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ABSTRACT

We present experimenta studies on the transverse modal behaviour of
oxide-confined Vertical-Cavity Surface-Emitting Laser (VCSEL). The near-
and far-field transverse mode patterns are investigated under CW pumping
condition. The VCSEL with 20 ym diameter of the oxide apertures exhibits
the complex flower-like and y-junction structured patternsin far-field images.
A comparison between a 20 um diameter aperture oxide-confined VCSEL
and a proton-implanted VCSEL enables us to clearly distinguish the
influence of different guiding mechanisms on the transverse modal
behaviour. From the experimenta results, we conclude that the VCSEL
cavities can usuadly support many transverse modes, especialy in
large-diameter  index-guided  structures due  to  nonuniform
carrier-concentration profile and temperature distribution. Furthermore, the
boundary effect induced by oxidized layers strong influence the transverse
modal behaviour of oxide-confined VCSELs. The combination of these
mechanisms causes a strong tendency towards the emisson of
multi-high-order transverse mode which causes the formation of complex
flower-like and y-junction structured transverse mode patterns.



Vi



Vii



Table of Contents

R 11 11 o) 1
REFEIENCES ... e 4
2 EXPEImMENt o 6
2.1 INrodUCLION ... e e 6
2.2 Fabrication of Oxide-Confined VCSEL ............ccccviiennenne, 7
2.2.1 Processing of Oxide-Confined 7
VCSEL ..o,
2.2.2 Apparatus and Method of Selective Wet Oxidation ............. 9
2.2.3 Oxidation Rate Dependencies ..........oovvvvv v i i, 10
2.3 Structure of Oxide-Confined 12
VCSEL ..o,
24 Experimental 13
SEUD et e e
REFEIENCES ... 15
3 Expeaimental RESUITS ......c.o oo 23
3.1 23
INErOdUCLION ... e,
3.2 20 um Aperture Diameter Oxide-Confined VCSEL ............ 23
3.3 Comparison Between Oxidized and Implanted VCSEL ........ 25
3.3.1 Structure of Protor-implanted VCSEL ..........ccovviiinntn. 25
3.3.2 20 pym Aperture Diameter Proton-Implanted VCSEL ........... 27
REFEIENCES ... 30
4  Numericd Smulation of Y-Junction Structured Pattern ................. 38
4.1 INrodUCtiON ..o e e 38

viii



4.2 Numerica Model usng Laguerre-Gaussian Mode.................

38
4.2.1 Theory of L aguerre-Gaussian 38
Mode ..o
4.2.2 Numeicd 40
RESUITS ..o e e e
4.3 Guiding Mode of Cylindrical Cavity ..........cocccevviiiininnnne. 41
A.3.1 TNEOMY ottt e e 41
4.3.2 Numeicd 47
RESUITS ..ot e e e
4.4 DISCUSSIONS .t eee ettt e e e e e e e e e s 47
R 1= (= 1 = TR 50
D CONCIUSIONS ..ottt e e e e e e e e e e e 59
51 59
Ra1ig0]e [§le:1 10| o IR
5.2 Inhomogeneous Carrier Distribution ...................ooeeeel, 59
5.3 Thermal EffeCtS ..ot oot e e e e e e 60
54 Boundary 62
= o T
55 Y-Junction Structured Pattern ..........coovevneei i, 63
5.6 SUMMIBIY ettt e e e e e e e e e e e e eae s 64
R 1= (= 1 = TR 66



Figure Captions

Chapter 2
Fig. 21 Cross-section sketch of a selectively oxidized VCSEL composed
of GaAgAlGaAs multilayers and buried oxide layers. The highest
Al-containing layers on each sde of the optica cavity extend
further into the mesa than the other oxidized layers, forming an
oxide aperture a the mesa

Fig. 22 Graphic presentation of the processing steps for the oxidized

Fig. 23 Apparatus for the reproducible wet oxidation of AlGaAs aloys
which employs mass flow gas controllers, a constant temperature
water bubbler, and a three zone
fUMBCE....coeiiiiie e, 21

Fig. 224 Methods used to obtain near-field (top) and far-fidd (bottom)
intengity distributions. A lens of high numerical aperture was used
to focus the highly divergent emissononto a distant CCD array to
obtain a magnified image. For the far-field, a piece of paper was
mounted to act as a diffusion screen, and the scattered light imaged

by @aCCD Camera........cocvvveieiiieicei e e e e 22
Chapter 3
Fig. 3-1 Light output vs. current curve of 20 um diameter oxide-confined
VCSEL under CW operation at room temperature.................. 32

Fig. 32 Photographs of near-fild paterns of 20 pm diameter
oxide-confined VCSEL at injection currents of (a) 10.5 mA, (b)
13.4 mA, (c) 20.0 mA, (d) 22.3 mA, (e) 23.0 mA and (f) 23.3



Fig. 3-3

Fig. 3-4

Fig. 35

Photographs of far-fidld patterns of 20 pm  diameter
oxide-confined VCSEL at injection currents of (@) 10.5 mA, (b)
13.4 mA, (c) 20.0 mA, (d) 22.3 mA, (e) 23.0 mA and (f) 23.3

Cross-section sketch of a planar protorrimplanted VCSEL with
stacked implantation used for electrical isolation.................. 35

Light output vs. current curve of 20 um diameter proton-implanted
VCSEL under CwW operation a room
TEMPEIAUN. .. ... 36

Fig. 36 Photographs of far-field patteens of 20 pm diameter
proton-implanted VCSEL at injection currents of (a) 4 mA, (b) 17
mA, (¢) 24 mA, (d) 34 mA, (e) 41 mA and (f) 59 mA............. 37

Chapter 4

Fig. 4-1

Fig. 4-2

Fig. 4-3

Fig. 4-4

Fig. 45

Photographs of experimenta near-field patterns of 20 um diameter
oxidized VCSEL at injection currents of (@) 22.3 mA, (b) 23.3

Spectral data of 20 pum diameter oxide-confined VCSEL at
injection currents of (@) 22.3 mA and (b) 23.3mA................. 52

Photographs of experimental far-field patterns of 20 um diameter
oxidized VCSEL at injection currents of (@) 22.3 mA, (b) 23.3

I A et et e e e e e e 5
3

Computer calculated near-field patterns corresponding to Fig. 41
for 20 pm diameter oxidized VCSEL...........ccoceiveiii i, 5

Computer calculated far-field patterns corresponding to Fig. 4-2



for 20 um diameter oxidized VCSEL..........co v vvviviininnn, 55
Fig. 4-6 First three eigen-values and corresponding elgen-functions with (a)

nN=0,m=0;(b)n=0,m=1;(c)n=0,m=-1; (dn=0, m=2;

@OnN=0m=-2FN=1,m=0.......c.ccciiriiiiiiiiiiiinnenn, 56

Fig. 47 Computer calculated near-field patterns corresponding to Fig. 41
for 20 pum diameter oxidized VCSEL........cccvvvviiiii e, 57

Fig. 48 Computer calculated far-field patterns corresponding to Fig. 4-2
for 20 um diameter oxidized VCSEL.........ccovvviviviieinnn, 58

Xii



