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Importance of Voltage/Temperature Acceleration

Failure Criteria
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AV shift

Field and temperature dependencies
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Temperature dependence of NBTI
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Interface traps with H, diffusion
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How to determine the temperature activation?
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Temperature dissociation of Si-H bonds

Balance H, Diffusion
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Taken from T. Grasser, IRPS Tutorial, 2007.
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T-dependence of k. and kg
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Transition rates due to phonons

In 2 harmonic oscillator ...
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Ref. Datta, Atom to Transistor, Cambridge, 2005.
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Absorbing/Emitting phonons in Equilibrium

Probability of a Si-H bond at the i-th vibration mode ...
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Absorbing/Emitting phonons in Equilibrium
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Meaning of the distribution ...

Si-H SiO,

P
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Non-equilibrium dissociation of Si-H bonds
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Interpretation

Probability that a Si-H climbs the barrier P e
K Nothing
... that it finally absorbs a ' - Comes back
phonon to break the bond _——— = = — = -
Pm
rA rE
/ _E—F I::'m-‘l
Ke = (Nax +)xI7, xe o
_Ero
_ kgT
=Kgoxe

See Appendix A for full derivation
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Temperature dissociation of Si-H
bonds

Balance H, Diffusion
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Alam ECE-695 19



Origin of activated diffusion
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Activated diffusion: A counting trick!
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Ratio of free vs. trapped H determines properties of diffusion coefficient
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Crystalline vs. Amorphous Oxides

mmmmmmmmmmmm

‘Glass up Close’, o T
NY Times, July 29, 2008.
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Voltage-shift due to pre-existing traps in thin oxides
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Temperature activation (with Hole trapping)
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Nitrogen increases hole trapping and
reduces effective EA
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Conclusion

* We have discussed the origin of temperature dependent
activation of the dissociation rates and the diffusion
coefficients.

 There is an important distinction between thermally
activated vs. electrically stimulated breaking of bonds. This
distinction is important for understanding NBT| and HCI
degradation.

e Activated diffusion implies subpopulations that are mobile
that can rapidly exchange positions with ‘bound’ or
‘trapped’ subpopulation. In this sense, it is very different
from classical thermal diffusion of electrons/holes.
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Self-Test Questions

Does Einstein relationship hold for activated diffusion?

People argue that the forward dissociation and reverse passivation
have similar activation barriers.Would you support the argument?

What assumption did | make regarding diffusion of H in SiO2 that
makes the derivation slightly imprecise! Hint. Crystal vs. amorphous
structure.

Can you explain physically why tunneling is less temperature
sensitive than SiH bond dissociation?

Would the “observed activation energy” decrease or increase if there are
significant hole trapping?

Where does the entropy hide in classical rate equations? How do we
account for it when we discuss semiconductor physics!?
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Appendix 1: T-dependence of k; and k;

_Ee B
Derive ... kF :kFOxe T o (n +1)><e o

max

- MNmax H
[ E E
F :FO(nmax +1)X F EXtF nmax = h - = AF
| ext T 0 | (Do
Consider an harmonic oscillator with equally spaced levels ...
8 ¢ I:)i+'l
Si-H SO,
Interface
P — &
A £ ho
Eigen states " e 0
for Si-H bonds —V
' |::'i-‘l
0! ’ Y
i 2A,
Si | Sio, X

Alam ECE-695 33



Transition rates due to phonons

In a harmonic oscillator ...
Aun = \/ﬁun—l
(n—-1|Aln)=nn

Therefore the transition rate is

Moo =2 (n-1fAln)f =n
F(n_l)%n =nhxI", xP _,

Ref. See Datta, Atom to Transistor, Cambridge, 2005.
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Absorbing/Emitting phonons in Equilibrium

Probability of a Si-H bond at the i-th vibration mode ...
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Absorbing/Emitting phonons in Equilibrium

P(g)=C xgox¢/A
Detailed balance ...
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Net flux in Equilibrium
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Meaning of the distribution ...
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Interpretation

Probability that a Si-H climbs the barrier

... that it finally absorbs a
phonon to break the bond

Er
— ke
F (nmax -I-l)XFAxe
_Ero
= kFO xg o
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Hot carrier induced dissociation

_hay
In thermal equilibrium ... o — F(EO) xg KT .
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Hot carrier induced dissociation

_hay
In thermal equilibrium ... o — F(EO) xg KT .
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Rates with injected current ...
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Appendix 2: Blocking factors

Phonons are Bosons, therefore in principle, we should include
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5 B o)
FA:FQ(]-—E) FE_FO(1+2j

Corresponding differential equation ...

2
c I:)+ 5(%+de—P:O with

de’ & de

— 2 . . —_ -
dP — I:)i+1 Pl—l and d Fz) — I:)|+1 + I:)|—12 2F)I
de 2¢g, de 2¢&,

Alam ECE-695
44



Appendix 2: Blocking factors
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Appendix 3: Crystalline vs. Amorphous Oxides

mmmmmmmmmmmm

‘Glass up Close’, & e
NY Times, July 29, 2008.
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Ring size distribution

Amorphous

RING STATISTICS BOND
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1 A1\ | '1
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Exponentially few deep levels?
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Dispersive diffusion in amorphous

material
Real-Space Energy-Space Moment-Space
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Dispersive diffusion in amorphous

material
Real-Space Energy-Space Moment-Space
kgT
dN . d2N/ f N° (1Y &
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Dispersive diffusion: effect on time

exponent

O o o o
O o 0o o

OO g O

O OO m
O O 0O o

DO g O
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Dispersive diffusion with finite traps

Ratio of free vs. trapped H changes upto a point ....

Energy-Space Moment-Space
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Dispersive in time exponent: Multi
level traps
N, 0(D,t)’

Activated diffusion Dispersive diffusion
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Aside: Dispersive/subdiffusion and
fractional calculus

Fractional Kinetics, I. Sokolov, J. Klafter, and A. Blumen

Physics Today, Nov. 2002, page. 48.
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Summary of temperature activation

Distance in oxide —

Ny D=Dg=p. KT/g

(a)

AN (log scale)

time (log scale)
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AN (log scale)

(b)

time (log scale)

Alam
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Ref. D.Varghese, IEDM 2005
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Temp. dependence: activation vs.

dispersion

0%

AV. [ AV, (t=1000s) o
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Can we even define an activation energy ....!
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Temperature dependent dispersion

with delay ....
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Q Transition from dispersive to activated diffusion (E;=80meV, n,=10'%s"")
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Temperature dissociation of Si-H

Interface Oxide Bulk
: Dispersive Hydrogen Diffusion
Si-H = Si* + H
Initial _Lm'_f__q —le] L_1 [|_J
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Hydrogen
Conduction Level

.1
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Hydrogen
" Trap Levels

Low Hydrogen Conc.
in Conduction Level
|
. Most Hydrogen

| is Trapped

Taken from T. Grasser, IRPS Tutorial, 2007.
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NBTI signatures: stress time

H
QO
=

C 0.20
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» Universal existence of power-law at long te e

» Time exponent reduces with %N
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Aside: Where is the Entropy?
Energy vs. Free energy
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Transition rates, R oce B
Transition rates,
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BFRW Analogy for dissociation rate
k

:EIIVIIIIIIIIIIIIIII
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0
D I
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Conclusion

We have discussed the origin of temperature dependent
activation of the dissociation rates and the diffusion
coefficients.

Diffusion in amorphous material may be dispersive — the
diffusion coefficient changes depending on the filling-state of
the defect. In thin films, dispersive diffusion may be relatively
short.

If films have too many pre-existing defects, the activation
energy and the power-exponents may show non-ideal values.
One should experimental data carefully.

Fractional calculus has been extensively used for theory of
anomalous diffusion .... Check it out.
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