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Abstract: In this paper, the ESD discharge capability of GGNMOS (gate grounded NMOS) device in the radiation-hardened 0.18 μm
bulk silicon CMOS process (Rad-Hard by Process: RHBP) is optimized by layout and ion implantation design. The effects of gate
length, DCGS and ESD ion implantation of GGNMOS on discharge current density and lattice temperature are studied by TCAD
and  device  simulation.  The  size  of  DCGS,  multi  finger  number  and  single  finger  width  of  ESD  verification  structures  are  de-
signed, and the discharge capacity and efficiency of GGNMOS devices in ESD are characterized by TLP test technology.  Finally,
the optimized GGNMOS is verified on the DSP circuit, and its ESD performance is over 3500 V in HBM mode.
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1.  Introduction

With  the  improvement  of  process,  the  design  challenges
of  ESD  have  become  increasingly  significant[1].  The  introduc-
tion of ultra shallow junction, silicide and epitaxial layer has a
negative  impact  on  ESD  performance.  In  ultra  deep  sub-
micron  CMOS  process,  because  the  breakdown  voltage  of
thin gate oxide is low, an effective on-chip ESD protection cir-
cuit must be added to clamp the over impulse voltage on the
internal  gate  oxide.  To  obtain  the  robustness  of  the  built-in
ESD  device,  additional  ion  implantation  process  can  be  used
to  increase  the  junction  depth  of  the  source  and  drain  im-
prove  the  ESD  performance.  The  on-chip  ESD  protection
device  will  be  limited  by  thin  gate  oxide  breakdown  voltage
and MOSFET drain breakdown voltage. NMOS devices are usu-
ally used as on-chip ESD protection devices in ultra deep sub-
micron  process,  and  GGNMOS  devices  are  commonly  used.
The  main  problem  of  this  device  is  that  it  is  unable  to  fully
open  multiple  fingers  in  the  process  of  electrostatic  dis-
charge, so part of silicide needs to be shielded for better ESD
capability.

The  radiation-hardened  bulk  CMOS  process  technology
adopts  an  epitaxial  layer  technology[2],  which  improves  the
LET  threshold  of  SEL  (single  event  latch  up).  In  this  way,  the
bulk  resistance  is  reduced,  and  the  ESD  performance  is  re-
duced  accordingly.  Due  to  the  decrease  of  well  resistance,
uniform  triggering  is  difficult.  The  GGNMOS  device  based  on
the  original  ESD  design  rules  can  not  trigger  multiple  fingers
evenly,  the  ESD  current  cannot  be  fully  released,  and  the
triggered fingers burn out prematurely due to overheating.

The significance of this paper: through studying the work-
ing mechanism in the ESD event of GGNMOS devices, paramet-
ers such as breakdown voltage, holding voltage, internal resist-
ance and so on are optimized. By means of device simulation,

process  experiment,  TLP test  verification and circuit  ESD cap-
ability  evaluation,  the  development  and  verification  of  the
radiation  hardened  0.18 μm  bulk  silicon  CMOS  process  ESD
protection device GGNMOS based on epitaxial wafers are com-
pleted.  Without  additional  process  steps,  the  ESD  perform-
ance  of  GGNMOS  can  reach  HBM 3500 V.  The  GGNMOS
device  has  small  area  consumption,  good  robustness,  excel-
lent leakage characteristics and radiation hardness.

2.  ESD protection design

The structure of the IC (integrated circuit) chip ESD protec-
tion system is shown in Fig. 1[3],  including: input level protec-
tion  circuit,  output  level  protection  circuit,  power  clamp,
power to ground ESD protection device, diodes between differ-
ent power supplies.  ESD protection circuit  uses one-way con-
duction  devices  (diodes  or  devices  with  parasitic  diodes,  tri-
odes,  GGNMOS,  GCNMOS,  GRNMOS,  GDPMOS,  SCR,  etc.)[4, 5]

and powerful power to ground clamp circuit, which is connec-
ted  with  ground  wire  through  low  resistance  power  line,
providing  effective  discharge  path  for  various  ESD  discharge
conditions.  Among  them,  GGNMOS  is  commonly  used  in  the
ESD protection circuit of ultra deep submicron integrated cir-
cuit process with good compatibility and ESD performance.

The  typical  input  and  output  port  ESD  protection  is
shown  in Fig.  2[6].  Generally,  the  secondary  protection  struc-
ture  is  adopted.  The  output  stage  and  the  middle  between
the input primary stage and the second stage usually use a cur-
rent limiting resistor of tens of ohms to protect the gate oxy-
gen breakdown of the core (not shown in the picture).

As  shown  in Fig.  3,  the  main  working  principle  of  GGN-
MOS  ESD  device  is  taking  advantage  of  NMOS  device  ava-
lanche breakdown and lateral  parasitic  NPN (LNPN) transistor
to  turn  on  large  current  conduction to  realize  an  effective
method to protect the integrated circuit from damage in ESD
events.

GGNMOS  typical  high  current I–V curve ABCDE is  shown
in Fig.  4,  in  which  the  horizontal  axis  represents  the  voltage
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of  ESD  device  port,  the  vertical  axis  represents  its  current,
and the dotted line with arrow represents the ESD design win-
dow.  1)  Point B Vt1 is  the  trigger  voltage  of  GGNMOS  trans-
verse parasitic NPN transistor, which is strongly related to the
reverse  biased  breakdown  voltage  of  NMOS  drain  PN  junc-
tion.  In  ESD  event,  the  reverse  biased  voltage  of  drain  junc-
tion  increases  in  a  positive  direction,  which  causes  the  ava-
lanche  breakdown  of  drain  PN  junction,  the  current  flows  to
the substrate and body contact  end,  and the potential  differ-
ence  is  formed  in  the  body  area.  When  the  source-bulk  PN
junction barrier voltage drops 0.6–0.7 V, a positive bias is gen-
erated, a large number of injected electrons are quickly collec-
ted  and  accelerated.  When  the  discharge  coefficient  is  great-
er  than  1,  a  positive  feedback  is  generated,  and  the  LNPN  is
triggered. 2) Point C Vh is the hold voltage, which is mainly re-
lated  to  the  body  resistance.  The  device  enters  the CD sec-
tion of ESD current conduction linear working area. 3) The CD

segment  shows  a  positive  resistance  characteristic,  and  large
current  produces  lattice  heating.  The D point Vt2 and It2 are
the secondary breakdown voltage and current,  which are the
key  parameters  for  characterizing  the  current  carrying  capa-
city  of  GGNMOS  devices  in  the  ESD  process.  4)  When  going
over  the D point,  the  gate  oxide  leakage,  PN  junction  leak-
age and even short circuit will appear in the damaged area of
GGNMOS. It is found that It2 is strongly affected by the factors
of β,  gate length,  drain junction depth,  total  width (including
multi  index  and  single  finger  width),  gate  drain  spacing,  epi-
taxial layer concentration and thickness[7].

3.  Parameter design and process TCAD simulation
of GGNMOS

In  contrast  from  the  commercial  0.18 μm  bulk  silicon
CMOS  process,  the  radiation  hardened  0.18 μm  bulk  silicon
CMOS process increases the total dose performance, and intro-
duces a high concentration p+ substrate and a thin layer of p-
epitaxial  layer,  which makes the longitudinal  doping of  MOS-
FET  devices  change  correspondingly,  and  reduces  the  p-well
resistance to  inhibit  the SCR single  particle  radiation induced
latch-up. These changes affect the ESD discharge efficiency of
GGNMOS  devices.  It  is  necessary  to  redesign  the  structure  of
GGNMOS  devices  to  improve  the  robustness  of  devices  and
improve the ESD discharge ability.

In  this  paper,  the  multi-finger  GGNMOS  structure  as
shown  in Fig.  5(a) below  is  adopted,  in  which  AA'  represents
the position of 2D process simulation section, and Fig. 5(b) rep-
resents  the  enlarged  diagram  of  3D  display  area.  On  the  lay-
out, the width of single finger is W, the number of multiple fin-
gers  is M,  and the gap between gate edge and drain contact
is  DCGS[8, 9].  The  ESD  ion  implantation  concentration  is
mainly  controlled  by  the  process  flow,  and  other  basic  pro-
cess characteristic parameters are shown in Table 1 as below.

In  this  work,  TCAD  simulation  of  polysilicon  gate  length,
drain  contact  to  gate-edge  spacing  (DCGS),  ESD  injection
dose  and  TLP I–V curve  in  GGNMOS  structure  is  carried  out,
as  shown  in Fig.  6.  p+ sub  substrate,  source  end,  body  end
and  gate  end  are  connected  to  the  cathode,  while  drain  end
is used as anode.  The following curve (show in Fig.  7)  is  used
in the electrical  simulation of  TLP.  The TLP waveform with 10
ns  rising  edge,  100  ns  pulse  width  and  10  ns  falling  edge  is
used  to  simulate  the  HBM  model.  Avalanche  and  dynamic
thermal  model  are  added  to  the  TCAD  simulation.  The  ther-
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Fig.  4.  (Color  online) Typical  discharge  curve  and  design  window  of
GGNMOS device in ESD event.
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mal  effect  simulation  of  ESD  high  current  stress  in  the  prot-
ection  device  is  realized[10].  In  the  thermodynamic  model,
Poisson's  equation,  electron  and  hole  continuity  equation
and lattice heat flow equation need to be solved[11, 12].

The  TLP  curve  of  GGNMOS  device  simulated  in Fig.  7
matches  with the actual  test  TLP curve.  The Vt1 in  2D simula-
tion  is  about  6.9  V,  and  it  is  similar  to  the  measured  TLP
curve. the parasitic resistance of ESD discharge after LNPN star-
tup  is  the  same.  It  can  be  used  for  design  and  prediction  of

GGNMOS ESD performance.
In the TCAD simulation results shown in Fig. 8 below, the

figures of three lines from top to bottom are the impact ioni-
zation,  current  density  and  lattice  temperature  diagrams,  re-
spectively.  From  left  to  right,  it  shows  the  situations  before
the AB line  snap  back,  when  the BC line  snap  back,  after  the
CD line  LNPN  is  turned  on  and  when  the D point  reaches It2

as described in Section 2.
According  to  the  TLP  simulation  curve,  it  can  be  found

that the trigger voltage Vt1 increases with the increase of chan-
nel length (range 0.25–1.0 μm) (variation 0.8 V). The main reas-
on  is  that  with  the  increase  of L,  the  base  length  of  parasitic
LNPN,  the  current  gain  decreases,  and the  trigger  voltage  in-
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Fig. 5. (Color online) (a) Structure diagram of GGNMOS. (b) 3D display of GGNMOS device.
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creases.  As  the amplification coefficient  of  parasitic  LNPN de-
creases,  more  impact  ionization  current  is  needed  to  main-
tain the collector current, which leads to the high power con-
sumption and lattice  temperature  of  ESD devices[13],  which is
not conducive to the release of ESD current.

In  addition,  when  the  size  of  DCGS  increases  with  fixed

channel  length,  the  thermal  volume  is  increased.  Therefore
when  the  same  ESD  current  passes  through  the  collector
(drain),  the lattice temperature is significantly reduced, which
is  conducive  to  bear  more  ESD  current  and  improve  the  ESD
performance. These results are shown in Fig. 9.

4.  Experimental result

The effects of different DCGS, number of multi finger and
finger width on the ESD performance of GGNMOS devices are
researched,  and  the  different  ESD  ion  implantation  dose
groups  are  compared.  Finally,  the  ESD  performance  is  veri-
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Fig. 8. (Color online) The impact ionization, current density and lattice temperature diagrams.
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Table 1.   The radiation-hardened 0.18 μm CMOS process characterist-
ic parameters.

Item Feature
Minimum feature
size

0.18 μm undoped polysilicon gate

Operating
voltage

Core device 1.8 V, IO device 3.3 V

Isolation
technology

STI

Well structure Double retrograded well
Spacer Type LONO Spacer
Gate oxide Dual gate oxide
Silicide Fully self aligned CoSi2 gate, source, drain
Interconnection Aluminum interconnection with tungsten plug

technology HDP low-K FSG IMD
Optional device DN, HR, MIM optional

Reliability ≥ 20 years
TID ≥ 300 krad (Si)
SEL ≥ 75 MeV·cm2/mg
SEU ≤ 1 × 10–10 error /(bit·day) (with standard

library)
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fied by DSP circuit.

4.1.  Effect of ESD ion implantation dose on the ESD

performance of GGNMOS

In Fig.  10,  6  ×  1013,  8  ×  1013,  and  1  ×  1014 cm–2 dose  of
ESD  ion  implantation  are  used  respectively.  The  test  struc-
ture is  240 and 480 μm 3.3  V GGNMOS with the single finger
width  40 μm  and  DCGS  1.9 μm.  Different  ion  implantation
doses  significantly  affected  the  discharge  ability  of  GGNMOS
in  ESD  events.  For  240 μm  test  structure, It2 was  1.13,  2.64,
and  4.21  A,  respectively,  and  for  480 μm  test  structure, It2

was 3.04, 4.34, and 5.75 A, respectively. The overall width was
doubled.  It  means  that  when  the  width  was  doubled,  the
magnification was 2.69, 1.64, and 1.36 for different ion implant-
ation doses.

4.2.  Influence of single finger width on ESD current

Fig.  11 shows  core  1.8  V  and  IO  3.3  V  GGNMOS  devices
with DCGS 1.9 μm, ESD ion implantation 8 × 1013 cm–2,  multi
finger  index  16.  The value  of It2 in  the  figure  above increases
with  the  increase  of  width  of  single  finger,  which  is  mainly
due to the increase of total  width and ESD discharge path.  In
the  figure  below,  the  normalized  discharge  current  per  unit
length  of  ESD  is  4.5  mA/μm  for  3.3  V  GGNMOS  device  when
the  width  of  single  finger  is  22 μm,  and  the  maximum  dis-
charge  current  is  9.36  mA/μm  when  the  width  of  single  fin-
ger  is  42 μm.  The  normalized  discharge  current  per  unit
length of 1.8 V GGNMOS devices are basically the same in the
range of single finger width 22–62 μm. All  of them are above
10.0 mA/μm. Therefore, when the single finger width of GGN-
MOS is 42 μm, the ESD release current efficiency is the best.

4.3.  Influence of multi finger number on the ESD

performance of GGNMOS

The width of fixed single finger is 42 μm, ESD ion implan-
tation  of  6  ×  1013 cm–2,  the  number  of  fingers  is  changed
from 6, 8, 10, 12, 16, and the total width is the product of the
two.  As  shown  in Fig.  12,  the  ESD  current  of  1.8  V  GGNMOS
device  increases  linearly  with  the  increase  of  the  total  width,
and  the  discharge  efficiency  per  unit  length  also  increases
gradually,  reaching  a  maximum  of  9.73  mA/μm  at  16  fingers.
There  is  a  difference  between  3.3  V  GGNMOS  and 1.8  V.
When  the  cross  index  is  6,  the  discharge  efficiency  is
4.52 mA/μm, and when the cross index is 12, the maximum dis-
charge efficiency is 9.88 mA/μm.

4.4.  Effect of DCGS size on the ESD performance of

GGNMOS

In Fig.  13,  the  test  structure  adopts  multi  finger  number
of  6,  single  finger  width  of  40 μm,  ESD  ion  implantation  of
8  ×  1013 cm–2,  and  DCGS  of  different  sizes.  When  the  DCGS
value  is  below  2.3 μm,  the  discharge  current  of  GGNMOS  in-
creases  with  the  increase  of  size.  When  the  DCGS  value  is
above 2.3 μm, the ESD discharge current decreases with the in-
crease of the size. When the DCGS size is equal to 2.3 μm, the
discharge current  reaches  the maximum value,  the discharge
efficiency  of  3.3  V  GGNMOS  is  12.08  mA/μm,  and  1.8  V  GGN-
MOS is 16 mA/μm. The TLP curves are shown in Fig. 14.

4.5.  Integrated circuit verification

Before GGNMOS device design optimization, the ESD cap-
ability  of  DSP  circuit  in  HBM  mode  can  only  reach 1000 V,
EMMI  positioning  of  crystal  input  pin  is  conducted,  and  it  is
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found that  ESD current  is  short  circuited to ground GGNMOS
(the red area as shown in Fig. 15). The leakage current of oth-
er  input  and  output  pins  increases.  After  GGNMOS  optimiza-
tion, the ESD capacity is increased to more than 3500 V.

The  total  ionization  dose  capacity  of  DSP  circuit  is  veri-
fied  by  gamma  ray,  and  the  performance  reaches  300  krad
(Si).  When  the  ESD  performance  is  improved  from 1000 to
3500 V, there is no TID degradation[14].

5.  Analysis and discussion

With  the  increase  of  ESD  ion  implantation  dose,  the
breakdown  voltage  of  drain  and  body  is  reduced,  which  is
conducive  to  the  uniform  opening  of  LNPN  parasitic  triode
and  the  simultaneous  opening  of  GGNMOS  fingers[15, 16],
which  reduces  the  current  density  per  unit  area  and  keeps
the lattice temperature lower under the same ESD current.  In
turn,  more  ESD  current  can  be  released  under  the  same  lat-
tice temperature.

When  the  width  of  single  finger  is  small,  the  ESD  capa-
city  increases  linearly  with  the  increase  of  width.  When  it
reaches 42 μm, it basically reaches the maximum value of dis-
charge  efficiency  per  unit  size.  When  the  width  of  single  fin-
ger continues to increase, the ESD discharge current can con-

tinue  to  increase,  but  the  increased  part  cannot  be  effect-
ively  triggered,  and  the  comprehensive  discharge  efficiency
shows  a  downward  trend.  Therefore,  a  more  effective  meth-
od  is  to  mirror  a  GGNMOS  to  increase  the  ESD  discharge
capacity.

When the ESD implant dose is 6 × 1013 cm–2, and the num-
ber of multi  fingers is less than 8, the robustness of GGNMOS
is  poor,  and its  ESD discharge efficiency  is  at  a  low level.  The
main  reason is  that  the  body contact  is  relatively  good.  After
large injection, the large area source body junction cannot be
forwarded. The large ESD current in the central area causes lat-
tice burnout.  When the number of  multi  fingers is  more than
8, the area of the triggered central area increases, the ESD cur-
rent  per  unit  area  decreases  and  more  current  can  be  re-
leased before the lattice burns down.

In  the  same  GGNMOS  device  layout,  compared  with  the
traditional  bulk  silicon  CMOS  technology,  the  introduction  of
epitaxial  layer  increases  the  state  of  body  contact  and  leads
to the degeneration of ESD performance. In the GGNMOS struc-
ture  as  shown  in Fig.  5(b),  when  the  ESD  event  comes,  the
drain  end  will  generate  PN  junction  breakdown,  and  a  large
number  of  hole  carriers  will  be  injected into  the body region
(pwell,  p-epi,  p+ sub).  Due  to  the  introduction  of  p+ sub,  the
current in the z-axis direction will increase, but due to the de-
crease of resistance, the body potential cannot reach the previ-
ous level under the same hole carrier injection condition. In ad-
dition, the introduction of p+ sub reduces the transverse para-
sitic  resistance,  reduces  the  barrier  voltage  drop  in  the x-axis
and y-axis  direction  to  a  range  of  0.6–0.7  V  (as  shown  in  the
ring  area  in Fig.  5(a)),  and  finally  reduces  the  ability  of  the
whole  GGNMOS  to  release  current  in  ESD  events.  By  increas-
ing the single finger width (y-axis direction), the hole carrier in-
jection  current  is  increased,  the  barrier  voltage  drop  is  in-
creased  to  0.6–0.7  V,  the  width  near  the  contact  area  of  the
outer  P+ ring  (body  in Fig.  5(b))  that  can  not  effectively  start
the  LNPN  (as  shown  in  the  letter  S  in Fig.  5(a)),  and  the  dis-
charge efficiency of GGNMOS device is increased.

When the DCGS value increases from 1.5 μm, the reverse
biased drain  junction capacitance at  the drain  end under  the
forward  ESD  stress  will  increase[6],  and  the  parasitic  resist-
ance  at  the  drain  end  will  increase,  which  will  help  to  ex-
pand  the  ESD  current  distribution  along  the  single  finger
width more evenly, which is shown as the increase of the ESD
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discharge capacity.  When the DCGS value reaches 2.3 μm, in-
creasing the size will lead to the increase of the drain parasit-
ic  resistance,  showing  a  significant  voltage  drop.  As  a  result,
the  voltage  on  the  gate  oxide  layer  at  the  input  is  increased,
and this trend becomes more obvious as the DCGS value con-
tinues  to  increase,  resulting  in  the  overall  GGNMOS ESD cap-
ability decline.

Through these simulations  and experimental  TLP tests,  it
is  necessary  to  combine  the  gate  length,  single  finger  width,
multi  finger  number,  DCGS,  ESD  ion  implantation  and  other
factors of GGNMOS. These factors are interactive and need fur-
ther experimental design to optimize ESD performance. In ad-
dition, good ESD protection quality also includes several para-
meters that need to be considered in application, such as capa-
citance,  leakage  current,  power  sequencing  and  overvoltage
conditioning  etc.  The  ESD  device  or  clamp  should  not  have
too much capacitance that it violates the loading limits of the
I/O  signaling  specification.  It  must  not  draw  excessive  cur-
rent  at  either  high  or  low  input  or  output  levels.  In
addition, it must be compatible with normal sequence for ap-
plying  power,  and  it  can  survive  for  a  period  of  time  under
the  condition  of  over  voltage.  Therefore,  test  structures  for
benchmarking the ESD robustness of different CMOS process,
so as to get an excellent ESD capability.

Compared  with  the  ESD  performance  of  GGNMOS  devi-
ces found in the relevant literature,  the performance of GGN-
MOS  devices  finally  achieved  in  this  work  has  achieved  a
good  level,  the  discharge  efficiency  of  3.3  V  GGNMOS  is
12.08  mA/μm,  and  1.8  V  GGNMOS  is  16  mA/μm.  The  details
are shown in Table 2.

6.  Conclusion

The ESD performance of GGNMOS protection device is af-
fected  by  many  factors  such  as  layout[20] and  technology[21].
When  determining  the  structure  of  GGNMOS,  it  is  necessary
to  design  and  verify  the  key  elements  such  as  gate  length,
DCGS, multi finger index, single finger width, ESD ion implanta-
tion, etc. Through the process simulation, TLP test, circuit ESD
verification,  the  radiation  hardened  0.18 μm  bulk  silicon
CMOS process platform adopts the optimized GGNMOS struc-
ture ESD protection device.  The HBM mode reaches the level
of 3500 V.
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