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Overview

• Reading
– W&H: 1.6, 3.1-2

• Introduction
The whole IC business is based on the fact that complex circuits
can be ‘printed’ on a silicon wafer, thus the cost of the chip 
depends mainly on its size and not the number of devices (the 
complexity of the picture). This fabrication process is possible
because of special properties of semiconductors and in 
particular the semiconductor silicon. This lecture will briefly 
review some semiconductor properties, and then describe how 
chips are made. The fabrication discussion will motivate the 
design rules that need to be followed for layout.
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What Do We Need to Build?

Transistors
• Need two transistor flavors

– nMOS and pMOS
• How are these built? 
Wires
• Many levels of real metal wires (mostly aluminum or copper)

– We will see that we need low resistance (high conductivity)
• Oxide insulator between metal layers
• Contacts (hole in the oxide) between adjacent layers

– Adjacent layers only
– To connect M1 to M3, need to connect M1 to M2, and M2 to M3

• How do we manufacture these elements
– Physics, and materials
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Silicon

IC fabrication depends on two properties of silicon:
• It is a semiconductor 

– Conductivity can be changed by adding impurities 
– These impurities, called dopants, can create either n-type or 

p-type regions.
• Its oxide is very stable

– It is SiO2 , which is quartz or glass (amorphous) 
• ‘silicon rust’ is glass

– Great for sealing stuff from impurities
– Can be selectively patterned. 
– Etching can remove SiO2 without harming Si.
– Stable grown oxide is the great advantage of Si over Ge or 

GaAs.
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Doping

• Adding arsenic or phosphorous to the intrinsic silicon increases
its conductivity by adding ‘free’ electrons. Silicon with electron 
carriers is called n-type silicon, since the current is carried by 
particles with negative charge.

• Adding boron to intrinsic silicon increases its conductivity by 
adding ‘free’ holes. Holes are like electrons, but have a positive 
charge, so this type of material is called p-type silicon.

• The junction between n-type and p-type regions have special 
properties – it forms a diode.

i

V

n
p+ p+n+

Note that the doping also 
adds fixed charge in 
addition to the mobile 
charge so the region 
remains neutral. n doping 
adds fixed positive charge 
and mobile electrons, and p 
doping is fixed negative 
charge and mobile holes
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How to Build a Transistor

Diffusion is made by adding (diffusing) impurities into the silicon
• n+(p+) diffusion means the region has a lot of impurities 

(dopants) which improves it conductivity (and hence lowers its 
resistance)

• p (n) regions are more lightly doped
• p region is formed first, and then the n+ over dope parts of the p 

region to form the n+ regions
• n+ dopant is added after the poly is down so poly blocks dopant

n+ n+

poly

p
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CMOS Has Two Transistor Types

• CMOS devices require two types of substrate for isolation of 
transistors 

• n-type for pMOS
• p-type for nMOS

n+ n+
p

n+ to p substrate

p+ p+
n

nMOS pMOS

substrate must be p substrate must be n

s d
Look at cross-section

g
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Wells: Local Substrates

• Fabricators can choose to make the base wafer n-type (add 
pwells) or p-type (add nwells), or choose to add both, (“twin”
wells).

• Many modern processes are triple-well

pwell process substrate n

Well acts as a local substrate.

p+

n
p

n+
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Well Requirement

• Well must to be tied to a power supply to keep the isolation 
diodes reversed biased. This is accomplished by using well 
contacts (ohmic connection to the well)

n+ n+
p

p+ p+

tied to most negative 
potential Gnd.

n tied to most positive 
potential Vdd
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Well Contacts

• Formed by placing p+ doped region in a pwell
or n+ doped region in a nwell

• These regions make good electrical contact (ohmic, not diode) 
to the well and thus the well potential is made equal to the 
potential of the diffusion

• Need to have at least one well (substrate) contact in each well.
– Often needs more to guarantee a solid connection

• These contacts are then connect to the correct power supply to 
ensure that the diodes are always reversed biased.

n+
N-well

p+ p+

Well Contact
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What is On a Chip

Transistors
• Requires silicon substrate, wells
• Diffusion (two types), poly 

Wires
• Many levels of real metal wires (mostly aluminum)
• Oxide insulator between metal layers
• Contacts (hole in the oxide) between adjacent layers

Now that we have a quick overview of what we are building, lets 
delve in more detail into how to build it.
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Fabrication

The process used that creates these devices/wires.
• Look at how to create:

– Working transistors
• ndiff, pdiff, wells, poly, transistors, threshold adjust implants

– Wires
• contacts, metal1, via, metal2

Fabrication is pretty complex.
• There are whole classes at UCLA devoted to it.
• Give a brief overview of the process, for background.
• Want to understand origin of layout rules / process parameters

– The abstractions of the process for the designer (us).
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Making Chips

Wafers
Processing

Chemicals

Processed
Wafer

Chips

Masks
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Basic Fabrication Step

Two parts:
• Transfer an image of the design to the wafer
• Using that image as a guide, create the desired layer on silicon

– diffusion (add impurities to the silicon)
– oxide (create an insulating layer)
– metal (create a wire layer)

Use the same basic mechanism (photolithography) to do step 1.
Use three different methods to do step 2.
• Ion Implant - used for diffusion. Shoot impurities at the silicon.
• Deposition - used for oxide/metal. Usually from chemical vapor 

(CVD)
• Grow - used for some oxides. Place silicon in oxidizing ambient.
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Basic Processing

Start with wafer at current step

Spin on a photoresist

Pattern photoresist with mask

Step specific processing
etch, implant, etc...

Wash off resist
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Integrated Circuit Fabrication

• Repeat:
– Create a layer on the wafer*
– Put a photo-sensitive material (resist) on top of the wafer
– Optically project an image of the pattern you desire on the wafer
– Develop the resist
– Use the resist as a mask to prevent the etch (or other process) from 

reaching the layer under the resist, transferring the pattern to the 
layer

– Remove the resist
• Key point is that all the chips (die) on the wafer are processed in 

parallel, and for some chemical steps, many wafers are processed in 
parallel.

* For some layers (diffusion, well) the ‘stuff’ is added after the resist, so the resist only allows the impurities to go where they are 
desired. For most other layers (oxide, metal) the entire surface is covered first, and then the ‘extra’ material is removed. 

Sometimes the layers don’t always correspond to the exact same layers designers think about.
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Photolithography

• To transfer the pattern onto the wafer, one first needs to have an image 
to project. While this can be done using some scanning technology 
directly from the design database to the wafer (like generating a TV 
picture), it is usually done using a two step process:

– First a glass plate with an image of the pattern etched in chrome is 
generated from the design database. This glass plate is called a mask, and 
serves the same function of a negative in photography.

– This image is optically projected onto wafer using a “projection-aligner”
which is very much like an enlarger in photography. It projects the image of 
the mask onto the silicon wafer. Resolution is impressive.

• This two step process is used since scanning data serially is an
expensive step since it takes a long time on an expensive machine. By 
generating a mask which can print on a large number of wafers, the 
cost per wafer can be made small. (But implies that you want lots of 
parts).
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Mask (Reticle) Manufacturing

MEBES format and machine, or others
• Place a glass plate covered with chrome 

covered with resist in a high-vacuum 
column

• Use an electron beam spot size smaller 
than the finest resolution of your design.

• Scan the surface of the mask with the e-
beam in a raster-scan order. Modulate the 
beam to transfer the pattern to the 
chrome

• Develop the resist, and the chrome, and 
then remove the resist

• Check and correct the chrome pattern.

.

.

.

.

All modern processes use masks 
(reticles) that are 5-10x larger than 
the desired size. The mask aligners 
then project the image and reduce it 
in the projection. While this means 
that exposing a wafer takes multiple 
prints, it is needed to reach the 
resolutions needed (< 1μ) for 
current technologies.
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Making Transistors

1. Implant N-Well

2. Define thin oxide
grow field oxide, 
implant doping to 
adjust transistor 
threshold

3. Deposit and etch 
polysilicon The threshold adjust implant is 

doping added under the gates of the 
transistors to set the turn-on voltage 
of the transistors (threshold voltage) 
to the correct value.
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Making Transistors

3. Etch the poly

4. Implant source
and drain

5. Coat the top of the 
poly and diffusion 
with metal  to 
reduce resistance. 
(silicide) 

Notice that the diffusion regions are formed in a self-
aligned process. An oversized implant mask is used, but 
the field oxide and poly themselves actually define the 
diffusion regions. So, difficult alignment is avoided.
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Layout View

• Layout of cell and final cross-section.  This one has well 
contacts.  In this cross section the M1 oxide was not planarized
(polished flat)

pwc ndc ndc

pc

ndiff
pdc pdc

pdiff
nwc

nwell

p+ n+p+n+ p+n+
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Fabrication Information

• Now that we know what fabrication is trying to do, how do we tell 
them precisely what to build?

• We don’t care about the real details of the fab, but we have to 
define the patterning of the layers (that meet their rules) to 
specify our design.

• Sometimes knowing more about the fab details is useful when 
you need to debug a part.

Designer Foundry
Layout

(Mask Set)

Design Rules
Process Parameters
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