Carolina PCB Exposition
November 8, 2023 Raleigh, NC

Optimizing Parasitic Capacitances in Power Substrates t
Lower Common Interference

PresenterDr. Douglas C. Hopkif3CHopkins@ncsu.edu
CoAuthor: Sourish Sinha, SSinha5@ncsu.edu
NC State University

The Laboratory for Packaging Research in Electronic Energy Systems (PREES)

PROVIDING A GRCUIT DESIGN BEYOND THE SCHEMATIQ)

I = ‘ E ", | 4 ’
PREES Laboratory ssinha5@ncsu.eddchopkins@ncsu.edu Slidel F R E _'\ LW,
NC STATE UNIVERSITY ©2023 sourish sinha —J1VvIi

PACKAGING RESEARCH IN ELECTRONIC ENERGY SYSTEMS SYSTEMS CENTER




Floating and Fixed potential Shielding method on Low
Impedance Power Modules

A case for Near Field Low Impedance Shielding Technique
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Novel Integrated Magnetic Field shielding in Power Module
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ANSYS MAXWELL Magnetostatic Simulation
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3D-Stacked Die Power Module I
with enhanced EMI and Thermal Performa Single Switch Node

3-Level Converter

Low Parasitics 3D Stacked Die Packaging for: Q o,
Single Switch Node Converter (SSNC) _“:} _'[}
Double Switch Node Converter (DSNC) we () =

A& A

Double Switch Node
2-Level Converter

PREES Laboratory ssinha5@ncsu.eddchopkins@ncsu.edu Slide5 F R E Y W, |
NC STATE UNIVERSITY ©2023 sourish sinha —J1VvIi
SYSTEMS CENTER

PACKAGING RESEARCH IN ELECTRONIC ENERGY SYSTEMS



Magnetic and Electric Field Shielding f&glandDbl Sw. Node Conv.

Fig.1(a):SSNC

Combined Cu and Ferromagnetic materials provide

electrostatic and electromagnetic shielding

Fig.2(a):DSNC
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Thermal Balancing with Layout

Fig.1(a):SSNC
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In double-sided power packaging it is
critical that die junction temperature be
| i mi t e dCt (00 1OC fRrB\EBG)

Placing dies diagonally that have the

highest duty cycle of operation balances
the thermal loading on the package and

helps in mechanically balancing large
stresses.
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Modifications to Minimize RMS and Peak CM Currents
Through Capacitance Optimization
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Known Layout Modifications for Capacitance Optimization

Both [1-2] suggest thad s, & O (DC+ & DGpower supply trace parasitic
capacitances) should have a higher value than Switching Node parasitic

Coc+
capacitance)-y;, to reduce CM current, 5Ct I
AThis recirculates a portion of baseplate current back into the module
HOWEVER, this is valid when each ratiogf: 0y and Gy, : O~y >1
. . . L.c Gl
The author (SSS) found that the increasing ratmaeot showa WC T“:
. . L | CgHs
monotonically decreasing trend to minimize RMS and peak CM currents g ;I; =
AA frequency domain approach to optimization of capacitance ‘ ] / §
distribution is used for advanced EMI improvement. = Baseblate Csn O
. 3 o — | g
Vbcs Silicone Gel {E {E o \‘é Té
DC+ Vbe j DG e (O o o - G2 ‘i
Top Copper B _'EE Cols s
Impedance ::TCD Substrate |le = Gy T Goc ) g
C+
to ground
—{ Bottom Copper (Baseplate) DC-
L -

—— Cbc-
1. Hlee,d5S aahdﬂqMonstratlonof SiC3D stackedpower modulewith superlorelectrlcalpara3|t|csandthermalLJS NJF 2 NJIYih P Bedig2620.

2. A DomuratLindeandE Hoene & ! y I far@lRedludtiorof RadiatedEMIof Powera 2 R dzf irf28127%h InternationalConferencen Integrated Power ElectronicsSystemgCIPSp. 16, 2012
3. N.ChristensenA B.JgrgensenD. Dalal S D. Sonderskoys .

t O | Lbrdnfeld; andS Munk-Nielsend / 2 Y Yidgecurrentmitigationfor mediumvoltagehalfbridgeSiCY 2 R dzfin®81Y ¥9th European
Conferenceon Power ElectronicsandApplicationsd 9 6 7EQCEurope),pp. P.1¢P.8, 2017.
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Optimized Capacitance Distribution: via Time Domain Waveforms

Simulations were performed varyiri@-.andG , for a fixedC;yas listed in Table 1.

As the values db;, and0O, increase from 37pF to 800pF the peakpeak substrate current through,
decreases from 29.1A to 7.8A.

HOWEVER, aftéry, and 0, cross 800pF the pedhk-peak
substrate current increases to 8.8A. Hence, NOT A
MONOTONIC change in current. . — Ippkmax_|
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Table 1. Simulation Values and Resultings
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Test Evaluation Board with Module Mount and Fabrication of Modu
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Experimental Results

A Experiments were conducted with two different-Béidge ModulesHBM): optimized and nonoptimized.
A Tests were performed with 400V DC bus viiBMmounted as show

A Both HBMshave two GaN Systems 650V/80A dies, three power deco
capacitors of 1uF.

A Board mounted power decoupling capacitors of 1.5uF in total were placed\dBi\terminals to boost decoupling action as close as
Ll2aaAroftsS 2 GKS RSOAOS LI Rao ¢ Kwhiclvaldwddfthe Aigheéstv/t®pendtiny of theGaNK 1 m
switches and consequently the worstase CM current to be generated. Power Decoupling Cap

4 - .
) >

ling capacitors of 4.7nF each, two gate drivers and two gate

Both HBMsusetwo GaN
Systems650V/80A dies,
three power decoupling
capacitorsof 4.7nF each, o § eSS,
two gatedriversand two <
gate driver capacitorsof . -‘
1uFk } = L i T
| Extended Baseplate
T | Brended Baseplate.
Parasitc | Values (pF) [ ’

el NonOptimized  Optimized

| ¢

Gocs 37 150
Goc 97 150 The magnitudes of parasitic capacitance for ,
Gon 93 the nonoptimized and optimized module [
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GaN Syst IPM: 400V/21A, Baseplate Floating, Substrate Current
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value Mean Min Max StDev  Count Info I - 1 66A Valus Maan Wi oo $:Dev GCount Wnfo I —_ 1 50A
. T Min -620.0mA [-620.0m -620.0m -620.0m 0.0 1.0 pk'pk -_— .
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Pr-Pk Y [ 1-66 L) 0-0 1.0 dv p— 4OOV \ m#ﬁ.unzssm 77 aTm '1::1.31m 5.0 o dV = 400V
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1 Sinha, Sourish S., Tzu-Hsuan Cheng, and Douglas C. Hopkins. 2023. i Do u-®idecIntegrated GaN Pow er Module w ith Double Pulse Test (DPT) Verification.oJournal of Microelectronics and Electronic Packaging 20 (2): 711 81.

PREE Laboratory ssinha5@ncsu.eddchopkins@ncsu.edu Slide14 F R E E:.D :\vl:

©2023 sourish sinha

NC STATE UNIVERSITY
PACKAGING RESEARCH IN ELECTRONIC ENERGY SYSTEMS SYSTEMS CENTER



Full Bridge Converter Application under Zero Voltage Switching: 1k
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Common Mode Large Signal Model (dM8M) of
Power Module with Gate Drives & GD Auxiliary
Supplies

Derivation of Large Signal Model
Comparison of results with a converter for direct use of values derived
from the model in the converter.
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Simple Large Signal Model for CM current flow
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Full Converter Circuit with Gate Drives and Auxiliary Power Supply
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Full Large Signal Model for CM current flow
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CM EMI SpeCtrum c‘hRING Curre nt) These peak magnitude and frequency will vary

Y too much once Cy4 1455 Starts to dominate. e.g.,
u—usuw in case of magnetically isolated gate driver
CHS 48V I WIRI I WIRING with_choke I_WIRING with chokel /
S HonH 423MHz /
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C" n _ /E ngcMHz |
is . 180MHz -~ gdHS/LS
%?Wiﬁg Gate g oy Coc | Can The actual peak magnitude
" (COAPS) T 230PF T 93pF - is much lower due to — | 2Ghr
addition of Cy s/ s and Cpc,
I I-HEATSINK '
@) WIRING £ 100pF % 5nH O e~ A A AR
5nH
28

|
:
dbpA

HS GDAPS Paths. | 5 %gbis ~orverpan ? i Same-
o O iow | Driver Pe A LARGER CM CHOKE is over
1, SifPF s BLUE PLOT .| designed when gate drive coupling
- Cus @ Lont & isolation capacitances are Not
LSGDAPS Path 3pF . 7.8ns | Included, e.g. &1 5 0 witH same The resonant ooint for HS/L
:Wo_stwj c Cy|capacitances. [LmH Chigke I iseolaetz(zl g:?attepc(ljrivteropatr?/isS
" umf—clhwf £ PR PR P IS . Green and 850uH in Blue M b A ad |
§ s si1s Lo Joe Jow e iy missing in simple CM LSM circuit
— t‘dG t l '|'230pF -|-230pF T93p,:J: 3pF L ill’CUltS] Ll 1L il L
@)IWIRING_with_chokel Driver Path LS path coupling \ Lueatsing N Frequency (Hz) .
. capacitance HS path couping B Note: The red plot represents the circuit without Cgq, s, and Cyq s

= WA but W|th Cg,LS’ CDC+, CDC- and Cg,HS
Laborator ssinha5@ncsu.eddchopkins@ncsu.edu : :._'\ nA
PREES NC STATE UN|VEHS|T¥ ©2023 sourish sinha Slide21 F R E E =’ 1VI

PACKAGING RESEARCH IN ELECTRONIC ENERGY SYSTEMS SYSTEMS CENTER



Power Module Large Signal Model for CM current flow

Actual design values of CM Choke and gate
driver isolation capacitance, auxiliary power
supply (DC-DC) are available from LSM

I_WIRING_with_chaoke I_WIRING_with_chokel
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HS GDAPS Path '\\ 3nH  2:2PF ynn | Driver Path 2 e
MU 3.4pF 20
3nH " 5nH

Z Chs .y 1.5kq CM Choke at 1OOMHz suppresses all HF\

Rand C @ 10nH “*I resonance peak (PN:CMC-08) [850uH in Blue circuits]

o LS GDAPS Path 3 ﬂll_SF 7.8ns ]

Z 3nH " SnH 188K in 1om - 16am 16 186
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'|'23E'DF TzaopF -|_93pF
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(A)Iwmm_w.-m_mm DriverPath 15 path covpling *Note: The red plot represents the circuit without
capacitance path coupling .
5nH capacitance >nH Cga,Ls: and Cyg ps but with Cy | s, Cpey, Cpe. and Cy s
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Test for High Switching Trans.|
GaN(EPG2218)N , 60V/25A/1.9ns

GaN die Power |00p inductance mecr .ir;d.u.cfn.r .CLlI.'I‘.CI.l'[.—.Z.ﬁ;‘:"L. B
n P i

_ Switchingnode —/— /| [ """
voltage
Fall time = 2.6ns

"

PWM input gate voltage
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Non-Optimized CM choke and High Aux Pow er Supply C;s, Optimized CM choke and Low Aux Pow er Supply Cis,

No gate voltage spike at higher DC bus voltage for optimized
layout-based module than in non-optimized module
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DPT: 400V/61AGaN Systems Die Double Sided Module (80A/650V die: Large

surface area)

File | Ed | Vertical | HorizlAcq | Trg | Display | Cursors | Measure | Mask | Math | MyScope | Analyze | Usilties | Hdp'n

File| Edit | Vertical | Horiz.‘Acq| Trig ‘ Display| Cursors | Measure | Mask| Math | MyScope| Analyze| Uﬁlih’e5| Help |n‘
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VDC+/SN overshoot — 455V l'l‘iﬂc.tor Current 615 - -
T4 40A ]
ey SermtaeT v . - gl
Vbci/sn 400V
Vbci/pe- 400V ]

Vpcissn : between DC+ and switchnode

dV/dt,,, = 41.25V/ns
dVv/dt,.. = 24.4V/ns

V,ie= 12.12ns
V= 8.3ns E

Lo L L L L

Vpci/pc. : between DC+ and DC-

L | Ll Ll | - "

100V/div 1M m|354v .;.|5.954,,, H e / 300mv 2.0psidiv  500MS/s 2.0ns/pt
@D 100v/div amiszov @ 5.951ps None Normal Single Seq |
@D 20.0A/div Ma A|| @D 312v @™ |12.80s 1acqs RL:10.0k
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Value Mean Min Max St Dev Count Info
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10.0V/div 1Ma T 100V 100ns  1.46us  2.46ps J300my 500ns/div 500MS/s 2.0ns/pt
T 100v/div FT6OA  100ns  1.46us 2.46ps None Normal | preview Single Seq l
6.0A/div Lo RE 1200 0 acgs RL:2.5k
100V 100ns 1.46ys 2.46us Auto  May 19, 2022 06:26:42

Value Mean Min Max StDev  Count Info 402v T |2.044ps
D Rise  [5473ns  [s4732142n [54.73n  [5473n  [o0 1.0 308V T 2.088ps
7 Fall'  [10.86ns  [10.864102n [10.86n  [10.86n  [0.0 10 o laov 248

T |-165.289Mis | FTT 41.322MHz

No spikes at 400V DC bus for confirming the compact layout for

Coss = Coss,device + CSN,basepIate = (650+93)DF = 743pF

the non-optimized module does not lead to voltage isolation
Laboratory

issues.
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Transition speed effect due to proposed integrated Auxiliary Power
Supply (through simulation)

L/ //

*CM Choke has been removed and L_w iring has been
reduced to see the effect of just the effect of parasitic

Presentcommercially
available isolated
Auxiliary PS

4

ath inductance due to the auxiliary pow er supply

Not needed for an LDO

spectrum for

ground current in

L_wiring

=

Integrated au

Non integrated integrated integrated integrated
Auxiliary PS Auxiliary PS Auxiliary PS Auxiliary PS

12V_Ext w S o
m o ” WW,“ @ , gw Path inductance 25nH from 12V_Ext 3nH from 3nH from 3nH from
e rin @‘# for Switch Node to DC-DC & 12V_Ext to DC- 12V_Ext to DC- 12V_Ext to DC-
e ”'E"/ @"°—“g3 1 dv/dt of 8nH from DC-DC to DC& DC& DC &
s : . : 48V/[7.7ns SN 5nH from DC-DC  2.5nH from DC- 0.5nH from DC-
- (Ciso = 3.4pF) Large Auxiliary to SN DCto SN DCto SN
Bl el o Power Supply Loop Integrated Integrated Integrated
T Auxiliary Power  Auxiliary Power  Auxiliary Power
ﬂ Supply Supply Supply
e Peak resonant
o frequency in EMI 340MHz 433MHz 458MHz 473MHz

J

s

ffiary power supply

Need for

Peak resonant point is shifted almost by 133MHz improving the
common mode transient immunity of the gate drive power supply path

substantially
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SMD high power density 3DHI power modules
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FREEDM Systems Cendégrth Carolina State University
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3D Heterogeneous Integration of Power Electronic
MicroSystemsused as Auxiliary Power Supply

A Ultra low power and gate loop inductance
A High current density through multilayer interconnects

PREES Laboratory ssinha5@ncsu.eddchopkins@ncsu.edu Slide27 F R E Y W, |
NC STATE UNIVEH%]TY ©2023 sourish sinha —J1VvIi

GY SYSTEMS SYSTEMS CENTER



3D Heterogeneous Integration of Power ElectravicroSystems
3DHI Power (3DHIP) MicroSystem

IPGMIGPU, ...

Eg\?vrgr voun DIS-AGGREGATE / iVM %
RE-AGGREGATE 2L

Under-chip power
competes for /O space

Landside
Power

FASTER FASTEST

Large arrays of small, thin separatatyanufactured 3DHIPs
How do we integrate power with the load?

DIS-AGGREGATE & RE-AGGREGATE

Electrical Circuit Topologies: Physical Circuit Topologies:
1. Sw!tched Capacitor (Hybrid Topologies) 1. St_andalone converters
2. Switched Inductor 2. Disaggregated components per converter
3. Self-Resonant Converters 3. Clustered converters
4. (Linear Topologies)
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= F Topoicey Appiroach (EE Thinking)

|_
- 2
, 5 = @)
1. High currents (10A-20A/mm?) = o
2. High bandwidth (ultralow inductances) O S
3. High Efficiency o s
Q Q
LL L
Single Phase BUCk Converter Source: Sarda Technologies (March, 2018 APEC)
Multi-Phase Buck Converter
Three-Level Buck Converter Each allows increased switching speed.
Alnterleaved divides current through each
oao, die, L and assoclated interconnects per @.
A Efficiency is increased and thermal stresses
el L reduced
+ Ci‘|= =Cq, —m + .
WO V AThe 3-Level provides a 2X frequency
oo | L increase in the inductors, but not current
> A The 3-Levelis often used to divide voltage across
.. the semiconductor switches and might be
- considered for 340V:48V
Lab t ssinha5@ncsu.eddchopkins@ncsu.ed . =y A
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