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Outline
• Flow of ESD device optimization and modelling
• Diode/Bipolar used as ESD Protection Device
• Diode Overshoot Measurements
• Bipolar B-E Breakdown Model
• Snapback phenomena of NMOS MOSFETs
• Summary
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Flow of ESD Device Optimization and Modelling

ESD device 
requirement

Process Simulation 
(TCAD)

Device Simulation 
(TCAD)

ESD Characterization 
(DC, TLP, vfTLP)

Fabrication 
Device

Pleminary Parameter 
Extraction for Model

ESD Circuits 
design

Specs Ok?
If yesIf no

Final model for 
design kit
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Diode or Bipolar Used in ESD Protection Circuits

• Diode Dp1,Dn1 and Dp2, Dn2 are used as ESD protection, and used in the forward 
operation
• Diode Dz is used as trigger device for MOSFETs for ESD protection, and used in 
reverse operation

I/O I/O

Internal 
circuits

VDD

VSS

Dn1

Dp1 Dp2

Dn2
Dz

R

PMOS

D
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Forward Diode Measurement 

• Forward diode measurement in TLP instrument
• Measurement accuracy for Overshoot ?
• How to calibrate the systems ?
• How to get a precise fast current ramp ?

Transmission Line Pulsing (TLP) Measurement

TL

p+ n+

n

P-substrate

TL

T (ns)

i (A)

n-

overshoot
Current 
source
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Modeling Reverse Diode, Dz

• Device cross section shows a actual diode and a parasitic diode at substrate 
• Consider as a bipolar device to model both actual diode and parasitic diode

Anode Cathode 

P-type substrate

NDIFF

Cathode

PDIFF
PWELL

NDIFF

NWELL
ESD Diode

Parasitic diode

Anode (Emitter) Cathode (Base)

P-type substrate

NDIFF

Cathode (Base)

PDIFF
PWELL

NDIFF

NWELL
ESD Diode

Sub (Collector)
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Forward Model

• Forward characteristics shows very good Bipolar action instead of diode.
• Measurement data has very good fit with a Bipolar Model
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Base-Emitter Breakdown Modelling

• Bipolar model is not suitable for B-E breakdown model required for ESD Model
• Required B-E avalanche effect inside the Bipolar Model
• Alternatively, an extra diode in parallel between B-E may necessary to model breakdown

Bipolar model can’t 
predict B-E 
breakdown

Additional 
Diode for 
breakdown 
model

E

B

C
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MOSFET Used in ESD Protection

• MOSFET used as central clamp ESD protection
• Parasitic Bipolar in MOSFET play the role during ESD event

I/O I/O

Internal 
circuits

VDD

VSS

Dn1

Dp1 Dp2

Dn2
NMOS

ESD Transient 
detection 
Circuits
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Why Snapback ?

• Holes created by Impact Ionization 
in Drain-to-Bulk depletion layer are 
injected into substrate

n+n+

Vg <0

Vd >0

+

+

-
+ - -

p
Rsub

Impact 
ionization

Isub

+
+

+

+
+

- - - - - - -

+

++
-

+ +

n+n+

Vg <0

Vd >>0

+

+

-
+ - -

P
Rsub

Impact 
ionization

Ic

Isub

+
+

+

+
+

Ie

- - - - - - -

+

++
-

+ +

• Parasitic NPN transistor turns on 
when the voltage drop cross Rsub 
(Isub x Rsub) reaches ~0.7V
• Electrons emitted when S-B 
junction is forward biased

Parasitic NPN transistor turns off Parasitic NPN transistor turns on

- -
- - -
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Composite Model NMOSFET and Lateral Bipolar
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Summary

• Details flow of ESD device to model generation 
• Basic application of Diode and Bipolar used in ESD circuits
• Forward overshoot measurement problem
• Forward diode needs a B-E avalanche breakdown model
• Snapback results of MOSFETs in ESD events
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