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Semiconductors, Transistors, and Gates

* How do we make gates???




A4 Appendix A - Digital Logic

Truth Tables

« Developed in 1854 by George Boole
« further developed by Claude Shannon (Bell Labs)

« Outputs are computed for all possible input combinations (how
many input combinations are there?

Consider a room with two light switches. How must they workt?

___ Diirection of current

Inputs  Output

Switch A Switch i

tDon't show this to your electrician, or wire your house this way. This circuit definitely
violates the electric code. The practical circuit never leaves the lines to the light "hot"
when the light is turned off. Can you figure how?

‘Computer Architecture and Organization by M. Murdocca and V. Heuring ©2007 M. Murdocea and V. Heuring
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Electrically Operated Switch

¢ Example: a relay

source: hip:/ v howstuffworks comcelay him

UMBE, CMSC313, Richard Chang <chang@umb edu>

Semiconductors

Electrical properties of silicon
Doping: adding impurities to silicon
Diodes and the P-N junction
Field-effect transistors
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BO0 T IntinsIc Semiconductors

Intrinsic Semiconductor

A silicon erystal s different from an insulator because at any temperature

sbove sbsolute zero temperature, there i a finite probability that an

clectron in the lattice will be knocked loose from its position, Icaving

behind an electron deficiency called a "hole”.
1fa voltage is applied, then

both the clectron and the

hole can contribute 10 &

small curreat flow.

‘The conductivity of a

® @-b® ®
e e S e

there is a finite possibility
that electrons can reach the

SR eae @

‘conduction.

[Fiote ]
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distinguishes between the
properties of pure "intrinsic™
silicon and the dramatically
different properties of doped.
n-iype of p-iype
semiconductors.
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806

O Intrinsic Semiconductors

Semiconductor Current

Both electrons and holes contribute to current flow in an intrinsic

semiconductor.
electr nole
conducion — _ condugion
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806 T Goped Semiconduetors. [=}
The Doping of Semiconductors I
1
The addition of a small percentage of foreign atoms in the regular crystal |
latice of silicon or germanium produces dramatic changes in their |
electrical propertics, producing n-type and p-iype semiconductors. i
Pentavalent
impurities
(5 valence
electrons) produce
type .
Sembonducers Antimony
by contributing ~ Arsenic
e Phosphorous
Trivalent
LA Boron
(3 valenos Aluminum
clectrons) produce  Gallium
Peiype
semiconductors by
producing a “hole
" or electron
deficiency.
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806 @ Doped Semiconductors

P- and N- Type Semiconductors

. .. Acceptor
3 e ~,  impurity
Donor impurity J . % createsa
contributes e S & ok

ree electrons

Index
.
; concepts
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806 @ Doped Semiconductors

N-Type Semiconductor

The addition of pentavalent

arsenic or phosphorous
contributes free clectrons,

N-Type
7 . greatly increasing the

impurities such as antimony,

Donor impurity conductivity of the intrinsic

contributes. Index
I ‘may be added by diffusion of

p . phosphine gas (PH3).

N W concepts
L] (]

Antimony

added as *

impurity ., s

S
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806 @ Doped =)
P-Type Semiconductor
The addition of trivalent impurities
such as boron, aluminum or
gallium to an intrinsic
semiconductor creates deficiencies
of valence clectrons,called
"holes". It s typical to use B,H, -
diborane gas to diffuse boron into -
the silicon material.
coneepts
Boron i
* Si o
0000000000 « Fermi s ;
= impurity i
.
HyperPhysics***** Condensed Matter Nﬂ‘l Enker
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T The P-NJunction

P-N Junction

One of the crucial keys o solid statc clectronics is the nature of the P-N
|junction. When p-type and n-type matcrials arc placed in contact with
‘cach other, the junction behaves very differently than either type of
material alone. Specifically, current

will flow readily in one diection (forward biased) but not in the

other (reverse biased), creating the basic diode. This non-reversing
behavior arises from the nature of the charge transport process in the two.
types of materials.

n-type
siicon
p-n junction Enargy bands a oauirum

‘The open circles on the left side of the junction above represent "holes”
or deficiencies of electrons in the lattice which can act like positive
charge camicrs. The solid circles on the right of the junction represent the.
available clectrons from the n-type dopant. Near the junction, clectrons

fuse across to combine with holes, creating a " *. The
encrgy level sketch above right is a way to visualize the equilibrium
condition of the P-N junction. The upward direction in the diagram
represents increasing clectron energy.

|Electron and hole conduction

**e+* Condensed Matter
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concepts
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606 @ The P-N Junction

Depletion Region

‘When a p-n junction is formed, some of the free electrons in the n-region
diffuse across the junction and combine with holes to form negative ions. In
so doing they leave behind positive ions at the donor impurity sites.

petype n-type

semiconductor semiconductor

region region

o electron

The combining of Bt
electrons and holes
depletes the holes [ negative ion
PR from filled hole:
the electrons in the. @ positiveion
n-regioin near the from removed
junction. slectron

——
depletion
region

Show more detail of depletion regios

Index

concepls

Semiconductor

for electronics

=
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HyperPhysics*

2 The P-N Junction
Depletion Region Details

In the p-type region there are holes from the
acceptor impuritics and in the n-type region
there are extra clectrons.

When & p-n function is formed, some of the lndex
clectrons from the n-region which have reached
the conduction band are free to diffuse across >
the junction and combine with holes. concepts

Semiconductor

Filling a hole makes  negative ion and 1eaves  for electronics
behind a positive ion on the n-side. A space L
charge builds up, creating a depletion region

which inhibits any further electron transfer

unless it s helped by putting a forward bias on

the junction.

: Negathe on from — Posie on fom
® Secten Okoe O piingarpiyps @) romora of siciron
wacarcy irom eiype gy
Sing.
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806 @ Diodes =)
Forward Biased P-N Junction
'Forward biasing the p-n junction drives holes to the
(7= junction from the p-type material and electrons to the
junction from the n-type material. At the junction the
I electrons and holes combine so that a continuous -
current can be maintained. index
Semiconductor
concepts
for clectronics
GY
Hole current Electron current
P ini N
1
|Show cnergy bands. |Compare to reverse bias.
HyperPhysics***** Condensed Matier R GoBack
3
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6806 @ Diodes o
Reverse Biased P-N Junction
The application of a reverse voltage to the p-n junction
will cause a transient current to flow as both clectrons
and holes are pulled away from the junction. When
the potential formed by the widened depletion layer
equals the applied voliage, the current will cease Index
except for the small thermal current.
o Semiconductor
epiotion rogion semiconductor
concepis
for electronics
[Show energy bands.|[Compare to forward bias.
HyperPhysics**+++ Condensed Matter yak Qo Back
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(@ Diodes

D
@

The P-N Junction Diode

The nature of the p-n junction is that it will conduct
current in the forward direction but not in the reverse
direction. Tt is therefore a basic tool for rectification in

—Pb— e building orDC power supplics.

The reverse current
i on the order of 10
amperes and is
almost independent
of voltage until the
breakdown paint is
reached

The forward current "turns
on” at about 0.5 volts for a
silicon diode and can reach
wery high currents by 0.7
wolts. For a germanium
diode the turn-an voltage
is about 0.2 valts

Current

Reverse Farward
Valtage Voltage

[Diode varieties|[PIN diode Step-recovery diode |[Diode

HyperPhysics***** Condensed Matter Nave
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806 © Transistors

The Junction Transistor

A bipolar junction
transistor consists of
three regions of doped
n‘ - semiconductors. A
Emitter small current in the

Coltector Collector [ Index
Base Base center or base region -
can be used to control erferrirR
a larger current flowing R
PRP PN between the end Loncepts
Collector Collector f 2
regions (emitter and
- - collector). The device
can be characterized as | 107 IeCTONCs
a current amplifier,
enitter triter  having many Electronics.
applications for feospi
amplification and
switching.
[Constraints on operation [Transistor operating conditions|
| arieties of Transistors | Details about condustion in transistors |
D collector current [ Details about base-emitter junction|
HyperPhysics***** Condensed Matter X (GoBack
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Transistor as Current Amplifier

The larger collector current Ic is proportional to the base current Is
according fo the relationship e = Bls , or more precisely it is

proportional to the base-emitter voltage Vee . The smaller base current | ¢
controls the larger collector current, achieving current amplification.

emiconductor
oncepts

Index

lc = Bls
Conventional

for electronics

HyperPhysics***** Condensed Matter N

MNP
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iV Current Electronics
‘L . concepts
£ Reference
Diefenderfer /
P L= Holton
{11l {1l P15
Yeo YEE
Constraints on operation |Comments on structure [To pnp version
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[sXo)X5) @ Transistor Switches (=]
Transistor Switch Example
+10V
Index
The Electroni
switch is There is no current to the base, | C2LCERIS
open. 0 the transistor is in the cutoff | -
condition with no collector R
1KQ current. All the voltage drop is || Lecironics
accoss the transistor.
Reference
Horowitz
& Hill
p52
Transistor operation for switch conditions |
[Transistor Switches
HyperPhysics***** Electricity and X |GoBack
Nave
4

806 D Transistor Switches

Transistor Switch Example
The switeh is closed.

Open the switch Almost 10V drop
+10V across bulb. Its

resistance determines

the collector current.

The base resistor is chosen
small enough so that the
base current drives the
transistor into safuration.

In this example the
‘mechanical switch is used
10 produce the base current

1o close the transistor 0.05t0 02V

in saturation

switch to show the

principles. In practice, any 15=9.4mA
voltage on the base V=

sufficient to drive the 8 =

transistor to saturation will
close the switch and light
the bulb.

‘Tr.msxswr operation for switch conditions ‘

Transistor Switches

concepts

Elcctronics

Reference
Horowitz
& Hill
ps2
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@ http: //jas.eng.buffalo.edu/...mosfet/mosfet.html

Enhancement-mode (Normally-off) MOSFET

va

@ Applet started

25

Wi

=

N-channel

Vi=1l0V >+i N-channel lﬂ

[ //es2 enc Bffelo edl A pfet Bolcaioninos mosTelfmos

eoe

@ http://jas.eng.buffalo.edu/...mosfet/mosfet.html
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Enhancement-mode (Normally-off) MOSFET
N-channel

Vg > Vt: gate bias is more positive than the threshald voltage.
Sufficient electrons accumulate and forms the inversion channel

Vg
@ Applet started

26

&
x

VI=1.0V %) [ N-channel

}ﬂ

i =2 eng EUT=I0 601 A pet Education

EIEE]

An Inverter using MOSFET

* CMOS = complementary metal oxide semiconductor
+ P-type transistor conducts when gate is low
* N-type transistor conducts when gate is high

Y

s
- |
T A 2 A{ 2
n-typa MOSFET
G GND

S
=]




NAND GATE

A|B

| Bl O O
| ol k|l o
ol k| R RN

NOR GATE

A|B|z
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Bl ol Bl O
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CMOS Logic vs Bipolar Logic

* MOSFET transistors are easier to miniaturize
* CMOS logic has lower current drain
* CMOS logic is easier to manufacture

30

10



11/10/2015

31

Circuits for Addition

3.5 Combinational Circuits

Combinational logic circuits
give us many useful devices.
One of the simplest is the
half adder, which finds the
sum of two bits.

We can gain some insight as
to the construction of a half
adder by looking at its truth
table, shown at the right.

32

Inputs
X ¥
) o]
) 1
1 o
1 1

Outputs

Sum

)
1
1
0

carry
0

]
0
1

Half Adder

e Inputs: A and B

e Outputs: S = lower bit of A + B, ¢, = carry bit
A|B| S| cou
FotoTol o1
oj1|1(0
1|0(1]| 0
1|1]0] 1 |

o Using Sum-of-Products: § = AB + AB, cou

o Alternatively, we could use XOR: S = A& B.

AB

11



3.5 Combinational Circuits

* As we see, the sum can be
found using the XOR
operation and the carry
using the AND operation.

Inputs Outputs

Sum Carry

n
g
L]
HHOO M
HOoOKRO K
O R RO
HOoOO

Carry

34

3.5 Combinational Circuits

* We can change our half
adder into to a full adder
by including gates for

Inputs Outputs

Carry Carry

N ) X Y In Sum Out

processing the carry bit.

[} 0 0 0

+ The truth table for a full g g ; i g

adder is shown at the o 1 1 ° 1

right. 10 0 1 0

i 0 1 0 1

1 1 0 [+] 1

1 1 1 1 1

35
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Full Adder

® Inputs: A, B and ¢,

o Outputs: S = lower bit of A + B, coyt

carry bit

T
~~oor~oo|w

o
1
o
1
1]
1
1]
1

N

~~~orooolf

o §=ABC + ABT + ABT + ABC = A BaC.

® coy = MAI3 = AB + BCO 4+ AC.

12



3.5 Combinational Circuits

» Here’s our completed full adder.

37

Carry In
Inputs
Sum Carry
E::}——— X Y In
o o 0
[ 1
0o 1 0
0 1 1
10 0
1 0 1
11 o
11 1
Carxy Out

Outputs

Carry

Sum Out

[

PoorHeRH

0

HHHOHOG

3.5 Combinational Circuits

Just as we combined half adders to make a full
adder, full adders can connected in series.

The carry bit “ripples” from one adder to the next;
hence, this configuration is called a ripple-carry
adder.

s X, T Y, X

c c, |

carry out 15 - ) c,

38

Today’s systems employ more efficient
adders.

11/10/2015

Constructing Larger Adders -

+ A 16-bit adder can be made up of a cascade of four 4-bit ripple-
carry adders.

a5 ay G ay ay a a
bt:‘i bul bl'il bl:l b:\l bzl b]l bnl
Cl2 cy “o
€1, € 4Bit Adder #3 « « + € 4-BitAdder#0 [& 0

Vi

15 S Sz Sz s % S5 S

Pl of Camputsr Achtsckare oy W. Wurckcca snd V. Heurng & 1999 M. Murdoses and ! Heuting

13



Chapter 3: Arithmetic

Full Subtractor

+ Truth table and schematic symbol for a ripple-borrow subtractor:

a; by bor; | diffy bory,; b
i
00 0 [V ] ll bor,;
00 1 1 1 r
01 0 (I F“é'
sub-
01 1 o L tractor
1 0 0 1 0
1o 1 0 0 bor;, (J l
11 0 0 0 diff;
111 | 1 (a;— by

Pl of Camputsr Achtsckare oy W. Wurckcca snd V. Heurng & 1999 M. Murdoses and ! Heuting

™ Combined Adder/Subtractor

= A single ripple-carry adder can perform both addition and subtrac-
tion, by forming the two’s complement negative for B when sub-
tracting. (Note that +1 is added at ¢, for two’s complement.)
by by by

by
| | ] ADD/
LL LT L L_L SUBTRACT

as sy ay ap
Vo ) e v
Full Full Full Full
adder adder adder adder
“ l i l l
53 52 1 S

{ P of Compuer Arhiscts by M. Wirsecca and . Heung & 1999 M. Murdooca and V Heuring
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Chapter 3: Arithmetic

Carry-Lookahead Addition

s; = a;byo;+ ajbio; + ajbio; + abic;

¢, = bic;+ac+ab;

Cioy = @b+ (a;+ bye; « Carries are represented in terms

Gy = Gi+ Py of G, (g and P, (propagate)
expressions.

Gi=ap;, and P,=a;+b,

cg=0
=Gy
6, =G; + PG,

¢; =G, +P,G, + P,P,G,
c; =Gy + PyG, + P,P,G, + PyP, PG,

| Frertes of Comater Arentecursty W Murceza L Heng 195 M, MurgEera ang V. Heunng

14



Chapter 3: Arithmetic

Carry Lookahead Adder

byay byay biay  byag

+ Maximum gate delay
for the carry genera-
tion is only 3. The

T full adders introduce

two more gate de-

lays. Worst case
path is 5 gate de-
lays.

G| PyG PG| (e

A

Full
adder

|1 of Compuer Artectre oy W, Waccesa ana . Hourr

#1995 M. Murdoos and V. Heuring

a4

Standard Logic Components
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3.5 Combinational Circuits

« Decoders are another important type of
combinational circuit.

* Among other things, they are useful in selecting a
memory location according a binary value placed on
the address lines of a memory bus.

« Address decoders with n inputs can select any of 2"
locations.

. . —>
This is a —* Decoder [
block n Inputs : : 2* outputs
diagram for — —
a decoder.

45

15



3.5 Combinational Circuits

» This is what a 2-to-4 decoder looks like on the

inside.
i E
y E
lfx=0andy =

”,

Y

y

y

1, which output
line is enabled?

46

slelsle

3.5 Combinational Circuits

A multiplexer does just the

opposite of a decoder.

It selects a single output from, —»|

several inputs. I1—¥
. . IZ —>

The particular input chosen 1, |

for output is determined by

the value of the multiplexer’s

control lines.

To be able to select among n

inputs, log,n control lines are

needed.

a7

Multiplexer |Output
(MUX)

Control lines
Thisis a
block
diagram for
a
multiplexer.
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3.5 Combinational Circuits

« This is what a 4-to-1 multiplexer looks like on the
inside.

48

SIW )513013
5,851

Sy L—E)_ ——

I3

18012

Output

If Sp=1and S, =
0, which input is

transferred to the
output?

16



Appendix A: Digital Logie

Demultiplexer

00— Fy DAB | FyFFF
| 0If— F,

b 10— 000 | 0000
N 001 | 0000
o010 0000
[ ] 011 | 0000
A B 1 00 1.0 00
1o1 | o100
Fo=DAB  Fa- DAB L ro oo 10
1 11| 0001

Fi=DAB Fs=DAB

{ P of Compuar Arhiscts by M. Mrseesa ana . Hourrna

#1995 M. Murdoos and V. Heuring

) y
] .
V|
]
A B

A3z Appendix A: Digital Logie

Gate-Level Implementation of DEMUX
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« This shifter

51

3.5 Combinational Circuits

S

moves the

bits of a

nibble one
position to the
left or right.

If S=0,in
which direction
do the input
bits shift?

O3 02 Oy O

17



3.6 / Sequential Circuits 145

Input

Decoder

Gllc,
FIGURE 3,17 A Simple Two-Bit ALY

References

* Materials on semiconductors, PN junction
and transistors taken from the HyperPhysics
web site:
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