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ELECTRICAL ENGINEERING AND COMPUTER SCIENCE

UNIVERSITY of MICHIGAN B COLLEGE of ENGINEERING

Introduction

EECS 320
Introduction to Semiconductor Devices





Why Should | Take EECS 320

* Almost 100% of Electrical Engineering Ultimately
Depends on Non-linear Devices to
— Control/Rectify Electric Power
— Amplify Analog Signals
— Multiply Analog Signals
— Perform Computation
— Transmit and Receive Information (analog and digital)
— Detect Light (including imaging)
— Turn Light into Energy (solar cells)

Fred Terry— EECS 320





Semiconductors

e These work and are still
used for some limited
applications

* Semiconductors are the
answer for speed, power
efficiency, integration

Fred Terry— EECS 320
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Integrated Circuits

MICHICAN

©1396 Michael W. Davidson and FSU Canpition vy Dasinn & Favhn oot B 3 Duvidnmn
N ¢, o W o -

T: ferwe

Integrate billions of 0 o
transistors in small area 134 3

Amazing capabilities for
Information processing
and storage!
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Microprocessor Transistor Counts 1971-2011 & Moore’s Law
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Why take 3207

 Without semiconductor devices, almost

nothing you want to do in EE/CE would be
possible

* Understanding this core enabling technology
is of relevance to every EE, CE

Fred Terry— EECS 320





Linear Circuits

In EECS 215 you learned about linear devices and circuits

R, c __ V¢

Vin(t)

In EECS 320, you will learn of important nonlinear devices:
Diodes and transistors





Diode

A one way valve for current flow
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Diode Applications

e Rectifier
— Power conversion

Over-voltage protection
Light emitter (light emitting diode LED)
Light detector (photodiode, solar cell)




http://www.answers.com/main/ntquery?method=4&dsname=Wikipedia+Images&dekey=Tridge+rectifier.jpg&gwp=8



Diode Rectifiers

Half-wave rectifier

S\ =

BAVARV.

AW

Full-wave rectifier

AN AN

BAVARV.

AVATATA





Light Sensitive Diodes

T %

Light-emitting Diode - Semiconductor Laser

e

Visible Light Sensor






Transistor

tranesisetor (tran-zis'ter)

A solid-state electronic device that is used to control the flow
of electricity in electronic equipment and consists of a small
block of a semiconductor with at least three electrodes

_ Input
Trans(fer) + (res)istor P
O l 5
= S
Idea: control large output s— T |[— 3
p)

with small input

This device should exhibit gain

Fred Terry— EECS 320






What Is A Transistor Used For?

Analog Digital
Gain: Signal amplification Switch: on or off
Realization of signal Realization Of
processing Boolean logic
electronically electronically
Source Input

|nput l Output

AN l\/\/\/\/\l Source / Output

Integrate many devices into a circuit

Fred Terry— EECS 320





Semiconductor Devices: Other
Phenomena

Electronic devices may also interface with physical
phenomena including light, pressure, temperature, etc

Optoelectronics Sensors

Gl g

o L
4

Fred Terry— EECS 320
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Lurie Nanofabrication Facility

We are fabricating such devices here as we speak!

The “clean room” — fabricate solid state devices and
systems at the micro and nanoscale





MICHICGAN

Why should | take EECS 3207

Information Systems

Components
Modules, chips, subsystems

Circuits
Interconnect several devices
To realize function

Devices
diodes, transistors

Electronic Properties
Current, voltage

Materials
Semiconductors, Metals, Insulators

Physics and chemistry
molecules, atoms

Systems, CE, CS

Systems, Circuits

Circuits; analog, digital, VLSI

> Solid state, EECS 320

Electromagnetics and optics require
knowledge of devices and circuits

Fred Terry— EECS 320





EECS 320 Course Overview

EECS 320
I
I I
Semiconductor Semiconductor
Physics Devices
~30%
I
I I
Bandstructure Diodes Transistors
| ~25% ~45%
|| Carrier
Statistics — P-N junction| = BJT
Drift and — Schottky — FET
[ | Diffusion
Continuity
| Equations

Fred Terry— EECS 320
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Great Job Outlook & Top Salaries!

Engineering Major # Jobs

Electrical/Electronics 301,500
Civil Engineering 278,400
Mechanical 238,700
Industrial/Manufacturing 214,800
Computer Hardware 74,700
Aerospace/Aero- and Astronautical 71,600
Chemical 31,700
Materials 24,400
Nuclear 16,900
Bioengineering & Biomedical 16,000

Salary (#
reporting)

$59,074 (79)
$52,605 (56)
$58,392 (139)
$57,734 (36
$60,879 (24
$57,231 (12
$65,142 (50
$59,125 (4)
$58,650*
$62,125 (4)

N S | S| S

“The Need for Electrical

Engineers”
2010 IEEE Spectrum web podcast

Congress sees a weakness in the
lack of electrical engineers (only
2) and software engineers (0) on
staff overseeing vehicle safety.
Future hiring is anticipated in
these areas.

Future Job Outlook
BLS (Bureau of Labor Statistics)

The occupation of electrical and
computer engineers engineering
is projected to grow as fast as the
average for all occupations, or
faster.

Source for Salaries: Winter 2010 Salary Survey, National Association of Colleges and Employers. [*Nuclear from Jan 2009
data] These are salaries for new graduates with their undergraduate degrees.
Source for Job Numbers: Bureau of Labor Statistics — Occupational Outlook Handbook, 2010-11 Edition (#'s from 2008





Job Prospects Remain Strong for EE/CE!

Wall Street Journal (4/8/10)
When comparing starting salaries
of new graduates with last year’s

graduates, electrical engineers saw
the largest increase in salary,
around three percent, followed by
chemical and civil engineering
graduates. Graduates with
computer-related degrees
increased by almost six percent.
For all graduates, however, average
starting salaries actually fell by
1.7%.

The Consumerist (5/10/10)
Engineering majors were in 7 of the
10 categories for top average
salaries, both starting and mid-
career salaries (9 if you include
related degrees in physics and
computer science). CE and EE were
in the top 4.

2010

News Reports

“lassified
s mammiae =TS W

CNN Money (4/8/10) ”
“College students gearing up to
graduate this spring are likely to make
less on their first job than those who
got their degree last year," a report
from the National Association of
Colleges and Employers indicates.”

“For engineering students, initial pay
offers are 1.2% higher at $59,149.
Electrical engineering majors' salaries
have jumped the most, by 3% to
$59,326.”

Wall Street Journal
(5/10/10)

25% of all soon-to-be alumni had a job
offer before graduating. For
engineering majors, that number was
between 39-43%.





EE and CE Majors are Game Changers

< Innovation and Accomplishment >

The 20 Engineering Achievements That Transformed Our
Lives — mostly made possible through electrical and
computer engineers!

Electrification
Electronics
Radio and Television
Computers
Telephony
Internet (fiber optic technology)
Imaging
Spacecraft
Lasers and Fiber Optics
Health Technologies
Household Appliances
High Performance Materials

Twenty Engineering Achievem@@s That e
Transformed Our Live Airplane

Air Conditioning and Refrigeration
Foreword by H Ig hways

NEIL ARMSTRONG
Aftecword by
ARTHUR C. CLARKE

Agricultural Mechanization
Water Supply and Distribution
Nuclear Technologies
Petroleum and Petrochemical Tech.






EE and CE Connects the World






Job Growth in Green Energy!

The Bureau of Labor Statistics forecasts
that green jobs will increase in number
for at least the next decade.

The U.S. plan to reduce dependence
on foreign oil hinges on new energy
sources and more efficient lighting

Solar panels hooked up to
electric grid in NJ - right now!

|






Careers in Electrical and Computer Engineering

Sample Activities

Design, development, and implementation of electronic
devices or systems, such as power generators, computer
systems, space systems and satellites, lighting systems,
medical technology

Design and improve systems for automobiles, including
sensors, anti-lock brakes, etc.

Design and improve wireless communication provided by
cell phone systems and GPS devices

Work on the electronic and systems areas of cars, robots,
cell phone systems, lighting and wiring in buildings, radar
and navigation systems

Research and development
Teach the next generation!





Electrical / Computer Engineer
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Undergraduate Degrees in EECS

Engineering Engineering (Engineering and
LS&A)

s e






Areas of Research in EECS

Applied Electromagnetics
Communications
Computer Vision
Control Systems
Energy & Power

Integrated Circuits & VLSI

MEMS & Integrated Microsystems
Nanotechnologies & Nanodevices
Optics and Photonics
Plasma Science
Quantum Science & Devices
Robotics
Signal & Image Processing
Solid-State Devices

Artificial Intelligence
Bio & Health Informatics
Cloud Computing
Computer & Device Architectures
Database Management Systems
Embedded Systems
High-Performance Computing
Human-Computer Interaction
Low Power & Green Computing
Mobile Computing & Applications
Multiplayer Games & Environments
Operating Systems & Compilers
Performing Arts Technologies
Security & Privacy






EECS Undergraduate Degree Programs

CS Degree CE Degree EE Degree

4 N

Digital Design

4 N

Discrete Math / \
Circuits

Algorithms & Programming

Data Structures Electromagnetics
Computer Prob/Stat .
Organization Signals &

Theory Systems

K Solid State Devices

/

All 3 programs also require EECS 496 (Professionalism, 2 credits)
teaming, entrepreneurship, ethics, ...





Electrical & Computer Engineering Undergraduate Programs

BSE in Electrical (EE) and Computer (CE) Engineering \

Major Areas of Concentration
— Circuits and Microsystems
— Applied Electromagnetics and RF Circuits
— Optics and Photonics
— Solid-State Electronics
— VLSI and Computer Engineering
— Control Systems
— Communications
— Signal Processing
— Power/Energy
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HEV and the grid

HEV and fuel economy

Electric Vehicles
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Two-photon fluorescence detection

Femtosecond laser pulses
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Electronic Devices

We learned about electronic devices in EECS 215
« How do they work?

« How do they control electrical current/voltage?

Drain (D)

0
Anode Cathode [ 0 lID

| G=1
Gate (G) Vbs
+ —
, In
+ V - VGs

— 0

Source (S)

Let’ s start with examining
electrical current flow in a solid material

Fred Terry — EECS 320





Response of Electron to Electric Field

What happens to an electron when we apply a
voltage/electric field?

_F’ dV “ -
Force=—qF =m, — (“-” sign for electron)
O dt

my=electron rest mass

g=charge on an electron (1.6x101° C)
F=electric field

v=velocity

What is the velocity of the electron in vacuum?
What is the velocity of the electron in a solid?

Fred Terry — EECS 320





Scattering Events Determine Velocity

e Carriers are accelerated by electric field
e Carriers scatter from imperfections in material
e Average electron velocity for a given electric field

e Need velocity-field relation for given material!

Fred Terry — EECS 320





Ohm’ s Law

Voltage across resistor is proportional to current

V = IR 't

R:\T/ Y

Resistance: ability to resist flow of electric current

’ I > R= IOI — |
| | A OA
p=resistivity

o=conductivity

Resistivity and conductivity

average electron velocity

Fred Terry — EECS 320





Can We Relate Conductivity and Velocity?

Application of electric field produces current flow

D P LV _p_EL

| e o I A JA
e O
V J=0oF = J=I/A = current density

E
AT - =oE=— JVA=cur
X 0 typical units A/cm?

| is charge crossing per unit time AQ/At in units of A or C/s
Electrons are moving at a velocity v = Ax/At

g Is charge of electron, nis number of electrons per unit volume
AQ is number of electrons crossing Ax times charge, qnAAX

What is expression for | in terms of v?
What is expression for oin terms of v?

Units of o?
Fred Terry — EECS 320





Electrical Conduction

What we now need to determine:

* What is velocity of electrons in a solid (for given electric field)?

e What is the number of electrons per unit volume that
contribute to conduction?

e |deas?

Fred Terry — EECS 320





Electrons In Solids

How do electrons behave in solids?

Ohm’s Law Classical Model
V =IR=AJR Valence electrons
| | Core electrons
R = P — Nucleus
A O©A
J =oF =qgnv
“Free” valence electrons
V= ,UF contribute to conductivity
V
o =Qn—=qun

Is this model accurate?

Fred Terry — EECS 320





Electrons In Solids

Examine definition of conductivity
o = qun

Assuming p is similar for differing materials
(proportionality constant for velocity and electric field),
compare o for Al, C

TR 3
(#elec/ ato_m)(dens_lty in g/cm )(cm‘3)
Atomic massin g/mol

n=6.02x10%°

Aluminum Carbon
3 valence electrons 4 valence electrons
density =2.7g/cm® density =3.52g/cm’
Atomic mass = 27 g/mol Atomic mass =12 g/mol
n=1.8x10"cm™ n=7.1x10"cm™

Does this make sense?
Fred Terry — EECS 320





Electrons Contributing to Conduction

We are missing a key piece of the puzzle!

e Start with atomic structure of material

e Determine how atomic structure affects electrons in the
material

* Note that we will need to invoke principles of quantum
mechanics (beyond the scope of this course!), we will simply
provide outcomes

Fred Terry — EECS 320





Material Requirements

What can we use?

» Electrical conduction
» Range of conducting to insulating
« Solid state

Types of solids

Amorphous Crystalline Polycrystalline

Fred Terry — EECS 320





Common Semicon
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Crystal Structure

Lattice
Periodic arrangement ‘) '/‘ '/‘ '/.
of atoms in a crystal = ;,./' ,/‘ ,/‘ ./‘
Unit cell ‘/. ‘/‘ ‘/‘ ‘/‘
Small volume of crystal that /0/. 0/. 0/. 0/.
may be used to reproduce Simple cubic

the entire crystal

'a __, lattice

Primitive unit cell constant

Smallest unit cell that

describes the crystal Body centered

cubic (BCC)
Lattice constant is a material parameter

Fred Terry — EECS 320





Cubic Lattice Types

] KX
4 v

o G—






Semiconductor Crystal Structure

Diamond Zinc Blende

(Si, Ge) (GaAs, InP, AlSbD, ...)

Ga ‘\

Fred Terry — EECS 320
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Semiconductor Wafers

Fred Terry — EECS 320

16





Semiconductor Wafers

« Atomic arrangement not symmetric in all directions

« Chemical and electronic properties will depend on
atomic arrangement

- Need a method of specifying atomic arrangement
or orientation (what surface are you growing on?)

Different crystalline faces of silicon






Miller Indices

Semiconductor devices fabricated on crystal surface —
need method of describing crystalline direction/planes

_ plane (h k1)
\ /
\ h k | are Miller indices defining
/ / the plane or direction
| S

direction [ h k]

Fred Terry — EECS 320 18
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Determining Miller Indices for
Directions

/ >y

/

X

1. Decompose the vector into its components

2. Convert the components into the smallest
possible whole number set

Fred Terry — EECS 320





Miller Indices

(hkl) Crystal plane
{hkl} Equivalent planes
[hkl] Crystal direction

<hkl> Equivalent directions

In a cubic lattice, the vector perpendicular to
(h k1) planeis [h k |] direction

Fred Terry — EECS 320





Determining Miller Indices

1. Find intercepts (as multiple of lattice constant)

2. Take reciprocal

3. Multiply by lowest common denominator

z intercepts at (1, 2, o)
reciprocal (1, 1/2, 0)
LCM (2,1, 0)

(210) plane

Vector perpendicular to
plane is [210] direction

Fred Terry — EECS 320





Example: Miller Index

Determine the representation of the plane below

P N

2/3 a

Fred Terry — EECS 320





Example: Visualize Miller Plane

Draw the Miller Plane (212) and Miller Direction [110]

Fred Terry — EECS 320






ELECTRICAL ENGINEERING AND COMPUTER SCIENCE

UNIVERSITY of MICHIGAN B COLLEGE of ENGINEERING

Energy Bands

EECS 320
Introduction to Semiconductor Devices





“Good Fnc-mmg, and welcome to
The Wonders of Physics.”
Fred Terry — EECS 320





Electromagnetics Review

d (EF) =p € — permittivity of material
dx
) F — Electric field
5(F2 — Fl) = Ll p(X)dX p — charge density
Force = QF dv
Force =—gF (electrons) dW =—-gFdx=qdV F= " dx

Potential Energy

Poisson’s Equation

P.E.=—qV
- _LdE &V __»p
_q dx dX2 E

Recall that electrostatic potential, potential energy,
etc are relative to an arbitrary point of reference

Fred Terry — EECS 320






Electromagnetics Review

Poisson’s Equation

d2V P
dx? £

Given charge density,

 Integrate once to get electric field
* Integrate twice to get electric potential (and energy)

Fred Terry — EECS 320





Electrostatics Examples

Parallel Plate Capacitor

Sketch charge density, field, and electric potential for the following:

‘O (B
-+ -+

wWi4  Wi4
— e fe—

Alr

0 W 0 W

Conductor

Fred Terry — EECS 320





Electrons In Solids

How do electrons behave in solids?

Ohm’s Law Classical Model
V=IR=AJR Valence electrons
| L Core electrons
R = P — Nucleus
A oA
J=0oF =qgnv
“Free” valence electrons
V= ,UF contribute to conductivity
o = qun

Is this model accurate?

Fred Terry — EECS 320





Electrons In Solids

Examine definition of conductivity
G = QLN

Assuming p is similar for differing materials
(proportionality constant for velocity and electric field),
compare o for Al, C

= 6.02x10% (#elec/atom)(density In g/cmB)(Cm_3)
| Atomic mass in g,/mol

Aluminum Carbon
3 valence electrons 4 valence electrons
density =2.7g/cm® density =3.52g/cm’
Atomic mass = 27 g/mol Atomic mass =12 g/mol
n=1.8x10cm™ n=7.1x10"cm™

Does this make sense?

Fred Terry — EECS 320





Principles Of Quantum Mechanics

Energy Quanta

Emitted radiation
takes on discrete
energies

Photoelectric Effect

Incident Electron
light >hv

S

Material

Ejection depends on
E, not intensity

Wave-Particle
Duality

Waves show
particle-like behavior
(photon-light)

Particles show
wave-like behavior
(electron-wave)

de Broglie
Wavelength

=1

P

Uncertainty
Principle

Uncertainty in
position/momentum
of particle and
energy/momentum
of wave

APAX > 7
AEAt > 7

Describe using
probability

Fred Terry — EECS 320






Double-Slit Experiment

Electron beam incident on “double-slit”
Detect electrons on other side

Result
detect here Single-slit diffraction pattern

Intensity

d
O 1@ L A E b«_»__,m_____,

©0© —

Electrons have wave-like properties

Fred Terry — EECS 320






Electromagnetic Wave Equation in

Free Space
Maxwell's Egn's 5
. q VX(VXE)Z{V(VOE)—VZE}:Vx(_@):_é
In Free Space ot
VeE =0 _VZE:_Q(VX é)z—g(luogoa_Ej
- ot ot ot
VeB=0 e
. S VZE:ﬂOSO—Z
VxE :_@_B it
ot (Vz—yogo 6—sz:0
= ot
VxB=ue @_E .
Ho& ot similarly
: 0 5 _
(V HoEy atsz 0
1
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<

Wave Propagation In Free Space

0%\ =
—u.c,— |E=0
Hy oatzj

E e 5 Plane Wave

X
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EM Wave in a box

e Perfectly conducting walls

Fred Terry — EECS 320





Rationalization of Schrodinger’s
Equation

e Lots of Evidence of Wave-like Behavior of
Electrons

e As soon as we have wave phenomenon:

— Look for Wave Equation(s) (aka. Maxwell,
Acoustics)

* Natural Thing to do is to consider plane wave
(sinusoidal) solutions

Fred Terry — EECS 320





A=

p:

E Observed from Electron Diffraction
P
h = hk =#hk DeBroglie's Hypothesis
A 2
For a plane wave
W(r) _ Aei(E-F—wt)
We have
Viy =K'y
or
_hZVZW — +h2k2w — pZW
2
m 2
KE=Lme (M) _ P
2m 2m
2m
Total Energy=KE+PE=E
2
—Zh—V2 +U | = Ew Schrodinger's Wave Equation
m

2 ) a
vyl =ling
om v ( atj‘//





MICHICGAN

Electron States In A Hydrogen Atom

Solution Of Schrodinger’ s Equation Results In
Quantized Electron States

Schrodinger’ s Equation

(—;Z—ZVZ +V(r)]l/l =Ey

m
oy
Ih—=E
a7
Solution
4
m 13.6
E = — Oq = — >

24msn) N
n=12.3,...

Fred Terry — EECS 320
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Covalent Bonding in a Crystal

°3:3:;23:333:3:3‘
':).2:).::).::).::).!:).23!:;‘
°:).::).::).::).::).!:).::).33'
P9 :90:090:90:0:0:0"

Vac
A Conduction band E
2 Surface P
| . > "
of crystal !
= ) \ Valence band /
o N AT, e e T _ A Ep between two
g rows of atoms
(&)
LY
m
d » IONE A MOWwW
Ep along
of atoms
Bands from X
inner orbits

Fred Terry — EECS 320 16
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Electronic Potential in a Crystal

The potential in a semiconductor varies on the order of the
DeBroglie wavelength of an electron

DAY e

Quantum Mechanics must be used to describe
electronic properties

2
(—h—vz +V(r)]l// =Ey
Schrodinger’ s Equation 2m
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Electronic States in a Crystal

Schrodinger’ s equation may be solved in a
semiconductor due to the periodic potential

| Atom: Semiconductor:
Discrete Energy Energy Bands
Levels
Evac
E

Fred Terry — EECS 320





Conduction and Valence Bands

Valence electrons define conductivity

Semiconductor Metal
Valence band filled with Valence partially filled with
electrons electrons
Evac Evac
Conduction Conduction
—— band —— band
Energy 1
electrons electrons
EETTTTTj— Core
electrons
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Energy Bands

Definitions
* Electron affinity (y)
- Bandgap energy (E,)

>0
™
a

Conduction

/| band E. 2

Ep(x) | Forbidden

band 8
EV o0 ® 00 @ L I J L N OOEV
Valence '
® 00000600 00 ® 0000000 00
band

Y

-

Distance

Which electrons contribute to conduction?

Fred Terry — EECS 320 20
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Energy Band Diagrams

How do you distinguish between a metal,
semiconductor, and an insulator?
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Bandgap Energy

Many of the electronic properties of a material
will be determined by the bandgap energy

Few

/ electrons
E

' c
/ E E; = 1.42 eV (GaAs)
wide £~ 8¢eV(5i0,) ( © Es = 1.12eV (S
E;~ 5 eV (Diamond) Eg = 0.66 eV (Ge)
\ Thetial ¥ (Room temperature)
! E excitation
\ X moderately
easy
(a) Insulator (b) Semiconductor
060
Very i E, E
narrow E v
T / b or E,

(c) Metal

Bandgap energy is a material parameter

Fred Terry — EECS 320
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P
-

Electron energy

MICHICGAN

Conductors, Semiconductors, and Insulators

Conduction band

E(‘ N
A Conduction band ] A
E = [ e
Forbidden gap x Forbidden gap = (b:;:]:uum"
3 E, 38
m Valence band —
L‘ E('
Valence band
(a) Insulator (b) Semiconductor (¢) Metal
What If:
« Bandgap energy is small?
* High temperature?
 Low temperature?
Fred Terry — EECS 320 23





Energy

Bandgap -

Energy Band Diagram

Primarily concerned with edge of
conduction and valence bands

E,ac conduction
“band edge”
Conduction (mostly empty) /
—+— band > Ee
- o : E,
=2 valence (mostly filled)
electrons
valence
Core “pand edge”
electrons

1f you can 't draw the energy band diagram, you
don 't know what you are talking about ”

- Herbert Kroemer 2000
Nobel Physics Laureate
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Electrons In A Crystal

Free electrons in a vacuum respond to applied
electric fields by the following

Force =—qF =m, % (“-” sign for electron)

my=electron rest mass
g=charge on an electron (1.6x101° C)

F=electric field
v=velocity

Do electrons in the conduction band of a crystal
follow the same relationship?

ek

E
, ’EV
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Wavevector “k”~

From de Broglie
h p=momentum  A=wavelength

P=—
A h=Planck’s constant (6.63x1034 J-s)

A convenient description of momentum is the wavevector

k:2_7z — p=7k h=L:1.06x10_34J—S

A 27T

Relation to force and energy

Force =m dv_ dp hdk E— p° :h2k2 (Kinetic
“dt dt  dt om  om  energy)
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Electrons In A Crystal

Free electron pz
energy-momentum F=—"—_
relationship D 2m,

Electron sees potential variation in crystal

Y

Does E vs p look the same as for free electron?
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Effective Mass

Energy-Momentum Relations In A Semiconductor

« Complex relationship described by quantum mechanics,
commonly referred to as the “bandstructure”

* Near E., approximately parabolic
* Replace m, with m_" - effective mass

Free electron Semiconductor

E E
2

P
) é/ 2m
= E p pP=7k

Fred Terry — EECS 320






& (eV).

Energy-Momentum Relation (Bandstructure)

E vs k is really “4-D”, we typically plot E vs. k in
two-dimensions for a particular k direction

20/6\%//‘f>\r
Zno 15\<>< \M 4
10/- <\ __..--——’\
?0‘\ e
v | N
-2 o sf % i'\ I
10}
-4
B | -15]-
L {111}y I (1000 X K {110} r 20L
S AL M T A H KT

Bandstructure informs us of physical properties

Typically only interested in small region near
conduction and valence band edge

In this course, we will rarely refer to E vs k, but

rather use results in form of constants E;, m’, etc.
Fred Terry — EECS 320 49





& (eV).

(11 ” 13 7
Realspace versus momentum-space

E vs. k (Bandstructure)

]
{111y © (100) X K (1100 T
Sl
Physical properties
Eg, m',direct vs indirect, etc

Real space
(Band diagram)

* Device operation

* No distinction between m’*, etc

We will often refer to E vs x ( “band diagram ) in this course
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Charge Carriers In Semiconductors

What happens when a valence electron is excited
Into the conduction band?

* An empty electron state is left behind in the valence band

« Electrons in the valence band fill the empty state, current flow is
allowed

 The empty state appears to respond as if it has a positive charge

«  We will call the empty state a “hole”, and consider the hole to be a
positively charged particle

Ec

Ey

Fred Terry — EECS 320





Charge Carriers In Semiconductors

Electrons in the conduction band and holes in the
valence band both conduct current

Electrons: like ball rolling down hill

Holes: like bubble floating to surface

Two independent conduction mechanisms

Fred Terry — EECS 320
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Electron energy

Electrons and Holes

Electron in conduction band
x leaves a hole in valence band

Ec
Current flows to the right
P
< -
Electrons move left
Ey
e o e o
e 8 e o

o
Hole moves right

Distance

Charge conduction can occur in both the
conduction and the valence band

Fred Terry — EECS 320 33





Effective mass for holes

Effective mass defined similarly for holes

Conduction
Band

Valence
Band

p=0. P,

Fred Terry — EECS 320

There is typically a
degeneracy at E,,

Degeneracy results in “light
hole” and “heavy hole”

Define m,* for given
semiconductor, includes
light/heavy holes





Electronic Properties Of Semiconductors

Now we have a basic idea of energy bands in a material

To determine electronic properties, we
need to answer the following questions

Ec

%
Ey TE
“N

« Whatis “n” the number of electrons (or “p”, number of holes)
able to provide current flow?

 What is the number of available electron (hole) states in a
semiconductor?

 How are charge carriers distributed in energy?
« Can we alter the number of charge carriers in a material?

Fred Terry — EECS 320
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Electronic states

Start with a piece of semiconductor material

How would you define the number of electron states?

Recall: Pauli Exclusion Principle

Fred Terry — EECS 320





Electronic states

Electron states distributed in energy

Semiconductor
Valence band filled with

electrons
Eyac Electron states are not
uniformly distributed in energy
Conduction
- —— band _ _
Energy — We are primarily concerned
electrons
Core

electrons

Fred Terry — EECS 320





States In Conduction/Valence Band

Recall Conduction and Valence Band

) Define electron states in
E ) conduction band

No states in the bandgap

Define “hole” states
In valence band

_ Number of states
Density Of States =

Unit volume x Unit energy

(Note we have 4-D, 3-D in space + energy)

Fred Terry — EECS 320





Density Of States

Density of states may be determined if
bandstructure is known

Conduction
Band
Near bandedge (E- and E,),
Ec approximate using effective
E, mass m,"and m;’

Valence
Band

p=0; P

Fred Terry — EECS 320





Density Of States

(Insert quantum mechanics + E-k + geometry)

(You will see this in detail in 420, or in office hours)

Fred Terry — EECS 320





Density Of States

*3/2 *3/2
oy v2m, " (E-E.)"” -y _Y2m (€, -E)”
gc( ) — 7Z'2h3 gv( ) o 72'2h3
d(E)| valence Conduction
band band Density Of States

Number of electrons per

unit volume per unit energy
(cm-3eV1)

Density of states determined by effective mass, square
root dependence on energy relative to Eg, E,
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Calculating Density Of States

Tricky units, be careful!

= %3[2 .m?
g.(E) = 2m,  (E-Ec)™ J =massxaccel xdist = at 2m
C 7z_2h3 S
J-s® J-s*
- 1kg = =10""
7 =1.055%x10"*J -5 I= 7 cm?

B 31
Mo =9.11x107kg 16V =1.60x10"°)

EineV

2 \3/2 A \3/2
i kg3/2eV1/2 _ (10 4) 33/263a\/ 112 _ (10 4) ay/ /2
J3s3 cm3J3s’ cm?3J??

Jam" (E-E. )

s % (107 "*(1.6x10%* " cm%ev
7T

g:
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Example: Density of States

Calculate the density of states for electrons and
holes in silicon (in terms of energy relative to
conduction and valence band edge)

Effective masses: m,"’=1.18m, m;=0.81m,

Fred Terry — EECS 320





Statistical Mechanics

Consider a system with a large number of particles

Example: gas in a container

o ® o
000 o /9
o o | o

e® o

/. ®
L

Pressure in container due to collisions of
gas molecules with wall of container

Q: Do we care about each individual collision?
A: No, use statistical behavior of group as a whole.

Fred Terry — EECS 320
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Statistical Laws

Need to define laws that the particles obey

Some common distribution laws:

Maxwell Boltzmann: particles distinguishable by number, no limit
on number of particles in each energy state

Bose-Einstein: particles are indistinguishable, no limit on number
of particles in each energy state

Fermi-Dirac: particles are indistinguishable, only one particlein
each energy state

Which would you expect to apply for
electrons in a semiconductor?
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Fermi-Dirac Probability Function

In a semiconductor, one electron per state
(Pauli Exclusion Principle)

Number of ways to arrange particles in states

For g, states and N, particles, there are g, ways of placing
first particle in a state, g;-1 ways to place second particle, ...

The total number of ways to arrange all particles is
product for each particle

0;(9; ~1).-(9; —(N; -1))= (g, ?ii\li)!
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Fermi-Dirac Probability Function

For Fermi-Dirac, particles indistinguishable

The interchange of any two electrons does not

count as a new arrangement!

Actual number of ways to arrange particles divided by N|!

Particles

States at E,

W, =

123456

l

2

3

4

5

6

Fred Terry — EECS 320
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Fermi-Dirac Probability Function

Determine for all energy levels

Number of arrangements for energy level |

KTy

We know electron/hole states distributed in energy
(density of states)

Take product of W, for all energy levels

TV p—
N (g N )

What does W represent?
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Fermi-Dirac Distribution Function

Maximize W — Most probable distribution for a
given N and E

N; = f;9;

After much math and application of Thermodynamics, determine f,

f(E) N(E) 1

= g(E) B 1+exp(E;TEFj

k = Boltzmann Constant
k =8.617x107"eV /K

kKT =0.026eV at T =300K

Fred Terry — EECS 320





Fermi-Dirac Distribution Function

Plot f(E) at T=0 K and T=300 K
(assume arbitrary Eg)

Apply the Fermi-Dirac distribution function to
electrons in a semiconductor. If g(E) Is the density
of states, what does f(E) tell us?

Fred Terry — EECS 320





The Fermi Energy

The Fermi energy is a point of reference for f(E)

At Eg, f(E) = 1/2
f(E) 4

1

> E
Ec 4KT | E. What is the probability
of full electron state at
E E=E+4kT?
V

Note that the Fermi function is the probability of occupation
regardless of whether or not a state exists!

Fred Terry — EECS 320





Fermi-Dirac Statistics For Holes

Does the Fermi-Dirac Distribution hold for holes?

Thusfar, we have said that f(E) represents
probability of filling electron state

What does this tell us about holes?

Ec What is the probability
] E, of full hole state at
AKT E=E.-4kT?
EV A A

Fred Terry — EECS 320





Approximation to Fermi-Dirac Statistics

For E-E- >> KT

“E)”exp(ElEFjex"(EkTEF)

KT

This Is known as the Boltzmann Approximation

Calculate the energy range (in kT) where you could
use the Boltzmann approximation, where the
difference will be <5% of the Fermi-Dirac function

Fred Terry — EECS 320






m ELECTRICAL ENGINEERING AND COMPUTER SCIENCE

UNIVERSITY of MICHIGAN B COLLEGE of ENGINEERING

Carrier Statistics
Doping

EECS 320
Introduction to Semiconductor Devices





Review g(E) and f(E)

Density Of States Fermi-Dirac Statistics
m: 2m: (E o Ec)
g.(E)= | 23 f 1
(E) = 14 g EENAT
. m’;\/Zm’;(EV —E)
gv( )_ 72'2;_13 f(E) X
1
A
9(E)| valence Conduction
band band
\ E
| |/>
E, E. E
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Review g(E) and f(E)

A
d(B)| valence Conduction
band band

9(E)
f(E)

T=300K
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Determining Carrier Density

Density of states x Occupation probability

n(E)=gc (E)1(E) \
n= TgC(E)f(E)dE = ‘ o |

--------------- R e

p(E)= 0, (E)L- 1(E) ﬂ R
o= [0, (Bl f(E)oE

Fred Terry — EECS 320

n(k) = S(EY(E)

p(E) = S(E)[1 — f(E)]
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Carrier Density (Quantitative)

Density of states x Occupation probability
n(E): Jc (E) f (E)

n=[gc(E)f(E)dE
Ec

forE—E, >>KkT, f(E)= e_(E_Ef)/kT Boltzmann Approximation
. . 1/2

T m, |:2mn (E o Ec):| e—(E—Ef)/kT

i3 dE

n=

Ec

Fred Terry — EECS 320





. . 1/2
n— T m, |:2mn(E — Ec):| e—(E—Ef)/kT

dE
E. T°h
n=(E-E,)/kT - dn=(kT)dE
(E-E/) (E.-E/)
kT kT
m:[Zm*]w‘” U2 __p —(Ec—E¢)/kT
= [(kTn) e e (kT )d7
0
m:|:2m:]1/2 3/2 —E —E; K 1/2 —n
- °h -([
. L U2
mn|:2mn:| 3/2 —(E —E; /kT\/;
T e
* 3/2
P m, KT e—(EC—Ef)/kT
27h*

_ Nce—(EC—Ef)/kT










Carrier Density (Quantitative)

Density of states x Occupation probability

(Boltzmann approximation)

* 3/2 * 3/2
m KT E, - E, m kT E, —E
n=2 — ex =2 —* exp| ———
[ 27’ j p[ kT j P ( 27’ } p( KT
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N, N, — Effective Density of States

Constant terms that fall out of the integral
representing density of states in a material

m kT . mkT )
NC :2 5 NV :2 P >
27th 2 1h

Factoring out constants,

x 32 3/2
N.y =2.5x10" M. (Lj cm’
| m, | (300

For Boltzmann approximation,

E. -E E,—E
n:NCexp( fkT C] p:NVexp[ i f]

KT
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Carrier Density — Without Boltzmann Approx.

When Boltzmann approx. is not valid, math is messy

am )

(E-E.) (B -E)

2h3 _.. 1+eE E, /kT = KT Tle = T
m kT 2
n= \/7( )3 j 1_|_e,7 nCdU:NCﬁFUZ(UC)

Obtain F,,, numerically, look up tables, etc

Alternatively, use Joyce-Dixon or other approximations
(typically these are power series expansions)

e :<Ef —Ec):In n L9312 n 1<7. <6 Joyce_—Dixc_)n
KT c N approximation

Fred Terry — EECS 320 10





Better Than Joyce Dixon

-3/2
where &(n7)=3r/2 [77+ 213+(jy—2.13"* +9.6)5/12}

) (3ue/)
1-u _1L+[o.24+1.08(:auJE/4)2/12

where u=F,, ()

4

both expression have a maximum error of ~+0.5
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(B —E)
KT

E,—E
p:Nvﬁ/Z(nv) ﬂv:( kT f)

np=N.N, 7, (77c).7:1/2 (77\/)
{from M.A. Green,

n= Ncﬁlz (770) 770

J. Appl. Phys.

vol. 67, pp. 2944-2954}
At T=300K

N, =2.86x10"cm™
N, =3.10x10°cm™
E, =1.1242eV

n, =1.07x10cm™

12





Sin and p Values vs. E

(¢.W2) uoeNUSIUOD

1.08 11 1.12

1.06
E. (eV)
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Degenerate versus Non-Degenerate

Define where Boltzmann approximation is valid
For E, + 3KT < E; < E. — 3kT, Boltzmann approximation is accurate

Semiconductor is said to be “non-degenerate”

| KT E- here: degenerate (large n)
e —— —
E- here: non-degenerate,
Boltzmann valid
T — S
v T 3kT E- here: degenerate (large p)

Fred Terry — EECS 320
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Calculations Of n/p and E;

Note that either n (p) or E; relative to E. (E) Is known

e Determine if semiconductor is degenerate, or assume and then
check answer

e Use appropriate expression based on degenerate/non-degenerate

Calculate Fermi energy position for silicon (300K) with n=101% cm-3

Calculate n in silicon (300K) when E;-E-=-3kT,
and p in silicon (300K) when E;-E,=3KT
(transition to degenerate)

Are n and p the same? Why or why not?

Fred Terry — EECS 320 15





Intrinsic Silicon at OK

QHOLC)

@@@
OHOHE

o n:p:O
 Fermi Level is at the middle of the bandgap

rrrrrrrrrrrrrrrrr





Intrinsic Silicon at 300K

® n:p:ni
 Fermi level is near the middle of the bandgap
 We would like to selectively alter n, p. Why?
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Intrinsic Semiconductor

Carrier density in pure semiconductor

 The product of n and p gives:

KT '/ o oy E
np =4 m.m | " exp| ——
P (wﬂj( m,) p( ij

np=Nc.N, exp(—E—_l‘fJ

e The intrinsic concentrations are then given by:

kT 312 « %\3/4 E
n=p =2 m.m exp| — —2
=P (wﬁj ( ‘ “) p( 2ij

e Dependent on material parameters (effective mass and
bandgap) and temperature

Fred Terry — EECS 320
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Intrinsic Carrier Concentration

Intrinsic concentration shows temperature dependence

Why is n, temperature dependent?
Ge
Si _
What is n, at T=0 K?
GaAs

n;, logscale

Why does n, vary with material,
what causes the variation?

Fred Terry — EECS 320 i





Fermi Energy For Intrinsic Semiconductor

e Let us now determine the Fermi level position, and
evaluate the validity of the Boltzmann approximation

k) (E,-E m'kT)  (E, -E

m f =cC vV o=

n=2 —" ex =2 - ex

[ 27’ J p[ KT j P ( 27’ j p( KT )
Set equal, solve for E;=E,

£ = e B Syp g M
2 4 m

e
e The Fermi energy lies near the middle of the bandgap,
shifts depending on effective mass and temperature

Ec

E;

Ey
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Doping

Intrinsic material

o n:p:ni
e Carrier density is fixed for given material and T
 We would like to selectively alter n, p

Q: How do we alter n, p in a semiconductor?

A: Provide substitutional impurity that
provides an additional electron or hole.

Fred Terry — EECS 320
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Donors

e Donors —impurity atoms that
provide additional electrons.

: E r
* A net concentration of e . Dbono

. . states
donors provides a higher E
. V
electron concentration than
intrinsic material

Do not confuse
with E.!

e “n-type” material

“Activated” donor
Host, e.g. Si Host, e.g. Si

— O donor

Fred Terry — EECS 320 22





Acceptors

* Acceptors —impurity

atoms that have fewer Ec
electrons Acceptor

* Increase hole E, —/————— T states
concentration relative to Do not confuse
intrinsic material with E¢!

e “p-type” material
“Activated” acceptor

Host, e.g. Si Host, e.g. Si

acceptor — &P acceptor

S

Fred Terry — EECS 320 23





Activation Energies for Dopants

e Activation energies are typically shown in reference to the relevant
band edge (valence band for acceptors, conduction band for donors)

* The difference between the donor/acceptor state and the band edge
(in eV) is the activation energy

A
. Ec—— ___Donor
states
EV
Do not confuse
A with E¢!
EC
E Acceptor
E, ——————  states
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What makes a good dopant?

Acceptor Donor

SQHOLC) OLOLC)

@ @ @ @ @ @
OHOHE) OHOHE

For acceptors, need element with only 3 valence electrons
For donors, need element with 5 valence electrons

Since only “activated” dopants contribute carriers, want a low
activation energy. Room temperature?

Many other concerns
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Periodic Table Of Elements

PERIODIC CHART OF THE ELEMENTS NERT
1A HA HIB IY¥YB ¥B ¥IB Y¥YIIB ¥l 1B HE A I¥A YA YIA VYIIA GASES
1 1 2
H H |He

1.00797 1.007974.0026

5 6 k) 8 9

3 | 4 10
Li |Be C|N|O|F INe

E.9349 90122 10811 112.0112(14.0067 [15.9994 [15.9934 | 20,183
11 14 1 16 17

Na M g Si S |CI |Ar

22 954945 243 26.95150 26,086 |S0.9738) 32 064 | 35453 | 39.945

19 21 22 23 24 2% 26 27 28 29 30 R

K |CalSc|Ti|V |Cr Mn|Fe|Co|Ni |CulZn |Gal|GelAs|Se |Br [Kr

39.102 [ 40008 |44.956 | 47.90 [50.942 | 51.996 |54.9380( 55.847 |58.9332 | 58.71 8354 B5.37 | BA.72 | 7259 49216 7396 | 79.909 | 8380

39 40 4 42 43 44 45 46 48 49 =0 1 =2 =3

Rb|Sr| Y |Zr INb|Mo|Tc|Ru|Rh |Pd mﬂg Cd|in |Sn|Sb|Te!| T |Xe

d5.47¥ | 87.62 | 85.905 | 91.22 |92.906 | 95.94 [99] 101.07 (102.905] 106.4 11240 114,82 | 118.69 | 121.75 | 127.60 [126.904] 131.30

H? 12 13 4 FE Th X 18 81 82

55 56 83_ HE ) 85 86
Cs|Ba|La |Hf [Ta| W Re 'S Ir | Pt Au mg TI |Pb | Bi |[Po]At |Rn

132.905 137.34 [ 135.91 | 175849 [180.945 | 183.85 | 186.2 a0. 192.2 | 195.09 |196.967 204.37 [ 207.19 |208.980) (2100 Q2100 J [222)

1
+ 89 104 ( 10% 1l]E 107 (108 | 109 (110 [ 111 | 112

a7 88
Fr |Ra Ac Rf Db [259 BhHs|Mt | ? 2?2 |?

(223 | 126 | rzem | (261) | (262) (2621 | (2650 | (266 | (2710 | (272 | 1277

Mumbers in parenthesizs aremasz % L anthanide Series
numbers of most stable or most

Ccomnmah izatope,

=11 59 60 61 62 63 64 6% 67 i1 69 70 A
Ce|Pr  NAdPm|Sm|Eu %g Tb mzy Ho |Er [Tm|Yb |Lu

Atomic weights corrected to 156,924 164,930 | 167.26 |168.934 | 175.04 | 174.97

comfam bo the 1963 values of the 14012 140,807 | 14424 | [147] | 150,35 | 151.96
Commizsian on Atomic Weights. F Actinide Series

The group designations uzed 92 93 94 9% 96 97 98 99 100 (101 | 102 | 103

FEEd | Th Pa| U INp |PulAm(Cm(Bk |Cf |Es |Fm|Md|No | Lr

Abstract Servce numbers. 232.058| [231) |236.03 (242 | (243 | (247 | (247 | (249) | (254) | (253) | (256] | (256) | [257)
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Fermi Level for Doped Semiconductors

n-type semiconductors have excess electrons in the
conduction band, therefore the probability of finding
an electron in the conduction band increases, so the
Fermi level moves to a higher energy

A n-type Band Diagram

a(E)
f(E) tEc

E E,

Fred Terry — EECS 320





Fermi Level for Doped Semiconductors

p-type semiconductors have excess holes in the
valence band, therefore the probability of finding an
electron in the valence band decreases, so the Fermi
level moves to a lower energy

A p-type Band Diagram
g(E)
f(E) tEc
1 E E,
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Fermi Energy From Carrier Density

n, p may be determined from Fermi energy

Fermi energy may bce)lzetermined fromn,p
n= N, exp( Efkjl_EC] p=N, exp[ EVk?I_Ef ]
n=n exp( Efk;_ 5 j p=n exp[ 5 k_TEf j
Ec—E; =—KT |n[|\?€:] E. —E, =—kT In(l\llavj

E, —E =kT |n£NDj E. —E, =kT |n[NAj
n.

Fred Terry — EECS 320 29





Doping

Add impurities to provide electron states near the conduction
band or valence band to increase n or p

. [ ] L] L]
Ec
E;' el
E
v o o) o
Intrinsic material
n-type p-type
Donor states A
! | E. -
e e T “L“( -=Ep [ Ec
E,=1.12eV _fF.(-—Ef=O.16eV J E.= 1.12eV
....... ittt O
E d ) 20 [ [r
|~ Ey=0.17¢V -
s dnn callls e S ———— — —— ———— —— — — & ;“.--l A :___":___________::___:_______;____:___._E_:!__IA
— q T “V — T v
. . X
Acceptor states Acceptor states
Fred Terry — EECS 30
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lonization Of Dopants

Finite temperature needed to ionize dopants

E E A A
o O O O ¢t o+ o
Ey Ey
At low temperature, At elevated temperatures,
electrons frozen to electrons gain enough energy
dopant site (freeze-out) to jump into conduction band

For “good dopant” majority of dopants ionized at room temperature

What does this picture look like for p-type material?

Fred Terry — EECS 320 31





Fermi Energy From Carrier Density

Dopants are activated according to binding energy
and temperature

NS 1 g =2
No 11 g™ "
N 1

NA _1+ gAe(EA_Ef)/kT gA:4

g; are degeneracy factors

e Spin up, spin down for donors

e Spin up, spin down, heavy hole, light hole for acceptors
E,, E, are binding energies

Fred Terry — EECS 320
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Temperature-Dependence Of Carrier Density

18

10
Np=10%>cm-3
‘*-’E Intrinsic Ep =45 meV
L 10°
2 .
D Saturation
-
)
&)
S 107 reezeout -
o
Q
Ll
12
10 ! ! ! !
0 5 10 15 20 25

1000/T (K1)
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Space Charge Density

e General:
p=0(p-n+Nj—N,)

* All are function of E;

e In equilibrium we will have no net space
charge:
p=a(p-n+N;-N;)=0

p—n+NJ—-N, =0

Fred Terry — EECS 320





Equilibrium, Nondegenerate Case

p—-n+N;—-N,=0
NENS—N;

2

——-n+N=0
n

n—n*+nN =0

n°—nN-n’=0

(N:

—N;)

Only + root applies, why?

p= +

(N2 —No) {(NA—NS)

2 2

2
] +n?

+

1/2

Fred Terry — EECS 320
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Relationships For Carrier Density

Charge Neutrality
Pp+Ni=n+N,

Mass-action law

np=n.’

Carrier Density

2
n=No=Na, (ND_NAj +n.°
2 2
2
pzNA_ND+ (NA—NDj +ni2
2 2

Fred Terry — EECS 320
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Example Calculations

Si at 300K constants from M.A. Green (J. Appl. Phys. Vol 76, pp 2944-2954)
N, =2.86x10°cm™ N, =3.10x10"cm™ E, =1.1242eV
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Review g(E) and f(E)

Density Of States Fermi-Dirac Statistics
m: Zm:(E o Ec)
g.(E)= J 23 f 1
(E) = 14 e(E—Ef)/kT
. m’;\/Zm;(EV —E)
gv( )_ 7Z_2h3 f(E) X
1
A
9(B)| valence Conduction
band band .
\ " E
| |/>
E, E. E
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A

d(E)| valence
band

Review g(E) and f(E)

Conduction
band

9(E)
f(E)

E, Ec E

NS

A

f(E) 4

n(E)=gc(E)f(E)

1

T=300K
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Determining Carrier Density

Density of states x Occupation probability

-

[';‘,
1I’n

|
|

S(E) : p(E) = S(E)[1 — f(E)]
|

Fred Terry — EECS 320





Carrier Density (Quantitative)

Density of states x Occupation probability
n(E)=g.(E)f(E)

n={g.(E)f(E)dE
Ec
forE-E, >>kT, f(E)~= e EE Boltzmann Approximation

, . 1/2
sz m, |:2mn (E o Ec):| e—(E—Ef)/kT

i3 dE

n=

Ec
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Carrier Density (Quantitative)

Density of states x Occupation probability

n(E)=g.(E)f (E) p(E)= g, (E)J1- f(E)]

E

n= TgC(E)f(E)dE p=_jvgv(E)[1— f(E)]dE

for E-E, >>kT, f(E)~ exp(_(Ek;_Ef )j

(Boltzmann approximation)

* 3/2 * 3/2
m_ kT E. —E, m_ kT E,—E
n=2 — e =2 P A—
[ 27h” j Xp( kT j P { 27h’ j EXp( kT

|
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N, N, — Effective Density of States

Constant terms that fall out of the integral
representing density of states in a material

m kT o m;kT o
NC — 2 2 NV = 2 >
27t 2 7t

Factoring out constants,

* 3/2 /
N =2.5x10% ne (TT 2 cm™
o m, 300

For Boltzmann approximation,

Ef_EC EV_Ef
n:NCeXp KT p:NVeXp kT
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Carrier Density — Without Boltzmann Approx.

When Boltzmann approx. is not valid, math is messy

( T

_(E_Ec) (Ef_EC)

m_ kT 2
n= f( 2h3)3 Il+enncdn:NCﬁF1’2(UC)

Obtain F,,, numerically, look up tables, etc

Alternatively, use Joyce-Dixon or other approximations
(typically these are power series expansions)

n :(Ef_EC):In N g2 N _1<7,.<6 Joyce-Dixon
¢ KT N N. ) ~~ 7" approximation

C
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Better Than Joyce Dixon

Fy, (77) = [e—n T 5(77)]_1

-3/2
where &(57) =37 /2 [77 +2.13+(jp-2.13 +9.6)5/11

_In(u) (uVr/4)”

o 2 T —2
1-u 1+[O.24+1.08(3u\/;/4)2/3}

where u=F,, (7)
both expression have a maximum error of ~+0.5

J
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Degenerate versus Non-Degenerate

Define where Boltzmann approximation is valid
For E,, + 3kT < E; < E; = 3KT, Boltzmann approximation is accurate

Semiconductor is said to be “non-degenerate”

| KT E- here: degenerate (large n)
N ——— — &
E- here: non-degenerate,
Boltzmann valid
T —— I
v T 3kT E- here: degenerate (large p)

Fred Terry — EECS 320 11





Calculations Of n/p and E;

Note that either n (p) or E; relative to E. (E,) IS known

 Determine if semiconductor is degenerate, or assume and then
check answer

* Use appropriate expression based on degenerate/non-degenerate

Calculate Fermi energy position for silicon (300K) with n=101% cm-3

Calculate n in silicon (300K) when E;-E-=-3KT,
and p in silicon (300K) when E;-E,=3kT
(transition to degenerate)

Are n and p the same? Why or why not?

Fred Terry — EECS 320 12





Intrinsic Silicon at OK

(s)2(s)2(s)

@@@
OHOHO

o n:p:O
* Fermi Level is at the middle of the bandgap

rrrrrrrrrrrrrrrrr





Intrinsic Silicon at 300K

ORONO

* n=p=n,
 Fermilevel is near the middle of the bandgap
 We would like to selectively alter n, p. Why?

Fred Terry — EECS 320





Intrinsic Semiconductor

Carrier density in pure semiconductor

* The product of n and p gives:

KT o/ . a2 E
np =4 m.m exp| ——=
P (2nh2j( ‘ “) Xp( ij

E
np=N.N, exp(—ﬁj

e The intrinsic concentrations are then given by:

kT VY2, o e E
=P (2@2} ( “) Xp( 2ij

e Dependent on material parameters (effective mass and
bandgap) and temperature

Fred Terry — EECS 320
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Intrinsic Carrier Concentration

Intrinsic concentration shows temperature dependence

Why is n, temperature dependent?
Ge
Si _
What is n, at T=0 K?
GaAs

n;, logscale

Why does n, vary with material,
what causes the variation?

Fred Terry — EECS 320
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Fermi Energy For Intrinsic Semiconductor

* Let us now determine the Fermi level position, and
evaluate the validity of the Boltzmann approximation

«TY  (E, -E «TY  (E, -E

m i — Ec m v — B

n=2 —" e =2| -~

E 27h” j Xp( kT j P ( 270’ j eXp( kT j
Set equal, solve for E;= E;

E BB S M
> 4

| m

e

e The Fermi energy lies near the middle of the bandgap,
shifts depending on effective mass and temperature

Ec

=

Ey

Fred Terry — EECS 320





Doping

Intrinsic material

i |']=p:|']i
* Carrier density is fixed for given materialand T
* We would like to selectively alter n, p

Q: How do we alter n, p in a semiconductor?

A: Provide substitutional impurity that
provides an additional electron or hole.

Fred Terry — EECS 320

18





Donors

* Donors —impurity atoms that
provide additional electrons.

: E
* A net concentration of e . Donor

, , states
donors provides a higher E
: Vv
electron concentration than
intrinsic material

Do not confuse
with E¢!

e “n-type” material

“Activated” donor
Host, e.g. Si Host, e.g. Si

— O donor

Fred Terry — EECS 320





Acceptors

* Acceptors —impurity

atoms that have fewer Ec
electrons Acceptor

* Increase hole E, ——— states
concentration relative to Do not confuse
intrinsic material with E¢!

e “p-type” material
“Activated” acceptor

Host, e.g. Si Host, e.g. Si

acceptor — @ acceptor

S)

Fred Terry — EECS 320 20





Activation Energies for Dopants

e Activation energies are typically shown in reference to the relevant
band edge (valence band for acceptors, conduction band for donors)

* The difference between the donor/acceptor state and the band edge
(in eV) is the activation energy

A
= Ec—— ___Donor
states
EV
Do not confuse
R with E¢!
EC
E Acceptor
E, ————————  states

Fred Terry — EECS 320





What makes a good dopant?

Acceptor Donor

QLOLC) QLOLC)

@ @ @ @ @ @
OHOHE) ONOHE)

For acceptors, need element with only 3 valence electrons
For donors, need element with 5 valence electrons

Since only “activated” dopants contribute carriers, want a low
activation energy. Room temperature?

Many other concerns
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Periodic Table Of Elements

PERIODIC CHART OF THE ELEMENTS NERT
1A A HIE I¥YE ¥B ¥YIE YIIB Yl IB HE A I¥A YA YiA YA GASES
1 1 2
H H |He

1.007497 1.007974.0026
3_ 4 5 1] 1 g q 10
Li |[Be B|IC N |O|F [Ne
E.9349 90122 T8 (120112 14,0067 |15.9994 |15.9334 9§ 20,1533
11 13 1{ 15 16 17 18

Na M g AllSITP | S |ClAr

22 954935 24 3 26 953150 26 086 fS009F58 ] 32.064 | 35455 | 39.945

19 21 22 23 24 2% 26 27 28 29 30

M 37 33 34 35 36
K CaSc Ti |V |[Cr Mn|Fe|Co|Ni |[Cu|Zn |Ga|Gel|As|Se |Br |Kr

39.102 [ 40008 |44.956 | 47.90 [50.942 | 51.996 |54.9380( 55.847 |58.9332 | 58.71 5354 65.37 | 69.72 | ¥2.59 BRO2NE| 78.96 | 79.908 | 85.80

39 40 4 42 43 44 45 46 48 49 =0 =1 =2 =3

Rb|Sr| Y |Zr INb|Mo|Tc|Ru|Rh |Pd mﬂg Cd|in |Sn|Sb|Te!| T |Xe

547¥ | 87.62 | 85.905 [ 91.22 |92.906 | 95.94 [99] 101.07 (102.905] 106.4 11240 114,82 | 11869 | 121.75 | 127.60 [126.904] 131.30

H? 72 13 4 FE FiLi X 18

55 56 81 82 83 HE ) 85 86
Cs|Ba|La |Hf [Ta| W [Re 'S Ir | Pt Au mg TI |Pb | Bi [Po]At |Rn

132.905 [ 137.34 [ 135.91 | 175849 [180.945 | 183.85 | 186.2 a0. 192.2 | 195.09 |196.967 20437 [ 20719 |208.980 (2100 J 2100 J [222)

1
+ 89 104 [ 10% 1UE 107 (108 | 109 [ 110 [ 111 | 112

a7 88
Fr |Ra|Ac |Rf Db [259 BhHs Mt | 2?2 |2 | ?

(223 | 226 | rzam o | (ee1) | (262 (262 | 2650 | (268 | (270 | (272 | 277

Mumbers in parenthesiz aremass 3% | anthanide Series
numbers of most stable or most =g 5 60 B1 652 63 64 65 67 68 69 70 "

Cofnmah isotops,
Abomic weights corected to Ce Pr Nd Pm Sm %g Tb 152y Hﬂ Er m Yb Lu

comfamm bo the 1963 values of the 14012 140807 | 14424 | [147] | 15035 |1 158924 164 930 167 26 |168.934 [ 173.04 | 174.97
Commizsian on Atomic Weights. F Actinide Series

-
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1.

(=]

i

The group desighations uzed 92 93 94 9% 96 97 98 99 100 (101 | 102 | 103

FEEEE | ThiPal U INp Py m|Bk |Cf |[Es [Fm|Md|No | Lr

Abstract Servce numbers. 232.058| (231 |236.03 (242 | | (247) | (247 | (249 | (254) | (2531 | (256) | (256) | (257)
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Fermi Level for Doped Semiconductors

g(E)
f(E)

n-type semiconductors have excess electrons in the
conduction band, therefore the probability of finding
an electron in the conduction band increases, so the
Fermi level moves to a higher energy

% n-type Band Diagram
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Fermi Level for Doped Semiconductors

p-type semiconductors have excess holes in the
valence band, therefore the probability of finding an
electron in the valence band decreases, so the Fermi
level moves to a lower energy

A p-type Band Diagram

g(E)
(E) t Ec

E E,

Fred Terry — EECS 320
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Fermi Energy From Carrier Density

n, p may be determined from Fermi energy

OR
Fermi energy may be determined from n, p
E, —E, _ N x| B
n:NCeXp( T j P V Xp( KT
E. - E E —E,
n=n exp( J p=n xp( T ]

_ :—kTIn( j Ef—EV:—kTIn(p]
C NV

E —E =KkTIn (Nj E—E, =KT |n£NAj
n n.

Fred Terry — EECS 320 26





Doping

Add impurities to provide electron states near the conduction
band or valence band to increase n or p

. ® e @
[‘4(‘
Ef" l:',- ———————————————————
Ey o o) o
Intrinsic material
n-type p-type
Donor states A
____.__Jt_______:_____i_i:;;l_:;::_ g-'(""ljl) 4 I(
E,=1.12eV 1Ec - E;=0.16eV / E,=1.12¢eV
------- D D S S U G O S Ut S U O S S O D99 E,
E ) 23 15 1 rl
By~ Ev=0.17¢V E,
s s allfs G —— e — — — — — —— —— — — — — :--l: :_—-—1--—-—-———_—-::-—-:-—'-—-:'—r-—_:-—-:'t"l‘,
Ey A e A
T, q I ! _\» T E,

Acceptor states Acceptor states

Fred Terry — EECS 27
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lonization Of Dopants

Finite temperature needed to ionize dopants

E E A A
C o O o c - o - &
Ey Ey
At low temperature, At elevated temperatures,
electrons frozen to electrons gain enough energy
dopant site (freeze-out) to jump into conduction band

For “good dopant” majority of dopants ionized at room temperature

What does this picture look like for p-type material?

Fred Terry — EECS 320 28





Fermi Energy From Carrier Density

Dopants are activated according to binding energy
and temperature

N 1

_ =2
ND _1_|_ gDe(Ef—ED)/kT Jo

N, 1 i
NA 1+ gAe(EA—Ef )T Oa =

g, are degeneracy factors

e Spin up, spin down for donors
* Spin up, spin down, heavy hole, light hole for acceptors
E,, E, are binding energies

Fred Terry — EECS 320
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Temperature-Dependence Of Carrier Density

18

10
Np=10% cm-3
C?E Intrinsic Ep =45 meV
3 1016ﬁ
2 .
B Saturation
c
Q
&)
S 107 reezeout -
o
S
Ll
12
10 r r r r
0 5 10 15 20 25
1000/T (K1)
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Relationships For Carrier Density

Charge Neutrality
Pp+N;=n+N,

Mass-action law

np:n2

Carrier Density

2
n:ND_NA+ (ND_NAj+ﬂ?
2 2 |

Fred Terry — EECS 320
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Thermal Motion Of Carriers

Electrons move randomly in crystal
with zero net displacement

S
N

This is the thermal motion of carriers

V, typically ~107 cm/s for most semiconductors!
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Application Of Electric Field

Electrons/holes respond to electric field

% / n
B
€

€=0

=

Note that carriers are in motion without electric field
(thermal energy)

Carriers are accelerated by electric field
Carriers scatter from crystal imperfections
Average velocity obtained between scattering (v )

Fred Terry — EECS 320





Drift Current

Drift current due to electrons and holes

L. ! |
- >
I . |
] I
1
1

Area A i
-+— 0O ®—» -0 o> /"\
o—--.:o <0 :__:o—r —>
.T f!
- | —-— -
° | > .
V
E
V oL EL ‘]drlft_OE:;
1 A JA

‘](drift) — ‘]n(drift) +J p(drift)
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Conductivity and Mobility

Define mobility: proportionality between v, and E,
represents carrier scattering

J i = OE = QNVy, +Qqpvy, v |
Varie = HE
__Vdn _Vﬂ /

lun _ E /up - E . E
o = vy, + qpvdp u depends on mean

E time between
scattering T and m”
Conductivity depends on both A i lzzi
carrier density and mobility m S

o =qnu, ~apu,
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Mobility

Mobility depends on effective mass and scattering time

e Effective mass is a material parameter that accounts for
periodicity of the crystal potential

Silicon Gallium Arsenide

Fred Terry — EECS 320





Mobility

Mobility depends on effective mass and scattering time

e Scattering time depends on impurity concentrations,
temperature, carrier concentrations, crystal defects, etc.

Pure, T = OK T > 0K, with Impurity

Fred Terry — EECS 320





Mobility

Mobility depends on m™ and t

1 depends on scattering processes
Use Mathieson’ s rule for net scattering time

Scattering processes include phonon, ionized
impurity, defects, carrier-carrier, alloy, etc.

At low fields, mobility is constant

/ Varie = ME
E

Fred Terry — EECS 320
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Mobility Dependence On Doping

Mobility shows clear dependence on doping
O O O O O
AN AN ANV ANEVANS

0 —
NN NS
O O O ® O

 Dopants are impurities in the crystal and cause local
changes to the crystal potential seen by a moving electron
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Mobility Dependence On Doping

lonized dopants result in an

Elcctmg_
N INcrease N carrier scatterlng
Hole + O+ .
107 £ .
Ionizcd E Silicon
dOnOr : L | [ ]

JL,, Minority

Low field mobility (em?/V-s)

i Tl T CTTT1 ~<=—_— /L, minority ] Minority
10° = S ~sapiids

E ' e 7 71— _:_ } Majority
I[)I 1 | |||||| | | I | F||||| | | ||J|||| 1 | |||||I: 1 1 ||||||I

lol_i l{}lﬁ lﬂi? I(]IS IOI‘} IUEH

Doping concentration (N = N, or Np)

Fred Terry — EECS 320 10
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Mobility Dependence on Temperature

Mobility shows clear dependence on temperature

NS R RN

\Q/\Q/?i/_\’@/

e Vibration of crystal atoms due to temperature causes a
varying crystal potential as seen by a moving electron

Fred Terry — EECS 320
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Mobility Dependence on Temperature

Scattering mechanisms have different temperature
dependencies, need to determine dominant mechanism

Mobility (log scale)

. . / R
Impurity scattering — ___~— Phonon scattering

(Fewer dopants)

Combined
effect

(More dopants)

T (K) (log scale)

Fred Terry — EECS 320
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High Field Mobility

At high fields, mobility not constant, velocity “saturates”

108

Electrons
— == Holes

GaAs

107

! —— $
e

1 U(m

Carrier drift velocity (cm/s)

105 u"r EEEE Pt il Pl AR
10 10° 10 10° 10°
Electric field (V/cm)
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Velocity Saturation

At high electric fields, mobility is no longer constant

e Drift velocity becomes comparable to thermal velocity

e When carriers achieve energy above ambient thermal
energy, characterized as hot carriers

 Hot carriers are subject to additional scattering
mechanisms such as optical phonons

e Velocity tends to saturate at high fields —analogous to
terminal velocity in freefall

sat Hy E
- —1/

» E = -

Fred Terry — EECS 320 14





Drift Current

Drift Current
Jn =—NQVy4 =Nqu,E J, = PQVyix = POu,E
J =okt

J=1J,+J, =(nqu, + pau, JE

Conductivity

o = NGy, + PO,

Conductivity depends on mobility and carrier concentration

How can you alter conductivity in a semiconductor?

Fred Terry — EECS 320





Diffusion

Carriers flow from high to low concentration

Electron diffusion —

Equilibrium

© 0 0 o0 0 0 O
© 0 0 o0 0 0 O
© 0 0 o0 0 0 O

Fred Terry — EECS 320

16





Diffusion Current

Diffusion process described by

* Fick’ s law: flux given by F=-DAn
e Diffusion constant, D

e Diffusion process dependent on material
properties

Diffusion current given by diffusion
constant and concentration gradient

dC/dx dp
=—qD

| P dx

dn

D_
4 " dx

Concentration

Fred Terry — EECS 320
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Einstein Relation

Constants for diffusion and drift are related

Examine current in semiconductor at equilibrium

J, =qu,nF +an@=0
dx

E. -E . E. -E ) dE .
04,1 €XP f Sk dEI = _i I:)nni eXp f I - - dEI =0
dx  dx

KT Jq dx kT KT
dE. .
=0 atequilibrium
dx
D, kT
Hy 0

Fred Terry — EECS 320
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Drift Diffusion & E;

J =qunF +qD, dn More Generally, and not dependent
dx on Boltzmann Statistics:

'Jn = :unnVEfn

J, =1, PVE,

dn
dx

KT
=qu,nF +0|£ . ]un

= Qu,NF +KT 1, an
dx

— qlunn££+ kT:un i( Nce(Ef_EC)/kT )
q dx dx

dE N (EfEC)/kT[dEf dECj

. dx Hn e dx  dx

dE, (dEf dE.j
=y N—-+ N :

dx _dx

Fred Terry — EECS 320





Summary

e For this class, we will assume electron and
hole currents are given by:

1-D
dE
Jn=QﬂnnF+and—n=unn .
dx dx
dp dE,
J, =qu,pF —qD, :
={qu, pr—( > dy =M, P dx
3-D

J =qunF+qD Vn=unVE_
=qu, PF —aD,Vp = 41, pVE,,

Fred Terry — EECS 320
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Generation and Recombination

Generation: creation of conducting electrons and holes

Recombination: elimination of conducting electrons and holes

There are several physical processes where G-R may occur

Fred Terry — EECS 320





Big Principles

Generation and Recombination Mechanisms
come in balanced pairs

— Principle of Detailed Balance: At equilibrium every
event is balanced by an equal reverse event

G-R Mechanisms interact through the carrier

populations (n,p) but are otherwise considered to

be independent

G-R event happen in pairs (e’,h*)

One of the big considerations in G-R physics is
where to get the energy (G) or how to get rid of
the energy (R)

Fred Terry — EECS 320





Generation and Recombination

Band-to-Band Recomb. Photogeneration
. +«— e -«— e
Ec Ec
h*— * EV ‘* ht— EV

‘ e Other Methods:
OO U E e e

( ( ( * Impact lonization
h*—» * * Ey

Fred Terry — EECS 320





MICHICGAN

Generation and Recombination Examples

Electron promoted

to conduction band
o

Eq
Photon " NN
+
Phonon -AAANANA

E\/

o}
Hole created

(a) Band-to-band generation via simultaneous
absorption of a phonon and a photon (for example)

2. Electron promoted
° .
Ec

2. Electron
temporarily trapped

Phonon NN~ § Ey
Hole created

(¢) Two-step generation process involving
acceptor state

Electron finally promoted
hd

AAAA~F Eecron 7€

AN}, temporarily trapped
————————————————————————— bl

NN\

AVaavavas! Y

Hole created

(e) Two-step generation process involving
trap state

Electron returns
to valence band

) BT AVAVAVAY ma .
\ E(,‘
“ AN~ Phonons
emitted
¥ simultaneously
AVAVAVAY s
E‘/
O -
Hole ceases to exist
(b) Band-to-band recombination via emission
of several phonons
°
| Ec
NN~ i
1. Electron Photon emitted
temporarily trapped Phonon emitted
""""" N N R R
: R ——— Ey
2. Electron returns © Hole ceases to exist
to valence band
(d) Two-step recombination process involving
acceptor state
1
AVAVAVAVY =
Electron Ec
temporarily trapped y -\
-------------------------- ET
* AN~
WAVAVAVAY o
Ll/

. Y .
Electron returns © Hole ceases to exist
to valence band

( f) Two-step recombination process
involving trap states





Conservation Of Energy/Momentum

Energy and momentum needs to be conserved
for generation and recombination events

Direct Bandgap (e.g. GaAs) Indirect Bandgap (e.g. Si)

Conduction
Band

Valence
Band

>

Fred Terry — EECS 320 6
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Conservation Of Energy/Momentum

Silicon is an indirect bandgap semiconductor
What is the value of k associated with a photon?

Would you expect radiative recombination (light
emission) to be significant in silicon?

Fred Terry — EECS 320





Optical Generation

The momentum of a photon is small

Direct Bandgap (e.g. GaAs)

EA

Direct

MICHICGAN

gap E,

Indirect Bandgap (e.g. Si)

Fred Terry — EECS 320

E |

Unlikely (requires
phonons to provide K)

Allowed
A
Not allowed | 3 77
(no state available) : ®
| 7 £
| 7
P&
e

K

gap E,

Allowed
(K conserved)





Optical Recombination

The momentum of a photon is small

Direct Bandgap (e.g. GaAs) Indirect Bandgap (e.g. Si)

El n>E hv = E, //’

WLy : Not allowed - e

¢< . — .‘ \ »

SYYATA hv=E~—E P Allowe

— 2y (K conserved)
/ .. .
Phonon emission but unlikely
R
K

Fred Terry — EECS 320





Recombination

Radiative Recombination Auger Recombination

Typically, one mechanism occurs at a E _ Z 1
much faster rate and is dominant T

Fred Terry — EECS 320





Photogeneration

EC
MW
W
* Intensity of Light in the Semiconductor: | =1, %"~

* Generation follows Light Absorption
* Generation Rate: G (x,4)=G e™

Fred Terry — EECS 320





G-R Equations

* Most G-R eventsinvolve 1 e and 1 ht
— Traps: energy exchanged with phonons
— Optical: energy exchanged with photons

— Exception is Auger Recombination/Impact lordization
that involves 3 particles (2 e,1 h*tor 1 e,2 h')

Photogeneration and

G-R through Centers (Traps)

Emission

«— € «— € e

Fred Terry — EECS 320





Two Particle G-R

U=R-G=Anp-G

Where A is rate constant dependent on the
physics of the process & material properties
In Equilibrium

U=0=An,p,-G

Hence G = An,p,

and In general we get

U :A(np—n Do)
= A((ny +An)(+Ap)-nyp, )
= A(N, P, + PoAN+NyAP + ANAP — N, P, )
A( p,An+N,Ap+AnAp)

Fred Terry — EECS 320





Important Case: Extrinsic Semiconductor

Quasi-neutral Region in Low Level Injection
U = A( p,An+n,Ap+ AnAp)
An = Ap In Quasi-neutral region

U~ A(( P, +nO)An+(An)2)

AN, Ap < (majority carrier concentration ) Low Level Injection (LLI)
U~ A((p,+n,)An)
n, > p, EXtrinsic n-type

U~ A((p,+N,)An) ~ AnOAn:@:@

T T
P, > n, EXtrinsic n-type

U~ A(( p0+no)An)z ApOAnzﬁzﬁ

T T

Fred Terry — EECS 320





Shockley Read Hall Theory: Traps

np —n, p, . €

U - E
(n+n)z, +(p+p,)7, I &* ______ (_ ____________ Q. ......... E TC

n, = nie(ET_E‘)/kT ( ( ( E,

P, = nie(E‘_ET KT " * *

Fred Terry — EECS 320





Indirect Thermal G-R

* Low-level Injection:

— Ap<<n, n=n, n-type o (.* ______ ( ____________ (A ......... EE i
— An<<p, p=p, Pp-type ( ( ( ET
h— % x Y

e Steady State Equations:
— Holes in n-type material

d__Ap

ot T . .
G-R p T, and t, are minority carrier

— Electrons in p-type material lifetimes, parameters that

we will use often.
on AN

a

G-R Ty

Fred Terry — EECS 320





Drift, Diffusion, and G-R

We have determined carrier processes

e Drift
e Diffusion
e Generation and Recombination

The development of relationships between these
processes will provide a basis to solve device problems

Fred Terry — EECS 320
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Continuity Equation

J
J,(X) J,(x+dx)
dx
L. {J“(X)A—J”(X+dX)A}+(G—R)Adx
ot - =
Taylor series B 10, 10°J,
Expansion. Jn(x+dx)_\]n(x)+i ~ dx + o " (dX) +...
Using first @236‘]“ +(G_R)
two terms: ot q ox

Fred Terry — EECS 320
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Low-Level Injection

* Majority carriers remain unchanged

For small perturbation

(e.g. electrons in n-type material n=n,=N,)

* Minority carriers do not approach majority
carrier density (e.g. holes in n-type material
p = py+Ap << n)

 Thermal R-G for minority carriers given by:

Electrons in p-type material

|

Ot |thermal
R-G

_Aan

Ty

Holes in n-type material

P
Ot |thermal

R-G

_Ap

Ty

Fred Terry — EECS 320






Diffusion Equations

on 14 18], An,
. — == n+(G—R)z— n_

* Assume uniform p-type ot q ox qx 1,
o!opmg, LLI, no electric J —qunF+qp. Mo gp O
field and look at o OX A O

. . . n n n
minority carriers _:__(an j_ :
I ot  qox OX T,
(electrons) on m
o T
n=n,+An,
on _0& on g
ot OX
6An, _ 0°An, An,

Fred Terry — EECS 320





Diffusion Equations

_Ap,

op  1ad, 10,
, P 28 (G-R)x-=
e Assume uniform n-type & g & q OX
doping, LLI, no electric op _ op
) ’ ’ J _qluppF qD a _qu ax
field and look at 1 ’
. . . A
minority carriers P ———( qD, p] P:
ot g oX OX T,
(holes)
_p 2p_Ap,
P ox* T,
p: pnO+Apn
P _5 g Pro_g
ot OX

AP, _ 0°Ap, Ap,
ot P ox? 7,

Fred Terry — EECS 320
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Minority Carrier Diffusion Equation

For negligible drift and low-level injection conditions

OAN O°An_  An 2
p=D P p-I—G aApn:D8Apn_Apn_|_G

ot tooxt T, Lot T,

Simplified equations useful for device analysis

Solve differential equations using appropriate boundary conditions,
further simplifications may often be used

Fred Terry — EECS 320





Summary: Continuity Equations

Z=-v.J +(G-R
1 -19.3,+(6-R)
op 1

Lo _Zv.d +(G-R
1-D
n_1, , (G-R
ot g ox
P__ 10 g R
ot q oX

Low Field, Low Level Injection, Possible Photogeneration

Minority Carrier Diffusion Equations (1-D)

OAN 5 82Anp An G
= — +
ot "oxt ot -
d°An
aApn :Dp 2F’_Apn_i_
ot OX T

GL

p

Fred Terry — EECS 320
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Example 1: Uniform Generation
o

* A nondegenerate uniformly doped p-type

region uniformly illuminated at
generation rate G, pairs/cm?>/s

ofs  —
* Si300K N,=10"*cm™ 1,=1us G,=10*cms™

N

o

A / A 4 \

m !

Fred Terry — EECS 320











Quasi-Fermi Level Concept

o ™
J: T A,’]r’ = IOHGW:’J Afr = IO M-‘I

* Use equilibrium idea to describe non- ., ;

equilibrium case Fproe*ml/fi,_t ),f“fs‘ﬁj/
ner %0 ~ . 1023
D (?—E],; Een <E el
n=n, exp
“ ~ -—o,%ﬁt]/
E ZnieXp£ kT pj N ) /0\355‘61/ ZPI’]
’/B" = b /_77_ A
Ir\ gb g/,/q-: Ef}r B — f\][f—w":
610 e

Fred Terry — EECS 320 ’










Example 2: Uniform Generation

* A nondegenerate uniformly doped p-type
region uniformly illuminated with generation

rate G, pairs/cm?3/s in steady state
0h 1%

e Perfect Contacts, D,=25cm?/s 0

Fred Terry — EECS 320










Am\] )")C*b Ln
s ~¥/L,
Mry,™ Rie o Ly =
«___—— N———
AV\?)P _;Gl_r"\

10





Zq’t/\/j Luy Huoum s AW 2 . w¢’7’3
wWhi, ﬁ CL ! "

— - GL. n 4 —
Ay = { [F V7 4} A=A [Gf%"- o'

N —— Z
=, (resh () 6T ~
b L TA =Sy | 0 M

11





Y ‘I\Y}OI?)OM—J

An_(cm'3)

m Perfect contacts a1=a2:-4.993757e+013 cm3
x 10
T R ik
S W
T ...  LHl MM S ..o
> /=
0 ; \ ; |
-2 1 0 1 2
X (@) Chn x10™
) £ Y M 9—]

Lh°5%q
\

12





-4.434094e+013 cm 3

:aZ:

Perfect contacts a,

X 1012

] ] ] ] ]
- ” ” ” ; ” 4N
i m m m m m |0
” , ” ” ” —
\\\\\\\\\ eI SR b
i | | | | | 0
| | | | | S
i m m m m m i
” ” ” ” ” Q
| | | | | !
“““““ N e
” ” ” ” ” :
“““““ I U R R S N T o
| ” ” . H —
| | | | | 1
R nnnt EEEEE e NG N
| | | | | !
" " " " " Lo
S o © <t o o

X 102
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An_(cm'3)
ol

*****************************************************************************

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Example 3: Generation on End

* A nondegenerate uniformly doped p-type
region uniformly illuminated with generation
rate G, pairs/cm?/s in steady state at x=0

o Perfect Contacts, D.=25cm?/s, G,=5x1018cm?2sL
G, g\;ff/tf“75

OAN O*An.  An
}/% r& ﬂ?:; 3tp =P 8X2p_ Tnp+GL
g
K >
0

Fred Terry — EECS 320
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An_(cm'3)

Perfect,contacts a,=1.000000e+015cm3 a_=
x 10 1 2

=-2.061154e+006 cm'3
0.63 0.64 0.05
oo mm

19





An_(cm'3)

Perf<19814contacts a1:9.996646e+014 cm3 a2:-3.353501e+011 cm3
X

0.02
109 4™

X (um)

20





An_(cm'3)

Perf<19814contacts a1:9.820138e+014 cm3 a2:-1.798621e+013 cm3
X

10

9

8

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0 0.002 0.004 0.006 0.008 0.01
X (p’l‘l’f) \ 06 M

21





Perf<19814contacts a1:8.807971e+014 cm3 a2:-1.192029e+014 cm3
X

22





Perf<19814contacts a1:5.986877e+014 cm3 a2:-4.013123e+014 cm 3
X

2

1.8

1.6

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Linear Circuits

In EECS 215 you learned about linear devices and circuits

v;(t)

There are also important nonlinear devices:
Diodes and transistors

Fred Terry — EECS 320





What is a Diode?

 Electronic device that allows current to flow in
only one direction

 One-way valve
* Diode symbol points to direction of current flow

Anode Cathode

Fred Terry — EECS 320





Diode Applications

* Rectifiers

* Power conversion

e Over-voltage protection

e Light emitter (light emitting diode LED)
* Light detector (photodiode, solar cell)

Fred Terry — EECS 320

MICHICGAN



http://www.answers.com/main/ntquery?method=4&dsname=Wikipedia+Images&dekey=Tridge+rectifier.jpg&gwp=8



Light Sensitive Diodes

.

Light-emitting Diode - Semiconductor Laser

s

Visible Light Sensor

Fred Terry — EECS 320






ldeal Diode

* No voltage drop in “forward” (short circuit)

* No current flow in “reverse” (open circuit)

Diode circuit

+ n
g -
- il_;.d =1

i

AT

g6

Forward direction (on)
I

A
1fn

O i

Fred Terry — EECS 320

short
circuit

J’ Ug = ()

open
circuit

Reverse direction (off)
R

A
lfl}

o+ 04
[ : <_> O 'd






Circuit Analysis: Ideal Diode Model

Replace diodes with open circuit or short circuit
Analyze circuit

Calculate voltages for diodes assumed to be “off” to
verify that vy<0

Calculate currents for diodes assumed to be “on” to
verify that current is in forward direction

If assumptions of “on” or “off” are not validated,
change assumptions and repeat procedure

+ On OfF
Ud - -
- pg=0 J’ vg= U

short open
circuit T circuit

Fred Terry — EECS 320





Example Diode Circuit

* Find V,_ in circuit using ideal diode model

* Which of the following equivalent circuits is
correct (and how do you know)?

R=30 iy Ry60)
— r— — AAA

—|— f.'d_

V=6V CD %H; 20 C)r:_, 30V

——

—-
.Ir{] 30 .I'I” [.;"; .Ir{j (RLY H-I 302 -I'I|_]. {1 [..-\ Hj hL)
— A —O—— A — =0 O TATAYS

2 erD $ R-20 CD"—’ 30V V=6V C) $ R3=20) C)ru_, 30V

Fred Terry — EECS 320





Diode Constant Voltage Drop Model

* |n reality, there is a voltage drop across a
diode in the forward direction V;

* Diode turns “on” at vy=V., “off” for v <V,

* Solve circuits assuming vy=V or open circuit

&

; 7 |
O Off : |
%—'_f-'d — Forward bias: vp =Vr: Ip = 0
é) Ve <L Reverse bias: vp < VF; Ip =0

Ve Typical diode: Vg = 0.7V

Fred Terry — EECS 320





Circuit Analysis: Voltage Drop Model

Replace diodes with open circuit or vy=V;
Analyze circuit

Calculate voltages for diodes assumed to be “off” to
verify that vp<V;

Calculate currents for diodes assumed to be “on” to
verify that current is in forward direction

If assumptions of “on” or “off” are not validated,
change assumptions and repeat procedure

Fred Terry — EECS 320





Example Diode Circuit

* Determine V, in the circuit

" ke by

AWV v 0 Fy

' I'py 5k0)

Fred Terry — EECS 320
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Semiconductor Diodes

* |deal and constant-voltage-drop models for diodes
are good approximations for circuit analysis

e How does a “real” diode behave?

— Semiconductor p-n junction

— Exponential |-V characteristics

A
ID

—| k—<

Ip=1I (Ul'ﬂ_-"i'r o |)

kT
vr = — == 0.026V at room temperature, T=297K.
q

Vb

Fred Terry — EECS 320





-

Semiconductor P-N Junction

oin “p-type” and “n-type” material
n forward bias, small barrier to current flow
n reverse bias, large barrier to current flow

Forward bias Reverse bhias

+ + + + + +

Cathode

conduct

Cathode

Anoda

Diode (P-N Junction) Diode (P-N Junction)
Farsard Blased — Reverse biased

Fred Terry — EECS 320
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Circuit Analysis: Exponential Model

By superimposing Diode |-V and Linear circuit |-V,
you can find graphical solution for circuit

R

)
/

+

!
A XZ

(I, Vp)
solution

Direct calculation results in transcendental equation,
requiring non-linear solver, numerical techniques, etc

Fred Terry — EECS 320





Circuit Analysis Example

* Determine the current /, and voltage V, assuming
the exponential diode model with V,,=5V, R, =
10Q, and I,= 10"1'A = 10pA

* Use iteration on a calculator or computer
(Matlab)

g
" Y

Q
—
|
Py

Fred Terry — EECS 320
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Diode

* |tis desirable to have a rectifying device
* i.e., Aone way valve

Easy

Forward direction
flow

) Difficult
— flow

|

Need a physical junction for such a device

Reverse direction

J. Phillips — EECS 320





Diode

* For electronics, need a one way valve for current
* |deal behavior:

v

 How do we implement in a semiconductor?
« Vary spatial composition (e.g. doping)

J. Phillips — EECS 320





Joining P-type and N-type

What happens when you join p-type and n-type material?

P +—— O e diffuse N
h diffuse @ ——>
—| [=l{+]||+
lonized — 1 (|7 77— lonized
acceptors o /= donors
—
E

 Diffusion drives e’ s and h’ s to lower concentration regions
* |onized dopants remain, creating an electric field
* Under equilibrium, diffusion and drift processes are balanced

J. Phillips — EECS 320
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Energy Band Picture

J. Phillips — EECS 320

pp()

n-type silicon p-type silicon
4 4 . A A Eyac
(bn Yn (I)l, Ap
)
/ S — O l E(‘p
n(k
- —————— — ————— - E
E. Vi &p
v l' ...... (Y S E;,
1
O Ey
f 6[) Vp
—





Energy Band in Equilibrium

----------- : Y \ T Evac
qVhi v .
Eq T 1 =
! Lo Yo |®p Xp
Xn Q)" Y . A i
£ g &4t
- :
Electrons r v e
% qVi| v
l:.(' —~ - ~ —~ : @ : : ——————— ———----Ecﬁ——— .
n 5 ® 13 T @ ,% .//':— : S Eip
Ep M _|___] Dionox ioas ghcepgionsy L ®
B v et i S 2 999@@@@ 0OPpBB6 Ep
. E ' '+++++++++++T+F\p
gn 1 V.. \_
: = 4Vvi Holes
_— o
X , ;
Neutral region C ® |9 : Neutral region
:@@@ @85
n-type silicon 5@ ® @@: p-type silicon
|
" Junction
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Energy Band Diagram

p-type n-type
Evac
ax aé, ae,
EC
E; EGI
EV
M —
P \ I Vi
E
Ey \ N F
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Built-In Potential

qVyi = Eg —(Ec —E¢), —(E _EV)p
Np

ch )
(Er —E,), =—KT In(lli:’*j

\Y

(E. —E.). =kT In[

) E
n"=N-N, exp| —-—%

J. Phillips — EECS 320






Built-In Voltage

In one sentence, describe the origin of V,,

In one sentence, describe the meaning of V,,

J. Phillips — EECS 320





Current Flow in P-N Junction (Equilibrium)

—=# Electrons diffuse
-+ —- Electrons drift
P

J n(dif)

—> Jodrif
A

Ey
Y
q - - - Holes diffuse

-=-» Holes drift
. J/
. J/

(diff)
odrift)

J. Phillips — EECS 320
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The Depletion Approximation

Analyze p-n junction using electrostatics (Poisson’ s equation)

Depletion approximation — no mobile charge in depletion region,
only fixed charge from the ionized impurities

Examining the energy band diagram, is this true?

Sketch the carrier concentrations in the depletion region

5 BlE \
......... S
P \ I N Bl=
Bl
~_ Er Els
N 'Xp 0 XN

J. Phillips — EECS 320 11





Electrostatics

Use Poisson’s equation to quantify space charge region

Space charge region

2@8' ee@@ €
Neutral n t ¢ Neutral p t
eutral n type @@ '@@@ cutral p type .

@ @ @ : Xn X0 X p X
@‘ ©Q o | : 2 l
"-n X l.p
| | |
Tw, T ow,
| ol e
I w | X
4Np
Xy xp -
X X
’
GN

J. Phillips — EECS 320 12





Depletion Region

« Analyze p-n junction using electrostatics (Poisson’ s equation)
* Depletion approximation — no mobile charge in depletion region

C(;)z(\z/zO, —0 < X <—Xp d2\2/:_£
dx g
C:\Z/:QNA, Xp <X <0
X* ¢ ooz
ny P igo|EE N
__9No v BlE
ve: . N 00|EE:
00|EE:
d2\2/:O, Xy <X <00 e 0w
dx X

J. Phillips — EECS 320





Electric Field In Depletion Region

 Electric Field

F(x)=—qNA(x+xP) Xp <X <0
E

F(x):—qND(xN—x) 0< X< X,
E

F(x)=0 elsewhere

5 5[5 EEE
: : DE|EE:
* At x=0, field must be continuous o0
DE|EE:
N N S5 (e

F(O):_q D(XN):_q A(XP) -X 0 X

E E Y N

NDXN — NAXP

J. Phillips — EECS 320





Built-In Potential In Depletion Region

* Electrostatic potential, integrate electric field

V(X)ZVP —00 < X< =X,
_qNA 2
V== (X+Xp ) +V, Xp <X <0
E
N
V(X):_q D(XN_X)2+VN O<Xx<X
2& N
V(X) =V, Xy < X <00
V(%) -V (0) = o (x )~ Nox  GN X2
2¢ V(XN)_V(_XP): 2D n+ ZAP
E E

aN 2
V(0)-V(=Xp) =
(0) =V (=xe) 2¢ (x-) V,, = built in potential

J. Phillips — EECS 320





Built-In Potential In Depletion Region

* Electrostatic potential, integrate electric field

2 2
Vi =V (%) -V (-x,) = o, AN
2& 2&

N,x, =N x, ——charge neutrality

—=<

N—

— _ 26V, Np
XP(Vbi)_\/ g |:NA(NA+ND):|

26V, N,
. (Vbi):\/ q |:ND(NA+ ND):|

26V, [ Ny + N
W(Vbi):XP(Vbi)"'XN(Vbi):\/ q [ NANDJ

J. Phillips — EECS 320





Electrostatics Summary

X Vbi:k_Tln(NDIZ\IA)
q n,
2V [ Ny +N
i X W(Vbi):\/ d bl[ : s
: g \ NuNp

J. Phillips — EECS 320
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Joining P-type and N-type

What happens when you join p-type and n-type material?

P +—— O e diffuse N
h diffuse @ ——>
—| [=l{+]||+
lonized — 1 (|7 77— lonized
acceptors o ml/E donors
—
E

 Diffusion drives e’ s and h’ s to lower concentration regions
* lonized dopants remain, creating an electric field
* Under equilibrium, diffusion and drift processes are balanced

Fred Terry — EECS 320





Equilibrium Energy Band Diagram

p-type n-type

Ec Ec
=
E,

=

Ey Ey

Eo ————————— e
V
E; \\ I b -
P N

Fred Terry — EECS 320





<«—Na Dj 1)

000

WO :

TO®
0006
OO0
zelcle
elcle)
1006
1000
ROICIC,

RCICH
CIOCF
clclok
clclck
clelok
clolcy
clelo
clclcy

Np, Dp, T,—>






Electrostatics Summary

ND-NA
N X
P
p
A qND
_Xp X
Xn
-qNa
F.
X, X, X

Fred Terry — EECS 320





Electric Field In Depletion Region

 Electric Field

F(x)=—qNA(x+xP) Xp <X <0
E

F(x):—qND(xN—x) 0< X< X,
E

F(x)=0 elsewhere

- B
. . : +] [+]
* At x=0, field must be continuous 0o|mE
DE|EE:
N N DB @
F(O):_q D(XN):_q A(XP) -X 0 X
E E Y N

NpXy = NXp

Fred Terry — EECS 320





Electrostatics Summary

ND-NA ---------- 1 Vn
N X: Vbi _I -Xp)-/ Xn
P V,
R adNp
-XID X
Xn
EC
P
_q NA \
E
F. F
p n
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Built-In Potential In Depletion Region

* Electrostatic potential, integrate electric field

V(X) :VP —00 < X< =X,
_qNA 2
V== (X+Xp ) +V, Xp <X <0
E
N
V(X):_ngD (XN _X)2 +Vy 0 <X <Xy
V(X) =V, Xy < X <00
V(%) -V (0) = o (x )~ Nox  GN X2
2¢ V(Xy) -V (=X) = >
gN , 2¢ 2¢
V©O)-V(%) == A (Xp) — .
& V,; = built in potential

Fred Terry — EECS 320





Built-In Potential In Depletion Region

* Electrostatic potential, integrate electric field

2 2
Vi =V (%) -V (-x,) = o, AN
2& 2&

N,x, =N x, ——charge neutrality

—=<

N—

— _ 26V, Np
XP(Vbi)_\/ g |:NA(NA+ND):|

26V, N,
. (Vbi):\/ q |:ND(NA+ ND):|

26V, [ Ny + N
W(Vbi):XP(Vbi)"'XN(Vbi):\/ q [ NANDJ

Fred Terry — EECS 320
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Current in P-N Junction (Equilibrium)

- = Electrons diffuse
-+ —- Electrons drift

Jn( difn)

—> Jodrif
A

Ey
Y
q - - - Holes diffuse

-=-» Holes drift
. J/

‘Ip( drift)

(diff)

Fred Terry — EECS 320





Current in P-N Junction (Forward Bias)

Equilibrium
Forward bias \ \
ey & i (" s e D ing elect
Increasing electron E. ecreasing electron
potential energy pp(entna! energy
(decreasing voltage) Equilibrium (increasing voltage)
Forward bias\ w

)

L‘

w equilibrium

w forward bias ——vj_

@

® @
® @
L

®

b

Fred Terry — EECS 320

MICHIGAN





Current in P-N Junction (Reverse Bias)

Reverse bias

Equilibrium )
---------------------- O W
Eyac

Reverse bias

Equilibrium \ ;
\_ Increasing electron
E potential energy

(decreasing voltage)

Decreasing electron
potential energy
(increasing voltage)

w equilibrium

w reverse bias

MICHIGAN





Current-Voltage Characteristics

Eq

(reverse bias)
Ey _
(reverse bias)

Tunneling
current

Ec _
(equilibrium) Generation

current
Ey I
(equilibrium)

(a) Equilibrium

(b) Reverse bias

I
Excess electron
concentration G i
Equilibrium
s l electron
> J SEa concentration
—>e — E~ (forward bias)
( -
)
Recombination 5
current Ey (forward bias) Reverse Forward Vv,
-
ﬂ < > Tunneling and
SRS b S S multiplication
T = current
Equilibrium hole b hol
concentration A
concentration

MICHIGAN (¢) Forward bias (d)
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Applied Bias — Current Flow

V,< 0 (reverse bias)

E, \\@ In reverse bias, larger
E, S barrier for diffusion current
\\ Efn

E,. In forward bias, lower
barrier for diffusion current

How is drift current affected by bias?

Fred Terry — EECS 320





Current — Voltage Relationships

Determine current flow assuming steady state, low-level injection

depletion
| = AJ J=J,+J, L
on aEfn P, NA N, |\lD
J,=nqu E+qD, —=ngu E=0 Ex0 E=0
OX OX
ap 5E I Xp Xn I
E—qgD, —=
= P, a P OX = P4, GX quasi-neutral quasi-neutral
p-region n-region

Need to determine carrier densities,

. . Three regions of interest
Solve continuity equations

Fred Terry — EECS 320





Current-Voltage Relationship

 Minority Current Flow in Quasi-Neutral
Regions is dominated by Diffusion Current

— Finding this current is “easy” if we know minority
concentrations at depletion layer edges

— Shockley-Fletcher Boundary Conditions on Quasi-
Fermi Levels

* Assume Current flows are constant across
depletion region

e Add to get total current flow

Fred Terry — EECS 320





Non-Equilibrium Operation

Equilibrium: All forces balanced
Non-Equilibrium: net force acting on system
Example: Applied voltage, electric field
Equilibrium: Fermi-level is constant

Non-Equilibrium: Fermi-level can vary with position,
common to define quasi-Fermi levels for electrons,
holes

Equilibrium: Non-equilibrium:
Submarine holds Rocket launches

constant position W l u,]

Fred Terry — EECS 320





Quasi-Fermi Levels

Under non-equilibrium conditions, quasi-Fermi levels
may be used to describe carrier concentration

AN\NN>
AVAVAVAVL _
ANNN> Uniformly doped
AN\NNA> p-type semiconductor
AN\NN>
AN\NN>
0
R
X
A
An(0, 1 = o) Pl =
\\;— Steady state: An(x) = An(0)e X/Ln
~
S SN_ o !increasing
2 R
3 S

MICHIGAN

Example for semiconductor
with surface illumination

Fred Terry — EECS 320





Diode Under Applied Bias

Energy band diagram change with applied bias

n=ne En—E =n e 5~
=N; €XP T P=n; €XP T E, ~E, =V,

E, —E E.-E
n=noexp[ f f] p=poexp( f fpj

Fred Terry — EECS 320





Shockley-Fletcher Boundary
Conditions

V> 0 (forward bias) V,< 0 (reverse bias)

= \

Ef Efn EV

“p

 Extend E;, E. flat to opposite site of depletion
fn, =fp
region
¢ Yle|dS np(_xp):npoexp qk\-:-Aj and pn(xn):pnoexp(qk\-?j

 Why should we believe it?

Fred Terry — EECS 320





Slightly Leaky Bucket Idea

e Level of water in

the bucket is not T

significantly
affected if hole is
smal

* Small system
attached to large
reservoir

e Formalized in
statistical
mechanics

Fred Terry — EECS 320





Shockley-Fletcher Boundary
Conditions

V> 0 (forward bias)

Fred Terry — EECS 320
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4um L =5pm W _=10um Wp:10um

b
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4um L =5um W _=10pum Wp=10um
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Minority Carrier Concentration

Relate hole concentration on n and p-side

& — Vb /KT
Pn These are boundary
Under bias conditions for_ continuity
equation
p( X )_eq(vb _VA)/kT
p(x,)
Relating above 2
X n; V, /KT
B g ap ()= e
pnO D
Similarly for electrons
2
n(—X n
u _ @UVa/kT Anp(— Xp):_.(eqvA/kT _1)
npO NA

Fred Terry — EECS 320





Minority Currents: Diffusion Equation

* Next Steps: Find J (-x,) and J (x;)

* Assume Minority Current is Dominated by
Diffusion

* Solve Quasi-Neutral Region Diffusion Equation
— Special Cases of Long & Short Regions

7 P, Na En’ Np ;//

Fred Terry — EECS 320





Minority Currents: Diffusion Equation

* Next Steps: Find J (-x,) and J (x;)

* Assume Minority Current is Dominated by
Diffusion

* Solve Quasi-Neutral Region Diffusion Equation
— Special Cases of Long & Short Regions

7 P, Na En’ Np ;//
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Minority Currents: Diffusion Equation

* Next Steps: Find J (-x,) and J (x;)

* Assume Minority Current is Dominated by
Diffusion

* Solve Quasi-Neutral Region Diffusion Equation
— Special Cases of Long & Short Regions

7 P, Na En’ Np ;//

Fred Terry — EECS 320





/// P, Na ;n’ ND i
| |
| | >
W, X 0 *n W,
(m, Np, Ap) or (p, Ny, An)






m? NI}? !&Dﬁ) or (l]'? NA? ,&LU
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“General Solution”

* Assumptions
— Uniform, Abrupt Doping
— Uniform Diffusivity, Lifetime
— Low Level Injection
— No Recombination in Depletion Region
— Perfect Ohmic Contacts
— Minority Current flow in neutral regions by diffusion only

<O

Fred Terry — EECS 320
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Results

sinh[wij
An, (x) = sinh(wpnxp) Ny (exp(qV, /kT)-1)
L L” n
- Cosh[Wp +x]_ -W, <x<-X,
Jn(x)_ql?“ W Ij‘x N, (exp(qV, /kT)-1)
" _sinh( "Ln pj_

W —
Jn(X)=Jn(—xp)=qLD“ {coth( ”L %

n

H Ny (exp(aV, /KT)-1)  {-x, <x<x,}

Puo (exp(an/kT)—l)

A
>
IA
=

Py (€xp(aV, /KT )-1)

an Wn_ n
Lp coth( LX]]pno(exp(an/kT)—l) {—x, <x<x}

Fred Terry — EECS 320
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J

sat

gD

pn

p

coth Wo =X,
Lp

Jiotal = Jsat (eXp(an/kT)_l)

q

n

D
J:| pn0+ L

n
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Two Limiting Special Cases

* Long regions (W-x)>>L_._
* Short regions (W-x)<<L_._

Fred Terry — EECS 320





Minority Carrier Concentration: Long
Diode

Anl,(.\'l,)
- \
])"(.\”) \\ np(,\') = A”I,(-\') T ”p(i
l’n(-\') = Apn(-") v Pno \\ ‘
: TP AU, P ———— D n o)
o) U N e e i I
x4t
: n o P
L, L
n’ V, /KT (x+x,)/L niz ( Pl )9—(X—Xp)/'—n
Ap, ()= (™7 1t ANy ()= e -1
N, §
Lp = Dpr Ln B DnTn
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Minority Carrier Densities

Solution To Minority Carrier Diffusion Equation

2 2

N, e —(x=x,)/Lp
Anp(x): Ir\ll_i(quA/kT _1)e(X+Xp)/LN Ap, (x)= N_u(e Va KT —l)e (x-x, )/L

A D

Ly =+ Dy L, =/ Dptp

| |

Source of J, on p-side Source of J, on n-side

Write expressions for Jy(x) on p-side and J(x) on n-side

Fred Terry — EECS 320
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Diffusion Current

Electrons ,
injected ( Decaying electron
» ~Jd_concentration
- gl T
o ’ > e e
"n() o N[) ______________ [ g
} ( (1 4 E.
p - I)
qVi I‘I( Voi = V)
1:( n \ ! " T S ’
Equilibrium
i E
4‘/
E Ppo = Na Forward bias
“Vn Q &

I ——— i -

- i -

: ) T

Decaying hole Holes
concentration injected

D
Jp:q
L

p Apn (Xn )e(x+xn )L, J = n Anp (Xp k—(x_xp )/Ln

p n
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ldeal Diode Equation

Assumption: G-R negligible in depletion region

Result: J and J, constant in depletion region

Relate J\(-Xp) and Jp(Xy) for total diode current

| =AJ, (—=x,)+J,(X,) |

2 2
| ZQA{ Dy N, n De N, (eqvA/kT _1)

I _ Io(quA/kT _1) '|0

|, = Reverse saturation current

Fred Terry — EECS 320





Diffusion Current — Reverse Bias

n I,(.\')

q(Vi — V)

””(4

Ey, ’
=",

ok, . S : |
f X X

[)" ( ". ) n ,)

[“(’u

............

Fred Terry — EECS 320

Carriers at edge of
depletion region swept
across by electric field

Carriers diffuse to junction

Limited by minority carrier
generation





Diffusion Current — Reverse Bias, short
diode

~

S ~+— n,(x) (long base)
N T

< nl,(.\') (short base)

Short p-side
D n Dppno

. n'"po
Jo=

E Cn

r W,

(n)

Fred Terry — EECS 320





Qualitative Understanding

The equations boil down to a simple expression, but
can you explain diode operation in simple terms?

e What is the “depletion region”?
 What is the origin of current flow?

 What happens to an electron once it is
injected from the n-type contact?

 Why does current flow differ so much in
forward and reverse bias?
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Total Current

‘In (x[)) T
Electrons __| __n dAp)
bC|ng ] Jp - qu dx / s Jp(-“n)
injected l e Holes
_— a being injected
- >
X X X, X, X
Jioal = constant
e —
jn(dril’t) \ ‘Ip(dri )
5T No R-G in
J ) depletion
difh)\ X, - . i
n(difh)\*p / 'Ip(dil’l')("n) region
Jp(dilT)/ Jn(dilT)
e — ! E
X
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Electron and Hole Current

Forall X, Jy, = J,, +J, =constant

‘]total

X X,

« For every minority carrier recombination event, a
majority carrier is injected from the contact

>0forV,>0
<0forV,<0O

Fred Terry — EECS 320
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P-N Diode With Asymmetric Doping

Typically, one side of the junction is doped much more heavily

N,=10"® cm?® | Np=10"°cm? N,=10" cm?® | Np=10"®cm?3

p*-n junction n*-p junction

The ideal diode equation may be simplified with assymetric doping,
rewrite expressions for p*-n and n*-p

Fred Terry — EECS 320
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“General Solution”

* Assumptions
— Uniform, Abrupt Doping
— Uniform Diffusivity, Lifetime
— Low Level Injection
— No Recombination in Depletion Region
— Perfect Ohmic Contacts
— Minority Current flow in neutral regions by diffusion only

<O

Fred Terry — EECS 320
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Results

(W, +X
smh{ ‘L J J
An, (x)= W _”X Ny (exp(aV, /KT )-1)
H h p p
a7 W
- - - <X<=X
cosh(WerXJ p p
D L,
Jn(x)—qL“ T Ny (exp(aV, /kT)-1)
n inh p p
E [ : J

P (exp(qV, /KT)-1)

| L
X
IA
X
IA
=

] Pao (eXxp(aV, /KT )-1)

n— X

o
O
TN
=
—

) ]] Poo (BXP(AV, /KT)-1)  {—x, <x<x,]
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sat

_ qun

p

i

‘Jtotal = ‘]sat (exp(qva/kT)_l)

L

A

X D
]] pnO + L
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Long Diode

N, =1x10"cm™ N, =1x10°cm™
D, =10cm®/s D, =20cm*/s
r, =10ns 7, =10ns

W, =100xm W, =100um
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Long Diode

N, =1x10"cm™ N, =1x10°cm™
D, =10cm*/s D, =20cm*/s

r, =10ns 7, =10ns
W, =100xm W, =100um
V. =0.6V J., =88.182pA/cm’

J =1.0609A/cm?
X, =14.207/nm  x =142.07/nm
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100um
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100pum
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E-field in Neutral Region
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Failure of LLI
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Short Diode

N, =1x10"cm™ N, =1x10°cm™
D, =10cm*/s D, =20cm*/s

r, =10ns 7, =10ns
W =2um W, =2um
V. =0.6V J., =88.182pA/cm’

J =1.0609A/cm?
X, =14.207/nm  x =142.07/nm

Fred Terry — EECS 320
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R-G In Depletion Region

In forward bias, injected carriers In reverse bias, carriers
recombine in depletion region generated in depletion region
S,
Ec & Ec

n

S

How does the |-V relation of the diode change if
R-G in depletion region is accounted for?
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R-G Current

° Ajatm

Solution not S|mple bias-dependent

on np—n?
o Fre Tp(n+nl)+rn(p+ pl)
I ~ qAni W . ‘g .
R_G ~ 57 Significant reverse bias (> few kT/q)
0
I, o = ﬂWquA/2kT Small forward bias

27,
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R-G In Depletion Region, Reverse Bias

—

For traps at E;, 1,=7,

np—n’

R-G=
r,(n+n +p+n,)

At reverse bias (n, p negligible)

- Vu)
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R-G In Depletion Region, Forward Bias

n I,(.\')

R R - E(‘p
q(Vy; Vu)I L
Ec, I
q( vhl o v(l) I':‘r — I':,'
2 A
T

- ___ Y y
f‘. i T p :JO,R-G(quA/ZkT_ 1)

Pp(X)
2_qV, /KT "
R-G=—"—= e Jor» 4% W (Small forward bias)
To(rH—p) To(n+ p) 2t
(R—G) _n @aVa/2KT Tt =Jorc (quAIZkT ) l) +J, (quA/kT i 1)
i 27,

Fred Terry — EECS 320 S
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Current, logscale

Diffusion and R-G Current

Diffusion
V., /KT
ad o/

Recombination
ean/ZkT

»
>

Vv

a

Recombination dominant at low bias
Diffusion dominates at larger bias

Recombination often represented by
non-ideality factor (n) at given bias

J =

total

diff

+']R-G

J

total

— J(c)liﬁ ( quA/kT _ 1) + Jéz- GquAIZkT

total —

J . Jo(quA/nkT _1)‘
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High Current Levels

At high forward bias, |-V becomes resistive

* Resistive drop across bulk semiconductor
regions

« Contact resistance

* High-level injection: minority carrier density
approaches majority carrier density

Resistive

Diffusion

Current, logscale

Recombination

[
»

Vv

a
Fred Terry — EECS 320






Bandgap Dependence Of |-V

How does bandgap affect I-V characteristics?

Reverse Bias? Forward Bias?

Does bandgap change the effect of SCG?

Fred Terry — EECS 320
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Avalanche Breakdown

At high fields (reverse bias), high energy
scattering can break electron bond in lattice

«—

E
High energy K

electron © —_— @@@

“Impact lonization”

Created carriers can further
contribute to process -V

Multiplicative or “Avalanche” V

process

V, ~60(E, /L1710 /N, [ V]

Fred Terry — EECS 320
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Reverse Bias Tunneling

Breakdown in reverse bias

E(‘p
I A
_VB

: \ Ey
. »

Va Slope = I( {l Electrons

‘ b* tunnel to

conduction
E=-= __ band
Wy

q(Vii — vu)
Tunneling probability

E(‘n
JME
T =g :
23/2h
E",, -_-_-----—__---_-——--___---—--_V

Fred Terry — EECS 320 10





Tunneling — Zener Breakdown

Narrow depletion region widths in reverse bias
can enable quantum mechanical tunneling

Ec Tunneling Probability
SV — T ~ 4\/2m* E 3/2

Useful Device: Zener Diode

™~
g Ve

- \oltage regulator Va
« Convert sinusoidal to square-wave

v

Fred Terry — EECS 320 11





Reverse Bias Breakdown

1000
GaAs <100>

S 100 GaP
) u 3
51 B
s N
° L
>
e "
2
o -
-
v
S
a 10

=

-

- One-sided . L

e-sided Tunneling
step junctions
I b4 d el O RO 058 O IR %Y Lol 14 o1t
1014 1015 lol(\ lol7 lolh‘

MICHICGAN

Impurity concentration (cm ™)
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Transient Response

Large Signal Small Signal
e Switching applications  Small AC bias
* Fwd <> Rev bias e Equivalent circuit
* Charge storage and extraction * Frequency response
|
il
ID@ = Cp Cj = Cait § )
|
SPICE useful for Equivalent circuit useful
transient analysis for small-signal analysis

Fred Terry — EECS 320





Small Signal AC Response

Determine equivalent RC circuit to represent diode
C.

Vg = Uo(SIN @) l+—— Transition region —|

Rs= series resistance of contacts and quasi-neutral bulk regions

Determine remaining Rp, C;, and C,,

Fred Terry — EECS 320 14





Junction Resistance

-1
1 o]
A :G—:[W]
P A

_ qVA/KT )~ qVa /KT
1 =1,(e 1)~ Ie

d_l—i| quA/kT —ﬂ
— . —
dv, KT KT
o T

gl

MICHICGAN

Slope = Gp

DC bias
point

Time Y

Fred Terry — EECS 320
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Junction Capacitance

+dQ —dQ

Neutral
p type

Neutral
ntype

® ® ® @
® ® ® @

®© © 0O 0

O 0 0O 0

®©® © 0O 0

® ® & @

w

Change in depletion

d
d_\? ‘Q‘ :qNaWpAqudeA region fixed charge

C:diff o

qeN,_ N, _EA V.,

©i7 AJ 2Ny VN, N W CJ v, -V,)

Fred Terry — EECS 320
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Junction Capacitance

Differential Capacitance

- ‘d_Q P do
diff dV
Capacitance associated with depletion region -dQ
Q| =gN, W, A=gN,W,A
2V =V Ny +N,) W (Vo =V,
| Depletion capacitance is

proportional to applied voltage,
Used as a voltage-dependent
V capacitor (varactor)

Vbi

Fred Terry — EECS 320





Capacitance In P-N Diode

Sketch mobile charge density for p-n
diode in forward and reverse bias

Is there another source of capacitance?

Fred Terry — EECS 320





Diffusion Capacitance

Excess minority carrier density near depletion
region edge is stored charge : capacitance

dQ
C.u =|—
Q, = GA| [Py (x) pyo Jix Wy W,

Qp — CI'A‘pnol—p (qua/kT _1)
Q, =J, (x,)Ar, =1z,

For short diode

C:iz’Dl

p

KT

q :
C — ﬁfplseqv /kT

Tp = transit time
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Transient Response

Determine the speed at which a diode will switch
between forward and reverse bias

Fred Terry — EECS 320





Turn-Off Transient

In forward bias, large minority carrier storage

Minority carrier profile

Any(x, 1) 4

p

Equal —*

slopes < S

Current transient

paml |
Increasing ¢ /‘ R R S

— _ Ve | |
H L, —’{ A I
.\'I, =0
| t. storage time to
t. =7 Inf 1+ = remove stored
R minority carriers

MICHICGAN

Fred Terry — EECS 320

t. rise time
related to RC
time constant
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Turn-On Transient

To reach forward bias, need to discharge junction
capacitance and inject minority carriers

Minority carrier profile Current transient

Vi

An,(x, 1) 4 Vi

y

Equal /

Increasing 1
slopes S

=Y

f— L, —— » V_I I

X e=T%,

Charge to discharge junction capacitance small, carrier
Injection fast: turn-on transient much faster than turn-off
Fred Terry — EECS 320
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Circuit Model For Switching

Equivalent circuit for simulation (SPICE, etc)

0.75 2 =Rl — Ip)

S 050

Ry = 025
0.2 0.4 0.6 0.8

1.0

Time (y¢8)

o V;

|
|
|
| : 5
: RP,?' C =1 X i 4 SRR K, O b1y
| 2 3
I . £ 2 T
< $ I
(a) 0o ‘ - 0—1
0.0 0.2 0.4 0.6 0.8 1.0

Time (jzs)
(b)
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Optoelectronic Diodes

EECS 320

Introduction to Semiconductor Devices



















Optoelectronics?







































































































































Light-emitting Diode

Semiconductor Laser

Visible Light Sensor
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Semiconductor Optoelectronic Diodes

Detectors convert optical signals into electrical signals





















Emitters are a source of optical radiation

Photodetectors: primary purpose to detect photons

Solar Cells: primary purpose is photo- to electrical energy conversion





Light emitting diodes (LEDs)

Lasers: LEDs with optics for “coherent” light
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Optoelectronics Applications

Information Technology

Displays/Imaging

Lighting, solar cells







Sensors
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Optical Spectrum And Applications



We have listed optoelectronic applications. 

Which wavelengths are of interest?

What materials are important?

Displays

Imaging

Sensors/Spectroscopy

Information Processing
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displays – visible, imaging – visible, IR, sensors/spectroscopy – UV-IR, information – visible CDs, IR telecom



Radiative Recombination, Generation





E=EG





E

k

















Radiative Recombination

(Emitter)











EC

EV















E=EG





E

k

















Generation

(Detector)











EC

EV
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Normalize for a unit volume 



Optical Generation





The momentum of a photon is small

Direct Bandgap (e.g. GaAs)

Indirect Bandgap (e.g. Si)









J. Phillips – EECS 320







Optical Recombination

The momentum of a photon is small

Direct Bandgap (e.g. GaAs)

Indirect Bandgap (e.g. Si)
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Semiconductor Materials

Operating wavelength depends on bandgap energy
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Normalize for a unit volume 



pn Junction Photodiode

EV

EC

Efn

















Efp

































































Minority carriers generated within diffusion length of junction can be collected, producing photocurrent



Minority carriers generated outside of diffusion length will recombine before reaching the depletion region, no contribution to current flow
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p-i-n and Avalanche Photodiodes

Carriers generated in the intrinsic region are unlikely to recombine, contribute to photocurrent

Avalanche photodiode is operated close to breakdown, so impact ionization leads to carrier multiplication, producing greater photocurrent per generated e-h pair

















EV

EC

Efn

Efp











p+

i

n+
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Solar Cells

The shift in the I-V curve caused by photogeneration leads to electrical power generation

This electrical power (P = I x V) can be stored for later use

Specialized photodetector designed to convert sunlight to electricity









-I0

I

V

























I

V





This circuit element is supplying power!
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Bell Solar Battery, 1954
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http://www.bell-labs.com/org/physicalsciences/timeline/1950_solar_pop.html









J. Phillips – EECS 320







Bell Solar Battery
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How Solar Cells Provide Power





Sunlight provides energy to electrons

Diode where electrons extracted (electrical current) at higher potential energy (voltage)
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Examine the region where we are generating power

“Flip” current to look at quadrant IV

Key points:

Short circuit (V=0)

Open circuit (I=0)

Point where you get maximum power

16

Current-Voltage Characteristics
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Short Circuit Current

Current corresponding to vd=0

Maximum current achievable  for solar cell

Depends on incident sunlight
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Open Circuit Voltage

Voltage corresponding to I=0

Maximum voltage achievable  for solar cell

Weak (logarithmic) dependence on incident sunlight
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What is the Power Produced?

Depends on where you are operating (load)!

Power = IV

There is a point where power generation is a maximum

Would like to operate at the maximum power point  

19
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Power Conversion Efficiency

Relate electrical power produced to incident solar power

Negative sign accounts for sign convention used in diode equation

Recalling previous power curve, electrical power out (and efficiency) depnds on where you  are operating

Efficiency typically quoted at maximum power point

20







Example:  Determine power conversion efficiency of a solar cell at VD=0.55V for incident solar power of Psun=18W. The solar cell has I0=1na and ISC= - 6A 
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Light Emitting Diode (LED)

Directly produce light through electron relaxation in a solid

Compact, efficient light emitters

Lifetime ~100,000 hours

Challenges for lighting: white light, efficiency, cost
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As you apply a potential across the junction, V will in turn change electric field and charge density in depletion region. Forward bias reduces net potential



Sanyo Calculator

circa 1968

Times Square, present day







LEDs Have Come A Long Way!
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As you apply a potential across the junction, V will in turn change electric field and charge density in depletion region. Forward bias reduces net potential



Light Emitting Diode (LED)

Forward bias diode – minority carrier recombination in form of radiative recombination 

External efficiency:   h = photo power out / electrical power in 

How do you maximize external efficiency?
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As you apply a potential across the junction, V will in turn change electric field and charge density in depletion region. Forward bias reduces net potential



Lighting History







J. Tsao, IEEE Circuits and Devices Vol 20, No 3, pp 28-37 
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As you apply a potential across the junction, V will in turn change electric field and charge density in depletion region. Forward bias reduces net potential



About 33% of all energy is used to produce electricity

About 25% of all electricity used for lighting

→ About 8% of all energy is used for lighting!

Solid state lighting (LEDs) can offer highest efficiency. Achieving goal of 50% efficiency (~200 lm/W) would do the following in the U.S.:

50% decrease in electricity for lighting, savings of 300 TW-hr/year, ~$25B/yr

Free over 30 GW of electricity generation (30 power plants)

50% decrease in carbon emissions for power generation for lighting

Reduction of waste (raw materials), and hazardous waste (e.g. Hg in fluorescent lights)

Provide lighting for remote locations, developing countries, 2 billion people without electricity!

Impact of Solid State Lighting
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Semiconductor Laser

LED with a cavity (Fabry-Perot cavity for instance)

Cavity leads to stimulated emission rather than spontaneous emission

Stimulated emission produces coherent light







Perfect Reflector

Partial Reflector





pn Junction



Emited Coherent Light
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Note that volume and cost of components differ



R. Steele, “Review and forecast of the laser markets Part II: Diode Lasers”, Laser Focus World, February 2003

Diode Laser Applications
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It needs no fuel other than the light from the sun itself. Since it

as no moving

parts and nothing is consumed or destroyed, the Bell Solar Battery should theorctically last indefinitely.

New Bell Solar Battery Converts Sun’s Rays Into Electricity

Bell Telephone Laboratories demonstrate
new device for using power from the sun

Scientists have long reached for the sceret of
the sun. For they have known that it sends us
nearly as much énergy daily as is contained in
all known reserves of coal, oil and uranium.

If this energy could be put to use there would
be enough to turn every wheel and light every
lamp that mankind would ever need.

Now the dream of the ages is closer to reali-
zation. For out of the Bell Telephone Labora-
tories has come the Bell Solar Battery—a de-
vice to convert energy from the sun dircetly and
efficiently into usable amounts of clectricity.

BELL TELEPH

Though much development remains to be
done, this new battery gives a glimpse of future
progress in many fields. Its use with transistors
Calao imvented st Bell T aboratorics) offers ny
opportunitics for improvements and economies in
telephone service.

A small Bell Solar Battery has shown that
it can send voices over telcphone wires and
operate low-power radio transmitters. Made to
cover a square yard, it can deliver enough power
from the sun to light an ordinary reading lamp.

Great benefits for telephone users and for all
mankind will come from this forward step in
harnessing the limitless power of the sun.
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Metal-Semiconductor Junctions

* Metals are used for: S
— Device-level interconnects I (s -
— Component-level interconnects | 4
— Devices |

http://www.fibics.com/LargeEELS.html

Microprocessor Top View

64 Mbit DRAM X-section
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Metal-Semiconductor Junction

Metal Semiconductor
E,. E

qdy, Ec Ats
Y
....................................... EV

EC

Er B fo Er

..................... 7 Ev
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Band Diagram For Metal-Semiconductor

Sketch what you would expect for the band
diagram of a metal-semiconductor junction
with n-type material and the cases

dv>0s and ¢y <ds

Fred Terry — EECS 320





Equilibrium Band Diagram

W Charge redistribution

qoy, near junction, Fermi
CI¢BI N X a0 E. level flat in
............................................................... Yeuunas eC{UI|IbI'Ium

p
Q — qu X4
X, = 26V,
aN,
E
1 ” _quXd

€s
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Built-In Potential

Vi = b — s = P {Z%(EC —Ef)}

dm > ¢s, N-type dm < ¢s, N-type
E /

dm < §s, p-type

E s
$ 9V

Fred Terry — EECS 320
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Equilibrium Band Diagram

Current flow balanced

E Mg

Vac

Yy

I: vac

o cﬁ°<<
F _____._.__.._"2..90_?.
“fm
E(“m
Metal

Semiconductor
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Current at Zero Bias

Carrier density at

O— = 0O semiconductor interface
o]
n =N.e —

Current proportional to carrier density
Current flow balanced at zero bias

[Jus | =[Jsu| = KN exp(_ ?jﬂ

Current flow is due to majority carriers through
thermionic emission process

Fred Terry — EECS 320





Forward Bias Current

Va=0,Jdys =Jgm Vo >0, dys <Jgm

Barrier for current flow from semiconductor to metal decreases with
forward bias, while barrier for current flow from metal to
semiconductor stays fixed at the Schottky barrier height (®;)

Fred Terry — EECS 320





Reverse Bias Current

Va=0,Jdys =Jgm Va<0,Jdus>Jsm

As a reverse bias is applied to the MS junction, the barrier for current
from the semiconductor to the metal is increased, while the barrier
from the metal to the semiconductor remains the same

Fred Terry — EECS 320





Thermal Velocity Distribution: Ideal Gas

e Maxwellian Distribution

2 2 2
m(Vv7 +V2 +V?)

m 3/2
f (V.Y )= el B o

.12 . —
m O\ m|v| 10 £ ema vekety Distn
(3 o9 A
27KT 2KT ;

velocity (m/s)
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)

f(v) #/(m/s

Surface Breaks Symmetry
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Schottky Diode Under Applied Bias

Rectifying behavior like p-n diode

J_ J{exp(qvaj—l} Forward bias _% ,(

o—b
nkT . oo S ooo _L ——————————————— It
- Erm PESESSSERSSSES TqV,
ok, O— Ey,
‘]S — A T2 eXp — q(DB E('m 1} \ ;
KT
A7 =1.12x10°Am? K> for n-type Sj Metal Semiconductor
Effective Richardson's Constant
J A I;I'm __________ T2,
[".('m
Metal
/ v Reverse bias
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Reverse Bias Tunneling

qVi . : .
PR Wi 5, Tunneling distance typically
E\’A -
) TN smaller in M-S
“Cm b
Metal Semiconductor
o IA
l’r |
TqV; = gV — qV “ pn junction
Empsmmessasms=as . E, diode
igi( ‘ Ey
[Cn 1 R
Metal Semiconductor
L/ -
© 0.5V 07V V,
B
—————————————— E!f\
Ey,
=Y
Tunneling
(electrons)
E[n _____________
E(‘/

Metal Semiconductor
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Ohmic Contacts

Ohmic: linear |-V, negligible resistance desired

Allows current to flow freely

Voltage drop across contact negligible in
comparison to voltage drops elsewhere

Power dissipation minimal

Contacts critical for every device, often just as
challenging as realizing the device itself!

Fred Terry — EECS 320





Schottky Ohmic Contacts

Reverse Work Function

o < ¢s, N-type om > 0s, P-type
ﬂ - —E
EC
EV 4—6_)
* No barrier to majority |
carrier current flow
* Very few v
metal/semiconductor A

materials have this lineup

Fred Terry — EECS 320





Tunnel Contacts

Reduction in depletion layer width to permit
guantum mechanical electron tunneling

High doping
(degenerate) typically
used in practice,
and/or annealing to
alloy contacts

Fred Terry — EECS 320





MICHICGAN

Ohmic Contacts

Reduction in depletion layer width to permit
guantum mechanical electron tunneling

Metal n" n Metal p

)
Tunneling I e ——— - :
: : : '
------ - Po———====- Tunneling ,
1 I

! '
.

Fred Terry — EECS 320

v





Depletion Capacitance

C_ 2 EA
Py
V,,—V
Jae v,
1 2
= V.-V

 Inresponse to a small ac signal, a Schottky junction acts like a
parallel plate capacitor as the depletion width changes with the ac
signal

Fred Terry — EECS 320
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Transistor

transsisstor (tran-zis’ ter)

A solid-state electronic device that is used to control the flow
of electricity in electronic equipment and consists of a small
block of a semiconductor with at least three electrodes

_ Input
Trans(fer) + (res)istor P
O l 5
= S
Idea: control large output s— T |[— 3
p)

with small input

This device should exhibit gain

F. Terry — EECS 320






Transistor Types

In general, there are two types of transistors

Bipolar (BJT) Field-effect (FET)
A three terminal device in which emitter to A transistor in which the output current is
collector current is controlled by base current controlled by a variable electric field (gate voltage)
C  Collector I3 Drain
Base I llc
B — Gate
6 o—]

g Source

F. Terry — EECS 320



http://www.answers.com/main/ntquery?method=4&dsname=Wikipedia+Images&dekey=Transistor-photo.JPG&gwp=8



Applications of Transistors

Black Box Schematic
Power Supply
et
Input BJT Output
Amplifier Electrical Switch
Power |Sl:lpp1}f Power Supply
Input tput |
pu  Outpu Input |9( Output
*_
A"V /W\n

F. Terry — EECS 320





MOS Field Effect Transistor

* Gate, Source, and Drain terminals
* Two types of MOSFETs: NMOS and PMOS

NMOS Drain (D) PMOS Source (S)
_ 0
Ip ”'3‘? lf[;-
Ig=0 l Ig=
> + -+
Gate (G) O_I_—l _Vps Gate (G) O—l VDs
FGS l!D 11’1}
_ 1 O
Source (S) Drain (D)

F. Terry — EECS 320
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MOSFET Operation

Drain (D
rain (D)
o
;JG =0
_-.._ +
Gate (G) O—l Fbs
+ —
Vas lfn
— O
Source (S)

Gate voltage controls I,

There is no current at the gate

A Linear region

Saturation region
s Vas=5V

Vgs=4V

Vgs=3V

Vas=2V
Vas=1V

F. Terry — EECS 320





Equivalent Circuit Model for MOSFET

Drain (D) NMOS
7 ; Cutoff Vs < Vru
I~ 0 L . Linear Vs > Vru
Gate (G) o+—| fl’bs Vps <Ves —Vry ,
7 I Ip =K [2(Vgs — Vru) Vs — Vs
Vas l D Saturation Vs > Vru
Source (S) Vps 2 Vgs —Vru
Ip =K (Vs — Vru)®
D Vs and Vg Typically positive
l;D e (nonlinear) Voltage controlled
G current source
—0

* Turns ON above “threshold” V.,

* Two ON conditions, linear and
saturation

F. Terry — EECS 320





MOSFET With Resistive Load

 Transfer characteristics similar to the BJT circuit
we examined

e How can the circuit be used as an:
— Amplifer?
— SWltCh? $ Off Saturation Linear

- ..F;,... I-F;*-l -

lqut

+0

I
I
I
|
I
|
I
I
I
r I
/ out I
I

s)

F. Terry — EECS 320





MOSEFET Circuit Example

Equate I; and I, to determine V,_,

Device in Linear

Vv
_Di ID _ k(\/in _VT _Vout)\/om _ (VDD _Vout)
2 R,
é R, Resulting in quadratic equation for \V/,
) 2 Voo
—O0 V., =V, Vit LZVT -2V, —k—RL)\/Out + (R, =0
S Device in Saturation

- | k(V V) (VDD Vout)

KR )
—L(

Y V, V. )

out

= VDD

F. Terry — EECS 320





Load Line

You can use a “load line”
é . to graphically determine
L V,,i=Vps for agiven V,,=Vsg

out
O Vout
D V A
V. G l I DS I
VGS \ > (ID’ Vout) for
S| Vpo/Re Vin=Vesa
- 1 Vesa
_Linear circuit
| R Vess
i —AA—O O Vout v
| : I GS2
' Vpbp - D l D Vst
i + : R
OGS N
| S P Vour
N
~ 1

F. Terry — EECS 320
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When is the FET in Off/Linear/Saturation?

Examine the transition points

Off & On Linear <> Saturation
VGS :VT VDS :VGS _VT
Vin :VT Vout :Vin _VT
Off On B _ﬂ UV
Vin <VT Vin >VT VOUt _VDD 2 (Vin VT) _Vin VT
Vop V.21V L—ZV + Vz_iv V) =0
- in in kRL T T kRL ( DD T)
é R, Solve quadratic equation for V,,,
V call “v,,sa”
O out
D V Linear Saturation
Vin G \ l ID DS Vin >Vinsat VT <Vin <Vinsat
VGS g

F. Terry — EECS 320





Input/Output Characteristics

How do V,, and V,, relate?

ut

Transfer Characteristic Common Source S-L MOSFET K= 5.1796mA/V2 VT= 1 RL= 10 KQ

£ i
Voo = 15V oft | |
— | |
| |
é | |
a 5 N
| |
Vout :VDS ﬁ I \ I
Vln :VGS 8 : :
D > 1 <\
G l o i 1 .2\
O—| | *§ |
S : S |\
— © . .
B : 0 Linear/triode
O0 0.5 ll 15 I 2 2.5 3 35 4 45 5
| VT Vi 0> at VeV, | |

Ves=Vin

F. Terry — EECS 320





Digital Circuit: MOSFET Inverter

In digital circuits, represent binary “1” and “0” by
g o »” 11 »”
high™ and low voltages
Transfer Characteristic Common Source S-L MOSFET K= 5.1796mA/V? V;=1R =10KQ

15 I E I [ I
N Low input voltage,

Vpp=15V transistor off, no
—T1 current through R,

out

R \
é LV VI Larger_input voltage,
transistor turns on
D l'o | and b_ecomes
increasingly more
conductive, “pulls
down”

<

I
8<

VDS

out

GS™ 'in

F. Terry — EECS 320





Digital Circuit: MOSFET Inverter

In digital circuits, represent binary “1” and “0” by
“high” and “low” voltages

VDD =15V Transfer Characteristic Common Source S-L MOSFET K= 5.1796mA/V? V;=1R =10KQ
Output
é R “High”
L Logic 1
Vout :VDS
Vin = Vas o - _ \
ol 2
S >D
S|
Output
In | Out I out “Low”
n u
0 1 > O Logic O
1 0 Input | Ves™in  Input |
“LOW” “High”

F. Terry — EECS 320





FET Amplifer Circuit

Input DC bias point, AC input signal
Output will be DC bias point, AC output signal

Vpp=5V Vout
= R .
DC bias point
e DC AC oMl
VOUt + VOU'[
G D1,
DC S . :
Vin — VIS Vin
In
v A « V.V, relation approximately linear near bias point

« For small input signal, linear relation v, A°=Av, A¢

* The proportionality constant “A” can be >1, Gain!

F. Terry — EECS 320
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Transistor

Goal: Control output with small input

Analogy: Valve controls water flow

Valve Controls Flow
“Off”

* Input controls aperature
e OQutput = water flow

Electronics analogy

e Water flow = electron or hole current

e Valve = channel conductance controlled by electric field

F. Terry — EECS 320 16





Field Effect Transistor Terminals

Source

Provides
carriers

Gate

Controls conductance of
channel through
application of electric field

*

Variable
channel

Drain

Collects
carriers

Control source to drain current with gate voltage

F. Terry — EECS 320

17





FET Materials

Can you make a transistor out of a metal?

Why are semiconductors so attractive for transistors?

F. Terry — EECS 320





Gates For FETs

How do we control conductance of a channel?

Depletion Inversion
Gate
o ] In Su I ator
« n-type «—] Inversion
channel (p-type) channel
n-type
(p-type)

¢ Field inverts surface, controls

Field controls depletion ’
surface charge density

width, channel depth

Reverse-bias p-n (JFET) e Metal-Insulator-Semiconductor

* Reverse-bias Schottky (MISFET, MOSFET)

(MESFET)

F. Terry — EECS 320
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Transistor

Goal: Control output with small input

Analogy: Valve controls water flow

Valve Controls Flow
“Off”

* Input controls aperature
e OQutput = water flow

Electronics analogy

e Water flow = electron or hole current

e Valve = channel conductance controlled by electric field

F. Terry — EECS 320





Field Effect Transistor Terminals

Source

Provides
carriers

Gate

Controls conductance of
channel through
application of electric field

*

Variable
channel

Drain

Collects
carriers

Control source to drain current with gate voltage

F. Terry — EECS 320





Gates For FETs

How do we control conductance of a channel?

Depletion Inversion
Gate
o ] In Su I ator
« n-type «—] Inversion
channel (p-type) channel
n-type
(p-type)

¢ Field inverts surface, controls

Field controls depletion ’
surface charge density

width, channel depth

Reverse-bias p-n (JFET) e Metal-Insulator-Semiconductor

* Reverse-bias Schottky (MISFET, MOSFET)

(MESFET)

F. Terry — EECS 320





MQOS Structure

MICHICAN

Basis for controlling channel charge

n" poly Si
contact

F. Terry — EECS 320

Draw energy band
diagram along this line

A/

Si0,

1 E n" poly Si
N

p-type substrate






Si0,/Si— “Nature’ s Choice”

Need: insulator with
excellent interface to
semiconductor

Isolation between gate
and semiconductor:
voltage control over
current flow through
inversion layer

Ec=9V

SiO,
; €=3.9¢,
Si/SiO, interfaces may be
achieved with interface
state densities of
N=1011 cm-2eV!
(extremely small!)

http://www.ibm.com

NPT A SR N Y

N\ ‘\}\\\ A :\§\‘:\\1\:§

y\ N ’-‘\\‘\f o
WO
N o

Polysilicon

‘ Y
-
\\\‘ \ gate
5 \ .

\\ \\\ R

Gate
dielectric
» l.lll.ltl.l.l.lO!ll.llililill
A AR AR R AR AR AN A AT AN A AT A )
. o.-.o.u.o.-.a'o.l.o.i.l.t.o.l.o.l.-.a'o'o'o'-'n'c.o.a.o.-.-.n.l'u. 1:
AN Silicon

channel

XTEM lattice image of the Si substrate, gate dielectric, and poly-
silicon for a 90-nm-technology-node device under development.
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Thermal Oxidation

Oxidation of silicon is controllable down to atomic
layers

“Wet” or “dry” thermal oxidation
Selective oxidation useful for device integration

Resulting oxide terminates ~48% of total thickness
below original interface, ~52% above original
interface

Si +0, —» SiO, W a0

2

Si +2H,0 — SiO, + 2H, <

F. Terry — EECS 320





Insulator Band Diagram

What does the energy band diagram look like for an insulator?

Metal Insulator Semiconductor
Evac EvaC Evac
Ec axi} CIXSI
ady, Ec I%s
3 o
.................................... E,
EV

F. Terry — EECS 320





M-O-S Equilibrium Energy Band Diagram

Equilibrium configuration depends on
metal and semiconductor work function

\ E.. | APus
\ - ; ?
q .
¢M Ec q(I)S k\'\
................. S o E
Ef
E
Y M O S

Metal Oxide Semiconductor

F. Terry — EECS 320
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Eve

Energy Band Diagram

Flat band and under bias

A A A I\ I
X()X /
b = X¢ 3
S E-
E ? ‘l‘f’j '(_
Zc Ecg = Eg CTEYLC T
(b(; ~ q)\ po o — - - e [:’ f . L!
—--—Iﬁd)—l_.— -‘}. / ____ ; . (I(ps I‘.v
& oon : [;“,. 1;“.(
n" Sigate Bulk
l()!
/_ __{(I¢|)\
Oxide
A _\" A’ _\,

1
Vb = ‘CDG_CI)S‘:¢OX+¢S

4

F. Terry — EECS 320
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M-O-S / M-S Comparison

How does the M-O-S structure compare to
the M-S structure?

Qualitatively, how do you expect the I-V
characteristics to behave?

F. Terry — EECS 320





Band Diagram Change With Gate Bias

Charge at oxide-semiconductor interface changed by V.

(p-type substrate, NMOS)

Accumulation Depletion Inversion
- 9o
() S -
] (+) (++)
®® — ] ﬁ
Accumu_late holes Push holes away Invert surface,
at O-S interface from O-S interface create electron
channel

Increasing Vg

Now draw the diagrams for n-type substrate, PMOS

F. Terry — EECS 320
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Vi

Q(;'

MOQOS Capacitor Under Varying Gate Bias

E Op
T .

(a) Equilibrium

MICHICGAN

Same concept, different figures

N

' ¥ E
Q; L(’[ i Op
- : ]
Q¢
(b) Accumulation (c) Immediately after positive

voltage applied on gate

F. Terry — EECS 320

Q¢ I‘ ; 0p
=]
" Qi

(d) Steady state with positive
voltage applied to gate

13





Flat Band Condition

Voltage needed for flat energy bands (analagous to V)

Ec

QVeg ? =
| E

v

M O S

Veg = Pus = P _(Zs +%(EC - Eq )]

Oyp5 (VOILs)

1.0

0.8

0.6
0.4
0.2
0
-0.2
0.4
-0.6
0.8
-1.0

—
w—

[ — e alvi(n=Si)

T

P g

S p* poly (p-Si)

—~—
~—
—~—
S—

L AlGSD)

e poly (n-Si)

T T T

Al(p-Si)
_—n7 poly

T
&l

—

s S1EN
Substrate | p-type | n-type
[
Al-gate - -
n* Si-gate | - -
p* Si-gate| + -
(p-Si)

1014 1015 1016 1017 1018

DOPING DENSITY (cm‘3)

J. Singh, Semiconductor Devices: Basic Principles

F. Terry — EECS 320

MICHICGAN
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New Terminology

~ pd
M |O S M o. S
— > abe
R EC ] /’ - _qu)s
R — e
p p {
| [

b = é[E‘ (bulk )— E, (surface)] O = é[Ei (bulk )— E ]

Surface potential Potential related to doping
NOT semiconductor
workfunction

F. Terry — EECS 320





What is the Inversion Condition?

What is ¢ for a given doping level?

p-type Semiconductor n-type Semiconductor

) as

Define inversion where carrier concentration at O-S
Interface equal to doping level in the bulk

¢s — 2¢F

F. Terry — EECS 320





Maximum Depletion Width

Depletion width changes slowly beyond inversion,
Assume depletion width constant = W-

W — 26¢S M é. S
gN be 199

At inversion transition /EL
W, = /4‘;‘§F‘ p {

How will the width depend on doping?

F. Terry — EECS 320





Gate Voltage Relation

We have determined surface potential required for inversion,
but what is the gate voltage required?
(note there is a voltage drop across oxide)

Apply electrostatic boundary M { S

conditions .ﬁlq(b
F

Es 3
VG — ¢S +— XoxES g

Eox '/quS_

20N
e S
gS onﬂ
«— s
Vs = gy + -2 [202,N|g] X Xa
gox N ¢
2 N A
VG :¢s +\/ q‘és ‘¢S‘ :¢5 + gox e _VFBI VOX" ¥ o .

F. Terry — EECS 320





C-V Characteristics

MOS: 2 capacitors in series

Gate

Si
Cop =22
XOX
_|dQs
-
dg,

Cs depends on bias,

charge density

Sio, i -

0X dif

A

|Qs| (logscale)

GG (1 1)
C,.+Cs | C, Cs

Accumulation

F. Terry — EECS 320

Flat Band I
l T Inversion
Depletion
0 ¢s





Capacitance-Voltage Characteristics

Capacitance varies with Cq

Weak inversion

Accumulation  Depletion / Strong inversion
] A \

CA
li
oo @ Gate Cox
* ——=—Oxide

Substrate

Low frequency

High frequency

F. Terry — EECS 320
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C-V Characteristics

COX C
Accumulation

VEs

Low frequency

Inversion

High frequency

V
C
Fixed oxide /Ideal
charge o
Interface traps
>V

F. Terry — EECS 320

At high frequency,
Inversion layer
cannot form

Charge trapped in
oxide or at
oxide/semiconductor
interface distort C-V
characteristics

21






MOS Capacitor Charges & The
Threshold Voltage Approximation

Fred Terry
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MOS Capacitor Voltage Drops

R
Se (p-type)
oo Lt Pc(l&+'°” l/Cf/
—— 7LL||V\ _F@V





Band Diagram Example

— z 7\ » -E-\/tc.
1 Sém /[ e 1\1)('
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EFMW; .. - —S/-=;ﬁ£r \{////

e —— D

Cv

SC{’C‘“‘.‘LCJ l/"\\,l—u.'q[; ﬁm; {@w *¢S)<O
X =0m For cprmyle





Band Diagram Example at
Equilibrium

Vo Vi = Vop T 7y

V}ﬁﬂ;ﬁhwc)






Band Diagram Example at
Flatband
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Charges & Fields

¢ Qnm

BE

General x
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Ox: ﬁox dr64
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O





OX
G = - (QjﬂL@aﬁjLQb*)
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V

gb o
V?: @mgﬂl ij+ -COS)C
W

Vox

Qs v ¥ ,
Gcmeral Po isson E@a, /
)E _ € _ oY

——

aﬁé_ c 3;42'

ij’loi’/ﬂj
oxide &
nFerdface

defects





o Poisson

B L/#J ALE&& n S bul
VWJ“FJ%—-@ E(ﬁ)

0= q [V ~Ng +p- ”'J n ot
Fakte /\/o’t’:/\/pg loo% imigation
N~ Vg

10





AS}*{)’V\Q B”/mWﬂﬂ A’f}’/ﬁ)dl'YMdrjaq
n= n VQ,%(EF"Ec’)/k‘T
T e WkT
= Ne £
some %) ¥ (x)

11





T _ -2¥kT
N= "y e ]9“ fo &

0 _aWleT o kT
6:’ 7/[ /\/p*"/\/,q ’1"100& —/y, &

)

12





i") ffincirlc

QS = joof(x) Ax

Fnding Y(x) not =23/

A wj wand 7S @(%) :"’éﬁ',g(%)
Turns out Fo be easier 4o Find

ZCPQ:’"M{%

o
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Threshold

ldeas:

Y ~Constant above V;

Qp =Constant (slowly varying with V,)
Q,, cannot be taken as =Constant

Ve = Pums + $5 4 ")

Cox

~ ~Qp () | -
" Pust iy + o )| "

Cox Cox

24
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CO X Co)o

- &b %))*

= §,= %C"X[Vf—'(&m“t Cox
Vi

~ Q) (fy) = [Z%ES(L Ny %’]’/?_ Z?;/x

Yy = Stron; L nversion
Fovlcn’h'&l/
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+ 99.609 mV |
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MOSFET Structure

The Idea: Control current flow from source to
drain using applied gate voltage

 Our MOS analysis
showed that
charge at Si/SiO,

interface is
7 strongly
W dependent on V.

* The resistance
from source to
drain will vary
with this charge in
the “channel’

F. Terry — EECS 320





Band Diagram

Cross section in channel
Draw energy band

2 R S E\'&lk‘
qVyi = g — Py
diagram along this line

i n" poly Si "
l“‘f " Si0, I /—(ﬁ)f— i‘

: JRSD A
; /A \ ' Ecg = Egg etk

Evg
p-type substrate

-

Create inversion layer in channel for current conduction

F. Terry — EECS 320
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More Band Diagrams

Band diagram in inversion

Channel
charge
Qch
'// “e
. E
B LB LS ILI' (
- J/ E
1)(‘ _________________ f
B
Holes
. lonized Ey
Ey acceptors
n~ poly Si Oxide p silicon

Band diagram
along channel

| 'E,
A £
Source Channel Drain

What does PMOS look like?

F. Terry — EECS 320





3D Band Diagrams

SOURCE GATE

S L
ﬂ"/ P /+ 1z_
XY J_
}

L—DRAIN

DEPLETION
REGION a—

Figures From S.M. Sze
Physics of Semiconductor
Devices

F. Terry — EECS 320
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Review of Bias Effects






MOSFET Threshold Voltage

Define condition where channel charge is significant

M Ole s V ¢Ms+2‘¢|: \/CIgS A‘¢F
> 9 Cox
S P P kT, (N
ads =—1n
To b =Tn(2
i { PMOS \/ ¢ |
40e Ny |o
F VT:¢MS_2‘¢F‘_ é ——
« Define where inversion p __KT [Np
charge at SiO,/Si equal to " g n

depletion charge
. _ Need to also account for oxide
* Mathematlca”yr ¢S_2¢F and interface charges, if present

F. Terry — EECS 320






Threshold Voltage

Inversion when ¢ =2¢:

NMOS PMOS
n-channel p-channel
p-type substrate n-type substrate

40esNA|@ 4qe N, |o
V= 2] - L - It

¢F:kTI (N j ¢F:_kT|n(NDj
g n; g n;

F. Terry — EECS 320





Threshold Voltage

Is V;typically positive or negative for NMOS, PMOS?

NMOS - positive V; PMOS - negative V-

For further inversion, will you apply more positive or
negative voltage beyond threshold for NMOS, PMOS?

NMOS - more positive Vg PMOS — more negative Vg

F. Terry — EECS 320





Oxide Charge

Charge in oxide changes V-

et
Oxide | @D @ @ ® @
X
Silicon
gOX
Q,, =~ E, A
X N
AV, = —_[ E, dx=— Qo X, = 35 X,
0 80X gOX

Largest effect when x;=x,
Oxide charge lowers Vg

F. Terry — EECS 320

Gate Oxide Semi

p A A
H > X
E A A

v
X






Oxide

Oxide Charge

Charge in oxide changes V-

Silicon

* Fixed charge
1 * Mobile ions
X

* Interface traps

C

oX

AV __Qf _QW/M _QIT(¢S)

C C

OX oxX

F. Terry — EECS 320





MOSFET Under Bias

* +Ves
Vs T

n" poly SitA
Si0,

@I

p substrate

Increasing V¢ increases
channel charge

Channel more conductive

More current flows from
source to drain

Equilibrium

Bias

[2'(‘

Channel

------------------

-

Vs below threshold

Larger Vg
/ Even larger Vg
4

S

Channel D





Back Biasing — Body Effect

Substrate bias acts as a second “gate”,
changes inversion point and V;

()
N4
Vas D

Adjust threshold condition

2¢F — 2¢F _VBS

Ves ()

Vs negative for n-channel,
positive for p-channel
| (S-B pn diode reverse biased)

AV, = \/qus (\/‘2¢F BS‘ _\/2‘¢F‘) v = body effect parameter

+ for n-channel
= 7/(\/‘2¢F _VBS‘ R 2‘¢F‘)

- for p-channel
F. Terry — EECS 320
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Band Picture for Body Effect

F. Terry — EECS 320





Enhancement Mode MOSFET

* Normally Off

 Need to apply gate voltage to turn on

—

-
ey wa

Enhancement
NFET

= =
S Wi

Enhancement
PFET

MICHIGAN

No gate-source voltage, Positive gate-source
poorly conducting voltage applied,
channel channel enhanced

(a)

Negative gate
o &
voltage applied,
channel channel enhanced

No gate-source voltage,
poorly conducting

(b)
F. Terry — EECS 320
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Depletion Mode MOSFET

* Normally On

* Need to apply gate voltage to turn off

- —
p
Depletion
NFET
. -

n

Depletion
PFET

MICHIGAN

Negative gate-source
voltage applied,
channel depleted

No gate-source voltage,
channel exists

(¢)

Positive gate-source
voltage applied.
channel depleted

No gate-source voltage,
channel exists

(d)
F. Terry — EECS 320
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Summarize V; Effects

NMOS PMOS
V; = ds + 2|+ \/4Q€é N v =¢Ms—2\¢p\—\/4qgéND‘¢F‘
+
Oxide charge AV, :_gofx _ QgOVXM _ Qu(T:Eiﬁs)
+

Body Effect

AV; ==+ \/ZC(I:gSNA (\/‘2¢|: _VBS‘ _\/M)
AV; = 7/(\/‘2¢F _VBS‘ _\/M)

F. Terry — EECS 320





Circuit Symbols

MI

.
lj

S B
Enhancement NFET

G

M4 D
I*’ |

S B
Enhancement PFET

G

]
:

S B
Depletion NFET

M5 D

§
al

S B
Depletion PFET

M3 D

Q

S
Generic NFET

M6 D

G “
S

Generic PFET

There are other variations for these!

MICHIGAN

F. Terry — EECS 320
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MOSFET Operation

Control current flow between source/drain by gate potential

Accumulation

/

Flat Band

l

T

Depletion

Inversion

|Qchl (logscale)

0 23

F. Terry — EECS 320 2
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Band Diagrams

. +V e
v T GS

n" poly Si:A
Si0,

‘ 1/ . Channel
p substrate A
Vs below threshold
Larger V¢
Even larger Vg
Equilibrium ;FTITITIIIIINIINNIIN g

E
Bias &

E‘l

Y Channel D

F. Terry — EECS 320
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Band Diagrams Under Bias

Vo — Vs Ve = Vb

1888 | 1868 |
—aet “pet

Vs / Vb

-






Drain Current Flow Through Inversion Layer

* Low V¢

e Channel resistance

o

Depletion

Gate
/
J Inversion
p-type layer

determined by inversion

charge, controlled by V

Pinch oft— 4 Depletion width and

inversion charge varies

Inversion
layer

>

along channel at larger V¢

Depletion

e Channel pinches off at

larger Vo (Vps™)

F. Terry — EECS 320





Qualitative |-V Characteristics

Gate _
Source Drain
/ Lttt L
I Inversion ><'
p-type layer Depletion
Pinch off
Gate
Source

Inversion
layer

Depletion

F. Terry — EECS 320

b

VGS
ID
VDS
VDSsat
linear saturation

,f-f.‘ﬂ.‘]{, GS
VDS
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|-V Characteristics: Square Law T_heory
‘/‘ DS
1 : lIol b{% j\/\//—mlf\)m\o\\/

Sourcep=

Calculate I, Determining Channel Chfrge(Drlft CUE\;S?tI/%rUy) 3 U \0
W =
dV(y):IDdR(y) — 7 ID:TIUnCOXI VGS Vi V)dV( )
— g
dv(y)=1,dR(y)=\I W Vv
’ W@gn‘ Iy = fﬂnCOX(VGS —V; _%)\/DS

|Qn| =C,, (VGS —V; —\._/\Q))
T NANAANS L
Includes variation of inversion layer charge with Vg

F. Terry — EECS 320





|-V Characteristics — Saturation

Linear Q/G;Vﬂ Saturation
~ |
W Vo) © W
ID = Tﬂncox(VGS _VT _% DS ID — ZynCOX(VGS _VT )2
~ \/c,s”VT)
’VDS‘ < ’VGS _VT‘ l.VDS)s-&) K ’\/DS‘ > ’VGS _VT‘
_p.7
|D 1 VDSsat \/bj)\/pf {/J’ /
linear saturation
: GS
" VDS

F. Terry — EECS 320
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Bulk Charge Effect

The square -law  rehbioastiy For setumbion cuarrent
C.ow"l‘a:’n; 9 S:’Jﬂfﬁ‘ﬂlf}f eryror ., I'f' g so5Umes +he .
‘Hl:- de (al('r'vﬁ c,‘iqrde, Is cong j’_ﬂfi?— Vs fa;r’:[alaﬂ q/mJ
'H‘fr-f ¢£Mﬂ£—/ (y- -4.'&.:1‘-':#)‘ 24 ;q.hrqh‘;,; Hi's ’'s
not Corrects v

Ve y
A ] N
. B

N+ JJ’— -~ ___I L ny

T ‘HH | & p.-_.r}c/}'ﬂ’f

- ' . ’Fe.\jfaﬂ

-

—_—
[CI)B} ;"?Cl’cﬁﬁﬁé 1"9;#4(1 g!f"q;'p?
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W& c 1 Gw"fcc,’} qfaf d"}n,s .éy Vc‘!l'l-ffnfp;j /'.:?
our expression  for Qr,vw

| =2k g’—ﬁ
Pre w‘aa:ff [ ( )
[ Vo L1
QL‘IVV — -'Cu,’ﬁ': [ \45_# ¢’+‘.5 - (f}H iu?fj
/Vow J'V?G(qﬂfrfﬂ\j Vpﬁ \/(7)
) Qp (Fy + Wvﬂ
QINV — - CO?C [ VG.,} ¢ﬁ?5 io?:f ]

w) .
=~ Cox [ Vs l’r‘!' + Eax{CPD(P#’LWJ’)) @p(&‘)ﬂ

i
&Qn)l C")” [ \/@,5 o VT“"VCJ) + &.Loy[QD(.y)H V) = Iy (@
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l

Vps
Repeating the integral — Ip =L “ary [Qruny)| dv
yn:”ﬁ — —

ST IO A
sV ¥ 2 Ds Y& 5:'“
]y [0 % ] 3

or | |
Ip = T-“W‘fn Cox g E(Vcﬁ'vl’) Vps - 3 Vps _T -
_ Cl‘e;:) % [%( (I yﬁ)é I) ﬁ—]}
|
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|
i
i
Square-law theoty

10 - e * Bulk-charge thegry (¥, = 101 fem?)
Bulk-\clnrgethm{r =10%fem?)

.l'l
i

Vo =V, =4V

PR | R

"jil"l‘ iiiiiiiii T T T T T V l‘r — 3 v
L —— =

_______ e e s c T

T v -V =2y

oo eadniy s b nel ':{;-V-rTIV
6 8 10 |12
I"D {volts)

Fig. 5.8 Comparison of the /,—~Vy, characteristics derived from the square-law and bulk-charge
theorics. The bulk-charge curves were computed assumipg x, = O.1p and T = 23°C.
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Channel Length Modulation

For Vp>VpsS®, channel length reduced, I enhanced

Use A, channel length < L >
modulation parameter Source Gate Drain
' v : o
L'=L, —AL ‘—"‘—”L, AL
1= 1, 1+ AV, ) oLy
a1 n
0 - sat D
oV Al
> ’ Vps®® Vs
ﬂ« ~ 0-005_0-1V - A
VA=1=/Z:===_EE—_:—_::
] VDS

F. Terry — EECS 320





MICHICGAN

Channel Length Modulation

S Channel charge D
____________ N - Also called Early effect
T J - — Y
(@) . Ol Dsat. - _ 1
0 t
Nps | A1

A~0.005-0.1V ™

- -

F. Terry — EECS 320 17





Recall Velocity Saturation at High Field

At high fields, mobility not constant, v ity “saturates”

- == Holes

P rrTT

108 e —— ‘ Neg
| | T ,,../ \%N&\w Electrons \ ﬂ
1 e Wt:‘t

/ AL

GaAs

107

———
- -

1 lllllll

Carrier drift velocity (cm/s)

’
.8 E
100 Tt V., = Ho
4 d B -1/ B
| p
HoE
1+
Vsat
10° 1//1 Ll Lo el bl R
10 10° 10 103 10

Electric field (V/cm)
F. IeI1y — EELS S54U 18
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Effect on MOSFET Drain Current
Tly * B2Ey i = WG|l

Channel mobility decreases, saturation current decreases

v ~WQ, Ju/dV., - |, (no velocity saturation)
A Mf‘ }[:Ll ) 1_|_/U|f DS
Sa Lvsat
3.0 T T e e
> e Simple model
25 ™ (NFET and PFET)
-~
//,
20 ///
< /!
E 1.5 ///
5 ’
1ol g PFET (considering velocity saturation)
7/
o NFET (considering velocity saturation)
0D 2
V/
0 1 | 1 | | | |
1 2 3 4

Vs (V)
Note that Vs, alS0O decreases

F. Terry — EECS 320
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MOSEFET I-V Including Velocity
Saturation

Account for degradation in channel mobility and v,

|, (no velocity saturation)

ID

1+ HiVos
Lvsat
After substitution and simplification:
I, :W Hi \gCOX Vg =V _Vos o8 Linear (Vgs-V>Vpssar)
L N /quVDS> 2
LVsat

IDsat — C:ox\NVsat (VGS _VT _VDSsat) Saturation (Ves-Vr<Vpssat)

1/2 ]
Vbssat = Vsat L [1-!— al ’VGS Vr j ~1|~ Vsat L
His Vaat M

F. Terry — EECS 320
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Unified Model for MOSFET

Develop one |-V model dividing into
linear, saturation, and velocity saturation operation

Har ColV Vain
G 9 ID =— (VGS _VT - 2 )Vmin (1+/1VDS)

| L
D
S Q—<<—>—Q D _ V..
Vmin = mm(VGs _VT ’VDS ’VDSsat) Vossar ¥~ L

H

® Vinin = Vps : linear Excellent analytical expression for
MOSFET I-V for first-order
calculations, commonly used in

oV . =V velocity sat digital design (EECS 312)

* V. i, = Vgs-Vy: saturation

The above is for NMOS, what changes for PMOS?

F. Terry — EECS 320 21
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Transistor Types

In general, there are two types of transistors

Bipolar (BJT) Field-effect (FET)
A three terminal device in which emitter to A transistor in which the output current is
collector current is controlled by base current controlled by a variable electric field (gate voltage)
C  Collector I3 Drain
Base I llc
B — Gate
6 o—]

g Source

J. Phillips — EECS 320
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Applications of Transistors

Black Box Schematic
Power Supply
et
Input BJT Output
Amplifier Electrical Switch
Power |Sl:lpp1}f Power Supply
Input tput |
pu  Outpu Input |9( Output
*_
A"V /W\n

J. Phillips — EECS 320





Terminals of a BJT

 Emitter, base and collector terminals
* Two types of BJTs: npn and pnp

C npn C
pnp Conducting
i - connector
p n
Bo— n B Bo—4 p
p n
== Conducting |
connector
E E
Configuration Schematic symbol Configuration Schematic symbol

J. Phillips — EECS 320
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Bipolar Transistor Operation

c
Vi l!’c A Saturation mode
+ =
/ + I : Forward-Active
B O0———— !’CE
+ Igs>Ip4
VBE .
_ l.!’E -
Ig4>1Ip3
E
Ig3=IRy
I I
ﬂ — I_C adc - I_C a1
B c B2-{BI1
1=l
Base current controls B1-4B0
collector current
VCE

Current gain parameter 3

J. Phillips — EECS 320

MICHICGAN





BJT Equivalent Circuit (Fwd Active)

Forward active operation: B-E forward, B-C reverse

Looks like a current amplifier with gain 8
(current controlled current source)

C

VB ‘ lc B
+ N B = I B +
Ig I B B — <>
—- .
Bo Ve + V VeE
-+ plg
FBE o ’ —
I . : |
~ | Vge ~ 0.7V in forward active mode
; (you will learn why later!) — &
E

J. Phillips — EECS 320





BJT Equivalent Circuit (Saturation)

Saturation operation: B-E forward, B-C forward

Constant voltage across B-E (V°"), C-E (V,,)

(

Q
+
. + Vae ~ 0.7V s e
R _. Vg, ~ 0.2V + +
Bo . VCE (you will learn why later!) —_ L-'BLE]" — Vsat
VBE N
_ |

r'“
mo

J. Phillips — EECS 320





Bipolar Transistor Circuit Example
5 8 5 |7 :
Vi

vl I s

QO 0

o 0
E
Eq. Circuit in Forward Active Eq. Circuit in Saturation
Rg B /B C Rg B C
WW—Oo——— o ° ~AAV—O— o
ic S ke
+ -+ Rc % ) -+ + on +
Ve —— VB —= <>ﬁ!’s Vee  Vgg—— — VBE T Vsat +
- - Vee =— . . B — Vee
0 o

pll e
—

J. Phillips — EECS 320
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Transfer Characteristics

* Input/Output Relation
e How can this circuit be used as an:

— Amplifier?
— Switch?
V ! F d
. . O AT
e Cutofl | active | Saturation
ol
7 Ve ' |
-+ [ I
,..-‘EE,-* / ﬁx |
| |
R{:é . | H‘x |
| |
Xo ol ™ -\
— i | p I
- P RN
— t _______ I ______ 1
0 = |
{:}'n
Vae
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Bipolar Transistor

Goal: Control output with small input

Analogy: Bump controls water flow

* |Input controls bump height
e OQOutput = water flow

Electronics analogy
e Water flow = electron or hole current

e Bump = electronic potential

J. Phillips — EECS 320





Terminals Of A BJT

C Collector
Base
Base |B llc i
5_—> Controls carrier flow
from emitter to collector
[y with voltage/current
E Emitter
Emitter Collector
carriers carriers

Realize functionality with P-N junctions

J. Phillips — EECS 320 12





NPN BJT

e Two back to back p-n junctions (n-p-n)
 Base voltage/current control electron current

Base

C Emitter Collector

J. Phillips — EECS 320





PNP BJT

e Two face to face p-n junctions (p-n-p)
 Base voltage/current control hole current

Base

E Emitter Collector

J. Phillips — EECS 320





Conceptual Operation Of NPN BJT

e Forward bias base-emitter junction

e Reverse bias base-collector junction

Base

Emitter |< > Collector
Inject e-
SCES) SESNS)
e 006~ _~
Ec Collect e-
P
n+
- =y ©0 00
\%

' +
Inject h n

J. Phillips — EECS 320





Bipolar Transistor Equivalent Circuit

For forward active operation

C Collector

Base |y [ B
— +
B | Vee \ / B L
__C BE B
lIE ﬂ |B -
E

Looks like a current amplifier with gain 8

J. Phillips — EECS 320





Conceptual Operation Of PNP BJT

e Forward bias emitter-base junction

e Reverse bias collector-base junction

Base
+Vep +Vpge
Emitter |I>I Collector
. Inject e- P
C
O —ocoe DD D@
+
P . Collect h+
E, @0
DD SO O @
Inject h+

J. Phillips — EECS 320





Conceptual Operation Of BJT

What is the difference between a BJT
and two back to back diodes?

J. Phillips — EECS 320





BJT Regions Of Operation (npn)

Four regions of operation corresponding to forward/reverse
bias of base-emitter and base-collector p-n junctions

YBC
C
Iy Reverse Saturation
'_B> c Active
B

SAVA
l IE E

Forward

How does this figure change for pnp?

J. Phillips — EECS 320





BJT Circuit Configurations

C Common Emitter
B Output High voltage and current gain
Medium input and output impedance
Input E
Common Base
E C High voltage gain, current gain <1
Input B Output Low input and high output impedance
E Common Collector
B Output (Emitter follower)

| t Voltage gain ~1, high current gain
npu C High input and low output impedance






Emitter Injection Efficiency

What fraction of the emitter current is due to
the intended carrier injection?

IEn
IEn+IEp

Ve =

Determined by doping levels and diffusion process

J. Phillips — EECS 320





Base Transport Factor

What fraction of the injected electron
shows up as collector current?

Determined by base width and carrier
diffusion length in base

J. Phillips — EECS 320





Common Base DC Current Gain

How much of the emitter current shows up at
the collector?

I
_ Cn
adc = }/OCT = —

=

| lc = oy Ie + o

Depends on emitter injection efficiency and
base transport factor

J. Phillips — EECS 320





Common Emitter DC Current Gain

What is the output current (collector) relative to
the input (base) current

IC adc

p=

e

lc = Blg

Depends on emitter injection efficiency and
base transport factor

J. Phillips — EECS 320





PNP BJT

How do the figures of merit differ for the PNP BJT?

J. Phillips — EECS 320
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BJT I-V Characteristics

Goal: Develop I-V Relations

Approach: Determine current through solution of
minority carrier diffusion equations

Similar assumptions to p-n diode analysis

* uniform doping, step junction

steady state

low-level injection

no external generation

no R-G in depletion regions

“long” emitter and collector

J. Phillips — EECS 320





Equilibrium Carrier Densities

VBE VCB
(i +) (1 +)
_/ _/
s |
n P n
Iz lc
Emitter Base Collector
n
Equilibrium = - Neo
Carrier N
Density Peo b0 Pco
X, 0 0 X, 0 X,

J. Phillips — EECS 320















Carrier Densities Under Bias

How do we determine the carrier density under bias?

How can we determine the current voltage relationships?

J. Phillips — EECS 320





Boundary Conditions

Excess Minority Carrier Densities At Depletion Region Edges:

AP, (X, = 0) = Pyo[eXp (qVge /KT )-1]
Any, (Xb = O) — nbo[eXp (qVBE /kT)_l]
Any, (Xb :an) = Ny [eXp (_ qVCB/kT)_l]
AP, (%, =0) = pgoexp(—aVeg /KT)-1]

These are the boundary conditions used to solve continuity eqns

r]eO

—_ n
Equilibrium Puo <
Carrier N
Density Peo b0 Pco
X, 0 0 X, 0 X,

J. Phillips — EECS 320





Minority Carrier Density

Excess minority carriers in base:
(solving minority carrier diffusion equation in steady-state, G=0)

Contribution from BE junction

!

(W —x qVv |
sinh b 1l e BE 1-1
( L j{ Xp( ij }

n
An (X ) = —>2° 3 >
U sinh(WiL) | (x exp(_qij_l
k L, KT

Contribution from CB junction

Minority carriers in emitter and collector same as p-n diode

J. Phillips — EECS 320





Minority Carrier Densities

Sketch the minority carrier densities for each region of
operation in anpn BJT

YBC
C
Iy Reverse Saturation
5 C Active
—
SAVA
l IE E
Forward

J. Phillips — EECS 320





Minority Carrier Densities

Forward Active Saturation

B C

\

J. Phillips — EECS 320
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Current Equations

Assumptions

* Depletion approximation
* Drift current independent of electric field

* Device current due to diffusion current — minority carrier
injection or extraction

dAn(x) | —_gAD dAp(x)
p p

| =gAD
nqndx dx

J. Phillips — EECS 320





Emitter Current

Current due to electron and hole injection

gAD, N,

| =
=L, sinh(W/L,)

{cosh(ﬂJ(quBE/ T -
Lb

le,

_ qADLe peo (quBE/kT _1)

€

lg =lg, +1g

J. Phillips — EECS 320






Collector Current

Similarly for collector:

gAD, Ny,

| —
“" L, sinh(W/L,)

{(quBE/kT —1)— cosh[

W

b

e

lcp

__9AD.p, (e—qvcs/ T _1)

L

C

Il =1lc, + g,

What is the base current?

J. Phillips — EECS 320






Base Current

Contributors To Base Current

IB v
@
I I
E E v H
O —1= - X
n P n
Emitter Base Collector

e Hole injection into emitter
* Hole injection into collector (reverse bias)
e e-h recombination in base

J. Phillips — EECS 320





BJT Simplified Relationships

For W<<L,
1
Ve = L Ur = 2
; D. N, W 1(W
1+ 1+ = —
DB NE LE 2 B
1 1
ad 2 ﬁ:
1 DeNe W 1(W De N W 1(W
D, N. L. 2( L, D, N. L. 2( L,

What does W<<Lz; mean?

J. Phillips — EECS 320





PNP BJT

We have developed expressions for |-V
and figures of merit for the npn BJT

How do things change for pnp?

J. Phillips — EECS 320





R-G In Depletion Region

For BJT in Common Emitter Configuration

Nn. X SCR in BE depletion region

_ | d qVBE/ZkT . . g . . . e
Jo,=0—F¢ Significant in fwd bias, but significance

2T, decreases at large fwd bias

Similar expression for BC depletion region,
however insignificant for rev bias junction

Revise Emitter and Base Current Expressions

IE IEn_'_IEp_|_ISCR

— Ic :(IEn + IEp + ISCR)_(ICn + ICp)

J. Phillips — EECS 320





Equilibrium Carrier Densities

Base typically formed (in Si) using
iImplant/diffusion fabrication processes

Our assumptions of
uniform doping not true

Emitter

Base current dependent
on charge stored in base

Base
Collector

Q%
| o

Impurity Conc. (cm-3)

J. Phillips — EECS 320





Base-Width Modulation

Early effect * In FA, significant change in
collector current with bias

: * Analogous to channel
— length modulation in FET

A nd e Early voltage at y-intercept
E |i|B]: C

Base width changes with bias

J. Phillips — EECS 320





Base Pushout — Kirk Effect

At high injection, minority charge in
base comparable to B-C space charge

 B-C depletion region decreased
* Base width increased
* Opposite effect of Early effect

J. Phillips — EECS 320





Breakdown In BJT

Diode Reverse Punch-through
Breakdown
Base fully depleted
Tunneling : ;
EC
E, E
Efp____@ _____.Efn B
Avalanche .
= Vg ‘
. .
@ —_—) @@ Va

J. Phillips — EECS 320





