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Present Server Power Architecture

AC PSU

PFC

St.

Eng.

-"DZD

VID:0.95~1.7V/ 120A/ 100A/us
1.2V/ 7.2A/ 50Alus
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<= _ Power Architecture for Lapto
CPES PLOp
AC input: 90~265V
| T
8.7-19V VRs VR and LDO
adapter Power path
switch
8.7-16.8 V
Battery VR VR VR VR VR
] l
£
16 W 18 W

Power
Adaptor

(Delta)

Battery
charger pack

v v
Boost Main power

54 W

m 25W 165 W
Embedded Power

(Semiconductor Companies)



Point-of-Load Converters
CPES Non-Isolated Buck Type

MP3 Player ’ ~—= I
/ @88 | Digital
' & |Camera
‘—‘_\_‘—\

Possible
Applications

Cellular phone

GPS

' Telecom Laptop
Automotive application ...
Electronics

Market Size: $4B
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5= Lower Power POL
QE@S Monolithic Integration

3-MHz DC/DC Buck Converter
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square-inch tol8
BOM footprint

Vour=08VieVy

intergl.



.
A
o
m

Qééms More Integrated POL
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Integrated Inductor
LM3218

ENPIRION _

L <6A-12A

Big market for Integrated POL; Big challenge for inductor integration.



=7 Integration of POL

Line represents today’s thermal limit versus frequency
For converters of 12V or less

50W * Discrete

« Active Integration

» Active & Passive Integration

oW

0.5W

500kHz 1MHz 10MHz 100MHz
* Data points are referred to “Reference IV”
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POL Products & Research

% Shown here is the demarcation between industry products and
research territory, as seen today.

—

50A

S5A
Industry Products

0.5A

500kHz 1MHz 10MHz 100MHz 1GHz

* Data points are referred to “Reference IV” 10
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% Device Technology for Different POL
CPES -- VDMOS & Trench MOSFET

Center for Fower Bectronics Systemns

VRM for Intel CPU with

Current o
A iscrete - A

VDMOS Infineon Trench MOSF LSRR
. - et ik 5

40A ; Discrete 5

E - Trench .

MOSFET
T

N drift

20A

N substrate

Frequency
>

1MHz
12

100kHz



Device Technology for Different POL
-- Trench MOSFET with Advanced packaging

Current
A
40A
Di;grete
20A VDMOS
Discfete Discrete
Trench Trench
MOSFET MO.SFET
with
advanced
packaging
Frequency
>
1MHz
13

100kHz



Packaging Inductances
A -- LF Pak

Lead
(Source, Gate)

Che

Heaal sink
Che lead
(Drain)

RLENESAS LFPAK

Cafineon

SuperSO8
Mever stop thinking

A
VISHAY.

PowerPAK
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== _Advanced Packaging Techniques

IR DirectFET & Infineon CanPAK

PolarPak from Vishay, ST

COPPER ERSSIVAETED [HE-ATTACH
‘DRAIN® CLIP DIE MATERIAL

SATE s | ™ SAURCE
: OMBOARD COMNECTION
COMNNECTION
COPPER TRACK

Cafineon

Vishay, ST

Ls=0.1nH

Ls=0.1nH

15



=7 Integration by Co-Packaging
CPES -- Dr.MOS
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Power One

Cannect forVin 3.0-4.0V

Vin Openfor Vin4.0-8.0V
+ A ~ / i
Vboost‘]/ Vin
Cln- X3015P , LOW RDS on FETS
WVin -
| F
“I 0 |
Syncironous Driver Ve ‘Lj\Lj‘t
Enable buc P\I/IVM circuit el
T I
COﬂtrO er _E X nm COUT-: :th l.h._
Frag e 1 =
+V's l =
7 1 1 Rtu =
IF’gnd H! E
L ¥’ LTI Y
Vs| ocP : g
Open =0n Rff Reul1 / Red
/_II I Reducescurrent limit
f 7 Philips

rd
Increases switching frequency  Increasescurrent limit SignalGround



Packaging Inductances

(from Renesas with same Silicon Die)

LENESAS
Everywherne you imagine,
SO8 LFPAK Dr.MOS
Lead
(Source,Gate) ¥ -
. Die Ag |
f E | paste
I _ Pl ) < pg's.gte
?[')erg’iﬁ? Heal sink Au
[he lead bBump
(Dirain)
Ls=1nH Ld=3nH |Ls=0.1nH Ld=2.5nH

Ls=1.5nH Ld=3nH

"ackaging Die related

Packaging

related loss

61%

Packaging Die lrelated
08§

related loss
49%

51%

related loss
los

36% g0
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Device Technology for Different POL

-- Lateral MOSFET & Lateral-Trench MOSFET

40A

20A

Di;grete
VDMOS

N substrate

>

cor Discrete
Discrete
Trench Trench | o
MOSFET MOSFET
with Discrete J—J -
advanced Lateral- e
packaging Trench "
MOSFET  Integrated
Lateral
MOSFET Frequency
100kHz —

18



emeF,
r———9

A
[ —
[y ——
—
et
| —

E’jES Survey on Device Technology Trend
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A : ) .
~ o r,enCh Trench with advanced-packaging
Discrete Trench ~ - IR

B’ffecgﬂET
[3.9] "=

100A

Renesas
DrMOS

810 8y
OL L (wog
CSD16410 GWS24ND% Os
[3.11]

3.12 o
S e Dlscr(?feisatgral
Volterra MAXS566 ~y )

&
® MAX8654 [3.14]
FDS6 [3.13]

I Monolithic

TPs54317 Integrated Lateral
[3.15] TPS62290 TPS6235x

[3.16]
@ [3.17] MAX8640

~
Discrete Lateral-Trench ™ . [3.18]
o~ %
lnt@g o~ B -
(F-TH
Ui, >

10A

0 .
‘s cr.
e,e
1A

Frequency
>

100kHz 1MHz
* Data points are referred to “Reference IlI” 19



New Device FOM for Low
LFES Voltage Application
High Voltage

IRFP460A for boost converter

Low Voltage
400V,10.3A,100kHz peak Qgs2=2.9nC
Qgd=29nC

HAT2168 for VRM application

M Switching loss Qgd

12V, 20A, 600kHz
Qgs2=1nC, Qgd=2.65nC
m Switching loss Qgs2
W Gate driving loss

m Conduction loss

W Switching loss Qgd
m Switching loss Qgs2
M Gatedriving loss

® Conduction loss
Qgd
switching loss
Cond. loss

Witchs
R loss  Ching

FOM =Q,, -R

ds_on

FOM?2 = (di + Kgsz 'Qgsz) ) Rds._on

Where Kgs2 is a function of gate drive voltage: K, (Vye) =1+

VDR 2Vplt (VDR _Vplt)
VpIt _Vth Vin ) Io ) Rg

20



C‘F’ES FOM for Low Voltage Devices
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Frequency Range of Conventional Materials

MnZn

-
Amorphous material -
=

Permalloy

Kool Mu

10k 100k 1M 10M 100M

The frequency range for most conventional magnetic material is
below 10MHz.

23
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C'F’ES Frequency Range of Emerging materials
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Granular film material (e.g. CoZrO) -

(S. Ohnuma, T. Masumoto..., Research Institute for Electric
and Magnetic Materials, Sendai, Japan)

( Weidong Li, R. Sullivan..., Dartmouth College)

Polymer bonded materials (e.g. Ferrite _

Polymer Compounds)

(K.W.E.Cheng',C .Y.Tang...,Hong Kong polytechnic Univ.)
(Jae Y. Park, Mark G. Allen..., Georgia Institute of Technology.)

Composite magnetic material .-

(Fe/SiO2 composite)
(John Q. Xiao, University of Delaware, USA)

Electroplated alloy material (e.g. CoNiFe) -
(S. Kelly, S. Roy..., National University of Ireland )

————————————————————————————————)

1M 10M 100M

There are many ongoing research focus on developing the
magnetic material suitable for more than 10MHZ applications.

24



'i_z Frequency Dependence of Permeability
for Different Materials

CPES
Conventional material

Initial permeability

Emerging material

A
1000p—
Electroplated alloy material--- CoNiFe
500 ~ MnZn---BFSl\
Granular film material---CoZrO
100
NiZn---4F1

Iron powder---Ferroxcube 2P50

>0 \ Composite magnetic material---Fe/SiO2 composite

| l l l |
3M 4M 5M 10M  20M 100|\/|25

100k 1M M
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=7 Core Loss Density of Different
C'F’ES Magnetic Materials
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110t
Iron powder
(Enrrnycu e Ui=40~90).~ Fe/SiOP-composite Nléln
pd & M (Ferrtcu be 4F1
Ui=80) ~
)z yrea
3 ~
o I " Kool M A e | allo
£ —~—(Magnetics Ui=60)~ 'f/ﬁ Jpiete y
= / J / / (CONt e-)
3 / / 7
2 ) MnZn /
/ (Ferrodube 3F51 /
L Likeso) /
100 —Z —~
/I
/ /
/ /
/ A/ VP | PN ol |
/7 / Grarmnurarimn
/ (CoZrO)
Delta B=40mT / Calculhtibn
/
10
100 110° {10t

Fs (KHz)
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i Integrated Magnetic Components
CPES with Different Materials
~ Po 4

E00W MnZn FerI' =

[2.34] Fujiwara ‘98
[ J

Ferrite Polymer

Compounds
2.29] S. H. Chung'01

ifenschmidt '05, MagLam [1

- [2.35] Meinhardt ‘99

s

S0W

41 20nH. s,
R g A\l

_Electroplated
lloy-CoNiFe

[2.22] Prieto

2.21] I. Kowase ‘05 |
® [2.4] R Sullivan '04. CozrO
anular film
5W len Ferrlte [2.5] T. O'Donne mate“al
[2.25] Ludwig ‘0@ [2.18] a»
[2.23] Moon ‘05 Mikura ‘06 ®[2.10] Cian
O5W [2.1] Brunet ‘02 @
[2.2] lyengar ‘99
Permalloy
100kHz 1MHz 10MHz
* Data points are referred to “Reference I’ & “Reference II”

100MHz

27



Ferrite Polymer Compounds (FPC)
-- Maglam [1.6]
K Maglam

Center for PFower Bectronics Systerm

Winding

PCB

Advantage of Maglam
49.5Gohm mms) Low eddy current loss
=) Compatible to PCB process

1800C

Specific resistance

Lamination temperature
Disadvantage of Maglam
17

300mT

Permeability
Saturation flux density
* [1.6] Eberhard Waffenschmidt, ... IEEE TRANSACTIONS, 2005; Research in the Philips and Isola.
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= Integrated Magnetic Components
CPES with Different Materials
Po A

soow | MnZn Ferrite

Ferrite Polymer

[2.34] Fujiwara ‘98 Com pOU ndS
— @ [2-35] Meinhardt [2.29] S. H. Chung’01
-
50W Naffenschmidt '05, MagLam [1.4] 20 nH, S

R

. Electroplated
oy-CoNiFe

[2.22] Priet 2.21] I. Kowase ‘05
® [2.4] P Sullivan 104, CoZrO

SW I NiZn Ferrite

anular film
material

[2.25] Ludwic @

[2.23] Moa
05W [2.1] Brunet ‘02 @
e —
[2.2] lyengar ‘99
Permalloy
>
100kHz 1MHz 10MHz 100MHz Fs

* Data points are referred to “Reference I’ & “Reference II”



== Granular film material

CPES — CoZrO [24
1000
100( % The permeability of CoZrO
E‘ A spectrum is approximately
e - flat up to1GHz.
© 10|
g F \
)
o
1
o’g 10000
0.1 e S 3MHz
1 10 100 (1000 X AF1 NiZn
Frequency ( MHz )\ =~ ’/ % 1000 L
3 CoNiFe
“» The core loss density of %
. o 100
CoZrO is smaller than that o CozrO
of  Electroplated alloy =
CoNiFe and NiZn Ferrite :,3). 10
1 10 100 1000

4F1.
Peak Flux Density (mT)

*[2.4] C. R. Sullivan,... IEEE TRANSACTIONS, 2004; Research in the Thayer School of Engineering.
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Level of Integration

Center for Power Bectronics Systems

Inductor Integration
A Current Level with Frequency

100A

Board Level
10A Integration

Package level
Integration

1A

Wafer level
Integration

100 mA

100kHz 1MHz 10MHz 100MHz



= Board Level Integration
CPES 0
Winding

Integrated in PCB

A
100A
[2.37a]
D
150 nH, [2.35]
Metglas,.Si steel, [2.37] N|12§m2£525[1202r(1);"
10A 00 nH, [2.25) @ VnZn/Pl, Ur=6, 50-
140nH, 15m Q. [2.21]
L=16uH,[2..34] 230/ @ [2.370]
50 uH, [2.24] ® 2uH[,2U2f2:]1501 - [2.36]
- - FPC_[2.29]
[2.31] _ [2.31] @
1A 1-10uH,NiCuZn, [2.17].: @®3uH, NiznCu [2.
.[2.33] NiFe, 4.7uH, [2.25] T2 23]
' o ‘ Inductor integrated
100 mA £ % Inductor integrated  in PCB substrate
§ g ( Eberhard Waffenschmidt,
In LTCC substrate IEEE TRANSACTIONS, 2005.)
(Michele H. Lim, ... IEEE
TRANSACTIONS, 2008.)
-
1MHz 10MHz 100MHz
33

100kHz
Data points are referred to “Reference II”



Board Level Integration

CPES
Organic based Ceramic based
: (Michele H. Lim, ... IEEE
TRANSACTIONS, 2008

4 Lower processing Higher processing
100A temryerature temperature '
<l 2 2 100nH . o
Metglas, Si steel, 1-3mQ, [2.20 p
10A800 pH. 1228 @ \InZ/PT U650 ®_-
140nH, 15m Q, [2.21] |
A
5D uH, [2.24] ; D 21 10
[2.22] FPC, [2.29] DBC
P  —— carrier
_ - -
1A 1-10uH,NiCuZzn o
17 @
NiFe, 4.7uH,  [2.23] [2.18]
[2.25]
w Magnetic layer
100 mA < inductor
winding
Magnetic layer
( Eberhard Waffenschmidt, ... IEEE TRANSACTIONS, 2005.) >
1MHz 10MHz 100MHz
34

100kHz
Data points are referred to “Reference II”
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LT YR o =

LTM4600

~

A

100A 1 LEES—
lopc =10 A 4 Bobom magelc o
I =14 A CHOS nsulfion ayer

10A 2.40]

1A @ FX5545G201,
[2.42] gy mic33ss,

2.41 @

100 mA

FB6831J
lbc = 0.5A
F =2.5MHz

>
100kHz 1MHz 10MHz 100MHz

* Data points are referred to “Reference II” 35



-- On silicon

- Wafer Level Integration

Upper conductor
Wia contact
7 L

Polyirmide

Magnetic core

¢ o
A Lower conductor

1 OOA (a} schematic view, (b1 A-A7 cut view.
10A (T. O'Donnell,... APEC, 2008)
(Ahn, C. H. ,... IEEE TRANSACTIONS, 1996) A
1A
80-200nH, 5-8 @ CoHfTaPd @\
Q, [2.11] ® NiFe, 0.9uH, 1Q [2-1].[2.3]‘NiFe, O.83uH,
Q,[2.9]
CoZrNb, 1uH,
100 mA . rQ [2.1142] ©® << Cconv., 350 nH, 3.9
Q, 40 nH, 0.6 Q, [2.6]
NiFe iz.zi
>
100kHz 1TMHz 10MHz 100MHz
36

* Data points are referred to “Reference II”



CPES

= Wafer Level Integration
-- In silicon

Center for Fower Bectronics Systemns

100

(Mingliang Wang, ...
PESC, 2007)

A

A 3 _ Silicon dioxide
i Glﬁﬂ_l'llilalar Rl
[IEOEHC e Copper
100A S ;' Silicon
© substrate
Fig. 1. Schematic of V-groove inductor (not to scale). e
10A
+—— Co-Zr-O 2 . 15,]
oy el @ coz0, 2530,
1A Silicon 30mQ, [2.13]
(C. R. Sullivan,... IEEE
TRANSACTIONS, 2004)
100 mA
>
100kHz 1MHz 10MHz 100MHZz

* Data points are referred to “Reference II”

37



S Current Capability of Different

Wafer Level Integration
Magnetic fabricated in-silicon has
4 higher current capability than
100A

magnetic fabricated on-silicon

10A In-silicon

& Co0zr0, 10:4nH, 30mQ, [2.4]
On-silicon @ NiFe, 130 nH, 20mQ, [2.15]

CoZr0O,, 2.53 nH,
@ 30mQ, [2.13]

< \JiFe, 300-700 nH, 0.5-10€, [2.5]

80-200nH, 5- @ CoHfTaPd [2.3] @ NiFe, 300nH, [2.10]
8Q, [2.11] NiFe, 0.9uH, 1Q[2.1]® g NiFe, 0.83uH, 2.3 0, ' o

[2.9]
CoZrNb, 1uH,
100 mA

2101 & -/ ] conv., 350 nH, 3.9
Q, 40 nH, 0.6 Q, [2.6]

NiFe [2.2]

100kHz

* Data points are referred to “

1MHz
Reference II”

>
10MHz 100MHz

38
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CPES 3D Integrated POL

Center for Fower Bectronics Systemns

=Y
, SCPES

Board Level .

100A ¢ 3D Integrated POL
[2.373a]
-
150 nH, [2.35
< 3 NiZn, 25-100nH,
Metglas, Si steel, LTM4601 g [2.37] 1-3mQ, [2.20]
00 nH, [2.28]
1 OA [2.40]
L=16uH, [%@ 3769Zr0, 10.4 nH, 30mQ, [2.4]
20Uk [2.24] & 2”%%?'% [2.36] @ ENS360, @ NiFe, 130 nH, 20mQ, [2.15]
[2.22] - [2.38] CoZr0,, 2.53 nH,

- ® 30mQ, [2.13]

1A [2.31] T o 1% 421 NiFe, 300-700 nH, 0.5-100, [2.5]
uH, NiZnCu, [2.18]
.%2_33 (225112 23] | miao1a 1o ARMIC338S5, [2.43]
80-200nH, 5- o FB6831, [2.41] gp® CoHTTaPd [2.3] @ NiFe, 300nH, [2.10]
8Q, [2.11] NiFe, 0.9uH, 1Q[2.1]@® @ NiFe, 0.83uH, 230, : -
[2.9]
CoZrNb, 1uH,
100 mA Package Level Giopn e  —ssss—icon. 3500H 39
Q, 40 nH, 0.6 Q, [2.6]
NiFe [2.2]
R —

Wafer Level

100kHz 1MHz 10MHz 100MHZz
* Data points are referred to “Reference II”
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C'/E’és Concept of 3D Integration

Center for PFower Bectronics Systerm

| m
1‘!“

Driver layer and
heat spreader {

Active layer and
heat sink

{_A_\

LTCC
Inductor Iayer{

3D Integration Solution

Benefits: Footprint saving and fully utilize space

NS

» Thermally-enhanced co-packaged solution for >15A
applications that require small size and low profile

41



Advantage of DBC Active Layer
Pmm PCB AIN DBC
Tmax =158" C

Tmax=94.1° C

Embedded
bare die

*» AIN DBC has ~6x greater thermal conductivity than 4-layer PCB

42



] |
1
LL%%E: Metalization
1 - (trace)

Vi o
=

Top
MOSFET. }
(bare die) Sottom
OSFET

(bare die)

In-package decoupling Caps

(Maxwell Q3D)

*» Embedding the flipped devices allows for smallest loop
inductance and for layering of components on top and bottom

43
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CPES
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||-,u
il Il

Passive Layer Design

* Low Temperature Co-fired Ceramics (LTCC) is used to integrate
inductor

« Made by laminating many sheets of 60-100um thick ferrite tape
 In the middle layer, silver paste is used for the conductor trace

* The layers are then pressed together and sintered at 900°C

350 K
300

e \ LTCC inductor

E 200 \

— 150 \
‘l\-\-\*

. <>\\ \‘3

50 A -
Commercial inductor

0 T T T
0 5 10 15

| (A)

Advantage of LTCC is its nonlinear inductance profile
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CE’ES Stacked Power Module

Center for Fower Bectronics Systemns

Ambient temperature=23°C

%.0% T Vo=1.2V, 1.3MHz
92l0% M DBC . .
_ PCB \\\éctlve Layer **Natural convection
O 90.0% tActiveLayer — no fan i
S ."‘\'y’\\-a so no fan is used
S 80
T \l\ . :
86.0% %260 W/in3 power density
Without driving loss
84.0%
0 5 10 15 2 2

lo (A) 45
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CDES Coupled Inductors

Center for Fower Bectronics Systemns

Process LTCC coupled inductors

A
-

v A

Size Reduction

2* Non_-coupled inductors 2 phase coupled inductors

g 28% footprint reduction

=] 37% volume reduction

13 mm

18 mm

< n
< >

18 mm

46



% Alternative Planner Inductor Structure
CPES -- Vertical Flux vs Lateral Flux

Center for Fower Bectronics Systemns

Vertical flux Lateral flux

Vertical flux 900

inductor 800 -
Lateral flux 700 -

inductor 600 -
500 >ﬂ\ \
400
200

Vertical flux inductm%
100

0]

Lateral flux inductor

L (nH)

35% fOOtp”nt reductlon o 2 ¥ 6 |D:(A)1O 12 14 16

47



Technology Roadmap

Industry

Academia

"
S
)

—
S
@©

28]

o3
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Y-
3]
)

o

ge
©
®)

e

e Cost

* Device

- Reliability
. EMI

 Integrated magnetics

» Packaging
* Density

48

 Thermal management
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