iNFDRMATIDN tecHNOLOGY
eLECTRICALEGeNGINEERING

Antonio Pio Catalano

Tutor: Prof. Vincenzo d’Alessandro
XXXII Cycle - lll year presentation

Numerical simulations and analytical modeling
of the thermal and electrothermal behavior of
electronic components and packages

FEDERICO ]

Q ,,, <27
2 @
DTS
k AT 3
1> ML =
AR
0L E



Background

Master of Science

Electronics Engineering —
October 27t 2016

Subject : Microelectronics,
Prof. Vincenzo d’Alessandro

Ph.D.
Electronics Group — Ing-Inf/01
Prof. Vincenzo d’Alessandro

Athenaeum fellowship




Credit summary

Student: Antonio Pio Catalano Tutor: Prof. Vincenzo d'Alessandro Cycle XXXII
antoniopio.catalano@unina. it vindales@unina.it
Credits year 1 Credits year 2 Credits year 3
i AN ™ <t Lo O i N (32} <t Lo (e} i N [s2] < Lo (]
e > =] > ° >
(O] — (D) — () )
s|ls|ls|s|ls|e|ls|8|lc|ls|ls|s|lcs|s|cs|8|lc|ls|lcs|es|lcs|e|s]|E
E c c [ [ [ c E E c c [ c c c E E c c c c c c E _— %
= o o o o o o e = o o o o o o e = o o o o o o e [ b}
n|E|E|E|E|E|E|S|2|E|E|E|E|E|E|l3]|2|E|E|E|E|E|E|S|DB]| =
LU Q o o Kol Ko ke ) LU o o o Ke) o o [92] LLI o o o o ke ke [92] = O
Modules 200 3] O] O] O] 3 9] 15 10/ O] O] 4 0O O] 5 9 0 0 0 0 0 0 9 9 33 3070
Seminars 5019 O0f 0] 308 03 6] 5 004 05 0] O 0,09 0] Of 0.8 05( 0] 2.2 0] 3.4 10] 10-30
Research | 35| 5.1 10 10f 5| 5.2 3.7 39| 45| 10| 9.6] 7.5/ 8| 10| 5| 50 60| 8| 9.2| 11| 8| 7.9] 4| 48| 137|80-140
60| 10| 10| 10| 8| 9| 13| 60 60| 10| 10| 12| 8| 10| 10| 60] 60| 8| 10| 11| 8| 10| 13| 60] 180 180

List of Modules

RF bootcamp — Prof. Marco Spirito

Satellite Remote Sensing: open challenges and opportunities — Prof. Giuseppe Ruello
System on chip — Prof. Nicola Petra
Elettromagnetismo e relativita — Prof. Amedeo Capozzoli

Design of electronic circuits and systems — Prof. Andrea Irace

IATION tECHNOLDGY
=]




Cooperations

Politecnico di Milano

Prof. Lorenzo Codecasa

Kyoto University K U S

Prof. Alberto Castellazzi = .ooumemsm e somce

Qorvo Inc. (USA) Qor\\,o

Dr. Peter J. Zampardi & Dr. Brian Moser

Primes innovation labs. (FRA) $//s
Dr. Philippe Lasserre & Dr. Cyrille Duchesne Primes

Antonio Pio Catalano 4




Period abroad

February 15t — July 315t, 2019 (6 months)

Prof. Alberto Castellazzi

PEMC group — Power electronics and machine control

Thermal effects in power electronics

The University of

Nottingham
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Motivations (1)

Self-heating effects:

* Variation of electrical performances

* Long-term reliability reduction

* |rreversible device and system failure

Thermal issues are the main bottleneck
in many fields of electronics
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Motivations (2)

Thermal simulations:

* Estimate the thermal behavior (R,

e Support the thermal design
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Electrothermal simulations:
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* Predict the true circuit performances

Temperature [°C]

e Study instability effects
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Research topics — RF devices

Heterojunction bipolar transistors (HBTS)
State-of-the-art devices

© high cut-off frequency Q 0 r\\,o

© high current gain
® Plagued by thermal and electrothermal effects

Contributions of my research activity:

* Impact of semiconductor and metal layers
 Comparison between packaging technologies

* Steady-state electrothermal behavior of arrays of HBT




HBT Technology
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. mesa
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In,Ga,As (x<0.5)| "

Mesa-isolated
NPN transistors

GaAs-ISO GaAs Ni

In, ,,Ga, s, P Au Ge
In,Ga, As (x<0.5) B Pt Si;N,
In,sGa, As Ti PBO

 Semiconductor layers
suffer from low
thermal conductivity!

* Metallization (in Au)
promotes heat shunt
and spread effects
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Routine for FEM thermal simulations

Layout (.gds) = Technology

‘ MATLAB Automatically Muwggt:/‘ssl‘c[j;@ %{@

Geometry + +  Solution
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Impact of semiconductor and metal layers

Percentage RTH variation [%]

Nbd kb Lo s
L L

The analyses allow quantifying the impact of each layer of
interest on the device Ry,

Design of experiments (DOE) technigue was exploited to
build analytical models for the R;,, estimation
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Packaging technology (1)

Thermal comparison between wire-bonding and flip-chip
packaging including the effect of laminate

active device detalil device pillars to pads detail

pillars

flipped GaAs die

S pillars in
device ™ mold compound
pads N -
ANV
/ X = ]
Z s G
Vi SEZAR 6\6\60
laminate metal X «2°
and thermal vias \,&«\ (b)
Wire-bonding Flip-chip
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Packaging technology (2)

Wire-bonding Ry =421.7 KIW Flip-chip Rrer =240.6 KIW
Thickness of metal layers [pm] Thickness of metal layers [um]
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 DOE-based evaluation of the layers of interest in both technologies
* Impact of laminate on the heat shunt and spread mechanisms
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Steady-state ET analyses

= )

* pre-processing

no convergence issues

(7 a\
l electrical
device model( J
P

Electrical solver PSpice}

Electrothermal simulations based
on compact thermal model

I:)Dl
I:)D2

input:

powers dissipated
by the individual

cells

macrocircuit Poxe-

unit cell subcircuits

RTH11 RTH12

RTH21 RTH22

thermal
feedback :

c Electrical HBT model
i " includes the temperature
dependences of the
A electrical parameters
Ale
A . Accurate yet fast

b orsence | €lectrothermal

T,=300 K

simulations
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Steady-state ET analyses
HBT arrays composed of 24 or 28 unit cells

v,

-
>
<
>

&
=
<

WAV

S AVAVAVAVAVAVAVAVA
AVAVAVAY, (VAYAVAY, v,

AN Yavy v, nmﬂ

SR TLATATAY AT A ATATAWAY A"

DAAATUX

SEpaw >4
TALFAVLILY,

¥

o

ARG
MavovaVay,

4

™

.

AT P AT A AW AW AT AW AN Y OV AV AT A WA VAW AW AT AW AVAWATAWE ¢

SV AVEAVAYAVAVAY

1>
A
FAVLY BV AV AV AV AN KV AV SV AV AN AV AV ANV AV AN AV AV AV EY.

AVAVAVAVAVAVAYE

ravavar
A
-

AVAY,
AV
Al

T~

15

Antonio Pio Catalano

[}
-8
24
gq
ER
s
S
Lo
fu
§1
£0




Steady-state ET analyses

24-cell array 28-cell array
Even number of Odd number of
cells (6) per column cells (7) per column

symmetry plane -

symmetry plane-»1
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]l =
SHEEHENE
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Steady-state ET analyses

28-cell array

24-cell array

24-cell array
28-cell array

o

N

(@)}
I

Odd number of
cells (7) per column

symmetry plane -

%

Even number of
cells (6) per column

symmetry plane-»1

Jeror [MA/UM
o
S

Total collector current density

0.05 —
@ Rpgexi=400 Q
#3]
000y,
Collector-emitter voltage V¢ [V]

The collapse of current gain
occurs at higher V. for 24-cell
array: two cells (#9 and #10)
concurrently share /57 in the
24-cell array; it is conducted
only by one cell (#11) in the
28-cell array.
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Steady state ET analyses

( 24-cell array \

Even number of
cells (6) per column

symmetry plane-»1
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Total collector current density
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The collapse of current gain k
occurs at higher V. for 24-cell
array: two cells (#9 and #10)
concurrently share /57 in the
24-cell array; it is conducted LOSER
only by one cell (#11) in the
28-cell array.
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Research topics — Power systems

SiC-based MOSFETs on power modules:

* Single- and double-sided cooled technologies

» Effects of technology fluctuations on the ET
behavior of power circuits

GaN-based HEMTs on PCB:

* Analytical models supporting the thermal design

 Simulations and experiments for the evaluation
of the models accuracy




SSC vs DSC power modules (1)

1L g

bond wires

SINGLE-SIDED COOLED

POWER MODULE

bumps

© low parasitics
© compactness
@ higher costs

Cooling surface

DOUBLE-SIDED COOLED
POWER MODULE
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SSC vs DSC power modules (1)

A} : ;
A z 1N
o

1 cooling surface

insulator

SINGLE-SIDED COOLED
POWER MODULE

W sic
B AIN
] Cu
B Al

[ ] SnAg
[ ]Ins

=== Cooling surfaces === Adiabatic surfaces

Cooling surface

DOUBLE-SIDED COOLED 2 cooling Surfaces

POWER MODULE
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SSC vs DSC power modules (2)
R

Nl " Single sided cooling | © DSC does not offer better
; —— Double Sided Cooli ‘ i

bruble sideq Fooling self-heating R, for every
boundary condition

THmax,Self-Heating

[EEN
o
N

o

[EEN
o

© An h value (h7z= 10° W/mZK)
determines a trend reversal

Maximum self-heating
thermal resistance, R_, . [K/W]

behavior
10_1 1 o 2 o 3l A 4l S 5l s Gl.l.“.“ .7 :3. 9
10 10 10 10 10 10 10 10 10
Convective coefficient h [W/m?K]
® h< h;z > the SSCis cooler © h> h,, - the DSCis cooler
than the DSC than the SSC

HOW CAN WE EXPLAIN THIS BEHAVIOR?
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SSC vs DSC power modules (3)

Advantages © Disadvantages ®

High thermal resistive path between

High spread through the thick HS and CS because of the baseplate

baseplate

s,

Low thermal resistive path between
HS and CS because of the two Low spread through the thin DBCs
cooling surfaces

L JJ

ﬁiiﬂ

DSC

The DSC is convenient only in presence of a good cooling system
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SiC MOSFET technology fluctuation
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SiC MOSFET technology fluctuation

Balanced MOSFETs Unbalanced MOSFETs
balanced MOSFETs unbalanced MOSFETSs
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Technology fluctuations strongly affect the long-term reliability
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Thermal models of PCB cooling solutions

Thermal PCB design is necessary
It usually requires:

* Experimental characterization
e Skills in numerical simulations

GaN package

solder

heat-sink B Fr-4
. Cu
[]al
. SnAg

. package
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Thermal models of PCB cooling solutions

Thermal PCB design is necessary
It usually requires:

* Experimental characterization
e Skills in numerical simulations

GaN package

solder

FR-4
Cu
Al
SnAg
package
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Thermal models of PCB cooling solutions

i - % = Ry eond }base

RTH,HSK = _RTH,Bcond + (RTH Uconv I RTHtot,F)_ I RTH,Bconv = Rt ee

,pconv
R
TH ,F

= RTH,Bcond + (RTH Uconv I ) I RTH,Bconv RTHF }fins

| Fin - %

E; RTH,Uconv

thermal plate

tPCB
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Thermal models of PCB cooling solutions

heat

HSK for single-device application
with 7 X 7 rectangular fins.

mK (@)
mK
mK

[ERN
o

Validated in a wide-range of
convective coefficients h and for
3 thermal conductivity k values

—
60 100 140 180 220
Heat transfer coefficient h [W/m?2K]

Maximum error = less than 1%

HSK thermal resistance RTHHSK [K/W]

=

N
o

Antonio Pio Catalano 25




Thermal models of PCB cooling solutions

e 3.2 X7 mm?wide thermal plates
* Validated for 0.1mm of plating
e 6TVs design were studied

gloo . —
< —1r =0.1 mm ]
> —r=0.2 mm
T —r=0.3mm.
|_

'

S

c 10 ¢t

S -

0 '

m -
o :

c—Eu \\ .

E \‘\ -

o 1k \ ~——— 1

N . . e

0 30 60 90 120 150 180

Number of thermal vias NTV

Average discrepancy of 5.8%
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Thermal models of PCB cooling solutions

Experimental setup

#2 Thermocouples
 Current generator

e Current and voltage probes
* Thermochuck

v Ip
________ T ® |
—|t||__: 4{)‘/50

TTP, top

T; T

Ptop  'TP,bot

| DVSD
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Thermal models of PCB cooling solutions

1.5 . —
i — experiments
@ analytical Ry
20 Experiments: g bl N\
210 r1.67% error /-
0.5A <1< 3A Z / ! \
0.65V <V, <0.75V £ . IR
| aan \
0.33W < PD <2.25W © : / | \
OO - / . . . : . . . . N
50 52 54 56 58 60 6.2 6.4 66 68 7.0
RTH,TV

Model accuracy is also verified by experiments




Publications and presentations

Journal papers: 3

Conference papers: 17 (12 of which on IEEE Xplore)
Contributions in book series: 3

Scopus h-index (on Feb 15, 2020) : 4

Oral presentations: 6 (1 of which as Keynote)
Poster presentations: 4

| have backup slides for further results of my research activity

Antonio Pio Catalano 29




Thank you for your
kind attention.




