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Fig. 1. A high-throughput estimation framework for lattice
thermal conductivity based on elastic properties, the blue
section is for collecting basic structural information, the cy-
an section involves the calculation of elastic properties, in-
cluding both harmonic and anharmonic properties, the or-
ange section is for estimating the lattice thermal conductiv-
ity using the results of elastic property calculations!'.
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Fig. 2. The workflow for calculating thermal conductivity
by computing force constants using the real-space supercell
method, orange boxes represent calculation steps, blue
boxes indicate the output results of each step, and com-
puter programs are marked in black text without frames/2?.
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Fig. 3. The implementation module of the linear tetrahed-

ral method in the Phonopy and Phono3 py codes2::22.
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£
DeePMD-kit g
MD support Model &
2
MD interface DeePMD EO
o
Classical MD: networks | 8
5
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DeePMD-kit lib

TensorFlow lib
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5 DeePMD-kit 4475 2 8l K A Uit i 13537
Fig. 5. Architecture diagram and workflow of DeePMD-
kit[35-37
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Fig. 6. GPUMD workflow, the GPUMD software package consists of two executable programs of nep and gpumd, represented by

two black boxes respectively, among them, the nep program is used to train the NEP potential function model; the gpumd program

uses the trained potential function to conduct atomic-scale simulationsl!,

RN, 7 8] JC - Je 5 TS 45 ) B B 42 RE 8 7
MD FAUHESE T B3 10,
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FERR A BBk AR. — 5T, i EEAILAR 7 2T ST A
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TSR BRI N L. T

i, BRI AR RS AR R B Ik R B R EOR,
T REB I AR, T T REAE TSV A B Az g 1k
Bom MPa BN B, WO 8% 55 15 Bk T 5E
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I Se e ] SEPE AT A2 T L
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B2 0 A 2 R, TR 22 5T
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e 2 2 R 5 R EAUE B UG R
() AR AN IR 25 FR PR, T T S A8 A S o I g 7
WM. IR 2 2 B A A B R R A T 25
S, FAE AR T, A AL S AU A
B IESE L T 3 B T B A T
FHREE R, I A % B 5 S EGE N
EA R w0 a4 AT i #4089 S B
S AT 500 s A T B AT A T RE, R
K FREIL T B9 T LA,

FEMCIERT I, S ARt F it — D G B 2
M 2% (convolutional neural networks, CNN), [&|fii
Z: M4 (graph neural networks, GNN) L4 K 47 #f
{5 B2 /2% (physics-informed neural networks,
PINN) S BRI A 22 R A% Sl i, LA Z)
52 = T LA 25 44) | ARSI RN A DU I 2 RS &
ST B IR B A T L Horp ) GNIN S 1Ky
O A R 5 R ESI RS A NEDE X, FEAL N
FHLI) 525 TE 50 5 2 9 R 3% Ty T R 3R R Iz Ak
fig 7 10490 i PINN Dl i< 7E 408 2% R 50 i i A
PAL AR 7, o0 DX 24 T 25 SR AE P 3L BT I
FE—2t, TR U A A Eh 1 [ s B 5
ARG E MRS Al ff e (4748

WA, TR G £ SR 3 - 4 B A HE SR T BN
o gy ), BRI A PR oC s A PR AR A il
R IR AR AN R W BT o, R i R B 2 o) A A
Fay gt pe s e 7 Y AR B (thermal surrogate), LA
SRR S B 5 B 28 AR PO92L 5%k
D7 R T o B A 5 R A g &, N
Chiplet Z5#4 ., 2.5D/3D HE& b v LA K TSV B
F I R ) AR, AT AT SRR AR T B B
TR

(AR E B, ATBIRAE TR N iy al 5
P52 AR S5 2 2 A 5T 1) S B kAR ) — T
AT, A5 AUV RE v B AR TN R o A, 2 LA
SRR SO OB S B LA AT 5 9 [, TR B
AR B AR Ak O3 — 5 T, A 7E Ok 4 P
I 0[] ) B AR A P ik 5 R 22 R4 HL
i, AR B HE 1) 2 Bl i e U AR Y E A
FEOLL PR, SRk A TR IS & DL S ph
2R | R 2T DL K FE B A ) R, XA AL T
EAR XA TITAN, JFiE S [ S R e
RBAIR AR PO Ry X6 AN [RVBE AR AU v S o R
JE 577 LB O R A BN TR 1R 2.

LB R AR vk B S A

Table 1.  The main characteristics of typical numerical simulation methods in chip thermal management.
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TG T R, SRR AR KT T ety A o AR BAAE 2%, ST RE AR FEE 3 7 5 AT (3]
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Dokt iy i R Py i FHIRAR A HU S S B RT RO, P48 7R B RS S iz AL (7.8]
JE 5 NN MD WS TBR M BAE AT, My EIHLEI AT, 105 45 5 1 (7] A (25]
B REEAY ATH Y ST RIS B R 5 S5 RN, TR I 35S RS Hs ) [44]
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* 2 RUE-Irkmusk
Table 2. Scale-method mapping table.
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3.1 REFHNEHA

T B S i B R 32 A S 2D A AU (int-
rared thermography, IRT)., # J 4 % (thermo-
reflection, TR). $i7 2 15 I & Al A A% B A
LLAMLR T HRAERT B MK, R B SR A
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Fig. 7. Micro-Raman spectroscopy system!(%].
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Table 3. Comparison of the characteristics of different experimental temperature measurement methods in the research of
chip thermal management.
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Fig. 8. (a) A general system for measuring transfer functions using the 3w method; (b) relationship between sinusoidal current and

voltage, as well as the heat transfer function/6%.
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3.2.2 TDTR # FDTR
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Fig. 9. (a) Typical sample configuration for thin film and
bulk material measured by TDTR; (b) schematic diagram
of a typical transient thermal reflection devicel.
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Fig. 10. FDTR system based on two different wavelength continuous wave lasers®7.
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Fig. 11. Characteristic excitations and corresponding re-
sponses for (a) TDTR and (b) FDTRI™.
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Table 4. Comparison of characteristics of thermal properties and TBR measurement experimental methods in chip thermal

management.
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Fig. 12. Simulation-measurement-calibration closed-loop flow-
chart.
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Fig. 14. Steady-state inversion mapping/®2.
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Fig. 15. The influence of Gaussian filter parameters under different noise conditionst®¥: (a) Thermal noise, # = 0, ¢ = 5%;

(b) thermal noise, u = 0, 0 = 25%.

1 4n, BRI TR R} B 1 R AR B | R B B | HLAR
N AR RER Ah. X AR AR Hh 25 SR T
JEE 22 B 2. b S T T AR RR A AR
HOR AT Z A, I 14 AL 15 iz, 4 B
T S )R i PR R 25 BN A S, S0 e b
IR A L N E S NSRS R STTE SV GIEN
i iyred e 2 TP NS 5 O Em R R G
7 e BERRURR. F T UL, FEAR R R R T, S
BN P TIIN 420 e BRI S 1 B, AT o
IR _E R = KBk

4.2 SIGHAER

LB A, WA 2 BRI R &
V) / 5 [0 53 B 3 LA | 1o A0 2% B 45 1R T 5080
AIEEPEZE L TBR W AAS 58 W @R 1. X T
POERE/NF 1 pm  RERAZRENF 1 us 193

50, HRTZLAMARUS L AU L PLEEIEF R
S DAAE ] — S 55 v [] B 38 1) b 38502 (1] 5 B[] 53
FOE 16 i, HA T AS R ARG ik n]
B BE ROBERTAT LIRS B IRBE . A S AR eI
AR GRFPE (40 TBR) Jy B €, HonT iR
JEE 0 A2 A RE AR M R RS | Ak S A T K
FRZE R, MR R R A B A BR . RPAfR
FG SRR AR VR MBS, #2318 Y 1) SE 58 25 14
T, SN EAT TR E TAERZ) 300 C, %R E
10 [ O 55 R 2800 e Mo 2 4 1 SE B v,
oK. LLAM G 32 PR T A i 43 FE 30 8 AR B ROK
Jﬁ ML ik BT IR oK G, (B EE A

AR RS . 7E AL BB A T 2k S AR s
ﬂ’“ﬂcﬁa‘ YT IR B ARATAEAE A — 22 1 ) PR A 1501,
T4 D) 5% B T PLAR - J7 JEOKR 9531 (40 3D HE
T A AR st ), SRR AL B DR R 45

070806-16


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 % 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070806

B WA AT THOE I b B SIS I A TR S R
R Y HIR A BOASYE 5 S5 [n) 8, AT 52 Wi 0] 2
SEPES AT REE B IS TBR % Y
PESBOE ) 3w, TDTR 2545 R 345 . A&
S A AR 1 | X S AR AR RV R
B AHAEA PRSI0 BT ORH E PR T, X
sk AR R EE MR S, e AT
Pl iz B (RS S IR TE B, PRI, 7RSI A
WS MR RS2y, R SRR T
SEME HSAR AT BB AR 2.

cm =

LEA A
J

Laser-based

; ~ -~ radiometry

=
=

< _~ TDTR/FDTR

Through-plane resolution

255 o)

oy L Sabtep e b )
20 100 200 1000 2000 10000
Temperature/C

P16 A3 AP iz 0 ) PR 1 )
Fig. 16. State diagram of non-contact thermal transport

measurement /.,

4.3 BRERMIN

MARGH KT, EHENE /GE RG E T
Py SRARBR, 58 AR 20 05 58 0 AR A e B2 AR SR
K. Bl BRI B B T LR T DK, MO s <
SRS RS AR T R K. OB TE WYY L IR T
R EA T ma G s, (BB AT AR 4
P BUARSE TR A Z i AR 7 P 6,

(IS8 B, REGRH T R IEEEA L
YT G T, 2 2 Rk S5 R DEHE Kz
TTAT SR DL R T s = 2 8 TR 2R, e A
it 20% M EERETTH A R G R HE HERR iR
BB A LI X AR R FERREL Iy iads, H 5t
[, WA RG] ABIMAUZEDIRERE S 4Ry &
ZRIE, T B YT - RER 2 o Z [ AU 4 —
i, e A SURGE TS EN7E L S5 F T E SR B
ik 3000 W /cm? s ) FGE e T, [R] IR D) 2%
294 0.9 W /em?™] (B R | 35 58 XU S 24 g
(1) it 325 XEE AT s PR T A A 10 FH 1) S PR 2R 97,
RIIL, 760 7 $Ra T RSl Y 3107 RN g i
TR FFR 22 T | AT EEE S B AR TR

RBRANACL TN A BT IE.

W17 P, A o G v A s O
JEW T IE BT B I EU P, S
BV RIS AR R DX B R, AR A R AR A
FFREARPARE. X b A AN F 2 RO v B8
Fr ORI AL A R B OGBS 4%, A B L St
W /PVETT SR B R . PV B E AN PR R 3
TEBT B BB S I, TR LRSS AR | B L RS
AR5 . (H H 2R iR
PO R SRR, S BRI g | ik
RGN IR FR, P BN S R
PRETEINZR”. 25 1, RGEPIMIER N Ve HI$L
AR 300 1] <V B0- 825605 DRI L AR BB Bt

(a) () .
Manifold

Inlet

Outlet Jet plate Outlet [

Microchannel

z

T—> Y Electrical layer

17 3D i A B 8 7R 5 B
Fig. 17. 3D embedded microchannel diagram!®s.

5 WEHRE I E

W O DR LA T BT} BRI 3D
SRS HGE T AL, A48 R BVE BIREZR L XE LI A2
AREPERETHE N TRRE K 6G @ 5555 1wy
ZIT R IR 4 VPR R L8 S R G =
HOE, ARARMIFET B AL | BABTRL 1o 20
g5, LR s A 207 ) U Rl e

51 FEERIRA

AR FRARAUAG AL GETE T O Sl 7077 1) 9K
it B | AP 1) BRI S B <RI 452 R G
REE 7 ) BRI ] 3 i 27 > K FEM, CFD 5
BTE %udls, SCELESAPRL | 5 L Aa] 45 K b sk I 32
Dt A, P18 il 1 LT P I 45 1) 22 RO A
AL CARFFEUEN], UNet, B2 W45 5450 2
AAERRFFZ) 95% K EERITROL T, RE T3 R 4 v

070806-17


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 % 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070806

Graph structure

Node features

—P{ Material representation }—

GNN architecture

Multi-fidelitu modeling

—>{ Model development

j_
2200 20 2 2 2

Thermal property prediction

|
|
Edge features |
|
l
|
|

Non-li i li
GNN based multiscale on-linear & transient modeling

thermal modeling

Data generation

—P{ Data handing

Data augmentation

Multi-objective

—b{ Training and optimization

Curriculum learning

Validation

—P{ Evaluation and analysis

Interpretability

g o M 2 A e

|
|
Perfomance analysis |
|
|

F 18  EHE5H

Fig. 18. Hierarchical structurel®.

Period thickness/nm

) ~ 100 20 2
> T T
-‘5 LD, in-plane (a) ‘x (b) ® NGO substrate
E [ S S Toasl % o STO substrate
E ° g A LSAT substrate
g LD, cross-plane e ° = M — Modified SM model
o N ® ki (Yao, 1987) = 40
g m &y (Yu et al., 1995) s
£ e O s
5 ° 0 k. (Capinski et al, 1999) B
= o O k. (Capinski et al, 1999) Z 3.5
b S i _
g ¢} o 9 Alloy limit
= 0.1F L &
= o = 30 i
g T=300 K g Incoherent % Coherent
ZB AlAs/GaAs E regime regime

. . ) 2.5 . .

10! 102 10° & 0.02 0.1 100

Period thickness/A Interface density/nm~!
7
v (d) © 300 K
TE _ 10-'f < 100 K

|
; 2 Anharmonic scattering
Z ~
= é’ 10-2f
= @
S g
3 ED 10-3F
-§ E wz./—%
- - g
3 g L le %’%‘b '
= @ 10 %,
g r Interfacial
3 3 w scattering
£ \ _5 A
& 7 10701 1.0
Number of periods (n) Frequency/THz

19 MTHETHEIE  (a) WARE D EB B S IV R A R (B I8 TS T OB b, G IR | R R 200 ) 7
LT AN KT ) b AR (SE2k)PY; X S ARADL A5 2R 5 SR BCE (7 BRRTE B ) AN AF 0294 (b) SrTi0;/CaTiO; &AL ¥ ik Y
SRR ST B AR A (o) A T SR JRE B SR S A N 1) GaAs/AlAs B ks I 5% (d) GaAs/AlAs B A F Y5
— e S B R AR AL B
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Fig. 20. (a) Nanosheet thermal diode simulation system, it is formed by connecting the graphene and boron nitride (BN) in equal
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SPECIAL TOPIC —Heat conduction and its related interdisciplinary areas

A review of simulation, measurement techniques, and
development in chip thermal design”

ZHOU Junnian ZHOU Feng YUE Shengying |

(State Key Laboratory for Strength and Vibration of Mechanical Structure, Xi'an Jiaotong University, Xi’an 710049, China)

( Received 29 December 2025; revised manuscript received 23 February 2026 )

Abstract

Driven by the rapid evolution of integrated circuits toward higher power density, 2.5D/3D integration,
chiplet-based architectures, and heterogeneous packaging, thermal management has emerged as a primary
constraint on performance, reliability, and lifetime. This review provides a structured synthesis of the state of
the art in chip thermal design by i) organizing numerical models across length scales, ii) summarizing
experimental temperature and thermophysical-property characterization methods, and iii) critically analyzing
the major bottlenecks that limit predictive accuracy under extreme heat-flux conditions. On the modeling side,
we compare fast architecture-level approaches (equivalent RC thermal networks) with high-fidelity package-
and system-level solvers (finite-element/finite-volume methods and conjugate heat-transfer CFD), and extend
the discussion to micro-/nanoscale heat transport where non-Fourier effects become important, including
phonon Boltzmann transport formulations and molecular dynamics for interfacial thermal boundary resistance.
On the measurement side, we summarize the operating principles, spatiotemporal resolution, and applicability
of infrared thermography, thermoreflectance microscopy, Raman thermometry, and embedded on-chip sensors,
and highlight how these techniques are used to calibrate power maps, boundary conditions, and interface
parameters for simulation—experiment closed-loop validation. Based on the literature, we identify recurring

challenges: the prohibitive cost of full-chip transient multi-physics simulation, uncertainties in material

Numerical simulation

Future directions

Issues and challenges

z = o, Tnlet]

ey

a. Silicon channel liquid cooling technology

First principles

Rising power densit
B b Experimental methods

b. Electro-thermo-mechanical coupling analysis

Electro-migration

CEETELE

c. Boiling heat dissipation technology
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properties and interfaces, limited simultaneous spatial and temporal resolution in experiments, and the
approaching physical and practical limits of conventional air/heat-pipe cooling. Finally, we discuss emerging
directions that can address these gaps, including Al-accelerated surrogate modeling and physics-informed
learning for rapid thermal prediction, embedded microchannel and two-phase cooling for ultra-high heat flux,
advanced high-thermal-conductivity interface/packaging materials, and multi-physics co-design that couples

device, package, and cooling-system optimization.
Keywords: chip thermal design, thermal simulation, phonon Boltzmann transport, thermal management
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