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QOutline

Power delivery to LSls

- From board-level to package-level (chip-level) power grid
Need for integrated power supply technology
- Power magnetics on chip or embedded in package ?

Objective of this work
- Final goal : Package-level DC power grid with integrated power

supplies in LSI package
This study

- A possibility of embedded power inductor for power supply

integrated in LS| package, performance ?, cost ?, ---
Fabrication and evaluation of embedded magnetic core power inductor
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Technology trend of power delivery to LSIs

——— Conventional

10 cm LSI

DC-DC Q;‘ POL DC power supply
%5 ' (Pont of load)

Current stage (Board-level power grid)

& DC-DC in a package

Tmm Next stage (Package-level power grid)
C L SWItches and control circuit

Power magnetics in package-ﬁﬁéﬁﬁiﬁ_ LSI . DC-DC in a chip

100 um Final stage ? (Chip-level power grid)
L C Switches and control circuit

Power magnetics on chip-hﬁ.}d— LSl

10 pm Conventional — Current stage —> Next stage = Final stage

1cm

DC power line length
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Examples of CMOS-switch DC-DC converter
using air-core inductor

VPROBE
0
CMOS circuit . .

g Spiral inductorl
Silicon interposer

MIM capacitorl

Output

®,;L<1:03

. re REFH H
RerL 2.5\nF
i O CLKpe @ L<1:05— Tioad ==
: O mp<t:0> @1L<1:07 l :
Synchronizer P,L<1:0

1.2V—-09V ‘0.3A:82.5 0/0, 1.4V —->11V ‘04A:83.2%

INTEL (233MHz DC-DC converter, 90 nm-CMOS)  Univ. of Tokyo (Air-core spiral on Si-interposer)
P. Hazucha et al., 2004 Symp. VLSI Circuits, 256,(2004) K. Ishida et al. : ISSCC2009, 13.2, (2009)

Air-core inductor ; Merit and demerit
m Low cost (only winding) m Low inductance, large foot-print m Local EMI noise (leakage magnetic flux)




PowerSoc2012 e (/IO

The Third International Workshop on Power Supply on Chip 2012

Possibility of magnetic core power inductor
i for CMOS-switch DC-DC converter

— VOUT
Controller| G.Schrom et al., IEEE ICICDT, pp.65-67, Feb. 2006
W L R
J7 W ; Gate width ‘¢ |Load n= 1
100 1+§/24R0C0(1—D)
o5 | V=1V Comparable ! ! D°L/Rs
o | Vour0-V e | D:duty, R,C, : MOSFET const.
45nm-

[Zn-Fe Ferrite core spiral

£=201um,10nH, 60mQ 850 um

50 um height
10 nH

60 mQ

>1A

- CMOS 5

Air core spiral on Si interposer ;

\ t=15um, =8nH

Air core spiral on-chip ; t=2um, =8nH

Maximum conversion efficiency (%)
N
(S, ]

zz 180nm-CMOS i Zn-FIe Ferritg i:\dtlctor fabricated
i i Calculated by T. Sakurai et al. | 9N glass substirate

50 [ 59nm-CMOS | | | H. Ito et al., INTERMAG 2011 Conf.
1 10 100 1000 10000 |C.05, Taipei, May 2011.

o)

Inductor parameter T = L/ Rg (nH/ Q)
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Power magnetics on chip or embedded in package?
Which will be better solution for power delivery to LSIs?

] On-chip inductors ‘

In 2000, Fuji Electric Corp. In 2009, INTEL Corp.

Power magnetlcs on chlp technology should be established
in the future chip-level power grid.

@ Snin Device Technology Center, Shinshu University, Nagano, Japan 7
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System in Package (SIP) with DC power grid

Interposer

Power supply
L [ & other wires
ce — Inductors > Embedded
Capacitors
o
Package

Sensor, MEMS,
High voltage
generation,

Analog, RF etc.
(3D stacked)

Parallel
processors with
own DC-DC

converters’
By Prof. Sakurai’s Group, The University of Tokyo

w \ Base
chip
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Objective ; Package-level power grid (PLPG)

. . V 1 — |V Vy=15V, V, =1V, [ ,=1A, fs=30 MHz
Distributed DC power-line | | — our ( Vout ! Vin) Ty
2 fs loyr L.=5.6nnH
Y |
nterposer

Main \ I Si-CMOS LSI Si-CMOS LSI
DC-DC t °UT (Flip-chip) t | Embedded mductor (Flip-chip)

: £ ] 2 )
- i Capacit VOUT Internal - i Capacit Internal
7\ apacitor nterna apacitor nterna
~ i I Circuit I Circuit

_—__ : PWM controller J=— PWM controller J=—
Power-grid controller
Large current L

on package Si-CMOS LSI Si-CMOS LSI
B Embedded |nductor (Flip-chip) qL, Embedded |nductor (Flip-chip)

5 IJl ' 5 IJl '
Capacitor Internal Capacitor Internal
I Circuit I Circuit

PWM controller J=— PWM controller J=—
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Objective ; Package-level power grid (PLPG)

Power magnetics embedded in package

Embedded power inductor in package
Low cost, Low profile ; tens micron height, Small near-EMI ; magnetic core

Flip-chip CMOS-LSI with DC-DC ‘ Flip-chip CMOS-LSI with DC-DC |

A O A A A 6 O A A

@A O O A O &
-IIII

Glass-epoxy core

Embedded inductor .
I' CEEYER- l

Magnetic core

Build-up layer
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inductor

Magnetic core fabrication

Process-compatible with glass/epoxy interposer
Low temperature process below 200 “C

Magnetic core materials for planar power

& Spin-spray method for spinel-ferrite deposition; = 90 “C
<& Screen-printing for Carbonyl Fe/epoxy composite; =150"C

Spin-sprayed ferrite core

| NaNO, | Fecl,

Nozzle + MCI
- - 2

- ~90°C
AR
o PCB Intergoser

Spin-spray method (TIT, Japan)

Composite core Paste ; Carbonyl iron powder

and epoxy precursor
solution

Screen mask
Paste

Post baking
(150°C)

-

#

Substrate

Screen-printing method (Shinshu Univ,, Japan) |

1
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inducto'

Zn-fernte ﬁlm

Polylrmde

Zn-Fe ferrite (Zn, 55Fe, ¢,0, ) thick film
with a columnar-grain structure

05}
: 0.57T

_1/
-400 . —250 . 0 I 260 I 400
Applied magnetic field H [A/m]

Static magnetization curve

CIP/epoxy
Composite

Magnetization M
(3

Magnetic core materials for planar power

54 voI % Carbonyl iron powder (CIP)lepoxy

—

Complex permeability w’, u”

©
—

~ 100

—h
o

T |||F||

composite

Ve

T ||||18I|

=

.

—
o

100 1000
Frequency f

PetMBzbility vs. frequency
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Zn-Fe ferrite planar power inductor on glass

In order to confirm an intrinsic potential of the planar inductor

for embedded passives,
¢

- Zn-Fe ferrite inductor has been fabricated on glass substrate.
- Electrical properties have been evaluated.

50 pm 50 um HP4291A
10 pm thick Zn-ferrite | $ ¢ : f:1MHz~1.8 GHz
o 10 pm
40 um . 3um
- e 10 pmM
850 um 6 pm
Glass substrate

[ 4

Polyimide A—B cross section 90 nH Z_ A Ze| |
= —/ VY 0

100MHz

DC l())i'f, glx'rent AC Z >> 2, Zc << Z

: current
7& q DUT <\
5 (2)

Glass substrate

20 wm thick, 2-turn copper
spiral coil with 50/40 um line
space and 650 um L[] :

HP4291A
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Zn-Fe ferrite planar power inductor on glass

30 BRI ERLLL I R RLLL I AR 30 15_""|"" rrrrprrrt
T - T i
= 4 S S [ Zn-Fe ferrite core 2-turn spiral -
~ 20 —20 § iy 10_ ~
Q 7 o
: - .
Q — = (- — -
-+ = Q]

3 oS 5 sf _
< 10 —] 3 2 ]
k= - 1o et Air core 2-turn spiral =
- - — 000000000000 00000000 0

"“‘\“\‘ cal il il 0_""|""|""|""_

1 10 100 1000 0 0.5 1 1.5 2

Frequency f [MHZz]

L and Q vs. frequency

DC current 1, [A]

Superimposed dc current charac.
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Zn-Fe ferrite planar power inductor on glass

Flux density in Zn-Fe ferrite core @ superimposed dc current 2 A

«— 850 ym — DC current : 2 A

15_|||||||||||||||||||_

| Zn-Fe ferrite core

Inductance L [nH]

Rating dc current over 1 A
== Possible application to low power POL converter for PLPG

@ Snin Device Technology Center, Shinshu University, Nagano, Japan 15



PowerSoc2012 y /e

2 Sustainable Future ECEESwevprryeSyew—y

The Third International Workshop on Power Supply on Chip 2012

0O First trial of embedded inductor
e = = E}®in glass/epoxy interposer

0.03mm (Shinshu Univ., Tokyo Inst. Tech., SHINKO Elec. Ind. Co.)
ta

0.8mm

Process-compatible with interposer and inductor

Thermal stress, adhesion to under layer, Via— contact, == -

(DBuild up layer, @Glass—epoxy core

Zn—Fe ferrite core, 2—turn spiral

........

....._4 AL A e mea .--...AA PO M.-MMMLMML‘I
Air—core, 3—turn spiral

Zn—Fe ferrite core
2—-turn spiral

| . e et B : ~ Cumetal plane
Air—core, 3—turn spiral B A b e i o A 4 & e A 4 A B el B et ot il
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0 First trial of embedded inductor

Zn—e ferrite film
Build up layer N

Glassepoxy core

Build up layer

Metal plane

Randdm grgin-growth
N 3’ £ G
L ‘.-? Zﬂo 22F92 7402
3 Raqdom orlenta '

»‘w B BTN

Bﬁ“‘ild hbl layé; -
(Epoxy/glass-filler)

15.8kV X1.808K 18.8pm

in glasslepoxy mterposer

Columnar raln-growthr\
3 : Lo Glass-sub.
05 [ (He=14 Oe)
) B
<
S 0
A SRR 2N 5Fe, 750, /
'Eﬁfass substs“atguv g e Build up layer
L - (He=19 Oe) 1
(CormﬁﬂOSQ) - 4 1 1
20 -10 0 10 20
Applied magnetic field H [kA/m]
60—

rf fb Id I
u ace4o il yaziry

Permeability u’, u.”

1 Ao .--‘s.!r.sm«w:;s:u.‘i t 5 1000
17

Frequency f [MHz]



PowerSoc2012 e (/IO

The Third International Workshop on Power Supply on Chlp 2012

O First trial of embedded inductor
in glass/epoxy interposer

9

— Interposer with embedded inductor —

Top Zn—Fe ferrite core

________ Calculated using HFSS

N =Y
I
|

Bottom Zn—Fe ferrite

core B - Zn-Fe ferrite core, 2-turn spiral

w
T s

Photograph of
Interposer with
embedded inductor

Inductance L [nH]
N

—h

1I0 ' 'IH“1'00
Frequency f [MHz]

Air-core, 3-turn spiral

(8 -‘ 11«;"‘!. P ‘,P('-L-

(HFSS, ANSYS) T Metal plane
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First trial of large current inductor
using CIP/epoxy compgllsiltlg”gore

1000 pm [ Using 54 vol.%-CIP/epoxy 1
- 81 composite core 15
c L
m) ~ 6
@ S 10
< 4
1000 pm S
880 um-square, 2-turn, _ S & 5
35 um thick copper spiral CIP/ Formation of 2 2
coil on bottom CIP/epoxy top CIP/epoxy composite core i Air core
H 3 a3 gl g gl
composite core 01 10 100 0

140 pm 30 pm
-+

Top CIP/epoxy composite core ‘ 30 um

Copper line 35 um

Bottom CIP/epoxy composite core

|
=
Polyimide

Glass-substrate

Top CIP/epoxy composite core

030 um

Frequency f [MHZz]
100 um

Glas strate aatd
Bottom CIP/epoxy composite core

Quality factor Q@
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We are currently developing the CMOS-switch
dc-dc converter integrated in LS| package ! !

Collaborating with

N. Matsushita Lab., Materials and Structures Laboratory, Tokyo Institute of Technology,

Yokohama, Japan
R & D Div., SHINKO ELECTRIC INDUSTORIES Co. Ltd., Nagano, Japan
T. Sakurai Lab., Institute of Industrial Science, the University of Tokyo, Tokyo, Japan

"
N CMOS-LSI DC-DC converter chip
~ ) ) O 6 0 6 0 60 ) 6 60 0
: V. Build up
: T
Controller |: U layer
: LS
J’ Load package < Glass-epoxy core
B X E K
CMOS switch with optimal gate-width W, - 2
PMOS

Embedded inductor |

) /
c NMOS Planar power inductor embedded in LSI package
ut : NMOS Driver
X 5
' CMOS switch 20
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Conclusion and future work

Magnetic core power inductor for package-level power grid

- Zn-ferrite inductor embedded in glass/epoxy interposer
- Carbonyl-iron/epoxy core for large current inductor on package

¥

Future work
Package-level power grid will be demonstrated.

% Snin Device Technology Center, Shinshu University, Nagano, Japan 21



