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Negative Bias Temperature Instability (NBTI)
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A Simple Physical Framework of NBTI

Parametric (V, g,,, I,;n) Shift due to positive charges generated
at the Si/SiO, interface and/or at SiO, bulk

Generation of interface traps
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Very Long Time Degradation
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Dependence on Stress V; and Gate Leakage
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Dependence on Stress E,

AV;* Cox/ g
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Parametric Degradation
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Gate Insulator Material / Process Impact
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Post Stress NBTI Recovery
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DC and AC Stress — Duty Cycle & Frequency
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Motivation

Explanation of the following features:
Strong gate insulator process dependence
Time evolution of degradation, prediction at long time
Temperature and oxide field dependence of degradation
Recovery of degradation after DC stress

Duty cycle and frequency dependence under AC stress

Understanding and estimation of defects responsible for
degradation under accelerated stress condition

Predictive modeling for lifetime projection — extrapolation of short-
time accelerated stress data to end-of-life under use condition

Y



Outline

Introduction, Basic NBTI signatures

Fast / Ultra-fast drain current degradation measurement <==

Estimation of pre-existing and generated defects
Transistor process / material dependence
Role of Nitrogen — Study by Ultrafast measurement

Predictive modeling

Conclusions / outlook



Issues with Measure-Stress-Measure Approach

Unintentional recovery during measurement delay
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Ultra-Fast Measure-Stress-Measure (MSM) Method
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Ultra Fast MSM (Constant Current) Method
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On-The-Fly (OTF) I,,,, Method (Conventional)
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Calculated Degradation from I, Transient
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Conventional OTF Measurement Results

Power law time dependence of longer time data, with time
exponent n ~ 0.14-0.15 for all stress bias and temperature

Different magnitude but similar time exponent for different film
type (Details of GOX process dependence discussed later)

StressVgand T Film type, EOT
-V (V) / T(°C) [1.2nm] 1 PNO(1.7nm, 28%), -2.3V
m 19/100 MW 1.9/125 10" ® PNO(2.2nm, 29%), -2.5V
10-1 | 155/125 @ 2.1/125 " ® RTNO(1.2nm, 11%), -1.9V
i o ©% _ [ ®m CONT(1.3nm), -1.9 o®
o 4 : oo
< IPNO(21%) p @ @ » o == = °® AA
2| O Y = oA — o A
o® N A AAgE > oo AA
AlA mE ® A ¢®
Agn ® A o =
] ] Y nE
10t ¢ g B . T=125°C
o PNO (14%) L
10 -0 , , ||||||| 1 , , ||||||| 2 , , ||||||| 3 6X10'3 O 1 1 lllllll 1 1 1 lllllll 2 1 1 lllllll 3
stress time (s) stress time (s) !
Mahapatra, IRPS’07 0



Ultra-Fast On-The-Fly (UF-OTF) I, Method
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Degradation: Impact of “Time-Zero” Delay
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Time Evolution of Long-time Degradation
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UF-OTF: Bias Dependence of Degradation
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UF-OTF: Temperature Dependence of Degradation
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Mobility Correction
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Summary

Recovery of NBTI degradation after removal of stress — issues
with conventional “slow” MSM methods

Ultrafast MSM can provide V; shift with negligible artifacts, is
useful for capturing long time degradation for lifetime
determination, early part (t<1s) degradation cannot be studied

Constant current ultrafast MSM method is an alternative, but needs
subthreshold slope correction to determine proper V; shift

On-the-fly (OTF) I,,,, methods can be used to study degradation
from 1ms (fast version) and 1us (ultra-fast version) time scale

Important process dependent signatures observed in sub ms
time scale by UF-OTF method (discussed in detail later)

OTF I,y needs mobility correction to obtain V; shift
g/
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Background — The “Philosophy”

I-V measurements (previous section) influenced by generation
of interface and bulk traps, plus trapping in pre-existing traps

How to independently
estimate pre-existing traps?
Eg: Flicker noise

How to independently
® o estimate interface and bulk
P .I ® |. trap generation? Eg: DCIV,
S : 1 D Charge pumping, Flicker noise,
LVSILC and SILC

B Can different measurements be
correlated?
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Flicker Noise Measurement (Pre-stress)

Measure I, power spectral density versus frequency at low gate

overdrive Flicker noise due to trapping/
DC Supply + LPF detrapping of holes in oxide traps
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DCIV Measurements

Sweep V; with S/D in F.B, measure Iy,

I due to electron-hole recombination in
traps at or near Si/SiO, interface

_V N % Increase in Iz due to stress seen in
both SiO, and SiON: Indicates trap

generation at or near Si/SiO, interface
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DCIV Measurements

Neugroschel, MR’07

1011

ADir (1/em®-eV)

3.3 nm Si0,;

o 75°C,-4vV
A 125°C, 3.2V

10000 100000

Stress Time (s)

Neugroschel, MR’07

Alg (pA)

500 T

200

0.15

3.3 nm Si0,;
1I""Illi'_-!v-atres,i = -4V
100 s, 25 °C

W Recove
.. Ntime

II"'IIG-rlalla:nc =3V

tre lax =

Vol
relaxation \

-

unstressed

0.2 0.25 0.3 0.35

Vg (V)

Power law time dependence (A*t"),
with n ~ 1/6 at long stress time for
different stress Voand T
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Correlation of DCIV to |-V Measurements

Similar degradation and recovery signatures across different
methods: AV;, Ag, . (from slow MSM I-V) and Al,,, (DCIV)
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Charge Pumping Measurements

Pulse V; repetitively from inversion to
accumulation, measure | ,; due to

CP (f=800kHz)
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Correlation of CP to | — V Measurements
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Impact of Stress on Flicker Noise
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Direct Comparison of Multiple Measurements
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Two measurement methods in
sequence to determine AV; and
AN,; during stress and recovery

Measured degradation (during
stress) depends on
measurement sequence

Measurement (stress off)
triggers recovery, captured
degradation depends on
measurement time and gate
voltage during measurement

Less issue if measured long time
after stress is stopped, as
recovery goes in log-time scaly



Comparison of CP and OTF-I,, (t,=1ms)

As measured difference ~ 10X = NBTI not due to trap generation?

Final difference within ~20%  Band gap scan: Full for Iy,
partial near midgap for CP
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Low Voltage (LV) SILC
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SILC (~V;g) due to electron tunneling from
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Anomalous NBTI Degradation?
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Anomalous NBTI — Bulk Trap Generation

Vg (V)
m 0.0
10 4.0
< - ®m 50 f‘.../
=a |
= 107
= [
= [ V =-4.5V
, 0_3' T=25°C, T. =36A
10" 10° 10" 10° 10° 10" 10°
stress time (s)
10%
F 'VG(V)
- m 450
AL 5.25
ST 550
s |
10 T=25°C
[ T,,,,~36A
107

10" 10° 10" 10° 10° 10" 10°
stress time (s)

4V)

C (%, V,

—

Sl

2.5
2.0
1.5
1.0
0.5
0.0

o

10" 10” 10" 10° 10° 10" 10°
stress time (s)

L1 I R
STIT I RTTT R TITT M ETTT IR W AT EEE AT
10" 10° 10" 10% 10° 10* 10°
stress time (s)

a“ ”n

Increase in “n
also seen for
high stress V,

Higher n
coincides
with SILC
(~generation
of bulk oxide
traps)

Y

Mahapatra, IEDM’02



Hot Hole Induced Generation of Bulk Traps

HH generation at higher V
reproduced by V;>0 at lower V,

| . °o— Increased n at V>0, presence
G_ﬁ G of SILC, similar degradation of
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Summary

NBTI: Generation of interface traps, charging of pre-existing and
generated bulk traps

Differently processed devices show difference in pre-existing
bulk traps (Flicker noise on pre-stressed devices)

Interface / near interface and bulk trap generation signatures
shown by multiple measurements

Evidence of interface / near interface trap generation
from DCIV, high frequency charge pumping, LVSILC

Evidence of bulk trap generation from HVSILC

Several important factors need to be carefully considered if
attempts are made to compare multiple measurements
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