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Dielectric Lifetime of an IC ...

T >0 (AIC ) (ArEST / AIC )ﬂﬁ T o (AFEST ) /

In(1-qg/100)
IN(1-0.5)

10 yrs
Vsafe _Vtest I g|: -I-q%) :|/V,acc
BD

These three formula are sufficient for derive dielectric lifetime

TE(A) = [ } T (Ac)
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Gate Current

Basics of voltage acceleration

Breakdown
] ] mn m
V3>V, >V, V?P
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log (Time to breakdown)

Nonlinear voltage
dependence

5 years

Empirical
projection.

Highly accelerated voltage dependence



Reduced Defect Generation at Low Voltage
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NMOS vs. PMOS Reliability
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PMOS less reliable than NMOS, contacts defines everything !
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Theory of Anode Hole Injection
Ngp = f(TBD/tO)

J - Electron current density
V) = ko, x0T

- Impact lonization prob.

(probability that a hole will be created by

Gate-poly
3"?/ an incoming electron; Quantum yield)
£ h T, - Transmission Rate
\» /
— (probability that the hole will travel

\ through the oxide Iayer)

k = Trap Generation Efficiency
e ' o (probability that the hole will create a

OXIDE

percolation defect)

Substrate Ngp - Density of percolation
defects at breakdown

Ballistic transport and hot contacts ... in 1980s! 5



Theory of TDDB: Three Regimes

V,> 13V

Oxide lonization
(Fischetti, 1 984)
- origin of velocity saturation
by acoustic phonons

- field dependence of impact
ionization

- correlating holes to
breakdown

13V >V, >89V

|

—

1

|

—
Plasmon Excitation

(Fischetti 1985-1987)

- origin of holes in the

oxide at this voltage

- 7.5 eV threshold ?
- metal gate

Alam ECE-695
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Impact lonization (1996 ..)
- polarity asymmetry

- connecting reliability
to AHI

We will focus here
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Basic Anode Hole Injection Model
NBD — f(TBD/tO) to_loCJeXQ/“XTp

e J,.=Aex

Vi :Blex

0(—A,/E)

O(—BZ/E) ttoc

T, =C,exp(-C,/T)

\ TBD :tOX f_:L(NBD)

SUB OXIDE POLY In(T,,) =In(t,) < 1/E

Alam ECE-695
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Constant field Impact lonization

For thick oxide and HCI ......
ar _
dz
a, oy, ~exp(—const./E*) k~1-2  —

o) oy =[" dkw,,f /[ dk f

2 T, Te

G, =Sk (=T) kT \O

kT, =qtou,r. =qt x|,

aii oC 7/“ —_ e_EG/kBTe ~ e_BZ/E

Apparently the term Lucky electron model was coined by Shockley.
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... VS. bulk impact ionization

i §

For thin oxide TDDB *

x 1072 |-

x 1072 L

o —j M| s(E, - )ds,

2
~ 5><10“[—E ~For J
EG,T

i - B E_EG,T p
Vz, (ET) mT Eq:

x 1072
x 1073 |-
x 1073 |-
X 1072 -
x 1074 -
x 1074

x 1074 -

x 1075 |-

x 1075 |-

R L - T N O -

x 1075 |-

1/z,, = Energy, not momemtum relaxation
Ridley, Quantum Processes,

7: ~1-3 (E>E; ) p.276-278.
Hess, p. 190, Ch. I3 — Fig. 13.17..
~exp(DV) (E<E,,) p g
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AHI Model: At High and Low Voltages

Jp = Je7/iiTp

Schrodinger-Poisson Eq.

Full Band Monte Carlo

If Vg is relatively high ...
Je = Aiexp(_Az/E)

a; =1-2 T ~const.
In(TBD) - ( e7/|| p) 1/E

If Vg is relatively low ...
J. = ()
(7:T,) =M exp(DV;)
IN(Tep) ~=IN(J.7,T, ) ==7Ve
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AHI — Analytical theory at moderate voltage

1/2
c(w —-E =z
Jpsub=A‘]ex7/ux{ ( — *gth)J XEXp[_ 4P, = Pto J
’ 27rm,

C (vveg - Eg,th)
E'OX = VOX /TOX

A=0.0018s/m,C =0.055

F .
a
108 - =" q\

Symb. (expt)
\ 1074 |-

p S
o
®
|
(o JM |
|
Jp,smj fdn.ch

o Jpaupipen 131A
& Jyapinen 86A

8 Jpsubdnch B7TA
1075 L '
5 8 10 i2 14 16
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AHI Model at low voltage: Numerical Calculation

'Jh:“]expiiXTp
[ y~exp(DV)
ol
—~ 17T
<
>
— 2T
i A Meas
-3 - Sim
- [ N
a 10

0 2. .4 6 8
Gate Voltage [V]

Ghetti, INFOS, 99.
Lo, APL, 97.

012 3 4 56
<Eavg> [eV]

Bude, IEDM, 98.
Ezaki , SISC, 00.

Kamakura, IEDM, 99, JAP, 00.

Palestri, SISC, 00.
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log [Ji/)e ]

Understanding the Hole Fluxes
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Interface flux (a.u.)

—
DI

Hole Oxide Flux Distributions

Given flux generation rate, G, first solve for interface flux,
fy(E), and then calculate the transmitted flux = f,(E) T(E)

-
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—
DI
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DI

1
=
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—
L]
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(4}

=
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M PEEEETTY BTSN BT Ry
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Hole interface flux (a.u.)
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log( TBD [Sec] )

Verification: Field Dependence

10 1 10
7T T aMeas[] ]
i :4 I ©Meas[2] |
0
4,
1} n1
7
2 f aMeas[111 w2 |
0 Meas [2] L
S5F - -5}
SIM
-8 . . : : i g ——
.09 .13 .17 .21 .25 .29 4 56 7 891011
|/E [cm/MV] t [MV/cm]

[I] Teramoto, IRPS, 99; [2] Yassine, APL, 99. 20



Verification

Z

—T  Thin
v Oxide

Thick

N
Oxide A;

I VI‘

log (TBD [Arb. Units] )

13 }

: Thickness Dependence

16

| Thick (7 nm)

5 7 9 11 13 15
E [MV/cm]

Voltage (V), not the electric field (E), controls TBD

Alam ECE-695
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Verification: Substrate Bias Experiments

n-Poly Oxide n-sub BUDE, SISC,99.
E n n | | |
o | VesTO0 - Meas. -
—— > 5 -
N = ISIM
\, o 4 n -
@]
\ O l/ \/BS=4\£I
%
3 = -
Vo™ > Vo =5V
T S ® §02 R '—”A/FE?.; -
— i -
N\ V o : 1 l l l l l l l
o -65 -6.0 -55 -50 -4.5
Vs [Volts]

22 Vg increases |, by increasing <aT, >



Verification: Majority vs. Minority lonization
Tgp ~ ‘Jh_l Jp =Je X B; ><Tp

NMOS PMOS
- Bigger barrier
= e
; 1 Vererreen
o1 > J H gate
gate Jh SRR Higher energy
For oxide < 2 nm: Bude, [EDM, 98.
PMOS NMOS Alam, IRPS, 00.
Jn > ], » SO Weir, ECS, 02.
Alam ECE-695 TBDPMOS < TBDNMOS 23




Majority vs. Minority lonization ...
Role of Hot Contacts

Majority Minority |  Minority 2

NMOS PMOS

J

Alam ECE-695
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Hole generation, Gy, 10 A from oxide interface in a

Hole Generation Probabilities

hole inversion layer

Hole gen prob (a.u.)

a —— With Minority
Standard

0

T 2 3 4 10
Hole energy (eV)
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NMOS vs. PMOS Reliability

3.0 . . . .
Alam, IEDM, 2002.
25} :
©
S 20t :
=
2 15} ITRS 2001 A
~ 1.0 _
S
= 05 PMOS :
0000 10 20 30 40

Oxide Thickness (nm)

5.0

PMOS less reliable than NMOS, contacts defines everything !
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Verification: Polarity dependence

+VG

VG

.. POLY
—_—
..............
=
O«
1aVanuny

log (TBD [Sec] )

-5

4 6 8 10 12 14

E [MV/cm]

<yT,> changes with polarity
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log [TBD]

fhom @ o

Universal V;-dependent TBD

t SIMULATION | — EXPT (Weir, IEDM, 99)
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Reduced Defect Generation at Low Voltage

N 8
B U > T @ |.4-2.4 nm (BL)
years S 6l 0 3.3-9.5 nm (IMEC)
—_ I, A 2.8-7.5 nm (Berke.
% i B |MEC (IRPS00)
- days 24r
O . .
= s simulation |
= prediction
o2} i
O
Vsafe <
— > o
2 4 6 8 10 12 14
V¢ [volts
G [volts] V¢ [volts]
Vsafe :Vtest B Iog |:1(-)I-yrS yv,acc
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Conclusions

(d Anode hole injection provides a model of defect generation
(hot hole capture, followed by electron-hole recombination).

(1 Establishing the defect generation mechanism through wide
variety of supplementary experiment is very important, because
it is impossible to probe the lifetime at operating voltages.

(] Voltage acceleration is voltage-dependent and this nonlinearity
is universal. Note that this universality is different from the

universality is different from the time-universality we discussed
during HCI, NBTI,and TDDB breakdown.

Alam ECE-695
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Review Questions

. What is the difference between constant-field impact ionization and constant-

energy impact ionization! Where should we use the respective theories?

. What is the difference between majority and minority ionization? Which one

is dominant in NMOS TDDB?

. What does the backgate (or substrate) experiments prove!

Is TDDB a voltage dependent or a field-dependent phenomenon?

. What measurement techniques are used explore time-dependent defect

generation?

. What is the origin of nonlinear voltage acceleration for TDDB? Is this a good
thing or a bad thing!?

. What was the consequence of ignoring nonlinearity in voltage acceleration

for the semiconductor industry?

Alam ECE-695
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A

Appendices

. A semiclassical derivation of impact ionization

rate

Impact ionization and hole flux (E > Eg, th)
Temperature dependence of TDDB

Veification: Dielectric breakdown at ESD timescale
Additional Verification of anode hole injection

theory

Alam ECE-695
34



1. A simple derivation of Impact lonization

targe

E=£mu2 E. —imuﬁ [h
2 2
——dn€=ﬂ—
2r
2 2 ET
2E. S=xh"=4rr°|1——
v; =vcos(d) > — E
h* E NE, ( E
—>|1-— >_T -1 = 2 T —
( 4r2] E T U/ﬂ« 872'[‘0 M(ET 1]

Woods, APL, 52(1), 1988;TED, 49(2), 2002.
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2. An analytical model for AHI

Voltage drop across the oxide V, =V; -V, —2¢. <— Ban:-ber:ldlidng
at thresho

EOX = VOX /TOX
For HCI, this was kT,.

P-Si subs. SiO2 Gate elect. / Here, energy is constant
p— % 12
o= W D |—
NG T Jh=qns( hg*J exp| -k
o | T" 2rm, Wi,
\ Egap
° -0 4.]?9\!1 q) = (I) _ﬂE’l/Z
w0 A%, = 0% = Pl
Image potential W = (W _E )
hg — th 1/2
’ R p= (q3 | A7 &0 )

Kobayashi, JA, 77(7), 1995; Alig, PRB, 22, 1980.
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... how calculate excess hole concentration

QY and hole gen. Relaxation by phonons.

dN, _7/Je_Nh_Nho

dt q T,
7o Je .
N, —N,, = Steady state population.
q

Spatial distribution of holes ...
2 s
6pn=0=_pn pn0+D apzn S
ot T, " OX 5
3

7oY. 1

n = O —_ =
s = P,(0) =Py qL, 1—exp(—d/Lp)
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... putting things back together

1/2
c(w —E _ ppl2
Jpsub=AJex7x{ ( i *gap)J xexp{— 9o, ’BEOX]
’ 27rm,

C (Wep _ Egap)

A=0.0018s/m,C =0.055

1072
5 10° L
=
3
[= 9
=10t o Jp s ncn 131A
& ‘lp.ﬁ-u'h"r"ln.l:i‘l 864
8 Josup/dnch B7TA
1073 1 '
B 8 10 i2 14 16

Electric Field, Egy (MV/icm)
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3. TDDB Temperature dependence

Temperature dependence is weak and non-activated

slope=-0.02 dec./degree

-
=
o
o

Top ~ eXp(=p+T)

10

Time to Soft Breakdown (sec.)
o
o

50 100 150
T(C)

c_

Weir, Semi. Sci. Tech, 2000
Alam ECE-695

39



3. T-Dependence of TDDB

T-dependence is weak/non-activated because just like HCI (see Lecture 16), the
process involves three steps of different temperature activation. First, tunneling
is (essentially independent of temperature); second, impact ionization has

counter-acting temperature dependence, and finally, bond dissociation through
RRK mechanism has weak temperature dependence.

Ngo =, g(E)| 1+e* " |dE

E

ke oc J, x F,

SI10
- D, T
KT
Whg 1/2 qq)h F . e L

(F©) = Be®™
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4. Dielectric breakdown

Weir, MR, 2004

. (a
Ty @ NFET Breakdown 4'I6V
Q i
= 0.01
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I=
o
=
O
0.00
0
Time (ns)
O
' @
' &2
—_ : (b) PFET Breakdown 5.7V o
& -0.01 4 : | E
£ |'| c
< * S
5 i 1 g 2
= L
& . Eﬁlf ' "f@%_mv
0.00 f'\hfﬁ’v“;:_\mﬂ
0 100
Time (ns)
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at very short timescale
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5. Verification: Poly doping dependence

2 Nigam, Ph.D. Thesis
Low N-pol High Npol ~ £ P 7
w IN-poly igh Npoly ™ (1)_ %
Z i
POLY POLY E
z
f_' f—P — 4
— — Py
10 10t 10° 10' 100 10° 10
N ul QBD(C/cm?)
N —
0.0 ' Bude, SISC,99
T ° — 05 | :
8 sim .
O -1.0 | \ i
%O -1.5 : Tox=3.5 nm :
Depletion field in low N, devices - ! Vg=4.7V .
increases <T,> and J, -2.0

19.5 | 2E;.IJ | 20.5
Alam ¢ log[Npoly (em™)] 2



5. Verification: Breakdown with an N-well Bias

Tgp reduces with V>0, because hot holes gain excess energy

3 T T
2] W ov =0y
B - & 4] * V5o
= ] & v =T /
Ol e z
= 1
= | o = ] “
g0{ & 2 -2 ..f
W = ﬁ 3 f pmos [ npoly
4] =B T =3.5nm
N TR T 5 10 100 1000
100 50 0 50 100 150 200 250 300

Time to Breakdown [sec]

Distance [A]

Injector

Source

O’Conner et al., IRPS, 2008. Alam ECE-695 43



Origin of Universality

Larger voltage acceleration at lower voltages for
Tep Qep

18 . . . . .
L sim 16A _
10" {—m— sim 20A .//!

102 —A— sim 28A -//.;l o~
- -
> npoly ./"-. )

' s~ E,=07eV

(¢]
~ 101V >0 "

<w i —u— Sjlc 16A
nc<' 10 silc 16A (Nigam)
10 —m—silc 20A
silc 28A
10 /

20 25 30 35 40 45 50
V.. (Volts)
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