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Overview

Introduction

Selected experimental observations
What is NBTI?
What would we expect from a good/physics based/predictive NBTI model?

Published NBTI| models

How do existing models live up to these expectations?
Where are the biggest discrepancies?

Summary
Where are we? Where do we need to go?



What is Negative Bias Temperature Instability?

Negative bias temperature stress of pMOSFETs!2!
Large negative gate voltage (= 5 — 8 MV /cm), all other terminals grounded

Elevated temperatures (typically 100 °C— 200 °C, but also at room temperature)

Degradation of critical device parameters
Threshold voltage
Subthreshold slope
Transconductance
Mobility
Drain current

Occurs in all four configurations
Strongest in pMOS with negative bias
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One of the most important reliability concerns in pMOSFETs

[ Schroder and Babcock, JAP 03 12l Alam and Mahapatra, MR '05 3! Huard et 2l MR 06
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What is Negative Bias Temperature Instability?

What happens during negative bias temperature stress?

Creation of SiO, /Si interface defects (dangling Si bonds, Py, centers)

Pre-existing, but passivated by hydrogen anneal
Si—H bonds can be broken
Results in trapping sites inside the Si bandgap

Universally acknowledged ™%}
Different defect in SION?/!

Creation of oxide charge
Fixed positive charge?

Trapped protons?

[Courtesy: PennState Univ.]

Controversiall 4

[Courtesy: PennState Univ.]

(1] Mahapatra et al., IRPS '07 2 Huard et al., MR '06 3! Campbell et ai., TDMR 07 4] Mahapatra et al., IRPS '07 ©



NBTI Measurement Techniques

Main problem: it is impossible to perfectly measure NBTI
As soon as stress is removed, extremely fast recovery is observed %}

Strong bias dependence, in particular to positive bias!®! %}
Different techniques proposed which measure certain aspects of NBTI

OTF techniques gives us Alp at Vg = Vitress!™

Alp has to be converted to AV4y, using empirical relationships/compact model

Suffer from initial delay, mobility variations, compact modeling errorst”#h%}
Measure /stress/measure (MSM) techniques give us A Vi,

Suffer from recovery due to measurement delay

However, much smaller sensitivity to mobility variations

Charge-pumping and DCIV techniques: interface vs. oxide charges!*!!

Suffer from huge delays and positive bias during measurement
Biggest problem: results do not match!!!
No exact theory available that unanimously links and explains all the data
1 Ershov et al, IRPS '03 2] Reisinger et af, IRPS '06 3] Ang, EDL 06 [ Huard et a1, MR 06
15 Grasser et al., IEDM '07 1) Denais et ar, IEDM '04 T islam et ar, 1IEDM '07 8] Grasser et al., 1IRW '07

[9] Reisinger et al., TDMR '07 [10] Kaczer et al., IRPS '05 [11] Neugroschel et al., IEDM '06



Experimental Observations
(What should we actually model?)

There are many more,
just a selection of some nasty ones
(from a modeling point of view)



Extended MSM Technique
Extended measure/stress/measure (MSM) technique! /!

Application of several stress/recovery phases in one measurement
Record as much stress and relaxation data during one measurement as possible
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Temperature Scaling: Stress

Strong temperature activation of stress behavior*!
On-the-fly recording of Ip(ts), monitor change relative to Ip(1 ms)
Conversion of Alp using compact-model under the assumption of constant mobility

Initially log(t), then power-law? Zf*
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1] Mahapatra et af., IRPS '07 (2] Reisinger et al., IRPS '06 3 Huard et al, IEDM 07 9



Temperature Scaling: Stress

Stress: IMEC data can be made to overlap by simple scaling!!

A\/th(t51

T)=0(T) x AVin(ts)

Does this indicate the dominance of a single mechanism?

Power-law approximation: slope is (roughly) independent of temperature
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Is it a Power-Law? o
Although data may look like a power-law, it is not really a power-law!

AVi(ts) = At] Fit to long-time data: n temperature-independent?
Data better fitted by the following expression'! (implies saturation)
AVi(t 1 o
th(ts) ~ — Fit interval? n may be temperature-dependent
AVth,max 1+ (tS/T) !
0.2
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[ Huard et al.. MR '06



Is it a Power-Law?

Degradation does not follow a perfect power-law!™ 2!

Rangan et al., IEDM '03

1 Slope = 0.18
©
5 |
= £
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o
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0.01 | | |
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[1] Rangan et al., IEDM '03 [2] Huard et al., MR '06 3] Reisinger et al., MR '07
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The Power-Law Approximation

One of the dangers of using a power-law approximationt*!

Strong sensitivity to first measurement point, e.g. 1% accuracy in 1 us!?®
4 ] 101:

|ID_ID0| [HA]
IID_ID()I [HA]
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104 - .
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Net Stress Time [9] Net Stress Time [9]

Nevertheless, in the following the term '(power-law) slope’ will also be used

O

10° 10% 10°

Main reason: many people are familiar with typical numbers, e.g. 1/4 vs. 1/6%’jl

Power-law slope: derivative of data on a log-log plot (or, locally fitted to At])
We just need to remember to be careful with this term!

[1] Shen et al., IEDM '06 [2] Reisinger et al., TDMR 07 3] Kumar et al., IEDM '07 [4] Mahapatra et al., IRPS '07 13



Temperature Scaling: Recovery

Recovery behavior

Higher temperature seems to result in slower recovery (larger permanent damage?)
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Voltage Scaling: Stress

Stress behavior

As with temperature activation, data can be made to overlap
A\/’ch(t's; Vstress) ~ C(Vstress) X AV’ch(ts)

Again, does this indicate the dominance of a single mechanism?
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Voltage Scaling: Recovery

Recovery behavior

Higher voltages seems to result in slower recovery (larger permanent damage?)

80
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One or Two Components?

Some groups claim that NBTI is dominated by a single mechanism!/*!
If there is any hole trapping at all, then only in initial data
Dominance of a single mechanism supported by voltage/temperature scaling
Other groups claim that two components contribute to NBTI
Hole trapping gives the fast component, N follows reaction-diffusion theory!*!/!#[°]
Hole trapping can be permanent/slowly relaxing!®/\"}
Hole trapping is fast and recoverable, Ny is permanent!®°!

= Literature is anything but consistent regarding hole-trapping
Strong technology/processing dependence?

[1] Mahapatra et al., IRPS '07 [2] Kumar et al., IEDM ’'07 3] Shen et al., IEDM '06 [4] Reisinger et al., IRPS '06
5] Ang, APL '06 [®] Zhang et af, TED '04 "] Ang and Wang, EDL '06 18 Huard et al, MR 06

91 Huard et al.. IEDM "07 17



Universal Relaxation of On-The-Fly-Data

Interesting aspect of relaxation: universality

On-the-fly datal'!
Normalized relaxation depends only on normalized relaxation time £ = t,/t;

1-1' , I I | oS 1'1' I\iormollized ’r'o LOSTI S’rressI leule
I ¢ = 1 Relax Time Normalized to Stress Time
= 0.9r - S 0.9r .
508" 1 Bosgt ]
%0-77 1 07} .
0 0.6 4 506 ]
-§ 0.5_- 7 g 0.5_- -
0.4 1 204 %00, ]
g 0.3 G—Otsi 100.000 s 1 go3 o otsi 100.000 s SN
o2} B2l = L DRs ] gogf =at= 10000s ;
oaf [eok? (EABS 1 £ odf leels 20005 ]

20 10" 10° 10° 10° 10° 10" 10° 107 10° 10 10
Relaxation Time t Normalized Relaxation Time &

[1] Data taken from Denais et al., IEDM '04 18



Universal Relaxation: Analytic Expression

Possible emplrlcal e>.<pre§5|onsﬂ471 SR,
Normalized relaxation time - 3
ot=10 s
f — tr/ts — T T T T S 4
< 1 - ¢ t=10's
Power-law N 5 08- B A ts:105s
Log-like, variant A '-é 06 - exp(-BE")
r()=1-pBlog(l+BE) 5 —- 1-B log(1+B¢)
. . S 0.4F B log(1+B/§)
Log-like, variant B ol
O T 1 -2
r(§) = Blog(l+ B/¢) ? 0.2F t =2nm k
Stretched exponential = | OTF (Denais IRPS 2006) "\“.... '
c O \\
r(€) = exp(— BE”) S
10" 10° 10° 10° 10° 10° 10°

We choose 1/(1 + B¢P) Normalized Relaxation Time &

Gave the best fits to more detailed relaxation data
Can be made to describe theoretical models (e.g. reaction-diffusion model)

[1] Grasser et al., IRPS '07 19



Universal Relaxation: Application to MSM Data _

Universal relaxation and MSM datal*!

r(&) = R(t:) 1 [ I [ | | I %0
R(0) — Universal Curve| —14°
R(0) is unknown < sl Juo
We only have R(tv) % 52296 o
Universal relaxation ‘g . ? i?é]5%7c: 1.
R(tm) = R(0) r(tm/ts) s 4 172
3 = Jo5=
Consequently 8 ol o, h 202“
() R(t) 3 _
r = N
R(tm)/r(tm/ts) J 1"
5 0.2f —10
= s
(@) -
0 l L ]

| | | |
10° 10° 10° 10* 10 10° 100 10° 109

Normalized Relaxation Time &

[1] Grasser et al., IRPS '07 20



Universal Recovery: Permanent Component!

More detailed data reveals recoverable R and permanent component P!
S(ts) = R(ts,0) + P(t)
Universal relaxation covers only recoverable component R
R(ts, t, R(ts, t,
(8 = S(ts()—P()ts) B R((ts,O))
Individual (constant) samples of P; for each relaxation phase at t; ;

~ Smltsi tm) — P(ts7)

S(ts,i; tr) — r(tr/ts,i) + P(ts,i)

r(tm/ ) ZA Relax#6  Relax #7  Relax #8 (Final)

o . _ . >£ elax elax elax Ina

— R(ts,l)r(tr/ts,l) + 'DI < | Stress #6 : Stress #Yt : Stress #38 t
& L : . Meas. Delay
=~ ] tr = tm
Important: \
No assumptions on R and P :
Empirical assumption on r only | Ps :
|
|

"""" log(Time)

log(Net Stress Time)

[1] Grasser et al., IEDM '07 21



Universal Relaxation: Reconstruction L

Extraction of the universal component

Now with extremely detailed relaxation data

Without permanent component

Universal Relaxation Function
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Universal Relaxation: Reconstruction

Reconstructed time evolution during stress and recovery

60 | | | | | | I i I I I I I I I I
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Universal Relaxation: Absolute vs. Relative

Striking contradiction: what is universal?
The relative recovery? 112 ... or the absolute recovery? 13!

6= S —pe) R(E) = S(t. )~ P(t)

1 T T T T T T ro tS:OO]' .—.18 T T T T % tS:OOl
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= A 1= 1000 S 12 A t =1000
S0.6 o t =10000 T ol o t =10000
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& & & D
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5 2 o ]
2 0.2k . 8 4 T
c a-) I
> é o -
D) [
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[ Denais et al.. IRPS '06 12 Grasser et al.. 1IEDM '07 3! Huard et al., IEDM "07 24



Universal Relaxation: Absolute vs. Relative

Striking contradiction: both can be fitted to experimental data

Universality of the relative recovery?

Allows extrapolation to t, — 0, is extrapolation correct?
Universality of the absolute recovery?

Requires additional parameter for extrapolation to t, — 0, how to extract?
Both methods give roughly the same P for this case

Depends on the device and stress conditions, not true in general

60—

»
2 i

& 4-_\

107 1

-6

0

10° 100 10° 10° 10
Relaxation Time t_ [s]

60

= 40

E

3

10

50

— 30

— 20

t = 100ks |

f.= 50 ks

f.=10ks °

f,=1ks

TS=1OOS |

0

10° 10° 10° 10° 10° 10° 10
Relaxation Time t_ [s]

X

25



Universal Relaxation: Absolute vs. Relative

How can both the relative and absolute recovery be universal?
Universality of the relative recovery

(€)= S5(ts, tr) — P(ts) _ R(ts, )
S(t;,0) — P(ts)  R(t,0)
Universality of the absolute recovery
R(§) = S(ts, &) — P(ts)
Recoverable component has a very small power-law exponent
R(ts,0) = S(t,0) — P(t;) ~ At  coreaamm | a4

- EOT=22nm
- T =125°C
Vv =-22V M
—o——.—‘“
£ 10°f 3
>
< R S=R+P
N e R
Y 0 5,
10o_ o n P(relatlve) |
: /' . P(absolute)| ]

| | 11 | | | | |

10°10° 10" 10° 10" 10° 10° 10* 10° 10°
Net Stress Time [9]



Caveats Universal Relaxation

Universal relaxation function is empirical
We need a solid theory to support it

We can only monitor a small window of the recovery behavior
Recovery may last over 12 decades in time
Based on this data alone justification of empirical models will be very difficult
For a too small window, non-universal data may appear universal

Even if future theory predicts 'perfect’ universal recovery
Short time data will not be universal
Long time data will not be universal either (saturation)

Nevertheless: universality is likely a good approximation
Saturated mechanisms can definitely be ruled out
Universality rules out 'bumps’ in the relaxation data
Gives good approximations for R and P from a single measurement

27



NBTI versus PBTI

In oxynitrides, many similarities between negative and positive stress

PBTI weaker than NBTI (at least when only the sign in Ve is changedﬁ)
PBTI also creates positive charge (gives negative A V4, shift, just as NBTI)
Relaxation after PBT stress is universal, but somewhat different to NBT recovery

140 140 | | 1 1 1 | | |
. . Ve =12V -
reSS_
120 120F tyos =18 Igs-
| - T =200C;j
100F 100F -
£ 80 2 8of 1
= 60} = 60} w‘\ -
z - z - W\
40t dr T :
O-4 I-3 I-2 I-1 I0 I1 I2 I3 I4 5 O-4 I-3 I-2 I-1 I0 1 I2 I3 I4 5
10 101010710 10 10 10 10 10 10 101010710 10 10 10 10 10
Relaxation Time [9] Relaxation Time [9]

[1] Correction for flatband voltage required, see Alam and Mahapatra, MR '05 28



Bias Dependent Recovery
Frequently used assumption*?: R = trapped holes

= accelerated recovery at positive bias (electron injection, hole annihilation)
Suggested as a method to efficiently extract P, looks consistent at first

However, devices degrade after application of positive bias!!! 24!

NBTI Stress PBTI Stress
2s 15s 60s 230s 740s 2000s 6000s 18000s  2s 15s 60s  230s 740s 2000s 6000s 18000s

2 I_ i I_ i I_ i I_ i I_ i I_ i I_ i I_
S 1 -
>~ 1 L]
AT o S o SR o S o P o PG o P o P o P P P O I G I S I S N 0
EI—EIVr:+O-5V
140- I - I I_ i I_ i I_ I I_ I I_ I I_ I I_ I | I I_ I I_ I I_ I I_ I I_ I I_ I o_OVr oo +1O V
120k 4L \ L ] 1L 1L ]l |aaV =+20V
100F 4 F 1F 1°Ft 1F 11 1 X' ﬁ_alM\\
Ego__------<--Xx--__-i--‘-z-‘--i--- \\ -
Seok 4F 4F {1 & 119dt --H%é "
3 ____<___x______________<__<__Mmm_
20_ - x L 4 } 4 } L -
(m _?1'0 1 _31|0 1 _:ﬁ-lo 1 _3-LIO _31I0 1 _?1'0 1 _31'0 1 _31I0 1 3 I0 I3
10710 107107 10710 1071071010 10710 10710 10710 10° 10" 10
Relative Relaxation Time [9] Relative Relaxation Time [9]

[1] Huard et al., IEDM '07 2] Shen et al., IEDM '06 3] Grasser et al., IEDM '07 [4] Grasser et al., IRPS '08 29



Duty Factor Dependence

Strong duty factor dependence?!
Strong impact for DF — 100% and DF — 0%
Weak impact for DF around 50% (plateau)
The following are MSM measurements with a delay of 1 ms
10° 100———F———1—— T

125°C i EOT= 1.4 nm
2.0V | [ T =125°C
6000 s 80} VS =-20V
10 kHz t, = 6000 s
] L f = 10kHz

i c—o DF = 100%
=—8 DF = 97%
&—DF = 90%
10'F A—ADF = 50%

< =

S

"

—_h —

lav, | [mv]
lav, | [mv]

+—=< DF = 10% .
v—v DF = 3% - o—o Experimental
1 1 1 1 1 1 | . 1 . 1 . 1 . 1 .
-2 -1 0 1 2 3 4 5 20 40 60 80 100
10 10" 100 10 10 10 10 10
Net Stress Time [] Duty Factor [%]

[1] Fernandez et al., IEDM '06 [2] Grasser et al., IEDM '07 30



Influence of Delay _

Measurement delay has a significant impact on measurement/2/El
Curvature in data becomes more obvious, larger (time-dependent) 'slope’
Impact of delay does not disappear at longer stress times
Impact of delay is temperature dependent

0.2 T -
' T 510 ms .
100 010s - | 1G—©200 C
[ 10 ms] qg’_ E—£150°C
nl0s { w018
— 10 ms: %
> —
S 210s 5
. g é;? 0.16
3 >
=
Rl 6—0200°C 8 0.14
7 s (0] :: P
o 5—8125°C i
10 .- i P
oq I S R E—-t 0.12 " 5 1
10 10 10 10 10 10 10 10 _ 10 10
Delay Time [9]

Net Stress Time [9]

[1] Ershov et al., IRPS '03 2] Denais et al., IEDM '04 3] Kaczer et al., IRPS '05
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Universal Relaxation: Influence of Delay

Analytic expression for delayed data (without P)™

At 0
S(t, tm) = ® Ershov03 105 C T
) = T B 1) " Kaczer 05 125°C e
Analyze properties of delayed data |® —®Alam 05 %5—1500C | _
. < |
MSM slope is time-dependent kllgrer;\ &725 L |
dlog S(t, tm) | —4
t,tm) = 0
ma(t: t) dlog t g 0.25¢ A2 + -
@) /.
= n-+ 58 [7p / é) Yo .
B+ (t/tm)” i 10 25¢C
How define an 'average slope’? 0.2f @000‘0/-@:: -
. 400 =
Slope is temperature-dependent §c
Slope is technology-dependent

o[ TH EEE I B
Measurement issues? 0.1 1 10 100

Delay Time [9
Slope is not a good parameter to characterize NBT]

Only useful for a rough characterization, say n = 0.25 vs. n = 0.1

Should not be used for life-time extrapolation (worst-case estimate?)
[1] Grasser et al., IRPS '07 32



Additional Issues

Most reports seem to indicate that NBTI is frequency independent
At least up to 1 MHz!!
Or is it even up to 1 GHz? %!
Or is there a frequency dependence after all? %!

What is the impact of the max/min oscillations on the measurement!*

Gate oxide thickness dependence
Gate oxide material dependence (nitrogen, fluoride)®!®1"!
NBTI may be independent of the gate material®

What do charge-pumping and DCIV measurements see

Compared to OTF and MSM
Rigorous link to models missing

And many more fun things to worry about ...

[1] Alam, IEDM '03 [2] Fernandez et al., IEDM ’'06 3] Krishnan et al., IEDM '05 [4] Shen et al., IEDM '06

[5] Mahapatra et al., IRPS '07 (6] Mitani et al., IRPS '07 [7] Kumar et al., IEDM '07 (8] Zafar et al., VLSI Symp '06 33



Model Checklist

Stress: undelayed measurements
Log-like initial behavior
Temperature and voltage independent slope, scaling property

Stress: delayed measurements

Temperature-dependent power-law exponent/slope (proportional to temperature?)
Delay distorts data even at larger stress times

Recovery

Long relaxation tails of log-like nature (more than 12 decades in time?)
Strong bias sensitivity, particularly for positive bias
Universal behavior (or at least in good approximation)

Fast recoverable and slowly recovering/permanent component

Duty factor dependence

Plateau around DF = 50%, strong sensitivity for very large and small DF

May be a matter of taste, just a few nasty points included ...
34



Published NBTI models

Can they do all this?

35



General Remarks

All models assume breaking of Si—H bonds =- dangling bonds (P, centers)

Two-step process
Reaction rates for bond breaking/annealing
Subsequent hydrogen diffusion/removal

Which step determines the time-dynamics?
Is NBTI reaction-limited?
Is NBTI diffusion-limited? If so, how to model hydrogen diffusion?

Has been described using a generalized reaction-diffusion framework!*! %!

Many authors have suggested hole-trapping to be important!#hil
Might explain initial log(t) behavior
Might explain fast initial recovery, or even very slow component

Which aspect of NBTI can the models describe? Which not?

All models have been implemented in a numerical device simulator solver!”
Avoid uncertainties in approximate analytic expressions
Study the predictions during relaxation where analytic expressions are rarely given

[1] Alam et al., MR '06 2] Grasser et al., TDMR '08 3] Huard et al., IEDM '07 [4] Shen et al., IEDM ’'06

5] Reisinger et al., IRPS 06 %] Ang and Wang, EDL '06 7] Minimos-NT, I4E, TU-Vienna 36



Standard Model: Reaction-Diffusion Model

Classic reaction-diffusion model for hydrogen-related species HMPHEIHE!

ON; a
Interface reaction: (%t = ke(No — Nig) — ke NigH/
oundary condition:  ——— = 4N
oOH
Bulk t t O _ _g.F
ulk transpor o g
/uH
Particle flux: F, = —D. (v H_ZH E)
VT

a is kinetic exponent: a =1 for HY and H*, a = 2 for H,
Zy is particle charge: Zy =0 for H® and Hy, Zy =1 for HT

[1] Jeppson and Svensson, JAP '77 [2] Ogawa and Shiono, PRB 95 3] Alam, IEDM '03

4] Chakravarthi et al., IRPS '04 [®] Alam and Mahapatra, MR "05 37



HY Reaction-Diffusion Model: Schematics — |

Interface Oxide Bulk
Si-H = Si* + H Hydrogen Diffusion
Equilibrium _|_|_|_|_|_|_|_|_
Nit ~ O

Reaction- /\
Limited :
Stress | QD] ' |@
| |
| |
Nit ~ ts I 1 : :
| |
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HY Reaction-Diffusion Model: Schematics — Il

| H Diffusion
Balance' /\ /\ /\

Diffusion-— /\

Limited

Stress d) (e]es) (V) 8e) Q

|

|

| I

| I

| I
|

Nitf\’l'sl/4 :1| i

-4

|

|

|

H Back Diffusion

N el

Diffusion—

Limited

Relaxation
1

t
144/
t,

Nit ~
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H-> Reaction-Diffusion Model: Schematics — |

Interface

Equilibrium

N|tNO

Reaction-
Limited

Oxide Bulk

@ Afomic Hydrogen

@ Molecular Hydrogen

Equilibrium
(Mass Action Law)

+ H = H,

H Diffusion
-~ Barrier

— H, Diffusion
Barrier
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H-> Reaction-Diffusion Model: Schematics — Il

Diffusion—
Limited
Stress

Diffusion—
Limited

Recovery

Balance

| H, Diffusion

— H, Diffusion
Barrier

— H, Diffusion
Barrier
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Reaction-Diffusion Model: Stress Behavior =

Analytic 1D solution in the diffusion-limited regime ON, /Ot =~ 0 gives'*?
HY:  Ni(t) oc Atl/2 (not observed experimentally)

H" Hard Saturation

HOZ Nit(t) x A t1/4 10% T e [T e e e P
H Diffusion | H Drift//
Ho:  Nie(t) oc At?/® - B k4
10°F E E S/ 3
: . E| ¢ £ Y/ e
Gives fixed slopes o | 2 = S
_ 2| =2 D e
Fractional power-law ok 81 3 = S §
_ _ N 3 %
Only abrupt saturation possible € e ° g\/@’ . c
. I_*lz '\>b‘ AO @"L 5
Field-dependent ks and k*! Z 0 ¥ 57X -
Responsible for soft-saturation? =
oy 8 =
8 L =
10 H0 o § E
—H, LK
Ir = |
107 e Lo Loiem lovem  lowm  loss  lose  Loss
10° 10° 10* 10° 10° 10° 10" 10° 10° 10
Time [g]

[1] Chakravarthi et al., IRPS '04 2] Alam and Mahapatra, MR '05 3] Islam et al., TED '07 42



Reaction-Diffusion Model: Relaxation L

Relaxation predicted by the reaction-diffusion model is universalt*!

_ AVi(ts &)

&= Aa(e.0) T 1

Poor agreement with measurement data (cannot be fitted!)

Strong time dependence in slope, minimal influence already at t, > 103s

Rule of thumb: 3 decades and 50% recovery at t, = t5 (£ = 1)

5
5

o
N
T

Universal Relaxation Function r(€)

A Numerical H
v Numerica H,

— 11+
o Reisinger

0

10°10°10°10% 107 10° 10° 10" 10° 10°

Normalized Relaxation Time &

[1] Grasser et al., IRPS '07

16

10

[ Numerical vs. analytic

}= . t,=0s(RD)
1@ t,=0.1s(RD)
o t,=1s(RD)
M
M

t =10s(RD)
t =100s(RD)

10 10 10 10 10
Time [9]

Independent of all model parameters/species!
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Duty Factor Dependence

Reaction-diffusion model predicts weak duty factor dependence

Weak impact around DF — 100%, contrary to experiments! 23]
No plateau, roughly follows DF1/3

100_ 1 1 1 1 100 ' 1 ' 1 ' 1 ' 1
B2 Be | EOT=14nm _
| — = | V_=-20V -
| — DF = 10% 80 L °~ 600 .
i - f =10kHz /!/
S S
= g 60
s —
3 W 3 4
_ c—o Experimental
o 20 . o
= BCYDE"®
107 10° 10+ 10° 10° 20 40 60 80 100

Stress Time [s] Duty Factor [%]

[1] Fernandez et al., IEDM '06 [2] Grasser et al., IEDM '07 3] Huard et al., IEDM '07 44



Model Checklist: Reaction-Diffusion Model

Stress: undelayed measurements
X Log-like initial behavior

v' Temperature and voltage independent slope, scaling property

Stress: delayed measurements
x Temperature-dependent power-law exponent/slope (proportional to temperature?)
X Delay distorts data even at larger stress times

Recovery

x Long relaxation tails of log-like nature (more than 12 decades in time?)
X Strong bias sensitivity, particularly for positive bias
v" Universal behavior (or at least in good approximation)

x Fast recoverable and slowly recovering/permanent component

Duty factor dependence

x Plateau around DF = 50%, strong sensitivity for very large and small DF
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Extended Reaction-Diffusion Models

A number of extensions to basic RD theory have been proposed

Variant A: different diffusion coefficient in the oxide and the poly gate!*!
Motivation: modern oxides are too thin: hydrogen diffusion profile meaningful?
Would predict 'quasi-saturation’, but same long-term slope during stress

Variant B: two interfaces with trap generation on both sides®!
Motivation: increase in SILC
First interface releases HY, H, creation at second interface

Variant C: explicit conversion between H? to Hy!!
Motivation: no instant dimerization
Gives an improvement on the initial response

Variant D: consideration of the dynamic interface state occupancy!'*
Motivation: can the occupancy follow a fast switch from Vg = Viiress to Vg = Vin?

[1] Alam et al., ECS '05 [2] Krishnan et al., IEDM '05 3] Alam et al., MR '07 [4] Islam et al., IEDM '07 46



Two-Region Reaction-Diffusion Model: Schematics —_|

Variant A: different diffusion coefficient in the oxide and the poly gate!*!

Oxide Poly Gate
Higher Diffusivity Lower Diffusivity

-H = Si*+H
SI_ SII - Oxide Diffusion

Short—- : Controlled :
Time MI o ] —
QD |

Stress |

I
I
Nit’“tsl/6 ' 1 :

_—

Gate Diffusion

Conftrolled
Long-
Time QI’/:_\ ﬂ | _
Stress | ‘Dm
T (e o] ke
N, ~ 16 1 |
I S |

‘8

[1] Alam et al., ECS '05
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Two-Region Reaction-Diffusion Model: Schematics —_II

Recovery

| Oxide | Poly Gate
l Oxide Diffusion |
Shori- Controlled |
Time l
Recovery I
Ny ~ L |
14,0 | :
Ls I I

Gate Diffusion

| | Conftrolled
Long- ' l
Time : :




Two-Region Reaction-Diffusion Model: Stress _ _

The initial stress phases are identical to the standard RD model

When Hjy diffusion front reaches the poly gate: quasi-saturation
For lower diffusivity in the poly compared to the oxide = quasi-saturation

For higher diffusivity in the poly compared to the oxide = increase in slope

However, the same H,-RD long-term slope of 1/6 is restored !

10—
& OxideH, ! Poly Gate H
S8 ! Diffusioh- | Diffusion- 2
§'§ Limited 1 Limited
1010 o %Nitzﬁox-i-ﬁpoly:

N

N.; Total Hydrogen Conc. [cm'z]

1
|
1
I
I
1
I
I
|
A
I
1
I
|
1
I
1
1
I
1
1
I
1

8 1

| 1l

e

N2
R
H

OX

= M
poly

18—
10° 10* 10% 10° 10° 10" 10° 10°

Stress Time [9]

[1] Alam and Kufluoglu, ECS-T '05

Hydrogen Concentration [cm'3]

1018 ) _' ' ! T T T
Oxide ! Poly Gate
10" | -
10™ : -
15 i
10 i K
10T [— 03s] .
o %g S !
— 72s|
10°T |— 35s | ! ]
— 166s
12 , \ , | \ , | .
10°¢ 1 2 3 4 5

Distance from Interface [nm]
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Two-Region Reaction-Diffusion Model: Relaxation _

Minor influence on the recovery behavior
Different recovery behavior at different stress times ('moving bumps’, not universal!)

Does not speed up/slow down recovery as seen in measurement

1

o
o¢)

o O
o (&)

o
N

Relaxation Function r(§) [1]

.
| | | L — -

oL— _ -
10° 10° 10* 10° 10° 10° 10
Normalized Relaxation Time ¢ 50



Two-Interface Reaction-Diffusion Model: Schematics — |

Variant B: two interfaces with trap generation on both sides!!
Motivation: increase in SILC has been reported after NBT stress

First interface releases H? which then creates H, and Si® at the second interface

Oxide Poly Gate
Very High H Diffusivity

__ Si-H =S +H  Hpiffusion

Short- | —
Time m SN [N\
Stress QD) @D Q33D QA2

@ Afomic Hydrogen
@ Molecular Hydrogen

—_ H Diffusion H + Si-H = Si® + H, Ho Diffusion
Long- m . | _
Time N N T %
Stress QD (89 seee) QA
! A G

[ — |

(. [
I [ [ @)Y
Nit ~ tsl/6 I 1 : : :

[1] K rishnan et al.. IEDM '05 51



Two-Interface Reaction-Diffusion Model: Schematics — |l

Short-
Time
Recovery

Long-
Time
Recovery

H+ Si-H «— Si®* + H,

Oxide
SR = ST Bk Diffusion
| K\ K\ |
I o Q I

Poly Gate
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Two-Interface Reaction-Diffusion Model: Stress

Stress also results in conventional Hy-RD long-term slope (1/6)™
Quick initial build-up of H in the oxide

=
o

[HN
o

=
o

=
=

Reaction-
Limited

Poly Gate H,
Diffusion-
Limited

i=

©,

S

c

O B -

O Build-Up

o of H

S in Oxide

%;, ............

T 107 1

)

O isiatetasas:

= H

22 e g
108 L 1 1 l l
10° 10* 10° 10° 10° 10* 10° 10°

Stress Time [9]

[1] Krishnan et al., IEDM '05

Hydrogen Concentration [cm'3]

1018 ) _' ' T T T
Oxide Poly Gate
10'F -
H |
1016= 0 E a
v i
10T : > -
10" \
10°%F -
12 l i , l , ] ,
1070 1 2 3 4

Distance from Interface [nm]

5
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Universal Relaxation: Reaction-Diffusion Variants

Initial relaxation determined by (saturated) HY in the oxide

Initial relaxation does thus not depend on the stress time
= Non-universal humps, not compatible with measurements

10

N. [cm'z]

0

No improvement in the slope (no 'log(t)’ behavior)

101

-~

10°10*10% 10° 10° 10

st 0 s
: 2

= £=10°s

e f =1035
; 4

- 1l =

—-t=10"s
S

— 1 :1065
S
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Universal Relaxation: Reaction-Diffusion Variants @

Variant C: explicit conversion between HY to Ho!Y
Motivation: RD model does not fit short-time stress data
Possible explanation: no instantaneous dimerization (H + H = Hy)

Short-time stress data may be described by power-law with n = 1/3%

i | | | | | |
1
Rangan et al., IEDM '03 :
1 Slope = 0.18 I
® p = . Not Observed
5. 3 ot Experimentaly i
§ ->9. 0.1 Slope = 0.12 < 0 E
= >
g E Slope = 0.3 < [
(]
°\= Slope = 0.7 i ) |
001 ; : : 0.01§
0.001 0.1 10 1000 100000 [
Degradation Time(s) i
0.001 L L
10 , -8 6 4 2 0 2
10~ 10 10 10 10 10 10

Stress Time [9

[1] Kufluoglu and Alam, T-ED '07 [2] Rangan et al., IEDM '03 55



H-H> Reaction-Diffusion Model: Schematics — |

Interface Oxide Bulk

Equilibrium :
Ny ~ 0 | ,
! @ Afomic Hydrogen
! @ Molecular Hydrogen
H Diffusion
=== ] - - Barrier
Reaction—- ! . | -
Limited : E?;N’Piér usion
Stress | |
| I
I |
Nit ~ s | 1 | !
e
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H-H, Reaction-Diffusion Model

Hydrogen diffusion profiles

Non-equilibrium at short stress times

Equilibrium at long stress times (mass action law)

O[H]

12— ky, [Ho] — ky[H]?
9 Ho [H2] — ku[H]
0 Equilibrium

10 ‘\\ - —
\\
\
\
— \
>
%,
T .~ e
= 10 10 s
L --10's
= 10fe
. i
— 10"s
2 \

Distance from Interface [nm]

1
I

=

H®

[

[EEN
U1

= const
Ho]

=
o

Distance from Interface [nm]
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H-H, Reaction-Diffusion Model

Stress
Fit of short-term data gives slope close to 1/3
H,>-RD long-term slope of 1/6

Relaxation
Same as standard RD
First too slow
Then too fast
50% at £ =1 (t, = t5)

r(€)

|1

0

. 10°10"10°10° 10710

"10* 10° 10° 10" 10° 10° 10° 10°
Stress Time [9]
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Dynamic Response of the Interface States

Dynamic response of the interface states
Motivation: Interface states are positively charged after stress

Stored charge may not be able to follow rapid switch from Vi ess to Vin

Numerical simulation

Process described by SRH statistics

Log-like behavior

Standard values of capture cross section
Interface states are fast enough

Extremely small capture cross sections
Impact in us regime possible

However:

Different relaxation characteristics

Not visible in measurements
Dominated by a single mechanism

Does not depend on stress time (saturated!)

How to obtain a behavior closer to measurement data?

Traps at different locations

= Dispersive hole-trapping model

Stored Charge [eV cm'z]

3x10 T T T—T—T]— { =100 ms
s 1031 o e [ 2 100 s
RN — t =10000 s
\ S
2><1015 [c=2x 1016 cm2 B i
15| -
1x10 ¢ loilfmz
 c=2x10" sz\ \
I ] \ ]

O l l

10 10° 10° 10 10 10° 10° 10* 10°

Relaxation Time [g]
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Model Checklist: Extended Reaction-Diffusion Models

Stress: undelayed measurements
X Log-like initial behavior
v' Temperature and voltage independent slope, scaling property

Stress: delayed measurements

x Temperature-dependent power-law exponent/slope (proportional to temperature?)
X Delay distorts data even at larger stress times

Recovery

x Long relaxation tails of log-like nature (more than 12 decades in time?)
X Strong bias sensitivity, particularly for positive bias
~ Universal behavior (or at least in good approximation)

x Fast recoverable and slowly recovering/permanent component

Duty factor dependence

x Plateau around DF = 50%, strong sensitivity for very large and small DF
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Summary Reaction-Diffusion Models

Reaction-diffusion model and variants
Cannot capture long relaxation tails

Predict relaxation too late and then too fast
As a consequence, DF dependence is wrong

No bias dependence in recovery

Is the failure to capture the relaxation important?
Yes, it is fundamental!

RD models are based on a balance between forward and backward rates
avth(ts)
Ot

Forward rate alone gives power-law exponent 1 (irrespective of species)

— ForwardRate — BackwardRate

Forward rate and backward rate give power-law exponent 1/6 (H, diffusion)

Species dependence and the 'diffusion-limited regime’ enter through backward rate
Backward-rate is the essence of the RD model

During stress only combined effect of backward and forward observable

Backward rate observable during relaxation
If backward rate is wrong, stress behavior questionable/coincidence
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Consequences

Long relaxation tails indicate some form of dispersive mechanism
Dispersion in that context: huge spread of time-constants (many decades)

Various dispersive mechanism have been suggested for NBTI
Dispersive transport models!*?/3!
Dispersive rate models!*!

Dispersive hole-trapping models !>}/

Can these models capture the stress phase?

Can these models capture the relaxation phase?

[1] Alam and Mahapatra, MR '05 2] Zafar, JAP '05 3] Kaczer, IRPS '05 [4] Huard et al., MR '05

5] Yang et al., EDL '05 ) Huard et al, MR 06 62



Dispersive Transport and NBTI: Influence on Slope

How do traps influence hydrogen motion?
Transport becomes dispersive (not like conventional drift-diffusion)

Traps slow down transport, particles remain in traps for a 'random’ amount of time
Compare the uniform 'marching of soldiers’ with 'preschool kids at the zoo'

How do traps influence the NBTI slope?
Contradictory results published

Simplified dispersive transport modelst2HE4

Various attempts, agreement that dispersive transport decreases slope

Reaction-diffusion plus a single trap level®®
Inclusion of traps increases slope

Dispersive multiple-trapping transport model®
Straight-forward application results in increased slope

To understand this discrepancy we have to look at some basics!” ...

[1] Houssa et al., JAP '04 2] Alam and Mahapatra, MR '05 3] Kaczer et al., IRPS '05 [4] Zafar, JAP '05

[5] Chakravarthi et al., IRPS '04 [6] Grasser et al., SISPAD ’'06 [7] Grasser et al., TDMR '08 63



Reaction-Dispersive-Diffusion Model: Schematics — | _

Si-H ?SI.:L\HCm
Initial @ @ _
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Dispersive Transport and NBTI

Most crucial aspect: coupling of transport model to interface reaction!*/?!

Requirement: interfacial hydrogen concentration

N;
88 - = ke(No — M) — kNieHie'/?
t
Remember: H exists in 'free’ (shallow) and deep (trapped) states!
What is H,.?

The information on H;; is given by the microscopic physics at the interface
Should/must be consistent with the dispersive transport model

[1] on 2] , 65
Grasser et al., IIRW '06 Grasser et al., TDMR '08



Dispersive Transport

Detailed model: multiple trapping (MT) model*!
Alternative A: extremely-nonequilibrium approximation of MT#!

Alternative B: time-dependent diffusivity®
Obtained for instance from hydrogen/deuterium SIMS profiles
Simple empirical model, plugged into standard drift-diffusion equations

D(t) = Do(vot) ™)
a = kg T/ Eg is dispersion coefficient, Ey characteristic energy of trap DOS
Dy is the microscopic diffusivity, vy the attempt frequency

Alternative C: continuous-time random walk (CTRW)

All three alternatives have been used for NBTI modeling
EN-MT !, empirical diffusivity!® 7, CTRw/#!
The three alternatives give very similar results, but contradict MT %/}

U e ¢ Noolandi, PRB 77 2 Arkhipov and Rudenko, Phil.Mag.B '82 31 E g Nickel et al., PRB 96
[4] E.g., Scher and Montroll, PRB '75 [5] Kaczer et al., IRPS '05 [6] Alam and Mahapatra, MR '05

[7] Zafar, JAP '05 8] Houssa, JAP '04 (9] Grasser et al., IIRW '06 [10] Grasser et al., TDMR '08
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RDD Model: Boundary Conditions

The MT model differentiates between trapped and free H
Only the 'free’ H. can be used for the backward rate

Reverse rate is a two-step process: release of H; to H. followed by passivation

The simplified models only consider the total hydrogen concentration

The total hydrogen concentration H. + H is used for the backward rate!*! !
Barrier for the reverse rate becomes independent of trapping level, one-step process

Only Conduction Hydrogen Total Hydrogen
Si-H = Si* + H. Si-H = Si®* + H. + H,
_ E% — E%

Lo _ —HQ _
QD | @] Q2D L 1. @
e - N
b Qo le— QQ
I | ! — — I r T P ==

| , ! Q | s Q
——a LS e e S
- LO _ <39 _

: Q [ Q

[1] Kaczer et al., APL '05 2] Grasser et al., TDMR '08 67



RDD Model: Comparison of Two BCs

How do the two boundary conditions influence the slope?

Comparison: numerical solutiont*!
Complete multiple-trapping model

Boundary condition: Hi; = Hiot
Hydrogen closer to interface
Reverse reaction large

= slope decreases

kg T
/Vit(t) ~ ta/4' = —

-
Boundary condition: Hiy = H.
Hydrogen quickly trapped
Reverse reaction small

= slope increases

Nit(t) N t1/2—a/4

Temperature-dependent slopes!

12_I I I I I I I I I

10T = MTH) ]

10t — MT(H) K ]
O SO 7

10} O "\’\\@O’ Pl

o

109_ ////// -

10°F e -

107_ /,’/ O\\/\ -
|- 10! H Kinetics

10°F = 47 meV-

| | | | | | TO:I 4-OIO K |
10°10°10"10° 10° 10° 10* 10° 10°
Time [9]

Contradiction to undelayed (OTF) measurements

[1] Grasser et al., TDMR '08
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RDD Model: Recovery .

Relaxation predicted by reaction-dispersive-diffusion model

Boundary condition: H,; = Hiot

Ultra-fast initial recovery of interfacial hydrogen
Not universal

Long-time recovery dispersive-diffusion-limited
Boundary condition: Hi; = H, 1

Slower recovery compared to RD
Hydrogen has to be detrapped first
Long-time component of Hiy = Hiot
Recovery too slow

O
o)

O
o)

Reaction-diffusion limit
Watershed which cannot be crossed

o
~

Essential question

Which BC is correct?
Probably neither

o
N

Universal Relaxation Function r(€)

_ N\
o %eismger i =H, D
N

s .
e NS

10° 10° 10° 10° 10° 10° 10
Normalized Relaxation Time ¢
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Model Checklist: Reaction-Dispersive-Diffusion Model

Stress: undelayed measurements
X Log-like initial behavior
X Temperature and voltage independent slope, scaling property

Stress: delayed measurements

v Temperature-dependent power-law exponent/slope (proportional to temperature?)
v Delay distorts data even at larger stress times

Recovery

~ Long relaxation tails of log-like nature (more than 12 decades in time?)
~ Strong bias sensitivity, particularly for positive bias
~ Universal behavior (or at least in good approximation)

~ Fast recoverable and slowly recovering/permanent component

Duty factor dependence

x Plateau around DF = 50%, strong sensitivity for very large and small DF

= In a nutshell: NBTI does not seem to be diffusion-limited
At least not in the way it has been modeled so far
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Reaction-Limited Model

Interface passivation/depassivation experiments indicate dispersive rates!/?
Kinetics can be described using Gaussian distributions of binding energies/barriers

Creation of interface states visible in CP experiments
RD reaction-limited regime 5.E+10 . —

Lin scale &
AN (t,) = ki to o

Iil__ Linear parts I
_ J 2 O 100s
According to RD theory: # /iy M 5 400
© 1000s
AN,. recovers after stress

< 4000s
AN in restress should be identical

This is not the case! I3}

w .
m m
+ +
— —
o o

1E+10L § &

r-sress/
1hmin\

0 200 400 600 800 1000 1200
Stress time (s)

Huard et al., MR '06

Interface trap density shift (cm'2eV'1)

©
m
=+
o
o

[1] Stesmans, APL '96 2] Stesmans et al., PRB '00 3] Huard et al., MR '06 71



Reaction-Limited Model

Effect also visible in Ip change

[ — Virgin
[ |— 20.000s Stress/Relax/Restress

-3 -2

10 10 10°

Stress Time [9]
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Reaction-Limited Model: Schematics

Possible explanation!*!
Distribution of bonding energies
Weakest bonds break first

No/weak recovery of broken bonds Initial
RL response of a single bond Stress
A\/th(t)
=1- —ke(Eq)t
A\/’ch,max exp( f( d) )
Sum over all bonds (Gaussian distribution)
AVin(t
28 _ [ g6 (1~ expl—(E)0)) dE:
AVth,max
~ 1 Long-Time
1+ (t/7)~« Stress

Caveat: CP highly invasive

Positive bias! Measurement delay!

s there really no recovery in CP data??

1 Huard et al. 1EDM '07 2 Huard et al. MR 06

Interface Oxide Bulk

Si-H = Si* + H
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Reaction-Limited Model

Excellent agreement of model to CP stress data'"!

Numerical vs. analytic solution Analytic vs. measurements
102¢ 1.E+12
16y T=175°C
Og = 10€ . T=150°C
() Gd =0.12eV _F; T=125°C
o 0,=008eV 2 100°C
0,=0.04eV o T=75°C
g
o =50°C
E S 1.E+11 T
— 1077 1 3
z g
Q
£
1.E+10 '
0|4 . 1 100 10000 1000000
10° 107 10" 10° 10" 10° 10° 10" 10° 10° 10" 10° Stress time (s)

Time [9] Huard et al., MR '06

[1] Huard et al., MR '06
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The Fast/Recoverable Component: Hole Trapping?

Detailed hole trapping model of Tewksbury!*/?l

Developed for 'thick’ oxides of about 30 nm

Trapping of electrons and holes in a near-interfacial layer

Threshold-voltage shifts of 1 mV for NMOS, 100 iV for PMQOS

Maximum charge storage time of about 1s

Much larger effect for nitrided oxides, with NMOS and PMOS being similar
Various interactions with trap levels possible via tunneling

Conduction and valence band tunneling

Tunneling via interface states

Predicts log(t)-like stress and recovery behavior

Does this model explain the fast/recoverable component of NBTI?%!
Most controversial subject!*®[¢}

Alternative hole trapping models have been published, not discussed here
Detailed physical mechanisms not given, qualitative theories!”&}%}[10]

[1] Tewksbury, Ph.D. Thesis, MIT '92 [2] Tewksbury and Lee, SSC '94 3] Huard et al., MR '06
4] Mahapatra et al., IRPS '07 ®! Huard et ai, 1EDM '07 18] Grasser et al., IRPS '08 7] Zhang et ar., TED 04

8] Ang and Wang, EDL '06 9] Reisinger et al., IRPS '06 [10] Shen et al., IEDM '06 75



Tewksbury Model

Tewksbury model™: charging and discharging of traps via elastic tunneling

Equilibrium
Poly  SiO

VOxI/-

"'; ws VO)('I'AVOX

AV,
AV

"Vsms%

O

Yy 000

Jo18)
O
s]ole;

Stress

Si

Ero

5

[1] Tewksbury and Lee, SSC '94

Recovery
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Relaxation and Duty Factor Dependence

Combination: reaction-limited creation of N, Tewksbury's hole-trapping!*!

Calibrated relaxation behavior is in excellent agreement with data'®

Log-like behavior over many decades in time

Calibrated model gives DF dependence in excellent agreement with data

The strong impact around DF — 100% and the plateau are well reproduced

60 1 1 1 1 1 1 100 ' 1 ' 1 ' 1 ' 1
| EOT=14nnm

[ T =125°C

|V =-20V

t, =6000s

- f =10kHz

c—o Experimental

- - e -@ Tewksbury
NS /

0 I- "“ | | M | M | M | M | M

10° 10° 10* 10% 10° 10° 10° 10° 20 DutA)r/OFacto?O[ o 80 100

Relaxation Time t_ [s]

[1] As suggested by Huard et al., MR '06, but using a full numerical solution [2] Data from Grasser et al., IEDM '07 7



Temperature Dependence: Stress

The measured temperature dependence is not well reproduced
Reason: two independent components

Hole trapping weakly temperature-dependent, Ni. generation strongly dependent

1 kg T
~ o = ——
A/Vit,max 1 + (ts/T)_a EO
The overall behavior shows an unscalable, pronounced temperature dependence
107
1
';' 10 :
g :
5
<
= 10}
10—1 /[ A 1 1

10° 10" 10° 100 10° 10°
Net Stress Time [9]
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Temperature Dependence: Stress

Theory predicts different temperature acceleration at short and long times
The initial response is log-like but with a very small temperature dependence
The long-time 'slopes’ are strongly temperature-dependent

100 . . . . . 100
e 20020
8ok | 1750C
o 1500C
_ - 1250C _10f
> 60F |— 100C >
£ . e E
= - 50C =
2 a0 3
1_
20F
0-6 4 > 5 " " 0'1-6 2 > 'S " "
10 10 10 10 10 10 10 10 10 10 10 10
Stress Time [9] Stress Time [9]
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Temperature Dependence: Recovery

The strong temperature dependence of Nj; transfers directly to relaxation
This is contrary to our experiments, which only show a weak impact of temperature

Model Experiment 5
— 200C
1 T T IAT T T 160_"'"““1_'""""'1_""'““1_""""1_"'""'1_"'"_ 1752CX114
' 140t — 150Cx 1.28
0.8F % : — 125°Cx 143
. ] 120 r | 100Cx181
> o~ | — 75Cx215
= 06 5 \ — s0Cx245
O - 20cC | i
= —15¢C
g 0.4r |— 150°C : i
2 —15cC .
— 100 C -
02r — 75°%c 7
— 5C _ i
0 1 1 1 1 1 1 6 O

10° 10° 10" 10° 10° 10° 10* 10 10° 10° 10" 10° 10" 10° 10° 10" 10’
Relaxation Time [9] Relaxation Time [9]
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Caveats Tewksbury’'s Hole Trapping Maodel

Previous results are a (stupid?) fit to measurement data
What is the physical meaning of the calibrated model parameters?
'Original’ parameters: maximum charge storage time of ~1 ms for t,, = 2nm

Recall: model originally developed for 'thick’ (~30nm) SiO, oxides'"!

How can a modern ultra-thin oxide sustain trapped charge for 106 s? /%!
Are there some level-shifts involved? 24451161

Due to structural relaxation, trapped holes may become very difficult to anneal

[1] Tewksbury and Lee, SSC '94 [2] Islam et al., '07 3] Blochl, PRL '99 [4] Zhang et al., TED '04

5] Ang, EDL '06 [®] Gés et ar, IRW "07
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Model Checklist: Combined Model

Stress: undelayed measurements
v Log-like initial behavior

X Temperature and voltage independent slope, scaling property

Stress: delayed measurements
~ Temperature-dependent power-law exponent/slope (proportional to temperature?)
v Delay distorts data even at larger stress times

Recovery

v" Long relaxation tails of log-like nature (more than 12 decades in time?)
~ Strong bias sensitivity, particularly for positive bias
v" Universal behavior (or at least in good approximation)

v" Fast recoverable and slowly recovering/permanent component

Duty factor dependence
v' Plateau around DF = 50%, strong sensitivity for very large and small DF
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Summary of Challenges
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Summary — |

Detailed analysis of published NBTI models

Models based on classic reaction-diffusion theory
Cannot capture the complex relaxation behavior
As a consequence, they cannot capture DF and AC stress behavior

Reaction-dispersive-diffusion models
Allow to slow down/speed up RD recovery
No satisfactory results obtained so far during the recovery
Unclear coupling of dispersive transport mechanism to interface reaction

Reaction-limited models
Can reproduce change in initial degradation after pre-stress
Seems to agree with CP data, but CP likely introduces artifacts of its own

The recoverable component is often assumed to be trapped holes
Inconsistent with detailed relaxation data, at least in a simple picture

What is the detailed physical mechanism justifying trapped holes for 10° s?
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Summary — |l

A model using two independent mechanisms may be problematic
How to combine different voltage and temperature activation?
For what kind of sample does the scaling property hold?

No published model can explain the full complexity
Published models capture only a subset
= Incomplete understanding of NBTI

Nevertheless, there is solid proof for defect creation

A lot of data points at hydrogen as a major player
Consequently, there is hydrogen-induced bond-breaking and hydrogen motion

The created defects are electrically active (positively charged)
Consequently, there is charge exchange with the substrate ('hole trapping’)

What are the exact mechanism?

Which of the above mechanisms controls the dynamics?
What is the exact physics behind NBTI?

Are we building/have we built our models on 'proper/relevant’ data?
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