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Figure 7-2 Encrgy levels pertinent (o the operation of a ruby laser. (Afier Reference {2].)



"Stimulated optical radiation in ruby lasers”,
Nature, 187, 493, 1960).
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May 17, 1960: Ted Maiman’s ruby laser

Theodore Harold Maiman
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a continuous wave (cw)
helium-neon laser operation (1960-1962)
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Ali Javan and his associates William Bennett Jr. and Donald Herriott at Bell
Labs were first to successfully demonstrate a continuous wave (cw) helium-

neon laser operation (1960-1962). (Courtesy of Bell Labs, Lucent
Technologies.)




M

Electroni

74 7

. i cdlisaswiththewalls

I—— (132)

~—

Ground gt

L e




SRR Gl A0

AR EE

S
Energy
4p levels
AT 488
) = 5145mm
S
72nm
Pumping
15.75eV - Ar ¥ ion
ground state
Ar atom
ol \

ground state




M

WO IR R B

L aser radiation

L aser tube




M

WO I IS 7 R

3"

E
IEVaAv A
E Optical Gain
A 1= res -:—g(UO)
NS [\
M R — X v
P PP . !
>




Reflecting
surface™\

Reflecting
¥ surface

—>

j Cavity axis .... X

INR

1



M

WOGHIBK

Optical Gain

(a)

|/

Doppler

Q)'adenl ng

/

Allowed Oscillations (Cavity Modes)

(b)

A

majR) =L

Relative intensity
A 4 D \‘
(c) |' \‘

Mirror

> ) % Stationary EM oscillatio

Mirror




M

WOEHIAARFTE ()

Optical gain between
FWHM points Cavity modes

N A

(a)

(b)

5 modes

4 modes

>\




M

OB B

bbb

~ A No. Nqp
(N2. Nl)th """""""""

= Lasing output power

=== Threshold population
Inversion

Threshold pump rate

> Pump rate




WOEHIR SURF I OB

o TEMy TEMyg
<—Optical cavity —
> 1 Ly
(a) + 1 ttalv ]y
> t t Ly
Spherical

mirror p
(b) é ﬂ K o
. \/ .

Wave fronts
(c)

(d)



1.2

SRS

LED( - 34406 R )

LD (>

5

SSRUN G-




J5 ¥ B e

Electron Energy, E

A Free electron

Vacuumf-----p————
level

" E=0

Overlapping energy
bands

1 Electrons

1s
SOLID



SRR AR I e 45 A

Covalent bond Siomcore (Hde)

Electron energy, E

E X
q ConductionBand (CB
Empty of electrons at 0 K.

E A

Band gap=F
gap g

Valence Band (VB
Full of electrons at 0 K.

(a) (b)



=]
HH

I H:

M

PE(r)
'
Nx) :
L
() S NS NS U NS N
Ammmm/
T T —> x
x=0 a 2 3a #=L

Surface Crystal Surface

PE of the electron around an
1solated atom

When NV atoms are arranged to form
the then there 1s an overlap
of individual electron PE functions.

PE of the electron, ), inside

thecrystallspenodlcmtha
period a.




GaAs §e

T 4K

M

Conduction
Band (CB)

Valence
Band (VB)

- /a




Si Fil GaAs 1) b

M

(c) Si with a recombination center




M

PRI EIOR

Electron energy, £

Free ¢~

Hole 4

(a)




H-

HET 40 A4 -5 B 1 0 AT

C/ (a) (b) (c) (d)
E g(E) (E- EC)1/2E E
EC+C [1-f(E)]
AN
CB
For Area=an(E)dE=n
° electrons
()
PYY Y YLT) N SRS ey | el S ] E
Ec () £ nE( )
c
E -1 1V  E_}{-3----n
F
E b—rrrod | E - p (E)
"4 OO ® OO v é
For holes Area=p
VB
0 >

fE)

>
nE(E) or pE(E)




ENRE SR VAIE? PR SRS N

M

CB

-8 _0 0 & HXIXXXXXIXHN — @
E. E, E

EFn """"""""
700 EEECEREEREER [Nl IS [ SSSSE—
Eg =

E T o O 0 E, O O E, [OO0O0O000O0
VB

(a) (b) (c)




_U
iﬁ
\H\
él—\
p—
-
:ﬁ
Jw
) L
||
N
4
—_
‘EF

E

CB
Impurities --M E

forming a band ¢
g(E) -« E E

i e [0

Fp

V B
(a) (b)




(b)
Electron Energy
A
[ CB
E
~0.05 6V € ===t
[d . v R Rt TASE T Rst
Dist int
Ev > 1stance into

! ) T ) crystal

As atom sites every 106Si atoms



= x Distance

106Si atoms
J J

y

B atom sj/tes ever

4

into crystal

Electlxn ener

IV

(b)

(a)



M

RS RGNS e

V(X), PE(X)
A V()
= ¥
PE(X) =- eV

Electron Energy




pn %

M

> (9)
Electron PE(x)
-eVb

O e
= =
A A ®
]
NS 3 M
Wnl \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ T
O N -
Ry TSR | A
m =
M) _.,_._0 /Vv.n\/ Wm <
— n —
) e )
N muu -
: :
m ° o@om@ IW
1D D, o
- ‘o0 8
S| Ccg T oo
AN
£ ® d
ME ® o O MW
g %@ D1 /7
=Y o _of N
m.o Do @ o
2 p° @ =
Al mvoﬁv mw
.m O@O@O \1}:A
2 O o ,mu & K

(d)

>

aPD

i

‘n
SIS

pn junction.

Properties of the



pn 25 1)

Minority Carrier (a)

Concentration
R EsE | (b)
| Neutralp-region g Neutraln-region Hole iE(x)
n O '

NEEr Y v

<1—Oe—1 eIVO




T CIER A]D 1 pn

M

Log (carrier concentration)

; ﬁn‘;ﬂ;grn.nn :ﬂ j" Neutraln m;)
p S l Minute increase
po '
‘ n
; o
i xcess holes
Excess electro sﬂp(o) " R
Electrondmmm RGOSR p
n MR l 1o
pol . SCL > x

1
4
(

Iex
I
a)

bt

-

Hole PE(x)

)X

S




pn

M

-

g HL

J

A

p-region SCL n-region

elec

. LA Total current
Majority carrier diffusion

hnd drift current

J
hole

Minority carrier diffusion
current

elec

J
hole




pn

4t

e

H I EI T

M

Log (carrier concentration)

A n-side

<—p-side

| SCL |

P ' | |
po —: ‘ : nno

l C :

Electrons ’h I
" po 4 B; D pno

W W |

I )4 I n !

| N | ) X
M
+ I A=




M

I-V Fp

)N

Shockley equation

Space charge layer
generation.

I[=1[expleVh kD) 1]




(b)

(@)

< &
' +
N NS
Ly — E
e . i
" >
' [ ] 15)
L = * >
) 00 .F
"17 °
| +
w el —
4 \k ?r _ "
w 2o % I
0O
' E a0 © T
s o R
' OO
N Sl L
3] NS *—
=
VO
v
s .
SRS \
| ° i LY
= " Slo o ; ® o0
| ° ! [
' °
i ° W i
o | L + —
w M\\ \\\\_vw\ &) EO -
| ) 1
' o
1 O !
" OOO " OO%
= " = ‘OO : \,OO
I = CO e o)
Q rm.. Q @ _|
K Mg R AR

IV




pn FiRen 45k CA W)

St R 4t

M

Electron energy

—> Distance into device

® Electron in CB
O Holein VB

(b)




M

R

LED iz 2

Light output

Epitaxial layers

[ ]

Light output

L]

<>

Insulator (oxide)
Epitaxial layer




R

LED JR FE &5 4

(a) (b) (c)

Light output Plastic dome
Light ~Domed
semiconductor
D
o pn Junction —
Substrate

Electrodes

Electrodes




AR A

—> EC ———-}-E EC I N
T N
| —\_P
Eg J\/’% _/—\/7}
i g :
O<— -
E, O<— E - —
(a) GaAs1 P (b) N doped GaP (¢c) Aldoped SiC
VY

y <0.45



(NIOBVE ]

Mz B
—_éﬁ‘

qseD
SO0 S60 €40 LSO —
d sy ©D u] N
ey
0
<
=
«
o
-
vE0 990 €0 L0 g |
d sy e) U =
98°0 v1°0
sy 129} u
dup B
(=5}
syen lvm
7 \
21—
BN Avm m
Pw, | 2=
% mx Aw
< |- =< s I~
) < [
< |
—_ I [
=
S¥°0 _ $s°0
o < SveD
[5) on
EEa (N)deD —
bl =}
=1 < i i i
— £
(v)ors

NeDU[

—>

Infrared

pay

ague1p
MO[[PA
udaIn)

anjg

WIOIA



XU i 4h LED

M

With
forward
bias




M

E (b)
Electrons in CB

Holes in VB

Carrier concentration
per unit energy

Relative intensity
A E, + kgl

(c)

(d)

Relative intensity




M

LR S

Relative
intensity

(a)
655nm

(b)

Relative light intensity

(c)




——

IS IR S 45 )

Light

Double %
heterostructure

(a) Surface emitting LED

L

(b) Edge emitting LED

Light



P % =y

Fiber (multimode)

; Electrode
A }T Etched well

L

Epoxy resin

Double heterostructure
et
Electrode

(@)

A%

Fiber

Microlens (Ti,05:S10, glass)




BtEAY A

/0

LED &

60-701 m

Stripe electrode
Insulation —\

pt-InP (E =1.35¢V, Cladding layer)
-InGaAsP%E = 1 eV, Confining layer)
n-InGaAs (Eg: 0.83 eV, Active layer)
nT-InGaAsP (Eg= 1 eV, Confining layer)

] g
- InP (E =1.35eV, Cladding/Substrate)
Electrode

/200-300u m

Cleaved reflecting surface

Active region (emission region)



M

ELED Le1|ns Multimode fiber

S
=
o=

Active layer

(a)

GRIN-rod lens
ELED |

Single mode fiber

3

(b)




R OGTE I

M

Relative spectral output power

0 T | | |
740 800 840

W avelength (nm)

| |
880900




S PRBOE B

M

=l
Fp

(a)

Electrons

Junction

nt

p+

|

Inversion
region

J(g_'\’)

n+
__________ -———-.E
£ \ Fn
c
""; eV
1N E
Fp

(b)




M

PN 25 7 1) 52 D S

Fp




VB

>

Density of states
(a)

D2 \jﬁ
AL
p
\
Energy
Optical gain EF _EF
n p
_ CB A |
AN s Electrons
Ec — in CB
eV —
NPYAS 0 | > v
E
E Holesin VB ?
¥ _E = Empty states At T>0

Y \\_ At T=0

Optical absorption

(b)




M

TR T4 LD 4544

R

Cleaved surface mirror

N

N

Current

Electrode

GaAs

L >\
- —\_—=>

Electrode

Activeregion
(stimulated emission region)




WOt

Optical Power

Optica Power

A

LED

A

Spontaneous
emission

Stimulated
emission

Optica Power L aser
Optica Power L aser

A

_

vvl\._\_\_

)A




ALK IO

%%

M

Refract
index

Photon
density

_II.|

p

L n
(a) AlGaAs

GaAs

Electronsin CB

<(~0.1pm)>

ive A

(c)

Holesin VB

v

Active An ~5%

(d) =

region /Tx




FFAE EX IO G e 5 )

Cleaved reflecting surface

\

W
/
. L
Stripe electrode
Oxide insulator
p -GaAs (Contacting layer)
- /

p-Al Ga 1 As (Confining layer)
X 1x
p -GaAs (Active layer)

n-Al Ga L As (Confining layer)
X -X
n-GaAs (Substrate)

Substrate

Electrode

’ \
Vi \
; \ /
/Elliptical |/ Cleaved reflecting surface
I ! /’
e | Active region where J>J .
. beam /. o _ th
N / (Emission region)

X /

-~ ’



FFAE EX IO G e 5 )

Electrode

Oxide insulation

p T _AlGaAs (Contacting layer)

p -AlGaAs (Confining layer)

n- AlGaAs

p -GaAs (Active layer)

n -AlGaAs (Confining layer)

n -GaAs (Substrate)




PO A R E

Dielectric mirror

Fabry-Perot cavity

W Diffraction

limited laser

beam



M

O Ga T

b b

Relative optical power

A

(nm)




IO AR

M

P, (MW)

0 A

20

50 °C




IO AR

M

Threshold population
Inversion
P = Lasing output power L

> |

th




LD 5 LED #tbig

M

10 mW

Light power

A

L aser diode

LED

—  Current

50 mA

100 mA




A BRAGG S~ 7 AR30 a

M

D istributed Bragy A
reflector

——— !
<2 N alhin
S e e \ | é‘%—)an
X | anl

Aotive layer Corrugated
(a) dielectric structyre (b)

(a) Distributed Bragg reflection (D BR) [aserprinciple. (b) Partially reflected waves
at the corrugationscanonly constitute a reflected wave when thewavelength
satisties the Bragg condition, Reflected waves A and B interfereconstructive when

0(Asl2n) = A,

71999 5.0 . Kasap, Optoelectronics (Prentice H all)




M

AR A TR O G A

ldeal lasing em ission 0 ptical power
Corugated grating < _?i/\ .(_
Guiding Iayer—\ h 4
Active layer —= > < 0.l
A Ann)
@) (b) 1 (c)

(&) Distributed feedback (DFB)laserstructure. (b)ldeallasing emission output. (c)
Typicaloutputspectrum from aDFB laser,

0 1999 5.0 Kasap, Optoelectronics (Prentice H all)




ok S ARHOL R

p
\J
Cavity M odes
LU S N N1 I L T
<~ (.\_Iw 1 A ctive ; — >
S N Y R A I B
< ! > D —> i balh 5 : /
nDot | |
(a) L and D >/
(b)

Cleaved-coupled-cavity (C 3) laser

1999 5.0 . K asap, O ptoelectronics (Prentice H all)




—

&)

GO

+ o [
/

/\/4”2
/\/4/71

P |

Dielectric mirror

HACHVE lay e

Dielectric mirror

Y

Substrate

A sim plified schem atic illustration of a vertical cavity

surface em itting faser (VCSEL,

0 1999 5.0 .Kasap, 0 ptoelectronics (Prentice H all)



	页 1
	页 2
	页 3
	页 4
	页 5
	页 6
	页 7
	页 8
	页 9
	页 10
	页 11
	页 12
	页 13
	页 14
	页 15
	页 16
	页 17
	页 18
	页 19
	页 20
	页 21
	页 22
	页 23
	页 24
	页 25
	页 26
	页 27
	页 28
	页 29
	页 30
	页 31
	页 32
	页 33
	页 34
	页 35
	页 36
	页 37
	页 38
	页 39
	页 40
	页 41
	页 42
	页 43
	页 44
	页 45
	页 46
	页 47
	页 48
	页 49
	页 50
	页 51
	页 52
	页 53
	页 54
	页 55
	页 56
	页 57
	页 58
	页 59
	页 60
	页 61
	页 62
	页 63
	页 64
	页 65
	页 66
	页 67
	页 68
	页 69

