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Transistor: The Building Block of Computers

» Microprocessors contain billions of transistors
— Intel Broadwell-E5 (2016): 7 billion
— IBM Power 9 (2017): 8 billion

— Intel Ponte Vecchio (2021): 100 billion (is it a CPU?)
ON

» Logically, each transistor acts as a switch
- Combined to implement logic functions

— AND, OR, NOT, ...

OFF
Combined to build higher-level structures

— Adder, multiplexer, decoder, register, ...

Combined to build a processor
— RISC-V (but also LC-3)
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Transistors position in the computing stack
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Moore’s Law: The number of transistors on microchips doubles every two years [SNRVeYE]
Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years. in Data
This advancement is important for other aspects of technological progress in computing - such as processing speed or the price of computers
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Very Basic Electrical Circuits Cheat Sheet

R Resistor R Capacitor C
<«——Direction of flow of electrons———
Q0 +—0 0«0 «—0 +—0 —ANN—
0000 <«—0O «—0 —0 ar
Direction of flow of electric current—»
o / - T
| I
cel |/ conductor insulator
Power
Ohm's Law Series circuits V.2
(sub-circuits) PaV.lal2Ru-L
ot ’ R
R b=l =l=1=.. 1 hp = 746 W
Voltage Drop Rr=R; + R, + Ry + ... Energy
V.= *+R
x x x ,T ) & Energy = P t
Ry Cost = Energy * cost
Watt’s Law KVL kWeh
P:VT*] V7-=V‘4'V2+V3+....
Voltage Division
(for series resistors) =iinoe
R
Current Vi = 7?5 « Vy
T
i
t

1C = 6.25 = 10 '® electrons
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P in kW
tinh
Energy in kWeh

V=

Volts

Parallel circuits
(sub-circuits)

KCL

b=l + b + 1y + ...

Current Division
(for parallel resistors)

I, =2 1,

Current Division
(for 2 parallel resistors)

Opposite _ ,

Sum

x 8

Two resistors in parallel
R, * R,

IR, L 5
||2 (R1+R2)

n equal resistors in parallel




Electrons must be important particles (however)

Expected Particle Distribution Observed Particle Distribution

Particle Beam

Particle Beam

Neutron
No charge

Double Slit  Optical _Screen
Screen Screen View

Double Slit Opfical Screen
Screen Screen  View

Proton
Positive charge

Electron
egative charge

Physicists just discovered a different type of particle that will spawn
an entirely new field of research
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A Simple Switch Circuit

- A wall switch determines whether current flows through the light bulb

Copyright © McGraw-Hill Education. Permission required for reproduction or display.

Wall switch

/

@

Lamp

120-volt
power supply

« If switch is closed, current flows, lamp is ON, voltage across lamp is non-zero
- If switch is open, no current flows, lamp is OFF, voltage across lamp is zero
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Transistor = Voltage-Controlled Switch 1

- Figure shows an N-type transistor
When Gate voltage is positive, relative to Source, transistor

acts as a short circuit: a closed switch

- When Gate voltage is zero (or negative), relative to Source,
transistor acts as an open circuit: an open switch

Copyright © McGraw-Hill Education. Permission required for reproduction or display.

(a) (b) @ (©)

Drain
J 1.2-volt @)
battery
Gate —{ (power Gate «{
_‘ supply) CTI l Gate ~{
Source OFF N
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Transistor = Voltage-Controlled Switch 2

« Consider the circuit below. The bar at the top represents the high voltage rail
(+1.2V) and the triangle at the bottom represents ground (0V)

Copyright © McGraw-Hill Education. Permission required for reproduction or display.

©) - When Gate = +1.2V,
what happens?

— (Gate-to-source voltage > 0
@ — Transistor = closed switch
— Current flows, lamp is ON
Current flowing  When Gate = 0V, what
+1.2V Gate l (electrons move in the happens?
reverse direction)

— Gate-to-source voltage =0
v — Transistor = open switch
— No current flows, lamp is OFF

%
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Transistor = Voltage-Controlled Switch 3

- Adifferent type of transistor is shown below, the P-type transistor.
Notice the little "bubble" on its gate

oFF Source - When Gate voltage is negative,
relative to Source, transistor acts as a
short circuit: a closed switch
oN *  When Gate voltage is zero (or

still move in the reverse

direction, sowratarewe  ACIS @S @N open circuit: an open

current flowing (electrons - POSItive), relative to Source, transistor
ov Gate l :
“sourcing”?) SW|tCh

 NOTE: This behavior is the opposite
of the N-type. Behavior is
complementary

Drain

*  We use both N-type and P-type transistors together to implement logic
gates. This is known as CMOS or Complementary MOS logic

%
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Logic Gate

* Alogic gate is a circuit that transforms binary input signals
into a single binary output signal. Signals are the voltages.

* Binary: +1.2V =1 (true), OV = 0 (false)

» P-type transistors: source
connected to +1.2V
* When gate = 1, transistor is OFF Logic —

* When gate = 0, transistor is ON

» N-type transistors: source
connected to OV

- When gate = 1, transistor is ON
* When gate = 0, transistor is OFF

]
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NOT Gate (Inverter)

Copyright © McGraw-Hill Education. Permission required for reproduction or display.

@) (b)

—) 1.2 volts S

In — o——— Out In=0 — e——— Out=1

\/ O volts J7
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Example:

When input = 0, P-type transistor
turns on and N-type transistor
turns off. Output is connected to

+1.2V, so output = 1

Logic gate is described
using its truth table

Input Output

11



Inverter (animated)

A |Y
0
1 0

A>C%Y
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A=1—

DD

[ OFF

Y=0

GND



Inverter (animated)

A |Y
0 1
1 0

A :::>CF‘Y
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A=0"

DD

~{[ON

Y=1

—LoFF

GND



NOR Gate

* When either input is 1, output is O

Copyright © McGraw-Hill Education. Permission required for reproduction or display.
(@)

Lol

%
TUDelft cesea005 2024-2025)

Example:

When B = 1, N-type transistor
turns on and output (C) is

connected to GND. Both inputs
must be 0 to connect C to +1.2V.

R =B O O|P>

R O B O W

C
1
0
0
0

C =NOT(A OR B)

14



The OR Gate

A i
B i

When either input is 1, output is 1

Add NOT after NOR

Copyright © McGraw-Hill Education. Per

ermis required for reproduc

(a)

1L

ction or display.

2
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Copyright © McGraw-Hill Education. Permission required for reproduction or display.

A
0
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1
1
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M B R O|D
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Why do we need NOT after NOR?

*  Why can't we simply put the P-type on the bottom and the N-type on top?

Copyright © McGraw-Hill Education, Permission required for reproduction or display.

@) A B C
: m— P I (b) 0 volts 0 volts 1.0 volts
A : I[ [ 0 volts 1.2 volts 0.7 volts
i 1.2 volts 0 volts 0.7 volts
B C 1.2 volts 1.2 volts 0.7 volts

 Does not work because of the electrical
properties of the transistors.

* Must always connect P to + and N to GND
for CMOS circuit to work properly.

Maybe we should get to know more about transistors/electrons?

%
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Semiconductor basics

e Pure silicon (Si) is a very regular 3D-lattice (figure A)

e Conductivity is increased through doping, i.e. introducing
impurities to this lattice (figures B and C)

Si—Si—Si Si =—Si=—S5i Si S!i+ Si
Si=Si=5i SIERCR ype | O b g | PvPe
Si=Si=S,i Si = Si =Ssi Si S|i Si

Pure Si lattice Group-V dopant (As™) Group-lll c|jopant (B)

e Extra electrons: negative-charged, free carriers
e Missing electrons (“holes”): positive-charged, free carriers

e A pn-sandwich (“pn-junction”) anode cathode

effectively is a diode
p-type n-type

%
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Semiconductor basics (more)

[N II. II. Il. II. II' The donor electron Can become
=== Si = Si = Si = Si = Si = §j === .
I I I I I I free with very small amount of
thermal energy. (n-type
FEFESIi =S = S = S :: Qj === gy ( Vp )
[ [ T 2 TR
ESIESSiE S s e Sie 8 e

Silicon (Si) + Antimony (Sb) !i - (D S — |S|i = IS|i — !i

=== S8i = Si =— Si = Si = Si = §Si ===

gy | [ [ | | |
(/4\\ EE S = S = S = : = §) E=E

@ ‘ / | [ [ I | |
'\\\/" =5 8 = i §i== Sie= 8= § ==

| [ [ | | |
Silicon (Si) + Boron (B) O T ST ST S SImm S

The acceptor has only three covalent electrons leaving one bound incomplete.
With little thermal energy, valence electron breaks from a covalent bond and
occupies this position (creating a hole). (p-type)

Q: which of the two conducts better?

%
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Semiconductor basics (conductance)

104

10°

Silicon 300 K

10?

p type (boron)

10!

10°

Resistivity ({1—cm)

107!

1072

1073

1074

1012
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1013

1014

Resistivity, hence conductivity, changes over many orders

1015

1016

1017

1018

Impurity concentration (cm 3

1019

of magnitudes; silicon is called semiconductor

5 (2024-2025)

1020

10%!

Energy

Energy

Energy

Conduction band

Band gap

s 5 °
@  ®valence band

Insulator

Conduction band
o

Band gap

¢ 4
® o °
©  ®valence band

Semiconductor

Electron

/

Conduction band
o e ©
s = =]

° ® &
©  walence band

Conductor
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emiconductor basics (cont)

PERIODIC TABLE OF ELEMENTS Dioveredin 1871

Electron Configuration

1 18
: Pub(Clhem :
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15! 5 &
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NN\ [“;:;‘Z':: B[‘:Z:'Z':;“ Name Chlorine o Sori ;:z"zps
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\ N / . Na Mg GF o
5 al Sodium Magnesium gon
oid [Nej3st [NeJ3s? 3523p°
3 4 5 6 7. 8 9
2 2 2l 22 & i = 28 2 Samsung Samsung A Samsung | Samsung | *°
« K Ca Sc Ti v Cr Mn Fe Co r
Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Iron Cobalt pton
[Arjas® [Arl4s? [Arlas?3d® [Arlas?3d? [Aras?3d® [Ar3d5ast [Aras?3d5 [Arlds?3d® [Arlas?3d” TS M C TS M C T S M C TS M C 3d%4p
37 38 39 40 41 42 43 44 45 4
r
- Rb - Sr Y Zr Nb Mo Tc Ru Rh Intel Intel Intel Intel e
Rubidium Strontium Yttrium Zirconium Niobium Rhodium non
[KrJ5s® [Krl5s? [Kr]5s?4d® [Kr]5s%4d? [Kr]5s*ad* [Kr]ss*ad® [Kr]Ss?4d® [Kr]5sad? [KrI5s*4d® 4d2%5p°
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Think Angstrdoms not nanometers

We should steer the movements of almost each individual electron to solve our specific problem

|
=l

bond:
light microscope
resolution

Very few atoms!
(e.g., 3nm / 30A > 6 to 12 atoms)

e 100s of Si atoms in 14nm

Polysilicon gate

3sp tetrahedral bond

Silicon nanowire
14 nm Process

channel

TUDelft cese4005 (2024-2025) S e e
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Ongoing transistor device advancements

[ Geometric scaling | Equivalent scaling || Channel structure scaling [ 30 integration scaling |
Transistor 4 g CFETRDSFET 2DM, CNT. NC,

Post Dennard scaling in

densit { vennard scalng
’—. N 3 2 hm
o g' CFETRDSFET
-: -
A

)
GAAFET

b
FFET ""‘ :‘ B

8r
Vertcal transstor
i CFET/ADS-FET

181

O
“w

SOME
Soue
163 am Immgrson 1 emAF + WP Ew___X I gg 2
Before 2003 2003-2011 2012-2023 2024-20G1 Afer 2031 Period (year)

Qingzhu Zhang, Yongkui Zhang, Yanna Luo, Huaxiang Yin, New structure transistors for
advanced technology node CMOS ICs, National Science Review, Volume 11, Issue 3,
March 2024, nwae008, https://doi.org/10.1093/nsr/nwae008
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The MOS FET transistor

e MOS FET (Metal-Oxide Semiconductor Field-Effect Transistor):
a sandwich structure of p-type Si, n-type Si and insulator (SiO,)
materials

e |t comes in two flavors: nMOS and pMOS:

Metal §

A
High-k

Source  Gate Drain T
Polysilicon )
s ilicon ¥
Si02

ML Source Gate Drain

\\\\\\\\%&% Polysilicon

n+ n+ J_ S|02
I L
p bulk Si
A
I L

n bulk Si
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Next Time
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We continue ...
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