
1 

   
EE-612  EXAM 1:  Fall 2008 October 2, 2008 

 
 
 
 

NAME__SOLUTION (Revised 10/5/08)___________________ ID #  ______________ 
 
 
 
This exam consists of three questions Ð each is divided into several parts.  Following each  
problem, there is a sheet  of scratch paper that you may use.  Do not remove this scratch paper 
from the exam. 
 
You are permitted to use a calculator, and you will need one. 
 
You will be asked a series of questions that require you to perform some simple calculations.  
These are the kind of quick calculations that a device engineer should be able to do.  If you find 
yourself doing a complicated analysis, you are not approaching the problem correctly.  There 
may be a term or two that you cannot recall the definition of, but you should be able to figure out 
what is meant from the context of the question. 
 
The last page is a formula sheet, which you may remove. 
 
Be sure to clearly identify your answers and to show all of your work.   
 
It is important that you CLEARLY show your work and that the f inal answer is 
CLEARLY marked. You may wish to use the scratch paper to get started, and then 
transfer the key results to the exam itself. 
 
If I have trouble identifying your final answer and how you got it, the problems is yours, 
and there will be NO REGRADES.  You will receive no credit for your answer, unless it is 
clear how you obtained the answer. 
 
Scoring: 
 
Problem 1: 5 parts   10 points each  50 points total 
Problem 2: 2 parts  10 points each 20 points total. 
Problem 3: 3 parts  10 points each 30 points total. 
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Problem I 
 

Problem 1) consists of 5 questions about the room temperature MOSFET characteristics shown 
below.  Use the information provided and reasonable assumptions to answer the following 
questions.  Assume EOT = 1.2 nm (this is the thickness of a layer of SiO2 equivalent to the gate 
insulator of this MOSFET.  Also assume that the threshold voltage given below is VT measured 
under high VDS operation. Clearly explain how you get each answer. 
 

  

 
Source:  T. Hirano, et al., 2005 IEDM. 
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Problem I (continued) 
 
1a) Assume that a transistor using this Lg = 65 nm technology has W = 2Lg and that it operates 

in a circuit with a power supply of VDD = 1.0V.  Determine the on-current in microamperes 
for this transistor. 

 
listed directly on the figure: ION W = 808µA / µm 
    W =130 nm= 0.13 µm ION = 808! 0.13= 105µA 
 
1b) Compute the average velocity at the beginning of the channel for the W = 2Lg MOSFET 

with VGS = VDS = 1.0V. 
 

C
inv

=
!
ox

T
inv

=
3.9 " 8.854 "10

#14

1.6 "10
#7

= 2.16 "10#6
F cm

2  

(since the problem is about on-current, use Tinv instead of EOT) 
 
Q
inv

= C
inv
V
GS

! V
T( ) = 2.16 " 10! 6

1 ! 0.27( )=1.58 " 10! 6
C cm

2  
 
(note that we are ignoring series resistance here) 

ION W = 1µm( ) = 808!10"6 = WQinv #  ! =
808"10#6

10#4
"1.58"10#6 = 5.1"106 cm s 

 
1c) Estimate the ballistic on-current for the W = 2Lg MOSFET with VDD = 1.0V (i.e. the 

current that would result if there were no scattering in this device). Assume 
m* = mt

* = 0.19m
0
. 

 
Begin with: I BALL = WQinv!T   inversion layer charge was already computed, so, need velocity. 
Assume Boltzmann statistics: 

!T =
2kBT
"mt

*
= 1.23#10

7 cm s 

I BALL = WQinv! T = 0.13" 10#4 " 1.58" 10#6 " 1.23" 107 = 253µA 
 
1d) Estimate the off-current for the transistor assuming that the power supply, VDD = 1.0V 
 
From the figure, we can get the off-current at VDD = 1.3V: I

OFF
V
D
= 1.3V( ) = 1 nA µm  

We need the off current at 1.0V.  Because of DIBL, the VDD = 1.0V curve will be to the left of 
the 1.3V curve, and the off current will be lower. 
 

Reading from the figure:  DIBL !
120 mV
1.3" 0.05

= 96 mV V  
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Problem I (continued) 
 
 
IOFF ! e"qVT mkBT  SS= 78.6= m! 60" m = 1.3 

!VT = 96" 0.3= 29 mV  e
! q" VT mkBT = e! 29 1.3#26( ) = 0.42 

IOFF VD = 1V( ) = IOFF VD = 1.3V( )e! q" VT mkBT = 1# 0.42= 0.42nA µm  
 
1e) The capacitance of the depletion layer under the gate varies with gate bias.  Estimate the 

average depletion layer capacitance in F/cm2. 
 
The depletion layer capacitance affects the subthreshold swing. SS= 78.6= m! 60" m = 1.3 
The body effect parameter, m, is related to the average depletion layer capacitance: 

m = 1.3= 1+
CD

Cox

! CD = 0.3" Cox  

For the oxide thickness, we should not use Tinv, which applies above threshold; use EOT and 
ignore poly depletion. 
 

C
ox

=
!
ox

EOT
"

!
ox

1.2#10$7 = 2.9#10$6
F cm

2  CD = 0.3 ! 2.9 ! 10" 6
= 0.9 ! 10" 6 F cm2  

 
(If we were to account for poly depletion, the effective oxide thickness would be a little greater, 
so Cox and CD would be a little smaller.) 
 
 

Problem II  
 
Consider a MOSFET or MOS capacitor at room temperature with t

ox
=1.2 nm ,  

N
A

=1 ! 1018 cm-3

 , and Vfb = ! 1.0V .  Answer the following questions 

 
2a) Assume that the MOS capacitor is biased in strong inversion with Qi / q =1.0 ! 1013 cm-2 .  

Estimate the electric field in the oxide.   
 
According to GaussÕs Law: ! oxEox " q #1013 C cm

2  (We are assuming that the charge in the 
semiconductor is mostly inversion layer charge Ð more about this below.) 

Eox !
1.6" 10#19 " 1013

3.9" 8.854" 10#14 = 4.6" 106 V cm 

 
Check:  1e13 is a strong inversion layer density, but modern MOSFETs have a heavily doped 

substrate. Check to see how big the depletion charge is. 
 

! B =
kBT
q
ln

NA

ni

"

#$
%

&'
= 0.025 ln

10
18

10
10

"

#$
%

&'
= 0.48  
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QDM = 2!SiqNA 2" B( ) = 0.6#10$6 C / cm2  , which is not negligible.  So we should use all of 

the charge in the semiconductor when computing the electric field: 
 
! oxEox " (q #1013 +0.56 #10$6

)C cm
2  

 

Eox !
1.6"10#19 1013

+ 0.35"1013( )
3.9" 8.854"10#14 = 6.3"106 V cm 

 
which is a better answer, but I will accept both, because the problem said estimate. 
 
 
2b) For the conditions in part 2a), assume an n+ poly silicon gate doped at 

ND = 1.0 ! 1020 cm-3  and compute the electrical equivalent oxide thickness due to 
polysilicon depletion (ignore the effect of the finite inversion layer thickness). 

 
Charge must balance, so:  N

D
W

P
! 1013 cm

2  (ignoring depletion charge) 

WP !
1013

1020 = 10"7cm = 1nm 

The polysilicon depletion layer has a different dielectric constant than oxide, so we must correct 

for that:  ! tox "
3.9

11.7
#1nm= 0.33nm 

EOT
electrical

! 1.2 + 0.33 = 1.53 nm 

 
If we include the depletion layer charge, then 
 

WP !
1.35"1013

1020 = y"10#7cm= 1.35nm 

! tox "
3.9

11.7
#1.35nm= 0.45nm and EOT

electrical
! 1.2+ 0.45= 1.65nm 

 
Since the problem said estimate, both answers are acceptable. 
 
 
 
 
 

Problem III  
 
Consider a MOSFET with cylindrical geometry as shown in the sketch below.  The source and 
drain regions are heavily doped n-type and the channel is p-type.  The gate insulator thickness is 
tox and the oxide capacitance is Cox = 2! " ox#0 ln 2tox + twire( ) twire$% &' , where t

wire
is the diameter 

of the wire, and the resulting capacitance has units of F/cm.  If the source and drain are 
grounded, then the device can be operated as an MOS capacitor and above threshold, the 
inversion layer charge would then be given by QI = ! Cox VGS ! VT( )  C/cm. 
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Problem III (continued) 
 
 
 
 
 
 
 
 
 
 
 
3a) For the planar MOSFET, we began developing the IV relation with the expression, 

I
D

=WQ
I
(0) ! (0)  Amperes.  Write down the corresponding expression for this 

cylindrical MOSFET. 
 
Remember that the inversion layer charge is per unit length, C/cm, not per cm2. 
 
Current is charge times velocity: I D = QI 0( ) ! 0( ) Amperes 

 
Check units:  C/cm X cm/sec = C/s OK 
 
 
3b) For the planar MOSFET in the linear region, we obtained the IV characteristic as 

I D = W L( )µeff Cox VGS !VT( )VDS.  This is the low drain voltage limit of a more general 

expression, but we could also derive it very simply by assuming at the outset that the 
drain voltage is small. 

 
 Derive (and explain each step) the corresponding linear region IV characteristic for the 

cylindrical MOSFET. 
 
Begin with the expression for current: I D = QI 0( ) ! 0( )  

Inversion layer charge is: QI 0( ) = Cox VGS ! VT( )  

Velocity is: ! 0( ) = µeff Ex = µeff

VDS

L
 

Put it all together: ID = Cox VGS ! VT( )µeff

VDS

L
 

I D =
1
L

µeff Cox VGS ! VT( )VDS  

 
 
 
 
 
 
 

coaxial gate 

n+ n+ p 

tins 

L 

twire 

drain source 
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Problem III (continued) 
 
3c) For the planar MOSFET under high drain bias in the complete velocity saturation limit, 

we obtained the IV characteristic as I D = WCox! sat VGS " VT( ) .  This is the complete 
velocity saturation limit of a more general expression, but we could also derive it very 
simply by assuming at the outset that the velocity is saturated. 

 
 Derive (and explain each step) the corresponding saturation region IV characteristic for 

the cylindrical MOSFET. 
 
Begin with the expression for current: I D = QI 0( ) ! 0( )  

Inversion layer charge is: QI 0( ) = Cox VGS !VT( )  

Velocity is: ! 0( ) = ! sat  

Put it all together:  I D = QI 0( ) ! 0( ) = Cox VGS "VT( )!sat  

 
I
D
= C

ox
!
sat
V
GS

" V
T( )  

 
 
 


