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Circuit Elements

Resistors:
1. Doped polysilicon ⇒  20 to 40 Ω/square

2. Undoped polysilicon ⇒  can be used to make tera Ω resistors (tera = 1012) -
must prevent resistor areas from being doped, i.e., additional mask needed

3. Resistive metal ⇒  nichrome, kΩ/square

4. Diffusion ⇒  ≈100Ω/square

Difficult to build resistors to an exact value because the exact sheet resistance can
vary considerably from one batch of wafers to another.

So, use circuits which require resistance
ratios instead of exact resistance values
(if you cannot avoid using resistors in
your design).
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No matter what the exact resistance of each segment, the ratio will be 2/1.

Use laser trimming if exact resistance is needed.  Note, this option is not available
in standard digital CMOS technology.

Aside:  for better 2R, R matching (and therefore more accurate 2R/R ratio),
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Capacitors

Example:  two layers of poly
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MOSIS offers an "analog" process that has two layers of poly.

Good capacitors are very important in analog circuits like op-amps, switched-
capacitor filters, sample & hold circuits, etc.

Again, very difficult to build exact capacitance values so build circuits which rely
on ratios of capacitance values.

Trench capacitors are used in DRAM processes.  This application requires lots of
capacitance, ≈100fF (femto = 10-15) in an extremely small area.  Note, this is a 3-
dimensional structure.  3D structures are becoming more important when trying
to achieve ultra-high density (high-memory capacity/chip area).
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Latchup

Latchup is a parasitic effect in CMOS that causes a low resistance path between
VDD and GND (or VSS) which results in chip destruction or system failure
(power cycle required to clear).

Very bad in early CMOS processes - inhibited acceptance of CMOS as a
mainstream technology.

CMOS Inverter structure with parasitic devices drawn:
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Latchup mechanism:

1. NPN turns on when substrate becomes 0.7V higher than nMOS source
(emitter).

2. Once NPN turns on, emitter current increases exponential with VBE (voltage
drop across Rsubstrate.

3. Current flows in n-well resistor.  This will eventually turn on the parasitic
PNP (voltage drop across Rn-well = VEB of PNP).

4. As PNP turns on, the NPN base current increases, further increasing the NPN
emitter current, which further increases the PNP base current, which again
further increases NPN base current, .... Positive feedback!!!  Current
reaches destructive levels.

One way to prevent latchup is to keep the p-substrate tied very closely (i.e., close
proximity) to GND (most negative supply) to reduce Rsubstrate, n-well tied very
tightly to VDD to reduce Rn-well.

Rules:

1. Each well must have a substrate contact of appropriate type (n-type for n-
well).

2. Place substrate contacts as close as possible to the source connection of
transistors connected to the supply rails.

Very conservative ⇒  one well contact for every source connection to a supply
rail

Less conservative ⇒  one well contact to every 5-to-10 transistors

External I/O conditions can help trigger Latchup via undershoot or overshoot of
supply voltages - I/O circuit design is important in combating this problem.
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Silicon on Insulator (SOI)

Salient features of SOI:
• substrate is an insulator
• eliminates latchup because there are no parasitic devices
• lower substrate capacitances offer higher speed circuits
• n-/p-type transistors can be placed closer to each other because there are no

wells
• Enhanced radiation tolerance (no stray substrate currents due to radiation

effects)

Note:  latchup immunity and radiation "hardness" are SOI's most important
features

Insulting substrate can be implemented using Sapphire.  "Islands" of n/p material
formed on insulting substrate are used to make n-type and p-type MOSFETs.

Processing steps:
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(in this example of SOI)

<100> Oriented
 Silicon

n-

n- Si

Sapphire

SiO2
Photoresist

n- n-

p- n-

Boron
Implant

photoresist

p- n-

Phosphorous
implantphotoresist

1.)

2.)

4.)

5.)

3.)



EE 4253/6253 Lecture Notes September 21, 1998 page 90

The formation of n-/p-type transistors on the silicon islands is shown below.

An alternative type of insulting substrate is two layers of single crystal Si with
SiO2 between them.
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SOI devices mainly used in space applications because of its enhanced radiation
tolerance.

One problem is that the insulator substrates (wafers) are more expensive than
silicon counterparts, processing techniques are not as developed yet (depending
on who you talk to!).

SOI slowly becoming more popular.
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Electrically Alterable ROM

p-substrate

inter poly oxide

tunnel oxide

control gate
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EEPROM - programming done electrically, erasing done electrically

EAPROM - UV light used to erase

By manipulating control gate and source/drain voltages, can get electrons from
the channel to tunnel through the tunnel oxide and become trapped on the floating
gate.

When enough electrons are trapped on the floating gate, the gate is programmed
and the device is on.

To erase, use control gate to drive electrons off of floating gate; can do the same
thing by exposure to ultra-violet light.
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Resistance

R = 
ρ
t  

 


 
l

w  ohms

where
ρ = resistivity, t = thickness, l = conductor length, w = conductor width

Also can use

R = Rs  


 
l

w
where

Rs = sheet resistance (Ω/sq.)

Independence from 
l
w is obtained by measuring sheet resistance by the "square":

w

t

l

1 rectangular block
R = Rs(l/w) [Ω]

4 rectangular blocks
R = Rs(2l/2w)

= Rs(l/w) [Ω]

l

l

t

w w

Typical sheet resistances for conductors:

SHEET RESISTANCE [Ω/SQUARE]

Material Min. Typical Max.

Intermetal (metal1-metal2) 0.05 0.07 0.1

Top-metal 0.03 0.04 0.05

Polysilicon 15 20 30

Silicide 2 3 6

Diffusion (n+,p+) 10 25 100

Silicided diffusion 2 4 10

n-well 1k 2k 5k
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MOS Device Capacitance Estimation
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In cutoff region, gate-to-channel capacitance composed entirely of Cgb where

Cgb = CoxWLeff

Cox = 
εoεSiO2

tox

where εo is free space permittivity and εSiO2 relative permittivity for SiO2.

When channel is formed, depletion layers blocks Cgb.

In linear region, Cgb blocked by formation of channel and gate-to-channel
capacitance split evenly between Cgs and Cgd where

Cgs = Cgd = 
1
2 CoxWLeff

In saturation, channel is pinched off at drain, so Cgd ≈ 0, Cgs ≈ 
2
3 CoxWLeff

Average channel capacitances of MOSFETs for different operation regions:

Region of operation Cgb Cgs Cgd
Cutoff CoxWLeff ~ 0 ~ 0
Linear ~ 0 (1/2)CoxWLeff (1/2)CoxWLeff

Saturation ~ 0 (2/3)CoxWLeff ~ 0

Cg = Cgb + Cgs + Cgd



EE 4253/6253 Lecture Notes September 21, 1998 page 94

Source/Drain Capacitance
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Two components:

Cbottom ⇒  diffusion area to substrate

Csidewall ⇒  diffusion depth × peripheral area

Cja = junction capacitance per µm2

Cjp = periphery capacitance per µm

Cdiff = Cbottom + Csw

= Cja × area + Cjp × perimeter

= Cja × a × b + Cjp × (2a + 2b)
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Typical diffusion capacitance values for a 1µm n-well process:

n-device (or wire) p-device (or wire)

Cja 3 x 10-4 pF/µm2 5 x 10-4 pF/µm2

Cjp 4 x 10-4 pF/µm 4 x 10-4 pF/µm

The source/drain areas from p/n junctions with substrate or well.  The junction

voltage will affect the capacitance, both Cja and Cjp

General expression:

Cj = 
Cjo

 


 
1   -  

Vj
Vb

m
 
 

where

Vj = junction voltage, negative for reverse bias

Cjo = zero bias capacitance

Vb = built-in junction potential (≈0.6V)

m = grading coefficient (typical values between 0.3 and 0.5)


