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A Vertical-cavity surface-emitting laser (VCSEL)
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Schematic diagram of a surface emitting laser Front and back surfaeamitting lasers

Advantages
V Ease of coupling to optical fibers(circular geometry)
V Direct wafer scale probing, twdimensional laser array( vertical emission from the top or bottom of substrate)

V Ultralow threshold operation, singfeequency operation( small cavity volume)
V Fabrication process without wafer lapping, device cleaving and dicing, facet coating, wire bonding
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Brief VCSEL history
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First RT operation of deep red

First RT CW long wavelength

First RT operation of red color
Oxidation of AlAs and sub-200¢ A threshold
107 hours of life time

> 200 mA CW output

> 50% power conversion efficiency

Optically pumped blue color
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A First suggestion

Prof. Kenichi Iga
Sketch of VCSEL conceived in 1977

V This type of laser was first proposed by Prof. Kenichi Iga in 1977 at the Tokyo
Institute of Technology as an alternative device design that could be packaged in
a manner similar to that of a light-emitting diode (LED) and yet could be very

simply and efficiently coupled to a fiber.
K. | ga, -cdviysurfdca-ecnailt t i ng | aser: |t 6sJ dApplcRhyst47,d-10(2008d evol uti on, O
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First demonstration

gl s260A
Light output 77 K, Pulsed
17 o
Av %‘??ﬁﬁf{_—;mm—d} Au/Sn ring electrode (—) _?E;
. et 5
E! ' Light . «——n=(100) InP sub. 5 2. .
90 um Current '\ resgnance (Sn doped : 2x10%) 3
[ . flow s n-InP ( Te doped: ~10") z
| o L GalnAsP il
Jf 253’1#2 < (Undoped, Active 1ay%rl 2r E
v i sopmae '\gl—éznP (Zn doped:1x10") 'iﬁh
Au/Zn circular mirror : - :
and electrode (+) 0 04 08 12 16
Injection current (A)
Schematic structure of InGaAsP/InP Light output vs. injection current
surface emitting injection laser characteristic

V n-type InP layer, undoped InGaAsP active layer, p-type InP layer were grown
sequentially on a (100) n-type InP substrate using liquid phase epitaxy(LPE).

V Threshold current was 900 mA at 77 K and light output of several m\W was

h.ORtaINed. k1 ga, c. Kitahara, and Y. Suemat.s.Appl Ahgsalls 2308-F380I(1970). s U I
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First GaAs/AlGaAs DBR mirror

REFLECTIVITY VS WAVELENGTH REFLECTIVITY VS # OF LAYER PAIRS
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V40 layers of alternating GaAs/Al, ;Ga, ,As epitaxially grow on GaAs substrates
using metal organic chemical vapor deposition(MOCVD).

R. L. Thornton, R. D. Burnham, and W. Streifer,
Appl. Phys. Lett. 45, 1028-1030 (1984).

AHIi gh r ef-AlGddgmiwirtoyr sGafasbri cated by
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A Lasing condition

The lasing condition of a VCSEIs roundtrip resonance condition of a vertical Falstgrot cavity
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A Basic VCSEL structure U Mirror design issue
Top emission V High mirror reflectivity

V High reflective index contract

V Compatible with the quantum layer
\\/ V Low series resistance

P — Top mirror V Low optical absorption loss

_______________ V DBR (distributed Bragg reflector) & metal
| — Active X

--------------- o b \u Active region design issue
N V High optical gain

Bottom

V Low threshold current

V High coupling efficiency between gain anc
Substrate optical field

V nal2 (optical thickness)
:spacer+gaimayer(quantum wells)

Bottom emission
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A Plane wave reflection from a distributedBragg reflector

(a) 1.0
N=20 n, =352
08 | Ny = 2.95
ol /g =0.98 um
a
=
== i
02 |
VA N

0.9 1.0 1.4 1.2

0.8
(b) O
5o
o
I
2
fo)
—27
0.8

0.9 1.0 1.1 1.2
wlog

For (2N+1) layers, the power reflectivity becomes

R

|rN|2 =
R +(1- Ri)%mﬁ

Eq. (5.9.44)

r :% i 20, :|I’N|eidN

2
a sinU @

N approaches a large number,

=—

|rN|2 -

4 sinU 62
d gC2N-DY

(LR

(a) The power reflectivity of a DBR structure is plotted as a function of wavelength near the stop band wavelength.

(b) The phase of the reflection coefficient.
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A Special case right at resonance=ay

Reflection coefficient at resonance wavelength,

b“én‘g aNo g onzgzN énlzg e Eq. (5.9.50)
50 & 0 & 0 - -1 if n,< q. (5-9.
= Y "I - un, 9 fy - 2=
an o .an 0 3 22 6 an, Q 2
bNé:tlgmN nlg ”zg +%1”1 g 0 if g28 = | Eq. (5.9.51)
Civt  Clo~ ¢+  ¢hp =+ ¢+ Moh,
Eqg. (5.9.49)
Assuming n(GaAs)=3.52 and p(AlAs)=2.95 atay=0.9&m
nye=n;=n,(GaAs)=3.52 1.0 — e
. N 2 0.8}
nzg -1 . 06f
|rN|2 = o ;N - 04 ./
L9 1 /
e 8 T4 Eq.(5.9.52) ozr  /
¢ 0ol l. .
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2
|rN| approaches unity quickly as N is above 10
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A Design issues for distributed Bragg reflectors (DBRS)
V DBR is formed from multiple layers of alternating materials with varying refractive index to get the high
reflection like mirror.

V from each individual interface added exaatlyphasewith the reflection from every other interface

phase p= k/
Air
ngh Index nd /nd DBR Structure Spectrum
N
Low index reflectance ™ " g —~ - phase—
High index NE
Low index 2L
In-phase condition Bl
o™ . i i 0.3 DRVAT J
ond =meet 2 n: re_fractlve index S
2 d : thickness of each layer e |
Y (2m+1) m ) Integer . g ?0:0 SD:D 90:0 1,0'00 1,1:00 1,2:00 1,3:00

an / : wavelength in vacuum Wavelength

V Thickness of DBR layers must satisfyagg condition at target wavelength !

F. L. Pedrotti ., GChaptet7rintedeneace of tight (2003). opt i ¢ s 0 11
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A

Reflectivity(a.u.)
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Design issues for distributed Bragg reflectors (DBRS)

SR I Bragg condition

- ~ o
- - - (m=1 nd=3l/4) d=—-—(2m+1
(m=2 nd=51 /4) an ‘

V Thicker thicknessof DBR layerscausea
decreas®f stopbandof reflectance

V Small stopband design increase
experimental difficulties and decrease
errortolerance

900 950 1000 1050 1100
Wavelength [nm]

| =980nm

GaAs(m /4n) / AlAs(m /4n)-20pair
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A Different types of reflectors

100 100

| GaAs/AlGaAs/AlAs | ) .
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T I S Fr=30k L
FE—— — £ 60 60
é J\f' g Fig. 10.6. Reflectance of
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External é é 25-pair AlAs/GaAs distri-
medium & 5 i buted Bragg reflector
: RS - * (DBR).
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V Metallic reflector and hybrid reflectorare absorbing and cannot be used as-kgittreflectors (T = 0%).

V Total internal reflectors(TIR)equire that the angle of incidence be shallow in order to achieve high reflectivity.

V Distributed Bragg reflector(DBRJisplay narrow band of high reflectivity.

i & 2
2 gnzg -t 28éiragg( nl) al 1 6
RDBR = |rN| = N ,;ZN qzaé'torband n Ny = 2% _8
n, Q eff ¢ M, =
728 +1
chh Eq. (5.9.52) n,: high refractive index

n,: low refractive index
E. F. Sch#&met t | nianbgdgdauaiersity pre$2006).

L. A. Col dr ewaviysurfawde mj t i Vegt i eakr s: Design, faer:amlaridgieonh/ersity:haracé
press(1999). 1
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The incident and reflected wave amplitudes each experience a phase
shift of AL ,in traversing the distance to the effective mirror and back.

i Effective mirror model

(a) DBR

~

——|L| |<—>|La fe—|L, +L7|<_
I " B b: average propagation constang- 1a1 = Wl 10

b 28, b2
Expanding the simulated DBR reflection phase in a Taylor series about the Bre
. i 3 wavelength
(b) Effective 1 = m
Reflector | —_ . 5 -
ective _
- //Reﬂector l'j:" +(b- b)HU+(b b0 U+
1 0 0 ub l-lbz ---------
! 0
Z= z=Lpen _
< lllustration of the DBR penetration depth > - Z(b ) bO) Lpen
__ 1y |
Lpen = E_ Penetration depth
Knowing that the reflection phase is zero at the Bragg Mb
wavelengthl§,), we can express reflection coefficient (r) as
@ 212 ) Lyen | |
DBR‘Z 0 ‘I’DBR‘G = ‘I’DBR‘G V Effective cavity length

—2|(b— Bo) L pen "- Leff —

(within the linear region)
Schid&me t t j nianbgdydaduaisersity pre2006).

o+ +
rDBR:‘rDBR‘ ‘rDBR‘ cavity LpentopDBR LpenbotDBR

m
M

A. Coldren et al., fiDiode lasers and phot oni clohnhwieysdgons, in¢1895cT 4
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i Effective mirror model

Phase varies relatively linearly near the reflection maximum. Such a reflection can be well approximated by a
discrete mirror reflection equal to the magnitude of the reflection but placed a disiaaeel.

4 v T r T r T r T T T T T

3k .

VARV | |

4 -0.886

Phase

(Effective mirror length) T R PR

=0.443mMn

L. A. Coldren et al., fADiode | asers and photonicJohhwitEye&gSom,ﬂanQQS)c]i-Sri
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- ———— _' - -;
4 ibc :2_n:
i Design issues for active region-IPhase condition- - - -2_.

lasing condition

The phase condition of a VCSEis |0, + 0, + ZF);L =2m | E

i (Gy+0,+2bL)
r[r,|e/ e
(@) (b) @ PR ) 7777
1= ¢=0 (1< ny) % /;‘»//4 7 7 hliisard /// :T .
7 ~_-.\‘ m Top {/ . /A;}/’f?‘_//x; 1y — e , op
= /,:}/ )22 \ 7 /f/ ms | TR - n | Top A sy m | DER
ny Top oL T e, o n
- n % ', 7 A A DBR N 1
/ //.///% 7 n DBR ‘, = “1 (v‘ o / AAELS ZZ & g
Tm M Pca/ka\ “"(- > Tl Null
\ 3V ) ] N .
Optical Peak T A Optical o Optx‘cal Nl L= 2/1 Opl],ia:l L= —’f—
cavity PeV L= .2717 condiy L= —1; cavity Null N lv e cavity ¢
5y v L - Null
S n PCV - o e i i
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K DBR b 7 | DBR 7 AT
¥ i 8 : /;}////{// AL Bottom AP ss /-’:" A nl // = e ‘,:".‘4(// "2 | Botiom
7777 m | DBR VLA 2 n J DBR
7 7 "" 7 / /){ ,(/ ) 7 2
DR D
=i o T I A T
E— I|_:m—I —Il_:(m- )—I

(n<n,) ! 2N, (n,>n,) g 2N

\VV Constructive interferencdetween the incidentand VV Destructive interferencéetween the incident and
reflected waves reflected waves

V Standing wave pattern will havepaak at the first V Standing wave pattern will havenall at the first
interface of the top and bottom DBR interface of the top and bottom DBR
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A Design issues for active region Il
V Fabry-Perot (FP) MQW cavitynu s t

satisfy

equivalently when the cavity length is an integral number of half wavelengths.
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4000
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V For high efficiency laser , optical field is placed at quantum well region which occur when the cavity
length is an integrakven number of half wavelengths
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A Threshold condition
The threshold gain of a VCSEIs

[o]

1. a
=a+—Ing
Co=aty g

) U: the optical absorptions inside and outside the active region,
8 plus any diffraction loss
= 0 : the longitudinal and transverse optical confinement factor Eq. (11.2.4)

R, =rz|"
2
d : the active layer thickness,
r = d r L : the cavity length
=\Y Z t Y : (1: thick active layer, 2:thin active layer) is placed at
the maximum of the standing wave Eq. (11.2.5)

d/L : account for the longitudinal optical confinement
I'; : the transverse optical confinement factor

Loss parameter

Eqg. (11.2.6)

U : absorptiorin DBR
U, : diffractionlossdueto themodemismatche

U =2(Ly, + god_l—cavity

4
Depends on the size of the diameter of the active region and the locations of the mirrors.
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A Carrier injection and optical profile

Current density

Gainguided VCSEL with iorplantation region

_ _ p* contact
(VIS R S
A e e e prtype DBR

oA s Ton-implanted

region
Active layer

Wn,w DRBRR
mJ 4 ;

Light output

Carrier density Fundamental optical mode profile

V Depending on the fabrication processeand the structures of the surfaeemitting lasers, theurrent

distribution, thecarrier density profile and theoptical mode patterwvary.
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