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Outline

• Lithographic	magnetics	 – the	initial	applications

• Integrated	inductors	and	Moore’s	Law

• The	advent	of	MEMS	and	fabrication	technologies	for	three-
dimensional	structures

• Scaling	and	frequency	– the	need	for	multiscale	inductor	cores

• An	approach	to	the	future?
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Early	Integrated	Magnetics:	Thin	Film	Tape	Heads

…a	magnetic	head	for	providing	 a	transducing	 action	
between	 the	recording	 of	magnetic	 information	 on	
magnetic	medium	 such	as	a	tape	and	the	production	 of	
electrical	signals… The	invention	 is	particularly	concerned	
with	heads	produced	 by	vacuum	deposition	 and	
electroplating	 of	different	materials…

(filed	1961)
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Inductors	and	Moore’s	Law

• Transistors*	and	capacitors	can	be	fabricated	using	planar	processes;	many	
inductor	geometries	require	more	complex	three-dimensional	processes

• Magnetics	require	a	specialized	set	of	permeable	core	materials	and	high	
current	conductors

• Magnetics	scale	poorly**
• The	storage	of	magnetic	 energy	scales	 as	the	volume	[s]3

• The	storage	of	electrostatic	 energy	scales	 as	area	[s]2

• Magnetics	 dominate	 the	 ‘big’	world,	but	what	about	the	small	 scale?

ØWe	have	not	seen	a	Moore’s	Law	for	inductors! (and	therefore	for	
integrated	power	supplies)

*FinFETs and	other	 state-of-the-art	 transistors	 are	no	longer	 strictly	 planar	 			 			**See,	e.g.,	W.	Trimmer,	 Sensors	and	Actuators	 19,	 267-287	(1989)
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The	advent	of	Microelectromechanical	Systems	(MEMS)	in	the	1980s	
spurred	a	vast	expansion	in	new	microfabrication	technologies

Nathanson,	1967 Petersen,	1982

A	definition	 of	MEMS	(there	are	many):	The	use	of	microfabrication	 techniques	 to	create	structures,	
sensors,	 and	actuators	in	silicon	and	other	materials,	potentially	 in	addition	 to	electronic	devices
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Lithographically-Defined	Micromotors – Electrostatic	and	Magnetic

1989 1993
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Early	‘90s:	Many	groups	began	applying	these	‘new’	MEMS	technologies	
to	inductor	fabrication	– and	began	looking	towards	full	integration

APEC	1994
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Inductors	and	Moore’s	Law

üTransistors*	and	capacitors	can	be	fabricated	using	planar	processes;	many	
inductor	geometries	require	more	complex	three-dimensional	processes

üMagnetics	require	a	specialized	set	of	permeable	core	materials	and	high	
current	conductors

• Magnetics	scale	poorly**
• The	storage	of	magnetic	 energy	scales	 as	the	volume	[s]3

• The	storage	of	electrostatic	 energy	scales	 as	area	[s]2

• Magnetics	 dominate	 the	 ‘big’	world,	but	what	about	the	small	 scale?

ØWe	have	not	seen	a	Moore’s	Law	for	inductors! (and	therefore	for	
integrated	power	supplies)

*FinFETs and	other	 state-of-the-art	 transistors	 are	no	longer	 strictly	 planar	 			 			**See,	e.g.,	Trimmer,	 W.,	Sensors	and	Actuators	 19,	267-287	 (1989)
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How	can	we	address	magnetics	 scaling	in	switching	converters?

How	can	I	get	(a	lot	of)	energy	
from	one	point	 to	another?

Strategy	1	– use	a	big	bucket;	or
Strategy	2	– run	 really	fast

In	a	switching	 converter,	 in	
general,	as	the	switching	
frequency	 increases,	 the	required	
size	of	the	energy	storage	
elements	 (e.g.,	inductors)	
decreases

wikipedia.com

Gardner	 et	al,	IEEE	
Trans.	Magnetics,	
45 (10),	2009
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Inductors	and	Moore’s	Law

üTransistors*	and	capacitors	can	be	fabricated	using	planar	processes;	many	
inductor	geometries	require	more	complex	three-dimensional	processes

üMagnetics	require	a	specialized	set	of	permeable	core	materials	and	high	
current	conductors

üMagnetics	scale	poorly**
• The	storage	of	magnetic	 energy	scales	 as	the	volume	[s]3

• The	storage	of	electrostatic	 energy	scales	 as	area	[s]2

• Magnetics	 dominate	 the	 ‘big’	world,	but	what	about	the	small	 scale?

Ø Can	we	have	a	Moore’s	Law	for	integrated	power	supplies?

*FinFETs and	other	 state-of-the-art	 transistors	 are	no	longer	 strictly	 planar	 			 			**See,	e.g.,	Trimmer,	 W.,	Sensors	and	Actuators	 19,	267-287	 (1989)
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The	Power	Supply	 In	a	Package/	
Power	Supply	On	a	Chip	
APEC	2010
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Emerging	Power	Supplies	 - In	Package	and	On	Chip

EL711	–
First	PowerSoC	DC-DC	(1A)	Converter	

PwrSoC 2012
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Where	are	we	going	from	here?

Switches	are	getting	better!
• Frequency	of	operation	previously	
limited	by	stability	and	loss	in	the	
semiconductor	switches

• Wide	bandgap	switches	and	new	
switching	architectures	are	addressign
this	problem

• There	is	‘room’	to	operate	reasonable	
power	switches	into	the	tens	of	MHz	
range	and	beyond

Integrated	inductors	still	have	limitations…
• Magnetic	core	losses	increase	with	
frequency

• ‘Thick’	cores	still	required	for	higher	
current	applications

• Electrically	conducting	magnetic	cores	
may	suffer	from	eddy	current	losses

• Ferrite	magnetic	cores	may	suffer	from	
reduced	saturation	flux	density

• Air	core	devices	may	skirt	these	issues,	but	
require	even	higher	switching	frequencies	
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One	Approach:	Multiscale	Electrodeposited	Lamination	Technology

Need	to	simultaneously	achieve	two	size	scales

Large	magnetic	volume	for	high	power	(0.1-1	mm	scale)

Suppressed	eddy-currents	at	MHz	frequency	(1-10	um	scale)
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Electroplated	 Laminated	Inductors

100-layer	CoNiFe laminations	
with	lamination	thickness	<	1	μm

20	um

1mm

microfabricated 10-turn inductor 
with CoNiFe multilayer core.

‣ Tested in power converter circuit at MIT
‣ Power converter operating condition

- 50 - 100V input operation, 3-8 MHz switching frequency, 
10-45 W output power

‣ Efficiency of 97% at 50V input, and 93% at 100V input 

70

75

80

85

90

95

100

0 10 20 30 40

Ef
fic
ie
nc
y	
(%

)

Power	(watts)

50V
60V
70V
80V
90V
100V



MSMA Research Laboratory s University of  Pennsylvania

Toward	Integrated	Multilayer	Electrodeposited	Inductors	on	a	Chip

ü We	can	create	the	individual	laminations	in	the	thicknesses	required
ü We	can	create	overall	lamination	stacks	in	the	thicknesses	required
ü We	can	create	integrated,	 lithographically	defined	windings
• But:	we	have	this	complicated	 interlayer	etching	process	that	is	less	
compatible	with	CMOS	fabrication.	Can	we	get	rid	of	it?

• We	need	to	have	the	interlamination	 material	 conducting	so	we	can	
electrodeposit	 the	next	magnetic	 layer

• We	need	to	have	the	interlamination	 material	 insulating	 so	we	block	eddy	
currents

• Can	we	exploit	 a	material	with	a	conductivity	 that’s	between	 these	 two	
extremes	 to	do	both	jobs?
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We	can	create	the	core	in	a	single	electrodeposition	sequence	

2020
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Inductor	Commercialization

Multilayer	process	
Ultra	Thin	Insulator	 !	

Inductors	made	from	continuously	 electroplated	multilayer	
cores	possess	 preserved	high	frequency	performance
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Conclusions

• The	time	 is	right	for	an	explosion	of	activity	 in	PwrSoC
• A	key	enabler	is	the	ability	to	integrate	high	power	inductors

• This	resulted	 from	many	years	of	fabrication	 technology	
development!

• Multiple	approaches	to	integrated	inductors	have	reached	
technological	maturity	for	commercialization

• I	focused	on	one	approach	in	this	talk,	but	there	 is	a	rich	literature	 on	
this	topic

• If	you	want	to	learn	more,	come	join	us	for	PwrSoC 2021	 in	
Philadelphia	this	fall!
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