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Abstract: This work reviews the state-of-the art  multi-gate field-effect transistor (MuGFET) process technologies and compares
the  device  performance  and  reliability  characteristics  of  the  MuGFETs  with  the  planar  Si  CMOS  devices.  Owing  to  the  3D
wrapped  gate  structure,  MuGFETs  can  suppress  the  SCEs  and  improve  the  ON-current  performance  due  to  the  volume  inver-
sion of the channel region.  As the Si  CMOS technology pioneers to sub-10 nm nodes,  the process challenges in terms of litho-
graphy  capability,  process  integration  controversies,  performance  variability  etc.  were  also  discussed  in  this  work.  Due  to  the
severe self-heating effect in the MuGFETs, the ballistic transport and reliability characteristics were investigated. Future alternat-
ives for the current Si MuGFET technology were discussed at the end of the paper. More work needs to be done to realize nov-
el high mobility channel MuGFETs with better performance and reliability.
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1.  Introduction

Since the first demonstration of Si metal–oxide–semicon-
ductor  field-effect  transistors  (MOSFETs)  in  1960s[1],  the num-
ber  of  transistors  per  die  for  IC  chips  have been increased by
at  least  6  orders[2].  The  dimensional  scaling  of  Si  MOSFETs
drastically  improves  the  cost-performance  efficiency.  How-
ever,  starting from 90 nm technology node, further scaling of
Si transistors encounters great challenges, from the perspect-
ive of both Si process complexity and theoretical bottlenecks.
To overcome the mobility degradation[3] and short channel ef-
fects (SCEs) due to the aggressive device scaling, strained en-
gineering  as  well  as  high-κ metal  gate  (HKMG)  technique[4]

have  been  implemented  in  the  CMOS  fabrication  process  by
the industry. For planar technology, further scaling of transist-
ors is approaching its physical limits.

To  further  boost  the  cost-performance  efficiency  follow-
ing  Moore’s  law,  transistors  with  novel-structures  have  been
adopted to improve the power density per footprint,  for sub-
20 nm technology nodes. Multi-gate MOSFETs (MuGFETs), ow-
ing to the additional conducting channels at the sidewalls, ex-
hibit  superior  electrostatic  control  as  well  as  higher  current
density  per  area.  Since  22  nm  technology  node,  tri-gate  Si
MOSFETs have been adopted by Intel[5].  Afterwards, 3-dimen-
sional  (3D)  multi-gate  structure  has  been  implemented  by
the mainstream world-leading foundries, demonstrating unre-
placeable  advantages  in  SCE  control  and  switching  characte-
ristics.

In  fact,  multi-gate  transistors  have  been  experimentally
demonstrated and studied for a long time since 1980s. The his-
tory of double gate MOSFETs on silicon-on-insulator (SOI) sub-

strate can be pursued to late 80s[6].  However,  since the archi-
tecture  for  planar  SOI  MOSFETs  with  front  and  back  gate  is
not suitable for back-end of line (BEOL) design, vertically in-par-
allel  double  gate  structures  has  been  realized  on  SOI  MOS-
FETs,  which  is  the  early  structural  prototype  for  multi-gate
MOSFET  devices[7].  Later  on,  multi-gate  transistors,  namely,
double-gate  (DG)  FinFET[8, 9],  tri-gate  FinFET[5, 10, 11],  Ω-gate
MOSFETs[12],  segmented-gate  (SG)  MOSFETs[13],  gate-all-
around (GAA) MOSFETs[14, 15], 3D stacked nanowire (NW) MOS-
FETs[16−18],  multilayer  nanosheet  MOSFETs[19],  were  im-
mensely studied and massively demonstrated, especially after
its compatibility with the conventional Si CMOS platform was
demonstrated by UCBerkeley[8]. Excellent gate control and mo-
bility  improvement  could  be  achieved  by  the  realization  of
volume  inversion  especially  for  structures  with  more  degree
of gate wrapping and smaller cross-sectional channel area nor-
mal  to  the  carrier  transport  direction.  On  the  other  hand,  al-
though  the  above-mentioned  factors  are  beneficial  to  the
SCE  control  and  On-current ION enhancement  for  ultrascaled
MOSFETs,  these factors  also  lead to  severe  self-heating effect
(SHE)  due  to  the  combinational  effect  of  more  heat  genera-
tion (higher current density) and poorer heat dissipation (thin-
ner channel)[20, 21]. The increased heat generated near the chan-
nel/drain  boundary[22] would  introduce  various  issues  in
terms of device performance and reliability[20], including accel-
erated bias-temperature instability (BTI)[23] and hot carrier injec-
tion (HCI) degradation[24, 25], deteriorate carrier transport char-
acteristics etc.

In  this  work,  we  will  review  the  process  development
and  reliability  issues  related  to  the  state-of-the-art  Si  MuG-
FETs. From the historical perspective, the development of vari-
ous  MuGFET  technologies  will  be  clearly  provided,  followed
by  a  discussion  on  the  process  challenges  based  on  current
technology.  Next,  the  reliability  issues,  including  SHE,  carrier
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transport, BTI and HCI are discussed for various MuGFET tech-
nologies.  Among  the  existing  review  works  on  MuGFETs,  the
carrier transport behavior of these ultrascaled 3D devices was
rarely analyzed. In this paper, the ballistic transport character-
istics  of  MuGFETs  and  the  impact  of  SHE  on  it  were  thor-
oughly summarized for MuGFETs, thin body SOI FETs (w/ and
w/o  HCI),  and  thin  body  GeOI  FET.  The  SHE  induced  trans-
port  and  reliability  issues,  especially  the  difference  with  the
planar  transistors,  will  be  discussed.  An  overlook  of  the  fu-
ture  technology  trend  on  new  material  MuGFETs  will  be
touched up at the end.

2.  Process development of Si multi-gate
transistors

2.1.  A historical view on the development of MuGFETs

In late 1980s, double-gate Si MOSFETs was initially demon-
strated  on  SOI  substrate.  The  purpose  of  the  back  gate  is  to
tune  the  threshold  voltage VT of  the  front-gate  transistor[26].
Meanwhile,  multi-gate  transistors,  like  GAA  MOSFETs  and
double-gate  FinFET  were  demonstrated  also  on  SOI  sub-
strate, as the insertion of buried oxide could eliminate the sub-
strate leakage and simplify the process steps for fin-to-fin isola-
tion.  In  1999,  Huang et  al.[8] demonstrated  the  first  FinFET
with  a  gate  length LG of  sub-50  nm  and  a  fin  width  of  15−
30 nm. Following that, leading research groups and foundries
like  IBM[11],  STMicroelectronics[15],  Intel[5, 10],  TSMC[16, 27],  Sam-
sung[17].  IME[18],  etc.  demonstrate  their  MuGFET  technology
with excellent control of SCEs and decent transfer characterist-
ics.  The  schematics  and  cross-sectional  TEM  images  of  these
devices  are  shown  in Fig.  1. Fig.  2 summarizes  the  available
structures  for  MuGFET  that  have  been  reported  by  several
research  groups  including  DG  FDSOI  FET  [Fig.  2(b)],  FinFET
[Fig.  2(c)],  Ω-gate  FET  [Fig.  2(d)],  GAA  NW  FET  [Fig.  2(e)],  and

GAA stacking nanosheet  FET  [Fig.  2(f)],  in  both 3D and cross-
section views. As shown in the schematics, the sidewall chan-
nel  offers  extra  dimension  of  conducting  surfaces  for  carrier
transport,  therefore,  the  novel  designed  MuGFET  structure
could  realize  higher  current  per  substrate  area  than  the  con-
ventional planar transistors. For MuGFETs with thinner or nar-
rower  channel,  volume  inversion  can  be  realized  in  the  en-
tire channel region, offering an improvement in carrier mobil-
ity as well as electrostatic control. Fig. 3 compare the drain-in-
duced barrier lowering (DIBL) for transistors fabricated with dif-
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Fig. 1. (a–f) Schematics of MuGFETs with different gate geometries: (a) IMEC’s gate-all-around (GAA) MOSFET[14], (b) the world-first FinFET[8], (c)
IBM’s double-gate (DG) FinFET[11], (d) STMicroelectronics’s GAA MOSFET[15], (e) Intel’s tri-gate FinFET[10], (f) TSMC’s nanowire FinFET[16]. (g–i) TEM
images showing the cross-sectional view of fins/nanowires from early works: (g) IBM’s DG FinFET[11],  (h) Intel’s tri-gate FinFET[10],  (i) Samsung’s
nanowire MOSFET[17], (j) IME’s nanowire GAA MOSFET[18], (k) TSMC’s FinFET[27], (l) STMicroelectronics’s GAA MOSFET[28].
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Fig. 2. (Color online) Evolution of MuGFETs from the planar device to
the stacking structures. (a) Planar MOSFET. (b) Double-gate (DG) fully
depleted SOI MOSFET. (c) FinFET. (d) Ω-gate MOSFET. (e) GAA NW MOS-
FET. (f) GAA multilayer nanosheet MOSFET.
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ferent process technology, namely,  bulk planar FETs,  fully-de-
pleted  SOI  (FDSOI)  FETs,  and  FinFETs[29].  DIBL  is  closely  re-
lated  to  the  gate  control  over  the  channel  region.  A  smaller
DIBL  indicates  a  good  suppression  of  SCEs.  For  the  three
groups  of  devices  in Fig.  3,  at  the  same LG,  DIBL  is  obviously
lower for FinFETs, as compared with planar transistors. Further-
more,  among  FinFETs  with  various  fin  widths  but  the  same
LG,  narrower fins  lead to even lower DIBL,  indicating that  it  is
the  cross-sectional  area  normal  to  the  carrier  transport  direc-
tion  determines  the  degree  of  gate  control  over  the  transist-
or  channel.  A  smaller  conducting  area  leads  to  a  lower  DIBL
and  better  SCE  control.  The  DIBL–LG/λ and  DIBL–LG profiles
were  extracted  for  ETSOI,  DG,  tri-gate,  and  GAA  FETs  based
on data from IBM and Intel Corp[30, 31],  respectively. As shown
in Fig.  4(b),  as  the  degree  of  gate  wrapping  increases,  smal-
ler  DIBL  could  be  achieved  at  the  same LG.  As  the  mean-free
path λ is longer for fully depleted and undoped channel, there-
fore, ETSOI FETs exhibit the longest λ. In Fig. 4(a), at the same
LG/λ, the value of DIBL is similar for all the four technologies.

The initial demonstration of MuGFET technology was real-
ized  on  SOI  platform  due  to  the  simplicity  in  process  design
and elimination of  junction leakage to the substrate.  In 2011,
Intel  announced  its  advanced  22  nm  FinFET  technology  on
bulk  Si  wafer[5],  which  promotes  the  adoption  of  bulk  FinFET
technology  in  the  industry.  Nowadays,  mainstream  foundries
have  chosen  bulk  Si  FinFET  structure  for  their  most  ad-
vanced technology nodes.

2.2.  Process challenges in state-of-the-art MuGFETs

To  achieve  better  gate  control  over  SCEs,  the  narrow  fin
and  ultrathin  nanosheet  structures  are  exploited  in  the  most
advanced MuGFETs. Fig. 5 provides the ION–DIBL data for sever-

al  advanced  Si  MuGFETs  reported  in  recent  years  with  differ-
ent process technologies[11, 17−19, 32−39].  At  similar  gate length,
planar transistors (in black) exhibit much larger DIBL than the
MuGFETs,  indicating  poor  control  of  SCEs.  Although  FDSOI
transistors  could  also  be  used  for  excellent  SCE  suppression,
the  current  per  footprint  is  lower  than  FinFETs[27, 37],  and
what’s more, the 3D stacked NS MuGFETs[19], as the latter two
technologies  utilize  the  advantage  of  vertical  dimension  for
carrier transport.

With the continuous scaling down of Si CMOS, the Si pro-
cess  technology  encounters  more  challenges  for  the  realiza-
tion of higher density, higher performance, and higher reliabil-
ity Si  MuGFET CMOS. Take the 7-layer NS MOSFET in Ref.  [19]
as an example.  The 3D stacking design could help to achieve
extraordinary ION per  footprint  but  greatly  increase  the  pro-
cess difficulty in gate stack formation and heating-related de-
gradation  issues  in  the  channel.  In  general,  the  process  chal-
lenge  for  massive  production  of  high-quality  Si  MuGFETs  lies
in the following aspects: lithography capability, product integ-
ration, variability control, threshold voltage tuning, and strain
engineering[40−44].

Lithography. To  overcome  the  optical  limits  of  ArF
193  nm  DUV  lithography,  liquid  material  was  introduced  to
the optical  system to increase the numerical  aperture (NA) of
the existing DUV lithography tool. As the critical dimension is
inversely  proportional  to  NA,  this  method  could  help  to  fur-
ther  push down the critical  feature  size  based on the current
lithography  technology.  However,  increasing  NA  will  de-
grade the depth of  focus  (DOF)  as  it  is  inversely  proportional
to NA2.  To solve this problem, thinner photoresist (PR) should
be  used.  Paradoxically,  thin  PR  cannot  withstand  the  etching
of  structures  with  high  respect  ratio  which  is  necessary  for
high ION MuGFETs. Therefore, the design of new mask with nov-
el  materials  that  can  satisfy  the  dilemma  between  selectivity
and  film  thickness  is  an  important  topic  that  needs  to  be
solved.

Product  integration. The  gate  pitch  (GP)  is  defined  as
LG + Wcon + 2Wsp,  where Wcon is  the contact width and Wsp is
the  spacer  width  from  gate-to-contact[45].  As  the  GP  keeps
shrinking,  the space for  epitaxial  growth of  S/D junctions  de-
creases,  leading  to  an  increase  in  the  S/D  resistance RSD.  For
sub-20  nm  MuGFETs,  the  increase  in RSD will  drag  down  the
overall  ON-current  performance  obviously.  Although  increas-
ing the doping level  in  S/D junctions  can reduce RSD,  as  long
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as  it  reaches  the  solubility  limit  (~1021 cm−3),  further  reduc-
tion of RSD due to dimension scaling will be extremely challen-
ging.  Other  than  GP  scaling,  the  fin  pitch  scaling  also  intro-
duces several integration problems like S/D epi shorts and mo-
bility  degradation  due  to  the  aggressive  thinning  of  fin
width[44].

Strain  engineering. Both  GP  scaling  and  fin  pitch  scal-
ing will  reduce the space for epitaxial raised S/D (RSD). For p-
MuGFETs  with  SiGe  RSD,  the  scaling  will  leads  to  the  reduc-
tion  of  channel  strain  and ION since  smaller  volume  of  the
SiGe is less effective to induce compressive strain in the chan-
nel.

Threshold  voltage  tunning. For  high  aspect  ratio  MuG-
FETs,  the  fully  depleted  channel  could  not  be  used  for
threshold  voltage  tunning.  The VT adjustment  could  only  be
realized  by  the  careful  work  function  tunning  of  metal  gate
electrode[41].  Mid-gap  metal  like  TiN  could  be  used  for  both
p- and n-channel MuGFETs to obtain a medium VT. For the de-
mand  of  low VT CMOS,  replacement  metal  gate  (RMG)  recess
process  with  additional  cap  layer  in  between  the  gate  metal
and  the  high-κ dielectric  is  the  commonly  used  method.
However,  since  the  GP  scaling  will  give  more  pressure  to  the
LG shrinking  for  the  consideration  of  better RSD,  the  RMG  re-
cess process for an ultrascaled gate stack is also extremely diffi-
cult.

Variability  control. The  source  of  FinFET  performance
variability  comes  from  a  lot  of  aspects.  For  7  nm  technology
node,  the  GP  is  56  nm  and  the  fin  pitch  is  only  30  nm[45].  At
this  geometry  level,  any process  dispersion in  the process  in-
tegration  can  cause  great  impact  on  the  electrical  perform-
ance fluctuation of the MuGFETs. The lithography and etch pro-
cess  may  cause  the  appearance  of  line  edge  roughness  (LER)
for both fin and gate structures. The implantation, thin film de-
position,  polishing  and  thermal  process  for  sub-20  nm  MuG-
FET technology are also difficult to control the wafer-level vari-
ability at such a tight process tolerance level.

3.  Reliability issues of multi-gate transistors

3.1.  Self-heating effect and carrier transport analysis

For short channel transistors,  self-heating issues have be-

come  increasingly  ineligible.  As  the  drive  current  is  inversely
proportional  to  the  gate  length,  the  power  density  increases
as  the  gate  length  shrinks.  Furthermore,  as  compared  with
the traditional 2D/planar device architecture, 3D/FinFET struc-
ture  exhibits  more  severe  SHE[46, 47].  As  shown  in Fig.  6[46, 47],
from 22  nm technology node to  7  nm node,  the  aspect  ratio
of  MuGFETs  keeps  increasing.  Provided  the  mobility  of  thin
film Si  does not change among these nodes,  for devices with
the same LG, ION per wire/fin width increases as the aspect ra-
tio  increases.  Therefore,  the  power  per  planar  area  increases,
leading  to  higher  heat  generation.  On  the  other  hand,  the
heating  dissipation  efficiency  decreases  drastically  as  the  di-
mension  of  the  fins  pioneers  to  higher  aspect  ratio.  It  is
known  that  the  fin  thermal  resistivity Rth of  a  MuGFET  is
closely  related  to  the  number,  density,  width,  and  aspect  ra-
tio of fins[46−52]. Fig.  6 shows the change of Rth as the techno-
logy  node  decreases  for  MuGFETs  with  different  number  of
fins  and  width  of  fins[47]. Fig.  7 provides  the  value  of Rth for
common  gate  stack  materials  in  thin  film  form,  including
HfO2,  TiN,  and Si  fins at  different technology nodes[48−52].  The
trend  of  MuGFETs  scaling,  namely,  higher  aspect  ratio,  dens-
er fin arrangement, thinner gate oxide and metal, smaller con-
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tact,  leads  to  much  smaller  thermal  resistivity  for  the  entire
transistor.  In  addition  to  the  effect  of  higher  planar  power
density, the self-heating effect has become a bottleneck limit-
ing  the  performance  and  reliability  of  the  advanced  MuG-
FETs.

The  increased  SHE  occurring  near  the  channel/drain
boundary  would  introduce  various  issues  in  device  perform-
ance and reliability[24, 25],  including extra degradation in carri-
er  transport  characteristics,  BTI,  HCI,  cyclic  and  device-to-
device  variation. Fig.  8 shows  the  transfer  characteristics  of
an  SOI  FinFET  at LG =  80  nm  measured  at  various  temperat-
ures[24].  As  illustrated,  the  performance  parameters,  namely,
subthreshold  swing  (SS)  and ION both  degrade  as  the  chan-
nel/chunk  temperature  increases.  For  a  MuGFET  working  un-
der DC bias, the stabilized channel temperature would be with-
in  the  range  of  353–393  K.  According  to Fig.  8,  the  expected
degradation of Ion would be above 15%.

For  sub-100  nm  FinFETs  operated  in  quasi-ballistic  re-
gime, the ballistic transport characteristics would be greatly af-
fected  by  SHE,  especially  when  using  the  DC  measurement
setups.  While  in  “real”  IC circuit  operated with a  frequency of
a few tens of GHz, the device temperature is much lower and
therefore the SHE is  less severe than that under DC measure-
ment[53]. Therefore, the traditional DC method may not accur-
ately  characterize  the  ballistic  transport  behavior  of  Si  Fin-
FETs. Several fast measurement approaches[24, 54, 55] were pro-
posed  to  analyze  the  carrier  transport  characteristics  without
SHE. Cheng et al.[24, 25] carried out the fast measurement by ap-
plied an ultrafast (sub-100 ns) voltage pulse on the gate elec-
trode  and  sensed  the  corresponding  change  of  voltage  drop
on  the  drain  electrode,  as  illustrated  in Fig.  9(a).  The  total
“turned-on” time for the transistor is determined by the pulse
width  applied  to  the  gate.  The  shorter  the  pulse  width,  the
less  heat  was  generated  in  the  transistor  channel,  and  con-
sequently,  the  less  occurrence  of  phonon  scattering  en-
countered  by  the  carriers. Fig.  9(c) compares  the  transfer
characteristics  (ID–VG)  of  an  SOI  FinFET  with LG =  80  nm  and
WFin =  20  nm  measured  at  three  different  speeds[24].  As  the
pulse width reduced from 1 μs to 100 ns, the time for heat gen-
eration  and  spreading  out  was  reduced  by  an  order,  leading
to less phonon scattering and a gradual increase in the satura-
tion drive current IDsat.

It  should  be  noted  here  that,  compared  to  the  bulk  Fin-
FET, the SOI FinFET has even worse thermal dissipation capabil-
ity with the insertion of buried oxide layer whose thermal con-
ductivity  is  only  around  1%  of  Si  at  the  same  thickness[21, 56].
Therefore,  SOI FinFETs suffer  more SHE than the bulk FinFETs
since both the narrow fin width and thick buried oxide will re-
tard  the  efficiency  of  heat  dissipation.  Therefore,  although
SOI  substrate  was  chosen  for  MuGFETs  demonstration  for  a
long  time,  bulk  technology  was  eventually  chosen  for  the
mass production of FinFET ICs by the industry, which can par-
tially lessen the SHE-related problems.

According  to  Lundstrom’s  theory[57, 58],  for  transistors
operated in quasi-ballistic  regime, the drive current IDsat is  re-
lated to the carrier transport parameters, namely, carrier injec-
tion velocity υinj and ballistic efficiency Bsat by IDsat = WυinjBsat·
Cox(VG – VT),  where Cox is  the oxide capacitance, W is  channel
width, VG is  the gate voltage,  and VT is  the threshold voltage.
Following  that,  a  temperature  dependent I–V technique  was
developed  and  used  to  determine  backscattering  paramet-
ers  of  sub-100  nm  devices[59, 60].  In  the  temperature  depend-
ent  backscattering  model, Bsat can  be  obtained  from  the
near-equilibrium  mean-free  path λo and  the  critical  distance
lo over which the potential drops by kBT from the peak of the
conduction  band  barrier.  The  ratio λo/lo can  be  extracted
from the values of η and α using
 

λo
lo

= [ 

− (α +

η
VG − VT

)]− − , (1)

where η and α are  defined  to  be  the  slopes  of VT shift  ΔVT

and ΔIDsat/IDsat with respective to  temperature T,  respectively.
From the extracted λo/lo, Bsat can be calculated using
 

Bsat =
 − rsat
 + rsat

= 
 + (lo/λo) , (2)

 

rsat =
lo

lo + λo
= 

 + λo/lo , (3)

where rsat is the carrier backscattering ratio, i.e. the fraction of
injected carriers  being scattering back from the channel.  Fur-
thermore,  as  compared  with  the  bulk  planar  transistors,  the
series resistance for short-channel FinFETs is much larger due
to  the  shrunk  S/D  regions[61−63].  Whereas,  one  assumption
made  in  the  backscattering  model  introduced  in  Section  2  is
that  the  temperature  dependence  of  the  S/D  series  resist-
ance RSD is  negligible.  It  is  necessary  for  large  planar  devices
with  channel  and  source/drain  (S/D)  region  in  similar  dimen-
sions. However, for FinFET with ultra-narrow fins connected dir-
ectly to the S/D region with large volume, the temperature de-
pendence  of RSD cannot  be  ignored.  This  is  due  to  the  fact
that  the  quantum  contact  resistance,  which  originates  from
the interface between the 3D S/D regions and the low dimen-
sional  quantum-wire  of  S/D-extension  regions,  is  sensitive  to
temperature[64].  Therefore,  the  temperature  dependence  of
RSD should  be  taken  into  consideration  in  the  backscattering
model  for  ultra-scaled  FinFETs.  A  modified  temperature  de-
pendent model was provided in Ref. [54] The temperature de-
pendent coefficient β is defined as
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β =
ΔRSD
ΔT

, (4)

where  ΔRSD is  the  change  of RSD as  the  channel  temperature
T changes.  By  correcting  the  effect  of  temperature-depend-
ent RSD on  the  backscattering  model, λo/lo could  be  extrac-
ted by the following modified equation: 

λo
lo

= [ 

− (α +

η + (RSDα + β) IDsat
VG − VT − RSDIDsat

)]− − , (5)

while  the  correlation  among λo/lo, rsat and Bsat remains  un-
changed.

For  multi-gate  transistors,  the  parasitic  resistance  exhib-
its  large  variability.  Therefore,  to  accurately  exempt  the  ef-
fect  of RSD on  the  backscattering  parameters, RSD was  extrac-
ted  for  individual  device  at  every  characterization  temperat-
ure. Fig.  10 shows the RTotal–VG plot for  a FinFET with LG = 40
nm  at  three  different  characterization T.  By  fitting  the  data
points in Fig.  10(a), RSD at  each T could be taken at  very high

gate bias.  As T increases, RSD gradually  increases.  For  the Fin-
FET  in Fig.  10, RSD shows  a  linear  relationship  with T and  its
temperature  dependent  coefficient β is  0.591  Ω/K.  Based  on
the corrected backscattering model, λo/lo was extracted at vari-
ous  gate  lengths  for  both  the  “DC”  and  “pulse”  cases.  The
RSD-corrected λo/lo as a function of LG is shown in Fig. 10. The
values  of λo/lo without  considering  the  temperature-depend-
ent RSD in the backscattering model is also included in Fig. 10
for  comparison.  As  discussed  before,  since  using  pulsed I–V
method could exempt the SHE on the characterization of bal-
listic  transport,  the  mean  free  path  in  “pulse”  case  is  larger
than that in the “DC” case, as in the latter case the channel is
heated up due to  the  severe  SHE,  leading to  more  scattering
or  shorter  mean  free  path.  As  shown  in Fig.  10, λo/lo ratio  is
higher for devices with shorter LG.  As λo in the “pulse” case is
larger, λo/lo ratio extracted from the pulsed I–V measurement
is generally higher than the one extracted from the DC meas-
urement.  The  difference  of λo/lo between  the  two  measure-
ment conditions is  slightly higher for FinFETs with smaller LG.
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As LG decreases, λo/lo in both “DC” and “pulse” cases increase
while  that  extracted  from  pulsed I–V measurements  in-
creases more. This result indicates that self-heating may have
more  effects  for  devices  with  shorter LG.  For  sub-100  nm
devices,  using  DC  measurement  to  estimate  the  backscatter-
ing parameters may not cause large discrepancies but for Fin-
FETs  with  sub-50  nm  or  even  smaller  gate  length,  pulsed I–V
method would be more accurate for the extraction of backscat-
tering parameters.

Fig.  11 compares  the  ballisticity  of  FinFETs,  FDSOI  planar
Si  and  Ge  FETs.  The  trendline  in  the  figure  is  obtained  based
on  a  numerical  fitting  model[24, 25].  A  higher Bsat indicates  a
more  temperature-independent  carrier  transport,  or  in  other
words,  the  performance  of  a  transistor  is  more  independent
of  the  phonon  scattering  and  mobility.  According  to  the  fig-
ure,  FinFET  technology  exhibits  superior  ballisticity  especially
for  those  with  improved  S/D  parasitic  resistance  and  smaller
gate  length.  From  this  perspective,  improving  the  ballisticity
of FinFETs could decrease the dependency of IDsat on the work-
ing  temperature,  and  therefore  mitigate  the  SHE  on  the
device  performance,  which  is  quite  severe  in  the  3D  struc-
tured ultrascaled transistors.

3.2.  Bias temperature instability and hot carrier

injection
Biased temperature instability (BTI) and hot carrier degrad-

ation  (HCD)  are  the  two  main  factors  determining  the  life-
time  of  a  transistor.  With  the  scaling  down  of  conventional
transistors, negative bias temperature instability (NBTI) has be-
come a major aging issue for p-channel MOSFETs while posit-
ive  bias  temperature  instability  (PBTI)  gets  unobvious  for  n-
channel transistors[65−67]. NBTI during device operation gener-
ates dangling bonds at  the gate stack interface,  causing a lot
of  charge trapping at  the interface,  and therefore,  worsening
the device  performance,  in  terms of  a  threshold  voltage shift
(ΔVT),  an  increase  in  SS,  a  decrease  in  transconductance  (gm)
and ION etc. In addition, as mentioned in Section 3.1, SHE gets
increasing prominent for 3D structured transistors with nano-
scale  dimensions.  What’s  worse,  as  SiGe  raised  source/drain
(RSD)  technique  is  commonly  adopted  in  the  p-channel
device  process  by  the  industry,  the  lower Rth of  SiGe  (shown
in Fig. 7) aggravates the SHE in the p-channel MuGFETs. There-
fore,  it  could  be  anticipated  that  NBTI  will  be  a  dominant
device aging factor in MuGFET CMOS circuits.

For quite a period of time along the roadmap of Moore’s
law,  HCD  is  no  longer  an  issue  on  the  aging  of  CMOS[23].
However, as the device architecture evolutes to the more com-
plicated 3D structures, HCD has re-appeared to be a crucial is-
sue  in  both  the  n-  ad  p-channel  MuGFETs.  Again,  owing  to
the more severe SHE in p-MuGFETs, the HCD of them is more
significant  than  that  of  the  n-MuGFETs,  although  the  activa-
tion  energy  and  the  carrier  effective  mass  are  much  higher
for  the  former.  Besides,  as  compared  with  the  nanoscale
planar  transistors  with  negligible  SHE,  the  heat  generated  in
the  MuGFET  channel  will  elevate  the  lattice  temperature.
Therefore,  although  HCD  occurs  at  high VD where  the  vertic-
al  field  is  much  reduced,  the  SHE-induced  high  temperature
will still result in obvious NBTI, making it difficult to differenti-
ate  the  amount  of  contribution  for  device  aging  between
HCD  and  NBTI  for  p-MuGFETs.  Samsung  studied[23] the  im-
pact  of  SHE  on  the  change  of  interface  trap  density  ΔNit as
the  fin  density  and VD vary  for  bulk  FinFETs,  as  shown  in
Fig.  12.  Increasing  fin  density  will  aggravate  the  SHE,  there-
fore,  speeding up the generation of Nit.  As Nit will  affect both
BTI and HCD-induced ΔVT,  it could be concluded that even at
high VD where the vertical field is lessened, for devices suffer-
ing  from  severe  SHE,  NBTI  still  plays  an  important  role  in  the
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total  shift  of  threshold  voltage,  or  in  other  words,  the  life-
time of MuGFETs.

Fig.  13 summarizes  the  estimated  aging  contribution  for
HCD  and  BTI  for  both  p-  and  n-channel  FinFET  from  Intel,
based  on  its  14  and  10  nm  node  FinFETs[45].  For  both  nodes,
PBTI  keeps negligible while the aging contribution from NBTI
is reduced for 10 nm node. The general aggravation in reliabil-
ity degradation from 14 to 10 nm node comes more from the
HCD.  With  the  existence  of  SHE,  the  portion  of  p-MuGFET
HCD (PHCD) increases more than 2 times, while that for n-MuG-
FET HCD (NHCD) increases less.

With  the  aggressive  scaling  down  of  MuGFETs,  BTI  and
HCI are not the only reliability issues in the MuGFET technolo-
gies.  Reliability  topics  like  electromigration[68, 69],  device-to-
device variation[70, 71], cycle-to-cycle variation[70], random tele-
graph  noise[72, 73],  dielectric  breakdown  characteristics[74, 75]

etc. are also get more severe. To improve the reliability and life-
time  of  MuGFETs,  gate  stack  quality  and  device  structures
need  to  be  optimized.  For  example,  as  also  shown  in Fig.  13,
with  higher  annealing  temperature,  the  defects  in  the  gate
stack from 14 to 10 nm are reduced, leading to an obvious re-
duction  of  NBTI  for  10  nm  node  transistors.  The  great  reduc-
tion  in  NBTI  could  cancel  off  the  large  increase  of  degrada-
tion  from  PHCD  and  NHCD,  leading  to  an  overall  increase  of
the  end-of-life  (EOL)  drive.  However,  increasing  thermal
budget  leads  to  junction  lateral  movement,  which  degrades
the HC lifetime as well as the gate oxide quality. The state-of-
the art MuGFET technology, like novel contact material  selec-
tion,  self  aligned  contact-over-active-gate  (COAG)[45, 66] and
new isolation designs etc, helps to increase the packing dens-
ity  and  device  performance,  but  unavoidably  degrades  the
transistor  and  circuit  reliability.  The  aggressive  gate  pitch  re-
duction  also  worsens  the  HCD  and  intrinsic  gate  dielectric
breakdown.  Therefore,  more  work  on  process  co-optimiza-
tion needs to be done to balance the trade-off among device
performance, cost per function, and reliability.

4.  Future trends

Although  Si  CMOS  technology  is  still  the  sole  choice  for
mass  production  of  IC  chips  by  the  industry,  in-depth  re-
search  has  been  done  to  explore  and  pursue  novel  material
transistors  with  higher-mobility  beyond  Si  MOSFETs.  III–V
compound,  Ge  and  GeSn  channel  MOSFETs  were  demon-

strated  to  overcome  the  mobility  limit  of  the  traditional  Si
transistors[76−83].  Although  these  novel  materials  exhibit  su-
perior  intrinsic  mobility  than  Si,  the  interfaces  of  them  with
gate  dielectrics  are  quite  defective,  leading  to  worse  device
performance  and  reliability,  which  hinders  the  replacement
of  current  Si  CMOS  technology  which  these  novel  material
technologies.

To  overcome  the  interface  problems,  in  the  past  ten
years,  various  passivation  techniques  were  examined  on  the
novel  channel  transistors[84−89].  For  Ge  MOSFETs,  the  inter-
face  passivation  with  ultrathin  GeOx layer  grown  by  plasma
post oxidation method[88],  quantum confined passivation lay-
ers  (InAlP[85] or  Si[86]),  and  high  pressure  passivation  tech-
nique[87] etc,  are  demonstrated  to  sufficiently  improved  the
mobility  of  Ge MOSFETs by either reducing the Nit,  or  confin-
ing  the  carrier  transport  away  from  the  interface.  Based  on
these  effective  passivation  techniques,  high  performance
SiGe,  Ge,  GeSn  and  III–V  compound  MuGFETs  were  fabric-
ated,  demonstrating  excellent  control  of  SCEs  and  On-cur-
rent  performance. Fig.  14 benchmarks  the SS and ION/Ioff ra-
tio  for  several  high  performance  MuGFETs  with  novel  chan-
nel  materials[76−83].  The reliability  issue of  high mobility  MuG-
FETs  is  another  concern when considering their  possibility  to
be  the  future  generation  of  CMOS.  It  is  reported  the  inter-
face  between  SiGe  and  high-κ metal  gate  (HKMG)  is  better
than  either  the  Si/HKMG  or  Ge/HKMG  interface[90],  which  en-
ables  the  possible  implementation  of  SiGe  3D  CMOS  with
high performance and reliability for commercialized IC applica-
tions. For MuGFETs with other channel materials, interface en-
gineering  is  still  a  very  important  technical  challenge  which
needs to be solved in the future.

5.  Conclusion

3D  structured  MuGFETs  with  several  different  gate  stack
technologies  were  reviewed  in  this  work.  With  more  degree
of  gate  wrapping  over  the  transistor  channel,  excellent  con-
trol  of  SCEs  and  volume  inversion  of  channel  can  be
achieved, demonstrating Si MuGFETs with superior electrostat-
ic  characteristics.  For  14  nm  technology  node  and  beyond,
the difficulties  in  process  integration and co-optimization are
discussed,  as  so  to  further  improve  the  device  performance
and  reliability.  The  carrier  transport  characteristics,  BTI  and
HCI aging for Si MuGFETs with severe SHE were also investig-
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Fig. 14. (Color online) Comparison of SS and ION/Ioff ratio at various LG for MuGFETs with novel high-mobility channels[76–83].
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ated.  At  the  end  of  the  review,  the  possible  future  MuGFETs
with  novel  high-mobility  channels  were  discussed  and  com-
pared. To make it possible to replace the current high perform-
ance Si MuGFETs, process optimization is still necessary to im-
prove the gate stack quality and source/drain junctions.
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