
Chap 21 Optical properties of 
semiconductors

• cyclotron resonance

• direct and indirect optical transitions

• LEDs

• lasers

• solar cells

M.C. Chang

Dept of Phys



Band structures and Fermi surfaces

Useful parameters
mL /mT mHH/mLH Δ

Si 0.91/0.19 0.46/0.16 0.044 eV
GaAs 0.063 0.5/0.076 0.3 eV

Common features



Direct band gap (GaAs, GaN…) Indirect band gap (Si, Ge…)

ħω=Eg ħω=Eg+ ħωph

Direct band gap semiconductor can emit light efficiently 1μm=1.24 eV
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• For Bloch states • Joint density of states
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Connection between absorption and interband transition
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Yu and Cardona, p.260

• Fermi golden rule
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• Joint density of states (2-band approximation)
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Van Hove singularity

Yu and C
ardona, p.263

M0 M1 M2

M0 M1

M0 M1 M2 M3

Mi, i: the number of 
negative coefficients in 
the quadratic expansion

supplementary



Indirect interband transition (by emitting/absorbing phonons)
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M. S. Dresselhaus, SOLID STATE PHYSICS, PART II, p.１７、37

• Intraband absorption (semiconductor)
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• Direct interband transitions

• Indirect interband transitions
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From Dr. A.B. Kuzmenko’s slides



Light emitting diode



From S. Nakamura’s slide

Conventional lighting

EU,Australia, 
CA…



From S. Nakamura’s slide

Solid state lighting



From S. Nakamura’s slide

If a 150 lm/W Solid State White source were 
developed, then in the US alone:
• We would realize $115 Billion Savings in 2025
• Eliminate 258 million metric tons of Carbon
• …

Lighting is single biggest user of electricity
• Incandescent Light Bulb -1-4% efficient
• Fluorescent –15-25% efficient
• LED-25-52% efficient (90% theoretical)



The invention of blue-light LED

• Before blue LED

Analysts estimate that those companies, along with 
a couple dozen universities, spent roughly $1 billion 
in pursuit of blue-light devices since the 1960s. 

RCA, HP, Sony, Toshiba and more.

• After blue LED

中村修二

2006



板本龍馬
海潮之聲

日亞化學
阿波踊り

1954



Shuji Nakamura and the blue laser diode

• 1977 BA, 1979 MA (EE), University of Tokushima 
• 1979, joined Nichia, a company at Tokushima that was making a 
phosphor for CRT tubes and fluorescent lamps (R&D: 3 people)
Took him three years to grow commercial GaP crystals (red, yellow)
• 1982, switch to GaAs crystal growth. Took him 3 years to have a 
commercial product (infrared, red)
• 1985, switch to GaAlAs epitaxial wafer (infrared, red LEDs)

“For ten years I had worked very hard to make these 
products. I worked twelve hours a day, seven days a week, 
except holidays. I had a very, very small budget and had to 
make everything I needed myself. … My bosses always 
complained that my results were terrible, because I spent a 
lot of money, as far as they were concerned, and nothing 
sold.”

http://archive.sciencewatch.com/jan-feb2000/sw_jan-feb2000_page3.htm

日亞化學

小川信雄

Nakamura and Ogawa at 1995Nakamura and Ogawa at 1995

• 1988, boss (Ogawa) invested 3.3 million USDs on him to make blue LEDs.
• 1988~89, went to U. Florida for 1 year. Learned MOCVD.

有機金屬化學氣相沉積法



“In 1989, there were two materials for making blue LEDs: ZnSe and 
GaN (3.4 eV)… The dislocation density for the former was less than 103

/cm3. GaN was more than 1010 /cm3. And when people wanted to make 
reliable LEDs and laser diodes, they knew that the dislocation density 
has to be lower than 103 or even 102. This is just physics.”

• 1989, switch to GaN. Spent two years modifying 
his reactor and succeeded in making the two-flow 
MOCVD reactor at 1990.
• 1991~2, made n-type, then p-type GaN
• 1993, the first commercial blue LEDs
• 1995, switch to laser diode.
• 1997, the first commercial blue laser diode. 

• 2004, 一審200億円勝訴

• 2005, 二審8億4000万円和解

公司專利獎金: 兩萬日圓

"I actually thought it looked very easy to make blue LEDs, I 
thought, blue means I just have to change the color—I just 
have to change the material." 

See a nice “Interview with Nakamura”: Scientific American, July, 2000

“Within a month, as word got out of his decision 
to leave Nichia, Nakamura was offered 
professorships at 10 U.S. universities and two 
European ones, and at five U.S. companies.”

• 1999~2000, quit Nichia, move to UCSB



LED-backlit LCD TV

UV Water Purifier Kerosene lighting and firewood 
are used by 1/3 of the world; 
they cause countless fires and 
are very inefficient (0.03 lm/w).

The future is now



• Population Inversion:
More electrons in the CB at energies 
near Ec than electrons in VB near Ev
• The region where the population 
inversion occurs develops a layer along 
the junction called an active layer

From Khanh Kieu’s slide



• Threshold current density is high,      
1000 A/cm2 at 77 K, 105 at RT)

Homojunction diode laser 

• Solution → Double heterostructure laser

Double heterostructure diode laser

p-AlGaAs n-AlGaAsp-GaAs
(～0.1 μm)

active layer

• Higher band gap materials have 
a lower refractive index
• AlGaAs layers provide lateral 
optical confinement

From Khanh Kieu’s slide

(spontaneous 
emission)

(stimulated 
emission)



Diode laser: Applications
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• Telecommunication (Optical fiber…)
• Data storage (DVD player…)
• Material processing (welding, heat treating…)
• Laser pumping
• Medicine (diagnostics, LASIK, cosmetic…)
• Laser printers, bar-code readers



• Haitz’s law 
of LED

Cree breaks 200 Lu/W 
barrier, Feb 2010. 

• Moore’s law of 
microprocessor 
transistors

And more…



Time (11/19/07)



Finally, I’d like to talk some more about exponential growth

http://www.youtube.com/watch?v=F-QA2rkpBSY&feature=related



Carter on energy (1977)

“… and in each of those decades (the 1950’s and 1960’s)      
more oil was consumed than in all of mankind’s previous history.”

• Oil consumption, 7% per year 

1950

1960
1970

1980

1990

2000

• Grains of wheat on a chessboard

Square 
number

Grains on 
square

Total 
grains

1

2

3

4
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1

2

4

8
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64

263

1

3

7

15

31

63

127

264-1

“The growth in any doubling time is greater than 
the total of all the preceding growth !”

<  1950



Hubbert peak (predicted by M.K. Hubbert in 1956)

Hubbert’s
ultimate

“Optimistic”
ultimate1970

UK Coal Production

From D. Rutledge’s slides

US oil Production

US oil production



What does this 
really mean?

The median forecast is calculated 
from 15 models that are predicting 
a peak before 2020. 95% of the 
predictions sees a production 
peak between 2008 and 2010. 
The magenta area is the 95% 
confidence interval for the 
population-based model.

http://www.theoildrum.com/node/5521#more

Population keeps increasing, and   

everybody wants to live a modern life



Fossile fuels (oil, coal, natural gas…) 
in human history

UN Bruntland Commission:
“Sustainable development is development that meets 
the needs of the present without compromising the 
ability of future generations to meet their own needs.”

Historians will look back at our generation as 
the generation of “oil peak”.

What does this really mean?


