slightly larger relaxation times. Modal analyses show that the mid- and low-
frequency vibrational modes have significant contributions to thermal transport in a-HfO,, which is the main
reason for the underestimation of the k in other methods. Based on the anharmonic dynamic structure factor,
we further separate the contributions of two fundamental heat carriers in amorphous materials: propagons and
diffusons. It is found that diffusons dominate the k in all a-HfO, structures. Nevertheless, the contribution of
the propagons is non-negligible, accounting for more than 20% and increasing with the degree of structural
ordering. This study provides new insights into the microscopic mechanisms and guidance for manipulating

thermal transport in a-HfO,.

Keywords: thermal conductivity, amorphous hafnia, quasi-harmonic Green-Kubo theory, hydrodynamic

extrapolation method
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