
EE 311 Homework 2 – Gate Dielectrics 
Assigned: April 19th 2006 

Due: April 26th 2006 
 
 
Problem 1. Non-Volatile Memory  
(50 points) In a floating gate transistor, charge is stored on a floating gate to change its 
threshold voltage and when this charge is removed, threshold returns to original value. 
This device is used as electrically erasable ROM. Please refer to S. M. Sze, “Physics of 
Semiconductor Devices”, pp. 496-499, John Wiley & Sons, 1981 for the rest of problem. 
These pages are available on the EE311 web site. In this problem you will get an estimate 
of time it takes to charge a floating gate device and also the amount of charge stored. In 
our floating gate device, tunnel oxide is 7 nm thick SiO2 and interpoly dielectric is 85 nm 
thick HfO2 (K = 25). The external poly-Si as well as floating gate poly-Si are N+ type. 
The substrate is n-Si. However, ignore gate depletion, quantum effects and voltage drop 
in substrate. A voltage of 50V is applied on the external gate and 0V on substrate. Device 
is at 300 K. Ignore gate depletion, quantum effects and all voltage drops in substrate. 
Also neglect source/drain regions. You can make other suitable approximations but 
please specify them clearly. 
 
a) Estimate by hand calculations the maximum shift in Vt due to charge stored on 

floating gate. (10 pts) 
 
b) How long will it take to store that charge? (5 pts) 
 
c) Starting with the equations given in Sze’s text, numerically calculate and plot electric 

field across tunnel oxide, charging current density and the stored charge as a function 
of time until 80% of the charge is stored. How long did it take to store 80% of 
maximum charge? Use Fig. 62 in the Sze’s book only as an aid in understanding. You 
will most likely get a different plot after calculations. Please use timestep of the order 
of picosecond to start with and increase it as time increases (to limit output file size). 
(25 pts) 

 
d) In a general case, can the tunnel oxide be reduced infinitely? What are its limits? (10 

pts) 
 
 
Problem 2: High-k dielectrics 
(50 points) Insulators as high-k dielectrics are expected to alleviate the problems of gate 
leakage encountered as MOSFETs are scaled. In this problem, you will address some of 
the problems encountered in introduction of these materials. Assume direct tunneling is 
the mechanism of gate leakage in all parts of this question. 
 

a) The gate leakage across the insulator is a function of the thickness of the material 
as well as the barrier height of the quantum tunnel barrier.  SiO2 has a k=3.9 but a 
high barrier of 3.1eV to electrons. However, most high-k candidates like HfO2 



and ZrO2 have a low barrier to electrons ~ 2-2.3eV even though they have a k 
>20. In this problem we will evaluate the trade-off between ΔEC and k in choosing 
the right material.  Assume that your device requires an EOT of 2nm and a 
maximum gate leakage of 1.9e-6 A/cm2 for good electrostatics.  

i. Estimate the electric field in the gate oxide when the charge in the 
channel is QI e/cm2. (5 pts) 

ii. Plot the (ΔEC)min vs k for the required gate leakage and EOT. Vary 
k between 4-40 and ΔEC between 1-4eV. Assume a constant 
inversion charge of 7e12 e/cm2. (15 pts) 

 
b) Most high-k materials currently investigated usually have a lot of free charge in 

the film. This affects the threshold voltage of the MOSFET. Hence, to achieve 
similar threshold voltages, the workfunction of the gate material needs to be 
modified.  Assume a body doping of NA in the semiconductor.  

i. Based on what you learnt from HW1, what are the tradeoffs 
involved in changing VT? Effects on OFF state? Effects on ON 
state? (5 pts) 

ii. Assume, random distribution of charge ρ(x) within the gate 
dielectric with x=0 as the edge of the gate and x=Tox being the 
interface of the gate dielectric with the semiconductor. Derive an 
expression for VT of the transistor.  (10 pts) 

iii. Use the above equation to estimate the VT in the following special 
cases. QF is the total charge in the film. (10 pts) 

iv. Will your results change, if you use a high-k material instead of 
SiO2 for same EOT? (5pts) 
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