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Abstract	  
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What	  about	  “More	  than	  Moore”	  
•  Un)l	  recently	  CMOS	  managed	  to	  advance	  to	  beQer	  speed,	  power	  and	  density	  figures	  only	  

through	  the	  con)nuous	  reduc)on	  of	  sizes	  of	  devices	  that	  could	  be	  fabricated	  reliably.	  

•  With	  the	  fast	  approach	  to	  hard	  limits,	  manufacturers	  have	  proposed	  the	  con)nua)on	  of	  this	  
spectacular	  growth	  through	  a	  hybridiza)on	  of	  the	  game,	  i.e.	  through	  a	  new	  genera)on	  of	  
heterogeneous	  devices	  that	  would	  cover	  specific	  needs	  and	  applica)on	  areas	  (for	  instance	  bio-‐
sensors	  for	  medical	  applica)ons,	  3D	  stacking	  for	  imagers	  etc.)	  with	  different	  solu)ons.	  

•  This	  model	  s)ll	  has	  to	  be	  proven	  successful,	  as	  it	  violates	  the	  basic	  premise	  of	  CMOS	  
development,	  i.e.	  “one-‐technology-‐fits-‐all”	  that	  worked	  so	  well	  for	  40	  years.	  

•  On	  the	  other	  side,	  the	  M-‐M	  model	  might	  be	  beneficial	  for	  applica)ons	  in	  HEP,	  if	  we	  find	  a	  market	  
segment	  from	  where	  to	  ‘borrow’	  technological	  advances	  that	  can	  be	  ported	  with	  a	  ‘rela7vely	  
small’	  (financial)	  effort	  to	  our	  field.	  For	  instance,	  the	  imagers	  market	  could	  be	  such	  a	  leader	  to	  be	  
followed	  as	  it	  is	  by	  far	  the	  one	  where	  the	  intersec)on	  with	  HEP	  applica)ons	  is	  largest.	  
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SCALING	  	  
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Who’s	  scaling	  

Moore’s	  Scaling	   Dennard’s	  Scaling	  
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Two	  gems!	  
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B.	  Dennard	  et	  al.:	  Design	  of	  Ion-‐Implanted	  MOSFET’S	  with	  Very	  Small	  Physical	  Dimensions	  	  
	  



What	  do	  we	  want	  from	  a	  transistor	  anyway?	  (sorry	  engineers…)	  
•  A	  transistor	  (a	  digital	  transistor)	  is	  a	  device	  that	  has	  to	  have	  

the	  following	  characteris)cs:	  
–  to	  work	  as	  a	  switch	  (on	  or	  off)	  
–  make	  a	  transi)on	  between	  the	  two	  states	  in	  a	  )me	  as	  short	  as	  

possible	  
–  has	  no	  leakage	  current	  when	  off	  
–  has	  to	  deliver	  high	  current	  when	  on	  (to	  drive	  strongly	  the	  next	  

stage).	  	  
•  Unfortunately	  this	  it	  is	  not	  uncorrelated	  from	  the	  previous	  

requirement	  
–  make	  a	  transi)on	  between	  the	  two	  states	  with	  a	  voltage	  drive	  

(Vg)	  as	  small	  as	  possible	  
–  control	  terminal	  should	  not	  be	  influenced	  by	  input/output	  

terminal(s)	  
–  be	  physically	  small	  (otherwise	  other	  “parasi)cs”	  ruin	  the	  party)	  
–  Must	  have	  complementary	  type	  (i.e.	  a	  second	  type	  which	  is	  

turned	  on	  when	  the	  first	  is	  turned	  off	  using	  the	  same	  “control”).	  

•  Good	  “analog”	  characteris)cs	  are	  desirable	  but	  by	  far	  not	  
necessary	  or	  even	  important	  for	  the	  the	  majority	  of	  
technologies	  being	  developed.	  	  
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Scaling	  of	  FET	  
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Summary	  of	  SC	  and	  other	  effects	  

•  Drain-‐to-‐Source	  leakage	  current	  	  
•  Gate	  leakage	  current	  
•  Threshold	  voltage	  depends	  on	  Vds	  (DIBL)	  
•  Threshold	  voltage	  depends	  on	  L	  

–  SCE	  and	  RSCE	  !	  
–  Threshold	  voltage	  does	  not	  stabilize	  even	  for	  large	  L	  

•  Mobility	  degrada)on	  (ver)cal	  electric	  field	  too	  strong)	  
•  Velocity	  satura)on	  (carriers	  can’t	  move	  faster	  than	  thermal	  velocity)	  
•  Poor	  r0	  and	  gm*r0	  
•  Hot	  electrons	  
•  Punch-‐through	  
•  Time	  Dependent	  Dielectric	  Breakdown	  
•  …	  
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Atomic	  Scale	  Variability	  
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Atomis)c	  view	  of	  dopants	  in	  50nm	  transistor	  

fr
om

	  X
.	  W

an
g	  
et
	  a
l.,
	  

IE
DM

	  2
01
1,
	  	  

Distribu)on	  of	  Vt	  on	  three	  genera)ons	  of	  FinFETS,	  20nm,	  14nm,	  10nm	  



Tricks	  already	  in	  use	  
TRICKS	  ALREADY	  IN	  USE	  (APART	  FROM	  GEOMETRICAL	  SHRINKING)	  

–  Lithography:	  many 	   	   	  Print	  structures	  <<	  λ
–  High	  K	  gate	  dielectric	   	   	  Thicker	  gate	  oxide	  (yes,	  thicker)	  	  

	   	   	   	   	   	   	  to	  reduce	  gate	  leakage	  
–  Strained	  SiGe	  channels 	   	  Increase	  mobility,	  	  

	   	   	   	   	   	   	  i.e.	  faster	  electrons	  -‐>	  more	  Ids	  
–  Metal	  gate 	   	   	   	   	  Reduce	  gate	  resistance	  
–  More	  metalliza)on	  layers 	   	  Increase	  density	  

•  Required	  complex	  change	  in	  	  
dielectric	  forma7on	  

–  Low	  K	  inter-‐metal	  dielectric 	  Reduce	  cross-‐capacitance	  

–  Cu	  wires 	   	   	   	   	  Reduce	  interconnect	  
	   	   	   	   	   	   	  resistance	  
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	  REUSABILITY	  
–  Sqrt(2)/gen	  
–  ~5x	  /	  once	  

–  25%	  /	  once	  

–  /once	  
–  1	  layer/gen	  

–  20%/once,	  
~few%/gen	  

–  0.60x	  /	  once	  



What	  is	  scaling	  all	  about?	  
•  Speed?	  

–  III-‐IV	  materials,	  Ge	  
•  Low	  Power?	  

–  Tunneling	  effect	  devices	  for	  low	  ΔVg	  switching	  
•  High	  density?	  	  

–  High	  density	  mul)-‐chip	  assembly	  (many	  op)ons!)	  
–  3D	  assemblies	  (wafer	  on	  wafer)	  
–  Fully	  3D	  monolithic	  ICs	  (watch	  what	  is	  being	  done	  in	  the	  area	  of	  flash	  memories!)	  

•  Exo)c	  
–  Ferroelectric	  memories	  and	  resis)ve	  RAMs	  
–  Quantum	  devices	  
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Speed	   Power	   Density	  

CMOS	  (un)l	  recently)	   J	   J	   J	  

III-‐V	  or	  Ge	   J	   L	   K	  

New	  devices	  with	  
enhanced	  Sub	  Slope	  

J	   K	   K	  

3D	   J	   L	   J	  

Quantum	   ?	   ?	   ??	  



Scaling	  and	  Interconnects	  
2015	   2020	  

Technology	  genera)on:	  gate	  length	  [nm]	   17	   11	  

M1	  Metal	  Pitch	  for	  logic	  [nm]	   42	   24	  

Gate	  density:	  4-‐NAND/mm2	   4	  E6	   1	  E7	  

Max	  number	  of	  metals	   13	   14	  

Capacitance	  per	  unit	  length	  [pF/cm]	   1.8-‐2	   1.6-‐1.8	  

Intrinsic	  FinFET	  NMOS	  delay	  (=CV/I)	  [ps]	   .32	   .19	  

NMOS	  Power	  indicator	  [fJ/um]	   .42	   .25	  

$	  #	  	  M1	  Cu	  line	  R	  per	  um	  [Ω/um]	   100	   400	  

$	  Distributed	  RC	  delay	  per	  mm	  M1	  wire	  (=0.4*r*c(L^2))	  	  [ns]	   7.6	   29	  

$	  Length	  at	  which	  τint	  =	  τwire	  [um]	   6.5	   2.5	  
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________________________________________________________________	  
from	  ITRS	  2012,	  2012U	  and	  2013	  edi)ons	  
$	  :	  computed	  value	  
#	  :	  do	  not	  use	  the	  “standard”	  value	  for	  Cu	  resis)vity,	  this	  is	  much	  higher	  	  
	  	  	  	  	  for	  very	  thin	  wires	  where	  	  size	  of	  metal	  grains	  is	  comparable	  with	  thickness	  



MOORE’S++	  
FINFET	  AND	  GATE	  CONTROL	  
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Mul)-‐gate	  devices	  

•  Intel	  Tri-‐gate	  
•  TSMC,	  Samsung	  and	  
GF	  Finfets	  

•  STM	  FDSOI	  
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Quiz 	  	  

•  Who	  invented	  the	  FinFET	  ?	  

1.  Mighty	  Intel	  
2.  IBM	  Yorktown	  
3.  A	  University	  Professor	  
4.  A	  Korean	  Research	  Ins)tute	  
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This	  guy	  (par)ally)	  
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Prof.	  Chenming	  Hu	  	  
UC	  Berkeley	  

This	  proves	  that	  long	  flights	  are	  useful!	  



First	  Berkeley	  FinFET	  Paper	  	  

A.	  Marchioro	  /	  IN2P3	  School	  	  	  -‐	  	  	  5/2015	  Published	  in:	  
Electron	  Devices	  Mee)ng,	  1999.	  IEDM	  '99.	  Technical	  Digest.	  Interna)onal	  



More	  complete	  LBL	  FinFET	  Paper	  	  
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Previous	  ideas	  
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Previous	  ideas++	  
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H.	  S.	  Wong,	  D.	  J.	  Frank,	  Y.	  Taur,	  and	  J.	  M.	  C.	  Stork,	  	  
“Design	  and	  per-‐	  formance	  considera)ons	  for	  sub-‐0.1	  um	  	  
double-‐gate	  SOI	  MOSFET’s,”	  	  
in	  IEDM	  Tech.	  Dig.,	  1994,	  pp.	  747–750.	  	  
	  



…and	  this?	  

A.	  Marchioro	  /	  IN2P3	  School	  	  	  -‐	  	  	  5/2015	  ____________________________________	  
Authors	  were	  with	  Hitachi	  Central	  Research	  	  



Ops,	  another	  one	  
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Huhu,	  one	  more	  
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from	  the	  conclusions:	  



Intel	  TRI-‐Gate	  
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FinFET	  based	  SRAM	  

A.	  Marchioro	  /	  IN2P3	  School	  	  	  -‐	  	  	  5/2015	  

T.	  Song,	  A	  14nm	  FinFET	  128Mb	  6T	  SRAM	  	  
with	  VMIN	  Enhancement	  Techniques	  	  
	  	  
Samsung,	  presented	  at	  ISSCC	  2014	  

16	  nm	  FinFET	  from	  TSMC	  
(for	  illustra)on)	  



FinFET	  @	  TSMC	  
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TSMC:	  16nm	  FinFET	  vs.	  28nm	  HKMG	   TSMC:	  16nm	  FinFET	  gain	  

TSMC:	  16nm	  FinFET	  Low	  Voltage	  SRAM	  
TSMC:	  16nm	  FinFET	  Low	  Intermetal	  C	  



ITRS	  2013	  
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How	  big	  an	  advantage	  with	  mul)-‐gate?	  

A.	  Marchioro	  /	  IN2P3	  School	  	  	  -‐	  	  	  5/2015	  
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11
	  

λn =
1
n

εSi
εox

tSitox

with n=1...4 the number of lateral
gates in the device.

Notice that increasing the number of gates, 
gives only a square root advantage in λn.



Thermal	  stability	  
•  Problem:	  

–  How	  stable	  does	  the	  temperature	  of	  a	  wafer	  have	  to	  be	  if	  you	  want	  to	  “print”	  two	  adjacent	  10	  nm	  
features	  from	  two	  different	  masks	  ?	  	  
(Assume	  that	  “alignment”	  of	  the	  center	  of	  the	  re)cle	  is	  not	  an	  issue	  and	  can	  be	  achieved	  easily)	  

•  Solu)on:	  
–  Re)cle	  dimension	  is	  3.6	  cm	  
–  Error	  admiQed	  ΔL:	  2nm	  
–  Silicon	  Thermal	  Expansion	  Coefficient	  αL:	  2.56	  E-‐6	  K-‐1	  

–  ΔT	  =	  1/αL	  ΔL/L	  =	  1	  /	  2.56E-‐6	  *	  2E-‐9/1.8E-‐2	  =	  0.04	  °K	  

•  Skep)c?	  
–  See	  this:	  
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Scaling	  down	  to	  sub	  5	  nm	  

A.	  Marchioro	  /	  IN2P3	  School	  	  	  -‐	  	  	  5/2015	  



…	  details	  
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STM	  FDSOI	  
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28nm	  FDSOI	  from	  ST	  
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FDSOI++	  from	  ST	  
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…but	  they	  did	  not	  
really	  say	  how	  to	  do	  it	  



Roche,	  	  
ESA	  QCA	  Days	  
07’09’11’	  
NSREC’14	  

§ Lowest (best) error rates against space ions in 28nm UTBB FDSOI 

•  3 and 2 decades lower respectively than CMOS 65nmn and 28nm (no SEGR/SEL) 

Soft Error Rate in SRAMs on 28nm FDSOI   
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III-‐V	  and	  other	  high	  mobility	  devices	  

•  But:	  
–  Is	  the	  majority	  of	  applica)ons	  

really	  limited	  by	  speed?	  
–  If	  the	  mobility	  was	  even	  3-‐5x	  	  the	  

one	  of	  “normal”	  NFETS,	  could	  you	  
get	  a	  circuit	  that	  much	  faster?	  
(what	  about	  interconnects)	  

–  If	  you	  could	  get	  the	  speed,	  how	  
would	  you	  cool	  it?	  

–  Does	  anyone	  have	  an	  idea	  on	  
manufacturability	  and	  yields?	  
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NON-‐MOS	  DEVICES	  
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Are	  springs	  beQer	  than	  capacitors?	  
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Comparison	  of	  65nm	  and	  mech.	  relays	  
	  



Are	  springs	  beQer	  than	  capacitors?	  
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Gate	  footprint:	  0.1	  um2	  
	  
Design	  rules:	  20	  nm	  
	  
Air	  gap:	  2-‐10	  nm	  
	  
Opera)ng	  voltage:	  1V	  
	  
Energy/op:	  ?	  
	  
	  
	  

_____________________________________	  
Paper	  from	  Toshiba	  and	  UCB	  @	  IEDM	  2014	  
	  



Steep	  swing	  devices	  
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The current in a MOSFET at threshold (or just below it) 
is described by the equation:

IDS =
W
L
IMe

(VGS−VM
n⋅kT /q

)
(1− e

−
VDS
kT /q )

(for  a full derivation see I. Tsividis' book, page 206).

The turn-on region is the characterized by a 
slope given by:

S = dVGS
d(log(IDS ))

= 2.3⋅n ⋅ kT / q = n ⋅60 mV / decade

with n ≥1.



Steep	  Swing	  Device	  example	  
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(Notice that unfortunately the SS is steep only for high VDS!)



MONOLITHIC	  3D	  MEMORIES	  
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Monolithic	  3D	  for	  memories	  (1)	  	  
NAND	  Flash	  Architecture	  
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Sel

BitLine

BSel

WL < 3>

WL < 0 >

Flash Transistor has two gates, an external and a "Floating" gate.
The Floating gate modifies the Vt  of the transistor 
(from negative to positive if programmed)

Vg = 0      QFG = 0         ID = 0
Vg = 0      QFG = qP        ID > 0
Vg =Vh      QFG =  X       ID > 0    (transistor is conductive)

VG

↓ ID

QFG

WL1

BitLine

Simple	  (NOR)	  Flash	  
Architecture	  

WL2
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Monolithic	  3D	  for	  memories	  (2)	  	  
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Monolithic	  3D	  for	  memories	  (3)	  	  
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Remember	  also:	  each	  memory	  bit	  is	  stored	  as	  trapped	  charge	  on	  the	  gate	  
of	  a	  transistor.	  	  
Today	  a	  “1”	  is	  represented	  by	  something	  like	  500-‐1000	  e-‐	  trapped,	  
implying	  a	  leakage	  current	  of	  	  <<	  1	  e-‐/month	  for	  a	  10	  years	  reten)on.	  



Conclusions	  
•  There	  is	  NO	  obvious	  successor	  to	  CMOS,	  yet.	  

–  CMOS	  will	  defini)vely	  saturate	  at	  …	  nm,	  but	  a�er	  the	  trains	  
mankind	  invented	  the	  airplanes	  (which	  is	  not	  a	  linear	  evolu)on	  of	  
the	  former)!	  

•  Despite	  20	  years	  of	  whining,	  analog	  is	  NOT	  dead	  below	  65	  
nm.	  
–  …	  but	  if	  you	  want	  to	  make	  efficient	  low	  power	  electronics	  and	  add	  
new	  func)onality	  think	  digital.	  

•  A	  mask	  set	  @	  28	  nm	  is	  going	  to	  be	  ~	  1M$,	  so…	  
•  A	  variety	  of	  techniques	  allowing	  denser	  chips	  and	  beQer	  

sensor-‐ROIC	  are	  emerging	  (TSVs,	  true	  3D,	  micro-‐bumps	  etc.)	  
opening	  numerous	  possibili)es	  for	  instruments	  for	  HEP.	  
–  We	  probably	  need	  to	  get	  together	  (for	  real)	  into	  coherent	  
“consor)a”	  to	  be	  able	  to	  afford	  these	  technologies.	  
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THANK	  YOU	  
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