Chapter 21: Optical Properties

ISSUES TO ADDRESS...
 What is optoelectronics?

« What optical properties are important for electrical
engineers?

 \What sort of materials?

* Optical applications:
-- luminescence
-- photoconductivity
-- solar cell

-- optical communications fibers
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Designing for Optoelectronics

* Creep resistant
solders for
dimensional stability

* Non-brittle
Intermetallics and
smooth bonding
Interfaces for
long term reliability

Image courtesy of Axsun, Inc.
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Optical Properties

Light has both particulate and wavelike properties
— Photons - with mass

AE:hv:h—C
A

AE = energy

A = wavelength

v = frequency

h =Planck's constant (6.62x107%*J-s)
¢ =speed of light (3.00 x10° m/s)
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Refractive Index, n

e Transmitted light distorts electron clouds.

electron
no
: cloud
transmitted [ (%) transmitted (+) distorts
light light

e Light is slower in a material vs vacuum.

c (velocity of light in vacuum)
v (velocity of light in medium)

n = refractive index =

--Adding large, heavy ions (e.g., lead

can decrease the speed of light. Note: n : F@)
--Light can be Typical glasses ca. 1.5-1.7
"bent" Plastics 1.3-1.6

I [ [ l I I I’f@ PbO (Litharge) 2.67
/ /% Diamond 2.41
Selected values from Table 21.1,

Callister 7e.
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Total Internal Reflectance

qP Yy sullls Cow

n>n’

i =Incident angle

7

)

i =refracted angle

)

e = Critical angle

¢ occurs when ¢; =90°
for ¢; > ¢c lightis internally reflected

Chapter 21 - 6



Optical Fibers

e prepare preform as indicated in Chapter 13
e preform drawn to 125 um or less capillary fibers
» plastic cladding applied 60 um

Fiber optic cable \\
Fig. 21.20, Callister 7e.

Input Elect_ricalf Dpﬁc:a” Output
—=Encoder Optical Repeater Electrical —Decoder——=
el Converter Converter signal

Fig. 21.18, Callister 7e. Chapter 21 - 7



Optical Fiber Profiles
Step-index Optical Fiber

Input Output

c impulse impulse
o
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refraction Time— Time—=

(a) (b) (c) (d) (e)
- - - Fig. 21.21, Callister 7e.
Graded-index Optical Fiber
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Fig. 21.22, Callister 7e.
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Light Interaction with Solids

 Incident light is either reflected, absorbed, or
transmitted: |, =1 +1, +15 +1g

Reflected: I Absorbed: |,

Transmitted: I
Incident: |,

Scattered: Ig

« Optical classification of materials:

= lattice parameter: unit cell x-
Sl Adapted from Fig. 21.10, Callister

, - Translucent - 6e. (Fig. 21.10 is by J. Telford,
inite change in a p Opaque \IiVétQSisr?;;nmen preparation by P.A.
€ = '

‘ n v strain (.,
S die er 18 16
e, = dielec b‘\\%

€r = polycrystalline polycrystalline
M &= dense i porous
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Optical Properties of Metals:
Absorption

e Absorption of photons by electron transition:

4 Energy of electron

S .
—©— unfilled states

_6_

_@_ ]
—o— )AE = hv required!
_@_

——

_'_ .
—@— filled states

Planck’s constant gfeq. .I
(663 X 10'34 J/S) incident+ Adapted from Fig. 21.4(a), Callister 7e.
light

* Metals have a fine succession of energy states.
« Near-surface electrons absorb visible light.
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Optical Properties of Metals:
Reflection

e Electron transition emits a photon.

A Energy of electron

63 unfilled states

I
R —0—)“conducting” electron

. ——

re-emitted —o— | AE
photon from
material surface

—@— filled states

—— Adapted from Fig. 21.4(b), Callister 7e.

« Reflectivity = Ir/lo Is between 0.90 and 0.95.
» Reflected light is same frequency as incident.
* Metals appear reflective (shiny)!

Chapter 21 -11



Reflectivity, R

* Reflection
— Metals reflect almost all light

— Copper & gold absorb in blue & green => gold

color ,
n-1 .
R = —j = reflectivity
n+1

2
« Example: Diamond R = 2.41-1 =0.17
2.41+1

-. 17% of light Is reflected
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Selected Absorption: Semiconductors

o Absorption by electron transition occurs if hv > Egap
A Energy of electron

_e_
_ —©— unfilled states
blue light: hv = 3.1 eV —O—
red light: hv=1.7eV | o
Incident photon £
energy hv gap
—@—
—@—
—@—
lo —e—
—©— | |
S Adapted from Fig. 21.5(a), Callister 7e.

o If Egap < 1.8 eV, full absorption; color is “black” (Si, GaAs)
e |f Egap > 3.1 eV, no absorption; colorless (diamond)
 If Egap INn between, partial absorption; material has a color.
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Wavelength vs. Band Gap

Example: What is the minim
by Ge?

E,=0.67 eV

hc  (6.62 x1073% J-s)(3 x 10%m/s)

A = E ~19
g (0.67eV)(1.60 x107%° Jev)

<1.85um

note : for Si Ey=11eV Ae £1.13 um

If donor (or acceptor) states also available this provides other
absorption frequencies
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LASER Light

Is non-coherent light a problem? — diverges
— can’t keep tightly columnated

How could we get all the light in phase? (coherent)

— LASERS
« Light
« Amplification by
e Stimulated
 Emission of
e Radiation

Involves a process called population inversion of
energy states
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Populati

on Inversion

 What if we could increase most species to the excited

state?

Excited state

E——7—
-
ANy Spontaneous decay
"\ (nonradiative, /Ao ZL‘ OA—
\“i:Ir:"h nop emission)
Electron o M \retastable state
T excitation
> Spontaneous and
N .
D stimulated
5 emission
Vv
Incident photon [EPTPPRRRI
(xenon lamp) Laser photon
Ground state é
(Cr3*)

Fig. 21.14, Callister 7e.
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LASER Light Production

« “pump” the lasing material to the excited state
— e.g., by flash lamp (non-coherent lamp).

Flash lamp

- (AN

SN o W [ W ,
VAVAY
m&&

Power source

'fCoherent beam

—_—

Fig. 21.13, Callister 7e.

— If we let this just decay we get no coherence.
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LASER Cavity

Fully silvered Partially silvered

(11 b} ) - . Q0O Q0O ® 00000000 Q0OQ
Tuned Ca.VIty. Q0000000000000 0OO0Q
Co®O0O0C00CO0O0CO0O0OO00O00O0O0OO0

 Stimulated Emission (a)

— One photon induces the
emission of another

photon, in phase with the . )
- .'0.0D@"" [ BEsEN BESEN
fIrSt. & C & 8 8 @8 0 _’l o ] (_.\ilki J:.l—l':‘.E-—ll
l,ﬁ e O ® O 2 ® OB 0 . - o]
— cascades producing very ©
Intense burst of coherent *i: RO S0 00 ;;_
rad |at|0n ) {Just before (At midcrystal) (After
. next reflection) reflection)
e |.e., Pulsed laser (d)

—&G0.0DOLE:Z'COOOOOG_
ioaou.-mognoqoao_
—m—o-onorlﬂzooﬁoﬁoﬂo_

(e)
» Excited Cr atom
o Cr atom in ground state

A

Fig. 21.15, Callister 7e.



Semiconductor LASER

Apply strong forward

bias to junction.

Creates excited state

by pumping electrons

across the gap-

creating electron-hole

pairs.

excited state

Metal

Silicon dioxide

Heavily p-doped __-
gallium arsenide

p-Doped gallium _/ |

aluminum arsenide

Gallium arsenide f+ r) r) ;_) ),_) f_)

n-Doped gallium
aluminum arsenide
Heavily n-doped
gallium arsenide

ground state

electron + hole 2> neutral + hv
N ) ——

photon of
light

Forward-bias voltage

1
o e
L
\Metal\Heat sink

Adapted from Fig. 21.17,

Callister 7e.
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Uses of Semiconductor LASERS

o #1 use = compact disk player
— Color? - red

 Banks of these semiconductor lasers are used as
flash lamps to pump other lasers

e Communications

— Fibers often turned to a specific frequency
(typically in the blue)

— only recently was this a attainable
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Applications of Materials Science

 New materials must be developed to make new &

Improved optical devices.

— Organic Light Emitting Diodes (OLEDSs)
— White light semiconductor sources

Fig. 21.12, Callister 7e.
Reproduced by
arrangement with Silicon
Chip magazine.)

e New semiconductors
e Materials scientists

Electron Metal cathode _

transport
(n-type)
layer

s \—*V
emitters
Hole injection / Anode
and transport \
Glass
substrate

(p-type) layer
Light output

(& many others) use lasers as tools.

e Solar cells

Chapter 21 -21



Solar Cells

* P-n junction: e Operation:
-- incident photon produces hole-elec. pair.
P-doped Si -- typically 0.5 V potential.
conductance -- current increases w/light intensity.
electron \0 creation of
zez hole-electron
light pa|r
- Si
. ¢ p-nrj]utrxllcll:)t(ieonI D/ ‘
n-type Si p-type Si
p-n junction
P-type Si
g} e Solar powered weather station:
hole A
N8z =
e ( 1] ° ’ -ais - (T
@ h
B-doped Si polycrystalline Si

Los Alamos High School weather
station (photo courtesy
P.M. Anderson)
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From study guide...
21.4,21.5,21.7,21.12, LEDs, 21.13,21.14

« How do we describe the energy of a
photon?

e What Is index of refraction?
e What is total internal reflection?

« What is an optical fiber? How does it
WOork?

« What is a laser? How does it work? What
IS a semiconducting laser? How does it
work?

 What is a light-emitting diode? How does
it work?
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Update on final exam (I will add this
Info to the study guide on WebCT)

e 20 questions total
3 of the questions contain calculations

4 of the 20 are “very short” answer
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STUDY RECOMMENDATIONS

Don’t forget what you learned in the first half. Some concept questions
will require knowledge of the first half of the course.

For the second half, it is important that you know what equations
mean. Work out (or review) problems using the equations you think are
iImportant based on this study guide.

Don’t forget the lecture on Si device technology and microelectronics
packaging (some of which is in Ch. 22 of Callister).

For the problems, units and dimensional analysis are important. A
table of converting electromagnetic units to Sl equivalents will be
given in the appendix of the exam.

MOST IMPORTANTLY: Consider the concept map and the learning
objectives during your preparation. They describe the overall picture of
learning goals for the course.
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FINAL WORDS

Office hours between now and 24Apr are
by appointment (TAs as well)

Best of luck on all your final exams
Best of luck in your future careers.

Please evaluate the course on Mercury.
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