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Semiconductors and Optoelectronics |

Where would we be today
without semiconductor electronics?
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Brief History of Semiconductors

1833: First Semiconductor Effect is Recorded
Michael Faraday describes the "extraordinary
case" of his discovery of electrical conduction
increasing with temperature in silver sulfide
crystals, opposite to that observed in copper.

1901: Semiconductor Rectifiers Patented as

"Cat's Whisker" Detectors

' Radio pioneer Jagadis Chandra Bose patents
o the use of a semiconductor crystal rectifier for

detecting radio waves.

¥ 1926: Field Effect Semiconductor Device
* = Concepts Patented
_ Julius Lilienfeld files a patent describing a
three-electrode amplifying device based on
the semiconducting properties of copper sulfide.
Attempts to build such a device continue through the
1930s. 12
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Semiconductors and Optoelectronics

1931: "The Theory Of Electronic Semi-Conductors" is
Published

Alan Wilson uses quantum mechanics to explain basic
semiconductor properties, and later by Boris Davydov

(USSR), Nevill Mott (UK), and Walter Schottky (Germany).

1931: “One shouldn’t work on semiconductors, that is a

E filthy mess; who knows if they really exist!” -- Wolfgang

Pauli

1952: Bell Labs Licenses Transistor Technology

B Bell Labs technology symposia and licensing of transistor
4 patents encourages semiconductor development.

E 1953: Transistorized Computers Emerge
@ A transistorized computer prototype demonstrates the
A& small size and low-power advantages of semiconductors

compared to vacuum tubes.

1958: All semiconductor "Solid Circuit" is demonstrated
Jack Kilby produces a microcircuit with both active and
passive components fabricated from semiconductor
material.

2014: iPhone 6 (A8), 2-billion transistors.
2017: iPhone 8 (A1l1), 4-billion transistors
2018: iPhone XS (A12), 6.9-billion transistors
2021: iPhone 13 (A13), 8.5-billion transistors



[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1833_1_1.jpg]1833: First Semiconductor Effect is Recorded
Michael Faraday describes the "extraordinary case" of his discovery of electrical conduction increasing with temperature in silver sulfide crystals, opposite to that observed in copper.

 

[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1901_1_1.jpg]1901: Semiconductor Rectifiers Patented as "Cat's Whisker" Detectors
Radio pioneer Jagadis Chandra Bose patents the use of a semiconductor crystal rectifier for detecting radio waves.

 

[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1926_1_1.jpg]1926: Field Effect Semiconductor Device Concepts Patented
Julius Lilienfeld files a patent describing a three-electrode amplifying device based on the semiconducting properties of copper sulfide. Attempts to build such a device continue through the 1930s.
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[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1931_1_1.jpg]1931: "The Theory Of Electronic Semi-Conductors" is Published
Alan Wilson uses quantum mechanics to explain basic semiconductor properties, and later by Boris Davydov (USSR), Nevill Mott (UK), and Walter Schottky (Germany).



[image: http://upload.wikimedia.org/wikipedia/commons/4/43/Wolfgang_Pauli_young.jpg]1931: “One shouldn’t work on semiconductors, that is a filthy mess; who knows if they really exist!” -- Wolfgang Pauli
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[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1952_1_1.jpg]1952: Bell Labs Licenses Transistor Technology
Bell Labs technology symposia and licensing of transistor patents encourages semiconductor development.

 

 

[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1953_1_1.jpg]1953: Transistorized Computers Emerge
A transistorized computer prototype demonstrates the small size and low-power advantages of semiconductors compared to vacuum tubes.



[image: http://www.computerhistory.org/semiconductor/assets/img/85x85/1958_3_2.jpg]1958: All semiconductor "Solid Circuit" is demonstrated
Jack Kilby produces a microcircuit with both active and passive components fabricated from semiconductor material.



[image: https://encrypted-tbn2.gstatic.com/images?q=tbn:ANd9GcS8Gsg3hKG-ECqri-RiyoBFjPb99ZYvZYYo0SAgxlC0GvBY3IVz]2014: iPhone 6    (A8), 2-billion transistors.

2017: iPhone 8   (A11), 4-billion transistors

2018: iPhone XS (A12), 6.9-billion transistors

2021: iPhone 13 (A13), 8.5-billion transistors
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Semiconductors and Optoelectronics

Electronics - all

Laser - RUBY, SOL, FR

Labs with Semiconductors

Photocell - RUBY, FUEL, SOL, FR

Material Resistance
Insulator :
(glass, ceramic) very high
Semiconductor medium
(Si, GaAs, InN) adjustable
Metal low
(Al, Cu)

» Semiconductors
Si, GaAs, crystal structure

> Hall Effect
resistivity, electron density

» Spectral Response
semiconductor band, bandgap

> Light Detectors/Emitters
Si, AlGaAs, LED, Laser Diode (LD)

> Band Structure




Periodic Table

Semiconductors

of

Types of Semiconductors

II | III | IV V | VI

B C N | O

Al Si P S

Zn | Ga | Ge | As | Se

Cd| In | Sn | Sb | Te
Hg

Si IV -all of our electronics

InGaAs IlI-V - high frequency
AlGaAs |IlI-V -red LED

InGaN [lI-V - blue LED

Silicon
“diamond structure”
but not carbon

GaAs
“zincblende structure”



Concept of a Semiconductor

Overlap of Valence Electron Orbits

0100 Qo0

insulator metal
jonic crystal metallic crystal
- Na-Cl A, Cu
Filled shells @@@ Overlapping orbits
semiconductor
colavient crystal
Si, GaAs



Resistivity = p
Conductivity = o=1/p
Carrier Density — norp

Mobility = p

Resistivity P Qcm
Conductivity c=1/p 1/Qcm
Carrier type n or
(electron, hole) P
Carrier Density n or p #/cm3
Mobility u cm?/Vs
relations g = heyl
p = 1/nep

RESISTIVITY (f1-cm)

Electrical Properties - Semiconductors

Example:
Phosphorus-Doped Silicon
n = 101% e/cm3
M = 1450 cm?/Vs
p=1/nep
=1/(1016,1.6x10-1°,1450)
p = 0.4 Qcm
to* S E% (1] T
103 JHE I 1 1 1L S|L|CON 11
300K
102ﬁ s
s Elfllll gmmn .
© ;;:%Em%gﬂh p-TYPE(BORON)
10°
10 n-TYP
— (PHOSPHORUS
- il i
|012 |013 |014 1015 10!6 1017 1018 1019 |020 102‘

IMPURITY CONCENTRATION (cm-3)

Fig. 21 Resistivity versus impurity concentration for silicon at 300 K. (After Beadle,
Plummer, and Tsai, Ref. 38.)



Resistivity

Semiconductors can be doped with impurities to
generate a density of free carriers (electrons or holes).

This leads to adjustable “resistivity.”

Resistivity p or a wire
“intrinsic or material property”
independent of the amount of stuff

Resistance of wire R=p L/A

L
>

A( )

Resistivity p of Silicon
Resistance of silicon
R=V/I=pL/A
A = width x thickness
L = length between inner contacts




Hall Effect

Hall effect is used to
measure the density of the carriers, n

Force on an electron

V, = (1/ne) BI/t

F:e(va) V,, — Hall voltage
moving in a magnetic field I =current -
B — magnetic field
t — thickness

n = density of electrons
n = Bl/etV,,

Carrier “Type”
Electrons or Holes
from the polarity of V,




Carrier Density, Type and Mobility

Combine results from resistance and
Hall measurements

Silicon Wafer

Values for the Silicon Wafer
Resistivity p

From the resistance Resistivity p

comes from measuring the resistance

Carrier Density n
comes from measuring the Hall effect

Combining pand n
gives a value
for the mobility of carriers p
using p = 1/nep

Carrier Density n
From the Hall effect

10



Resistance

12

Carrier Density, Type and Mobility

Summary of Hall experiment

Obtain Measured Values for

Resistivity p

Carrier Density n

Carrier type (electrons or holes)
Carrier mobility p

Difference in R(T) for metals and semiconductors

Ss,,.
. ’77/% D - from p = 1/nep, and R=pL/A
| /70 <& i
(/q .
- (078 In Semiconductors
the carrier density n increases, so R decreases

In Metals
the carrier mobility p. decreases, so R increases

0 2 4 6 8 10

Temperature
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Semiconductor Properties

» Whatisan Energy Band?
» Whatisa Bandgap?
» What is the Fermi Energy?

» What is Band Dispersion?

12



Semiconductor Energy “Bands”

Why do they call the energy states “bands”?

The more atoms you have with overlapping electron orbitals,
the larger the number of accessible energy states.

With a very large number of atoms (~102°)
you have a continuum of states, hence “bands.”

1 atom 2 atoms n atoms bk semicond,

—_ BEE8E83X F17 €228 75

For more details, check out
Energy Bands and Semiconductors 22:01
- Electron Band Structure 10:00

e Intro to SC bands 12:14

13


https://www.youtube.com/watch?v=KYYWZhsgVPc
https://www.youtube.com/watch?v=7b7M3ph_XyQ
http://www.youtube.com/watch?v=y_GZn4o8gaE

Conduction and Valence “Bands”

In all materials, the bands associated with the bonding electrons are characterized
in basically two groups. The conduction band lies above the valence band and
these bands are separated by the “bandgap” (forbidden energy gap).

In insulators and pure semiconductors the valence band is full of electrons and
conduction band is empty of electrons. Thus, these materials do not conduct
electricity unless an electron in the valence band can be raised up into the
conduction band. This can be done by several means, such as absorbing energy in
the form of light, by an applied voltage, and by impurity doping.

Empty conduction band

Band energy Band energy

Almost empty conduction band

-

Conduction band
2 .

Forbidden gap

Almost full valence

. . band
Electron
Electron

Full valence

Copyright@ 2013- 2014, Physics and Radio-Electronics, All rights reservad band



Semiconductor “Bandgap”

The semiconductor bandgap energy
is measured in electron volts (eV).

5

TR L [Mgs | Material | Eg (eV) A (um)
= HgCdTe | 0.12eV | 10.6 IR
< 73m9¥| InSb 025 |5
ZnS
[z0s] = Ge 0.7 1.1 near-IR
— \ [
i AR $(EED ZnTe GaAs 142 |09
~ -""‘-—...___‘
kd j [ GaP Ul aas | ﬁ} GaP 2.3 0.5 green
PN ZnSe 2.8 0.44
Gats JO=— IS T | LCdSe
10 . . GaN 3.4 0.36 UV
I s | ofce]
30 32 36 51 52 55 60 6.2
Lattice C'onstant [A]
’ V-1V o II-v O I-VI
-
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Light in — Current out

The free electron is available
to provide a current

Light Detector
(photovoltaic)

conduction band
o

N7 electron

® ®© & Co @
valence band

Optical band gaps and absorption 5:20-7:00

Light Detectors and Emitters

Current in — Light out
Current excites an electron

Photon is emitted as electron
falls back down

Light Emitter
- (LED, LD)

conduction band

O

current excites
electron, then W

on

deexcites emitted

® 6 o o O {
valence band
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https://www.youtube.com/watch?v=2AgfpjFd5fs

Light Detectors — Solar Cell

SKIP

676

LETTERS

First publication about a
pn-junction solar cell

D. M. Chapin. C.S. Fuller, and G.L. Pearson
Bell Telephone Laboratories, Murray Hill, NJ
Journal of Applied Physics, 1954
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FiG. t. Normalized spectral energy distribution. (A) Silicon photocell
equi-energy response. {B) Solar energy at earth's surface. {C} Curve 4
times Curve B,

e

Fio, L. End view of 050 callber evlisdrical stesl
thangh & 0U005.in. fead targer ar 45 deg st
dismater af this cyiinder (5 0,424 s,

rojectide after it bhas
ng angle. The actual

Figure 1 is a photograph of the end of a 0.50 caliber cylindeical
steel projectile after it has penctrated a 0.005-in. lead target
aligned at a 45 deg stoiking angle, Figurs 2 is a photomicrograph
of & cross section of & cylinder that shows the wave structure of
the Hdges. Although the mechanism responsible for production
of these waves is somewhai obscure, the critical sngle 2y i8
helieved to be the same critical angle discussed by the Los Alaros
groap! in a paper that deals with metal plates accelerated together
by high explosive charges. The Los Alnmos group has discussed
the asymmetrie collision of disdmilar solids, but has not yet re.
pasted any experimental data. The specimens shown in Figs. 1 and
2 correspond to the asymmetric case.

The experiment was modified e obtain symmetric collision.
Steel projectiles with conical neses specified by the half-angle
/2—8 were fired into stesl targets aligned at the striking angle @,
Plastic deformation ooours along ane of the elements of the cone
provided that 20> 2 Negligible plastic deformation socurs i
282, The eritical angle 2 determined by this experiment is in
excellent apreement with the predicted’ value for iron. Two
preliminary determinations indicate the value 2p=17.7 deg for o
projectile velecity of 0,87 mm/psec, This velocity cofrespands to
the plate velocity p=0.43 mm/usec of Fig. 15 in reference 1.

‘The experiment discuszed is helieved to be equivalent to that
of the Los Alamos group. No theorstical or experimental difficalty
is expected if the technigue is extended to higher velocities and
to solids other than steel, The caperiment is expecied to be of
vilue in checking and determining equation of state data of
solids in the megabar pressure regime. As o basis for comparises,
the compeesalbility of pure iron has been measured up to & maxi-

Fiz: 2, Photomicrograph of & cioss sectian of a projeciilo which shows
the wave strechure forpved B 45 de imipact abca 00100, 1#ad tasged. The
average disance fram crest b crest is 0,033 in.

T THE EDITOR

mum pressure of only 0.03 megabar? The pressure produced
at the critical angle 14 by the symmetric collision of steel is
047 megabar, a value caleulated from the published! equation of
state of iron.

'V\-Ilm Ehredfter, and Willkg, I Apol. Phys, II 4% [1953).
W Bridgman, Keva, Modern Fhya, 18, 1 (1946

A New Silicon p-n Junction Photocell for Converting
Solar Radiation into Electrical Power
o, M, Cramy, C, & Fuiies, asp G L, Pearsos

Bell Telephowe Laboratorier. Tuc., Murrey Hill. New Jersey
(Received January 11, 1934}

HE direct conversion of solar radiation into electrical powes

by means of & photocell appears more promising a3 & result

of recent work on silicen fen junctions. Because the rdiant

energy is used without first being conwerted to heat, the thearetical
efficlency ia high.

Photons of 1,02 electron volts {(h=1.2 microns) are ahle to
produce electron-hole pairs in silicon. In the presence of & fp-n
barrier, thess electronhole pairs are separated and made to do
work in an external circoit. All of the ight of wavelength shorter
than 1.2 microna Is potentially useful for generating electron-hole
pairs but the efficiency of energy conversion decreases for shart
wavelengths because the energy above the necessary 1.02 electron
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HORAMALIZED POWER
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Fei 1. Mormalized sEﬂ:lrnl energy distribution. (A
Suli-ENETEY Fespanse. |

Silicom photocell
W
tinses Curve &,

) Solar eneTgy mt earch's surface rve A

wolts is wasted, Allowing for this loss and assuming o working
woltage of 0.5 volt, which is near the maximum mepsured, a
compatation over the entire solar spectrum indicates & limiting
efficiency of appromimately 22 percent for a cell of negligible
internal losses and for wtilization of all possible electron-hole
pairs.

Several practical factors lower this figure. The untreated
silicon surface reflects about half of the incident radiation. Some
of this can be saved by proper surface treatment. The second
serious loms is recombination of electron-hole pairs belore they
reach the p-m barrier. Penctration of rodistion over most of the
wseful spectrum is extremely shallow 2o that it beeomes necessary
to place the p-w junction as near to the surface as possible except
for the Uded serlous los. This is the PR los caused by reslstance
in the surface lnyer and by contact resistance. Extremely small
cells minimize the resistance boss and give useful data. For cells of
several square centimeters, special peometry of contacts will
rinimize resistance losses,

Present work on stlicon pes photocells uses a thin layer of
p-type silicon formed over an stype base. The sucface lnyver is
besa than 0.0001 inch thick. Figure 1 shows the spectral response
for ane such cell. Curve A is the measured power outp equal
intensities of weak radiation ns o function of wavel 1:‘7}'[&;1



Band gap at 300K [eV]

Solid State Light Sources

—200

2000

I T T r ; T
0.30 0.35 0.55 0.60 0.65

Lattice constant [nm]

LED - Light Emitting Diode

Emitted Wavelength —
The photon energy is approximately equal to the
“bandgap” of the semiconductor.

hw =hc/A\ = Eg
E(eV) = 1.2395130 / A(um)

Forward-biased pn-junction diode produces light of
nearly a single wavelength, with a width AN ~ 30-40 nm.

Change wavelength of LED by alloying
semiconductors,

such as GaAs + GaP = GaAs, P,
or InN +GaN = In, Ga,N

Example: GaAs, P, (IR to green)
Eg = EgGaAs + X(EgGaP - EgGaAs)
Egcons = 1.42 €V
Ege.p =2.26 €V
Eg (eV) =1.42 + 0.84x

18




Fermi Energy

The simplest explanation of the Fermi energy (E;) is the following. Electrons
fill up all the available band states only below the E;, whereas all the
available band states above E; are empty. Thus, to get electrons to
conduct, they must rise up in energy to cross the

Fermi energy - All materials have a bandgap (insulators, semiconductors,
metals), but the conduction depends on the energy of the Fermi level.

Insulator
E; in middle of large bandgap

Semiconductor

E; inside of small bandgap or
can be moved into the
conduction or valence bands

Metal
E¢ is in conduction/valence band

Conduction Band

Energy Band Gaps in Materials

* Figure 1 Conduction
i Band Gap E-gr B and‘\
E*““E{“‘“‘ +Gnnducﬂnn Band 4 }
=
1T R e )
g Eﬂ ..‘..E_'....q l‘iiiliﬂﬂiﬂ'i}
E T e ——————
= Valence Band Valence Band = Valence
o kTS Eﬁ Band
—_— e —. e ———
Filled Band () Filled Band (b) Filled Band (c)
e _— —_—

Insulator

Conductor (Metal)
19
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conduction band

band gap (E,)
K 7‘*§—’

/ \ valence bands

k is the wavevector, or
the crystal momentum

p = mv = hk

Band “Dispersion”

Band Energy E

Electrons in the bands near the
cb minima and vb maxima have
parabolic energy dispersion.

E, = %2 mv? = p2/2m = h%k?/2m
(note that momentum p=mv=hk)

conduction
band
E~Kk?
EG —_—
bandgap
valénce
band
Wavevector k

20



Silicon Band Structure

Materials have complex band
dispersions

There are many bands in a crystal,
which depend on the direction in the
crystal.

The direction refers to the direction of
the k-vector, or simply the direction
that the electron is moving. An electron
can move in any direction, and the
various Greek letters (I,A,X A 2) refer to
going along certain crystallographic
directions, such as a cube edge
direction or a diagonal direction on one
of the cube faces.

Band dispersion in silicon

Note that the band gap is
“indirect” (not vertical).

P L L

‘1 Band Gap

21



Dirac Dispersion

(a) (b)

Graphene and Topological
materials have a “Dirac” dispersion
E~ k (linearin k)

They thus have relativistic dispersion.

. e R 5

T N Tyt St Sy

o . o ' o

Electron dispersions are not Dirac point

one dimensional, " kK
they can be 2 or 3-dimensional B oy

(have k, and k,, etc.) E=hvy

| —|

I
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Semiconductors

This Week

5-ACOUSTICS:
sound, beats, Fourier transform, music

- END 23



Semiconductors

Extra Info on Doping

.



Group IV semiconductors

Group IV semiconductors
Si, Ge

* have 4 valence electrons
» tetrahedral coordination
 pairs of bonding (valence) electrons




Electronics - PHYS 2371/2

Concept of Doping

Doping
allows you to add
mobile charges

Doping - Add a small
concentration of another
type of atom (impurity)

II | III | IV | V | VI
B C o
Al Si | P | S
Zn | Ga | Ge | As | Se
Cd| In | Sn | Sb | Te
Hg

Dope Si with an Sb atom
Substitute a Si atom with Sb

Replace the 4 valence electrons of Si (group-1V)
with
the 5 valence electrons of Sb (group-V)

N-Type

o
; . P Donor impurity
. S ‘ﬁ contributes

free glectrons

.Sl}

Anﬂmony j

added as ’ SI ’

impLrity .
S
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Electronics - PHYS 2371/2

Hole

» positive charge
» missing electron

Holes are Mobile (Itinerant)

Analogy to bubbles

A hole in a liquid is a bubble
or simply missing liquid.

The bubble (hole) moves
as liquid moves into
the area that is left behind.

Concept of a Hole

valence electron

> o

pair of binding  §

:) (D33

free electron

The basis for all semiconductor devices
relies on the ability to make them

with an excess electrons or holes.

27
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Doping Electrons or Holes

Electronics - PHYS 2371/2

Semiconductors are doped with impurities
(other atoms)
to generate a density or concentration
of free carriers (electrons or holes).

(1) Donor Impurity
Donates mobile electrons,
n-type conductivity

(2) Acceptor Impurity
Donates mobile holes,
p-type conductivity

Doping in Silicon

* n-type, donor, add group-V (P, As,Sb)

II I1I v V | VI

- has one extra electron

* p-type, acceptor, add group-Ill (B,Al,Ga,In)

Al Si P S

- has one less electron

Zn Ga Ge As | Se

- leaves a hole behind

Cd In Sn Sb | Te

Hg

Note that doping leaves the semiconductor neutral

n-doping = electron plus positively charged atom
p-doping = hole plus a negatively charged atom

Use doping to make
pn-junction diodes
for
LEDs, Lasers, Solar Cells

28
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