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Homework 3: Trapping in Oxides and Negative Bias Temperature Instability 

 

Muhammad Ashraful Alam 

Network of Computational Nanotechnology 

Discovery Park, Purdue University. 

In Lectures 7-9, we are beginning to address the reliability issues of real CMOS transistors. The first 

problem we addressed was trapping in pre-existing traps and we found that it has unique time-dependent 

increase in threshold voltage related to the thickness of the oxide. In Lecture 8-10,  we have discussed one 

of the most important reliability in semiconductor industry called Negative Bias Temperature Instability 

(NBTI). It is not only a very important reliability problem, but it is beautiful prototype of problems 

defined by reaction-diffusion model. In this exercise, you will explore many of the unique features of the 

NBTI degradation.   

 

 

Part I: Review Questions for Self-Test 

 

1. Why are there more types of defects in crystals than in amorphous material? 

2. What does one mean by the term “Topological defects”? What is topology to begin with?  

3. From the perspective of Maxwell’s relation, how does H reduce defect density?  

4. Why is HfO2 so defective --- and why do you want to use it? How would Maxwell improve the defect 

density?  

5. What is the difference between Pb center and E’ centers? What happened to Pa and Pc centers? 

6. Why do you think E’ center was much easier to detect than Pb center?  

7. Effect of trapping is more significant for thick oxide than thin oxides. Explain.  

8. Even for the same integrated N content and same total number of defects, PNO performs better than 

TNO. Can you explain why?  If N is so bad, then why does anyone use PNO and TNO films?  

9. Is there some relationship between over-coordinated bonding and dielectric constants?  

10. Does NBTI power-exponent depend on voltage or temperature?  

11. Do you expect the NBTI power-exponent to be larger or smaller if trapping is important?  

12. How does one know that the diffusing species is neutral?  

13. How would the time-exponent different for a surround gate MOSFET vs. planar MOSFET?  

14.  In classical MOSFETs, mobility changes can often be safely ignored – can you explain why?  

15. Will there be any NBTI degradation if there are no Si-H bonding?  

16. What would happen to NBTI degradation if  H could not diffuse through poly-silicon?  

17. Is frequency independence of NBTI good or bad for technology scaling?  
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18. Can the lifetime of an IC increased significantly if one uses low duty-cycle input signals? Can you see 

a problem with this approach? 

 

2. Analytical Modeling of NBTI 

 

Problem 2.1   
 

Use the algebraic form of the Reaction-diffusion model to prove that NBTI degradation due to 

 (a) drift-dominated proton diffusion is characterized by n=1/2. 

 (b) drift-dominated charged H2 molecule is characterized by n=1/3. 

Can you physically interpret why the exponent is typically higher for drift dominated transport 

(above) compared to diffusive transport (discussed in the class).  

 

Problem 2.2  
 

We have seen in the class that a power-law is sufficient (but perhaps not necessary) to ensure 

frequency independence. Let us now consider if trapping and detrapping in pre-existing defects, 

localized at a given distance from Si/SiO2 interface,  depends on frequency. For simplicity, 

assume trapping (capture) time constant and detrapping (emission) time constant is  . We 

assume,    and    are the stress and relaxation phases per cycle, so that period         

 

(a) Verify that the first half of the cycle is characterized by   ( )     (     ( 
 

 
))   

(b) What should be the equation for the 2
nd

 part (relaxation phase, duration   ).  

(c) Write the solution for the second cycle. Can you now write the generation solution and simplify 

the product to find a compact form. 

(d) Based on the expression above, is trapping dynamics frequency independent? 

(e) What general conclusion regarding frequency independence can you draw from this exercise.  

 

 

 

3. NBTI:  Reaction Diffusion Model for NBTI 

 

This labwork uses the Device Reliability (DevRel) simulator, uploaded in www.nanohub.org that 

demonstrates interface defect generation under Negative Bias Temperature Instability (NBTI) stress. 

NBTI stress causes depassivation of Si-H bonds in the interface. As a result, interface defects are 

generated (reaction) and the resulting hydrogen species diffuses away from the interface (diffusion). 

http://www.nanohub.org/
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Hence, device characteristics (threshold voltage, mobility, drain saturation current, etc) degrades with 

time and such degradation satisfies a power law (~ t
n
) formula. Implementing such Reaction-diffusion (R-

D) model, DevRel shows how threshold voltage of a PMOS device can change with time at different 

voltages and temperatures. 

 

In all the following exercises, use the default values of all the parameters, except the one mentioned 

below. All the parameters are explained in a pop-up window, as soon as the cursor is placed upon that. 

 

Problem 3.1: DC Simulation 

DC simulation replicates the concept of interface defect generation under the application of constant 

negative gate voltage. In this simulation, work with the following plots and answer the related questions. 

Generated Interface defect (NIT) vs. stress time 

This plot shows the change in interface defect density as a function of simulation time (stress 

time). The simulation time takes into account the effect of measurement delay (see input 

parameters in the “Measurement Options” section) used in simulation. For example, if 

measurement delay is 5 sec for 10 measurement points (measurement time 100, 200, … …, 900, 

1000 sec; set in “Measurement Options” section), then simulation must be done at least up to 

(1000 + 10*5) = 1050 sec. At such condition, a measurement time of 900 sec will correspond to 

a simulation time of (900 + 9*5) = 945 sec. Fig. A4.1 shows one example of such plot. 

 

 
Fig. A3.1: NIT vs. stress time 

 

 Calculate power-law time exponent for interface defect generation at short and long stress 

time. How do they compare with analytical results.  

 

 Use two different measurement times (0.1 sec and 5 sec) to establish the implication of 

measurement in being able to predict NBTI lifetime. Explain why more careful or frequent 

measurements may not improve the accuracy of the predicted lifetime of the transistor.  

Projection from stress to safe condition 

This is valid only in DC simulation and uses the parameters within the “Projection options” for 

predicting lifetime at stress (red circle in Fig. A2.2) and safe conditions (Vsafe in Fig. A2.2). The 

output shows the lifetime (tlife) of a transistor (subjected to NBTI stress) at a certain bias 

condition (VStress) and subjected to a reliability constraint (e.g., maximum ΔVT of 60mV in Fig. 
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A2.2). Also, depending on the “NBTI field model” parameters, set within the “NBTI Model 

Options” window, the output also shows calculated Vsafe. 

 

 From the slope of the tlife vs. stress voltage plot, determine the voltage acceleration in units of 

dec/V. 
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Fig. A3.2: (Left) Physics of lifetime (tlife) and safe operating voltage (Vsafe) calculation using 

DevRel. (Right) This plot (except dashed line) appears as one of the output in DevRel simulation. 

Here, the dashed line represents the pathway of calculating Vsafe based on a physics-based 

“Field Model”, defined in “NBTI Model Options” section. 
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