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Empirical observations (1)

P. Heremans, TED, 37(4), p. 980,1990.
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Less VT degradation at higher temperature
lcp ~ Nit and Not confirms trap generation
After dE correction, Nit could be larger at higher temperature
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Empirical Observation (2)

P. Heremans, TED, 37(4), p. 980, 1990.
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A model for HCI degradation
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HCl: Temperature dependence

V, =V, /2 Vo Carriers are no longer cold
—I T |) Electrons heated by field
=]
D
—~/ SiH dissociation...
(2) Heating of electrons
Hot electrons break SiH bonds
- > SiO dissociation...
N (3) Hot electron produces
Hot holes through |l

Hot are trapped in oxide
Electron-hole recombination
breaks bonds



Dissociation by energy flow: What happened to
activation of bond dissociation

Field induced

NBTI, TDDB

Charge State

/

A\

NBTI primarily

Alam ECE 695

Kimerling, SSE, 21, 1391, 1978.

Energy driven or
e-h recombination

HCI, TDDB, etc.
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Dissociation of Si-H or Si-O bonds

A
3\0 Gate Oxide (Si0,), amorphous
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Bond dissociation: RRK Theory

o _E _E
Recall from lecture || that T A he P
EF
k(NBTI) 1 F(O) e ‘E?FL AE
~ (Nmax +1) xT, SO | ke N
E i+
[ (Ee-0Eg) )
(0D [f 1. (T,) ¢)X e 1 . Q
q rem)?T
\ J
P4

» Activation energy is considerably suppressed.
» Overall sign depends on current coupling

Weeks, Tully, Kimerling, PRB, 1975.
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Bond dissociation at low voltages:
Coherent Multi-Vibrational Excitation

Recall from lecture || that in thermal equilibrium ...

Rates with injected current ... Er

FA:F(A?)_I_(IG/q)fin FE:F(EO)+(IG/q)fin — P

Dissociation rates of Si-H bonds ...

n
I - E E
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( Mmax ) A|: %E:| max A h(!)
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Niax
_(n +1)XF |:FEA?)+(IG,e/q) fin:| Pi_Q
T max A

AE g

l_*(EO) + (IG,e/q) fin

(18 fayf, ™

(1-*(0) )n” max T.-C. Chen, Science, 1995.
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HCI T-Dependence: Si-H Dissociation

Ve ~ Vp/2
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Recall: Field dependence of HCI

k T( ) 1/2 -0,
1© = [an o ksTe () gy
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sat

2nph (Tref ) +1
2 ph (TL) +1

with /Ie (TL) — |: j|)Le (Tref ) nph (T) = [exp(ha)/kBTL) _1]_1

T-dependence of ID (through p andV5) and vsat (through m) are weak..
MFP decreases with lattice temperature, making injection difficult.
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Dissociation of SiH bonds

Foley, PRL, 80(6), 1336 1998
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SiH T-Dependence: MVE Theory
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Taken together, the SiH bond dissociation is weakly T-dependent
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Si-O bond dissociation

V, =V, /2 T Vo
B [
o
N W/
—~/
— LL >

Degree of heating of the carriers

Dissociation of the bonds
(1) Electrons heated by field

SiH dissociation...
(2) Hot electrons break SiH bonds

SiO dissocation...

(3) Hot electron produces
Hot holes through Il
Hot holes break SiO bonds

Explore the T-dependencies of both

Alam ECE-695
19



CB, VB (V)

XA & O N M O ©

Recall: Heating of Electrons

IE| (a.u.)

(alo ng the channel) (a.u.)

Hot hole
E>47eV

- Hot Electron
E>3.leV

Impact lonization by the hot electrons generate hot holes
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Temp dependence of impact ionization

|
o = [ 100, dx.

1/2
:j;dxjowdEano(kBTe()f)j BT(X)xS (E>E,)

27tm

-E
— dano(k;T(x)j j dEe™" xS. (E > E,)

‘Hot’ electrons cooler at higher lattice temperature,
because mean-free path is smaller.
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Recall: Rate of impact ionization

For E > @,
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Temp. Dependence of Impact lonization
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1-Dependent 510 dissociation:
RRK Theory .
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If compensated, what about VT shift?

P. Heremans, TED, 37(4), p. 980,1990.
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The puzzle of
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VT shift
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2)

3)

4)

5)

Conclusions

HCI temperature dependence is pronounced for VT at lower temperature.
The defect generation — as reflected in CP signal — is essentially temperature

independent.

In general, it is more difficult to meet VT-based HCI lifetime requirement at

lower temperature.

Two different theories could explain the temperature dependence of HC| —

MVE and RRK theories.

HCI measurement allows a unique probe to the status of carriers within the

devices and have often been used as a calibration tool for device modeling.

HCI based writing is the key to all Flash memories.
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Self Test Review questions

What is the difference between hot atom dissociation vs. cold atom
dissociation!?

Many experiments are reported at 77K and 295K. Why these
temperatures!

Why is there such a big difference between VT degradation and NIT
degradation?

Impact ionization threshold is significantly larger than Eg. What role
does it have for HCI degradation? Explain.

Will there by no HCI degradation if VD reduced below impact
ionization threshold? What theory would you use to calculate the

defect generation rate.
Alam ECE 695 30
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Appendices

. Equilibrium theory of forward and reverse
dissociation

. Rice-Ramsperger-Kassel Theory of bond
dissociation

. Multi-vibration Coherent Excitation Theory of
Bond dissociation

. Conclusion
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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
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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 ...

r.P,+0+)Ir.P,-0+)r,P-1I'cP =0
[,=To(1-94)  Te=To(1+%4) REEN i+
ATLo0 2 E 0 2 :
i
d*P Pi—1_2P|+Pi+1 5 2P|+1 P|
— — rA rE
de? | A A 2A

dP 5(:“3 ~0 :>P(g):C><e_5X‘9/A
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Absorbing/Emitting phonons in Equilibrium

P(g)=C xgox¢/A
Detailed balance ...

A

~A/kgT
—L =g x]-

[ KeT
FA 1_10 (1_5/2) _
I

= Ty(1+6/2)

P(g)=Cxe /s

— 0

and

A
ke T

C by normalization

Approximate Bose-Einstein distribution

Alam ECE-695

P
E
P
A e
P
Z p(e) =1

36



Net flux in Equilibrium

- - I:)i+‘l
F=0+D)I",P-II'cP,,
. I[.P
=@ +1)] P 1-—Et -4 P,
L ( r, R }
rA rE
4 CAx(i+1) Pi
Ae KeT
=(i+1)XFAPi 1—ekBT 0 =0
keT
\ ¢ )
... as expected.
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Meaning of the distribution ...

38
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Interpretation

Probability that a Si-H climbs the barrier P

K; «— Nothing

... that it finally absorbs a Comes back

phonon to break the bond

Pm
rA rE
L_E_F P
F =(Nmax +) <" xe
_Ero
= kFO xge ‘e

39
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Appendix 2: Hot carrier induced
dissociation by MVE (Coherent)

hay
ilibri (0) _ 10y a kaT
In thermal equilibrium ... rY=rvxe P,
Rates with injected current ...
—_ 17
L'y=1% +(I/q)fin 1ﬂE:F(EO)‘i‘(l/q)fin | P
r I
Dissociation rates of Si-H bonds ... ‘ g :
1_, E c P4
max +1)XF |: / :| EX _;)
— (M +D)xT, | L2 00D | Salam, PRB, 1994
maX A FEEO) +(|/CI) fin alam, > .
B A 7Mnax
Y% "' +(1/g)f, [(1/q) f, ™"
~ (N 1) X7, | —£ in ~ (Nay +1) X% in
( max ) A F(Eo) F(1/g)f, ( max ) (F(EO))n
- : 40
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Hot carrier induced dissociation

_hey
In thermal equilibrium ... o — F(EO) xg KT .
i+1
Rates with injected current ...
0
Lo=TR+(/f,  Te=TP+(/)f,
r I
Dissociation rates of Si-H bonds ... - g :
r . c c P4
— (nmax +1)XFA|: %E:| nmax Ef:ﬁ
n
r+/gf, |
=(Npax D) %I, | =2 L
( max ) A{F(EO) +(1/qg)f, Salam, PRB, 1994.
B A _nmax
r% " 1 (1/q)f, [(1/q) £, ™"
R (Npax D) x| £ n +1) x "
( max ) A F(E0)+(I/q) fin ( max ) (1"(0))
- - 41
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Appendix 3: Derivation of the RRK Model

Show that the occupation of level i for a molecule with s-

degrees of freedom in equilibrium is given by ...

1 E S-1 e_Ei/kBT
P_ ~
"0 @—4ﬁ(ij kT

And that any one of the atom within the molecule
will get energy more than E* is given by the DOS

D(E)=(E-E’/E)**

So that the enhanced dissociation is given by

. 5-1
m( o fi/q) ( E -Eg ) Xe—(E*—Eue/kT)

(Co+T¢) .

Fo o<

E
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Dissociation with an energy kick

Probability of a Si-H bond at the i-th vibration mode with kick ...
iCPL, + (i + DT P, — (i +)T R ~il P + (I f, /@), =0

Solve for i-th state ..

i ip i+ o
R = LRy +TRy )+ == (I fi/q)
(rA+rE)( Pt TuR) (FA+FE)(G /) . = haoxk
—E; IkgT I P,
Fors=1,P, = (See L11)
| rA rE
S-1 -iAlkgT )
For s>1 Pio ~ 1 ( E j © |'| P4
o (s=DIKT KT

Will now be shown ....

E*




Distribution function with internal degree of
freedom (e.g. two atoms, S=1)

1 E S-1 e—iA/kBT
Fors>1 R, - (s—l)!(kTJ KT TE

—E/kgT E2 i
T GE =91

1Y)
f(E=E,+E,)=f(E)f(E,) :(ﬁj e %" dE,dE,

f(E) ==

f(EAgESEB):f(O<E<E )- f(0<E<E,)
Er—F

2
f(OgESEA):(%j —E’kBTjdE jdE

(LY ent ER
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Dissociation with an energy kick

Continuing after the previous page ...

E2
f(E,<E<E;)=f(0<E<ZLE;)-f(0<EXZE,)
(LY enr(El_EL
KT 21 2!
2
) ize—E/kBT (EA+dE) _Ei
KT 2! 2!
1 1 s-1
NER ST (A
KT 10 kT L KT (s—1)'kT



Dissociation with an energy kick

i IP
P = rP.+T,P.)+ Ik | f.
i (FA+FE)( E i+l A |—1) (FA+FE)( G I/q))
S-1 _—iAlkgT —E; /kgT
Insert P, ~ 1 ( E j ° _5 (if S=1, See L11) —
T (s=DIKT KT KT
F=F,_  +Fg= Z P.P where P, = (E-E"/E)*™ G,
i=m-k

o ) ) 1 E-E, s-1 —(E Eyg )/ kT
Fio o [ dE(E —E"/E)’ l(s_l)l( - j =
E* -
* S-1
_ m(IG 1:i/q) E -Eg Xe—(E*—E,G/kT)
(Co+T¢) E

_ (IG fl/q) Xe—(E*—E|G/kT) (fOI’ S::I.)
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Appendix 4: Si-H vs. Si-D bond dissociation

N

Gat¢ Oxide (Si0,), amorphous

— 0\
0 O...
NE 10 \O/ == Sim—g

\ |

.,O/H O H H O O

|
+—+—1+—1+—11
Si .S

LS S Si Si Si i i

‘ Si-Channel, crystalline ‘

LS S S S S S S Si L.

Of Pa, Pb, Pc -- only Pb survives

Related to NBT| degradation

49 [ 00] surface
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©
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Hydrogen vs. Deuterium Experiments
(wrong interpretation through bound levels)

~ (I:f/q) w @ (E -Ec/KT) (for S=1)

Fi T
] This is wrong
x
o (Isf/a) / |, E \
FlgD _\cli w @ (Eo —E, /kT)
rE,D

FléiH _ (IG f'/q) Xe_(EH*_EIG/kT)

1_‘E,H
SiH SiD
FSiH r .
FISiH _ FE,D « @*(Eo —Ex )/KT
IG E.H
S T Mass effect dominant (incorrect)

Phonon coupling to substrate can be neglected (incorrect)



Hydrogen vs. Deuterium Experiments

(correct interpretation with phonon coupling)
Well coupled  Poor coupling

F. ~ (IG f,/CI) X e_(E*—Em/kT) (for S:l) Si-D Si su; | Si
IG r, . §
: | . f. . L oy

oo - Ueh/9), poeum e
=P "‘ /‘\

P - (I§fi/q)xe“5*‘E'G/k” v v
E,.H

Fl?;iH s FE,D

Fe" Ten SiH SiD

Phonon coupling to substrate is the dominant cause. SiD better
coupled to substrate, so has larger gamma for relaxation.
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