
Alam  ECE-695  
1 

 

www.nanohub.org 
NCN 

ECE695: Reliability Physics of Nano-Transistors 
Lecture 22:  Voltage Dependence of  
                      Thin Dielectric Breakdown  
 
Muhammad Ashraful Alam 
alam@purdue.edu 

       
   



Copyright 2013 

Alam  ECE-695  
2 

This material is copyrighted by M.  Alam under the  
following Creative Commons license: 
 
 
 
 
 
 
Conditions for using these materials is described at 
 
http://creativecommons.org/licenses/by-nc-sa/2.5/ 



Outline 

Alam  ECE-695  
3 

 

 
1. Background: Voltage Acceleration for TDDB 

 
2. Anode Hole Injection Model 

 
3. Verification of Anode Hole Injection Model 

 
4. Universality of Voltage Acceleration 

 
5. Conclusions 

 



Dielectric Lifetime of an IC … 
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These three formula are sufficient for derive dielectric lifetime 

 
4 Alam  ECE-695 

http://www.computerhistory.org/timeline/?category=cmpnt


Basics of voltage acceleration 

Empirical 
projection. 
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Reduced Defect Generation at Low Voltage 
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NMOS vs. PMOS Reliability 
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Gate-poly 

Substrate 

e 

h 

NBD - Density of percolation      
defects at breakdown 

Je - Electron current density  

γιι - Impact Ionization prob. 
(probability that a hole will be created by 

an incoming electron; Quantum yield) 
Tp - Transmission Rate 

(probability that the hole will travel 

through the oxide layer) 

 k - Trap Generation Efficiency 
(probability that the hole will create a 

percolation defect) 

OXIDE 

Ballistic transport and hot contacts … in 1980s!  

0( )BD BDN f T t=
1

0 ( )G pe iit V k TJ γ− = × × ×



Vg > 13 V 13 V > Vg > 8-9 V Vg < 8-9 V 

Oxide Ionization 
(Fischetti,1984) 
    - origin of velocity saturation 
       by acoustic phonons 
    - field dependence of impact 
      ionization 
    - correlating holes to  
      breakdown 

Plasmon Excitation 
     (Fischetti 1985-1987) 
    - origin of holes in the  
       oxide at this voltage 
    - 7.5 eV threshold ?  
    - metal gate 

Impact Ionization (1996 ..) 
      - polarity asymmetry 
      - connecting reliability 
           to AHI 

Theory of TDDB: Three Regimes 

We will focus here 
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OXIDE SUB POLY 

Basic Anode Hole Injection Model  
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Apparently the term Lucky electron model was coined by Shockley. 

For thick oxide  and HCI …… 
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… vs. bulk impact ionization  
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For thin oxide TDDB 

Ridley, Quantum Processes,   
p. 276-278.   
Hess, p. 190, Ch. 13 – Fig. 13.17. . 
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Schrödinger-Poisson Eq. 
Full Band Monte Carlo 

If  Vg is relatively high … 

AHI Model: At High and Low Voltages 
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AHI – Analytical theory at moderate voltage 
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AHI Model at low voltage: Numerical Calculation 
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Understanding the Hole Fluxes 



Hole Oxide Flux Distributions 
Given flux generation rate, GH, first solve for interface flux, 
fH(E), and then calculate the  transmitted flux = fH(E) T(E) 
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n-Poly  Oxide   n-sub 

VBS increases Jh by increasing <aTh> 

VBS=0 

VBS>0 

Verification: Substrate Bias Experiments 
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Verification: Majority vs. Minority Ionization 

Bude, IEDM, 98. 
Alam, IRPS, 00. 
Weir, ECS, 02. 

For oxide < 2 nm: 
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Hole Generation Probabilities 
Hole generation, GH, 10 Å from oxide interface in a 
hole inversion layer 
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Verification: Polarity dependence 
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Reduced Defect Generation at Low Voltage 
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Conclusions 
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 Anode hole injection provides a model of defect generation 
(hot hole capture, followed by electron-hole recombination). 
 

 Establishing the defect generation mechanism through wide 
variety of supplementary experiment is very important, because 
it is impossible to probe the lifetime at operating voltages.  
 

 Voltage acceleration is voltage-dependent and this nonlinearity 
is universal. Note that this universality is different from the 
universality is different from the time-universality we discussed 
during HCI, NBTI, and TDDB breakdown.   
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1. What is the difference between constant-field impact ionization and constant- 
energy impact ionization?  Where should we use the respective theories?  
 

2. What is the difference between majority and minority ionization? Which one 
is dominant in NMOS TDDB? 
 

3. What does the backgate (or substrate) experiments prove?  
 

4. Is TDDB a voltage dependent or a field-dependent phenomenon?  
 

5. What measurement techniques are used explore time-dependent defect 
generation?   
 

6. What is the origin of nonlinear voltage acceleration for TDDB? Is this a good 
thing or a bad thing?  
 

7. What was the consequence of ignoring nonlinearity in voltage acceleration 
for the semiconductor industry? 
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1. A semiclassical derivation of impact ionization 

rate 

2. Impact ionization and hole flux (E > Eg, th) 

3. Temperature dependence of TDDB 

4. Veification: Dielectric breakdown at ESD timescale 

5. Additional Verification of anode hole  injection 

theory 



1. A simple derivation of Impact Ionization 
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2. An analytical model for AHI 
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… putting things back together 
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3. TDDB Temperature dependence 
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Temperature dependence is weak and non-activated 

~ exp( )BD TT Tγ−

Weir, Semi. Sci. Tech, 2000 



 3. T-Dependence of TDDB 
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T-dependence is weak/non-activated because just like HCI (see Lecture 16), the 
process involves three steps of different temperature activation. First, tunneling 
is (essentially independent of temperature); second, impact ionization has 
counter-acting temperature dependence, and finally, bond dissociation through 
RRK mechanism has weak temperature dependence.  
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4. Dielectric breakdown at very short timescale 
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Weir, MR, 2004 
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Nigam, Ph.D. Thesis 
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5. Verification: Poly doping dependence 
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5. Verification: Breakdown with an N-well Bias 
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TBD reduces with VBS>0, because hot holes gain excess energy 

O’Conner et al., IRPS, 2008. Alam  ECE-695 



Origin of Universality 
 Larger voltage acceleration at lower voltages for 

TBD, QBD 
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