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Mo#va#on	  
Different	  Strategies	  for	  Induc#on	  integra#on	  

Misuzu Industries	  

Portable	  Electronics	  
• 	  Need	  to	  integrate	  more	  func#onali#es	  into	  limited	  area	  
• 	  Need	  beEer	  power	  management	  for	  longer	  baEery	  life	  

Ø Con#nued	  miniaturiza#on	  at	  the	  system	  level:	  

Ø On-‐chip	  magne#c	  thin	  film	  inductors	  can	  benefit	  RF	  and	  power	  delivery	  
applica#ons:	  
•  High	  inductance	  density	  -‐>	  Reduces	  area	  
•  High	  quality	  factor	  -‐>	  Reduces	  loss	  

Ø Important	  magne#c	  material	  proper#es	  
•  High	  permeability,	  high	  resis#vity,	  high	  FMR,	  CMOS	  compa#bility	  
•  Material	  engineering	  required	  such	  as	  paEerning	  and	  lamina#ng	  

System	  Board	  Level	  

•  Power	  
Control	  

•  Sensors	  
• Analog/RF	  
•  Passives	  

Package	  Level	  (SiP)	  

•  Inductors	  in	  
package	  
with	  
magneXc	  
cores	  

Chip	  Level	  (SoC)	  

•  Sub	  100	  µm	  
size	  on-‐chip	  
magneXc	  
thin	  film	  
inductors	  	  

1	  

Magne&c	  
Materials	  

Texas	  Instruments	  
TPS	  82671	  MicroSiP	  	  
Step-‐Down	  Converter	  

§ 	  Discrete	  inductor	  on	  mother	  board	  

§ 	  Inductor	  on/in	  	  
	  	  	  package	  

§ 	  Inductor	  on	  Si	  chip	  

Package-Integrated VR with
Intel® Core™2 Duo Processor

• Vin = 3V, Vout = 0~1.6V
• f = 10~100 MHz
• Current = 50 Amps / 75 Amps peak
• Size = 37.6 mm2, 130 nm CMOS

Surface	  mount	  
inductor	  

Air	  core	  inductor	  

Direct	  integra#on	  of	  magne#c	  core?	  
Advantages:	  Smaller	  footprint;	  low	  height	  profile	  	  
Challenges:	  material	  compaXbility;	  thermal	  effect	  Gains from onGains from on--die magneticsdie magnetics

•• Energy density increasedEnergy density increased
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•• Volume shrinksVolume shrinks

•• Power Loss decreasedPower Loss decreased
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magnetics volume compared with air magnetics volume compared with air corecore
inductor is proportionalinductor is proportional

to permeability to permeability µµrr which is typically > 1000which is typically > 1000

Post	  CMOS:	  Intel	  

Intel	  
Haswell	  
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Interposer Design 
! C4 connection to IC, bond wire 

connection to BGA package (2.5D) 
! Quick/cheap method to demonstrate 

integrated power chip-stack 
! Thru-Silicon-Vias (TSV) in future 

interposer design (will be compatible 
with C4 package) 

Si	  interposer:	  IBM/Columbia	  

Large	  size	  &	  EMI	  
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Materials	  Chnoice	  
Inductor	  Fabrica#on	  

q 	  High	  saturaXon	  magneXzaXon	  

q 	  Controllable	  anisotropy	  	  

q 	  High	  resisXvity	  	  

	  
	   	  	  	  d,	  film	  thickness	  

q 	  Single	  domain	  state,	  for	  low	  magneXc	  loss	  

q 	  Low	  magnetostricXon	  to	  reduce	  the	  stress	  in	  fabricaXon	  
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Ø DC	  magnetron	  spu`er	  deposiXon:	  Co-‐4%Zr-‐4%Ta-‐8%B	  (at.%)	  
Ø Co	  oxide	  is	  used	  as	  insulaXon	  layer	  in	  laminated	  film.	  
Ø An	  external	  DC	  magneXc	  field	  	  was	  applied	  during	  	  deposiXon.	  
Ø B-‐H	  loop	  was	  measured	  by	  VSM.	  

Thin	  Film	  Growth	  and	  
Characteriza#on 	  

Deposit	  boEom-‐layer	  
magne#c	  thin	  film	   

Spin	  2	  μm	  thick	  polyimide	  
film	  as	  insula#on	  layer 

Deposit	  2μm	  thick	  Cu	  layer	  
and	  another	  polyimide	  

insula#on	  layer 

Define	  magne#c	  via	  followed	  
by	  O2	  plasma	  etching 

SpuEer	  top-‐layer	  magne#c	  
material	  film	  and	  Cu	  layer 

Co-Zr-Ta-B	


Co-Zr-Ta-B	


CZTB	


10	  μm	  

Ni-‐Fe Co-‐Zr-‐Ta Co-‐Zr-‐Ta-‐B 

µ <650 1000 1070 

ρ 20	  μΩ·∙cm 100	  μΩ·∙cm 115	  μΩ·∙cm 

FMR 640	  MHz 1.4GHZ 1.6GHz 2	  



Op#miza#on	  of	  so-	  magne#c	  thin	  films	  structures	  in	  on-‐chip	  inductors	  for	  
	  efficient	  power	  conversion	  in	  integrated	  voltage	  regulators	  	  

Hao	  Wu1,	  Donald	  S.	  Gardner2,	  and	  Hongbin	  Yu1	  	  
1Ira	  A.	  Fulton	  Schools	  of	  Engineering,	  Arizona	  State	  University,	  Tempe,	  AZ85287,	  United	  States.	  

2Intel	  Labs,	  Intel	  Corp.,	  Santa	  Clara,	  CA95052,	  United	  States. 	  Corresponding	  author:	  Hongbin	  Yu;	  email:	  yuhb@asu.edu	  	  

Mtaerials	  Comparison:	  NiFe	  vs	  CoZrTaB	  Inductor	  Performance	  

Fabricated	  inductor	  has	  Small	  size,	  high	  inductance	  density	  

Hao	  Wu,	  et	  al.,,	  IEEE	  Trans.	  Magn	  (2012).	  Wei	  Xu,	  et	  al.,	  IEEE	  EDL	  32,	  69	  (2011).	  

Ni-‐Fe	   Co-‐Zr-‐Ta-‐B	  

Higher	  resisXvity	  CoZrTaB	  leads	  to	  
higher	  frequency	  response	  to	  GHz	  
range	  	  	  

3	  
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Lamina#on	  Effect	   Finger-‐shaped	  Via	  
Improving	  Inductor	  Performance	  

Ø  4-‐turn	  rectangular	  spiral	  
inductors	  	  
•  W:	  88	  μm,	  L:160	  μm	  
•  LaminaXons	  can	  suppress	  eddy	  

current	  loss	  in	  the	  conducXve	  
magneXc	  films	  and	  skin	  depth	  
effect	  resulXng	  in	  be`er	  
frequency	  response.	   88	  µm	  

160	  µm	  

4.3X	  

30%	  increase	  

60%	  increase	  

Ø  Finger-‐shaped	  magne#c	  via:	  W:	  5	  μm,	  L:	  4	  μm×13	  
Regular	  Magne#c	  Vias	   Finger-‐shaped	  Magne#c	  Vias	  

HFSS	  3D	  EM	  Simula#ons	  at	  1GHz	  
88	  µm	  

160	  µm	  

Hao	  Wu,	  et	  al.,,	  IEEE	  Transac#ons	  on	  Magne#cs	  (2012).	  

Ø With	  Co-‐Zr-‐Ta-‐B	  film,	  a	  maximum	  3.5X	  inductance	  
increase	  and	  a	  3.9X	  increase	  in	  the	  Q-‐factor	  at	  1	  
GHz	  were	  achieved.	  

Ø  Finger-‐shaped	  magneXc	  vias	  improved	  Q	  by	  >30%.	  

Hao	  Wu,	  Shirong	  Zhao,	  Donald	  S.	  Gardner,	  and	  Hongbin	  Yu,	  ‘Improved	  High	  Frequency	  
Response	  and	  Quality	  Factor	  of	  On-‐Chip	  Ferromagne&c	  Thin	  Film	  Inductors	  by	  Lamina&ng	  
and	  PaFerning	  Co-‐Zr-‐Ta-‐B	  Films’,	  IEEE	  Trans.	  Magn.,	  49,	  4176	  (2013	   4	  
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Inductors	  Fabricated	  on	  Package	  substrate	   Publica#ons	  

On	  Package/backside	  of	  package	  	  
DIE	  L	  

Glass/Epoxy	  core	  
Buildup	  layer	  

DIE	  

L	  
Glass/Epoxy	  core	  

Buildup	  layer	  

In	  Package	  

ABF	   Polyimide	  

1.9X 

1.6X 

2.7X 

Quartz	  

Hao	  Wu,	  et	  al.,	  IntegraXon	  of	  MagneXc	  Materials	  into	  Package	  RF	  and	  Power	  Inductors	  on	  Organic	  Substrates	  for	  
System	  in	  Package	  (SiP)	  ApplicaXons’,	  IEEE	  Electronic	  Components	  and	  Technology	  Conference,	  Orlando,	  FL,	  May	  2014	  

Fabricated	  inductors	  on	  	  
ABF/glass	  substrate	  	  
(scale	  bar:	  80	  µm)	  	  
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