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Digital electronics: the multi-staged abstraction:

https://uvicrec.blogspot.com/2011/

03/studying-cd4001.htmlhttps://www.ti.com/product/CD4001B/part-details/CD4001BM

Application EE CE MicroE



How the arithmetic and logic 

functions are physically realized

https://www.computerhistory.org/siliconengine/timeline/



…and it’s very different from the macro world

• Example: how op amps chips ACTUALLY works:

NPN BJT in theory:

NPN BJT in IC:

https://www.righto.com/2015/10/inside-ubiquitous-741-op-amp-circuits.html



The MOSFET revolution

Robert Noyce, inventor of 

silicon IC and “mayor of 

silicon valley”

Mohamed Atalla and Dawon Kahng’s MOS transistor patent. 

At the time it was 100 times slower than BJT.

http://en.wikipedia.org/wiki/Robert_Noyce


The MOSFET revolution

Source Drain

Gate

RCA IC and MOSFET Applications Notes, 1983

MOS works on “surface 

physics”:

Solid state, band gap theories, 

tunneling effects…

https://www.computerhistory.org/siliconengine/timeline/



Bonus slide: how silicon wafer is made

https://www.sumcosi.com/

Czochralski Process Sliced and polished wafer



Bonus slide: how silicon wafer is sold:
https://order.universitywafer.com/default.aspx?cat=Silicon



The MOSFET fabrication
It was made with…

Surface modification like photolithography Surface chemistry like doping of impurities

AP 6120, Chapter 8 Diffusion, CCHKRoy, D. Choudhury. Linear integrated circuits. New Age International, 2003.

1 A = 0.1 nm

1 nm = 0.001 um
1 um = 0.001 mm



Why doping?

2-8-4

2-3

2-8-5

Because intrinsic silicon is electrically

uninteresting:

• ~1.08e10 electrons turn conductive per cm^3

• Total electrons: 10e22

• That’s one in a trillion odds escaping bonds.

• +B to make P type (additional holes h+)

• +P to make N type (additional electrons e-)

Both holes and electrons can be utilized as 
carriers.
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Empirical Device Models

P N

Diode

https://en.wikipedia.org/wiki/P%E2%80%93n_junction



MOSFET is a four terminal system

N N

NMOS PMOS

P P

P NBase

Gate

And its symbol system is quite confusing, all above are all legit in IEEE standard.

What is doped What is named

Source Drain

Base

Gate

Source Drain

What is doped What is named



MOSFET physics is complicated
By adjusting doping level:

Enhancement mode: when gate is zero-bias, no conductive channel region. 

This is the “normally off” condition.

Depletion mode: when gate is zero-bias, already has a conductive channel region.

I.e., the “normally on” condition.

NMOS PMOS

Enhancement mode       Depletion mode Enhancement mode       Depletion mode

Fonstad, Clifton G. Microelectronic devices and circuits. McGraw-Hill, Inc., 2006



MOSFET physics is complicated, more example
Four terminal means many bias arrangements (but mostly we manipulate VGS and VDS):

Kang, Sung Mo, and Yusuf Leblebici. CMOS digital integrated circuits. New York, NY, USA:: MacGraw-Hill, 2003.
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Kang, Sung Mo, and Yusuf Leblebici. CMOS digital integrated 

circuits. New York, NY, USA:: MacGraw-Hill, 2003.

https://en.wikipedia.org/wiki/MOSFET, this is a simulated graph

https://en.wikipedia.org/wiki/MOSFET


Empirical Device Models

Kang, Sung Mo, and Yusuf Leblebici. CMOS digital integrated 

circuits. New York, NY, USA:: MacGraw-Hill, 2003.

https://en.wikipedia.org/wiki/MOSFET

This is a “better” simulated graphThis is a simulated graph

https://en.wikipedia.org/wiki/MOSFET


MOSFET as voltage controlled switches:

Vdd (e.g. 5V)

Vin

Vout (e.g. 0V)

Switch Input

On (VGS>Vth) High

Off (VGS<Vth) Low

NMOS as pulldown PMOS as pullup

Vin

Switch Input

On (VGS<Vth) Low

Off (VGS>Vth) High

Vth in NMOS is positive Vth in PMOS is negative

Vout (e.g. 0V)

Vdd (e.g. 5V)



Entering the CMOS

P+
N+ N+

N+

T T

P+ P+

P



Entering the CMOS

Dr. Lynn Fuller’s CMOS and MEMS class, RIT 2015

11 photomasks and 150 fabrication steps, easy!



CMOS NOT gate (inverter)

Kang, Sung Mo, and Yusuf Leblebici. CMOS digital integrated circuits. New York, NY, USA:: MacGraw-Hill, 2003.

5V

Vin VGS,n VGS,p PMOS NMOS Vout

0V 0V -5V ON OFF VDD

5V 5V 0V OFF ON 0



No passive load, no power drain in steady state

Pull up

Pull down

https://www.electronics-tutorial.net/



No passive load, no power drain in steady state

Logic gates can sure be built in other 

forms, like this all NMOS inverter:

From 1973 Motorola Linear Integrated Circuits Data Book



No passive load, no power drain in steady state

Although CMOS is more complex in 

structure and fab process, it is more 

power efficient:

All graph from 1973 Motorola Linear Integrated Circuits Data Book

At the end of the day, it’s all about:

• Size

• Speed

• Power consumption


