
ELEN E3106/4106 Lecture 11
Device Fabrication

Outline
• Finishing up M-S junctions
• Wafer growth
• Photolithography
• Doping processes
• Thin film & metal deposition
• Etching processes
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Assignments:
Reading: Streetman and Banerjee §5.1  

Homework 4 due tomorrow 10/10 by 5pm



Where does fabrication take place?
• Usually, at a ”fab” facility, inside of a clean room
• Clean rooms are required to maintain quality and purity in 

manufacturing
• Particle contamination is a major concern when device dimensions are so 

small
• Typically, you wear a bunny suit

• Why?
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Sources: Wikipedia

Prevent contamination
Human skin hair breath



Columbia Nano Initiative Nanofabrication Clean Room Facility
• 5,000-sq. ft. facility in CEPSR
• Built to be class 10,0000 to class 1,000 but measures cleaner
• Supports multidisciplinary research within many academic 

departments
• Users can also be from industry, government, or other universities
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Sources: CNI



3106/4106 Teaching Staff Inside CNI This Week

Test

Ethan
Savannah

Ethan



Contamination Reduction
• Level 1: Clean factories
• Level 2: Wafer Cleaning
• Level 3: Wafer gettering

• International Standard Organization 
(ISO) specifies cleanroom 
classifications

• How do we obtain/maintain 
cleanliness?

• Air filtration
• Clean room design
• Careful elimination of particulate sources

• Typical office building: ISO 8 (Class 
100,000)

• State-of-the-art semiconductor facility: 
ISO 1*
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Sources: Plummer and Streetman, Integrated Circuit Fabrication: Science and Technology 
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Particle Size Distribution in Room Air
• Particles are always present in a 

distribution of sizes and shapes

• Estimated that 50-75% of yield loss in is due to 
particle contamination

• The larger the particle, the higher probability is 
causes a defect

• Particles between 10 nm and 10 𝜇m are of the 
most concern

• Remain suspended for long periods of time
• Deposit on surfaces through Brownian motion and 

gravitation sedimentation

• <10 nm: tend to coagulate
• >10 𝜇m: heavy, tend to precipitate quickly
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Left axis – Empirical particle size distribution in 
room air. Right axis – Probability of a particle 
causing a chip defect.

Sources: Plummer and Streetman, Integrated Circuit Fabrication: Science and Technology 
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Yield 
• Yield is the fraction of good/usable 

chips on a wafer
• A single defect can ruin a multi cm2 

size chip
• So, defect densities must be smaller 

than 1 defect per cm2!
• Two types of defects: random, and 

systemic
• Higher yield = more profit
• Desired: Yield > 90%
• Remember: manufacturing is 

hundreds of steps, and a defect in 
any one of them could be fatal

• The yield for any step must be >99%!
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Yield improvement occurs during the development 
phase, where systemic defects are eliminated as 
the manufacturing process is refined.

Sources: Plummer and Streetman, Integrated Circuit Fabrication: Science and Technology 



Modeling Yield and Statistical Process Control
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Sources: Plummer and Streetman, Integrated Circuit Fabrication: Science and Technology 
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p-n Diode Fabrication
• Only 4 diodes per wafer 

shown for simplification
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Sources: Textbook



Czochralski Growth Method
• Most common technique for Si and 

Ge wafer growth
• Reduce raw SiO2 down to high 

purity Si
• Heat the Si in a crucible until it 

melts
• Seed crystal is lowered into the 

molten material and raised slowly, 
allow crystal to grow onto the seed

• Why do we need the seed?

• We end up with a salami-shaped 
boule or single-crystal ingot

• 12 in diameter, 1 m long, ~300 lbs
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Sources: Textbook, Tokyo Electron



Doping During Growth
• We can add impurities (dopants) into 

the molten Si
• At the interface between the melt 

and the solid, there is a distribution 
of impurities

• Function of material, impurity, temp, 
growth rate 

• Called the distribution coefficient, 

• Impurity concentration in solid:___
• Impurity concentration in liquid:____
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Sources: C. Hu, Modern Semiconductor Devices for Integrated Circuits, Textbook



Wafers
• The notch denoting crystal 

orientation is ground on on side
• Next, a diamond saw or wire is 

used to slice the ingot into thin 
wafers

• This is why wafers are round!

• Wafers are then lapped and 
chemically mechanically polished 
(CMP) on one or both sides to 
achieve a smooth, mirror-like 
surface
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Sources: Sumco, Silicon Valley Microelectronics, LNF Wiki, Surface Conditioning



Wafer Cleaning Strategies
• Level 2 of contamination reduction
• After CMP, wafer surface is contaminated 

by polishing slurry

• Goals of cleaning:
• Remove particles, like films from photoresist
• Remove trace contaminations of any other 

element present on the wafer surface

• More important for front-end processes

• Front-end normally involve high temps 
(oxidation, anneals, film dep., etc)

• These allow diffusion of contaminants into thin 
films on the Si or the Si itself!
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Sources: Plummer and Streetman, Integrated Circuit Fabrication: Science and Technology 



Wafer Cleaning Strategies
• Photoresist strip

• PR is an organic polymer
• Can be moved with an oxygen plasma treatment
• Or removed by a mixture of hydrogen peroxide (H2O2) and sulfuric acid (H2SO4)
• But removal of inorganics like sulfur needs another 

chemical bath based on hydrofluoric acid (HF)

• RCA Clean
• Basic cleaning procedure developed by Radio 

Corporation of America detailed in famous paper in 1970
• Now the industry standard
• Uses aqueous-chemical processes involving H2O2 mixtures

• Drawback: large chemical consumption!
• Drawback: These chemicals are poisonous and 

corrosive!
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Sources: Plummer and Streetman, Integrated Circuit Fabrication: Science and Technology 



Thermal Oxidation
• Important step to convert Si to SiO2

• Takes place in a furnace at high 
temperatures (~800-1000 °C)

• Oxygenating gas is flowed
• Si is consumed from the surface of the 

substrate
• Oxidant molecules diffuse from the top 

down to the interface
• Important: a stable thermal oxide can be 

easily grown on Si with excellent interface 
electrical properties!

• Other semiconductor materials do not have 
such a useful native oxide
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Sources: Plummer and Streetman, Integrated Circuit Fabrication: Science and Technology 



Doping Strategies
• Method 1: High-temperature diffusion

• In a furnace, where a gas or vapor source 
of dopants are introduced 

• Method 2: Ion implantation
• Advantage: can be done at low-T
• Advantage: can be done selectively 

(masking)
• Advantage: for dopants that are hard to 

diffuse
• Advantage: precise control of doping 

concentration
• Disadvantage: lattice damage from ion 

collisions
• Can be mitigated by annealing
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Sources: Textbook



Photolithography
• Arguably most important step!
• The ability to “print” a nm scale pattern onto a 

chip with nm scale precision in location
• Process:

• Light-sensitive photoresist (PR) is spun onto the 
top of the wafer

• PR is then selectively exposed by photons passing 
through a mask that contains pattern information

• PR is developed in chemicals, which completes 
pattern transfer from mask onto PR

• PR can now be used as a mask for the next step 
(etching, ion implantation, etc.)

• Simple concept, but expensive and difficult to 
implement!
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Sources: Samsung semiconductor, F. Hubenthal, in Comprehensive Nanoscience and Technology, 2011

https://www.sciencedirect.com/referencework/9780123743961/comprehensive-nanoscience-and-technology


Photoresists
• Materials designed to change their 

properties in response to incident 
photons

• Usually hydrocarbons
• Process:

• Absorb light
• Energy from photons break chemical bonds
• PR chemically restructures into new stable 

form
• Positive PR = becomes more soluble in 

chemical developer after light exposure
• Negative PR = becomes less soluble 

after exposure
• Multiple ”generations” of resist

• Diazonaphtoquinones (DNQs)
• Chemical amplification resists (Cas or CARs)
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Sources: Wikipedia, Plummer and Streetman, Integrated Circuit Fabrication: Science and Technology 



Photolithography: Exposure 
(Illumination)
Demands on…

• Resolution (limits min feature size)
• Exposure field (limits chip size)
• Placement accuracy (each mask must be 

aligned to features from previous steps)
• Throughput and defect density (impacts yield)

• Issue: diffraction limited geometry
• When photon wavelength ~ min feature size

• Deep UV (DUV) – 193 nm wavelength
• Extreme UV (EUV) – 13.5 nm wavelength
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Sources: Plummer and Streetman, Integrated Circuit Fabrication: Science and Technology 



Etching Technologies
• Removing material
• Wet etching involves chemicals

• Pro: good selectivity
• Con: isotropic

• Dry etching (sputtering and plasma-based 
etching)

• Pro: anisotropic (higher lateral etch rate than 
vertical)

• Con: worse selectivity
• Important parameters: etch rate, selectivity, 

isotropy
• With plasmas, there are two components to 

etching:
1. Physical removal of material through ion 

bombardment
2. Chemical reactions between plasma radicals and 

semiconductor remove material
• Reactive ion etching (RIE) combines both
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Sources: PV Education



Thin Film Deposition Techniques
• Depositing material

• Dielectrics, passivation layer, etc.
• What’s the difference from thermal 

oxidation?
• Doesn’t consume the Si itself
• Can be done at lower temps
• Sometimes Si is already inaccessible at later 

steps
• Common techniques:

• Chemical vapor deposition (CVD)
• Atomic layer deposition (ALD)

• Usually polycrystalline or amorphous films
• Except special cases, like metal-organic CVD 

(MOCVD)
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Sources: Textbook, Beneq



Metallization
• Depositing metals, usually to form the 

contacts
• Remember, we have to be able to connect 

to devices (and connect them to each other 
in an IC)

• M-S junctions created by physical 
deposition of metals through

• Sputtering
• Electron beam evaporation
• Electroplating
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Sources: Textbook



p-n Diode Fabrication
• Coming back to this slide 

again…
• Only 4 diodes per wafer 

shown for simplification
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Sources: Textbook



More info on device fabrication technology
• Textbook: Integrated Circuit Fabrication: Science and Technology by 

Plummer and Griffin
• Limited version for free download: https://plummergriffinbook.stanford.edu/

• Grad students: ELEN E4944: Principles of Device Microfabrication
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https://plummergriffinbook.stanford.edu/

