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Digital electronics: the multi-staged abstraction:
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How the arithmetic and logic
functions are physically realized

2020s

M3 Max
Processor
w: _-t.

Transistors

1980s
32-bit

275,000
Transistors

2010s

3072-Core
GPU

8,000,000,000
Transistors

1970s
8-bit
Microprocessor

i)

4500
Transistors

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

2000s

64-bit
Microprocessor

592,000,000
Transistors

1960s

Transistors

1990s

32-bit
Microprocessor

3,100,000
Transistors

1950s
Silicon
Transistor

1
Transistor
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...and it’s very different from the macro world

7.2 Functional Block Diagram

Example: how op amps chips ACTUALLY works: A

Q13

c C
NPN BJT in theory: B@ BI
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NPN BJT in IC:

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




The MOSFET revolution

April 25, 1961 rnNovee 2981877 Aug. 27, 1963 DAWON KAHNG 3,102,230

SEMICONDUCTOR DEVICE-AND-LEAD STRUGTURE ELECTRIC FIELD CONTROLLED SEMICONDUCTOR DEVICE
Filed July 30, 1959 3 Sheets-Sheet 2

Filed May 31, 1560

o OWIDE SNEULATION ~

, inventor of
silicon IC and “mayor of
silicon valley”

S ) ‘
L . FIG. IB

' . - 24 2/
Fre-4

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

i%%f#r"&%s“%ﬂﬁéﬁvi‘f?%%“
MOS works on “surface <
phylsics”; | i‘ sorg___cgvm:rs )0
Solid state, band gap theories, =
4
tunneling effects... %
. -|
:

0o S 10 -]
DRAIN-TO-SOURCE VOLTS (Vpg)

“ Fig.1 - Transfer characteristics for the RCA 3N128
@ Fairchild Fl 100 p-channel MOS switching transistor Vh{ Mos "unsisfor'

Credit: Fairchild Camera & Instrument Corporation
RCA IC and MOSFET Applications Notes, 1983

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



Bonus slide: how silicon wafer is made

. . Czochralski Process Sliced and polished wafer
Flow from silicon wafer production -
to electronic product completion =

Silica ke

- Smelting and
Polycrystalline refining
silicon
SUMCO -+« Monocrystal
formation
Monocrystalline
ingot
=== Slicing

Silicon
wafer

https://www.sumcosi.com/



Bonus slide: how silicon wafer is sold:

https://order.universitywafer.com/default.aspx?cat=Silicon

Quy D * Price PerQty  Diam + Type * Dopant * Orien * Res (Ohm-cm) Thick (um) Polish * Grade *
100 v 3105 $11.22 23.4mm F B <100=> .01-.05 200um DSP Test

10 v 4170 $92.00 300mm P B <100= 1-100ochm.cm 775um DSP Dummy
200 v 704 510.09 200mm 750um SSP MECH

CoOE COLLEGE



The MOSFET fabrication

It was made with...

Surface modification like photolithography

Ultraviolet radiation
Photoresist I ! i:
film 5000-10000A | | |Photo maskj ||
St e
SIio, Si0, —& resist
Silicon wafer Silicon wafer
(a) (b)

Polymerised photoresist

w0, 22O M

Silicon wafer Silicon walfer
(c) (d)

Fig. 1.8 Various steps for photo-etching

Roy, D. Choudhury. Linear integrated circuits. New Age International, 2003.

1A=0.1 nm
1 nm =0.001 um
1um =0.001 mm

Surface chemlstry like doping of impurities

GAS OF i ..=Va
DOPANT". '.% IR MASK
ATOMS -7 © e
- .PnC
(a)
X
HIGH-VELOCITY
DOPANT
IONS
fnc

(b

AP 6120, Chapter 8 Diffusion, CCHK
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Why doping?

Because intrinsic silicon is electrically S 2-3 6 7

uninteresting: B C N

 ~1.08e10 electrons turn conductive per cm”3

- Total electrons: 10e22 Boron Carbon Nitrogen

« That’s one in a trillion odds escaping bonds. 13 14 2-8-4 15 2-8-5
+B to make P type (additional holes h+) AI Sl P
+P to make N type (additional electrons e-) Aluminium Silicon  Phosphorus

Both holes and electrons can be utilized as
carriers.

B Cor COLLEGE
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Empirical Device Models
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4—:— "Diffusion force" on electrons L

I I
E-field force on holes IH— —bll E-field force on electrons
I I

https://en.wikipedia.org/wiki/P%E2%80%93n_junction
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CALCULATIONS FOR PN JUNCTION (ELECTROSTATICS)  DR.LYNN FULLER
To use thiz spreadsheed chanqe the values in the white boxes, The rest of the shact iz
protocted and should not be you are sure of The
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J

CONSTANTS YARIABLES
K 1IBE-2T MK
q 160E-13 Coul Temp[___300] K
Ege 12 &V
= S.35E-14 Frem Nd = ;-.4
= nr MNa= | 5.00E+17] cm-3
ol LASEI0 em-3
Breskdown E: 3.00E+05 Yicm wr= [ 30]VYolts  Reverse Bias Yoltage
Excoeds Emax M
CALCULATIONS:
Eq=Ego- 3T 2I[T+B) 1075 ev
"2 = AT3 e*(-EQIKTiq) SBAEL20| em-b
KTig= 0.0253| Yolts
Vi = (KTlq) In (HaNdini2) 76| olt:
W = [[2alaIVEie Vil Wi «1IN1]"0.5 02| um
W =WwNd!{Naehd 04| pm
W2 =wiNah{haeRid)] pm
Eo = [[2qleoer)(¥bi 05 ~3.05E«05] Yicm
Cj' = coerlw SME-03| Flem2
@
|
|
praide ’—‘,—- msie
—_—
[ |
w0 ™

B Cor COLLEGE

K L M N a ]
Id

" .

5 +

o5 3+

4

L

w
1 03 o5 04 22 3 82 0 a8 ax
M
a5
4
1d=11 (2 qVKT-1) v 14

Is = CT2 explafs®n) A -ATIES
Is= aisE3 03 -3TIED
08 -ATIER
01 -ATE-R
06 ATIELD
05 -ATRE-R
04 -ATIERD
03 -3TIED
-02  -372E-13
01 -352E-13
0 i
01 4533E-1
02 2203E-03
03 1043E-07
035 T.24E-07
0.4 4.335E-06
041 T.35E-06
042 1082E-05
043 1532E-05
044 2342E-05
045 3446E-05
046 S0TIE-05
047 T462E-05
048 0.0001035
043 0.000161
05 0.0002378



MOSFET is a four terminal system

NMOS
What is doped

N N Source Drain
P Base
D D
N .
ef—e o, L
—l |
S ) s

4-Terminal

n-channel MOSFET

What is named

& £ate

D

Simplified Simplified

PMOS
What is doped  What is named

ﬁ £ate

P P Source Drain

N Base

S 'S

| ]
%1 AL oL

4-Terminal Simplified

p-channel MOSFET

OLLEGE.

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



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.

l.e., the “normally on” condition.

ip

Vps

NMOS
Enhancement mode Depletion mode Enhancement mode
Ip ;-kD ";GS 2-2 V\
Vos=6V veg=2V =3V AV
sV 1V Al
4v OV VGS = “6V
3V . Vps =1y . Vbs
\vGSSZV \‘PGSS“ZV
D
D D
G o—l~—o8 G o—{ |=——oB G o— %—a B
s S S

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

PMOS

Depletion mode
vgs 22V \
1y 0V
-1V
vgs = =2V

D
Go—l%ﬂB
g ;

ip




MOSFET physics is complicated, more example

Four terminal means many bias arrangements (but mostly we manipulate Ves and Vos):
2+ Vos
e _ o

T —1 6o—ff—s

j_ Vg =0 i n-channel MOSFET
L Vg =0

Current-voltage equations of the n-channel MOSFET :

ID = 0, far VGS < VT (3.54)
Ve=0 Vo >Vr Vg >V, '
Vo= 0 VG > VT Ve s -1 I D DSAT - ' C W .
s T | : ' - I I Ip(lin) = #n_Cox . .?[z-(vcs ~V)Vos=Vis|  for Ves2Vy
0 3.55
] |_ o r and VDS < VGS - VT ( )
souRce DRAIN
4] {n+) ¥
CHANNEL
_MyCp W 2
SUBSTRATE (p-8) . DEPLETION REGION SUBSTRATE (p-Si) DEPLETION REGION ID(m‘) == v (VGS - VT’) ’ (1 +A - Vps ) Jor Vgs2Vrp
. 2 L (3.56)
L J' . and VDS 2 VGS - VT
Vg Va

© COE COLLEGE

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



MOSFET physics is complicated, more example

Four terminal means many bias arrangements (but mostly we manipulate Ves and Vos):

Vns < VGS’ Vm

) D
SﬂurcavGSB Vi, Gate WEPU?E,-E”DGIH [+] +‘ VDS
/’ I
50 i ,," T 14 I ] G °_|H B
= pal depletion region ,I VGS _VTH =7 V _ + . -
B ) i ; ) / 7 Vas Vs
l:\ | Linear operating region (ohmic mode) ¢ - '
o= linoaostr racion ., -0+
g 40 11icadlr lbslUll S
g : /s . n-channel MOSFET
= ¢ -
;‘é 30) // Current-voltage equations of the n-channel MOSFET :
g [ / 5V ] -
- V4 g— -]
E i /'I / . _ A I, =0, for Vgs<Vp (3.54)
= 20 saturatton-region _
; - / Vs = V5= Vi , 4 V— c W '.
: X / Ves > Vi, ﬁﬂ‘ﬁl - Ip(lin) = &2 2 'T'[z (Vas = Vr)Vos = Vgﬁ] for Vos2Vr
R = - (3.55)
E 10 yia and  Vps <Vgs—Vr
A - — -
: / P substrate 2 V ] Py Coe W 2 I
- ion o 1V Ip(sat) = 2£'I°(VGS_VT') ‘(1+/1'Vns) for Vgs2Vp
0 . ; ; ﬁura io m:\ o ; (3.56)
' - and Vpg2Vgs-Vp
0 2 4 6 8 10 _
Dran o soure vltge [V & COE COLLEGE
, this is a simulated graph Kang, Sung Mo, and Yusuf Leblebici. CMOS digital integrated

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


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

Empirical Device Models

This is a simulated graph This is a “better” simulated graph
’ ID' ma A
U
50 T T ,",l — I -y - W=100 pm
: I, / VGS-VTH =7 V: L=4 um
40 1 i

30

20

-

Drain current [arbitary unit]

[ V] Figure 4.9. Drain current versus drain voltage characteristics of an n-channel MOSFET
L L . calculated with the LEVEL 2 model (A) and the LEVEL 3 model (B) (Copyright © 1988 by
4 6 Q 10 McGraw-Hill, Inc.).

The parameters common for both mndels are:VT0 = 1,XJ = 1.0E-6,LD = 0.B8E-6.

The parameters of the LEVEL 2 model are : U0 = 800, UCRIT = 5.0E4, UEXP = 0.15.
The parameters of the LEVEL 3 model are : U0 = 850, THETA = 0.04.

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

Drain to source voltage [V]


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

MOSFET as voltage controlled switches:

NMOS as pulldown PMOS as pullup
D Vad (eg 5V) D Vout (e g. OV
Vin |n
G o—| Vinin NMOS is positive Vinin PMOS is negative
S Vou(e.g. OV) S Vud(e.g. V)
Switch Input Switch Input
On (Ves>Vin) High On (Ves<Vi) Low
Off (Ves<Vin) Low Off (Ves>Vin) High

B Cor COLLEGE
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F. M. WANLASS

Entering the CMOS

1 1
N+ N+
NE:
P

LCW STAND-BY POWER COMPLEMENTARY FIELD LI'F‘EC’I' GCIRCUITRY
Filed June 18, 1963

5 Sheets-Sheet 5

Vo0, vi ALY BT
100 TE 8la
+v, GATE [ TGA 2y /
87a 96 101 24|97 93a _
SOURCE |87 DRAIN || DRAIN SOURCE o5
82 LA T T i 23 .81
S ‘/\\}\/f/}f/h A A N N \//f””ﬂ//y g
# )
Z Lo 88 ///ﬁl%

S

2 22 .20

3,356, 858

Accordingly, an object of the present invention is to
provide circuits in which power losses are minimized.

Another object of the present invention is to provide
logic circuits in which power dissipation is reduced dur-
ing stand-by periods.

Another object of the present invention is to provide
a transistor circuit employing field-effect semiconductor
devices wherein a field-effect semiconductor device of one
carrier type is used as the active load for the field-effect
semiconductor device of the opposite carrier type.

Another object of the present invention is to provide
a transistor circuit in which an inverter action is produced
without employing any passive load element.

COE COLLEGE.



Entering the CMOS

11 photomasks and 150 fabrication steps, easy!
RIT SUB-CMOS PROCESS

NMOSFET  PMOSFET o [P SUB-CMOS 150 PROCESS
m Aluminum
LVL 1 -n-WELL
|_|—| SUB-CMOS Versions 150
I:I D O 1. CL01 21. IMO1- stop 41. ET07 — Resist Strip 61. ET26 - CC Etch
2. OX05--- pad oxide, Tube 4 22. ET07 Resist Strip 42, PHO3 - 6 - n-LDD 62. ETO7 — Resist Strip
LVL2-ACTIVE 3. CV02- bI3N4-15{]0A 23. CLO1 43, IM01 63, CLO1 SPeCIal - Two HF Dlps
4. PHO3 =1- JG nwell 24. 0OX04 - field, Tube 1 44. ET07 — Resist Strip 64. MEO1 — Metal 1 Dep
Channel Stop I_J_—I 5. ET29 — Nitride Etch 25.ET19 — Hot Phos Si3N4 45, PHO3 — 7 - p-LDD 65. PHO3 -11- metal
D D 6. IMO1 — n-well ) 26. ET06 — Oxide Etch 46. IMO1 66. ET15 — plasma Etch Al
7. ETO7 — Resist Strip 27. 0X04 - Kooi, Tube 1 47. ET07 - Resist Strip 67. ET07 Resist Strip
= = LVL3 - STOP 8. CLO1 28. IM01 — Blanket Vt 48. CLO1 6%. SI01 - Sinter
9, OX04 — well oxide, Tube 1 29. PHO3 — 4-PMOS Vt Adjust  49. CV03 -TEOS, 5000A 69. CV03 — TEOS- 4000A
POLY |—|_| O 10. ET19 — Hot Phos Si3N4 30. IMO1 - Vit 50. ET10 - Spacer Etch 20. PHO3 — VIA
11. IMO1 — p-well 31. ETO7 — Resist Stri 51. PHO3 — 8 - N+D/S 71. ET26 — Via Etch
cc ACTIVE P SELECT O I—_'_| 12. OX06 — well drive, Tube 1~ 32. ET06 — Oxide Ftch 52. IM01 — N+D/S 72. ETO7 - Resist Strop
BALS-LAL RN 13. ET06 - Oxide Etch 33.CLOI 53. ET07 - Resist Strip 73. MEOI — Metal 2 Dep
o = 14. CLOI 34. OX06 — gate, Tube 4 54. PHO3 — 9 P+ D/S 74, PHO3- M2
= 15. OX05 — pad oxide, Tube 4 35.CV01 — Poly 5000A 55. IMO1 — P+ D/S 75. ET15 — plasma Etch Al
METAL 16. CV02 — Si3N4 -1500 A 36. IMO1 - dope poly 56. ETO7 — Resist Strip 76. ET07 - Resist Strip
: . 17. PHO3 — 2 — ]G Active 37. 0X08 — Anneal, Tube 3 57. CLO1 Special - No HF Dip 77. SEM1
N SELECT LVLS - POLY 18. ET29 - Nitride Etch 38. DEOI — 4 pt Probe 58. OX08 — DS Anneal, Tube 2 78. TEOI
N-WELL |:| |:| |:| 19. ET07 — Resist Strip 39. PH03-5-1G poly 59. CV03 — TEOS, 4000A 79. TEO2
11 PHOTO 20. PHO3 - -Pwell Stop 40. ETO8 — Poly Etch 60. PHO3 - 10 CC 80. TEO3
LEVELS LVLY9-METAL w2

B Cor COLLEGE

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



CMOS NOT gate (inverter)

Another object of the present invention is to provide
a transistor circuit in which an inverter action is produced
without employing any passive load element.

e Vin Vs, Vas,p PMOS NMOS Vout

WbV oV oV -5V ON OFF Voo
e | 5V 5V 0V  OFF ON 0
|
o— ¢|Dhu i

Vi, -Va?m ¢ ID,H Vou = Vosa
| [ .
|l ml
L @ Cok COLLEGE

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



No passive load, no power drain in steady state

V,=0V ‘ PMOS is ON V. =5V - PMOS is OFF [DSH - Iil'l'r"
NMOS is OFF NMOS is ON V=0V
+ 5V +5V
+5V +5V

Pull up \

PMOS
—I r__ ! _l E PMOS

Vi, — Vv V Vv,
° - o in v, - Vo .

- \ Load line plot
_| _| NMOS !

Pull down

- vuui NMOS (OFF)
A PMOS(Linear)

NMOS(sat) Nin=Vou

PMOS(Linear)-*

line

-
#

-aﬁmsmu
"\ PMOS(sat)

NMOS(Linear) naosiLinear)
NMOS(sat) £ NMOS(OFF) _

0 05 1 15 2 25

Vin

VTC of CMOS inverter
https://www.electronics-tutorial.net/



No passive load, no power drain in steady state

Logic gates can sure be built in other

Vaai+) Vopi+)
forms, like this all NMOS inverter: | ]
. ——— 012
From 1973 Motorola Linear Integrated Circuits Data Book 3
) —9 Vout
I H—IDJ
Vino i
Vin ; |
Vout'; 1
p—0J
.. VoD
° Rq1+Ra2

FIGURE 1-3 — TYPICAL N-CHANMNEL
INVERTER

B Cor COLLEGE



No passive load, no power drain in steady state

Although CMOS is more complex in Vagt# oVop(+) Vppi+)
structure and fab process, it is more - , ‘
power efficient: i Q2
) 0 Vout Vino——e jﬁcvﬂut
Vino I } IC” Qi
= Ving—J L
Vin b [ Vourg™ L I
Ip A A
i Voutg 1
At the end of the day, it’s all about: ’ FIGURE 1-4 — TYPICAL COMPLEMENTARY
. o—JI INVERTER
« Size Voo
- Speed ® " Ra1 * Raz
« Power consumption FIGURE 1-3 — TYPICAL N-CHANNEL

INVERTER

EY Coe COLLEGE.

All graph from 1973 Motorola Linear Integrated Circuits Data Book



