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The Need for Experimentation

By Raymond Gosling/King&#039;s College London - http://www-
project.slac.stanford.edu/wis/images/photo_51.jpg, Fair use, 
https://en.wikipedia.org/w/index.php?curid=38068629

X-ray photograph of DNA in the 
B form taken by Rosalind 
Franklin in 1952.

- J. D. Watson, The Double Helix
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The Need for Modeling

Watson and Crick with their DNA model. Photographed in the Cavendish Laboratory, University of Cambridge, UK, in 
May 1953.A. BARRINGTON BROWN, © GONVILLE & CAIUS COLLEGE/COLOURED BY SCIENCE PHOTO

By K. K. Mardaneh, 
06/28 2022
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Radiation-effects Modeling Landscape

by R.D. Schrimpf

The modeling area is the 
subject of this course
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Course Outline
• Introduction

o Compact Modeling for Circuit Simulation

• Modeling Mechanisms of Cumulative Radiation Effects
o Ionizing Radiation Effects (TID)
o Displacement Damage (DD) – not covered in this course

• Modeling MOSFET Devices and Circuits
o MOSFET Structure and Operation
o Compact Models for MOSFETs
o Modeling Impact of TID on MOSFET I-V characteristics
o Simulating TID and Aging Effects in CMOS Circuits

• Summary
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Course Outline
• Introduction

o Compact Modeling for Circuit Simulation
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Introduction
SPICE EDA for Circuit Analysis

The  “Simulation Program with Integrated Circuit Emphasis,” 
SPICE, was developed in 1972 by Larry Nagel at the University 
of California, Berkeley. 

(a) (b)

By W. R. Huber, IEEE Solid-
State Circuits Magazine, 2019

By L. W. Nagel, no. ERL-M520, 1975
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Introduction
Compact Modeling for EDA

The Compact Model Coalition (CMC) selects and maintains an active list of accepted 
compact models, e.g., 

• MOSFETs:  BSIM3, BSIM4, BSIMSOI, BSIM-CMG, EKV and PSP
• BJTs:  Ebers-Moll and Gummel-Poon, HICUM, MEXTRAM

The purpose of compact modeling

to derive simple, fast and accurate analytical representations of the terminal electrical
characteristics of transistors. Compact models are needed to compute numerically the transistor
characteristics, rapidly enough, for use in circuit simulators to design and optimize the
performance of silicon monolithic integrated circuits …

C. T. Sah

C. T. Sah, TechConnect Briefs, 2005
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Introduction
History of Compact Modeling for MOSFET

Pao-Sah

Charge Sheet Model

Surface Potential Inversion ChargeThreshold Voltage

• Pao-Sah and Charge Sheet 
were early models that 
described MOSFET operation 
in analytical form

• Threshold Voltage, Surface 
Potential, and Inversion 
Charge implemented these 
early models in EDA

by Gildenblat, SRC Electronic Workshop, 2006
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Introduction
The Pao-Sah Model (for n-channel MOSFET)

𝐼!" = 𝜇
𝑊
𝐿 &#

$!"
&
#

%#
𝑞𝑛 𝜓, 𝑉

𝑑𝑥
𝑑𝜓𝑑𝜓 𝑑𝑉

By Pao and Sah, Solid-State Electron, 1966.
In Taur and Ning, Modern VLSI Devices, 1998

𝑄$ (inversion charge)

channel potential

𝜓& = 𝑉'" − 𝑉() +
𝑄&
𝐶*+

surface  potential
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Introduction
The Charge Sheet Approximation

𝑄% = 2𝜖&$𝑞𝑁'𝜓(

𝑄$ = 𝐶)* 𝑉+& − 𝑉,- − 𝜓( − 2𝜖&$𝑞𝑁'𝜓(

Gate p-SiGox

Qi Qd

Gate p-SiGox

Qi Qd

Qs =  Qi+Qd

𝑄& = 𝐶)* 𝑉+& − 𝑉,- − 𝜓(

𝐼.& = 𝑢
𝑊
𝐿
𝐶)* 𝑉+& − 𝑉,- − 2𝜙/ −

𝑉.&
2

𝑉.& −
2
3
𝛾 2𝜙/ − 𝑉.& ⁄1 2 − 2𝜙/ ⁄1 2

By J. R. Brews, Solid-State Electron.,1978.
In Taur and T. H. Ning, Modern VLSI Devices, 1998

𝜓( = 2𝜙/ + 𝑉

Bulk potential
Channel potential
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Introduction
Threshold Voltage Model

𝑉! = 𝑉"# + 2𝜙$ + 𝛾 2𝜙$Threshold Voltage

𝐼%& = 𝑢
𝑊
𝐿 𝐶'( 𝑉)& − 𝑉! 𝑉%& −

𝑛
2 𝑉%&

*Drain Current in
Triode Mode

𝐼%&+,! = 𝑢
𝑊
𝐿 𝐶'(

𝑉)& − 𝑉! *

2𝑛
Drain Current in

Saturation

In Taur and Ning, Modern VLSI Devices, 1998



13

Introduction
BSIM4 Vt-based Compact Model

In BSM3 V3.2 Manual, 1998
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Introduction
Surface Potential Model

𝜓"# = 𝑉', − 𝑉() − 𝛾 𝜓"# +
-.
/ 𝑒

/ ⁄%"312%41$"4 -.

𝜓"3 = 𝑉', − 𝑉() − 𝛾 𝜓"3 +
-.
/ 𝑒

/ ⁄%"512%41$!4 -.

𝐼!"4 = 𝑢53 𝐶*+ 𝑉', − 𝑉() 𝜓"3 − 𝜓"# − 4
2 𝜓"32 − 𝜓"#2 − 2

6𝛾 𝜓"3
6/2 − 𝜓"#

6/2

𝐼!"2 = 𝑢53 𝐶*+
-.
/ 𝜓"3 − 𝜓"# + -.

/ 𝛾 𝜓"3
4/2 − 𝜓"#

4/2

Surface Potential
at Source

Channel Drift
Current

Surface Potential
at Source

Channel Diffusion
Current

In the surface potential model, solving for yS0 and ySL explicitly is the tough part … 

In Tsividis and McAndrew, 2011
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Introduction
Surface Potential vs. Vth Model
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by Gildenblat, SRC Electronic Workshop, 2006
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Course Outline

• Modeling Mechanisms of Cumulative Radiation Effects
o Ionizing Radiation Effects (TID)
o Displacement Damage (DD) – not covered in this course
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Modeling TID Effects
Hole Trapping Processes

+

+ - surviving hole (p)

- hole trap (Nt)

- trapped hole (Not)

fp - hole flux

Hole trapping leads
to buildup of Not
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Modeling TID Effects
Modeling Hole Trapping

(by Fleetwood et al., TNS, 1994)

Model Parameters

D - total dose [rad]
g0 - 8.1 x 1012 [ehp/radcm3]
fy - field dependent hole yield [hole/ehp]
NT - trapping efficiency [trapped hole/hole]
s - field dependent cross-sectional area [cm2]
tox - oxide thickness [cm]
ε - local electric field [V/cm]

𝛥𝑁!" = 𝐷𝑔#𝑓$ 𝜀 𝑁%𝜎 𝜀 𝑡!&
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Modeling TID Effects
Interface Trap Formation

- protons

- Si-H (NSiH)

- dangling bond (Nit)

H

H+

fH - proton flux

- hydrogen defect (NDH)

area = sit

Si-SiO2
interface

-
+

-

+

-

+
H

-

+
fH

tox

Ionizing radiation

H

xd

H

D’H volume

fp

H+

H+

2-step reaction process 
leads to buildup of Nit

area = sDH
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Modeling TID Effects
Modeling Interface Trap Formation

(by Rashkeev et al. TNS, 2002)Model Parameters
D - total dose [rad]
g0 - 8.1 x 1012 [ehp/radcm3]
fy - field dependent hole yield [hole/ehp]
NDH - Hydrogen defects [cm-3]
sDH - cross-section for hole trapping at hydrogen defects [cm2]
NSiH - passivated dangling bands [cm-2]
sit - cross-section for Hydrogen trapping [cm2]
tox - oxide thickness [cm]

𝛥𝑁./ = 𝐷𝑔0𝑓1 𝜀 𝑁23𝜎23𝑁4.3𝜎./
𝑡567

2
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Course Outline

• Modeling MOSFET Devices and Circuits
o MOSFET Structure and Operation
o Compact Models for MOSFETs
o Modeling Impact of TID on MOSFET I-V characteristics
o Simulating TID and Aging Effects in CMOS Circuits
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MOSFET structure
(bulk MOSFET)

Source Drain

Gate

Silicon

28 nm bulk MOSFET Bulk MOSFET cross-sectional schematic 

Source Drain

Gate

Silicon

Vds

+-

Vgs

+-

Vbs

+-

Ids

In this section of the short 
course:
Ø What are the (compact) 

modeling techniques to 
describe MOSFET 
operation? 

Ø How are TID effects 
introduced into these 
models?

Ø Will focus on steady-
state (DC) operation.

J. Yuan et al., IEEE ICSICT, 2010.
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Critical Parameters
(bulk MOSFET)

L

tox

W

L

W

3-D cross-sectional 
schematic bulk 
MOSFET:

Top-view (layout):

so
ur

ce

dr
ai

n

ga
te

Circuit schematic 
symbol: 

Source

Gate

Drain
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Vgs = 0.2→ 1.0 V

Output characteristics Transfer characteristics

T = 300 K
W = 200 nm
L = 30 nm

Example: 28 nm MOSFET data
Measured at room temperature (300 K)

Vgs

Vds

D

G

S

Ids

• Fix Vgs, sweep Vds
• Linear region: low Vds (I ~ V)
• Saturation region: high Vds
• Critical voltage Vdsat

• Fix Vds, sweep Vgs
• Critical voltage VT (threshold)
• Subthreshold region: Vgs < VT
• Above VT, device is “on”
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Ø What happens to these MOSFET 
parameters (Ion, Ioff, VT, S) with TID?

Ø How do we capture TID effects in 
compact models for circuit simulations?

• Current not zero for Vgs below VT

• We can see subthreshold current 
when Ids plotted in log scale

• Below VT current increases 
exponentially with Vgs

• VT changes with Vds! Drain-
induced barrier lowering (DIBL)

-0.2 0 0.2 0.4 0.6 0.8 1
Vgs (V)

10-12

10-10

10-8

10-6

10-4

10-2

I ds
 (A

)

Vds = 50 mV

Vds = 1 V

Ioff = “off-state” current
(Ids @ Vgs = 0)

VT

Subthreshold swing 
S (mV/dec)

arbitrary current

Subthreshold current
Plot Ids in log-scale!
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Energy Band Diagrams
A qualitative view of MOSFET operation

EC

EV
EF
Ei

√∫

Vg = 0

In this ideal case, the work 
function in the semiconductor 
and the gate are the same

M SO 𝑥

𝐸

S D

G

𝑥

𝑦
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Energy Band Diagrams
A qualitative view of MOSFET operation

S D

G M S

More generally, the work 
functions are not the same, 
and there is band bending at 
equilibrium (EF aligned)

EC

EV
EF
Ei

Vg = 0

√∫

O

𝑥

𝑥

𝐸

𝑉6/ = 𝑞Φ7& = 𝑞Φ7 − 𝑞Φ&

Flat-band voltage is the gate voltage 
needed to make the bands flat

𝑦
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Energy Band Diagrams
A qualitative view of MOSFET operation

EC

EV

EF

EC

EV
EF
Ei√∫

𝐸-𝑥 diagram 𝐸-𝑦 diagram

For zero gate bias (Vgs = 0) a large energy barrier prevents 
electron injection from the source à channel is “off”

Vg = 0
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Energy Band Diagrams
A qualitative view of MOSFET operation

𝐸-𝑦 diagram

√∫ EC

EV

EF

𝐸-𝑥 diagram

Vg > 0

EC

EV
EF
Ei

A positive bias at the gate (Vgs > 0) lowers the energy barrier 
for electron injection from the source à channel turns “on”



30

Energy Band Diagrams
A qualitative view of MOSFET operation

𝐸-𝑦 diagram𝐸-𝑥 diagram

√∫

EC

EV

EF
Vg > 0

EC

EV
EF
Ei

A positive bias at the gate (Vgs > 0) lowers the energy barrier 
for electron injection from the source à channel turns “on”
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Energy Band Diagrams
A qualitative view of MOSFET operation

𝐸-𝑦 diagram

EC

EV
EF
Ei

√∫

EC

EV

EF

𝐸-𝑥 diagram

Vg > 0

A positive bias at the gate (Vgs > 0) lowers the energy barrier 
for electron injection from the source à channel turns “on”
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Energy Band Diagrams
A qualitative view of MOSFET operation

EC

EV
EF
Ei

√∫

𝐸-𝑥 diagram

Vg > 0

𝝍 𝒙
𝝍 𝟎 = 𝝍𝒔

surface potential

bulk potential

𝝓𝒃 =
𝒌𝑩𝑻
𝒒

𝐋𝐧
𝑵𝑨

𝒏𝒊

• Gate voltages above flatband result 
in positive surface potentials.

• Energy bands bend down, depletes 
surface of holes, builds up layer of 
electron charge (the inversion 
charge)

• When surface potential is twice the 
bulk potential, density of electrons 
at surface is equivalent to density 
of holes in bulk. 

• We call this onset of strong 
inversion
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Current-Voltage Relation
Linear (low Vds) region

• With 𝑉<( > 𝑉=, the device is “on” and there is 
charge in the channel: 𝑄>

• Current is given by: 𝐼 = −𝑊𝑄$𝑣
• 𝑄$ = −𝐶?@(𝑉<( − 𝑉=)
• 𝐶?@ = 𝜀?@/𝑡?@
• 𝑣 = 𝜇>ℰ
• ℰ = 𝑉%(/𝐿

⟹ 𝑰 =
𝑾
𝑳
𝝁𝒏𝑪𝒐𝒙(𝑽𝒈𝒔 − 𝑽𝑻)𝑽𝒅𝒔

S D

G
𝑉<( > 𝑉=

Electron charge 
in channel 
(inversion layer)

Valid for small Vds, Vgs > VT

BSIM4

MIT VS model

EC

EV
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Empirical unified models
BSIM, VS, etc.
• In BSIM (earlier VT based versions) smoothing functions used to transition between:

1. Vds and Vdsat (linear to saturation regions)
2. Inversion charge Qi below and above VT (weak to strong inversion regions)

0 0.5 1 1.5
Vds (V)

0

50

100

150

200

I ds
 (

A/
m

)

𝑰 =
𝑾
𝑳
𝝁𝒏𝑪𝒐𝒙(𝑽𝒈𝒔 − 𝑽𝑻)𝑽𝒅𝒔

𝑰 = 𝑾𝑪𝒐𝒙(𝑽𝒈𝒔 − 𝑽𝑻 − 𝑽𝒅𝒔𝒂𝒕)𝒗𝒔𝒂𝒕 𝑸𝒊 = 𝑪𝒐𝒙(𝑽𝒈𝒔 − 𝑽𝑻)
𝑸𝒊 = 𝑸𝟎𝒆𝒒(𝑽𝒈𝒔+𝑽𝑻)/𝒏𝒌𝑩𝑻

How do we define 𝑽𝑻 and 𝒏 such that we account for TID effects?
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TID-induced defects
Oxide and interface traps

EC

EV

Ei

√∫

+
+
+
+
+
+
+
+

𝑵𝒐𝒕 = oxide trapped 
charge (cm-2)

𝑫𝒊𝒕 = interface traps 
(cm-2eV-1)

• The effect of 𝑵𝒐𝒕 is typically captured as a 
change in the flat-band voltage (∆𝑽𝑭𝑩)

∆𝑽𝑭𝑩 = −
𝒒𝑵𝒐𝒕

𝑪𝒐𝒙

⟹ 𝑽𝑻 = 𝑽𝑻𝟎 −
𝒒𝑵𝒐𝒕

𝑪𝒐𝒙

• What about interface traps? Charge due to 
𝑫𝒊𝒕 depends on the type of traps (acceptor-like 
or donor-like) and their occupancy (trap energy 
level relative to EF)

• Can account for this ∆𝑽𝑭𝑩 in the threshold 
voltage parameter as
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TID-induced defects
Oxide and interface traps

EC

EV

Ei

√∫

+
+
+
+
+
+
+
+

𝑵𝒐𝒕 = oxide trapped 
charge (cm-2)

𝑫𝒊𝒕 = interface traps 
(cm-2eV-1)

• The effect of 𝑵𝒐𝒕 is typically captured as a 
change in the flat-band voltage (∆𝑽𝑭𝑩)

∆𝑽𝑭𝑩 = −
𝒒𝑵𝒐𝒕

𝑪𝒐𝒙

⟹ 𝑽𝑻 = 𝑽𝑻𝟎 −
𝒒𝑵𝒐𝒕

𝑪𝒐𝒙

• What about interface traps? Charge due to 
𝑫𝒊𝒕 depends on the type of traps (acceptor-like 
or donor-like) and their occupancy (trap energy 
level relative to EF)

• Can account for this ∆𝑽𝑭𝑩 in the threshold 
voltage parameter as
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TID-induced defects
Oxide and interface traps

• Charge due to 𝑫𝒊𝒕 depends on the type of traps 
(acceptor-like or donor-like) and their 
occupancy (trap energy level relative to EF)

A
cc

ep
to

r-l
ik

e
D

on
or

-li
ke

EF

EC

EV

Ei
𝝓𝒃

è Acceptor-like: Neutral when empty, 
negatively charged when filled
è Donor-like: Neutral when filled, 
positively charged when empty

In this example, the net charge 
contribution from interface traps is 
negative (filled acceptor-like traps)
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TID-induced defects
Oxide and interface traps

• Charge due to 𝑫𝒊𝒕 depends on the type of traps 
(acceptor-like or donor-like) and their 
occupancy (trap energy level relative to EF)

A
cc

ep
to

r-l
ik

e
D

on
or

-li
ke

EF

EC

EV

Ei
𝝓𝒃

è Acceptor-like: Neutral when empty, 
negatively charged when filled
è Donor-like: Neutral when filled, 
positively charged when empty

In this example, the net charge 
contribution from interface traps is 
negative (filled acceptor-like traps)
More generally, can be modeled as a 
function of the surface potential 𝝍𝒔 as:

𝒒𝑵𝒊𝒕 = −𝒒𝑫𝒊𝒕(𝝍𝒔 −𝝓𝒃)

𝝍𝒔
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TID-induced defects
Oxide and interface traps

• Charge due to 𝑫𝒊𝒕 depends on the type of traps 
(acceptor-like or donor-like) and their 
occupancy (trap energy level relative to EF)

A
cc

ep
to

r-l
ik

e
D

on
or

-li
ke

EF

EC

EV

Ei
𝝓𝒃

è Acceptor-like: Neutral when empty, 
negatively charged when filled
è Donor-like: Neutral when filled, 
positively charged when empty

In this example, the net charge 
contribution from interface traps is 
negative (filled acceptor-like traps)
More generally, can be modeled as a 
function of the surface potential 𝝍𝒔 as:

𝒒𝑵𝒊𝒕 = −𝒒𝑫𝒊𝒕(𝝍𝒔 −𝝓𝒃)

𝝍𝒔

• Total TID-induced charge contribution to MOS: 

𝒒𝑻𝑰𝑫 = 𝒒𝑵𝒐𝒕 − 𝒒𝑫𝒊𝒕(𝝍𝒔 −𝝓𝒃)
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Subthreshold charge and current
• We want 𝝍𝒔 in terms of 𝑽𝒈𝒔…

𝑽𝒈𝒔 − 𝑽𝑭𝑩 = 𝑽𝒐𝒙 +𝝍𝒔 = 𝓔𝒐𝒙𝒕𝒐𝒙 +𝝍𝒔

Normal component of the displacement field 
is discontinuous across an interface where a 
surface charge exists.

𝑽𝒈𝒔 = 𝑽𝑭𝑩 + 𝟐𝝓𝒃 −
𝑸𝒅 𝟐𝝓𝒃
𝑪𝒐𝒙

−
𝒒𝑵𝒐𝒕
𝑪𝒐𝒙

+ 𝒒𝑫𝒊𝒕𝝓𝒃
𝑪𝒐𝒙

+ 𝟏 −
⁄𝒅𝑸𝒅 𝒅𝝍𝒔

𝑪𝒐𝒙
+ 𝒒

𝑫𝒊𝒕

𝑪𝒐𝒙
𝝍𝒔 − 𝟐𝝓𝒃

• Boundary condition at interface:
𝜺𝒔𝓔𝒔 − 𝜺𝒐𝒙𝓔𝒐𝒙 = 𝒒𝑻𝑰𝑫 = 𝒒𝑵𝒐𝒕 − 𝒒𝑫𝒊𝒕(𝝍𝒔 −𝝓𝒃)

• Using 𝑽𝒈𝒔 = 𝑽𝑭𝑩 + 𝓔𝒐𝒙𝒕𝒐𝒙 +𝝍𝒔, expand at 𝝍𝒔 = 𝟐𝝓𝒃: 

• By solving Poisson’s equation, we 
obtain the charge in the semiconductor:

−𝑸𝑺 = 𝟐𝜺𝒔𝒌𝑩𝑻𝑵𝑨
𝒒𝝍𝒔

𝒌𝑩𝑻
+
𝒏𝒊𝟐

𝑵𝑨
𝟐 𝒆

𝒒𝝍𝒔/𝒌𝑩𝑻
𝟏/𝟐

• This contains both depletion and 
inversion charge, 𝑸𝑺 = 𝑸𝒅 + 𝑸𝒊. 

• For weak inversion (subthreshold) we 
obtain 𝑸𝒊 from a power series 
expansion:

−𝑸𝒊 =
𝜺𝒔𝒒𝑵𝑨

𝟐𝝍𝒔

𝒌𝑩𝑻
𝒒

𝒏𝒊𝟐

𝑵𝑨
𝟐 𝒆

𝒒𝝍𝒔/𝒌𝑩𝑻
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Subthreshold charge and current

𝑽𝑻

𝒏 = 𝟏 + 𝑪𝑫/𝑪𝒐𝒙 + 𝑪𝒊𝒕/𝑪𝒐𝒙

𝑽𝒈𝒔 = 𝑽𝑭𝑩 + 𝟐𝝓𝒃 −
𝑸𝒅 𝟐𝝓𝒃
𝑪𝒐𝒙

−
𝒒𝑵𝒐𝒕
𝑪𝒐𝒙

+ 𝒒𝑫𝒊𝒕𝝓𝒃
𝑪𝒐𝒙

+ 𝟏 −
⁄𝒅𝑸𝒅 𝒅𝝍𝒔

𝑪𝒐𝒙
+ 𝒒

𝑫𝒊𝒕

𝑪𝒐𝒙
𝝍𝒔 − 𝟐𝝓𝒃

• We want 𝝍𝒔 in terms of 𝑽𝒈𝒔…

𝑽𝒈𝒔 − 𝑽𝑭𝑩 = 𝑽𝒐𝒙 +𝝍𝒔 = 𝓔𝒐𝒙𝒕𝒐𝒙 +𝝍𝒔

Normal component of the displacement field 
is discontinuous across an interface where a 
surface charge exists.

• By solving Poisson’s equation, we 
obtain the charge in the semiconductor:

−𝑸𝑺 = 𝟐𝜺𝒔𝒌𝑩𝑻𝑵𝑨
𝒒𝝍𝒔

𝒌𝑩𝑻
+
𝒏𝒊𝟐

𝑵𝑨
𝟐 𝒆

𝒒𝝍𝒔/𝒌𝑩𝑻
𝟏/𝟐

• This contains both depletion and 
inversion charge, 𝑸𝑺 = 𝑸𝒅 + 𝑸𝒊. 

• For weak inversion (subthreshold) we 
obtain 𝑸𝒊 from a power series 
expansion:

−𝑸𝒊 =
𝜺𝒔𝒒𝑵𝑨

𝟐𝝍𝒔

𝒌𝑩𝑻
𝒒

𝒏𝒊𝟐

𝑵𝑨
𝟐 𝒆

𝒒𝝍𝒔/𝒌𝑩𝑻

• Boundary condition at interface:
𝜺𝒔𝓔𝒔 − 𝜺𝒐𝒙𝓔𝒐𝒙 = 𝒒𝑻𝑰𝑫 = 𝒒𝑵𝒐𝒕 − 𝒒𝑫𝒊𝒕(𝝍𝒔 −𝝓𝒃)

• Using 𝑽𝒈𝒔 = 𝑽𝑭𝑩 + 𝓔𝒐𝒙𝒕𝒐𝒙 +𝝍𝒔, expand at 𝝍𝒔 = 𝟐𝝓𝒃: 
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Vgs (V)
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10-4
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102

I ds
 (

A/
m

)
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Subthreshold charge and current
• Now we can solve for 𝝍𝒔

−𝑸𝒊=
𝜺𝒔𝒒𝑵𝑨

𝟒𝝓𝒃

𝒌𝑩𝑻
𝒒

𝒆𝒒(𝑽𝒈𝒔V𝑽𝑻)/𝒏𝒌𝑩𝑻

𝝍𝒔 = ⁄(𝑽𝒈𝒔 − 𝑽𝑻) 𝒏 + 𝟐𝝓𝒃

• And substitute into 𝑸𝒊 to obtain

𝒏 = 𝟏 + 𝑪𝑫/𝑪𝒐𝒙 + 𝑪𝒊𝒕/𝑪𝒐𝒙
𝑽𝑻 = 𝑽𝑻𝟎 − ⁄𝒒(𝑵𝒐𝒕 − 𝒒𝑫𝒊𝒕𝝓𝒃) 𝑪𝒐𝒙

𝑰𝒔𝒖𝒃 = 𝝁𝒏
𝑾
𝑳

⁄𝒒𝑵𝑨𝜺𝒔 𝟒𝝓𝒃
𝒌𝑩𝑻
𝒒

𝟐

𝒆
𝒒 𝑽𝒈𝒔2𝑽𝑻

𝒏𝒌𝑩𝑻 𝟏 − 𝒆2𝒒𝑽𝒅𝒔/𝒌𝑩𝑻

• From 𝑸𝒊 we can get the subthreshold current:

𝑽𝒅𝒔 = 50 mV
𝑻 = 300 K
𝑵𝑨 = 1016 cm-3

𝑽𝑻 = 0.4 V
⁄𝑾 𝑳 = 1/0.25 µm

𝝁𝒏 = 200 cm2/V-s
𝒕𝒐𝒙 = 3 nm

BSIM
𝑰𝒔𝒖𝒃
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0 0.5 1 1.5
Vgs (V)

10-8
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100

102

I ds
 (

A/
m

)

𝑫𝒊𝒕 = 0,1,2,3,4 (x1012)

𝑵𝒐𝒕 = 0,1,2,3,4 (x1012)

• The following calculations (using correct versions of 𝑽𝑻 and 𝒏) show the individual 
effects of 𝑫𝒊𝒕 and 𝑵𝒐𝒕 : 

Example model calculations
Including oxide and interface traps

𝑽𝒅𝒔 = 50 mV
𝑻 = 300 K
𝑵𝑨 = 1016 cm-3

𝑽𝑻 = 0.4 V
⁄𝑾 𝑳 = 1/0.25 µm

𝝁𝒏 = 200 cm2/V-s
𝒕𝒐𝒙 = 3 nm
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Edge leakage in bulk MOSFETs
Defect buildup in STI è parasitic device

S D

• In modern MOSFETs the gate oxide is thin 
(~ few nm) and less susceptible to buildup of 
TID-induced defects. Main concern is in the 
shallow trench isolation (STI) oxide è
parasitic edge leakage
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Edge leakage in bulk MOSFETs
Defect buildup in STI è parasitic device

S D

• In modern MOSFETs the gate oxide is thin 
(~ few nm) and less susceptible to buildup of 
TID-induced defects. Main concern is in the 
shallow trench isolation (STI) oxide è
parasitic edge leakage

Gate

Silicon

+++
+++
STISTI
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Edge leakage in bulk MOSFETs
Defect buildup in STI è parasitic device

0 0.5 1 1.5
Vgs (V)

10-8

10-6

10-4

10-2

100

102

I ds
 (

A/
m

)

Parasitic 
device

Total 
current

Source

Gate

Drain

S D

• In modern MOSFETs the gate oxide is thin 
(~ few nm) and less susceptible to buildup of 
TID-induced defects. Main concern is in the 
shallow trench isolation (STI) oxide è
parasitic edge leakage

Gate

Silicon

+++
+++
STISTI
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Surface-potential based models
Modified SPE
• Most recent versions of industry standard 

MOSFET compact models are based on 
surface-potential 𝝍𝒔, not VT.

• A 𝝍𝒔 approach makes sense for modeling 
impact of radiation and stress-induced 
defects (𝑵𝒐𝒕 and 𝑫𝒊𝒕).

Approach: 
1. Solve modified surface potential equation 

(mSPE): Introduces 𝑵𝒐𝒕 and 𝑫𝒊𝒕 into 
calculations of 𝝍𝒔

2. From calculations of 𝝍𝒔 can then obtain 
current (drift diffusion), charge, etc. 

Ø A defect potential approach: Does not 
require to change foundry provided model 
parameters or equations. 

𝒅𝟐𝝍
𝒅𝒙𝟐

= −
𝝆
𝜺𝒔
= −

𝒒
𝜺𝒔

𝒑 − 𝒏 − 𝑵𝑨

• We start with Poisson’s equation:

• Using Boltzmann statistics, we integrate to 
obtain: 

𝓔𝒔𝟐 =
𝟐𝒒𝑵𝒂

𝜷𝜺𝒔
𝑯 𝜷𝝍𝒔

𝑯 𝜷𝝍𝒔 = 𝒆–𝜷𝝍𝒔 + 𝜷𝝍𝒔– 𝟏
+𝒆–𝟐𝜷𝝓𝒃(𝒆𝜷𝝍𝒔 − 𝜷𝝍𝒔 − 𝟏)

• To obtain relation between gate voltage and 
surface potential: 𝑽𝒈𝒔 − 𝑽𝑭𝑩 = 𝑽𝒐𝒙 +𝝍𝒔 and 
boundary condition: 𝜺𝒔𝓔𝒔 − 𝜺𝒐𝒙𝓔𝒐𝒙 = 𝒒𝑻𝑰𝑫

𝒒𝑻𝑰𝑫 = 𝒒𝑵𝒐𝒕 − 𝒒𝑫𝒊𝒕(𝝍𝒔 −𝝓𝒃)
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Surface-potential based models
Modified SPE

𝑽𝒈𝒔 − 𝑽𝑭𝑩 −𝝍𝒔
𝟐
= 𝜸𝟐𝝓𝒕𝑯 𝜷𝝍𝒔

• Putting it all together we obtain:

𝑽𝑭𝑩 = 𝒒𝜱𝑴𝑺 −
𝒒
𝑪𝒐𝒙

[𝑵𝒐𝒕 − 𝑫𝒊𝒕 𝝍𝒔 −𝝓𝒃 ]

𝜸 = 𝟐𝒒𝜺𝒔𝑵𝑨/𝑪𝒐𝒙

• mSPE incorporates the charge 
contribution from 𝑵𝒐𝒕 and 𝑫𝒊𝒕

• mSPE is an implicit function of 𝝍𝒔, 
can be solved numerically as a 
function of 𝑽𝒈𝒔 for a given 𝑵𝒐𝒕 and 𝑫𝒊𝒕

• Accurate analytical approximations 
(closed-form) are available. 
See Esqueda et al, JSSE, vol. 91, pp. 81-86, 2014 
for non-iterative approach. 

0 0.5 1.0 1.5
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1

ψ s
 (V

)  

Vgb (V) 

tox = 4 nm 
Na = 1018 cm-3 

ΦMS =  – 0.9 V 
Dit = 0 cm-2eV-1 

Not = 0, 5, 10, 15, 20 (1011 cm-2) 

symbols = TCAD 
lines = model 

0 0.5 1.0 1.5
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1

ψ s
 (V

)  

Vgb (V) 

tox = 4 nm 
Na = 1018 cm-3 

ΦMS =  – 0.9 V 
Not = 0 cm-2 

Dit = 0, 5, 10, 15, 20 (1011 cm-2eV-1) 

symbols = TCAD 
lines = model 

0 0.5 1.0 1.5
10ï12
10ï11
10ï10
10ï9
10ï8
10ï7
10ï6
10ï5
10ï4

I d
 (A

)  

Vgb (V) 

tox = 4 nm 
Na = 1018 cm-3 

ΦMS =  – 0.9 V 
Dit = 0 cm-2eV-1 

Vds = 0.1 V, Vsb = 0 V 

Not = 0, 5, 10, 15, 20 (1011 cm-2) 

symbols = TCAD 
lines = model 

0 0.5 1.0 1.5
10ï12
10ï11
10ï10
10ï9
10ï8
10ï7
10ï6
10ï5
10ï4

I d
 (A

)  

Vgb (V) 

tox = 4 nm 
Na = 1018 cm-3 

ΦMS =  – 0.9 V 
Dit = 0 cm-2eV-1 

Vds = 0.1 V, Vsb = 0 V 

Dit = 0, 5, 10, 15,  
        20 (1011 cm-2eV-1) 

symbols = TCAD 
lines = model 

“modified SPE”

I. S. Esqueda et al, IEEE TNS 2015
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Surface-potential based models
Inter-device leakage

S

D

S

D

• 𝑵𝒐𝒕 and 𝑫𝒊𝒕 buildup in STI can also lead to 
inter-device leakage (leakage between two 
separate devices)
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Surface-potential based models
Inter-device leakage

S

D

S

D

Gate

++
+
+++

STI
+++ +++

n-well

n+

• 𝑵𝒐𝒕 and 𝑫𝒊𝒕 buildup in STI can also lead to 
inter-device leakage (leakage between two 
separate devices)
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Surface-potential based models
Inter-device leakage

0 10 20 30 40 50 60 70 80
10ï12
10ï11
10ï10
10ï9
10ï8
10ï7
10ï6
10ï5
10ï4
10ï3

I d
 (A

)  

Vgb (V) 

Vds = 100 mV  
Vsb = 0 V 

W = 200 µm  
L = 1.5 µm 

90 nm bulk  
FOXFET: 

symbols = data  
lines = model 

0, 20, 100, 200,  
1000 krad(SiO2) 

I. S. Esqueda et al, IEEE TNS 2011
I. S. Esqueda et al, IEEE TNS 2015
(model incorporated into PSP)

S

D

S

D

Gate

++
+
+++

STI
+++ +++

n-well

n+

• 𝑵𝒐𝒕 and 𝑫𝒊𝒕 buildup in STI can also lead to 
inter-device leakage (leakage between two 
separate devices)

• We can extract/study the buildup of 𝑵𝒐𝒕
and 𝑫𝒊𝒕 in STI using FOXFETs: 

10 100 1000

𝑵
𝒐𝒕
,𝑵

𝒊𝒕
[c

m
-2

]

TID [krad(SiO2)]

1013

1012

1011
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Defect potential external model
A “sub-circuit” Verilog-A approach

• In this approach, we do not need to 
change the foundry provided model 
parameters or equations

• An accurate non-iterative method is 
used to solve the mSPE (Esqueda et al, 
JSSE, vol. 91, pp. 81-86, 2014)

𝑽𝒈𝒔 − 𝒒𝜱𝑴𝑺 +𝝓𝒏𝒕 −𝝍𝒔
𝟐 = 𝜸𝟐𝝓𝒕𝑯 𝜷𝝍𝒔

𝝓𝒏𝒕 =
𝒒
𝑪𝒐𝒙

[𝑵𝒐𝒕 − 𝑫𝒊𝒕 𝝍𝒔 −𝝓𝒃 ]
“defect potential”

I. S. Esqueda et al, IEEE IIRW 2013, (Hot Carriers, Bias-Temperature Instability)
I. S. Esqueda et al, JSSE 2014 (Hot Carriers)
I. S. Esqueda et al, IEEE TNS 2015 (Total-Ionizing Dose)
I. S. Esqueda et al, IEEE IRPS, 2016 (Bias-Temperature Instability)
R. Fang et al, J. Appl. Phys., 2018 (Hot Carriers, Bias-Temperature Instability)

1.  Solve the mSPE:

2.  From solution (𝝍𝒔):

𝝓𝒏𝒕

G B

D

G’

S’

D’

B’

TID and/or aging-induced voltage 
shifts in main MOSFET

MOSFET

S

+–

MOSFET 
sub-circuit
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Defect potential external model
A “sub-circuit” Verilog-A approach

• In this approach, we do not need to 
change the foundry provided model 
parameters or equations

• An accurate non-iterative method is 
used to solve the mSPE (Esqueda et al, 
JSSE, vol. 91, pp. 81-86, 2014)

𝑽𝒈𝒔 − 𝒒𝜱𝑴𝑺 +𝝓𝒏𝒕 −𝝍𝒔
𝟐 = 𝜸𝟐𝝓𝒕𝑯 𝜷𝝍𝒔

𝝓𝒏𝒕 =
𝒒
𝑪𝒐𝒙

[𝑵𝒐𝒕 − 𝑫𝒊𝒕 𝝍𝒔 −𝝓𝒃 ]
“defect potential”

I. S. Esqueda et al, IEEE IIRW 2013, (Hot Carriers, Bias-Temperature Instability)
I. S. Esqueda et al, JSSE 2014 (Hot Carriers)
I. S. Esqueda et al, IEEE TNS 2015 (Total-Ionizing Dose)
I. S. Esqueda et al, IEEE IRPS, 2016 (Bias-Temperature Instability)
R. Fang et al, J. Appl. Phys., 2018 (Hot Carriers, Bias-Temperature Instability)

1.  Solve the mSPE:

2.  From solution (𝝍𝒔):

𝝓𝒏𝒕

G B

D

G’

S’

D’

B’

TID and/or aging-induced voltage 
shifts in main MOSFET

MOSFET

S

+–

MOSFET 
sub-circuit

MOSFET model from 
foundry (unchanged)

MOSFET “sub-circuit”
𝝓𝒏𝒕 calculated in Verilog-A
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Defect potential external model
A “sub-circuit” Verilog-A approach

• In this approach, we do not need to 
change the foundry provided model 
parameters or equations

• An accurate non-iterative method is 
used to solve the mSPE (Esqueda et al, 
JSSE, vol. 91, pp. 81-86, 2014)

𝑽𝒈𝒔 − 𝒒𝜱𝑴𝑺 +𝝓𝒏𝒕 −𝝍𝒔
𝟐 = 𝜸𝟐𝝓𝒕𝑯 𝜷𝝍𝒔

𝝓𝒏𝒕 =
𝒒
𝑪𝒐𝒙

[𝑵𝒐𝒕 − 𝑫𝒊𝒕 𝝍𝒔 −𝝓𝒃 ]
“defect potential”

I. S. Esqueda et al, IEEE IIRW 2013, (Hot Carriers, Bias-Temperature Instability)
I. S. Esqueda et al, JSSE 2014 (Hot Carriers)
I. S. Esqueda et al, IEEE TNS 2015 (Total-Ionizing Dose)
I. S. Esqueda et al, IEEE IRPS, 2016 (Bias-Temperature Instability)
R. Fang et al, J. Appl. Phys., 2018 (Hot Carriers, Bias-Temperature Instability)

1.  Solve the mSPE:

2.  From solution (𝝍𝒔):

𝝓𝒏𝒕

G B

D

G’

S’

D’

B’

TID and/or aging-induced voltage 
shifts in main and parasitic MOSFET

MOSFET parasitic 
“edge” 
device

S
+–

𝝓𝒏𝒕

+–

MOSFET 
sub-circuit
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Combined effects (Aging + TID)
Example: SRAM SNM and minimum retention voltage

• In this example, pMOS devices are degraded as a result of BTI and HCD (buildup of 
𝑫𝒊𝒕), nMOS devices suffer TID-induced edge leakage (modeled as parasitic device)

• The static noise margin (SNM) is extracted from the mirrored voltage transfer 
characteristics (VTC) of SRAM inverters. 

I. S. Esqueda et al, IEEE TNS 2015
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Combined effects (Aging + TID)
Example: SRAM SNM and minimum retention voltage

• Can extract SNM as a function of the supply voltage Vdd, 
and obtain the minimum data retention voltage (DRV), 
i.e., the supply voltage for which SNM vanishes.

• The combined impact of TID and aging effects on SRAM 
cell stability can be analyzed based on this modeling 
approach. 

I. S. Esqueda et al, IEEE TNS 2015
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Course Summary

• At beginning of course, we introduced many of the models, modeling 
approaches, and tools that make IC analysis and design possible

• Next, we presented models and tools for calculating the build-up and 
annealing of defects when semiconductor materials are damaged by 
TID 

• We presented TID radiation-aware modeling techniques for MOSFETs 
and CMOS circuits

In this course we have described techniques and tools for modeling 
cumulative radiation effects in MOSFETs and CMOS circuits


