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ECE524 Course Overview (1)

| Week of [ Module Title | Reading
Sep 1 1 Semiconductor Physics Review 1.1,2
Sep 8 2 Bipolar Transistor 1.3
3 | IC manufacturing technology for BJT | 2.1-7
Sep 15 4 SPICE modeling of BJT . 1.4, A2.1
5 BJT Modeling for Amplifier Design 1.34
Sep 22 6 | BJT Amplifiers (1 Transistor) 3.1-3
7 | BJT Amplifiers (2 Transistor) 34
Quiz 1
Sep 29 8 Differential Pair 3.5
Oct 6 9 Cur'rent Sources 412 A41
10 | Active Loads 4.3
11 | Output Stages 5.1-4
Oct 13 12 BiasFi)ng : 4.4

Quiz 2

Oct 20

OCTOBER BREAK

)
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ECE524 Course Overview (II)

| Week of [ Module Title | Reading
Oct 27 13 | Basic Op-Amp Design 6.1,2,8
Nov 3 14 | Frequency response issues 7.1-5
Nov 10 15 | Feedback _ 8.1-3
16 | Op-Amp Stability 9.1-4,6
1.5-9; 2.8-11; 3.3-5;
Nov 17 | 17 | MOSFET Op-Amp Design 424; A41; 6.3-7,
9.4,6
Quiz 3
Nov 24 THANKSGIVING BREAK
Dec 1 18 | Fully Differential Op-amps 12.1-6
19 | Project Topics TBD
Dec 8 20 | Advanced / Optional Topics | TBD
Dec 15 | 21 | Advanced / Optional Topics | TBD




Module 1: Semiconductor Physics Review

|

Topic

Reading

Bonding model, charge carriers

Doping: p, n regions

Fields review: E field, Capacitance

Charge motion: Drift

Charge motion: Diffusion

PN junction: Equilibrium

PN junction: Reverse Bias (capacitance)

PN junction: Forward Bias (ideal diode equation)

1.1, 1.2




Module 1: Semiconductor Physics Review

|

Topic

Reading

Bonding model, charge carriers

Doping: p, n regions

Fields review: E field, Capacitance

Charge motion: Drift

Charge motion: Diffusion

PN junction: Equilibrium

PN junction: Reverse Bias (capacitance)

PN junction: Forward Bias (ideal diode equation)

1.1, 1.2




Chemistry Review

Model of atom (ridiculously oversimplified):

ELECTRONS (- CHARGE):

VALENCE ELECTRONS
(SHARED WITH OTHER
ATOMS IN CRYSTAL BOND)

INNER SHELL ELECTRONS
(TIGHTLY BOUND
TO NUCLEUS)

NUCLEUS:
PROTONS (+ CHARGE)
NEUTRONS (NEUTRAL)
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Types of Materials

Conductor
» Each atom: One or more valence e- not used in bond
> “Sea of electrons”

» Small applied V = Lots of charge moving = Large |
= Low resistance

Insulator
» All valence e- tightly bound

» Applied V =-Little charge moving = Small |
=-High resistance

Semiconductor

» “In between”



Bonding Model

* Lines represent valence electrons
e Silicon
4 valence electrons

81



“Intrinsic” (pure) Silicon, T=0 K (Absolute zero)

All valence electrons tightly bound

10/81



“Intrinsic” (pure) Silicon, T=300 K (Room temperature)

Thermal energy frees some valence electrons

MISSING
ELECTRON: MOBILE
"HOLE" ELECTRON

UL/

N o

i
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Charge carriers in semiconductor

» Electrons

» Mobile electrons not in covalent bond
» Concentration symbol: n carrier/cm?3

» Holes

» Absence of an electron in valence band
> Behaves like a mobile positive charge
» Concentration symbol: p carrier/cm?

Intrinsic semiconductor: n=p
» Pure material: hole, electron concentrations must be equal
» Mobile electrons, holes created in pairs

» Relatively poor conductor
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Intrinsic carrier concentration

» Symbol: n; carrier/cm?

» Different for different semiconductors

» Silicon at T=300 K : n; 1.0E+10 carrier/cm?3
» STRONGLY Temperature dependent!

13/81



Summary: Bonding model, charge carriers

» Charge carriers in semiconductor
» Electrons n
Holes p
Concentration units: carriers / cm?
Charge equal to electron charge £q. = 1.6E-19 coul

v vy

» Intrinsic (pure) semiconductor

» Hole, electron concentrations equal
> n= p = ni

» n; STRONGLY Temperature dependent!
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Module 1: Semiconductor Physics Review

’ Topic Reading
Bonding model, charge carriers
Doping: p, n regions

Fields review: E field, Capacitance
Charge motion: Drift

Charge motion: Diffusion

PN junction: Equilibrium

PN junction: Reverse Bias (capacitance) 11,12
PN junction: Forward Bias (ideal diode equation)

15/81



Doping

Problem: Equal number of holes, electrons n = p is boring
“Doping”: Intentional introduction of impurity atoms
Purpose: Unbalance number of holes electrons n # p

Use atoms from adjacent columns in periodic table

vvyyvyy

Boron Silicon Phosphorous
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"Donor” impurity (Example: Phosphorous)

¢ Donates extra electron: mobile

* Also extra proton: Fixed +positive charge

* More mobile negative charges: n-type

FIXED + CHARCi

MOBILE ELECTRON

\

y/

=

()
@
I

()
()
m

O m— —

()
@
I

()
()
I
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" Acceptor” impurity (Example: Boron)

* Vacancy (‘“‘hole”) that can accept an electron
* Also missing proton: Fixed negative charge
e More mobile positive charges: p-type

FIXED - CHARGE MISSING ELECTRON: “HOLE”

@ .\\\J’/O )
(O
()

o

I
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Terminology

Dopant atom concentration
» Donor: Np atoms/cm?
> Acceptor: N, atoms/cm3
CAUTION!
» Entire semiconductor is electrically neutral
» Donor: Extra proton in nucleus relative to Si
» Acceptor: Missing proton in nucleus relative to Si
» Only mobile charge is unbalanced



“Majority carrier concentration”

» Assumption: Each dopant atom contributes one mobile carrier

» Donor doped: Electrons are majority carrier

n = ND
» Acceptor doped: Holes are majority carrier
p=Na

» Typical doping densities 1.0E+15 to 1E+422 atom/cm?3
Much greater than n;, “swamp out” intrinsic concentration

» NOTE: Ny, Np NOT temperature dependent! Determined by
introduction of impurity atoms in manufacturing process, then
fixed over time.

What about concentration of “other” carrier?



Minority carrier concentration

Example: Donor doped region of semiconductor
» Donor: Np atoms/cm?
» Increases mobile electron concentration: n 1
» Some of extra mobile electrons “fill in” holes
» “Recombination”
» Decreases mobile hole concentration: p |}

“np product relationship”: np = n,?

» For semiconductor at equilibrium

» (Other conditions apply; see ECE4904 / ECE569A,B )

Since n = Np, applying np = n,-2 gives
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Example

Example: Np = 1.0E415 atom/cm?3; what are n, p?

22/81



Summary: Doping

vV v v Y

Intentionally unbalance n, p
Donor: extra electron in valence band
Acceptor: missing electron in valence band

Majority carrier concentration

Determined by doping

NOT temperature dependent

Minority carrier concentration

Determined by np product relationship: np = n
Temperature dependent through n;

2

i

Dopant Concen- | Type of Mobile e~ Mobile hole
Type tration | Region | concentration n | concentration p
Donors

Acceptors
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What is the Electric Field anyway?

vV v . v. v Y

Vector

— —
Tells you force on a charge: F = QE
Direction positive charge would move
Points from + to - charge

Keep track of charge conservation:
Every field line
starts on a + and must end on a -

Related to voltage: units [V/cm]
E = —dV/dx
Related to charge: Poisson’s Equation (1-D)

dE __ p

dx T €

25 /81



Poisson’s Equation and Capacitance

Discretize % =2
X €

26 /81



Summary: Electric Field, Capacitance
E field

|

>

>

Tells you direction positive charge would move
Points from + to - charge

Related to voltage: units [V/cm]

E =—dV/dx

Integral relationship:

Related to charge: Poisson’s Equation (1-D)
dE __ p

dx T €

Integral relationship:

27 /81



Module 1: Semiconductor Physics Review

’ Topic Reading
Bonding model, charge carriers
Doping: p, n regions

Fields review: E field, Capacitance
Charge motion: Drift

Charge motion: Diffusion

PN junction: Equilibrium

PN junction: Reverse Bias (capacitance) 11,12
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Drift: Motion of charge carriers due to electric field

Free Space Semiconductor Lattice
€ FIELD € FIELD
~f—

29/81



Mobility p

Velocity with collisions “averaged out”

AVERAGE VELOCITY
©

Y

€ FIELD
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Mobility w: Units, typical values

A CARRIER -
VELOCITY

A%

SLOPE =
MOBILITY
w

€ FIELD
L
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Terminology / Material Parameters

|

Mean free time 7,
Average time between collisions

Mean free path x,
Average distance between collisions

Xm

Thermal velocity vy = 22
Average velocity due to random thermal motion
Thermal equilibrium
Average energy in each independent mode of energy stoarge
= kT)/2
» k Boltzmann's constant: 1.38E-23 J/K
» T Absolute temperature in Kelvins

m* Carrier effective mass

32/81



Relating Mobility ©« to Material Parameters

Velocity with collisions “averaged out”

AVERAGE VELOCITY
©

|

€ FIELD
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Mobility: Typical values

80 Chapter 2 = Bipolar, MOS, and BiCMOS Integrated-Circuit Technology

108

Electrons

1027

Mobility 1 (cm?/V-s)

10 | | | | | | Figure 2.1 Hole and electron
10 10" 10" 10"7 10" 10" 10% 102"  mobility as a function of
Total impurity concentration (cm~3) doping in silicon.?
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Summary: Mobility

» For charge carriers in a material

» Micro level:
Random thermal collisions
Carrier accelerated by field between collisions

» Macro level:
Average velocity due to electric field

> Mobility u [cm?/V - sec]
» Drift velocity v = uE
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Module 1: Semiconductor Physics Review

’ Topic Reading
Bonding model, charge carriers
Doping: p, n regions

Fields review: E field, Capacitance
Charge motion: Drift

Charge motion: Diffusion

PN junction: Equilibrium

PN junction: Reverse Bias (capacitance) 11,12
PN junction: Forward Bias (ideal diode equation)

36 /81



Diffusion: Net motion of particles due to concentration
gradient

PARTICLE

CONCENTRATION
p(x)

faQe
37/81



Terminology / Material Parameters

» Diffusion coefficient D

38/81



Diffusion: Net motion of particles due to concentration
gradient

PARTICLE

CONCENTRATION
p(x)

2a¢
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Summary: Diffusion

» For any particles (charged or not)

» Micro level:
Random thermal collisions

» Macro level:
Random motion smooths out concentration gradient
Effect of diffusion is a net flow of particles opposite to gradient

» Diffusion coefficient D [cm?/sec]

» Particle flow per unit cross sectional area

40



Module 1: Semiconductor Physics Review

’ Topic Reading
Bonding model, charge carriers
Doping: p, n regions

Fields review: E field, Capacitance
Charge motion: Drift

Charge motion: Diffusion

PN junction: Equilibrium

PN junction: Reverse Bias (capacitance) 11,12
PN junction: Forward Bias (ideal diode equation)
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PN Junction

MOBILE

HOLE
AW

FIXED
ACCEPTOR—>
ION

Thought experiment:
Take isolated p-type, n-type regions and bring together

3

O+O+0+| o
O+O+O+
O+O+O+

O+O+0O+

O+O+0O+

MOBILE
n-TYPE ELECTRON
—————— FIXED
ODODOS [~—DoNoR
000000
CICICICIOIO)

42 /81



PN Junction

Applied voltage V4 = 0 at time t=0.

B

MOBILE MOBILE
HOLE \ p-TYPE n-TYPE ELECTRON
FIXED Tr o+ o+ + + |- - - - - - ” FIXED
ACCEPTOR—> OE®®O® <—DONOR

ION X X £ F F -4 ION

CIOCIOICIO)

O+O+0O+
O+O+0O+
O+O+0O+
O+O+0O+
O+O+0O+

®

®

©)

©)

©)

®
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PN Junction

Applied voltage V4 = 0 equilibrium as time t — oo

—

€ FIELD
p - n
+ o+ [ ——
© © 0l0 0/EEREE
© 0 00 ©/0POO®
© 0 00 OPEPOEO®
| DEPLETION |
REGION
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PN Junction Current Components

Carrier motion: drift and diffusion for both holes and electrons

—

€ FIELD
p - n
+ o4+ - — — —
© © 0l0 0/eEREEE
© 0 010 ©/0POO®
CXC) @i@ clcleclelele)
}DEPLETION,
REGION
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PN Junction Forward Bias (preview)

V4 > 0 Applied V4 “overpowers” internal E field

Irwp i

DOOO®

|
I
1
|

@

DEPLETION REGION
NARROWS
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PN Junction Reverse Bias (preview)

V4 < 0 Applied V4 “reinforces” internal E field
“Pulls” mobile carriers further apart

1[1F+

>

€
p -~ n
| - - -
© 6l © 0|00
— ooleoolecswes +
O 010 0 0 PPEBOD
| |

DEPLETION REGION
WIDENS
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PN Junction: Electrostatics at equilibrium

€ FIELD

L

n

@@'@@@@

P
+ + 1
@@:@@ DOOC
@@i@@@@.@@@@
© 0006

I

I

@@@@@@

DEPLETION | |
REGION

No-Na

O+O+0O+

No

DOPING
PROFILE

CHARGE x
DENSITY

-Na

ELECTRIC
FIELD

ELECTROSTATIC
POTENTIAL
(VOLTAGE)
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PN Junction: Electrostatics at equilibrium

“Built-in" potential:

For zero applied bias, there exists a voltage ¥ across the junction called the built-in
potential. This potential opposes the diffusion of mobile holes and electrons across the junction
in equilibrium and has a value!

NsNp
Yo = Vrin 2 (1.1)

i

where

kT
Vr=—>~26mV at 300°K
q

Example: Ny = 1E + 15atom/cm3, Np = 1E + 16atom/cm®

49 /81



Summary: PN Junction at Equilibrium

» Depletion region
Depleted of mobile carriers near junction
Fixed charges (of other sign) “uncovered”

» Macro level: Zero net current

» Micro level:
Drift, diffusion current balance for holes and electrons

» Built-in potential ¥y
Voltage across junction that opposes diffusion

50 /81



Module 1: Semiconductor Physics Review

’ Topic Reading
Bonding model, charge carriers
Doping: p, n regions

Fields review: E field, Capacitance
Charge motion: Drift

Charge motion: Diffusion

PN junction: Equilibrium

PN junction: Reverse Bias (capacitance) 11,12
PN junction: Forward Bias (ideal diode equation)
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PN Junction: Electrostatics, Vk reverse bias applied

2 Chapter 1 = Models for Integrated-Circuit Active Devices

e

.
—o vk

(a) Applied external
Charge density p reverse bias
qNp
+
X
Distance
=q Ny
(®)
Electric field
€
x
()
Vv
Potential
\Z
z o+ Vi
i v, Figure 1.1 The abrupt junction
x under reverse bias V.
Wi Wa (a) Schematic. (b) Charge
density. (c) Electric field.
(@)

(d) Electrostatic potential.
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PN Junction: Electrostatics, Vk reverse bias applied

Extent of Depletion Region (step junction):

1/2
2 Vv
W = e(Yo + VR5)
Ny (148
qivNa Nop
12
2 V
Wy = | 2600+ Vi)

Np (1422
qiND Na

(1.14)

(1.15)

Example: Ny = 1E + 15atom/cm3, Np = 1E + 16atom/cm?
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PN Junction: Capacitance

2 Chapter 1 = Models for Integrated-Circuit Active Devices

° +
o—f » | n o v
(a) Applied external
Charge density p reverse bias
qNp
+
X
Distance
=4 Ny
®)

For step junction
Use of (1.17) and (1.18) in (1.16) gives

(1.19)

c— [ geNAND }'/2 1
! 2(Na+Np)| o+ Vi

54/
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PN Junction Capacitance: General

Equations 1.20 and 1.21 were derived using the assumption of constant doping in the
p-type and n-type regions. However, many practical diffused junctions more closely approach
a graded doping profile as shown in Fig. 1.2. In this case, a similar calculation yields

C .
Cj= . (1.22)

Yo

Yo

Charge density p
_.p=ax
— b x Distance
L Figure 1.2 Charge density versus

distance in a graded junction.
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PN Junction: Maximum Field at junction

2 Chapter 1 = Models for Integrated-Circuit Active Devices

P +
P | n |_O Vr
(a) Applied external
Charge density p reverse bias
qNp
+
X
Distance
=4 Ny
()
Electric field
€
X
(c)

56 /
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PN Junction: Reverse breakdown

ImA

-25( -20

-15 -10

-5

1

2

-3

4

V volts

Figure 1.4 Typical I-V characteristic of a junction diode showing avalanche breakdown.

57/

81



Summary: PN Junction in Reverse Bias

>

Depletion region
Separation of +, - charges: Acts as capacitance
Junction capacitance depends on applied voltage

DC current behavior

Applied voltage reinforces built-in g

“Turns off" diffusion current

Small reverse current (nA to pA) flows due to drift

» Maximum value of E field at junction Ej,ax

» Breakdown voltage

When maximum field E,.x exceeds critical value Et
of semiconductor material
Large reverse current flows
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Module 1: Semiconductor Physics Review

’ Topic Reading
Bonding model, charge carriers
Doping: p, n regions

Fields review: E field, Capacitance
Charge motion: Drift

Charge motion: Diffusion

PN junction: Equilibrium

PN junction: Reverse Bias (capacitance) 1.1,1.2
PN junction: Forward Bias (ideal diode equation)
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PN Junction Forward Bias V4 > 0
Applied V4 “overpowers” internal E field which opposed diffusion
= Current components: Diffusion dominates

.
11

) >

€
- n

o
lelclelelelele
0

+
O+O+O+
O+O+O+ |
O+O+O+
O+O+0O+
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PN Junction Forward Bias V4 > 0

“Law of the Junction”: Applied V4 changes minority carrier

concentration at edge of depletion region by factor (e(Va/Vr) — 1)

| - — — - =

566 dloldosen
T cooojoepeces —

00 0 0I0|PEOEED
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Ideal Diode Equation

_ n? D, | m D Va/V
Ip = A (i 20+ 55 22 ) [eVa/VD) — 1]
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Summary: PN Junction in Forward Bias

» DC current behavior
Applied voltage subtracts from built-in g
Allows diffusion current to flow
“Law of the Junction”:
= Exponential increase in current

» Diffusion current dominates: driven by concentration gradient
Preview: carrier motion in base region of bipolar transistor
» ldeal diode equation
Note parts of equation due to
» Junction geometry (cross-sectional area A)
» Semiconductor material properties (n;, N, D, L)
» Applied voltage (Va)
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Module 2: Bipolar Transistor

’ Topic ‘ Reading

Construction

Active Region operation (DC)
Large signal model equations
Charge control model

Saturation, cutoff operating regions
(B vs. operating condition

13
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Module 3: IC manufacturing technology for BJT

’ Topic ‘ Reading ‘
Passive Components: Resistors
Passive Components: Capacitors
Passive Components : Inductors | 2.1-7
BJT Parasitics

Integrated vs. Discrete Design
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Module 4: SPICE modeling of BJT

’ Topic ‘ Reading ‘
DC parameters

AC parameters

Parasitic parameters
Modeling example: CA3096

A21, 147
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Module 5: BJT Modeling for Amplifier Design
’ Topic ‘ Reading

Large signal (DC) models 1.3

2-port amplifier model

Small signal (ac, incremental) modeling

Hybrid pi model

fT frequency domain figure of merit

T model

Use of models: DC bias, small signal gain, bandwidth

1.4
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Module 6: BJT Amplifiers (1T)

’ Topic ‘ Reading
Common Emitter

Common Emitter with Degeneration
Emitter Follower

Common Base

Summary of 1T BJT amplifiers

Preview: Opportunities for Improvement

3.1-3
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Module 7: BJT Amplifiers (2T)
’ Topic ‘ Reading ‘

Darlington

Cascode 3.4
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Module 8: Differential Pair

|

Topic

‘ Reading

Motivation and configuration (op-amp input stage)

DC transfer characteristic

Half-circuit analysis

Differential mode behavior

Common mode behavior

35

Differential Pair with Emitter Degneration

Mismatch in Differential Pair: Offset voltage

CM-to-DM conversion

Preview: Opportunities for Improvement
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Module 9. Current Sources

’ Topic Reading

Motivation

Simple Current Mirror
Current Mirror with Beta helper | 4.1, 4.2
Degeneration
Cascode A4l
Wilson

Summary of current sources
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Module 10. Active Loads

’ Topic Reading
Motivation
Common-Emitter with Current Source Load 43

Differential Pair with Mirror Load

Summary of active load techniques




Module 11. Output Stages
’ Topic Reading

Motivation

Emitter Follower

DC Transfer Characteristics

Efficiency Considerations

Push-pull output stage

DC Transfer Characteristic / Dead Zone distortion

Class AB output

Overload Protection

5.1-4
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Module 12. Biasing
’ Topic ‘ Reading

Widlar source
Supply Insensitive Biasing | 4.4
Bandgap voltage reference
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Module 13. Basic Op-Amp Design (single-ended output)

’ Topic ‘ Reading ‘

Motivation

Op-Amp nonidealities

Basic BJT Op-amp and design evolution
Increase gain of input differential stage
Current Source Biasing

Use of active load

Push pull, class AB output stage
Stage-to-stage coupling, buffering
Systematic Offset issues

Basic Op-Amp design Summary

6.1, 6.2, 6.8
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Module 14. Frequency response issues

’ Topic Reading
Transfer function; pole-zero review
Common Emitter Amplifier
Miller effect
Emitter follower frequency response 715

Common Base frequency response

Cascode frequency response

Differential Amplifier frequency response

Frequency response summary




Module 15. Feedback
’ Topic Reading

Advantages of Negative Feedback
Feedback Configurations

8.1-3

77/81



Module 16. Op-Amp Stability

’ Topic Reading
Gain-Bandwidth relationship

Stability Criteria

Phase Margin

Op-Amp Compensation

Dominant Pole / Miller Integrator Compensation
Slew Rate Limiting

Example Design: Stability of 3-stage BJT Op-Amp
Stability Summary

9.1-4, 9.6
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Module 17. MOSFET Op-Amp Design

’ Topic ‘ Reading
MOS Construction 2.8-11
MOS OperaFlon 15.9
MOS Modeling
MOS-BJT Comparison 3.3-5,42, 44, A4.1

MOS Op-amp design example 6.3-7
Compensation for MOS Op-amp 9.4 9.6
MQOS Op-amp Summary T
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Module 18. Fully Differential Op-amps
’ Topic ‘ Reading

Differential mode operation

Need for Common Mode Feedback (CMFB)

CMFB Techniques 12.1-6

Design Example

Fully Differential Op-amp Summary
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Module 19. Advanced / Optional Topics
’ Topic ‘ Reading ‘
Noise 11.1-9

Current Feedback Op-Amp

Analog Multiplier
Gilbert Cell
Student requested

10.1, 10.2
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