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Empirical observations (1) 
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Vg=3V,  
VD=7V 

Less VT degradation at higher temperature 
Icp ~ Nit and Not confirms trap generation 
After dE correction, Nit could be larger at higher temperature 

1 
2 

P. Heremans, TED, 37(4),  p. 980,1990.   
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Empirical Observation (2) 

P. Heremans, TED, 37(4), p. 980,1990.   
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Robust exponent,   
SiH dissociation ? 

Variable exponent 
SiO dissociation ? 
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A model for HCI degradation 
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HCI: Temperature dependence 

Carriers are no longer cold 
 
(1) Electrons heated by field 

 
SiH dissociation…  
(2) Heating of electrons  
     Hot electrons break SiH bonds 
  
SiO dissociation…  
(3) Hot electron produces  
     Hot holes through II 
     Hot are trapped in oxide 
     Electron-hole recombination   
breaks bonds 
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Dissociation by energy flow: What happened to 
activation of bond dissociation 
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Field induced  Charge State 
Energy driven or  
e-h recombination 

NBTI,  TDDB NBTI primarily HCI, TDDB, etc. 

Kimerling,  SSE, 21, 1391, 1978. 



Dissociation of Si-H or Si-O bonds 
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Bond dissociation: RRK Theory 
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 Activation energy is considerably suppressed. 
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Weeks, Tully, Kimerling, PRB, 1975. 



Bond dissociation at low voltages:  
Coherent Multi-Vibrational Excitation 
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Recall from lecture 11 that  in thermal equilibrium …  

Rates with injected current  …  

Dissociation rates of Si-H bonds …  

( )
( )

max

max(

)

0)

(

max
( )

( 1)
n

n

in
HCI F n

E

e
G qI f

F k n
  ∝ ≈

Γ
+ ×

FE

IGE∆
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HCI T-Dependence: Si-H Dissociation 
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  D   S  Si …  Si  …  Si … Si  
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H        H   H  H              

 

 

 

   VD > 0V 

VG ~ VD/2 

VS = 0V 



Recall: Field dependence of HCI 
1/2
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T-dependence of ID (through µ and VT) and vsat (through m) are weak.. 
MFP decreases with lattice temperature, making injection difficult. 
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Dissociation of SiH bonds 
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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 

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 II 
     Hot holes break SiO bonds 
  
Explore the T-dependencies of both 
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Recall: Heating of Electrons 

Impact Ionization by the hot electrons  generate hot holes 
20 

Hot hole 
E > 4.7eV 

Hot Electron 
E > 3.1eV 
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Temp dependence of impact ionization 
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because mean-free path is smaller.  



Recall: Rate of impact ionization 
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Temp. Dependence of Impact Ionization 
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Impact ionization suppressed at higher T,  
so is the hot hole population  
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 T-Dependent SiO dissociation:  
RRK Theory 
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If compensated, what about VT shift?  
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Vg=3V,  
VD=7V 

Less degradation at higher temperature 
Icp ~ Nit and Not confirms trap generation 
After dE correction, Nit could be larger at higher temperature 

1 
2 

P. Heremans, TED, 37(4),  p. 980,1990.   

1 

2 



Alam  ECE-695  
27 

Relative barrier 
height is larger at 
smaller temperature 

The puzzle of 
VT shift 

P. Heremans, TED, 37(4),  p. 980,1990.   



Conclusions 
1) HCI temperature dependence is pronounced for VT at lower temperature. 

The defect generation – as reflected in CP signal – is essentially temperature 

independent.  

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

lower temperature.  

3) Two different theories could explain the temperature dependence of HCI – 

MVE and RRK theories.  

4) 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.  

5) HCI based writing is the key to all Flash memories.  
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1. What is the difference between hot atom dissociation vs. cold atom 

dissociation? 

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

temperatures? 

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

degradation?  

4. Impact ionization threshold is significantly larger than Eg.  What role 

does it have for HCI degradation? Explain.  

5. Will there by no HCI degradation if VD reduced below impact 

ionization threshold? What theory would you use to calculate the 

defect generation rate.  
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1. Equilibrium theory of forward and reverse 

dissociation  
 

2. Rice-Ramsperger-Kassel Theory of bond 
dissociation 
 

3. Multi-vibration Coherent Excitation Theory of 
Bond dissociation 
 

4. Conclusion 



Appendix 1: T-dependence of kF and kR 
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Transition rates due to phonons 
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Absorbing/Emitting  phonons in Equilibrium 
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Net flux in Equilibrium 
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Meaning of the distribution …  
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Appendix 2: Hot carrier induced 
dissociation by MVE (Coherent) 
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Salam, PRB, 1994. 
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Hot carrier induced dissociation 

Alam  ECE-695 

 
41 

 

      

0
(0) (0) Bk T
A E e

ω
−

Γ = Γ ×


ε
(0) ( )A A inI q fΓ = Γ + (0) ( )E E inI q fΓ = Γ +

max

max( 1) A

n
A

E
F n  

 
 

Γ= + ×Γ Γ
max(0)

(0)max
( )
( )

( 1) A in
A

E in

n
I q f
I q f

n
 Γ +
 
Γ +  

= + ×Γ

[ ]
( )

max

max 1(0)

(0) (0)max max
( )( )

( )
( 1) ( 1)

B
nk T

inE in
A n

E in E

n

I q fe I q f
I q f

n n
∆

− + 
 Γ +

≈ Γ + Γ 
 

≈ + ×Γ + ×

max
F FE En

ω
≡ =

∆ 

In thermal equilibrium …  

Rates with injected current  …  

Dissociation rates of Si-H bonds …  

Salam, PRB, 1994. 

I 



Appendix 3: Derivation of the RRK Model 
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Show that the occupation of level i for a molecule with s-
degrees of freedom in equilibrium is given by …  
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Dissociation with an energy kick 
      

IG kε ω= ×

Probability of a Si-H bond at the i-th vibration mode with kick ... 
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Distribution function with internal  degree of 
freedom (e.g. two atoms, S=1) 
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Hydrogen vs. Deuterium Experiments 
(wrong interpretation through bound levels) 
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Hydrogen vs. Deuterium Experiments 
(correct interpretation with phonon coupling) 
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