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ISBPAl %E Statement of Work

 Focus: Gate dielectric/oxide (Si0,) degradation by EM
radiation in MOSFETs & Effects on ICs

o Determine degradation mechanisms in gate dielectric due to
EM radiation

o Mimic EM radiation-induced degradation in gate oxides
using DC techniques

o Determine how gate oxide degradation mechanisms affect
simple integrated circuit building blocks

v'Inverters

v'Logic gates: NAND & NOR
dTo do this: Developed 2 - test and measurement
techniques
o 1) Multi-Waveform Pulse Voltage Stressing
g 2) Switch Matrix Technique
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d Multi-Waveform Pulse Voltage Stressing (MWPVS)

d Switch Matrix Technique



BO|SE Multi-waveform Pulse Voltage Stressing (MWPVS)
®STATE____- Mimics EM Radiation-IC Coupling ___

UNIVERSITY

. . . V A
J Continued size reduction Ve

in ICs, leads to: J—L + ﬂ

o Very close interconnect

prOXimity Precharg ed to VDD
o EM radiation will _q
1t1 M4

Capacitive Couple to

t:

Interconnects |

Qutput Node v

o Cause noise spiking

a Increase voltage:
v From: V., . ¥

carrier
v'To:V + Vg =V

carrier noise
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d RVS (ramped voltage stress) o

o DC — difficult to extract time dependency E’
 CVS (constant voltage stress) Time

o DC - NOT typical for digital circuit operation o

(pulse voltage stress) %

o Better mimics digital device behavior o R

Q MWPVS Time

o Represents circuit operation with noise source
such as EM radiation

v

Voltage

Time

Probe

v

\ 4

Agilent
g1110A N1
Pulse >
Pattern
Ch 2 ‘
Generator Agilent

4156C

Davice
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MWPVS

O Pre- and post- MWPVS | ,1e-Vate results: =32mm

on=2.1 x 10™ ent’

#
l
&

B Degradation mechanisms observed

v SILC (Stress Induced Leakage
Current)

v" SBD and Softer SBD (Soft
Breakdown)

v" LHBD (Limited Hard Breakdown)
HBD (Hard Breakdown)

|15 1 (A)

\

CVS

CVS [ 1o Fravosrer

| 51 (A)
| ;1 (A)

(,wopy) |°r |

SRSy BRSPS IV ) BN ) B ) P . L . fresh
0 03 06 09 12 135 18 0 -03 -0.6 -0.9 -12 -15 -1.8

V, (V) V_(V)

Finding: Degradation mechanisms induced by either EM-like pulse voltage stressing
or DC stress the same.




ol MWPVS vs CVS

UNIVERSITY
L Weibull plots indicate device lifetime decreases by orders of
magnitudes when compared to preliminary CVS data

MWPVS Weibull Plots
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Similar results for lower frequencies
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[ Initial data indicates that
increasing the noise signal
decreases device lifetime
exponentially’

bd, noise

t

o d, constant proportional to DCg e of
carrier signal

o d’, constant proportional to DCqp e | Noise Voltage | (V)
of noise signal
o C, voltage accelerator factor 1 g cV| d’ c(V[+dv])
a dV, noise amplitude i ~d0-€  +0-€
Preliminary noise model for a spike voltage with bd,noise
a DCgp e Of 20%
At = tbd _tbd,noise
EM Radiation can cause significant reduction b tog noise
in lifetime (over 3 orders of magnitude) t =T.DC. _.P
bd ™ BASE d

TLawrence, C.E., et al, “Gate Dielectric Degradation Effects on nMOS Devices Using a Noise Model
Approach”, in Proc. of the 15th Biennial IEEE UGIM Symposium, June 30 - July 2, 2003, pp.263-266.
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0 Designed a MWPVS technique to simulate effects of EM radiation
on MOSFETs

] Reliability Issues

v'Constructive Interference occurs due Superposition of waveforms
o Electromagnetic radiation
o Capacitive Coupling

o Mixed Signals
O Device lifetime shorter for EM-like radiation than PVS or CVS

Data corresponds to the noise model: Device lifetime
exponentially decreases with increase in noise voltage

13
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d Multi-Waveform Pulse Voltage Stressing (MWPVYS)

| Switch Matrix Technique (SMT)




BOlSE Gate Oxide Reliability in Simple IC Building Blocks

STATE (SICBBs)

UNIVERSITY

[ Only one other group examining SICBB reliability

O They can only perform VTC — a DC technique

Inverter

Vout (V)

1 -,

]
™

().EB - U
- - increasing
-V stress

=

| increasing ]
0.0 tVstress = e . -
' ST TR T N S | L | | | PR T |
0.0 0.4 0.8 1.2 0.0 0.4 0.8 1.2
Vin (V) Vin (V)

* They did not examine time domain
 Cannot determine oxide degradation mechanism
* Why? Because they cannot examine individual MOSFETS

! JH. Stathis, R. Rodriguez, B.P. Linder, “Circuit Implications of Gate Oxide

Breakdown,” Proceedings WoDIM, 2002. 15



IS} P A'%E Switch Matrix Technique (SMT)
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L Reliability studies - focus mainly on MOSFETS and large-scale ICs.

O Degradation effects in MOSFETSs cannot be directly correlated to gate
oxide degradation in ICs

0 ANSWER: We developed a method that can isolate MOSFET from IC to:

o examine EM-radiation-like oxide degradation in individual MOSFETs
o Induce EM-radiation-like oxide degradation in individual MOSFETSs or circuit

d METHOD: Switch Matrix Technique (SMT) enables rehablhty studies at
the simple integrated circuit building block (SICBB) level.'

O Using SMT, reliability studies have focused on the following SICBBs:'”
o Inverter (1,,: 3.2 and 2 nm)
o Transmission Gate (TG not shown)
o NAND (t,,: 2 nm)
o NOR (t,,: 2 nm)

'B. Cheek, et al., "Investigation of circuit-level oxide degradation and its effect on CMOS inverter operation and MOSFET characteristics," in 2004 Proc.
IEEE IRPS, pp. 110-116.

M. L. Ogas, et al., "Degradation of risetime in NAND gates using 2nm gate dielectrics," in 2005 Proc. IEEE IIRW, pp. 63-66. >
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BT ) — :
Agilent E5250A Low —
Leakage SW|tch Matrlx A

F Agilent 4156C Precision
4-—-- Semiconductor Parameter
ot || Analyzer

I ' Agilent 41501B SMU
" | and Pulse Generator
Unit

| b \ IE
Metrlcs cs Software ’ :

I Agllent Inflnlum 54832D
1GHz Oscilloscope

HP 4284A LCR Meter Micromanipulator Probe

i_ m— Station:

Micromanipulator Probe
Station:

*8 Cascade Microtech
Micromanipulators

*8 Cascade Microtech
Micromanipulators

*Faraday Cage

*Faraday Cage
High Resolution: femtoampere and microvolt ' - 9

17
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STATE Setup
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Switch Matrix Technique

Station #1 = Station #2

"tr - »- F‘L

« B
Ih....4ull|.|mi h
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STATE Addressing Load Capacitance
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Experimental Simulation
10 ' ' ' ' ' 100 '50 nm CMOS Process
< R R o S A ' —=—t NOR
\>, 0.8 i Increased - 80 : ’
——Input A Degradation r 1
5 0.6 '—o—lzzﬂts i g (1] N S B S A S
O —— Fresh t, Q I ]
> 0.4 ——LLDA Output — o 40
0.2} . < " Wire
_____________________ v ;10_/2 20  Bonded SMT
° ' \ \
Time (a.u.) % 2500p  500.0p  7500p  1.0n

Load Capacitance (F)

At is within standard deviation Simulation of NOR circuit shows

when comparing wire bonded  when C,_, is decreased, At,
NAND circuit and SMT NAND  percent remains constant.

circuit.

SMT is a viable technique

'R. J. Baker, "CMQOS: Circuit design, layout, and simulation," 2 ed: IEEE Press Wiley-Interscience, 2005, pp 278, 154-158.

19
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SMT Experimental Procedure

Before stress measurements
Circuit: VTC, V-, |-V,
MOSFET: |-V, |-V, 15-Vg

Device

Or
Circuit? y
Circuit-level
Transistor-level +RVS applied
Stress applied to the input
to the gate terminal node
of the device of the circuit

Y

After stress measurements
SICBB Circuit: VTC, V-t, |-V,
MOSFET: |-V, I,-V,, 15-Vg

v

Data Analysis & Parameter Extraction
CirCUit: IIN’ VOH’ VOL’ VSP’ VOut,MAX’ VOut,MIN’ tr’ tf
MOSFET: I, lo,, lom Vi Opr S

20
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SICBB: 3.2nm Inverter
Circuit Level Degradation

SICBB: 2nm Inverter
Device Level Degradation

){DD

GND

SICBB: 2nm NAND Gate
Device Level Degradation

VDD vDD

/

/

\\ ’a’
InputA=|_|_I —

Input B =VDD

N\
\

—1C

/ ouT

SICBB: 2nm NOR Gate

Device Level Degradatlon, ll a
Input A o ! f“
\\\
Input B +C

Hi=

VDD

-

R

-

_|

35utput

-

N/ 71




T A%E 3.2nm Inverter VTC and V-t Response

|-3_ Sy Increasing Degradation
15 4VoH y m Fresh
+ decrease : + LHBD (P,N)
12} ~1% ] X LHBD (P,N)
< ' Nsp~119% ]
> o09f £~ i ' % HBD (P), LHBD (N)
= ] Fresh ' 7 HBD (P,N)
3 0.6} \ Ao
5 i ~ 0 -
0.3 ._ | Increase ~ 24 %
J .
0O 03 06 09 12 15 1.8‘
v, (V)

d Time-domain degradation
more significant!

¢ AV, << AV0ut,|\/|Ax
¢ AV = AVouimin
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7.0x107
6.8x10”

(A)

/.|

— 6.2x107 -
6.0x10” |
5.8x10”7

6.6x107

6.4x107 |

CVS
Y|
_ AM
L ¥ Fresh Stop Test
0 500 1000 1500 2000 2500 3000

Time (s)

IGate VS VGate

Inc.
Degradation
Freshto E

A

05 0 05

Ve (V)

(] Observed gate leakage current increase (2.0 nm)

o Accumulation mode ~ 2 to 3 orders of magnitude

o Inversion mode < 1 order of magnitude

=i L AR ERETIN Lo iy L4 1aapa i1 1 1
o

2nm pMOSFET Gate Oxide Degradation (I-V,)

36-
(,wory) |°r |

—
S,
o

—
<
-
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DC Operation AC Operation

q 1.0

nc. '_ S 08
Degradation ~ o6l

— Fresh to E X

§ 0.4t

Ver O '
> 0.2°F

0

0 02 04 06 08 1.0
—=— Fresh I VIN (V) —=— Fresh I Time (a.u.)

Fresh = E level degradation
A rise time! ~36% to 62%

Fresh = E level degradation:

@ A V¢, ~8% shift left’
m Output behavior transitions from 1to 0

'R. J. Baker, H. W. Li, and D. E. Boyce, "CMOS: Circuit design, layout, and simulation," IEEE Press, pp. 201-228, 1998.
24



?PA%E 2nm NAND Gate VTC and V-t Response

UNIVERSITY
_\MDD VDD
Degraded PMOS N, AV = 9.0% left, + 1.2%
Position \(q e out
~ 0o + 0
nput A= =7 At = +64.2%, £ 17.5%
] }
| tB=VDD — .
nPe g U =To00, — 00, Setting 1-3
DC Operation AC Operation
1.0} : : . ,
I 1.0 >
0.8 B B
i | Input A | : ]
-y —4—[npu nc. |
2/ 0.6 S 0.6 —o— Input B Degradation i
— I g "N —s— Fresh
2 04 - t,
= 02| Cha _
| 0.2 *—Qutput
0 e ———————EE—————————— S .
) ) ) ) ) o | \ N
0 0.2 0.4 0.6 0.8 1.0 , i ,
Time (a.u.
V. (V) (a.u.)

« Significant reduction in NAND CIrCUIt performance

tR. J. Baker, "CMOS: Circuit design, layout, and simulation," 2 ed: IEEE Press Wiley-Interscience, pp 317-318, 2005.
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ST ATE 2nm NOR Gate V-t Response
/V S .
L ' E%|D\/' AC Operation
oV C\J- ’ | I T

Vour (V)

At = +31% + 6%

* Approximately 72 At, yanp Time (a.u.)
» Significant reduction in NOR circuit performance
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Want: ., <t

setup
b 9@ Ifty,, T then output becomes:
vbDb Clk Ideal = _ Degraded
/ output

output
_}r‘@ Resulting problem:

* Does data get clocked?
* Too much delay - fail

Ideal OUtht DeAgraded output

Data

High _\><
LoW —F—

— — = [
-
—
—-—
—
—-—
=

Clk —

27
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O Switch Matrix Technique — viable technique
o Determine degradation in individual devices
o Ability to connect device degradation to circuit degradation

O Gate Oxides: 2.0 nm more susceptible than 3.2 nm to EM-radiation-like
degradation

o SICBB failure may result at a fairly low level degradation

1 VTC measurements may show negligible inverter degradation
o Suggests Oxide degradation effects in SICBBs are not a reliability 1ssue

 Decrease in logic gate performance, particularly in time domain, directly related
to: 1

A IDRIVE — IDRIVE = R— —_— Atr oC ARCH
CH

d Observed degradation in At, of the NOR gate is about half of that observed in
NAND gates

7R
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Jd Motivation
1.E+02 — 3
Simulated Jg, —
1.E+01 oxynitride
™ ANl ‘ 728
1.E+00 i Specified |, (<1 ,,,JL, ’_
per 2001 ITRS)
— L1E-01 == =l =g 2
E 1 m
o 1.E-02 O
E 1.5 =
— 1.E-03 EOT =
(=]
!

7 1.E-04- —L-g:__ 1 2

1.E-051 \

Beyond this point, oxynitride + 0.5
1.E-I’JG‘ too leaky; high K needed
1.E-07 0
2001 2003 2005 2007 2009 2011 2013 2015
Year

Leading high k candidate: HfO,
Dielectric Constant: ~25

M. Houssa et al., Materials Science and Engineering R, vol. 51, pp. 37-85, 2006. 70
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d Many Issues with HfO,:

o Prompted by SiO, interfacial layer (IL)

o Larger number of defects TiN

o Reliability Assessment of IL needed

/" 12.7 nm

2eV
Tnm 202 nm
e

R. G. Southwick IIT and W. B. Knowlton, "Stacked dual oxide MOS energy band
diagram visual representation program (IRW Student Paper)," IEEE
Transactions on Device and Materials Reliability, accepted for publication, 2006. 20
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1 Time-zero dielectric breakdown studies

HfO, — Preliminary RVS Reliability Testing

1 1T T T 1T T T " 1T "1 .~ T T T T T ' 1
10 solid = thermal SiO, dashed/open = chemical SiO, 1.0 solid = thermal SiO, dashed/open = chemical SiO,
[ nMOSFET <l B rnMOSFET <l
0.5 + WL=10pum/0.2um | 0.5 FW/L=10pum/0.2pm/ i
: r tox,SiO2 =LInm jj/ : 'tox‘SiO2 = lL.Inm <‘]// :I';
e 0.0 | 2 0.0 - ‘, .'
— I 4 — B 4 i
= 05k o, 4 , =05k omo, LT
— . | — . / |
A I Thickness ! toe N I Thickness ! ! t o
= 10t b P —a—3mm g -10f 7] ¥ 7 —=—3nm
L ! | —e—5mm r ! ! E *—35nm
15+ ! ! Tnm 15 - ! ! ! Tnm
. ! ! —w— 10nm ! | 1 —w— 10nm
i i ' 12nm i i 1 | 12nm
20| 4 b -<t-15mm 2.0 4 v = -=i- 15nm
: P IR I R N R SR 1 | IR N R S R S N S N R
-2.5 -3.0 -35 -4 0 45 -50 -55 -6.0 -65 -8 -10 -12 -14 -16 -18 -20 -22
E.. MV/icm) E., MV/cm)
0 J . A L L L LSO LA B B lOF.. T T " T T T 1 T
| solid = thermal SiO, dashed/open = chemical SiO, [ solid = thermal SiO, dashed/open = chemical SiO,
I nMOSFET o b rnMOSFET <1
0.5 FWL=10umv0.2um ! ! 0.5 FW/L=10um/0.2um/
t . =11 | J _ |
—_— [ oxSio, nm & 4 'tux,S|OZ 1.1[11‘1‘1 ’
~ 0 0 | ' ; : <’]
Y ? ' ' . 0.0F ]
1 | HfO : |
i i 4 — i 4
-0.5 | Thickness | ’ — ;
% ! y = -0.5 | Hfo, | 7
[—— B i / 1 L Thick /
= 1ol o, ‘ 4 IE‘ ickness ;
7| —=—3nm ! — -1.0 t <t
[ —e—5nm i / L /
-1.5 F—+7m ! ! -15 ,'
| —v— 10nm ' ! |
20 12nm $ ; I /
20415 ; -
T R S S S S S R 2.0 .
[ B |
-8 -10 -12

-0.5 -1.0 -1.5 -2.0 -2.5 -3.0 -3.5 -4.0 4.5 -5.0 -5.5

VHfOz (V)
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Custom DeS|gn (3+ years in design & development)

=1 _C(.
v ,!
]rrJJ 595 QSCV
& Q

- i
| Vgtﬂ by 4200 SCS

1t 81110A
I]mel PPG

L p1.o Ty .' e
x > B
ol

_ ii\!‘ ’

J y707A
SWIt rJ matrix
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