EELE 414 — Introduction to VLSI Design

Fall, 2011

Homework Set #4

Name: __Solution
Grade: _sol___ /10

1) MOSFET Capacitance Calculations (5 Points)

Given the following N-Channel, enhancement-type\MOSFET:
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with parameters: \‘/L
Na =10 cm® ° (Substrate Doping)
Np =10 cm?®  (Source/Drain Doping)
Nasw =10" cm®  (Sidewall p+ Doping)
Lm =0.25 um (Drawn Channel Length)
Lp =0.0025um (Gate Overlap)
W =25 um (Channel Width)
Y =1 um (Junction Length)
X; =0.25 um (Junction Depth)
tox =56 nm (Gate Oxide Thickness)
Cox =0.627 uF/m? (Unit Gate Oxide Capacitance) notice the units!!!

This MOSFET has diffusion regions (i.e., the Source and Drain) that are surrounded by “channel-stop-
implants” with p+ doping to isolate it from its neighboring MOSFETs. This MOSFET has a Vs=0v and a
Vp that changes from 0 to 2.5v.

Find the capacitances: Cqgs, Cga, Cgpy Csp, and Cyp:
(points 1pt, 1pt, 1pt, 1pt, 1pt)
Tips:
A) For the Oxide related capacitances (Cgs, Cqa, Cqn), find the capacitance values that

represent a worst case. You can assume the NMOS is in the linear
region for the oxide calculations. Remember the effective Gate Length.

B) Example 3.8 in the textbook walks through finding the junction capacitance Cq4, When
changing from 0.5v to 5v. You can use this as a reference to find the junction capacitance
during a changing voltage.

C) For Cg, there is no voltage change across the p/n junction.



ANS:

First, let’s start with the Oxide Related Capacitance. We are going to use the expressions for each
capacitance in the linear regions. In this expression, we need the effective Gate Length:

L=L, —2-L;
L =(0.25x10 °m)-2-(0.0025x10 ° m)
L =0.245um

Now we can use the linear region capacitance equations, we’ll do Cg first:

1
Otinear) E'COX W-L +C°X W LD

Coern, = % (0.627x10° F /m?)-(2.5x10° m)- (0.245x10° m )+ (0.627x10° F /m?)- (2.5x10*m)-(0.0025x10 ° m)

=1.959°F

9S(linear)

Now we do Cg, but notice that the expression is identical to Cys s0:

=C =1.959"F

ds(Iinear) gs(linear)

Now we do Cy, but notice that in the linear region the body is shielded from the Gate by the channel so:

=OF

DS(jinear)

Now we turn to the junction capacitances. These are more involved since we have to solve for each of the
5 walls of the diffusion regions. In addition, the Drain undergoes a voltage change so we need to calculate
the average capacitance.

Let’s start with the Source capacitance first since its voltage doesn’t undergo a change (Vs=0). Since
Capacitance is defined as C=AQ/AV and we fix the voltage at Ov, the Cg, capacitor doesn’t undergo any net
chance in voltage (and hence charge) so the capacitance is simply 0.

C, =0fF

Now we turn to the Drain-to-Body capacitance. Remember that there are 5 regions of the capacitance, each
of which is made up of a PN junction. However, there are really only two distinct types of PN junctions.
The first is the Substrate junction (regions 1 and 5 in figure 3.33) which has an n+/p abrupt junction. The
second is the Sidewalls (regions 2,3,4 in figure 3.33) which has a n+/p+ abrupt junction. We can exploit this
by summing the areas for the regions and only calculating the capacitance once for each of the two regions.

We need to calculate the zero-bias junction capacitance per unit area (C;,). We need to do this twice, once
for the substrate junction (Cjo) and once for the sidewall junction (Cjosw). We’ll need the built-in junction

potential for each type of junction (¢, ¢sw), Which is given by:
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We can now find the zero-bias junction capacitance for each region, since we’ll multiply later by Area in
units of m?, let’s get the results in units of F/m% Note that since Na & Np are provided with units of carrier /
cm®, we want to use the permittivity of free space value with units of F/cm. This will give us an answer

with units of F/cm? we can then easily convert this to F/m? outside of the square root.
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Since this region undergoes a voltage change, we need to find the voltage equivalence factor Ko, We need
to calculate this factor twice, once for the substrate junctions and once for the sidewall junctions since this
factor depends on the built-in-potential (Keq and Keggw)-

Keq :_\%'(\/% _Vz _\/¢0 _Vl)

In this expression, the voltages result in a reverse biased junction (i.e., if Vp=+2.5v, that puts +2.5v across

the n/p junction). As a result, this reverses the signs of the voltages. So a transition from Ov to 2/5v is
plugged inas V;= -0 = 0v and V,= -2.5v.

« __2:/0.818
* (25)-(0)

We also find the voltage equivalence factor for the sidewalls:

(/0818—-(-255)-0.818-0)=0.664

2- ¢ sw
eqsw _\/2—_{)/1 : (\/¢Osw _VZ - \/¢Osw _Vl )

« __ 2098
= (-25)-(0)

(,/0.998—(~2.5) - /0.998—0 )= 0.696

Now we find the equivalent voltage for each region, which is defined as:

Cq =A-Cjo- K



We need to find the total drain-to-body capacitances for the two distinct regions (we’ll call them Ceq 35 and
Ceq 234). We can sum the areas of 1 & 5 to get one equation giving the total capacitance for region 1 & 5 as:

Ceq_15 = CjO (Al + AS) Keq = CjO (VV "X +W Y) Keq
C., .. =(100x10°F /m?)-((2.5x10 -0.25x10® )+ (2.5x10°° -1x10°° ))- (0.664) = 2.075x10 *°F = 0.2075 fF

€q_15

Now let’s find the total capacitance for the channel-stop implants (regions 2,3,4). We’ll again sum the areas
of the three regions prior to multiplying by Cjosw & Kegsw:
Ceq_234 = CjOsw ’ (AZ + AS + AA) Keqsw = CjOsw ’ (Y ' Xj +W- Xj +Y- Xj ) Keqsw
Cuy s34 =(2.74x10° F /m?)-((1x10® -0.25x10°° )+ (2.5x10°° - 0.25x10 ° )+ (1x10°® - 0.25x10°° ))- (0.696) = 2.14x10 *° F = 2.14F

The total average drain-to-body capacitance is now given by:
Cdb = Ceq_lS + Ceq_234

Cy, =0.2075fF +2.14 fF

Cy =2.351F

The summary of capacitances are:
Cgs =1.959°F
ng =1.959"°F

C,, =0fF
C, =0fF
C,, =2.351F

Now this is way too much work to actually do in the real world. It would take too much time to analyze the
circuits so you’d never bring anything to market. In the real world, we let SPICE take care of this. The
reason we do this hand calculation is to understand what parameters effect capacitance.

The oxide capacitances are pretty straight forward. A larger gate means more capacitance. A thinner oxide
means more capacitance. A higher oxide dielectric constant means more capacitance. Making a bigger gate
is good for because it increases DC current (Ips). While this has advantages for fan-out and speed, it
increases the power and capacitance (which reduces speed!). Why didn’t the results match the simulations?
Becguse | gave you the wrong oxide capacitance on mistake. The real Cox should have been 0.006x107
F/m<,

The junction capacitances are interesting. We notice that the doping density significantly affects the
capacitance. The majority of this comes from the channel-stop implants (p+). These implants stop coupling
to other MOSFETS but at the expense of adding significant capacitance. So there is always a trade-off
between how much coupling and the amount of capacitance in the junction. In addition, you can reduce
coupling between MOSFETS by moving them further apart. This would reduce the amount of doping in the
channel-stop implants, but it would reduce how many transistors can fit on a given IC.

These trade-offs are what makes IC design very challenging. But at the same time fun, exciting, and high
paying. Remember to donate to the ECE scholarship fund when you’re making 6 figures as an IC designer.
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