
1

Eitan N. Shauly  Mar’25 page 1
Technical data contained herein are proprietary information of  TOWER SEMICONDUCTOR LTD / Eitan Shauly which shall be treated confidentially, and shall not be furnished to third parties or 

made public without prior written permission by TOWER SEMICONDUCTOR LTD / Eitan Shauly.

S E M I C O N D U C T O R   L T D . 

Dr. Eitan Shauly, 

Tower Semiconductor
(Tel) 972-4-6506570, eitansh@Towersemi.com

Introduction to Plasma-Induced-

Damage (PID)

CMOS Reliability 

Integration and 

Engineering (Part-1)

Eitan N. Shauly  Mar’25 page 2
Technical data contained herein are proprietary information of  TOWER SEMICONDUCTOR LTD / Eitan Shauly which shall be treated confidentially, and shall not be furnished to third parties or 

made public without prior written permission by TOWER SEMICONDUCTOR LTD / Eitan Shauly.

S E M I C O N D U C T O R   L T D . 

• Introduction

• An example: Vt shift due to non-optimized pad etch

• The mechanism of PID

• Plasma non-uniformity, shading

• Degradation of dielectric layers during PID

• Antenna Ratio: traditional definition

• Antenna rules, calculations and examples,

• Limitation of the traditional ratio

• Cumulative plasma damage

• PID dependency on integration flow, 

• PID dependency on Gate oxide,

• PID stress and measurement methods, PID structures

• Protection: bridging, protective diode

• Well charging, protection

Topics
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Plasma-Induced-Damage (PID) - Introduction
• The microelectronic fabrication flow, includes plasma steps : for dielectric 

deposition, for reactive-ion-etching, ashing (resist removal), implants 

and more,

• The plasma processing, induced charging damage into the device,

• From macroscopic view, it means radiation from photons, physical 

bombardment by ions, contamination, and plasma charging by ions and 

electrons,

• This charge, if not thermally discharged, will damage dielectrics, shift the 

MOSFET characteristics and may lead to overall IC failure,

• PID is also design-related: dedicated layout rules are set, to reduce the 

sensitivity and the risk,

• The reliability damage from PID is present for any processing nodes, 

FinFETs, SOI or high-K gate dielectrics.
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Antenna collects charges from Plasma

Plasma-Induced-Damage (PID) - Introduction

• a potential difference between gate and well/substrate degrades the 

dielectric layer → reliability degradation,

• PID → Constant current stress

• During process, the metal can be charge, 

and if connected to the gate electrode of 

a MOSFET, the gate is charged,
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Typical processes leading to PID and AR

Mechanisms for Plasma Induced

• Plasma density

• Plasma non-uniformity across the wafer

• Electron Shading effect (ESE)

• Reverse electron-shading effect (RESE)

• Ultraviolet (UV) radiation

Area- Intensive 

type

Edge- Intensive 

type
Contact/Via Type

Antenna
Metal, Poly, Pad 

(parasitic antenna)
Metal, Poly Contact, Via

Typical process 

involved in the 

damage

Implant

CVD for deposition

Ashing,

LDD spacer 

etchback

Metal/Poly etching, 

CVD with electron 

shading effect

Contact/via etching 

and ashing
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Vt shift by non-optimized pad etch 
• Pad etch, is one of the last steps at the wafer manufacturing, so having a 

minimum thermal budget,

• At this step: we open the pad, for future bonding purposes.
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(1)

Vt shift by non-optimized pad etch (1) 

• Aim: at the end of the metal stack, the 

final passivation layer is deposited, to 

protect the IC vs moistures. The layer is 

patterned for having a connection to 

bonding pads. 

Deposition of a stack: 

SiN or SiC over oxide

Top Metal Cu layer

Deposition of TaN 
(barrier) and Al

Passivation (Pad) 
RIE

Top Metal Cu layer

Top Metal Cu layer

(2)

(3)
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Passivation module (2)

Patterning of the Al pad (resist, 

lithography)

Etch of Al and TaN. Resist 

removal

Deposition of TaN 
(barrier) and Al

Resist

TaN (barrier) and 
Al

Top Metal Cu layer

Top Metal Cu layer

(4)

(5)
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MF for last (top) Cu layer

1st passivation

2nd passivationAl for 

bonding or 

RDL

SEM 

decoration 

layer

Top Metal Layer (Al)

Top-1 Layer (Al)

Circuit wiring (Al)

Via is NOT allowed

Pad Open Pass

Top Metal Layer (Cu)

Top-1 Layer (Cu)

Circuit wiring (Cu)

Via is NOT allowed

Pad Open

1st Pass
Al for Bond

2nd Pass

Passivation module (3)
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Vt shift by non-optimized pad etch 

• Example or threshold shift due to plasma induced by passivation etch, 

and without thermal treatment after, 

• Vtn was reduced, |Vtp| was increased.

• Additional heat treatment of 357degC for 9hr, removed the majority part 

of the charge, differentially, After: Design Rules in a Semiconductor Foundry Edited by Eitan N. Shauly, 2022 Jenny 

Stanford Publishing
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PR PR PR PR

Silicon Substrate
Gate Oxide

Poly Gate

PR PR PR PR

Silicon Substrate

PR PR PR PR

Silicon Substrate

Je Jion Jion Jion
JeJeJe

Je Jion

Jion Jion Jion Jion Jion Jion

(a)

(b)

(c)

Je Je

Figure-47: Schematic 

explanation for the PID in 

Poly or Al RIE due to 

plasma non-uniformity.(a) 

after resist patterning and 

just before the main etch, 

(b) after main etch 

completed, and end-point 

detected, (c) during over-

etch. The electron shading 

is illustrated on the left 

side.

PID, Plasma

After: Design Rules in a Semiconductor Foundry Edited by Eitan N. Shauly, 2022 Jenny Stanford Publishing
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PID, Plasma non-uniformity – Shading (ESE)
• During etching, the photoresist is negatively charged. Electrons are 

shaded by negatively charged photoresist from the bottoms of trenches 

and positive charges are accumulated there and stress the underlying 

gate oxide. The excess positive charge causes the damage  

• In a dense high aspect ratio poly or Al structures, electrons moving in all 

directions can hardly enter a narrow trench, so the shading effect is 

enhanced,

Before overetch: interconnect collect 

positive charge

e-e-e-
PR

Metal Dense Al or 

poly lines
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Reverse Electron Shading Effect (RESE)
• In contrast to the ESE, for sparse pattern (Space=2um for example),

• Some of the isotropic electrons are collected by the pattern-line sidewall, 

where the anisotropic ions are not available, 

• Leading to a net negative charge, 

e-

e-

PR

Metal

Non-dense Al or poly 

lines
e-

e-

e-

e-

e-

e-

e-

e-

e-

e-

JFN
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Degradation of Dielectric layers during PID

[A] Virgin dielectric, with 

natural defect and charge trap,

[B] After PID: many traps are 

generated, the natural trap also 

charged,

[C] Process thermal budget 

diss-charge many of the 

defects, but keep the traps. This 

make the PCM testing clean,

[D] After electrical stressing of 

the IC under stress conditions 

of HCI or NBTI, the high density 

of the traps is re-charged, 

leading to a poor gate oxide

 

After: A. Martin, “Review on the reliability characterization of plasma-induced damage,” J. Vac. Sci. 

Technol. B 27(1), jan/feb 2009

Under Antenna: 
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Degradation of Dielectric layers during PID

After: A. Martin, IRPS, 2019

• PID degradation can only be characterized by a comparison of data 

between reference and antenna structure. 
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Degradation of Dielectric layers during PID

After: A. Martin, IRPS, 2019

Under Antenna: 
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Antenna Ratio – traditional definition

• Antenna metal layer connected to the MOS gate electrode.

• Design manual standard antenna ratio (AR): antenna_area/ active_area

• AR depends on to area effects

• Antenna_area: eg. complete polysilicon area (antenna+MOS)

• Active_area: (W x L) of MOS
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TW
TL

M1W

M1L

M2L

V2CS M1

M2

Antenna Ratio
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Antenna Ratio – traditional definition

L

W

W2

t

Poly

Contact

Via

M1 M2

Gate Oxide

L

W

W2

L

W

W2

t

Poly

Contact

Via

M1 M2

Gate Oxide

Poly Area Antenna Ratio = 
(W2XL)

(WXL)

Poly Peri. Antenna Ratio = 
(W2XtX2)

(WXL)

Contact Antenna Ratio = 
(CO area)

(WXL)

Via Antenna Ratio = 
(Via area)

(WXL)

Poly Area Antenna Ratio = 
(W2XL)

(WXL)
Poly Area Antenna Ratio = 

(W2XL)

(WXL)

(W2XL)

(WXL)

Poly Peri. Antenna Ratio = 
(W2XtX2)

(WXL)
Poly Peri. Antenna Ratio = 

(W2XtX2)

(WXL)

(W2XtX2)

(WXL)

Contact Antenna Ratio = 
(CO area)

(WXL)

(CO area)

(WXL)

Via Antenna Ratio = 
(Via area)

(WXL)

(Via area)

(WXL)

Metal (Cu) Antenna Ratio = (Metal Area/(WxL)

Metal (Al)  Peri Antenna Ratio = (Thx*Lengthx2) 
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100 1000 10000

Anntena Ratio

85%

90%

95%

100%

Y
ie

ld
 (

%
)

ML/3.3V NMOSFET
(w/o Protection Diode)

100 1000

Anntena Ratio

85%

90%

95%

100%

Y
ie

ld
 (

%
)

CS/1.2V NMOSFET
(w/o Protection Diode)

1000 10000 100000

Anntena Ratio

85%

90%

95%

100%

Y
ie

ld
 (

%
)

ML/1.2V NMOSFET
(w/o Protection Diode)

Yield (based on Vt shift) vs antenna ratio: 

• Contact landing on poly gate of 1.2V (22A), 

• 0.9um Cu layer, connected to 1.2V (22A), 

• 0.9um Cu layer, connected to 3.3V MOSFET 

(Tox=70A). 

• For all cases, no protection diode was used.

• Data is w/o a stress step. 

Examples for AR DRs development

After: Design Rules in a Semiconductor Foundry Edited by Eitan N. Shauly, 2022 Jenny Stanford Publishing
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T2 T3

M1 (1)

T1
STI STI STI

M1 (2) M1 (3) M1 (4)

M2 (1) M2 (2)

STI

AR calculation - examples

T1: M1= [M1(1)+M1(2)]/T1. M2= [M1(1)+M1(2)]/T1+ M2/T1.

T2:M1=M1(3)*T2/(T2+T3)^2. M2=M1(3)*T2/(T2+T3)^2 + 
M2(2)*T2/(T2+T3)^2. M1(4), will not introduce any charge.

T3=T2 

After: Design Rules in a Semiconductor Foundry Edited by Eitan N. Shauly, 2022 Jenny Stanford Publishing
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Antenna Ratio – Cumulative Plasma Damage
Generally: increasing antenna ratios AR → PID increases. Too large antenna 

ratios cause always degradation.

Cumulative PID: ΣPID = PID_poly + PID_CA + PID_M1 + PID_V1 + ...

After: A. Martin, IRPS, 2019

𝐴𝑅𝐶𝑢 𝑙𝑖𝑛𝑒𝑠 =
σ 𝑀𝑒𝑡𝑎𝑙 𝐴𝑟𝑒𝑎

𝐺𝑎𝑡𝑒 𝐴𝑟𝑒𝑎
=

σ 𝑀𝑖𝐿 × 𝑀𝑖𝑊

𝑇𝑊 × 𝑇𝐿

𝐴𝑅𝐶𝑆,𝑉𝑖𝑎 =
σ 𝐶𝑆 𝑜𝑟 𝑉𝑖𝑎 𝐴𝑟𝑒𝑎

𝐺𝑎𝑡𝑒 𝐴𝑟𝑒𝑎
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(d)

Direct 

Tunneling
Lower electrical field

PID Sensitivity for different Gate Oxides

• The dependency of plasma damage on gate oxide thickness. Damage 

peak for this plasma process is at thickness of 58A
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PID Sensitivity for different Gate Oxides

The dependency of LT_HCI of 

NMOSFET on Gate oxide thickness, 

with Area=1um2 and AR x1000 

The dependency of LT_NBTI for PMOSFET 

on gate oxide thickness, with Area=1um2 

and AR x1000 

• There is a need to measure NBTI and HCI (and NOT Gate current) for an 

accurate PID analysis. Results showed for some cases, NBTI/HCI 

degraded PID, but gate leakage was not changed. After: A. Martin, IRPS, 2019
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PID Protection schemes
• Most common ways: by bridge and/or by a protection diode,

Bridging:

• Easy to implement, but ask for extra space at the upper layers,

• Ideal for libs (implement by the P&R) and analog IC (to minimize caps) 

Minimum 

Parasitic 

Antenna

Gate connection to 

Pad

Protection Diode

(P+/N-Well at this case)

Metal bridging

(by last metal at this case)

After: A. Martin, A. Koten and M. Schwerd, "Optimized data assessment for hot carrier and Fowler-Nordheim stresses on thick MOS gate oxides with plasma 

process induced charging damage," 2012 IEEE International Integrated Reliability Workshop Final Report, 2012, pp. 90-94.
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Protective Diode

…..

M1

or M1+M2

or M1+M2+M3

….

Transistor (NMOSFET or PMOSFET)

w/o protection diode

…..

M1

or M1+M2

or M1+M2+M3

….

Transistor (NMOSFET or PMOSFET)

w/ protection diode

Protection diode: 

N+/WP or P+/WN 

or WN/Psub
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Protective Diode
• The effectiveness of the diode protection is by monitoring the gate 

leakage,

• Thicker gate oxide showed larger Vt shift

After: S.Krishnan, et.al, “Antenna Device Reliability for ULSI Processing", IEEE IEDM, pp.247-250, 1998.
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Protective Diode – Diode placement
• The placement of the diode MUST be at the same well the MOSFET is 

located,

• Currently, most of DRMs do NOT use this guideline, due to a complex 

implementation and complicated DRC,

• Std cell libraries, 

Floating Well Same Well

Larger Vt shift, 

Worse uniformity

Lower Vt shift, 

Better uniformity

PMOSFET, 52A
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NSDNSD NSD

Psub

P-Well

Gate

PSDNSD NSD

Psub

P-Well

Gate

WN

• Diode placed in a separated well failed 

to protect the device regardless of the 

diode selection,

Protective Diode – Diode 

placement
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Well Charging – charge “balance”  at the GOX

• Example: a circuit placed inside well-combination to be isolated from the 

circuit blocks. Large metal antenna connected to source, drain and well 

contacts,  

• T1: The MOSFET inside the N-Well can experience potential drop across 

the gate oxide, 

IPW

DNW/N-Well

T1 T2

After: A. Martin, "Circuit relevant well charging from metal antenna and its degradation on digital MOS transistor reliability," 2013 IEEE International Integrated 

Reliability Workshop Final Report, 2013, pp. 50-53,

• T2: high potential build-up in 

the IPW “tank,” can damage 

the GOX, as the other side is 

Psub,

• T3: high potential build-up in 

the IPW “tank”, can damage 

the GOX,  

T3
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Victim IPW N-Well

Deep N-Well

Psub

NSD NSD P+  

NGate

PSD PSD N+  

PGate

Aggressor P-Well

NSD NSD P+  

NGate

Potential GOX damage to the Victim-Gate

Well Charging
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Protection vs Well Charging

Aggressor Isolated P-Well

Aggressor Deep N-Well

Psub

N-Well

N+PSD

PGate

NSD

NGate

NSDP+ N+NSD NSD

NGate

N+

Isolated P-Well

Deep N-Well

Connected by Mk=2

Connected by Mk+1

PSD

Aggressor Isolated P-Well

Aggressor Deep N-Well

Psub

NSD NSD

NGate

P+ N+  P+P+ 

Back-to-Back 

Clamp

Victim-Gate

P-Well

N+

P-Well

EXWELL 

width
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Plasma Process Induced Damage (P2ID)
Based on JEDEC JEP001-2A : FOUNDRY PROCESS QUALIFICATION 

GUIDELINES – FRONT END TRANSISTOR LEVEL (Wafer Fabrication 

Manufacturing Sites)

• The primary goal of this test is to confirm that the P2ID design rules are 

achievable by the process. 

• This test may be done as part of the qualification, or as an engineering 

study 

• This test is to be done on MOS transistors. 

• In many cases, it is essential to apply a stress to reveal latent damage. 

• Fowler-Northeim (F-N), hot carrier stress (HC), conducting and non-

conducting and Negative bias temperature instability (NBTI) stress may 

be used to reveal latent damage. Characterization is recommended to 

understand sensitivity to stress conditions 

•   
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Plasma Process Induced Damage (P2ID)
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Plasma Process Induced Damage (P2ID)
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