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Modeling Methodology for ETC N &5 s EECE

* Effective Thermal Conductivity o

Pursuit of simplicity and accuracy in on-chip/off-chip thermal simulation

Detailed Model Lumped Model

z-direction z-direction

y-direction ' x-direction y-direction ’ x-direction

SAM SUNG Refl: 10.1109/ECTC51909.2023.00041
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Metal Pattemn Temp. Distribution (SIM.) Temperature Distribution (EST.) Tsv vs. Test
Structural
- Values
A general flow to estimate o m Ll
u'_.l : : DEE o Metal Volume 60
ETCs of metal patterns £ 1 BErEohlof
g Bl 0 : Inlet & Outlet In: (1,1)
% e ol 2 Location [Pixel] | Out: (9,10)
s mb o o T P 4 Inlet & Outlet In: 2
+ Vocston oy Width [Pixel] Out: 2
Define input parameters: five structural factors @ Inlet & Outlet ]
=i Width Ratio
) .
[ o Pixel Length
E 500
N = Fo| | = [um]
£yl & LN "
g ’ Runtime/case
Generate metal patterns with one varying c Module 1: é - = \g SIM EST
structural factor & varied HTC Case Generator © — Vocroningy 35-5min | 0.4-6.1sec
Calculate temperature at every vertex of a pixel Module 2:
<« . Structural G 1 G 2 G 3 G 4
: . ETC Estimator Parameters o o o o
and estimate ETCs of the defined metal patterns "
100 etal Volume 40 40 97 95
: Fraction [%]
\]/ — Inlet & Outlet In: (1,1) In: (1,1) In: (1,1) In: (1,1)
¥ Location [Pixel] Out: (9,10) out: (2,10) Out: (2,10) Out: (1,10)
E Inlet & Outlet In: 2 In: 9 In: 9 In: 10
. L. . = Width [Pixel] Out: 2 Out: 9 Out: 9 Out: 10
Analyze the effect of individual input parameters & it & Outlet 1 1 1 1
E 10 | Width Ratio
on the calculated ETCs : Pixel Length R ; R R
[um]
E[ﬁrﬁﬁe 2.45E0 - 1.27E1 | 2.07E1-6.20E1 | 8.04E1 - 1.38E2 | 2.54E2 - 3.62E2
"::;INégU[TfC'ijﬂr;]T 4.08E0 - 7.86E-1 [4.83E-1 — 1.61E-1| 1.24E-1 — 7.28E-2| 3.93E-2 — 2.76E-2

Refl: 10.1109/ECTC51909.2023.00041
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Three key questions to be answered today Samsung Foundry’s
Advanced Heterogeneous Integration (@ SFF 2022)

? ? “Cubel’l
Why . How . Cube to widely offer flexible architecture based on customers’ applications

Thermal analysis of A well-defined

2.5D/3D IC multi-die \ﬁ procedure for tool . .
Horizontal Integration

systems certification
H-Cube™
What? \
_HEM_ | Logic_
A multiphysics [ sibridge

i Medule PCB Maodule PCB
& multiscale

simulation platform -CubeS™ : I-CubeE™ : H-Cubes™ : H-BGA :
Si Interposer Embedded Si-Bridge Hybrid Si interposer Hybrid FCPBGA
RDL interposer

Vertical Integration

Icepak

X-Cube™

Electrothermal

3D u-Bump 3D Bump-less

https.//semiconductor.samsung.com/kr/news-events/tech-blog/going-beyond-
the-limits-with-advanced-heterogeneous-integration/
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Certifying a Thermal Analysis Tool Tooscaghe Tl de
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PKG-level Thermal Management Tests &5 B EZC.!E
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3DIC TTV Test setup

A heat sink with minichannels array () is used to dissipate heat from the 3D TTV to chilled coolant, DI water,
at 25°C. Heaters and RTDs ( ) are defined in Back-End-of-Lines (BEOLs, m) of top/bottom chips (2),®).

The joint-gap between top and bottom chips ((3) consists of 50k microbumps and non-conductive film (NCF).

SAM SUNG Ref2: 10.1109/ECTC51906.2022.00169

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024



PKG-level Thermal Management Tests E it ET.CTMC

Approach 1: Approach 2:
Top Floorplan, Bottom Uniform Top Uniform, Bottom Floorplan

™ yu = mm mm LEm

] L ] L ] [
= w:Group1,= =:Group 2,s =:Group3,= =:Group4,= =:Groups5s

g uf "xm” g u” g u” g uf

Each heater group is boxed by dashed-rectangles in
different colors

Approach 1 & 2 : investigate the effect of joint gap
between top/bottom dies on thermal behavior of the
3DICTTV

SAMSUNG

and Technology Conference

Table 1. Coded values of the input parameters for the central composite design (CCD) (x # y)

RSM design Coded values 3
‘ Heat flux of | , | 4 0 1 9 > %
jt" heater group 1 L
qQ 0.1 |021]03]04]05 o .
" TO % * %
q, 0.2 10.425] 0.65 [0.875| 1.1 2 !
" © -1 x B x
q, 0.2 [0.425] 0.65 |0.875| 1.1 :
2 b 3
qQ’, 0.2 |0.425] 0.65 [0.875| 1.1 -
" 36 -2 -1 0 | 2 3
q', 0.1 [ 02|03 |04]05 Coded 4,

Coded values of each heater group’s q” w.r.t. their actual values.
A coded value, -2, corresponds to the minimum, and a coded
value, +2, corresponds to the maximum of each heater group’s
heat flux.

Ref2: 10.1109/ECTC51906.2022.00169
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Step 1) Define input constraints:
Cooler Warmer Thermal response A h 1:
pproach 1: Ex) 9”pep = 0.3W/mm?, P, = 45W
(1) Approach 1: (2) Approach 2: (3) Approach 2: model of the 3D Top Floorplan,
Top Floorplan, Top Uniform, Top Uniform, H i L
Bottom Uniform Bottom Floorplan Bottom Floorplan IC utilized to find Bottom Uniform Step 2) Explore possible power combinations

G1 in G1 through G4

thermally optimal
floorplan

i) Determine dynamic range of each heater group’s
power (or power density)

ii) Divide the dynamic range into multiple discrete
power (or power density) steps

iii) Explore DOE of heater groups’ power (or power
density) and check whether the sum of each heater’s
power is equivalent to target P,

Step 3) Find a thermally optimized floorplan
by ChECking Tjunction

G5(BGD)

.01 - 05 i) Store Ty qction from every possible floorplan from Step

2

ii) Find a floorplan among others to show the smallest
95 | A | Case (1) Tjunctions and this floorplan is the thermally optimized
A | Case (2) floorplan of interest
85 76.7 76.1 A | Ccase (3)
gt : ——————————— T ST
g 75 : / Tjunction gettlng —& g",, from Min. T, Floorplan - lTﬂmf MI ’ TJ o pl
o A4 ’ . 1.2¢ 1.055 <o " from Max. T | Floorplan | 100 - el Ty from Max 1, Floorplan
E 65 2 hlgher aS the ................ 83.61 -, [°C]
e ' 1 . T o
9 e — 1T / ) P
2| joint-gap & T SN AL S wl pas L
i : Sosf ron i : ad 1o
. | floorplan effects = 08 RV 0.5825 8 S A
£ x 05 ’ A \ @ i i - . it o
| T o6l ! i 2 e @ o Teogfl way i e
.l are accumulated L os Y i RN £ 60r @ 30, P AR A N leRaie™
@ \ AN 03 = s B b A
£ .l 02225 . . o
25 " " " ’ & i Jr . \\J L 64 &
N OO SN OV DO AN W~ 0 AN ™M < N W O ' ‘ *
TETETEIIETIoSSPILITII R o e 080808 0.2} 7‘ ¥ ] .
L N N A ™ . 0.34 0.335 50.3% reduction in RJA
20 e
. 0 L 4. - . . NN O~ ~ONMT O~ DO ®
S’\M SUNG Ref2: 10.1109/ECTC51906.2022.00169 Group! Group2 Groupd Groupd  Group5 e e e ErLEtt
R A




Set-level LPV ROM Validation Effort 58 \er il = 2L ®

N and Technology Conference

Linear Time Invariant (LTI)

Needs for “Fast & Accurate” Simulation 3D CFD ROM for fast simulation TAT
nput: Power Output:

* Traditional 3D CFD is too slow to estimate benchmark :> & 1 ”

performance - Need for “Fast” Sim. ® " O‘L J‘L J‘L J]

e LTI ROM is not applicable for time varying boundary LPV ROM: only for ) LTI R02M

Output:
Temperature

.. forced convection
condition TR i

Power,
(Fan) Velocity @

e LPV ROM is can be used for forced convection, but not !m, I

Ry
=

for natural convection and radiation [ [ 3m/sﬁﬁﬁl
e Therefore, a Modified LPV ROM is suggested for natural !

Modified Linear Parameter

Input:

convection & radiation conditions e

(Surface)Temperature

Modified LPV ROM: (1= ~7] Tl Varying (LPV) ROM for
designed for natural ¢ &= & better accuracy w/ time-
convection, radiation » HG varying surface temp.

SAMSUNG Ref3: 10.1109/ITherm55368.2023.10177511

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024 10



Iteration

Set-level LPV ROM Validation Effort

Step Response Generation
for multiple case of HTC

2O

LTI ROM Generation
corresponding to each HTC

L

Unique function
of "modified” LPV ROM

: HTC and T_surf Correlation
I based on CFD simulation

Instant
LTI ROM Selection
corresponding to HTC

[ LTIROM of
| HTC: 6.0W/m’K |

LTI ROM of
L HTC: 6.5W/m?K

|

LTI ROM of
| HTC: 7.0W/m2K )

D

3

| HTC determined by
! Formula of HTC-surface temperature

—{  LTIROMof )}
HTC: 10.0W/m2K

_—— o ——————y

Instant
Temperature Calculation
corresponding to selected HTC

- ~
Power

for each time step

U

Temperature
calculation

alneladwa]

ainesedws| 8100

Transient temperature response
corresponding to each HTC

SAMSUNG

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024
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Ref3: 10.1109/ITherm55368.2023.10177511

[Result]

[Preparation/Eval
uation]

[Preparation]

[Preparation]

Icepak CFD Setup
of Smartphone

Icepak — Validation
Scenario(s)

e Comparison LPV ROM
with ICEPAK CFD

Icepak — Training
Data for LPV ROM
* Transient Trials

depending on various
HTC

Twin Builder —
Use of LPV ROM

* LPV ROM Wizard for
ROM generation

¢ LPV ROM evaluation

* Model Setup

® Extract surface
temperature
dependent HTC of
external surfaces of
smartphone

Fast

st H
Use instant LTI ROM during temp. calculation 1% correlation through CFD

Hottest surface temperature vs. Hottest surface HTC

Accurate _
2"d correlation through CFD

Update LTI ROM based on B.C. (HTC)

Surface Temp. (n) 2 HTC (n) = LTI ROM (n+1)
*LTI ROM: Linear Time-Invariant Reduced Order Model

**LPV ROM: Linear Parameter-Varying Reduced Order Model
11

Hottest surface HTC vs. Other surface HTCs

(n: nt time step)



Set-level LPV ROM Validation Effort [ \ahrcal = 2Lh®
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* Periodic Power Change Scenario for a Particular Core
* 3W for 30 sec/ 1W for 20 sec to core 1 and core 4 for 1000 seconds

——PowerQl - + Power04 —CFD LTI ROM —LPV ROM

4.0 180

160

3.0 g 140

= — 120
[«¥]

% 0 5 100

s € 80
o o

= £ 60

1.0 &€ a0

20

0.0 o}

0 200 400 600 800 1000 0 200 400 600 800 1000
Time [sec] Time [sec]

* Temperature Error : LPV ROM 0.4°C vs. LTI ROM 3.4°C

—CFD ——LPVROM LTI ROM
170 4
3.43
160
150
140
130
120

Temperature [°C]

100 0.38
90 0 -
900 920 940 960 980 1000 LPV ROM LTI ROM
Time [sec]

Temperature Error [°C]

SAMSUNG

* Uniform Power Scenario
* 3W for 3000 seconds
» Temperature Error : LPV ROM 0.9°C vs. LTI ROM 3.6°C
Corel Temperature =——Surface temperature
---CFD ——LTI ROM LPV ROM o eedback T
120 120 10 - 4.0 162
100 100 9.5 =35
o o 9 2 30
o &0 o % st 5oas
3 60 g 60 8 2 520
°Eci40 3 0 7.5 & % 1.5
. g ;T Eio 0
20 20 6.5 § 05 l
0 0 6 = 0.0
0 1000 2000 3000 0 1000 2000 3000 LPVROM LTI ROM
Time [sec] Time [sec]
Training cases 36 cases CPU Intel(R) Xeon(R) Gold
6230R CPU @ 2.10GHz
Preparation 43 hr 11 min i processor

(ROM build-up) 2.10 GHz (2 processors)

Used
Total elapsed time . sed core 40ea
in parallel
1x 43.2 hr 13.6 hr
10x 43.2 hr 136 hr
100x 43.3 hr 1360 hr

Ref3: 10.1109/ITherm55368.2023.10177511

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024 12
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Efficient and Innovative Thermal
Management for Power Hungry Al/ ML
Applications: Challenges and Opportunities

Mudasir Ahmad
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The information outlined in these slides are not official
Google Communication or Position
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« AI/ML Power Consumption Trajectory

« AI/ML Software Trajectory

« AI/ML Thermal Challenges

 Thermal Design Parameters

 Thermal Solution Decision Making Framework
« Standardization Opportunities

* Opportunities for Advanced Packaging

 Future / Opportunities

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024
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Al/ML Power Consumption Trajectory €75 Bacong %

Schneider Electric estimate 2023 2028
Total data center power consumption 57 GW 93 GW
Al power consumption 4.5 GW 14.0-18.7 GW
Al power consumption (% of total) 8% 15-20%
Al workload (Training vs Inference) 20% Training, 80% Inference 15% Training, 85% Inference
Al workload (Central vs Edge) 95% Central, 5% Edge 50% Central, 50% Edge
11 errormance errormance

E :[5)888 TDP (W) (Training) over V100 (Inference) over V100
g— 30:000 V100 SXM2 32GB 300 15.7 1X 62 1X
E 25,000 A100 SXM 80GB 400 156 9.9X 624 10.1X
o 20,000
o 15.000 H100 SXM 80GB 700 500 31.8X 2,000 32.3X
E 10,000

5,000

0
0 5,000 10,000 15,000 20,000 25,000

GPU quantity
--V100 -=A100 -+-H100

Next Gen Nvidia Systems will be liquid cooled

Reference: Schneider Electric

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024


https://www.datacenterdynamics.com/en/news/nvidias-ceo-confirms-next-dgx-will-be-liquid-cooled/
https://www.se.com/ww/en/download/document/SPD_WP110_EN/?ssr=true

Al/ML Power Consumption Trajectory

GFLOPS per Watt estimation for CNN

GFLOPS per Watt estimation for NLP models

300 Precision 388 Precision
200 @ FP32 200 ® FP32
- Mixed Mixed
g 100 TF32 ®* % g 100 TF32
70 70
2 3 ¢ Iy
@] (@]
3 30 = 30
¢ 20 G 20
10 10
7 @ 7 @
2011 2013 2015 2017 2019 2021 2011 2013 2015 2017 2019 2021
Date Date
les0d Do 1e+04
16403 @ 128 QoM GFLOPs of models 1e+03
® 1024 w1thh|gherGFLOPs P ".
1e+02 2048 -7 1e+02
o & ° 9
3 1e+01 3 1e+01
- .- -
1e+00 S o — ° 1e+00
1e-01 e ® e
e- ° ° P ® 1e-01
2017 2018 2019 2020 2021
Date
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*Hardware efficiency is improving significantly

*However, power consumption is still increasing
overall

*Even with hardware improvements, systems are
still very power hungry

- - Best DNNs ® .-
— All DNNs _-"
— Human external energy -
Human internal consumption P - e
- - -
-
-
-
-
- -
® . — ®
- e L ]
- [ ] [ ]
-
®
2017 2018 2019 2020 2021
Date

R. Desislavov, “Trends in Al inference energy consumption: Beyond the performance-vs-parameter laws of deep learning”, Sustainable Computing: Informatics and Systems, 2023

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024



https://www.sciencedirect.com/science/article/pii/S2210537923000124

Al/ML Software Trajectory

From 2010 - 2020, Al/ML algorithms have

grown exponentially

Algorithms could rapidly evolve from one
approach to another

Different categories evolving rapidly for
different applications

Faster evolution than Hardware Development

timescales

Al/ML software evolving every 8 months*

*Ho, A; Besiroglu, T; “ALGORITHMIC PROGRESS IN LANGUAGE MODELS” 2024

| o
IEEE =/

F‘r’—‘ ELECTRONICS
=) PACKAGING

\—/\J SOCIETY The 2024 IEEE 74th Electronic Components
and Technology Conference

The rise of artificial intelligence over the last 8 decades: As training O
B 3 In Data

compulation has increased, Al systems have become more powerful

The color indicates the domain of the Al system: ®Vision ® Games ® Drawing @ Language ® Other

Shown on the vertical axis is the training computation Minerva: built in 2022 and trained on 2.7 billion petaFLOP

that was used to train the Al systems. Minerva can solve complex mathematical problems at the college level,
o PaLM: built in 2022 and trained on 2.5 billion petaFLOP
10 billion petaFLOP PaLM can generate high-quality text, explain some jokes, cause & effect, and more.

erations (FLOP GPT-3: 2020; 314 million petaFLOP
! GPT-3 can produce high-quality text that is
often indistinguishable from human writing.

DALL-E: 2021; 47 million petaFLOP

erate high-quality images from written descriptions.

100 million petaFLOP DALL-Ec
i Bar G scale, SOATat NEO: 2021; 1.1 million petaFLOP
Recommendation systems like Facebook’s NEO determine what you see on

your social media feed, online shopping, streaming services, and more.

1 million petaFLOP AlphaGo: 2016; 1.9 million petaFLOP

AlphaGo defeated 18-time champion Lee Sedol at the ancient and highly
complex board game Go. The best Go players are no longer human.

AlphaFold: 2020; 100,000 petaFLOP
10,000 petaFLOP AlphaFold was a major advance toward solving the protein-folding problem in biology.

Zero: 2019; 48,000 petaFLOP

MuZero s a single system that achieved Superhuman performance at Go,

chess, and shogi (Japanese chess) — all without ever being told the rules.

100 petaFLOP AlexNet: 2012; 470 petaFLOP —
A pivotal early “deep learning” system, or neural network with many layers, that
could recognize images of objects such as dogs and cars at near-human level.

XA
1 petaFLOP = 1 quadrillion FLOP NPLM o ®
° L
Decision tree ° °
10 trillion FLOP TD-Gammon: 1992; 18 trillion FLOP @ STMe L]
TD-Gammon learned to play backgammon at a high
level, just below the top human players of the time. ® LeNet-5
e ® RNN for speech
100 billion FLOP T
NetTalk: 1987; 81billion FLOP @ ~ @ ALVINN
NetTalk was able to learn to pronounce some English text by being given ®ZipCNN
text as input and matching it to phonetic transcriptions. Among its many
limitations, it did not perform the visual recognition of the text itself.
1 billion FLOP pandemonium (Morse) ® System 11
Samuel Neural Checkers °
X @ Back-propagation
Neocognitron: 1980; 228 million FLOP
10 million FLOP Aprecursor of modern vision systems. It could recognize
handwritten Japanese characters and a few other patterns.
® Fuzzy NN
@ Perceptron Mark I: built in 1957/58; 695,000 FLOP
100,000 FLOP Regarded as the first artificial neural network, it could visually distinguish cards marked on the left side
h from those marked on the right, but it could not learn to recognize many other types of patterns.
® ADALINE: built in 1960 and trained on around 9,900 FLOP
An early single-layer artificial neural network
1,000 FLOP
® Theseus: built in 1950 and trained on around 40 floating point operations (FLOP)
10 FLOP Theseus was a small robotic mouse, developed by Claude Shannon,
that could navigate a simple maze and remember its course.
Pre Deep Learning Era Deep Learning Era
The first electronic computers Training computation grew in line with Moore's law, doubling roughly every 20 months. Increases in training computation
were developed in the 1940s accelerated, doubling roughly

every 6 months.

1940 1950 | 1960 1970 1980 1990 | 2000 2010 2020

1956: The Dartmouth workshop on Al, often 1997: Deep Blue beats world
seen as the beginning of the field of Al research chess champion Garry Kasparov

The data on training computation is

Itis estimated by the authors and com Licensed under CC-BY by the authors
OurWorldinData.org - Research and data to make progress against the world's largest problems. Charlie Giattino, Edouard Mathieu, and Max Roser

ken from Sevilla et al. (2022) - Parameter, Compute, and Data Trends in Machine Learning.
with some uncertainty. The authors expect the estimates to be correct within a factor of two.
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Al/ML Thermal Challenges

AlI/ML hardware is an entire system - not just a chip

A specific thermal solution may be great

Cold Plates

But...is it: Heatsinks
TIMs
Reliable?
Manufacturable?
Thermal Solutions

Compatible with existing technologies?

Cost Effective?
Aligned with future hardware roadmap?
Cost &

Etc. :
Sustainability

Qverall Co

Thermal solutions need to be optimized for scale across
multiple dimensions

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024
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Thermal Design Parameters §75 BAEiiane %

Rack Level

Air, Liquid
Piping
Board Level Connectors
Fans/Pumps

TIM2 Hoses, Leaks
Package Level PCB Design Density

Heatsink/Cold Plate
. Packaging Technology Backing Plate
Chip Level TIM1 Warpage
Lidded/Lidless

Die Floorplan Underfill, Adhesive
Thermal Gradients Substrate Design

Power Estimation W . o
Power Density S Thermal Solutions need to be optimized end-to-end to

Power Density Gradients enable a scalable solution
Transient Response

This means EACH design is unique and needs to be
optimized independently

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024
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Can this solution be implemented at scale for the
current planned deployment schedule?

(S)chedule

Does a manufacturing process/workflow exist for it to

(P)rocess the deployed at scale?

Do viable, scalable alternatives exist if this does not

(A)IternatIVeS work? Are they production ready?

What is the reliability of the solution relative to others?
Does it meet or exceed the reliability Requirements?

(R)eliability

(S)ustainabi“ty |s the solution sustainable from a net zero perspective?

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024
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 Where possible, standardization speeds up product development, reduces
cost and enables rapid scaling

« Potential Opportunity Examples:
« Reliability Testing of Thermal Interface Materials
* Quick connect/disconnect interface specifications and reliability testing
« Pump specifications and reliability testing
« Coolant specifications and reliability testing
« Cold Plate specifications and reliability testing
« Common testing software specifications

OCP Cooling Environments Project is an example of such an effort

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024 10
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Opportunities for Advanced Packaging T ECTC
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« Several opportunities for holistic thermal performance enhancement of advanced packaging

Experimentally validated die thermal hotspot prediction - 1D, 2.5D, 3D Packaging
More accurate TDP prediction

Die thermal hotspot optimization - including die warpage post PCBA SMT
TIM1/1.5/2 reliability prediction - pumpout, dryout, voiding etc.

Die backside warpage prediction - post SMT

TIM BLT prediction - post PCBA SMT

Heatsink/Cold Plate attachment pressure prediction

Innovative package level thermal solutions for high wattage and high thermal
gradient applications - 1D, 2.5D, 3D Packaging
Thermal Higher thermal conductivity thermal interface materials
Thermal interface materials with reduced contact thermal resistance
Thermal solutions resistant to tolerance variations in high volume manufacturing

CPI: Impact of TIM stiffness on package reliability

CPI: Impact of die layout on TIM reliability

CPI: Impact of heatsink/cold plate attachment on package and TIM reliability
REllablllty Acceleration factors for TIM reliability, pre and post PCBA SMT

Impact of die level transient temperature changes on package and TIM reliability

Test methods for TIM1/1.5/2 reliability in field operating conditions

Impact of Liquid/Immersion Cooling on packaging reliability

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024 11
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Future is exciting...and uncertain £ BRTRONS %

Could there be novel algorithms developed, that do not
require such large power and chips to run?

. Could there be radical changes in architecture, resultin
Architecture : :

in a step function drop in power requirements?

Could there be novel thermal solutions that
Thermal Solutions simultaneously address large thermal gradients, high
power density and fluctuations in a scalable way?

Significant cross-collaboration, research and development is needed
(and underway) in all these areas

2024 |IEEE 74th Electronic Components and Technology Conference |Denver, Colorado | May 28 — May 31, 2024 12
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Efficient and Innovative Thermal Management
for Advanced Semiconductor Packaging

Tiwei Wei
Assistant Professor, School of Mechanical Engineering
Semiconductor Packaging Laboratory (S-PACK Lab)
Birck Nanotechnology Center
Purdue University
tiwei@purdue.edu

Semiconductor Packaging Laboratory

(All-in-one for Semiconductor Packaging, Heat transfer, and Assembly Lab)
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Thermal solutions for Heterogeneous 3D integration \GasE it ECIC

Gterfaces: Diamond heat spreadirD
material, CuNWs/PDMS based Thermal
Interface Materials (TIMs)

-
——_

—_a
—

=

-

\_

/ Hotspots: Hotspots targeted cooling
approach, diamond heat spreading
with local hotspots

3DSOC
Core logic/SRAM

BGA Laminate

- —— — ——

O O O O O O

PCB substrate

and Technology Conference

ﬁigh heat fluxes: Direct-on-chip impingem%
jet cooling, embedded microchannel cooling,
Inter-die microchannel cooling

crosstalk: Thermal\
insulation materials, thermal heat
spreading materials.

v ]TI

Material 2 1 I




Integration of Advanced Thermal Solutions into the g.r,\_g;%%.mcs E(Z :" |
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Heterogeneous Package SS#ISOCIETY s

Trend toward embedded thermal management solutions
—

Remote Cooling Intra-Lid/ Package Cooling Embedded
: Cooling
Ji— .m , w mmersion
Air-Cooled Heat Sink Vapor-Chamber-Embedded Low- = Intra-Lid Vapor Chamber : Cooling

l Profile Heat Sink with Heat Sink

(NNHHnn Direct Micro-channel/gap Cooling

’

Intra-Lid Microchannel Cold Plate \‘“" hRLEEEEREEEL

\ msssnmps 000
W """"" Intra-/Inter-Chip

Direct Jet Impingement...-=*"" Microfluidic Cooling

Courtesy to CTRC and Prof. Justin Weibel (Purude University)
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Chip/Package Level Jet Impingement Cooling \Getice ECIC

Two-phase Jet Impingement Cooling on Micro-pin fins

‘Pressure lines l

Liquid in

(b) -
Liquid in
thl L
| (c) |
Flow Rate ?‘
509~min'1 |
20g-min”" 8 ]
15g~min'1 9
10g-min”! ]
59~gmin'1 ‘ﬂ'
2.5g-min”" & |
* =
L .k
® P
8 ® ke q?
e
50 160

Surface Temperature (°C)

InterPACK 2023-Zheng, Wei.

150

The 2024 IEEE 74th Electronic Components
and Technology Conference

Two-phase Impingement Jet Cooling with Porous Wick

Heat flux D ii.&{?/ itriil"'

Porous wick over heated surface

Credit to Prof. Scott from Binghamton University

Low-Pressure Water Spray Impingement Cooling

array
ITITIT

Droplet

?
’

1z======ly
b=y
7’

mmmmmmahy
e
e

mm===echy

’

N
[
[
i
[N
i
[N
[N
=

e

Thin film

Mt A T
Hot spots Hot spots
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Chip/Package Level Microchannel Cooling
AIN-bonded Embedded Microchannel Cooling

' Outlet ‘ Inlet 'Outlet

Capillary-driven Two-phase Embedded Microchannel

i -

LTCC ceramic

DBC-3

Power|terminal

|
o Power I ~ I
- terminals| | / NI DBC AIN |
Wicking flow in [ : I 7 &' J{ ~ T
the microchannel 7= Through-hole vias
Power MOSFETs Gate signal pins
DBC (manifold layer) /’, Unpolished Cu Polished Cu
n— | o
% o fa
> Orlélnal channel Laser-etched u-channel ‘
> o S
X N I
DBC (u-channel layer) \\ Unpolished Cu Polished
c Step 2: Step 3:
u Electroless plating Sn on both side Bonding of two DBCs via the flip-
AN of the interface ch|p bonder
I Sn

\
‘ Electroless plated Sn

Lin, Wei, et al., APS 2023
Lin, Wei, et al., JEP 2024
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Intra-/Inter-Chip Microchannel Cooling

2.5D Interposer-based Embedded Microchannel Cooling

‘ Jet cooling f

smmmmmms HBM
TEpmmEny

Liquid Out

m 1 i

Liguid in

BGA Laminate

~

~l

Max. Chip Temperature (°C)

80

o
o

N
(@)

N
o
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The 2024 IEEE 74th Electronic Components
and Technology Conference

Il 300K inlet/no cooling
El 283K inlet (~10°C)

22.43%

20.08%

Vi

4

|____

Silicon/Glass Interposer

| |

Xie, Wei, et al., ITherm 2024
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CuNWs/PDMS based Thermal Interface Materials (TIMs) Thermally-enhanced Micro-bump with

Embedded Metal Structure

{111 i,
= kl E (Y'\‘t "lkljﬁ.sr{?»‘ @ \Y( 5 \\('v .ég\
. ~: .'\‘ »\&‘, v‘g.
S4 ; Porous
i Saaee - EAF ‘copper
‘ S !. | ! a . ~ oy

)
()
™

N
_—
.
-

- -

Sn bump

Porous-coppér:

Thermal Conductivity Wm 'Kl @

10 102 10° 10¢
Elastic Modulus [MPa]

Qiao, Wei, et al., InterPACK 2023

Bi-layer materials with Heat Spreading and Thermal Insulation

@ Wang, Wei, et al.,, ECTC 2024
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TECHNOLOGIES
RESEARCH
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Justin Weibel Bahgat G. Sammakia Scott Schiffres ' Ryar{ Enright

o Srikanth Rangarajan
Purdue University (ME)  Binghamton University (ME)  Binghamton University (ME) gara

Seguente Binghamton University (ME)

e NATIONAL Semiconductor
3 - SCIENCE Research
FOUNDATION Corporation
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\il I - .‘\,_/’
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Ken Goodson Mehdi Asheghi Amy Marconnet Xiulin Ruan
Stanford University (ME) Stanford University (ME) Purdue University (ME) Purdue University (ME)
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Thermal Simulation for 3DHI

Chris Ortiz, Ph. D.
Ansys
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62 i Physics \ >
= Interactions .

Structural Integrity Power Integrity Multiphysics Thermal Integrity Signal Integrity

Feasibility the 3D-IC architecture

Increasing need for
Simulations
Multi-Physics
Multi-Stages
Multi-Layouts

High capacity handling
Heterogeneous technologies SignOff the 3D-IC Implementation

Complex Die stacking (billions of connections)




Coupling of Physical Effects

Reliability

Structure N

Stress, strain
warpage

..\Max, Gradient, Heat flux

P D N Performances
i Timing
Integrity & N ;
Reliability & Frequencies
Signal
Integrity &
Reliability

Multiple Physics & Coupling

| o
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“New” topics for Semiconductors:

Thermal Integrity of Chiplet: T° and many possible impacts
Temperature vs. Timing...

Structural Integrity of Chiplet (Thermal stress)
Stress on device performance, reliability

Coupling of physics
Temperature is corner stone of coupling
Power and thermal runaway

Resistance and electromigration
Stress and coefficients of thermal expansion

Reliability
Selfheat FINFET, GAAFET, CFET, device to wire, wire to wire
Fatigue, Fracture, Vibration, Aging, Radiation...




| o

N\ IEEE [/

Er5 ERESIRoNEs ETC
=) PACKAGING

SOCIETY The 2024 IEEE 74th Electronic Components
and Technology Conference

High-Capacity Static Thermal Flow Much Needed for Large 3DIC

[ Driving applications: HPC / Al / 5G 1

v’ Hierarchical thermal model stitching technique to assembly the thermal model to handle heterogenous 3D-IC system
v" Global model simulation of 100um*100um low-resolution meshing within 5 hours, followed by detailed model simulation of

each die using Intelligent Adaptive Meshing in 1.5 hours
v 3D-IC junction Tmax optimization with HTC applied on the package surface and heat spreader components included.

Intelligent Adaptative meshing
to reduce
total mesh count without

accuracy loss

3D-IC system with GPU/CPU/HBM/logic dies
assembled on a 50mm*50mm CoWoS Thermal result for |arge 3DIC
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Physical data
{Chip + block bbox)

= Performance and reliability degradation
Model Steady State/ - . . .
B S Aging, EM, IR drops, stress, switching
‘ profiles SpEEd, etc.
- Reporting : Top

Architecture

7 Temperature

= Fine grained thermal analysis on large 3DIC

Transient Power

Scenario What-if Ranked Thermal =0 t2 13 ; ; H
from ik o w/ P de5|fg,r.15 not possible using purely
 —— ' = traditional FEA/CFD based approaches

» Long sequences of transient power need to
be simulated to accurately predict how
thermal hotspots change with time

BERELES
it | i

selected BC from i ; T::: - “ =

Estimated Pkg/Brd rtcass O s

|
. " r o Bottom
pLioh b A0 O T A0 500 dl'

Architecture level fast static/transient thermal
analysis for various optimizations are required. Semperatire o

a location on

(i.e. power/DvD/thermal/stress/test/sensor place) == T~

"Emerging Challenges on Thermal Modeling and Simulation for Advanced
3DIC Systems”, N. Chang, Keynote, REPP, 2022

Power
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System configurations, | Thermal Characterization of Chip Heat Sources at Large Scale ‘

like HTC of each die T = DTNFE + DTSSMR + TAMB

top/bottom from system- s S !
level thermal analysis Scaling the Model for Training

l

| Decay curves, Superpositions, and Multi-level Interpolations ‘

Inferencing using the Decay models

Get power profile and
system/chip Determine the decay
configurations like HTC, curves by the decay
3-layer chip thermal Predictor models
model parameters

Decay curves / ML models SSMR

of NFE
Calculating Far-Field heating T

| Power Re-mapping for Prediction ‘

Apply decay curves to get Repeat for all the

Hi-resolution power map I

tiles
Temperature | Edge Effects Correction ‘ Delta T components of one [
aggressor
Calculating near-field heating T |G - SN vnnonamnn DN e i N SO |. ________________
SSMR models
of FFE .. .
SSMR -~ SUPGTPOSItIOH and Scalmg Combine itself and all the close
with Multi-Dimensional Interpolation neighbors’ contribution to get

the near field temperatures

and Remapping Based Scheme

DeepONet network structure for pre-trained NFE model
Two decay curve approaches in the flow:

e Characterize the decay curves in real-time at different - @)

locations. SSMR can be generated in real-time as well - Z&; _’f@ M

based on 3-layer die model. -
e Use pre-trained decay ML models. The decay ML models will — \@ T

include both the nominal decay predictor and the decay G(u)(y)

dependency on locations and local thermal conductivity. O
* With orders of magnitude faster than FEA/CFD solvers in a v — Thermal conductivity

distributed computing framework based on SeaScape N (MW/um*K)

© Tile size (um)
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* Developed a novel Machine-Learning based Thermal solver to accurately
predict chip temperatures for arbitrary power maps and distributed HTC
patterns.

 The ML-Solver is inspired from keys ideas of traditional Ansys solvers. It
iteratively solves for temperature on discrete subdomains given the
power map, HTC and initial temperature. Flux conservation in each
iteration is established using pre-trained ML models

 The ML-Solver is about 100x faster than current solvers and accurately
predicts high-fidelity temperature maps on the chip.

ML-Solver

80 80

78 78

. | ‘76

Initial Temperature

(T)
Subdomains Converged Temperature
Distributed HTC (H) Fixed point iterations (™)
- Encode : :
' each l Flux conservation for each : Decode each
0.0 s B . : .
: subdomain : subdomain , , , i subdomain
=22 _bgnilsi' i —1]i, S i'hi;—’
=5.( Power Map (S) n; : Temperature encoding, :
7 4N ° s; : heat source encoding,
hi: HTC encoding
| 20 : i : subdomain index

Ranade, R., Haiyang, H., Pathak, J., Kumar, A.,, Wen, J. & Chang, N. (2022). A
Thermal Machine Learning Solver for Chip Simulations. 4th ACM/IEEE Workshop
on Machine Learning for CAD



Optimization of Mobile Pkg Material Calibration for E3 sicrronies E@I-C@
Thermal/Stress Integrity SRR "

As-is process/Challenges

Sensitivity analysis of thermal material properties of mobile AP
Fast and Accurate equivalent virtual thermal testing model = Simple Model
Trial & Error approach for fine tuning material = Expensive!

Too many trials (1000+) need to be performed for 10+ parameters
* Challenges:

* Significant manual effort for 1000+ trials
* Accurate simple model for transient thermal analysis
* Reduced Dependency on package type

Ansys Value Stream

H

h

Top Block p. G k |

Robust w.orkflow mtegrf':rflon and optlmllzatlon W|th optiSLang-AEDT Icepak Full set model of smartphone Simple model with equivalent
* Reduced input BC conditions and material properties (h,K,CP and Den)

thermal material property
Sensitivity analysis with thermal material parameter of components.

L=y = | e—
. a

Colrctvn v e

Outcome

i1

POP_Design260

st

Extract optimized equivalent properties of Simple model that is well matched
with reference data e

|-
F
-

Crmers oac: (Bt Ossign 4494)

g
2
Temperature [°C]

»  Automatic DOE reduction to reduce the overall time for optimization. JWI 5 w| s
. .. . H B o
* Reduced time for optimization and increased accuracy = 1 : ' w | I
° 2~4 Weeks 9 4~5 Days ﬂ}:l '"‘r l : ® "] 500 1000 1500 2000 2500 3000 3500 4000

Time [sec]

“Thermal Model Simplification of Mobile Device with Adaptive Metalmodel of Optimal Prognosis (AMOP)”, V. Krishna, et al., iTherm, 2022
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