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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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Radiation-effects Modeling Landscape [

Systems

Physical Layout
CAD Device Models Parasitic Models

The modeling area is the
subject of this course

System Analyses

Radiation Transportand  ORlo Models (Bayesian, etc.)

Energy Deposition ot
Geant4 (open source) —

MCNPX il

by R.D. Schrimpf / 4 S
Circuit Level Design
(SPICE, Spectre)

Extreme Environment
[Temperature, Radiation, elc.]

Models informed, validated by experimental data




Course Outline SERESSA 2022

Introduction
o Compact Modeling for Circuit Simulation

Modeling Mechanisms of Cumulative Radiation Effects
o lonizing Radiation Effects (TID)

o Displacement Damage (DD) — not covered in this course

* Modeling MOSFET Devices and Circuits

MOSFET Structure and Operation

Compact Models for MOSFETSs

Modeling Impact of TID on MOSFET |-V characteristics
Simulating TID and Aging Effects in CMOS Circuits

°* Summary
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Course Outline

* Introduction
o Compact Modeling for Circuit Simulation



Introduction SERESSA 2022

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

DIFFPAIR CKT - SIMPLE DIFFERENTIAL PAIR
VIN 1 0 SIN(0 0.1 5MEG 5NS) AC 1
vcc 8 0 12

VEE 9 0 -12

Q1 4 2 6 QNL

Q2 5 3 6 QNL

RS1 1 2 1K

RS2 3 0 1K

RC1 4 8 10K

RC2 5 8 10K

Q3 6 7 9 QNL

Q4 7 7 9 ONL

VIN

RBIAS 7 8 20K H
«MODEL QNL NPN (BF=80 RB=100 CCS=2PF TF=0.3NS TR=6NS CJE=3PF By W. R. Huber, IEEE Solid-
* o JCR2PE VR=50) State Circuits Magazine, 2019

By L. W. Nagel, no. ERL-M520, 1975
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Introduction SERESSA 2022

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

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

C. T. Sah, TechConnect Briefs, 2005



Introduction SERESSA 2022

History of Compact Modeling for MOSFET

Gate * Pao-Sah and Charge Sheet
. | were early models that
Source Drain described MOSFET operation
L”_/ : g in analytical form
Pao-Sah
P * Threshold Voltage, Surface
Body ¢ Potential, and Inversion
Charge implemented these
Charge Sheet Model early models in EDA
Threshold Voltage Surface Potential Inversion Charge

by Gildenblat, SRC Electronic Workshop, 2006 9



Introduction

The Pao-Sah Model (for n-channel MOSFET

y

N

Ve Gate Vos
Source | b Drain
n | n
P
Body

Q; (inversion charge)
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By Pao and Sah, Solid-State Electron, 1966.
In Taur and Ning, Modern VLSI Devices, 1998
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Introduction SERESSA 2022

The Charge Sheet Approximation

= Cox(Vgs — Vi — s
Gate | Gox | p-Si Gate | Gox| p-Si Qs = Cox(Vas = Vrp — ¥s)
¢ Qq = \/ZESinAl/)s
Q q Q q
d d
Qi = Cox(Ves — Vip — ¥s) — /2€5:qNatps

Yy =205+ V
/k S— Channel potential

Bulk potential

Q, = Q+Q,

w Vbs 2
Ips = uTCOX [(VGS — Vip — 2¢p — T) Vps — §V[(2¢B — Vps)?/% - (2¢3)3/2]]

By J. R. Brews, Solid-State Electron.,1978.
In Taur and T. H. Ning, Modern VLS| Devices, 1998 11



Introduction
Threshold Voltage Model

Threshold Voltage

Drain Current in
Triode Mode

Drain Current in
Saturation

Vi = Vip +2¢p +v./2¢0p

Ine = u—=~C [(V AN —EVZI
DS L (00,4 GS t/VYDS 2 DS
w (VGS - Vt)z

IDSSat — uf 0X m

In Taur and Ning, Modern VLSI Devices, 1998
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Introduction SERESSA 2022

BSIM4 Vt-based Compact Model

sub- strong
Strong Inversion Current Looe.0q threshold inversion
1.00E-05 |
L=p,C W L v _v,-Auv,/2V Loog-06
d.c_”eﬂ ox L1+V /E L g th ulk V ds 1.5€-05
ds/ ™ sat 1.00E-07
< 100E08 - 3
= ooeos LOE-05 5
; =
1.00E-10 -| :
Subthreshold Current ISl
1.00E-11 ~——id SPICE int 5.0€-06
—gm sil
% Ve =V _Vﬂ' 100842 1 o slplcz' t
- - o ds _8 th of ——gm in
Ii‘ - 130(1 exp( v ))exp( nv ) 1.00E-13 ‘ ‘ 0.0E+00
' ! 0 025 05 075 1 125 15
Vsg (V)
(Ctse + CtsadVits + Ctsch Visey exp(—Dvrnﬁ)+2exp(—Dmﬁ) .MODELPMOD PMOS (LEVEL=11 TOX=5€-9 k1=0 K2=0 NCH=5E17
=1+N, 21 A Cir NSUB=5E17 VTH0=-0.4631 IS=1E-18
~ - +VOFF=-.055 U0=300 NFACTOR=1 NLX=0 K3=0 DVTOW=0 DVT0=0
nE e et C i

ETAO=0 ETAB=0 UA=0 UB=0 UC=0
+JSGBR=1E-8 JSDBR=1E-8 JSGSR=1E-8 JSDSR=1E-8 JSGGR=1E-8

JSDGR=1E-8 DIOMOD=0 PSCBE1=0 PSCBE2=0
In BSM3 V3.2 Manual, 1998 +BF=.0001 CIT=0)
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Introduction SERESSA 2022

Surface Potential Model

Surface Potential ~ , — . _ Vep — ¥ (1/)50 n k_TeCI(ll)50—21/)B—VSB)/kT)
at Source q
Surface Potential sy = Vg — Ve — (%L 4+ KT paGpsL—29p- VDB)/kT)
at Source
i w 1 2 3/2 3/2
Chgr&r:reeln[:rlft Ips1 = u—Cox [(VGB — Vip) st — Pso) — > (s, — ¥so) — g)’( 5{ - gé )]

Channel Diffusion

[kT
Current

7(1/JSL Pso) + )/( o — ;(/)2)]

w
Ips2 = u—-Cox
In Tsividis and McAndrew, 2011

In the surface potential model, solving for wsy and g, explicitly is the tough part ... "



Introduction

Surface Potential vs. Vth Model

t/‘
10°; 7
: /

= | M . .
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by Gildenblat, SRC Electronic Workshop, 2006
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* Modeling Mechanisms of Cumulative Radiation Effects

o lonizing Radiation Effects (TID)
o Displacement Damage (DD) — not covered in this course

16



Modeling TID Effects EEEE AR

50 Si-Si0,
A 12 interface ..
o2 V \ @ - surviving hole (p)

/ \ @ -hole trap (N)

o @ . Q© - trapped hole (N,,)
- hole flux
. ‘ > ﬁ) f
/!
® e .
« © o Hole trapping leads
t

ox 17



Modeling TID Effects EELE=RE

ANy = Dgofy(g)NTO-(é)tox

(by Fleetwood et al., TNS, 1994)

Model Parameters

D - total dose [rad]

go - 8.1 x 102 [ehp/radcm?]

f, - field dependent hole yield [hole/ehp]

N; - trapping efficiency [trapped hole/hole]

o - field dependent cross-sectional area [cm?]
t,, - oxide thickness [cm]

£ - local electric field [V/cm]

18



Modeling TID Effects

Si-Si0,

‘o D’H volume ;
a2 \ interface
.1‘ﬂ
1o %

@ - hydrogen defect (N,,,)

@& - protons

- Si-H (Ng;,)
o— e ¢ -
/‘ ® O .y ' - dangling bond (N;,)
®— Di—rg f, - proton flux
< @ @ fp , ’,_,
< f, —
“ © | i area=oadi  2.step reaction process
) X ‘ leads to buildup of N,
tOX

19



Modeling TID Effects EELE=RE

2
tOX

2

Model Parameters (by Rashkeev et al. TNS, 2002)

D - total dose [rad]

go - 8.1x10* [ehp/radcm?3]

f, - field dependent hole yield [hole/ehp]

Ny, - Hydrogen defects [cm3]

cross-section for hole trapping at hydrogen defects [cm?]

ANj = Dgofy(g)NDHUDHNSiHUit

g

Ng;, - passivated dangling bands [cm2]
cross-section for Hydrogen trapping [cm?]
oxide thickness [cm]

Q

20



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

21



MOSFET structure SERESSA 2022

(bulk MOSFET)

28 nm bulk MOSFET Bulk MOSFET cross-sectional schematic
)
. In this section of the short
A Vs course:
V I, > What are the (compact)
gs ° modeling techniques to

describe MOSFET

' operation?
Drain » How are TID effects
introduced into these

models?
» Will focus on steady-
state (DC) operation.

J. Yuan et al., IEEE ICSICT, 2010.

22



Critical Parameters
(bulk MOSFET)

3-D cross-sectional Top-view (layout):
schematic bulk
MOSFET:

source

Circuit schematic
symbol:

— Drain

]
-

Source

23



Example: 28 nm MOSFET data SERESSA 2022

Output characteristics Transfer characteristics
4000 ‘ ‘ ; : 1072 : : : :
ss00r  \/  =02-1.0V Vi =1.0V
41
3000 10
n-channel ‘E 2500 108L
MOSFET > <
<C L =
W = 200 nm 3 20 s
L =30 nm 3 1500 | 108}
1000
D 10710 ¢ T=300K |
500 1 W =200 nm
G l/s____v 0 1 | | ‘L=3Qnm
y | ”: T 0 02 04 06 08 ! %2 0o 02 04 06 08 1
gs ]- S Vs V) Vs V)
*  Fix Vgs, sweep Vg ¢ Fix Vgs, sweep Vg
* Linear region: low Vg (I ~ V) »  Critical voltage V1 (threshold)
+  Saturation region: high Vs *  Subthreshold region: Vg <Vt

»  Critical voltage Vgsat * Above Vg, device is “on” 24



Subthreshold current SERESSA 2022

-2

10 » Current not zero for V4 below Vy

ur A  We can see subthreshold current
Veo=50mV | when lys plotted in log scale

----------------------- - « Below V7 current increases
arbitrary current - . .
] exponentially with Vg

Subthreshold swing ] * V7 changes with V! Drain-
S (mV/dec) induced barrier lowering (DIBL)

» What happens to these MOSFET
parameters (1, 4 V5, S) with TID?

| | | | ] » How do we capture TID effects in
0.2 0.4 0.6 0.8 1 compact models for circuit simulations?

Vge (V)

25



Energy Band Diagrams

|
]
|
|
|
-

*---
=

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

26



Energy Band Diagrams

I
]
1
I
I

s
I
I
I
)
]
i

\

*---
=

Vig = q®Pys = qPy — qPs

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

X
Ec
_—
""""""""""""""""""" E;
e Er
L Ey

More generally, the work
functions are not the same,
and there is band bending at

equilibrium (Er aligned)

27



Energy Band Diagrams

A qualitative view of MOSFET operation

/

E-x diagram E-y diagram
E
— ¢ /6’
"""""""""""""""""" Ei 0000000/ \0000000 EC
_________________ Er —_— === = = ==
/ EV

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

28



Energy Band Diagrams

A qualitative view of MOSFET operation

Vg>0*- ........

/ E-x diagram E-y diagram
E
l’/ ¢ / o
"""""""""""""""" Ei 0000000/ \0000000
e e i EfF S e ===
_— Ey

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

Ec

29



Energy Band Diagrams

A qualitative view of MOSFET operation

Vg>0l_ ........

/

E-x diagram E-y diagram
Ec
3
'}/ P A B
"""""""""""""""""" E; XXX XA O\ 000e0cee
_______________ - E- e

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

30



Energy Band Diagrams

A qualitative view of MOSFET operation

/ E-x diagram E-y diagram
Ec
)
;C """"""""" E; ooooooo}"""'\ooooooo
_,,(' _______________ Er ——m————i——— ===

A positive bias at the gate (V,, > 0) lowers the energy barrier

/ for electron injection from the source - channel turns “on”

Ec

31



Energy Band Diagrams SERESSA 2022

A qualitative view of MOSFET operation

» Gate voltages above flatband result

/ E-x diagram in positive surface potentials.
. « Energy bands bend down, depletes
surtace pii?)?zlallps . . surface of holes, builds up layer of
S~ c electron charge (the inversion
I/ --------------- E charge)
"""""""" - EF «  When surface potential is twice the
V. > Ol- ________ / Ev bulk potential, density of electrons
9 bulk potential at surface is equivalent to density
kgT (N, of holes in bulk.
P = q ! <71) » We call this onset of strong
/ inversion

32



Current-Voltage Relation SERESSA 2022

«  With Vs > Vr, the device is “on” and there is
charge in the channel: @, * Qi = —Cox(Vgs — Vr)

* Cox = &ox/tox
- ........L

« Currentis given by: I = —WQ;v

Vgs > Vr * vV=Ué
° g:Vds/L

Electron charge
in channel

w
(inversion layer) = 1= T”ncox (Vgs = Vr)Vas

Valid for small Vs, Vs> V7

— — EC W 1
1, =pn,C, T1+V JE L V. EL (Ve =V — Abue Vi |2V, BSIM4
o — - Id = Q;(xq)x(vxo)x(FsatyW  MIT VS model

33



Empirical unified models

* In BSIM (earlier V; based versions) smoothing functions used to transition between:

1.V, and Vg, (linear to saturation regions)
2. Inversion charge Q; below and above V; (weak to strong inversion regions)

200 ; wer ———7—7 0 !
! e ee8eeseTeTE
/
_____ o }
150 - // 108
— / <
;E? / E’ 10710
50,1007 // I = w C..(V VOV 7 gc — q(V4s—V7)/nkgT
—° / - Tﬂn ox( gs T) ds 4 10124 Qi — Qoe 9
/,
50 - ] /
I= WCox(Vgs —Vr — Vasat)Vsat 10 E 4 / Qi = Cox(Vgs _ VT)
% 05 1 15 0 05 1 15
Vs V) Vs (V)

How do we define V; and n such that we account for TID effects?
34



TID-induced defects SERESSA 2022

» The effect of N, is typically captured as a

N,; = oxide trapped change in the flat-band voltage (AVgg)
charge (cm-)
D;, = interface tra _ _No
it ps AVpp =
(cm-=2eV-1) 0x
Ec « Can account for this AV g in the threshold

voltage parameter as

—_————
RN

RN
m
<

qN,;

=>VT=VT0_ C
ox

« What about interface traps? Charge due to
D;, depends on the type of traps (acceptor-like
or donor-like) and their occupancy (trap energy
level relative to Ef)

35



TID-induced defects SERESSA 2022

» The effect of N, is typically captured as a

N,; = oxide trapped change in the flat-band voltage (AVgg)
charge (cm-)
D;, = interface tra _ _No
it ps AVpp =
(cm-=2eV-1) 0x
Ec « Can account for this AV g in the threshold

voltage parameter as

- — —
N\

++ tbd

& N
EV - VT = VTO - q ot
COX

« What about interface traps? Charge due to
D;, depends on the type of traps (acceptor-like
or donor-like) and their occupancy (trap energy
level relative to Ef)

36



TID-induced defects SERESSA 2022

Ec « Charge due to D;; depends on the type of traps

Q (acceptor-like or donor-like) and their
'?I) B £ occupancy (trap energy level relative to Eg)
g 7 I‘f’b In this example, the net charge
% =V Er contribution from interface traps is

. — E, negqative (filled acceptor-like traps)
S
E -
o
<
o —
Q

=>» Acceptor-like: Neutral when empty,
negatively charged when filled

=>» Donor-like: Neutral when filled,
positively charged when empty

37



TID-induced defects SERESSA 2022

« Charge due to D;; depends on the type of traps
(acceptor-like or donor-like) and their
occupancy (trap energy level relative to Eg)

In this example, the net charge
contribution from interface traps is
negqative (filled acceptor-like traps)

More generally, can be modeled as a
function of the surface potential Y as:

qNit = —qD (Y5 — ¢Pp)

A

Donor-like  Acceptor-like

=>» Acceptor-like: Neutral when empty,
negatively charged when filled

=>» Donor-like: Neutral when filled,
positively charged when empty

38



TID-induced defects SERESSA 2022

« Charge due to D;; depends on the type of traps
(acceptor-like or donor-like) and their
occupancy (trap energy level relative to Eg)

In this example, the net charge
contribution from interface traps is
negqative (filled acceptor-like traps)

More generally, can be modeled as a

A

Donor-like  Acceptor-like

h function of the surface potential Y as:
qNit = —qD (Y5 — ¢pp)
=>» Acceptor-like: Neutral when empty, » Total TID-induced charge contribution to MOS:
negatively charged when filled
3 Donor-like: Neutral when filled, arip = qNot — qDic(Ys — P5)

positively charged when empty
39



Subthreshold charge and current

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

—Qs = /2g,kgTN [thJs + —eq‘/’s/kBT]

1/2

This contains both depletion and
inversion charge, Qs = Q4 + Q;.

For weak inversion (subthreshold) we
obtain Q; from a power series
expansion:

—Q; =

g,qN 4 (kBT

2
)"i o@Ws/kpT
2, N

q /N3

We want vy in terms of V
Vgs — Vg = Voxr T Ps = Epxlox + Y5
Boundary condition at interface:

£sE =qrip = qNoe — qD; (P

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

£ox ox

— db)

Using Vs = Vg + Eoxtox + WP, €xpand at P, = 2¢py:

Qd(2¢b) qN,; qD;dp
Vs = Vg + 2¢) — . +
g3 FB ¢b Cox COX Cox
dQ./dy Dy,
+|1- + (P, —
Cox Cox *

2¢p)

40



Subthreshold charge and current SERESSA 2022

We want vy in terms of V

« By solving Poisson’s equation, we
obtain the charge in the semiconductor:
Vgs — Vg = Voxr T Ps = Epxlox + Y5

1/2
qy
—Qs = /2&5kgTN, [ >+ —eq’p‘/kBT] - Boundary condition at interface:
esg sox ox — qrip = qNot qut(‘I)s - ¢b)
» This contains both depletion and Normal component of the displacement field
inversion charge, Qs = Q4 + Q;. is discontinuous across an interface where a
»  For weak inversion (subthreshold) we surface charge exists.
Z::f;zs%rfrom a power series o« Using Vg = Vig + Epxtor + Ps, expand at P = 2¢py:
Qa2¢p) qNot |, aDudp
V,, =Vig + 2, — - + T
—Q; = £ s (kBT> i ed¥s/kpT ” < ’ Cox Cox Cox
L
2¥s L 4 /N dQu/dy; Dy
+11 - +q (]I)S - 2¢b)
Cox COX

n=1+ CD/Cox + Cit/Cox 41



Subthreshold charge and current SERESSA 2022

* Now we can solve for ¥
Y= Vys—Vr)/n+2¢,

. . . 102 Isub //
* And substitute into Q; to obtain BSIM
100 ¢
0= €sqN (kBT> 0V gs—V1)/nkpT _
4'¢b q \g 102k Vis = 50 mV
< T =300 K
n=1+ CD/Cox + Cit/Cox 3:'3 4 A onom”
- 10 Vr =04V

W/L = 1/0.25 um
U, = 200 cm?/V-s

Vi =V5o—q(Not — qDiPp)/Coy

tox =3 Nm
 From Q; we can get the subthreshold current: .
107 ‘ ‘
0 0.5 1 15
w kpT\2 1Wgs—V1) Vo
Lsub = tn VAN AEs /4Dy (%) e T (1 — ealaliaT) os

42



Example model calculations SERESSA 2022

« The following calculations (using correct versions of I/, and n) show the individual
effects of D;; and N, :

102 102 NDt = O=1 a2’3=4 (X1012)
10° 10°
T . ol € | o
5 10 . 5" V4 = 50 mV
3«, D; =0,1,2,3,4 (x10'4) 3w T =300 K
— 04l = ! Ny =10"cm?3
V=04V
i . W/L = 1/0.25 um
10 10 U, = 200 cm?/V-s
tox = 3 NM
10_80 015 1‘ 1.5 10-80 0.‘5 1‘ 1.5
vV (V) Ve V)

43



Edge leakage in bulk MOSFETs SERESSA 2022

Defect buildup in STI = parasitic device

* In modern MOSFETSs 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 =
parasitic edge leakage

—_—

44



Edge leakage in bulk MOSFETs

Defect buildup in STI = parasitic device

* In modern MOSFETSs 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 =
parasitic edge leakage

el
s
0

+++

45



Edge leakage in bulk MOSFETs

* In modern MOSFETSs the gate oxide is thin 7
(~ few nm) and less susceptible to buildup of 102k
TID-induced defects. Main concern is in the Total
shallow trench isolation (STI) oxide = E current
parasitic edge leakage

—— -

===l
4o (Am)

o
0

Parasitic
device

+++

Source

1 1.5

46



Surface-potential based models SERESSA 2022

«  Most recent versions of industry standard * We start with Poisson’s equation:

MOSFET compact models are based on d%y p q

surface-potential ¥, not V. aZ - e E (p—n—N,)
Ay, approach makes sense for modeling

impact of radiation and stress-induced « Using Boltzmann statistics, we integrate to

defects (N, and D;,). obtain: 2gN,

&t = (S  H(Bpy)
Approach: Bes
1. Solve modified surface potential equation H(BY,) = eP¥s + gy -1

(mSPE): Introduces N,; and D;; into

. +e‘2ﬁ¢b (eﬂlps — BII}S — 1)
calculations of ¥

2. From calculations of ¥ can then obtain * To obtain relation between gate voltage and
current (drift diffusion), charge, etc. surface potential: Vg3 — Vg = Vo + 35 and
> A defect potential approach: Does not boundary condition: £,€5 — €,,€ox = qriD

require to change foundry provided model B B B
parameters or equations. 9rip = qNoe = qDiu (s — p)

47



Surface-potential based models SERESSA 2022

« Putting it all together we obtain: i(l) symbols = TCAT ) :(‘)Dos 10,15,20 (10" em eV ,
— 2,2 09 09
(Vgs —Vip — ll)s) =Y ¢t H(Blps) <08 <08
q Z 0'7 N,,=0,5,10, 15,20 (10" cm?) 2 0. symbols = TCAD
ST . § 0.7 lines = model
Vip = q®Puys — C [Not — Dyt (s — ¢p)] 06 No= oo 06} N, =S o3
ox 05 Q)= —09V 05t (I)WY——09V
=,/2q&sN,/C “ .o ”» ' Du Oemrev? ' Mo 0o
= 04 . - 04
sTTAf T ox modified SPE 0 05 1.0 15 0 05 10 15
Ve (V) Vep (V)
«  mSPE incorporates the charge e T 107
. . _5 [ symbols = -5
contribution from N,, and D, 10 ptines = model 10 e ey
10 ¢ 10 ¢
«  mSPE is an implicit function of ¥, = 107 | = 107 symbols - TCAD |
. -8 1 2y4  ~— 3 ines = mode!
can be solved numerically as a 20 R Rl I fnes “made |
function of V ,; for a given N,, and D, 1070 yolrem d ool Yolorem
. . . 10_“ D, =0cm?2eV! | 10*11 1 D,=0cm2eV ]
« Accurate analytical approximations 1072 . VT 01V Yy =0V 107" . o 0N P70V
(closed-form) are available. 0 W 13 0 2w Y B
See Esqueda et al, JSSE, vol. 91, pp. 81-86, 2014 Ve «
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Surface-potential based models SERESSA 2022

 N,;and D;; buildup in STI can also lead to
inter-device leakage (leakage between two
separate devices)

B -,
D D
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Surface-potential based models SERESSA 2022

 N,;and D;; buildup in STI can also lead to
inter-device leakage (leakage between two
separate devices)

e

: ’

_n- 1Y
+
+
+++++ ++

n-well
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Surface-potential based models

« We can extract/study the buildup of N,

« N,; and D;, buildup in STI can also lead to and D;; in STl using FOXFETs:
inter-device leakage (leakage between two o E3
separate devices) e I. S. Esqueda et al, IEEE TNS 2011
— I. S. Esqueda et al, IEEE TNS 2015

Inter-device leakage

(model incorporated into PSP)

n-well +=N n-well
Not

X =N

s Fe S ) - 107

I I 10 : : : :
4 107 | 0.20, 100, 200, ,'
! 107 1000 krad(SiO,)
“ “ 10° } 90nmbulk | &
N 7 FOXFET: €
i~ 10_ 1 symbols = data ] L 10124+
= 10" | lines = model 1 2:' E
~ 10—9 & W=200pm | 3
10_10 L=15pm ] 2°
+ -119898%° V=100 mV
+ 10 ¢ ..'.:. 0o ® O/ V=0V 1
+ ol e YA o
+++H++ ++ 0O 10 20 30 40 50 60 70 80 1011 sy
n-well Ve (V) 10 100 1000

TID [krad(SiO,)]
51



Defect potential external model SERESSA 2022

“sub-circuit” Verilog-A approach

« In this approach, we do not need to MOSFET D
change the foundry provided model sub-circuit 0
parameters or equations A—

« An accurate non-iterative method is P .
used to solve the mSPE (Esqueda et a, - b i
JSSE, vol. 91, pp. 81-86, 2014) i |

6o —<(3 | B
1. Solve the mSPE: b\ 6 1 B
2 g i i
Vs — qP — =vi¢p, H \ S’ ;
( gs QPus + ¢nt II)S) Y ¢t (ﬂlpS) TID and/or aging-induced voltage ‘
shifts in main MOSFET
2. From solution (¥;):
q o
bnt = C_ [Not — Dit(lps - ¢b)] S
ox

“defect potential”

S. Esqueda et al, IEEE IIRW 2013, (Hot Carriers, Bias-Temperature Instability)
S. Esqueda et al, JSSE 2014 (Hot Carriers)

S. Esqueda et al, IEEE TNS 2015 (Total-lonizing Dose)

S. Esqueda et al, IEEE IRPS, 2016 (Bias-Temperature Instability)

I
I
I
I
R. Fang et al, J. Appl. Phys., 2018 (Hot Carriers, Bias-Temperature Instability) 52



Defect potential external model SERESSA 2022

A “sub-circuit” Verilog-A approach

« In this approach, we do not need to MOSFET D
change the foundry provided model sub-circuit 0
parameters or equations B
« An accurate non-iterative method is G~ .
used to solve the mSPE (Esqueda et a, L i
JSSE, vol. 91, pp. 81-86, 2014) i I
63 e | &
1. Solve the mSPE: qu'\ N .
2 ’ , i
V —agd + —_ = 2 H '\\ S J
( gs 9®ms ¢nt 11)5) Y ¢t (ﬂlpS) TID and/or aging-induced voltage
shifts in main MOSFET \
2. From solution (¥;):
q (o]
¢t=_[Nt_D't(1/J _¢b)] S
N T R o MOSFET model from
defect potential foundry (unchanged)
I. S. Esqueda et al, IEEE IIRW 2013, (Hot Carriers, Bias-Temperature Instability)
I. S. Esqueda et al, JSSE 2014 (Hot Carriers) MOSFET “sub-circuit”
I. S. Esqueda et al, IEEE TNS 2015 (Total-lonizing Dose) . .
I. S. Esqueda et al, IEEE IRPS, 2016 (Bias-Temperature Instability) ¢+ calculated in Verilog-A
R. Fang et al, J. Appl. Phys., 2018 (Hot Carriers, Bias-Temperature Instability)
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Defect potential external model

“sub-circuit” Verilog-A approach

In this approach, we do not need to MOSFET D
change the foundry provided model sub-circuit 0
parameters or equations R — S
An accurate non-iterative method is D & P o . “edge”
used to solve the mSPE (Esqueda et al, S D A/device
JSSE, vol. 91, pp. 81-86, 2014 N
" i ) Go @ 4 , | |_ ’ l_{ |_ oB
1. Solve the mSPE: 2 t\/ G |l B -
2 n
Vs — qP — =vi¢p, H \ s’ /
( gs QPus + ¢nt II)S) Y ¢t (ﬂlpS) TID and/or aging-induced voltage - e ‘
shifts in main and parasitic MOSFET
2. From solution (¥;):
q o
bnt = C_ [Not - Dit(lps - ¢b)] S
ox

“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-lonizing 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) 54



Combined effects (Aging + TID) SERESSA 2022

Example: SRAM SNM and minimum retention voltage

* In this example, pMOS devices are degraded as a result of BTI and HCD (buildup of
D;;), 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.

10 § %) — . :

10—5 \ P1 P_Z‘{

10—3 0.4 SNM Qﬁ EQB.
2 10 8 S\ 03 k IEI N_2| |
~ 10 _—
R -9 rf \ | radiat
~ 10 802_\___*_£re_1rralalon

10"} NBTI+ HC \ posl-irradialio\n \

10" (moreuzed D) 7 post-irradiation 01} \

107" \

10_13 ‘ ‘ prp-irradiqtion » ‘ B

-12 -08 -04 0 04 0.8 1:2 0 0.1 02 03 04 05

. S. Esqueda et al, IEEE TNS 2015 95



Combined effects (Aging + TID) SERESSA 2022

Example: SRAM SNM and minimum retention voltage

» Can extract SNM as a function of the supply voltage V4,
and obtain the minimum data retention voltage (DRV),

i.e., the supply voltage for which SNM vanishes. 450
» The combined impact of TID and aging effects on SRAM
cell stability can be analyzed based on this modeling 350)
approach. S\ post-irradiation
— pre-rad — post-rad é 250
0.5 1 ' >
- o no NBTI+HC 2 ‘
. 04 > 120! A NBTI+HC £y
\>-/ 03 Reduoitg o g 30 150 pre-irradiation
M 0.2 > ‘ ,
0.1 % 40 50 ; ’ , ,
0 0 0 05 108 153 20 25
0 0102030405 0 0.102030405 D, (x10'2 cm2eV-)
it

Q (V) Ve V)
I. S. Esqueda et al, IEEE TNS 2015
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Course Summary SERESSA 2022

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

* 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
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