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Semiconductor lasers

Basic properties

 Operation between conductive and valence bands of the
semiconductor material

e Direct current pumping
« Efficiency typically > 30%

e  Small dimensions (0.1 x 1-2 x 150-200 um? volume, cross section
in the range of um?)

Semiconductor materials — energy bands, charge carriers

T=0K
Empty conduction band
Band gap <3 eV 1T
Filled valence band
Pumping: After ~ 10 s rearrangement within band

S o X } Conduction band {| |

) Valence band
o) D | |
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Semiconductor lasers

Semiconductor materials — energy bands, charge carriers (cont.)

Energy of free electrons depends on p:

2 21,2
E=P 7 K , p=rk, \g\:z—”, m, =9,1-10 kg
2m, 2m, — A

™~ de Broglie wavelength
E — k relation is a simple parabolal!

In semiconductors electrons and holes move ,freely” within the bands.
Schrddinger-equation and the crystal structure determine their movements.
E — k is a periodic function of the k components: k;, k,, k;. When a,, a,, a4
are the lattice constants, the periods are z/ a,, n/ a,, n/ a,.

Close to the edges the E — k function is nearly a parabola:

h°k? effective masses (c, v —
— conduction, valence band)

at the conduction band edge E =E_ +

at the valence band edge E=E -

Laser Physics 19
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Semiconductor lasers

Semiconductor materials — energy bands, charge carriers (cont.)

Avarage effective masses of
electrons and holes

mimg MG
Si 0.33 0.5
Gahs 0.07 05

Basic difference between Si and
GaAs considering interaction with

light!

Photon momentum << electron
momentum! In indirect band gap
semiconductor the recombination is
not possible with only a photon

emission!

ssesesee
sse0s0000
ss 2000000
eees st a0
s

GaAs

direct band gap!
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Semiconductor lasers

Semiconductor materials

Photon emission in indirect and direct band semiconductors:

indirect transition (e.g. in Si) direct transition (e.g. in GaAs)

54}

: Photon

el

NN IS NN RN RN T e e R R
]

Probability of transition

-
in silicon ~10°, E; = 1.11 eV E,=1.42 eV b
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Effective mass

= Material Bandgap (eV) Electrons Holes
Semiconductor lasers =
InP 1.36 0.077 0.64
GaAs 1.43 0.067 0.48
AlAs 2.16
. . GaP 2.26 0.82
Materials of semiconductor lasers AP 245
GaN 3.39 0.19 1.4
) ]
Ultraviolet ~ —— Visible —+————  Infrared —
Pb xSn{,Se -
PbySni4Te ¢ L
Pb S1.4Sey —_—
! In ASbe«g_x =
Cdng-‘_xTe =
- CdxPb1xS
Gax|n1.xASy P1-y e
Ga Asy Sbqy, —
INAsy Py "+
(Al Ga 1) yIn 1 yAs Semiconductor | Band gap A ]
Al yGa 14 As +— material [e]
Ga As 1 xPyx 1 | >ahs 1428 0868
INyGaq As | | InP 1.351 0918
(AlGa 1) y In 1.y)P —— Gap Al 3AS 065-049
ColS S8 Ny GaAS, Py, 09-17
CdyZnixS —— =5 a0
N R Fh,Sny, Te :
_—— | Al GayxN Gall } 339 0366
| R NEEE Lol | e b
0.1 0.5 1 5 10 50 100

Laser emission wavelength (um) Laser PhySiCS 19
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Semiconductor lasers

Semiconductor materials — probability of occupancy, thermal equilibrium

At T = 0 K the electrons occupy the lowest energy states (acc. Pauli
exclusion principle), the valence band is completely filled, the conduction
band is completely empty. With increasing T, electrons — to the conduction
band, leaving empty states (holes) in the valence band.

The probability that E state Ef T>0kK Ef T-0k

s filled (Fermi function):
1
f(E)= , B
E) expl(E —E, )/kgT |+1

The probability that E
IS empty 1_f<E) 0 05 1 f(B 0 OI.5 17(=E-)

E: is the Fermi energy, at T = 0 K is the limit of filled and unfilled levels. At
any other temperature the probability of occupancy at the Fermi energy is
f (E¢) = %2. In semiconductors without doping the Fermi energy is
approximately in the middle of the band gap in thermal equilibrium.
Laser Physics 19
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Semiconductor lasers

Quasi-equilibrium carrier concentrations

An external electric current or photon-flux density causes band-to-band
transitions, and then quasi-equilibrium evolves in both the conduction and
valence band due to interband transitions, the intraband relaxation time is
~10-13 s (the radiative electron-hole recombination time is 10°s). Two
separate Fermi levels can be used for each band: E;, es E;,.

_—

f(E) Carrier
concentratio | aser Physics 19
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Semiconductor lasers

Absorption, emission, and gain condition

Excited direct band semiconductor in quasi-equilibrium with two Fermi level.
E, —E, =hvis the transition, where E, and E, are in the conduction and
valence band, resp.

Emission condition: E, is filled, E; is empty f.(v)=1, <E2)[1_fv <E1)]
Absorption condition: E, is empty, E, is filled f(v)=[1-,(E,)f,(E,)
The emission will be dominant, if

f.(v)-f.v)>0

fc (EZ )[1_ fv (El)] - [1_ fc (EZ )]fv (El) = fc (EZ ) - fv (El) >0

1 S 1

eXpKEz —E¢ )/kBT J+1 exP[<E1 -Ey, )/kBT J+1

E,-E, >E,-E_

E,-E, <E.-E,

E,<hv<E_-E;| <« gain condition.

Laser Physics 19



Semiconductor lasers

Pumping — p - n junction in forward bias

First semiconductor laser (1962) was a homojunction GaAs laser, operated
at T =77 K. Homojunction — same basic material with two different dopings

(p and n) ;

p*GaAs—_|
Junction —F
n* GaAs—1

”_' Cleaved
Roughened = L
side faces
o . R“‘:“}’Q"’ electron
6 G ) & o U hole
mH g
m o el - e

——  Laser
2" output

Donor and acceptor
concentration
~1018 atoms/cm3

donor acceptor

Energy level Energy level
77 %L of donor of acceptor “*1
impurities impurities e

Laser Physics 19



Semiconductor lasers

p - n junction in contact without bias

In thermal equilibrium at T >0 K

Depletion layer

+4t
+ +
+*

%
+
&
-1-+\t
+

Electrons and holes diffuse from high to
low concentration areas, resp. Electrons
diffuse away from the n-region into the | T
p-region leaving behind positively .
charged ionized donor atoms, in the p- T N .
region they recombine. Holes vice
versa. — Depleted region of ~ 0.1 um
thick containing fixed charges and a
built-in potential difference V, that
obstruct the diffusion.

n

+

=—— Electric field

Electron energy

Carrier
concentration

Single Fermi function for the entire
structure, no net current flows across  |ggarithmic scale
the junction.

Laser Physics 19
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Semiconductor lasers

Forward biased p — n junction (homojunction)

p type The + voltage applied to the p-
region compensates the field
charges and begins the flow of

T “w":pv__v cemi €lectrons (holes) toward the
LLMHBIDIN S ewl depleted region. The Fermi
. levels separate under bias
) voltage of V (eV ~ E;) and
AL population inversion evolves.

R o For appropriate value of the
R / current density the gain
«—

‘ condition can be achieved.

eV AR BPSS Problem: diffusion of electrons
;3 . S Gl (and holes) to the p (and n)

thickness of the junction region d >> depleted region

Laser Physics 19
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Semiconductor lasers

Forward biased p — n junction (homojunction, cont.)

The thickness of the junction region (d) can be determined by the diffusion
theory: d =Dz
D is the diffusion coefficient, 7 is the electron lifetime (electron-hole
recombination time). In GaAs D =10cm?/sand r=3ns,d ~1 -2 um,
much larger than the width of the depleted layer (~ 0.1 um).

Cheap laser diode: the resonator

oo / mirrors are the cleaved end faces of
p* Gas ] .

Jti‘ij AZIID N the semiconductor crystal:

n*GaAs—L__'d 3 6
. Cleaved nGaA = .
Roughened H_— faces S
. - - side faces R ) n_l ) i 26 ) _O 32

Limitations: S=lo) tlae ] =%

1. Because of the large active volume, high operation current is needed,
the threshold current density J,, ~ 10° A/cm? (T,,,), therefore cw

operation at cryogenic temperature (T = 77 K, liquid N,). L aser Physics 19



Semiconductor lasers

Forward biased p — n junction (homojunction, cont.)

Limitations (cont.):

2. Because of the diffraction the beam width is much larger than d (~ 5 um) —
significant absorption loss in the p and n regions (only small confinement of
the beam: the refraction index of the junction region is larger with 0.1 — 1%
because of the excess electrons)

Field irradiance

Loss e——QGain —> Loss

Distance

Laser Physics 19
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Semiconductor lasers

Heterojunction lasers (from 1970)

Goal: to decrease the losses due to diffusion of the carriers and due to the
light absorption. Carrier and light confinement with multiple layers of
different band gap and refractive index.

Double-heterostructure (DH) laser: layers (a), energy bands (b)

1 2134 1 2 3 4
nGag;’:S“‘“ma | pGas
St 1 |_pGaaias
(@) | Energy bands with
: high forward bias
E.g.: 2. cladding layer n-Al, ;Ga, -As b)

4. cladding layer p-Al; ;Ga, ;As
IR P28 S g~ 15eV,Ey=Ey,~18eV

ng=3.6;n,=n,=34
An ~ 6%

Potential barrier around layer 3!

Laser Physics 19



Semiconductor lasers

Double-heterostructure (DH) laser (cont.)

Advantages of DH laser:

1. width of the active layer is determined by the layer structure and
not by the diffusion — 0.1 — 0.2 um is feasible

2. the absorption loss decreases because of the waveguiding effect
and the different band energies of the surrounding layers

Result: threshold current decreases — cw at T, IS feasible

Preparation of DH layers - requirement:

the lattice period of the active layer must equal (within ~ 0.1%) that
of the cladding layer. Otherwise dislocations form — nonradiative
recombination that causes loss and increases the threshold
current density!!!

(atomic radii of Ga and Al are almost the same)

Laser Physics 19



Semiconductor lasers

Gain quided and index quided lasers

The threshold current decreases when the active region is surrounded from
four directions with different type layers — buried heterostructure laser.
Lateral confinement of both the current and photon flux. New layer type is

the insulator. Typical widthis 1 — 2 um.

Two types:
1. gain guided - carrier concentration with different band gap and insulator
layers
High-resistivity
S Oxide
-
R o EEEEENNASAS NSNS Metal contact AN
e ot ———GaAs(: Ge) p type
s et i e G&NAS( : Ge) Ptypeﬁ
— ——GaAsnorptype — 2 _ A |
GaAlAs(:Te) N type il K
GaAs(: Te) ntype —————— |
e ~=S—————Metal contact - -

I

GaAlAs( : Te) n type

Laser Physics 19



Semiconductor lasers

Gain guided and index guided lasers (cont.)
Two types (cont.):

2. index guided - optical waveguide is created with the buried high
refractive index active layer, light concentration

5 Waveguiding region
4
ny
/ Cover layer
n n n T " .
: : £ n| | . ni Active layer
Ny Ny Waveguiding region

Ny > N, N3, Ny

Laser Physics 19




Semiconductor lasers

Laser diode packaging

built-in photodiode

Photodetectar
(output monitor) .
Laser drive

Laserchip.___

Photodetector \Q?‘_ .

— 2—0.4

- Common

Output beam

Coppe'r heat
sink

Brewster- window

0.35max

- @045 b=

Laser Physics 19



Semiconductor lasers

Properties of laser diodes: light output — current characteristics

Diode temperature
A s —25° 0° 20° 35° 50°
=3
- Stimulated E L
a emission = 2
S =
= g
~ | Spontaneous .§ 5
emission 8_
! Threshold . " ]
' / current DS oo :
et e 0 10 20 30 40 50 60

Current '
Diode current (mA)

Temperature dependent characteristics of a
GaAlAs laser diode

Laser Physics 19




Semiconductor lasers

Properties of laser diodes: temperature dependent threshold current
density and wavelength

E Y0000 = .
: : -
F o
£= 5
EE. E TN
e :
H E 100
=
b i 5 5 ~ PG ST G N W U O .
10 100 000 B0 i 7] i W] 00 920

TEMFERATLRE (®KI) WAVELENGTH (INANOMETERS)

Laser Physics 19




hin B asnn = ininipini)
BRRrREARERAR T aAA |

Semiconductor lasers

Properties of laser diodes: spectral output

Wavelength difference between consecutive longitudinal modes: A A, if L is
the length of the resonator, n(A) is the refractive index of the material:

A :
L:anqﬂ — q-Aq=2n(Aq)L q=1,2, 3, ... Integer
Since q is very Ia?ge we may regard it as a continuous variable, a change in

g (A q) is related to the change in A (A A):
49 _ d (2n(/1)Lj_ ZL[Ed nA) n(;l)} = _%(n(ﬂ)—ﬂdn—wj
AL dA A A dA A A dA
_Aq A2
2L n(A)—A(dn(1)/dA)
Al (| AA|when Aqg=1):

AN =

dn(A)
dA

A 1 s
AL = = ,
2L n(A)-A(dn(1)/dA) 2n_L

Ng IS much larger than n in the semiconductors!

n. =n(i)-A4

Laser Physics 19



Semiconductor lasers

Properties of laser diodes: spectral output (cont.)

(a) below threshold (LED, 1=35 mA
(b) above threshold (laser), 1=39 mA

L

I

0.800
Typical spectral width of a GaAs
LED is 30 nm, therefore below
threshold ~ 100 longitudinal
modes oscillate.

Above threshold much less modes
in A A, distance.

When n 4 (GaAs, 4=0.85 um) ~ 4

6 \2
Ay o A _ [0.85-107)

= = =0.3nm
" 2n,L 2-4.300-10°

|
0.795

0.790

Wavelength (um)

(@)

0.785 0.780

Emission
spectrum of
a GaAlAs
laser

,,=37 mA

il

| |

| |

\

I

0.790

0.788
Wavelength (um)

(b)

0.786

Laser Physics 19



Semiconductor lasers

Properties of laser diodes: divergence

The output beam diverges largely because of the small asymmetric emitting
area (comparable in size with the wavelength), the divergence angles differ
in the direction parallel (6,) and perpendicular (6,) to the junction plane -
elliptical Gaussian beam. 6, ~ 20 - 30°, 6, ~ 5 - 10° for cheap lasers.

y:

- Radiation
pattern

g >8
region = ”

The beams in these two orthogonal directions originate from different point
on the axis of the laser, property known as astigmatism. The astigmatism of

iIndex-guided lasers is much lower. Laser Physics 19



Semiconductor lasers - applications

7 Worldwide dode-lasar market
Sales ($ billions)
G Al Orther
B Cpdcal Stworage
B M Talkrnm

4_

s S
5 T

—_ P L
5 Wl
£ Tl
] B
Z A
= TR

g IS
7 AN
= S

g

n—

Source: Laser Focus World February 2008 Laser Physics 19
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Semiconductor lasers — applications

1. Optical communication

Need for Fiber Optical Communication

] 1015
Idea: Charles K. Kao in 1965, Nobel ~ [~ © " " T » 0 0 0 1 00 0 ]
Prize in 2009! i ,‘ _
A figure of merit of communication 10% = Optical amplifiers ¢ —
systems is the bit rate — distance i / :
product, BL, where B is the bit rate i -

: . = — ightwave e
and L is the repeater spacing. -} " /" ¥

3 £
= B / -
=2 106 — Micrawave’,/ o~
Increase of the bit rate distance product [ Coaxial catiis;" N
BL for different communication i I e 5
technologies over time. T Tetephoneg .~ g
High speed coaxial systems need 1 —-’TETE%:EDT TN i

| | | | ] |

repeater spacing of ~1km.

1850

1300
Year

Ref.: G. P. Agrawal, Fiber-Optic Communication systems

1950

2000

Laser Physics 19
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Semiconductor lasers — applications
1. Optical communication

Freguency
Hertm 10¢ 1w 1wt 100 w 1w W 1w w®* ' o o ™ 1

[ELF| VF [ VLF] LF [ MF [ HF | VHF [ UHF[ SHF [ EHF|
I I ol I I

i i . ; ; ]| i s
Power and telephone Radio Microwave Inlrared Visible
Rotating generators Radios and televisions Radar Lasers light
Musical instruments Electromic tubes Microwave ambennas Cruided mikssibes
Voice microphones Integrated circuits Magnetrons Rangefinders

ol Twisted Pair ol m
ptic:

Fiber
i Coaxial Cable fix-
e & e fi
AM Radie FM Radio| Terrestrial
and TV and Satellite
Transmission

Wavdength 196 105 10 100 102 100 ' w! w0? w? wt 105 100

in space

(meters)
ELF = Extremely low frequency MFE = Medium frequency LIHF = Ultrahigh frequency
VF = Voice frequency HF High frequency SHF = Superhigh frequency
VLF = Very low frequency VHF = Very high frequency EHF = Extremely high frequency
LF Low reguency

Laser Physics 19



Semiconductor lasers — applications
1. Optical communication

‘fﬂr T T T T T

;E 10° - 1. Generation:
. Fourth _
» 10°F Generation 'TT e A=0.8 Him
n -
e . | 2. Generation:
§ Doubles Every Year /1_: 1.3 um
£ 10°F - single mode
5 :
Bkl oo : fiber
2 ‘ WIESRICH 3. Generation:
o 1 First i
E 10" "Generation A=1.55 m

1 B | 1 I | 3

1975 1980 1985 1990 1995 2000
Year

Bit-rate distance product (BL) for different
generations of optical communication systems.

Laser Physics 19




Semiconductor lasers — applications
1. Optical communication

Attenuation of a single mode fiber per kilometer

5 dB \ /F____mracteristics of
ol —— early fibre

Short Medium
| VWave Wave
and Band

oe—gs R e—

Longwave

3dB Band

Attenuation (db)

2dB |

1|:IB/

/ ] J/ ] \ ] ]
800 1000 1200 1400 16 1800
Rayleigh 1310 nm Wavelength (nm)

scattering 1550 nm
Low loss ,windows” of glass fibers

water peak

Laser Physics 19



Semiconductor lasers — applications
1. Optical communication

Fiber types

Index of refraction Input pulse Output pulse

]:ﬂm @P‘E .}n V‘r Ve
R Step index fiber Q‘

S l=——=-

Graded index fiher

S ——{li

Laser Physics 19




Semiconductor lasers — applications
1. Optical communication

3. Generation:

Main disadvantage: the optical signal is transferred to an electrical
signal, the signal is regenerated and amplified

before the signal is again transferred to an optical
signal.

4. Generation: development of the optical amplifier

Pump
(980 or 1480 nm at 3 W)

Coupler

Amplified signal out

Weak signal in
Fiber

lacleitu Fiber lsolator  Fiber

Schematic sketch of an erbium-doped fiber amplifier (EDFA).
Laser Physics 19




Semiconductor lasers — applications
1. Optical communication

4. Generation: State of the Art optical communication system

Dense Wavelength Division Multiplex (DWDM) in combination of optical
amplifiers. The capacity doubles every 6 months.

The current laboratory fiber optic data rate record is multiplexing 155 channels,
each carrying 100 Gb/s over a 7000 km fiber (Bell Labs in Villarceaux, France).

EQUAL. DISP-C OADM EQUAL. DISP-C

Méd| = Laser Diode + Modulator - Receiver

9 WDM Optical amplifier

DISP-C = WDM Dispersion compensation
EQUAL. = WDM Equalization

OADM = Optical Add-Drop Multiplexer -aser PhySiCS 19
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Semiconductor lasers — applications
2. Optical data storage

Capacity enhancement in different optical data storage devices

I R Y Blu-ray Disc

A=780 nm

NA=0.45

1.2 mm substrate
capacity 0.65 GBytes

| 1sm250kVU 2ZPPE4 2605-99 CD FOL

A=650 nm

NA=0.6

0.6 mm substrate
capacity 4.7 GBytes

1ym250kV 280E4 2685/99 DVD F@2 3

A=405 nm
NA=0.85

0.1 mm cover layer
capacity 25 GBytes

1:m258kU 28BE4 2605-99 DUR FO3

Laser Physics 19
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Semiconductor lasers — applications
2. Optical data storage (cont.)

Scale of data density:

Spotsize = 0.6i
NA

0.6 650nNm

= 0.65um

A 7
e i NA=n-sin(O)

FVLTH
)

Objective(NA

Red Laser Light = 650nm

2 . 2
Data density: DD = [&} _ [n : s|n(®)}
0.6-A

Laser Physics 19




Semiconductor lasers — applications
2. Optical data storage (cont.)

Example: CD

Typical CD-head

[Tl 1 Epecmparn
Detectar

Laser Physics 19



Semiconductor lasers — applications
2. Optical data storage (cont.) Example: CD (cont.)

Focusing
. A.C
“ ’ i FE
= (A-C)-(B.0)

Ql) ) . HE

8.0 (A-B.C.D)

top view

— e w ——

Focus error signal:
FE = (A+C) — (B+D)

detector place

Sum signal:
HF = A+B+C+D

laser beam

Laser Physics 19
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Semiconductor lasers — applications
2. Optical data storage (cont.)

Focusing (cont.)

Producing a focus error signal
for a compact disc player

Ton
far

Mnrrert
Fosizior

Laser 1ghi th-ough c;_:‘:?
fr

;| cylindrical 1ens =2

= ©

1 | Too
F. | close

The pozitioning coil which
holds the lens responds

quickly to thz error
sigral 1o track
te 2pinning
d =c.

P hotodiede 2egmets
praduce awo tage
prapa-ticnal to the
arrourt of Ticht which
falls on therr.

LAarC-(B+D)

fdiTTerence ampliTier
4 Vooaroduces an e ror voltage o
P ~drive t1e coil to 1he proper
‘ocus pasition.

Laser Physics 19



Semiconductor lasers — applications
2. Optical data storage (cont.) Example: CD (cont.)
Tracking

[I}'—-—" guiding spot * @
~ 20pm U

main spot

0

Q@

0 - 20um (]
Cﬁ—— guiding spot j——OD

optimal position

|
::@::38

the spot is
left right

@ from the optimal position

AN
S

) - . . _
@‘ D ¢ | e s Tracking error signal:
_ ‘ (E-F] TE=E-F

Laser Physics 19




Polished and cleaned — —]
glass plate i

Photoresist coating 1

Semiconductor g

Writing information with a blue [~

laser
lasers — #
Removing exposed area e

applications 4
2. Optlcal data Ag sputtering

Sto rag € (C on t ) Fabrication of a metal master ;_-—_—-LH.:-_r-L“-E_.‘-'g]

Injection molding with the
master M ﬁ o

Polycarbonate substrate

LU

Fabrication of CD disk |

Coating with Al reflecting ™\

layer {‘-l..l—u—u—

Information side
\ v

I-n.':l—l:u—m—

Side of reading SR |
Laser Physics 19
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Semiconductor lasers

£
= E w E
z = B 8
= T = = 2 £ B
g g £ 8 ) - 0 g = 2
2 = g E E E E s § -
= = = = @ E L H 2 = § Y = < E
i = E "= 'E =] = = = = ﬂ
5 = £ 2 ] & = 2 2 0 S - L LB =
E : 2 &3 & & £ 2 : EE e & I =t -
=] = = = o= = o fir] E == ® s = & 2 =
2007 0 0 0 0 0 355000000 25000000 21,500 15,080,000 6,950,000 0 0 10 | 402,061,510
<700 nm
2008 0 50 0 0 0 360,000,000 20,000,000 21,500 15,100,000 6,990,000 0 0 50 | 441,111,600
750-080rm 2007 0 0 0 0 0 358,000,000 0 9,800,000 0 0 24,270,000 15,700,000 0 | 408,770,000
<100 mW 2008 0 i 0 0 0 345,000,000 0 10,100,000 0 0 29124000 19,508,000 0 | 403,822,000
750-080run 2007 g 195000 0 0 207000 i 0D 102500 0 0 0 1700 538,000 1,044,200
100 mW-10W 504 0 185350 0 0 207,000 0 0 100750 0 0 0 1,800 807,000 1,301,800
750-980nm 2007 7150 147,400 o 1,000 0 0 0 5,000 0 0 10,000 31100 29,000 230,850
>10W 2008 7475 182,900 0D 1,000 0 0 0 5,000 0 0 10,000 31100 30,050 247,525
2007 0 525 0 0 12,543,000 0 0 0 0 0 0 2331500 0 14,075,425
908-1550 nm
2008 o 1,300 0 0 14,243,000 0 0 ] 0 0 0 2,916,200 0 17,160,500
2007 0 i 0 0 0 i 0 ] 0 0 0 0 0 0
1550 nm
g 2008 0 00 0 0 0 0 0 0 0 0 0 0 0
Stack 2007 500 3609 0 0 0 0 0 ] 0 0 0 1,840 9,800 15,749
CKS
2008 525 4713 0 0 0 0 0 ] 0 0 0 2080 10,750 18,068
TOTAL 2007 7,650 346,934 0 1,000 12,850,000 714,000,000 25,000,000 9,920,000 15,000,000 6,050,000 24,280,000 18066140 576,810 | 827,007,534
UNITS 2008  B,000 354,313 0 1,000 14450000 714,000,000 20,000,000 10,227,250 15,100,000 6,090,000 29,134,000 22,540,180 847,850 | 833,661,503

Source: Laser Focus World February 2008 Laser Physics 19



A = olninlal 222700 20nn

Semiconductor lasers

e £ = 5
g 3 5 > = 2
E E (- E _E E -] ~ = E -E E
= = - — = = = ]
ﬂ =) b = = = b E = E "= -_
= s £ = g g S E g8 =B H 2
2 = = s ] S = E ] 5 £ w = £Z
[FT] = _ﬁ = o = = @ -= = - [ ﬂ
= = = . = = i =] o & ] 7] EE =X
=] = T % [ = € = E &E = 5 £ S5 =
= = = = & = = & E =& & w S wa =
2007 0 0 0 0 0 1234800 0000 5450 11,910 13,800 i 0 30 1,274,790
=700 nm
2008 0 150 0 0 0 1377647 6400 5450 12,070 8,600 i 0 105 1,410,422
750-980 nm 2007 0 0 0 0 0 364,180 0 13070 ] 0 20852 70425 0 486,527
<100 m¥ 2008 0 0 0 0 ] 312,402 0 13,520 ] 0 35823 196,380 0 458,275
750-980 nmn 2007 0 7000 0 o 119,030 0 0 14,650 0 0 0 1,600 72,560 211,840
100 mW-10 W 2008 0 6500 0 o 113,850 0 0 14,300 0 0 0 1,680 104,436 234,766
750-980 nm 2007 10850 45,300 o 2,000 0 0 0 14,000 0 0 2,000 8,000 40,500 130,150
>10W 2008 11100 47650 o 2,000 0 0 o 14,200 0 0 2,000 a,000 50,125 132,075
2007 0 1,850 0 0 1,619,030 0 0 0 0 0 0 15525 0| 1,636,505
908-1550 am
2008 0 2600 0 0 1,740,030 0 0 0 0 0 0 18552 0 1,770,182
2007 0 0 0 0 0 0 0 0 0 0 i 0 0 0
=1550 nm
2008 0 0 0 0 0 0 0 0 0 0 ] 0 0 0
2007 5000 8250 0 0 0 0 0 0 il 0 ] 4,500 40,000 66,850
Stacks
2008 5250 0425 0 00 0 0 0 0 0 0 i 5,200 53,750 73,625
2007 15850 62,900 0 2000 1738060 4,598,980 9,000 44470 11,940 13,600 31,852 110,250 174,090 | 3,806,662
TOTAL DOLLARS
2008 16350 66,325 0 2,000 1862880 1,690139 6400 41530 12070 8,600 37,823 130,812 205416 | 4,080,345

Source: Laser Focus World February 2008 Laser Physics 19



