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Lo Electrostatic Discharge
L Big energies occurring in a short time

" What’s EOS?

» Electrical Overstress
» Small energies occurring in a long time

MCU Annual Celebratlon Imnted Pa er |

“ All data from published papers or common
ideas



L There are ESD charges.

2 There are ESD voltage differences.
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CURRENT IN AMPERES

Current waveforms through a Current waveforms through a
shorting wire shorting wire
(a) Pulse rise time, (tr) (b) Pulse decay time, (td)
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Main component: 200pf
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Typical equivalent MM ESD circuit
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Charge stnrége' inside IC
{P-well or n-well) frnm. IC Charge discharge
process, IC transportations

and etc.

EEE

Socket CDM

CDM current waveform

01 IC is charged and discharged from IC PINs.

(1 IC is charged at first and then discharged. ;
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2 Vav (Vtl1): trigger on voltage
2 Vsp : snapback voltage

2 It2: secondary breakdown current

2 Vt2: secondary breakdown voltage
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Figure 2, Single finger NMOS transistor
Dimension Definition
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Table 2. Layoui parameters for single finger NMOS

transistors
Var. | Description of Layout Variables Value
a contact width mdr
b contact to contact spacing mdr
[ contact to lateral side of n+ 3 X mdr
diffusion edge
d n+ contact to back side of n+ mdr
diffusion edge
e n+ contact to salicide block spacing mdr
f salicide block extension outside mdr
diffusion
g | poly end overlap onto field or 2 x mdr
overhang
h poly contact pad to diffusion 2 x mdr
spacing
i contact to edge of poly contact pad mdr
i p+ to n+ diffusion spacing mdr epi,
2um
bulk
k p+ substraie tie height mdr to
cover
contacts
L. | poly gate length Table 3 j
m M1 to contact overhang mdr
R__| drain contact to poly spacing Table 3
S source contact to poly spacing Table 3
W | n+ diffusion width Table 3

4. Polysilicon Fate tie down is I pm by 1 pm rectangle widh two contacis.
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1.2 x mdr

1.5 xmdr mdr mdr

mdr 1pm 1pm

mdr 3um 3um
mdr Sum Spm
mdr mdr mdr
mdr 3um 1pm

mdr




g. n+P - substrate diode h. p+/Nwoo zener diode.
with p+N-diode.

a. Grounded gate NMOS b. Grounded gate NMOS

with p+N-diode and PMOS
&uger P buffer i
‘ g i. Thick-field transistors. j- No device from pad to
E—J _ _" — UDD.
¢. No buffering resistor. d. NMOS with gate resistor

to ground.

il | Used devices:
e o g pad » NMOS » Resistor
Egt g » PMOS » Bipolar
= <+ = » Diode » Simple

e. Clipping the NMOS gate ~ f. Enhancing the NMOS » Zenor-diode gate-driven

at V. bulk resistance.
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Fig.6. The layout and cross section of the ladder-structure n-MOS device
for a device with 6 poly fingers each 32um wide.
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Circuit type:
SOURCE ladder-structure

rSUBﬁTRATE

Fig.7. Equivalent circuit of the ladder-structure n-MOS device shown in
Fig.6.
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ESD Circuit Design

Top principles to design ESD circuits are as the below :
» Pass normal 1/O signals and remain inactive during normal IC’s operations.

» Provide CMOS integrated circuits with efficient discharging paths to bypass
any ESD stress.

11

Small layout area (as small as possible).

¥ ¥

Latch-up immunity.

Fabrication compatible (without extra layers).

ESD Design Concerns

v

ESD protection device/ circuit

ESD being protected device/ circuit (Cascade NMOS and Schmitt-trigger
circuit)

4
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”" Typical IP(input) Circuit (GGNMOS: gate grounded NMOS,
GDPMOS: gate drained PMOS)

VDD
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GGNMOS

A=)

AN

Parasitic —|
Diode

wi
K o
=l

VSS

S

O/P

\ Core

ﬁ‘rlurL

S

Typical input circuit: only as the input
circuit, without driving output circuit

Typical output circuit
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Ava nta es:
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. ¥ Easylayout
© W Very good forward ESD currents bypass

Disadvantages:

Diode
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% ¥ Baddiode string turn on voltages due to Darlington effect

» Only one-way ESD protection

» Only input circuits without driving capabilities

| : - . =
‘ VDD Path1

< - |

/P Core — |—

J:,ZSPathz—l E.' l

Typical diode protection circuit



Four kinds of bas
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~ HVT (High Voltage Tolerént) Circuit

ESD Characteristics:

Large turn on voltage

Need extra process

Need large layout area
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Fig. 1. Normal 3.3-V IO buffer driven bya 5-V

)

1 Bigsize P1 as driving PMOS
and ESD PMOS

L Bigsize N1 as driving NMOS
and ESD NMOS
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N-well floating
PMOS
L1

floating
n-well

Stacked NMOS

Fig. 2. Schematic representation of the I/O buffer. All
drawn PMOST's P, to Pg are in the floating n-well.

Cascade |/O:

% Floating substrate PMOS for
well control

» Cascode NMOS for gate oxide

reliability
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bottom
bottom gate
source

n+ n+ P I_ bottom gate

p substrate ESD Implant: source
| extra layout (b)
(explained )
(a) later) Figure 1 Stacked NMOS ESD
% structure in a silicided, LDD
Wider base width than GGNMOS junction process:

(a) cross section,
(b) schematic diagram.
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For 1.8V/ 3.3V 0.18um application

Operation voltage 0- 5V {HVT: High-Voltage-Tolerance).

Vg =33V

For pure ESD devices: the bottom gate grounded

\Vg_pad=3.3m not 5V

[— Vgt ~ Vaa = 3.3V

l_: Vgh = Vss = UV
(—

~Vad-Vin

VS!

Figure2 Biasing the stacked NMOS ESD structure
under normal circuit operation conditions.
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Vddx

- to Era-‘> o Ol .
E._.— e |:|— floating well pad

logic 10Q(optional)

fully silicided

silicide
layout in blocked
separate
active areas l:

UHI V;;

output driver ESD protection

Figure 9 Schematic of stacked NMOS protection in a silicide
blocked technology.

Disadvantage: Layout area consumption

s



Vss
ESD protection layout

activearea oy

Output driver layout

Figure 12 Stacked NMOS ESD protection (upper) layout in a
single active area and stacked NMOS output deiver (lower)
layout in seperate active areas. The metal connections between [
fingers are not shown. //

Driving Device will not be easy to turn on.
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Input Pass Gate Correction
L Vdd
i P2 } I\ I\
ts 100Q &?
;:g PIB  P1A
logic rm”: vas_ .
sssnary e
waition | I [ | s

Vss

Vss

Figure 15 Correction to the input pass gate failure.

Change P1 to “P1A and P1B"
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Another pure-input ESD circuits

L

Target:

» VBF< Vbd device (very hard)
» Vop < Vh (not induce Latch-Up)

Typical SCR structure ' -V Characteristics



» Small Area
» Good ESD Performances

- Disadvantages: y

2 Easytoinduce Latch-Up

2» Only can be input circuits
{without output driving capabilities)




Low-Impedance, High-Current ON State




~ Twobipolars: p1-n1-p2 (al);

b

. nl-p2-n2(a2)

. ———

s

Three junctions: J1, J2, J3

Two gates: gatel, gate2 |

Four-terminal Thyrister

a az_

ANODE
¢ o 1 p2n2 CATHODE

J T 2T

GATE 2 GATE 2




2» Region 0-1: forward blocking, OFF state,
high impedance

(3)

% Point (1), a forward breakover voltage
Ve, a switching current Is (tum-on
current), dv/di=0

=
FORWARD REGION =
(+#)ONp1 &

.» Region 1-2: negative resistance

@y © |V Vor 2 Point (2), dV/dI=0 again,
holding current |, holding voltage V,

EVE(I_?}SOENRSGION 2» Region 2-3: the forward conducting,

) ON state
.» Region 0-4: reverse blocking state

2 Point (4), a reverse breakover voltage V;

2 Region 4-5: reverse breakdown region




Lateral SCR (LSCR)

P+ of PMOS PW of NMOS
- NWofPMOS ~ N+of NMOS




Modified Lateral SCR (IMILS

w
(ﬁ

CR)

(fD
-:H'
(fD

N+/PW junction breakdown provides a lower turn on voltage
than the original PW/NW junction.

S S #

—

- N+could be replaced by P+ for P+/NW junction breakdown.

Trigger N+

P+ N+




Trigger N+ 1

P+ N+




Low Voltage Trigger SCR (LVTSCR)

-— =

PMOS provides the currents to reduce SCR turn on voltage.

~ Hole mobility is only half of electron, so NMOS triggering
. should be better.

Trigger P+
N+ P+ ‘ P+ P+




2 Addlayout areas.

» Add power-on leakage currents.




Surface-Trigger (Gate-Driven) Circuits
Normal operation after RC ESD zapping before RC time
= time constant constant
= VDD VDD
VDD oV } . ov Esnl -
I

ESD: low ESD turn-on voltage |
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ESD zapping before RC time
constant

VDD

Normal operation after RC
time constant

= VDD

= _q|j

i
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- ESD:low ESD turn-on voltage y
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Silicon Datz
o ! - ! L mmi
5 - T v I a I - l : :
—A eI A
GGHNRMOZT
> 4 —A—CHCInB: v
— GODHNMOST
p—— [ —w—Clicinc:
- mi— 3 | GONMOST 4+ ESD Awiing
—g—CIicItD:
GDHMOST + ESD Awkig

Device Under Test Current (4)
T

Device Under Test Voltage (V)

Circuits A and C (GGN): large triggering-on voltage

_Circuits B and D (Gate-Driven): small triggering-on voltage
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ESD test: zap at VDD with grnunding V5SS ESD protection: Mc

— . — R —

rigger Circuit Weak Po

PMOS parasitic blpolar B2 (PNP}, small size

; NMOS para5|t|c blpolar B1 {NPN]), small size

—

- Good ESD: Mc turning on without Bl/BZ turning on

VDD

dii;de

! |§ Mc i A,
p%ihc

% ESD Parasitic
NPN bipolar B3

-‘ L

L

—C:l EMDVDD_T_

d The base of PNP/NPN larger than the base of the parasitic NPN bipolar in Mc

VAN parasitic _l';l_'!il_::ipolar B2

O i
_cl @‘Lﬂnw ‘E z.’:-*" parasitic diode
: iME :

| 1 vss

Output

A Input
L
‘_ Rsub

<
. 5 .
o . f
f .
R L L TR L

“I @III%S 1

[N 1m3 D VDD

Vss

M1
_l Rsuh VSS 2
5 L-

‘F--.. parasitic diode

para smc NPN b:palaf B1
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PNP between Power and Ground

- NPN between Power and Ground '

Large leakage currents from Power
_ to Ground after ESD stresses

248
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' Alarge base PNP between Power
- and Ground

. Alarge base NPN between Power
and Ground

ESD NPN turning on before the small
~ PNP/NPN turning on




Full Chip ESD Protection

There are ESD paths between Two Terminals

Fig. 1 Complete all-active ESD protection schemes:a) Five devices; b) three
devices; ¢) This work-one device. ©=ND, @=PD, @=PS§, @=NS§, ®=DS.
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, w Avoiding such intemal cross devices
w AddingESD devices
% digital (core) domain analog doma%
_C,H: Vdda
Sy B PR <
c1 - | C2
RTINS
Wssd Vssa
[ L
Figure 1 Fatlure during cross-domain stressing from Vdda to
Vssd.

A/D interface:

' 2» ESD test: Vdda- Vssd
1 ESDcurrents can damage the cross devices.
2 Solutions:




Internal




Metal Routing

=—

Make ESD currents flowing uniformly

Path A= PathB

CROSS-SECTION LAYOUT

n+
V-PULSE SOURCE G}TE DIFFUSION
TiSiz
e T Z
POLY GATE]\ \ O
ARV J \_ \\\\\\\\\\\\\\\\\\\\\ D
n* SOURCE ) kn* DRAIN 0
y, p O] .
epi PathB PathA |

"""""""" p* SUBSTRATE L4
- |

DRAIN

Fig. 1. Cross section and layout of the single-poly n-MOS device.




| ;*‘"’ The first one is to keep away the weak path (or devices) \
- ﬁ\hfrom ESD zapping (process impact). /

- e s ./{ﬁ
——= » Salicide Blocking
» ESDImplant
@ WithoutLDD (Lightly Doped Drain)
@ P+#{P-) under N+
\ (P-) "
y N
{ The second one is to increase ESD bypass channels. }
oS A

L » ESDcircuit




ESD Implant

- W — - — i —

7 ESD Implant before spacer

(without nLDD) PESDimplant

- . Dosage: (PW )< [P-) < (P+
Reducing the weak points ' ge: ( )< (P} <(P4)

- Changing the junction breakdown

' Not used in the advanced . from N+/PW to N+/P-

. technologies p
/ Advantai reducing the drain
~ junction breakdown voltage => very
powerful ESD improvement
( Disadvantage: One extra mask

| —
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In old technologies: V_esd with silicided =V _esd with non-silicided

~ In new technologies: V_esd with silicided << V_esd with non-silicided

y

e

i
30 -
w E‘ =
=
= NON
m -
O 20 il
< . SILICIDED
ar i i ESD performance of a
S g gate-coupled nMOS device
E 10 L i in V/pm as a function of
LY : the technology feature
" SILICIDED : size. The effect of silicided
: and non-silicided
0 I (PSS [ S SR T N T ; = -
0 1 > 3 a technologies is clearly

TECHNOLOGY FEATURE SIZE (um) shown.

=
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" Gate Widt dependency of 7 It2 and Vsp versus arsenic nLDD
A ESD Property : - dose:

| LDDTr. : very bad ESD ) &5 | LDDDose P =>Vsp & = 12 1

A
¥

( Offset Tr.: ESD increasing as \ B
- gate width added ] B
250 ————rrr ’
[ —@—1DDTr. M 1 - | .

200 g  OffsetTr.

: > P
¥ i 6l ‘\1\‘ 4 0.65
150 - / = A
[ ] 55 | H 0.6

ESD Failure Threshold Voltage [V]

N _ s =
B ] a d e
100 [ _ .// I _ g sl R
] 1-___..---"":#' Itz

50 L - ] 45 L . 4 05
i 0o P " ] W/L = 40/0.7um |
[ ) 4 - e —

0 L1l ' N AT 6 1012 10 5 10 I
1 10 100 LDD Dose (cm-2) |

Gate Width {microns} |




W/L = 40/0.7um

4 102 8 10?2 1.210"® 1.6 10%

Halo Dose (cm-2)

It2 and Vsp versus boron halo implant dose
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b Ay go }— N+ junction depth from SUPREME-3 simulation il
- A @® Ti=1000A
- datapoint 1 ____ B e o AT 5. +  Ti=800A i
s 80— xjum) 0272 0302 0302 0302 0.432 B Ti=600A =
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3 ?u ey, 1 2 et
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X 201 n
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0 L.l 11 I L1 L.} l L1 1 1 I Ll L1 | I | S |
0.00 0.05 0.10 0.15 0.20 0.25 0.30
CALCULATED SILICON JUNCTION DEPTH (microns) L=1um

The percentage of devices which fail below 2.5kV HBM as a function of
L _calculated silicon junction depth Xjs



Gate Oxide Effect

Smaller the oxide thicknessis,
smaller the breakdown voltage
will become.

T80 80 100
OXIDE THICKNESS {ﬂ)
Oxide breakdown voltage, BVox as a function
of oxide thickness

[/ ESD oxide breakdown voltage
/. islarger than the DC BVox .

"'— Real Design ’—'“
i Margin ' :

,,,,_ Original Design _...
Margi :
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Test Procedures

e ( | Define IC pins : Power, Ground, Input, Output and 1/O.
( . Define zapping and grounding pins.

( Choose zapping events: HBM, MM or CDM.

( Design which pins to trace |-V curves.

( Classify failure critena.




D Failure Criteria

(¥ g

Short and open test

Diode test (fail if current smaller (larger) than the setting
value at specified voltage)

=

-~ |-V curve verification

» |-V envelope: the envelope of I-V curves is the criterion. Devices
fail if the I-V curves drift outside the setting range behind ESD
stress.

» Absolute leakage: device current must be below one designated
number at specified voltage.

» |-V comparison: define that currents can’t be over specified
percentage at one assigned voltage.




|-V Curve Verific

e — e

~ ® Ex:I<0.1pA @ V=3.3V

" Absolute leakage:

ation

o

|-V comparisons:

>/

» Ex:Vshift<
10% @ 1= +/- 20pA
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Introduction to the TLPG measurement

1
- 1

= id
—— ]

1/

= - Irvd

@ Vgt ESD robustness voltage
l,, : second breakdown current

» The ESD model : Viep = 1, * (R + Ryeyice)
» TLPG test: measuring the |, by using the TLPG system




» Two 500 cables
» One 10MQ resistor

» Simple model: 100ns square waveform

Ro=50 Ro=50




R R

Osc. 1 (V1): measuring the device current (=V/R)

Osc. 2 (V2): measuring the device voltage

~ Pulse generator: providing the pulse voltage
: Current meter: measuring the stand-by current (off current)

=

Pulse Generator => current meter => pulse generator => current meter ... {till the
stand-by current larger than the failure criterion)

Pulse Generator

like 2400




Current waveform of the DUT before second-breakdown
(Osc. 1: yellow waveform, I=V/R)

Voltage waveform of the DUT before second-breakdown
(Osc, 2: green waveform)
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GGNMOS One-point by one-point
1600 Device :
Grounded-Gate NMOS W=100um,L~0.5 um
1400
— 1200 T12-0.990 A
1000
@A) /
6Dl
400
0 ~
u I : |
0 1 2 3 4 5 6 7 8
VD (Volt)

Typical high curmrent |-V curve of a grounded-gate NMOS transistoras
the ESD protection structure for the 0.25um technology as an example.




HBM Correlation

“ Good HBM correlations between wafer level testingand |
__ package level testing /'

99.99 1
999 1
H -
o L]
L] A Y ]
80 L1}
70 3 e
" / /f{} sl
= . o
E K || i == :
10 ©
X *I’admge—leml 10 1 i
Vealer Jevel y . SF"'?
1 parameter =
1 73N
01 01 dispersjon =
oM + 0.’101
oo 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 1000 m' ' 10000

ESD-HBM (W) ESDHEM {v)

CDF of HBM measured through waferlevel and package-level tests on {a) normal plot and
(b) lognomal plot, in which the grounded gate NMOS transistor (W/L = 280um/1.6um) is
used as the ESD protection structure for the 0.25um technology.




“ Good HBM correlations between wafer level testing and
package level testing

| 9999 4 = . N9 +Package level
parameler =
= L - . T 67089
- * dispersion — *
90 + * g + 0.0450 +
B 80 - /t 80 + 5
m - m T ” |
= 30 7 o W0 7 Walerlevel
E 3 T w i}t scale
o A 7 fE S 20 7 paramefer =
10 T ¢/ 10 1 61730 ] ’7
+ dispersion = !
1 0.0539
1 r
01 7 01
100 200 300 400 50 600 700 500 S0 1000 100 1000
ESDMM (V) ESI-MM (V)
A

CDF of MM measured through wafer-level and package-level tests on (a) normal plot and
(b) lognormal plot, in which the grounded gate NMOS transistor (W/L = 200/0.5um) is
~ _used as the ESD protection structure for the 0.15um technology.
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Good comrelations between HBM and TLP for non-silicide devices

Bad comrelations between HBM and TLP for silicide devices

Ground

“Table 1T ESDiresults for cincuit A

ESD immunity  2(A)  HBM(kV)  V-HBM/{1.5kohm x1t2)  MM(V)
non-silicide, I=0.4pm | 3.52 | 5.7 | 1.08 | A75
silicide, I=0.4pm 315 | o075 | 0.16 | 50
silicide, I=1pm 331 1.15 0.23 50
303 32 0.70 | 100

silicide, IF1.5pm




Filament formation is from the drain to source of top NMOS.

>




Failure Analysis for ESD

| Comprehend why different ESD robustness happen on distinct devices

=

[

e

.~ PESD

P,
1

T ENY

| Failure analysis — without PESD Fallure analysis — with PESD
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Fig-4. SEM photograph showing holes atthel silicon-to-LOCOS | £ Fg-5. SEM photograph of the op view of an input protection circuit

1hE drain diffusion of an input protection. This is * showing filamentation damagelhem adjacent n diffusion regions under

a top view 1aken after partial oxdde etching. the field oxide. The photograph was made after field oxide eiche

L e et g

5 izttt MDY,
L am ] B8 & IBGEdY Blar~-Z0 8918109 . BOET o1 e .
FRg.6_ SEM pholograph of an NMOS tramsisior, after partial n* Rg.7. SEM photograph of an NMOS fransisior in an output buffer, afier
polysilicon etch 1o expose the gate oxide, shuwi partial n* polysilicon etch, showing|drain/polysilicon edge damage. |

{notching)-




FHg-B_ SEM photograph of a contact hole in the drain diffusion Rg 9. SEM photograph of an NMOS output fransistor using
region of an NMOST output transistor showing |3 hole due o | the silicide blocking mask. The melt region is seen in the area
|comtact spl.|ur|g.| | between the slicide edge and the polysilicon edge. |
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The same ESD pass voltages occur along the IC size scales down.

> HBM pass voltage is the same. (if no environment change)

1 MM pass voltage is the same. (if no environment change)

Big challenges in ESD protection
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Solving ESD issues from the full view

» ESDdesign
» ESD related process
» ESD test

» ESD failure analysis
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