Fabrication of 850 nm Implanted VCSELSs with

Characterization of Slope Efficiencies in L-I Curves

g4 ik

hE¥E: gBs #4



B A 4
Fabrication of 850 nm Implanted VCSELSs with Characterization of

Slope Efficiencies in L-I Curves

MopoA i 3aeE Student : S. H. Wang

hErE e #L Advisor : Dr. S. L. Yang

A Thesis
Submitted to Institute of Electrophysics
College of Science
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of
Master
in
ElectroPhysics
September 2004

Hsinchu, Taiwan, Republic of China

PEARY Lz &L



850 nm FE ﬁf{fjﬁi[ R F @lﬁ’%‘ﬁﬁtll ”FLT??FLEII;T&;V
R 15 A7

L FRsssE A T

I 2 AR PR

el

=5 7 P B 7 RS R AR R = S e S P
= Bl 20> —'"r‘irs,tiﬂﬁwﬁ RFFD Wil ] = 7 £ VF'E?EJ%" BT AOS S IR R
fUZ S el e A g F%';. T (RIS A e ]

T BE TARAY OR D S [ REE T wa/%g‘ﬂ' ‘ ’fﬂ [ 7 (o 1
(T o T R G B RO (o B A R R 1 RN
W m[f”ﬁ'ﬁfﬁ’fﬁwbmﬂilﬁ’f o T B R B S Jﬂ%%‘f/ﬁ T OB IR B L
J‘;@*—;Mgfl@ﬁﬁj@wf FIJETE;JM o i ﬁ%bmlﬁ%}f“ﬁgrfgm i *ﬁf—? GiE: Tﬁﬁggu
RN il %’TEllqﬁ-{[I#EIIEJI;I%J;[I?@E*JFU%J}i ETIERR B U ITF[
r‘ﬁ’g i P AR - ﬁlaﬂ[ﬁlﬁﬂ%ﬁ:ﬁmuy I ) & T =i | e

JHE UM"HE%W (F Pl 82 I T T (I A R (S A g
PRI < (2R L - B ST B T
et I < [ﬂﬁﬁ PR BLEY 2 Y o [T A — i E[[.[M“Fﬁ-lﬂgk},ﬂq—
RS -
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Efficiencies in L-I Curves
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Institute of ElectroPhysics
National Chiao Tung University

ABSTRACT

We fabricated the implanted/'VVESELs with SiO, deposited before
implantation to evaporate the metal contactstand pads at the same time and the
wafer-level testing was performed under: continuous-wave operation at room
temperature. The devices are different in SiO» thickness with various implant
and contact aperture sizes through'the mask design.

A thinner SiO, deposition before ion‘implantation has less affect to ion
projection range and provides a better device performance. The basic L-I-V
characteristics of the devices with different implant and contact apertures are
performed with the results conforming to the related current spreading and
thermal properties. The general behavior of emission spectrum for implanted
VCSELs in relation to the wavelengths of transverse modes is also applied. The
transverse mode formation in implanted VCSELs corresponding to the spatial
hole burning and thermal lens effects is related to the kink phenomenon in L-I
curves with variant slope efficiency and the results are reasonable for the
implant aperture size problem. Finally, the estimated fundamental mode width
compared with the contact aperture sizes implies that reducing the diameter of
the contact opening in VCSEL devices not only extends the operating current
range for the output with lower order modes but also provides more linear
output characteristic. The contact opening with smaller diameter suppresses the
output with higher order modes and it alleviates the kink problem in an L-I
curve originated from the higher-order mode formation.
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Chapter 1

Introduction

In the late 1970’s, Iga and his coworkers at Tokyo Institute of Technology, published a
paper about an InGaAsP/InP laser with a mirror directly formed on the epitaxial surface with
the other one on the opposite side of the substrate to form a vertical cavity producing the
laser emission normal to the crystal growth surface [1]. This novel design was very creative
compared to the original edge-emitting lasers, but didn’t attract much attention due to the
poor characteristics in terms of high threshold current and low output power. They continued
to improve the device performance and eventually the first room-temperature vertical-cavity
surface-emitting laser (VCSEL) undér continuous-wave operation was achieved in 1988 [2].

Since the late 1980’s, the research of VCSELSs has emerged throughout the world. From
the studies of basic theories to advanee€s-in-epitaxial growth and fabrication technology,
especially the development of distributed Bragg reflector (DBR) that constitutes the
longitudinal laser cavity, the area of VCSELs had been taken seriously and was desirable to
the commercial market [3]. Continuous innovations in the design of mirrors, gain structures,
and fabrication techniques, VCSELs had taken advantages of conventional edge-emitting
lasers in threshold current and efficiency [4,5]. The inherent advantages of VCSELs arose
possibilities for various applications such as printing, data storage, and optical
interconnecting technology. Hence, several companies began to develop VCSELs toward
manufacturing area since the mid 1990’s. Presently, commercial products of VCSELs are
widely seen and readily to use especially in the local area networks.

The reason why VCSELs attracted much attention and encouraged a wide range of
research is because of several advantages over edge-emitting lasers. Conventional

edge-emitting lasers need to be fabricated the facet mirrors by cleaving or dry etching
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techniques and because of the emission from the edge of the laser chip, optical testing cannot
be performed until the packaging process is completed. The cross section of the active region,
which is transversely thin for carrier confinement and laterally wide for output power, gives
results of elliptical field distribution especially large divergence in the transverse dimension
that makes challenges for coupling into the circular optical fiber.

A fundamental difference of VCSELs is the perpendicular emission light from the
surface and the wafer testing can be performed without further cleaving or packaging process
[6]. The symmetrical circular beam and smaller divergence make VCSELs inherently
convenient optical sources for optical fibers and the nature of the emission in the axial
direction from the wafer surface makes possibility to fabricate high dense two-dimensional
arrays for extensive applications [7]. Also the short cavity of the VCSEL compared to the
edge-emitting laser inherently preduces a single longitudinal mode without complex
processing unlike the special structure designated.for the edge-emitting laser to have the
same property. Although many -advantages-of VCSELs mentioned above, restriction of
VCSELs due to the reduced volume of the gain medium, high quality mirrors produced by
epitaxial growth, and the design for electrical and optical confinements with those processing

techniques are still the primary concerns to VCSELs.



Chapter 2

Fundamental Issues of VCSELSs

The operation of VCSELs originated from the basic theories applied also to the
edge-emitting lasers and the topics involved for VCSELSs, such as the design of mirrors and
optical cavity with particular properties of those structures, are introduced in this chapter. In

the end, various types of VCSEL devices and their process techniques are briefly described.

2.1 Fundamental Theories

2.1.1 Rate Equations

First we consider the creation of light by electron transitions between the conduction
and valance bands in semiconductors. Fourtransitions are considered herein: the spontaneous
emission, stimulated absorption, “stimulated emission (coherent photon emission), and
nonradiative transition. Only the spontaneous and stimulated emission contribute to light
generation and their related electron-hole recombination process are designed to perform in
the region called the “active region” where the photon emission and useful optical gain
achieved in the semiconductor lasers. Electrons and holes supplied by the injection current
are confined in the active region due to the high barriers surrounded. The active region is
usually intrinsic or lightly doped so the electron density N is close to the hole density in
the active region. That is, N can be counted as the density of electrons, holes, or
electron-hole pairs in the active region.

The generation rates of carries in the active region are expressed as

dN I N
:771' - _Rnst’ (21)
dt qV T

where 77, is internal quantum efficiency representing the fraction of carriers from the
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terminal node to be confined in the active region, ¢ 1is the electron charge, 7 1is the carrier

lifetime, and R, , is the net stimulated recombination rate. The term — is in composition
T

of various recombination rates,

N_ Rgp +Ryr + Ry, (2.2)
T

where, RSp =BN2, R,y =AN, and Rj =CN3 represent the spontaneous, nonradiative,

and leakage recombination rates, respectively. The leakage can be attributed to the
thermionic emission or lateral diffusion if there was no lateral confinement and the carriers

flow through the active region without recombination.

We considered the photon density N, and its rate equation including the photon

generation and loss terms,

Np Np
e (R, +ﬂspRSp)—T—- (2.3)

P

B, 1s the spontaneous emission. factor, "7 is .the photon lifetime, and I' is the

confinement factor. The recombined carries are usually confined in the active region like
quantum wells but the generated photons may occupy the surrounded claddings, i.e., the
active region has smaller dimensions than the volume in which the generated light is hold. So

I represents an overlap factor between the active region dimensions and the electric field

profiles, and can be expressed as I'_I'_ to be separated as the transverse and the axial

xyo oz

propagation parts.
The photon-stimulated recombination generates more photons through a gain process in

the active region and the gain coefficient g is defined as the increased photon density from

an incoming value to an existing value as those photons pass through a small length, e.g.,

AN,=N_,gAz=N ,gv, At , where v, is the group velocity. We can find out that



R,, =AN,/At=gv, N, and subscribe to (2.1) and (2.3) to get a set of rate equations that

describe the basic time evolutions of the carriers and photons as

dN I N
z:ﬂiq—V—?—ngNp and (24)

P NP
=T(gv, N, +f,R,)-—". (2.5)

P

dt

2.1.2 Threshold Condition

The VCSEL structure involved with light action is presented in Fig. 2.1. In the laser
cavity, the gain or loss is not uniform throughout the volume occupied by the optical modes,
just like the confinement factor I" mentioned before. The defined gain g is referred as the
material gain g(x,y,z), a function:of three-dimensional space. But the net effect of g
contributes to the optical mode is-referred as the modal gain < g >, an overlap factor that is
a weighted average of the gain distribution.to-the entire cavity volume with respect to the

electric field profile.

)
#
- ;
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X
\ .
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Fig. 2.1 A brief sketch of the VCSEL structure
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In order to reach threshold condition for an optical mode, the gain must compensate the



loss resulted from light propagation in the medium and reflection from the mirrors. To the

point that the electric filed remains the same amplitude after a round-trip gives the threshold

condition and the gain is now referred as the threshold gain < g >, . We assume the mode

propagates as e’”*, where

p J
ﬂ:,b’+§(<g>xy—<ai >xy). (2.6)
The terms <g>  and <a; >  represent the transverse modal gain and the internal

modal loss and will be simplified by I' g and «, if g(x,y) is constant across the active
region. The threshold condition occurs when

rlrze_Zj/}’”(L”L") =1. 2.7
r is the reflection coefficient and L L, represent the lengths of the active and passive
section of the cavity and the gain in.the passive section is zero. From (2.6), (2.7), and the

simplified notations we have

r,g,L,=a,L,+a,L, +ln(L).
nr,

For in-plane case, I' L,/L~I I =T" with a defined <, > that equals to

xy a
(o, L, +a,L,)/ L asthe average internal loss, we finally get

<g>,=l'g, =<a,> +lln(%). (2.8)
172

This is the general expression of the threshold gain and with a short cavity length L, the
reflectance must be increased as well as in VCSELs. As the photon lifetime 7, explains the
photon decay in terms of the propagation and the mirror loss, we can refer the second term of

(2.8) as the mirror loss and rewrite it to have the point of view that the gain and the total loss

exactly compensate at the threshold condition,
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Velo

I'g, =<a,>+a, = (2.9)

In (2.8), the general form < g >, 1is valid all the time, but the form I'g, has the
limitation L, >>A4 for L, /L =T, as we have used above for in-plane lasers. The axial
confinement factor I', in very short active region (L, << A) will be enhanced above the
generally-expected value L, /L by a factor &, which corresponds to the locations between
the electric filed standing-wave peak and the center of the active region. In the situation of

thin active region like VCSELs and the active region is centered on the standing-wave peak

in the cavity, the axial confinement factor can be nearly doubled (I', 2L, /L). For a

multi-quantum-well active region in a VCSEL with N wells of thickness L, the

confinement factor can be expressedas I'=0" N L /L.

w w

The gain at threshold has been discussed. The,way to reach the value of threshold gain is
by increasing the injected carriers/current due ‘to'the carrier density in relation to the
Fermi-levels. The linear approximation under small=signal condition to the relationship
between the gain g and the carriet.density N 1isgiven by

gra(N-N,), (2.10)
where N, is the transparency carrier density that results in a zero gain and the light will not
be amplified and seems to be transparent throughout the region and « is noticed as the
differential gain. The relation implies that as we continue to increase the injection current, the
increasing gain is expected. But in fact that in steady-state condition above threshold there
exits no gain higher than the threshold gain. Because if the gain overcomes the loss and
continues to increase, the electric field will go on the same without limits and the steady-state
operation in lasers will no longer be formed. According to (2.10) the saturated carrier density

N, 1in steady-state condition above threshold is clearly shown. The additional carriers above
N, from the increasing injection current above threshold contribute to the stimulated

recombinations and produce the laser output.



2.2 Mirrors

Unlike the cleaved facets designed for edge-emitting lasers, mirrors with high
reflectivity are demanded in VCSELs due to the short active region length. The use of
gratings or distributed Bragg reflectors (DBRs) is widely seen in semiconductor lasers. The
wavelength selectivity for single axial mode in in-plane lasers noticed as distributed

-feedback (DFB) lasers and the high reflectivity requirement for VCSELs reveals the

importance of DBRs to the design of mirrors in laser cavities (Fig.2.2).

ﬂ

Fig. 2.2 The optical property of the DBR structure

2.2.1 Bragg Condition

To achieve high reflectivity in VCSELs, gratings consist of periodic layers with
alternating index variations constitute the reflecting mirrors to produce a significant
reflection at a particular wavelength called the “Bragg wavelength”. The period of the
gratings is half of the optical path length and many small reflections at the interfaces add up
in phase results in a large net reflection at Bragg wavelength so called the Bragg condition. In
VCSELs, two quarter-wavelength thick layers with low and high indices constitute the

element of the period and form the periodic stacks on one or both sides of the VCSEL during
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epitaxial growth.
At a single interface the reflection coefficient for normal incidence is given by
n—-n,

p=—tl 2 2.11)

n, +n,
where n represents the refractive index. At Bragg condition, we suppose there exits only
two indices n,, n, in the alternating layers and no loss or gain in the medium, using the
normal amplitudes of the incident and reflected electric fields in definition through a
transmission matrix approach, the total reflection coefficient obtained from the gratings at

Bragg wavelength is given by

1_(ﬂ)2m
yo=—2 (2.12)

where m represents the number of the identical periods [11]. As we increase the number of
periods m or the index difference between two- materials, An=n, —n,, the peak
wavelength in the reflectivity spectrum,broadens-known as the stop band. The spectral width

of this band is expressed as

24, An
AL =B (2.13)
ﬂ'nqﬁ

where n,, is the effective index of the mirror that has the same optical length normal to the

layers in the DBR [12].

For the real DBR structures in VCSELs, the incident and exit medium may have
different indices and the comprising layers may have more than just two materials, so the
general form can be expressed as

1-b n, n,
r, =—— where b=| |2 —L. 2.14
5 I (2.14)

g
1+ R ny,

n,, and n, represent the low and high indices between the ith interface and n, , n,

are the indices of the incident and transmitted medium [13].



2.2.2 Design of DBRs

To have high reflectivity and wide stop band for DBRs in VCSELSs, large index contrast
and more periods are needed. The dielectric stack deposited after the epitaxial growth is
possible to have such property with a small number of the DBR periods. For instance the
ZnSe/CaF; system produces greater than 99% reflectivity with only five periods of the DBR
[14] and through the selective oxidation of AlAs, the Al,03/GaAs mirror performs as well for
even fewer periods [15]. Despite the advantages of dielectric mirrors for high reflectivity,
another deposition step on semiconductor active regions and the intracavity electrical
contacts required for current injection make complexities to fabrication process.

Establishing monolithic semiconductor DBRs directly during epitaxial growth simplifies
the VCSEL process and allows current injection throughout the mirrors. With lower index
contrast and narrower stop band® in comparison to those for the dielectric stack,
semiconductor DBRs usually require.more than 20 periods for GaAs/AlAs systems. Also to
maximize the index difference between the adjacent mediums results in large energy band
offsets and discontinuities with potential-barriers that may cause high series resistance for the
current flow. Thus compositional grading at the interfaces between the mirror layers and
carefully controlled doping profiles at those interfaces where the optical field is at maximum
effectively reduce the series resistance and prevent from ohmic heating that may decrease the
laser performance [16,17]. The fabrication of DBRs through metalorganic vapor-phase
epitaxy (MOVPE) with the ease of continuous compositional grading and the ease of doping
with C as a p-type dopant which is more activated than Be make MOVPE an appropriate

platform for VCSEL manufacturing.

2.3 Optical Cavities

With high-reflective DBR mirrors on both sides of a VCSEL, an optical cavity in the
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middle is usually a single-wavelength thick and contains the active medium that provides
gain. The optical cavity is intrinsic or lightly doped and is located at the p-n junction of the
diode laser between two doped mirrors. The active medium in the optical cavity is commonly

composed of several quantum wells that confine the carriers for optical recombinations to the
gain process (Fig.2.3).

Top Cavity Bottom Top Cavity Bottom
DBR | DBR DBR DBR

(a) (b)

Fig. 2.3 The (a) heterostructure and (b) the optical field distribution in the cavity

2.3.1 Gain in Active Region
The definition of gain is mentioned before and the relation between the gain to energy or
wavelength can be found through Einstein’s approach to assume the two-level transition in

the conduction and valance bands of the active region. The gain is expressed as

A21 h

g21 =
Po(vVy) Ve
where the subscripts 2 and 1 represent the transition levels, 4 Einstein’s coefficient, p,

p.(E)(f, = 1) (2.15)

the optical mode density, p, the reduced density of state, and f represents the quasi-

Fermi level.

The above approximation is the form for bulk materials. The actual gain medium in
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VCSELs is quantum-well structure and the formation of gain is far complicated. With
consideration of dipole interactions between the optical fields and electron-hole pairs through

the Schrodinger’s equation, the gain in the material is given by

’h 1 2
g =—A L M (E,) p, (B~ 1)) (2.16)
ne,em, NV,

where |M r (E21)|2 is referred as the transition matrix element and is related to the

Hamiltonian with perturbation that the electromagnetic field modifies the charged carriers.

Also with different transitions as the distinction of heavy holes and light holes and different

polarizations of the field, |M, (E21)|2 has different magnitude in each case. In quantum

wells the transitions can be performed in any two quantized subbands, so the total gain at

E,, is summed by all possible transitions,

g, =2 D gin,,n,), (2.17)

where n_ and n, represent the-pringipal numbers in the conduction and valance bands.

The gain for n, =n, =1 is usually‘the.largest-that most transitions involved in the active

region [9].

2.3.2 Design of Opftical Cavities

The quantum well as the gain medium is usually less than 10nm for carrier confinement
and with the surrounded claddings that makes up the one-wavelength thick optical cavity. For
the one-wavelength thickness, there exits only one antinode of the optical field and its
placement regarded to the center of the active medium has significant effects to the axial
confinement factor for the short cavity length comparable to the wavelength as we mentioned
before. So to place the antinode of the field centered at the quantum wells, for the limitation
of space, there typically exits three quantum wells as the active region to compromise the

increase in gain length and the reduction in confinement factor for optimization [18]. Another
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subject of the optical cavity is to introduce compressive strain to the active quantum wells.
The strain can change the curvature of the lowest energy hole band and produce high gain for

the quantum wells leading to low threshold currents and high efficiencies in VCSELs [19].

2.4 Various Types of VCSELs

The longitudinal structure of a VCSEL has been described in the use of DBRs and
active quantum wells for current injection and other optical properties. Lateral electrical and
optical confinements are needed for individual devices and with various fabrication
techniques, plenty of types of VCSELs have demonstrated. The typical forms often seen by
former researches include the etched-pillar, etched/regrown, ion-implanted and the
selectively oxidized VCSELs. The basjg properpi§.s of those different types of VCSELSs are as

follows. L

|
|8 %
o= =

(a) (b)

(c) (d)

Fig. 2.4 The structures of (a) etched-pillar, (b) etched/regrown, (c) ion-implanted, (d)
selectively oxidized VCSELs
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2.4.1 Etched-Pillar VCSELs

To etch a pillar and transversely define the cavity is intuitional through the etching
techniques. To remove the epitaxial material around the cavity through wet etching produces
an isotropic etching profile. The unpredictable undercut edge profile and the difficulties to
accomplish small pillar size make several limitations to the process control. Another
anisotropic dry etching technique such as reactive ion etching (RIE), is able to achieve small
diameter size thus reduces the active volume results in low threshold current and the smooth
sidewall is achievable to decrease the optical loss. With small-diameter pillars from the use
of dry etching, sub-milliamp threshold currents have been demonstrated [20]. The large index
difference between the air and the semiconductor interface around the cavity provides strong
index guiding to the laser waveguide.

The etch depths of the pillars can be classified to the shallow-etched depth to the top
DBR mirror and the deep-etched depth througheut the active region. In the shallow pillar, the
loss is attributed to the optical diffraction.due-to the axial index variation and the current
spreading away from the active region contributes to loss. In the deep pillar the diffraction
loss may be less affective for which the pillar is surrounded by air mostly, but the
nonradiative recombination due to the high surface recombination velocity at the exposed
sidewall of the active region may have significant contribution to loss. The roughness of the
sidewall whatever in shallow or deep pillars can produce optical scattering loss.

Another important factor of the etched-pillar VCSELSs is the thermal property relative to
the roll over of output power. The heat sink material is removed from the laser cavity around
thus the reduced thermal dissipation leads to high thermal impedance which has a dramatic

impact on laser performance.

2.4.2 Etched/Regrown VCSELs

To deposit other semiconductor materials after etching a pillar also provides index
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guiding effect with a lower refractive index material selected around or another higher index
material to form the anti-guiding condition for special uses. The provided materials can also
be chosen with higher bandgaps as the effective current blocks and the problem that affects
the etched-pillar VCSELs for nonradiative recombinations can be released through the
passivation on the sidewall of the active region. The regrown materials also provides good
heat sinking that the device performance is much better than the etched-pillar case in terms of
larger operating current range and higher output power [21].

The regrowth on highly reactive AlGaAs with high Al content inherent to the DBR
mirrors makes difficulties to the process procedures. The fabrication methods include the dry
etching with liquid phase epitaxy (LPE), the linked etching and molecular beam epitaxy
(MBE) chambers with vacuum integrated, and the combination of dry and wet etching
followed by MOVPE regrowth. The'third way 1s considered the most applicable and has an
advantage of selective regrowth to prevent from the deposition on the dielectric hard masks
used for etching. In spite of the improvements-inperformance compared to the etched-pillar
VCSELs, the complex fabrication techniques involving special cleaning, etching, and
avoidance of exposure before regrowth are still considered expensive to the manufacturing

arca.

2.4.3 Ion-Implanted VCSELs

To define the transverse confinement in the planar structure, ion implantation has been
widely used for the VCSEL fabrication. Ions projected into the top DBR mirror provides a
nonconductive region for current impeding above the laser cavity. The ion implantation
produces crystal vacancies to compensate the free carriers in a result of high resistive area for
current confinement. The mostly used ion specie is proton and the implant energy defines the
implantation depth. The density of vacancy provided by ions in the mirror stack has the peak

value occurs typically at the position above the active region to prevent from damaging to the
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active quantum wells and to reduce the lateral current spreading [22].

The mask against the ion implants can be used as photoresist or metals. During
implantation, the wafer sample is usually angled by 7 ° from normal to the incident ion
beams which produce shallow depths to the periphery of the defined perimeter to perform

better current confinement.

2.4.4 Selectively Oxidized VCSELs

To establish a lateral material difference of higher bandgaps for current confinement and
lower index for optical guiding such as the etch/regrowth technique, another important
innovation is to provide selective wet oxidation to the buried layers in the mirror stack [23].
The layers to be oxidized are buried in the top DBR mirror through the epitaxial growth by
MOVPE for the ease of compositional ¢ontrol'of monolithic semiconductor DBRs in AlGaAs
system. The oxidation rate is sensitively affected by the composition of the AlyGa,_4As layer
thus we can specify a particular layer adjacent above the cavity to be oxidized more rapidly
to form the current/optical confinement. The first step is to etch a mesa or an array of holes
into the structure by dry etching techniques such as RIE, and expose these layers to water
vapor which is transported in an inert gas such as nitrogen in an elevated temperature
environment. The inert gas is controlled by a mass flow controller to a water bubbler bathed
at a constant temperature and thus the water steam is carried by the gas flow into the
preheated tube furnace where the samples take place of. To establish a stable and
reproducible wet oxidation process requires careful control of the above relating process
parameters and the identities of the layers themselves can tremendously affect the oxidation
results [24].

The nonconductivity and the lower index of the oxide layer provide both electrical and
optical confinements without damages in the mirror caused by implantation and no surface

recombination problems at the sidewall. The oxide-confined VCSELSs with prior performance
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to other types of VCSELSs soon arise with much attention to the VCSEL technology.
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Chapter 3

Experiment

The experiment is to fabricate the planar ion-implanted VCSELs and to perform
wafer-level testing of those devices. We designed various aperture sizes for current
confinement by ion implantation and the top metal contact openings for light output through.
The purpose of the experiment is to compare the electrical and optical characteristics of
various structured-VCSELs and to figure out the possible reasons of those results.

The layer structure of the wafer we used has not much difference to the former designed
VCSEL structures. It contains a 23-pair p-doped (C) quarter-wave Aly¢Gay ;As/Aly 12Gag.ssAs
stacks as the top DBR, three GaAs quantum wells as the active region centered in the
one-wave cavity spacer and =a .34.5-pair.~n-doped (Si) quarter-wave Aly¢Gay;As/
Aly12Gag gsAs stacks as the bottom DBR. grown-on an n'-GaAs substrate. The composition
grading of the DBRs and the spacer isalso.implemented.

The fabrication process was performed with three photolithographic procedures (masks).
The detailed process steps are listed at the end of this chapter and here we just describe it
briefly. First we deposited SiO, on the wafer using plasma enhanced chemical vapor
deposition (PECVD), then a lithographic process was performed to define the pattern and
then the Si0O, was etched by reactive ion etching (RIE). Second, another lithographic process
was performed to define the un-implanted region ready for ion implantation. The third
lithographic process defined the pattern of the metal layer with rings and pads at the same
time. The p-metal evaporation with an e-gun and the annealing process to both the
metal/semiconductor interface and the implanted area was performed. After that the n-metal
evaporation on the back side of the wafer was followed by the general lapping and polishing

procedures and finally another annealing process for n-metal was also applied. A brief sketch
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of the whole process is shown in Fig. 3.1.

The different implant and contact aperture sizes are from 12 to 6 um and 12 to 4 um in
diameters, respectively, separated by 2 um. We assume that the real aperture sizes of those
devices are approximately the same to the patterns defined by the masks.

The device testing was directly performed on the wafer with the bottom placed on a
conductive stage as the negative side and a probe on the pad of the device as the positive side.
We used a current source, a voltage meter, and an optical power meter directly above the
contact opening to have the diode voltage and output power as function of the injection
current and used a multimode fiber to conduct the output light toward a spectrometer to get
the emission spectrum at different bias currents. All measurements were performed under

continuous- wave operation at room temperature.
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Fig. 3.2 The top view image of the device

20



More Specific Process Steps :

Wafer Clean

Si0, Deposition

Lithography

Si0; Etching

Remove PR

Lithography

Implantation

Remove PR

ACE(Acetone) , IPA(Isopropyalcohol) , B.O.E

PECVD 1000A/3500A

Baking 120°C 5°

Photoresist 500rpm 5, 3500rpm 25
Baking 100°C I’

Exposure 47

Baking 120°C 2’

Exposure 35”7

Develop 40~

Baking 120 °G1110°

RIE

ACE 5% IPA 22

Baking 120°C 5°

Photoresist 1000rpm 3, 4000rpm 35”
Baking 120°C 5’

Exposure 177

Develop 3’

Baking 120°C 10’

H 10" cm? 200 keV

ACE 5 ,IPA 2°,H,SO; 3’ (heating)
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Lithography

Clean

Evaporation

Annealing

PR Protection

Lapping / Polishing

Evaporation

Remove PR

Annealing

Baking 120°C 5’

Photoresist 500rpm 5, 3500rpm 25
Baking 100°C I’

Exposure 47

Baking 120°C 2’

Exposure 35”7

Develop 40~

Baking 120°C 10’

CH;COOH / NH4F/H,O 1°
Ti/Pt/Au ~9000A

420°C 5

Photoresist ~1000rpm 3™ ; 4000rpm 35”
Baking 120 °C 10"

AuGe/Ni/Au ~4000A

ACE 10’ (heating) , IPA 5’

420°C 5
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Chapter 4

Result and Discussion

The VCSEL device fabrication and characterization were performed as listed in chapter
3. In this chapter, we further analyze the measurement results in many aspects and give the
underlying theoretical explanation. We separate the experiments with results into four parts.
In the first section, we studied the effects of implantation depth and its influence on the
device characteristics by varying the thickness of hard mask SiO; In the second part, we
investigated the voltage-current characteristics of VCSELs with various implant and contact
aperture along with the series resistance consideration. The light power/current relation
denotes the characteristics of threshold current (density), peak power, and operating current
range relative to thermal properties..In the third section, the general behavior of emission
spectrum for implanted VCSELs s coveted.-Finally, in the primarily part of the results, we
analyze the slope efficiencies in L-I curves in.rélation to the transverse mode formation of
implanted VCSELs and discover their influence on the devices with different apertures

especially for the implant apertures.

4.1 Ion Implantation

The main concern of the ion implantation is the ion penetration depth. It is the
longitudinal distance from the surface to the place where the highest density of crystal
vacancy produced by ion implants occurs, and is often referred as the mean projection range.
In the real situation, the penetration depth can be larger or smaller than the mean projection-
range value. The density of vacancy/ion is in a Gaussian form along the vertical axes with a

deviation called straggling, which denotes a relative high dense area of the damage caused by

23



the implants.

The Si0, deposition before ion implantation process results in different ion projection
ranges in the DBR stack with or without the masked SiO; layer. The thickness of SiO, were
selected for about 1000 A and 3500 A for comparison purpose. Using TRIM-98 to estimate
the ion distribution profile for the devices with different SiO, thickness and the
non-deposition situation and get the result shown in Fig. 4.1. Both three situations have
approximately the same straggling about 0.16 um. The depths correspond to the peak values
for the 1000 A-deposited and non-deposition cases are differed from about 0.1 um and for
3500 A the difference is about 0.33 um. It shows that the difference in depths between the
non-deposition and 1000 A-deposited situations is still in the limited range of the straggling
which reveals that the border between the regions with different projection range still remains
a high dense area of implants. The difference in depth for 0.33 um is far away from the value
of the straggling thus the serious-discontinuity-of ion-distribution may cause disadvantages
for current confinement.

The devices with different SiO, thickness.both work and their output characteristics are
shown in Fig. 4.2. The discontinuous distribution of implant dosage may cause more leakage
current to alleviate the current confinement effect in a result of higher threshold current and
seriously unstable output power with injection current in the device with 3500 A SiO..
Another device with 1000 A SiO, performs generally as well as other typical implanted
VCSELs. It shows that the relative shallow SiO, deposition before ion implantation with
small difference on ion projection range has less effect to the current confinement and output
characteristic in comparison to those of typical implanted VCSELs with metal contacts

evaporated before ion implantation.
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Fig. 4.2 The output characteristics of the devices with different SiO, thickness
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4.2 L-I-V Characteristics

From now on, the implant and contact aperture relations are concerned and all devices
we discussed are with 1000 A SiO,. The device with 12um of each aperture is set as the
standard and the size variation of each aperture is considered with the other one fixed at 12
um. For example, the devices with various implant apertures from 12 to 6 um are all 12um
for contact apertures and vice versa with contact apertures varying from 12 to 4 um. The
following analysis is of this rule when some kind of the aperture variation is mentioned
without further explanation for simplicity.

The I-V characteristics are shown in Fig. 4.3, Fig. 4.4 and the series resistance of each
device is calculated from threshold to 30 mA using a simple linear regression method and can
be seen in Fig. 4.5. The increasingstesistancesfor the devices with decreasing implant
apertures shows the result of the impeded current flow. For the contact aperture variation the
resistance is almost the same implies that'the area of the current passage in the top DBR
stack dominates the resistance problem, in stead of the metal contact distribution on the
surface.

The L-I characteristics are shown in Fig. 4.6, Fig. 4.7, and the threshold current (density)
of each device is in Fig. 4.8. Assume the current passes through the un-implanted region and
spreads out to form a Gaussian-type distribution of current with respect to the horizontal
plane in the cavity, and from (2.10) we can accept that the gain distribution in the active
region is approximately proportional to the current/carrier density distribution bellow
threshold. The gain is higher in the device with smaller implant aperture due to the smaller
excitation area in the active region and the threshold condition is reached at lower current.
The threshold current dependence on contact aperture size is the same tendency but is less
variant in degree compared to the dependence on implant aperture size. Without the direct

influence on current density from the area of the current passage, lateral current spreading
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from the contact stripe plays the role. The current leaving the edge of the stripe spreads away
into the DBR stack with an exponential decay of current density with respect to the lateral
distance [25]. The smaller contact aperture produces relative higher current density/gain in
the middle of the active region with threshold condition at lower bias.

The output power increases with injection current but starts to decrease with a peak
value for each device. This power roll over is due to the thermal effect caused by the heating
of the resistive current path and the increasing light generation in the active region. The
thermal dependence of energy gap and Fermi levels has great influence on the gain spectrum
with the gain peak shifting to a longer wavelength at higher temperature/current. Also the

cavity resonance wavelength does the same cause of the change in refractive index with
temperature in the DBR mirrors and the cavity, n(4/ Ga, ,As)=n_,+3x107"-x-AT [26].

The gain peak moves faster than the resonance wavelength along with the injection current
results in mismatch thus the decrease of output power (Fig.4.9).

The current range from threshold-to the-value with maximum light output and the peak
power for each device are shown in Fig.“4.10-and Fig. 4.11. The current range for the device
with smaller implant aperture reduces because the higher current density and intensity of
light in the active region with sufficient heating effect make up the roll-over condition with
less additional injection current above threshold. The decreasing peak power can be explain
by the lower current with less carrier participation to photon generation. The peak power for
the device with smaller contact aperture decreases more obviously is not because of the more
current/carrier contribution to light due to the less degree of reduction in current range. It is
for the contact area that directly impedes the output light. The decreasing current range can
be explained by the heating effect with more light restricted inside below the metal area in

the device with smaller contact opening.
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Fig. 4.4 The 1-V characteristics of the devices with different contact aperture sizes
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4.3 Emission Spectrum

The general behavior of emission spectrum for implanted VCSELs is shown in Fig.
4.12. With additional injection current, the number of peaks in wavelength of the spectrum
increases due to the numerous transverse modes formation. The peak wavelengths shift to be
longer as the bias current increases in consequence of the thermal dependence on energy gap

of the gain medium,

5.405x10747T?
Eo(Gads)=1.519— ) [27]. 4.1
g(Gads) T304 (eV) [27] 4.1)

The quantity of the red shift also becomes larger at higher currents with more heating effect
and can be verified by the square term of temperature in the numerator. From the L-I curve
the slope gradually decreases toward roll over condition and supposing that the power

dissipation P, — P,

hv

all contributes to heat, the enhanced red shift with constant additional
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injection at higher current is reasonable.

The individual transverse mode profile can be calculated using the diffraction integral
formula with the solution of Hermite-Gaussian distribution of the optical field [28]. The
fundamental mode forms at the center while the other higher order modes arise in the
periphery. The formation of various transverse modes in VCSELSs is primarily because of the
refractive index variation that results in different guided modes. Assume the index variation
in the active region with x-y symmetry, n’(r)=n,(1—g’r’), where n, is the index in the
central region and g 1is a constant characteristic of the medium. The relation between two
characteristic Hermite polynomials obtained from the solution of the wave equation is given
by

@mzku—%§a+m+nﬁ? (4.2)
B,,, 1s the propagation constant-in the longitudinal direction, k is the wave number, and

/,m are integers with larger numbers.for_higher order modes [29]. The index variation in
implanted VCSELs is small and we+assume. that the fundamental and higher order modes

have the same effective resonance wavelength along vertical axes according to the

one-wavelength cavity. For constant f , the larger /,m for higher order modes implies the

larger k and smaller A with the relation, A=27-n,k"'. This recognizes the result of the

emission spectrum with more peaks at shorter wavelength due to more transverse mode
generation along with the increasing injection current.
The situations /+m =0 and /+m=1 represent the fundamental TEM and the first

order TEMy; modes, respectively. We can roughly estimate the wavelength spacing between
these two adjacent modes with n, =3.4, f=27x-n, A", A=0.85um, g~2x107 um™,

[30] and get the result of nearly 1 A. The other experiment has shown that this wavelength

spacing at threshold bias is about 2 A for implanted VCSELSs [31]. The wavelength spacing is
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so small that the peaks of the spectrum in Fig. 4.12 are definitely not representative of any
order mode respectively. The spectrum at 8§ mA (Ith = 5.8 mA) is not a single mode condition
due to the FWHM =54 and should be considered as the superposition of lower order

modes.
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Fig. 4.12 The emission spectrum of the implanted VCSEL

4.4 Slope Efficiencies in L-I Curves

4.4.1 Gain and Index Guiding

The optical guiding of VCSELSs is generally discriminated between the gain guiding and
index guiding (Fig.4.13). The implanted VCSELSs are regarded as gain-guided for the reason
that the spatial distribution of gain originated from the current spreading as we mentioned in
section 4.2, restricts the area of light generation where the gain is above threshold. The

damage caused by ion implantation in the top mirror is nearly invariant in refractive index
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and does not affect the output light. The oxidized VCSELs are typically index-guided with a
large refractive index step between the semiconductor and the oxide layer with Alj9sGag g,As
(n, =3.0) and ALO; (n, =1.6), respectively. The oxide layer serves as both the current
and optical confinement and is adjacent above the cavity with least current spreading. The
reduced current spreading results in uniform distribution of gain in the active region with a
lower threshold current. Besides, plenty of the transverse modes obtain sufficient gain in the
middle and periphery of the active region and arise at the same time slightly above threshold.
Because of the multimode condition at relative small bias above threshold, the single mode
operation range is small and so are the fundamental mode size and power due to the
transverse mode competition. The refractive index step formed by the oxide layer can be
considered as a small waveguide similar to the indexed-fiber with its multimode behavior

[32].

4.4.2 Spatial Hole Burning and Self-Focusing Effects

The formation of higher order modes in implanted VCSELs is due to the spatial
distribution of gain and the hole burning effect above threshold. The light starts to create as
the fundamental mode in the middle of the active region and as the mode power increases
with injection current, the enhanced intensity of light accelerates the stimulated emission
effect and contrarily reduces the carrier population in the middle of the area thus creates a
spatial hole in the distribution of carriers/gain (Fig.4.14). With further increasing of the bias
current, the gain in the surroundings continues to increase and eventually above threshold,
thus the higher-order modes start to lase. This spatial hole burning effect has been observed
in early experiments [33,34].

Beside the spatial hole burning, the index-guiding phenomenon due to the thermal
dependence on refractive index in the active region for implanted VCSELs, dominates the

multimode behavior at relative higher currents above threshold. The thermally-induced index
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variation becomes more gradient as the bias current increases from threshold thus the
fundamental mode is guided in a smaller area with larger intensity which aggravates the hole
burning effect [35]. The relative lower carrier density in the spatial hole also contributes to
index guiding for which the refractive index is inversely proportional to the carrier density.
Although the increasing intensity of light, the self-focusing effect due to the progressive
index grading reduces the mode size which results in the saturated output power with
increasing bias current until the next higher order mode arises with additional power
contribution. The mode size shrinkage and the formation of higher order modes cause
nonlinear output power with injection current thus the kink phenomenon in the L-I curves

(Fig.4.15).

4.4.3 Kink and Slope Efficiency.

The kink phenomenon is more clearly observed: from the slope efficiencies in the L-I
curve at various current within the operation range. The spatial hole burning and
self-focusing effects along with the formation of the higher order modes, and the antiguiding
effect originated from the refractive index dependence on carrier density with higher index in
the surroundings due to the hole burning effect of the higher order modes, are reasons for
those kinks. As we can see in Fig. 4.16, the variation of the slope at higher currents is quite
complicated but the fact that the slope increases regularly above threshold to a local
maximum and suddenly drops at the place corresponding to the first kink does contain
particular meanings. The process of this phenomenon can be explained that the light intensity
of the fundamental mode increases continuously above threshold, then the power saturates
noticed by the decreasing slope at the place of the kink due to mode shrinkage with
self-focusing effect. After that, the slope turns to increase again from a local minimum value
and it implies the generation of the first order mode with additional power contribution. Thus,

we boldly regard the bias point at the first local minimum of slope efficiency as the
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maximum single-mode condition.

The slope efficiency, power, and current range above threshold according to this bias
point for the device with each implant aperture are shown in Fig. 4.17. The higher slope
efficiency for the device with smaller implant aperture is reasonable for the higher current
density in the active region. The decreasing current range implies that the temperature effect
in the smaller device produces more refractive index grading for self-focusing effect with the
first order mode arising at lower bias current. The lower power is because of the smaller
mode size with more graded index and less carrier contribution to light due to the smaller
operating current range.

We apply the same method and get those characters for the devices with different
contact apertures in Fig. 4.18. We can imagine that in the device with smaller contact
aperture, the higher-order modes should be suppressed in the periphery and a larger current
range for single mode operation-is expected. Unfortunately, the result in Fig. 4.18 doesn’t
conform to it. The reason for that is the‘bias-peint we chose for the kink position does not
truly reflect the maximum single-mode econdition as we described before. The statement on
which this condition relies is useless here because the variance of slope efficiency is no
longer simply affected by the spatial hole burning and self-focusing effects. The kink position
we chose is possible in consequence of the power suppression of light by the metal contact as
we see in Fig. 4.7 for the power reduction in the devices with smaller apertures.

To satisfy the expectation, we compare the characteristics of the emission spectrums
between the devices with 12 and 4 um of the contact apertures. From the general behavior of
emission spectrum for implanted VCSELs we discussed in (Fig.4.12), the increasing number
of peaks from one, two and so forth indicates more and more higher-order modes involved.
We recorded each current range and power according to the selected bias point for the two
devices in Fig. 4.19 and Fig. 4.20. The emission spectrum for the device in Fig. 4.19 has a

second peak with a value less than 20 dB in intensity in comparison with the value of the
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original peak produced at threshold condition. The emission spectrum for the device in Fig.
4.20 has only a single peak without a second one comparable to it with less than 20 dB in
intensity. This implies that the output of the device in Fig. 4.19 has more transverse modes
than the output of the device in Fig. 4.20. Each recorded power is not the maximum
single-mode power as we considered in the former case for the devices with various implant
apertures, but it fairly represents the power of lower order modes. From these results, we can
find out the agreement with the expectation that the contact layer with smaller aperture does

extend the device operating current range for an output with lower order modes.

4.4.4 Fundamental Mode Size and Contact Apertures

The smaller contact opening retains the light output with approximately the same
relative lower order modes compared 1o the latger one at higher injection current, and it is
reasonable to produce a higher output power due to more injected carriers contribute to light
power. But it is not exactly the way it goes from Fig. 4.19 and Fig. 4.20 with the reduced
power for the 4-um device. The possible reason for:that is the lower order modes, even the
fundamental mode, is depressed by the contact opening at the beginning of the threshold
condition or above. This can be observed in Fig. 4.7 especially for the smaller 4- and 6-um
devices with noticeable power reduction.

Take the fundamental mode for instance, we estimate the mode size with an assumption

of parabolic-decreased index variation in cylindrical symmetry within the active region,

An,
R2

-r*, where n,(0) is the index in the central region and An, is the

n,(r)=n,(0)-
index change over a radius R. The An, depends on the variation of carrier density and
temperature with the spatial hole burning and thermal lens effects, respectively, and can be

expressed as

_on v 9 , (4.3)

An,
ON oT
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0 0

where 20~ 4x107 K~ [36]. To ignore the gain guiding P AN ~0 , we use the
oT ON

assumption £(r)=&(0)—a’r’ to solve the wave equation V’E+@’u,e-E=0 and the

intensity distribution of the fundamental mode is given by

2
EGr)| = exp[— (a-ky /I Jey)r? ] (4.4)
where ¢ 1is the dielectric constant relative to the thermally-induced index change and a is
areal constant. The ¢ and n,(r) can be related and finally the fundamental mode width is

obtained in the form of
W= 4Rz )2, (4.5)

(7r +2n,.(0)-An,

where A is the emission wavelength and W is the diameter with e~ of the field intensity

of the fundamental mode [25]. Assume the power dissipation all contributes to heat and the
heat source in the device is uniformly distributed along the vertical axes with the heat flows
only in the horizontal plane. The temperature variance A7 from the center to the edge of

the active region is estimated through the.Green’s function and is given by

_PIV_th

AT = ,
2w-d-o

(4.6)

where o ~0.14K 'cm™'W is the thermal conductivity and d ~5um is the total vertical
thickness that AP=P,, — P, dissipates [36,37]. Suppose that the temperature variance is
mostly within the active region determined by the implant aperture and applying the formulas
above to the device in Fig. 4.19 with R=6um, A =0.85um,and n,(0)=3.4 at 8 mA (Ith
= 7.4 mA) with the voltage (2.09V) and the output power (0.03W), the results are
AT =38°C and W =4.5um.

The estimated fundamental mode width with 4.5 um larger than the 4-um contact
opening satisfies the former possible reason we made that the depression of the fundamental
mode at the beginning of the threshold and the remarkable power reduction in Fig. 4.7 are

verified. In Fig. 4.7, the 6-um device also behaves similarly to the 4-um one with significant
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power reduction compared to other devices with larger contact apertures. Although 6 um is
larger than the estimated fundamental mode width, but the assumptions of those formulas are
in the consideration with the implanted area slightly above the cavity with least current
spreading. The implantation energy in regular process is often chosen as about 300 keV for
typical implanted VCSEL structure with approximately 3 um in thickness of top DBR stack.
The devices we have are 200 keV in energy with the implantation depth approximately half
of the top DBR in thickness (~1.63um) as shown in Fig. 4.1. Thus, the relative serious
current spreading results in over-estimated P, for more injection current and less-graded
index variation An, in the region with R =6m in radius leads to a larger mode diameter
W . The larger mode size may be comparable to the 6-um contact opening thus the similar
power reduction as well as in the 4-um device is acceptable.

The slope variations of the L-Lieurves in these.two devices are shown in Fig. 4.21 and
Fig. 4.22. We can see that the device with smaller eontact aperture not only extents the
operating current range for the output with-relative lower order modes, but also performs
better with more linear output characteristic [38]. This can be observed by the fact that the
slope of this device retains at a relative higher value for a large current range from threshold
to roll over condition and the slope of the other one gradually decays immediately from the
maximum value near threshold during the operation range. This also verifies the inference we
made for the kinks in L-I curves in relation to the formation of higher order modes that

affects the output characteristics.
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Fig. 4.13 (a) The gain guiding for the implanted VCSEL and (b) the index guiding for the
oxidized VCSEL
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Fig. 4.14 The spatial hole burning effect starts with (a) the initial gain above threshold and (b)
the increasing intensity of light reduces the gain in the middle along with the
injection current. Finally, (C) the gain in the surroundings eventually above

threshold and the higher order mode starts to lase.
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Fig. 4.15 (a) The self-focusing (thermal lens). effect and (b) the kink of the L-I curve
corresponding to the transverse.mode fotmation
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Fig. 4.16 The slope efficiency in relation to the kinks in the L-I curve
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Fig. 4.18 The power, slope efficiency, and the current range according to the selected bias

point in the devices with different contact aperture sizes
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Chapter 5

Conclusion

We have used a different process method to have SiO, deposited before ion implantation
and evaporated the metal contact with pad at the same time discriminated from the traditional
method with metal contact evaporation before ion implantation. The completed devices
worked successfully and the wafer-level testing was performed under continuous-wave
operation at room temperature.

The projection range of ion implantation for the devices with different SiO, thickness is
discussed. The smaller difference in ion implantation depth in the device with thinner SiO; is
less affected to the current confinement. It can 'be seen by the fact that from the output
characteristic of the device with-atger SiO; thickness; the higher threshold current implies
the existence of current leakage with poot performance in light output power.

The L-I-V characteristics of th¢devices with different implant and contact apertures are
discussed. For the device with smaller implant aperture, the series resistance is larger and the
narrower current passage produces higher current density (gain) in a result of lower threshold
current, peak power, and current range from threshold to roll over condition with more
resistive heating. For the device with smaller contact aperture, the series resistance is about
the same to others and the threshold current, peak power, and current range from threshold to
roll-over condition are all smaller due to the lateral current spreading and the light
suppression by smaller contact opening.

The emission spectrum of the implanted VCSEL is provided and the wavelength
characteristics of transverse modes are discussed. The higher order transverse mode tends to
be shorter in wavelength and the red shift of all modes at higher injection current due to the

thermal dependence on energy gap is observed.
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The transverse mode formation in relation to the kinks in L-I curves for implanted
VCSELs is discussed. We select a current bias point at the first local minimum of the variant
slope efficiency in each L-I curve above threshold to represent the maximum single-mode
condition. For the device with smaller implant aperture, the output power and current range
referred to this bias point are smaller due to more thermally induced index grading in the
active region with self-focusing effect.

Applying the same method to the devices with decreasing contact apertures, the
reduction of current range does not conform to the expectation that the higher order mode
suppression in the periphery by the contact layer should extent the operating current range for
light output with same transverse mode behavior. We observe the characteristic of the
emission spectrum according to the suppression ratio between the peak values for each

device at a selected bias point and getthe new results consistent with the expectation.

The fundamental mode size 1s ¢éstimated and the size relation between the mode and the
contact aperture is obviously seen from the reductive output power of light. The possible
reason for the kink in this situation 1s‘not simply the spatial hole burning or thermal lens
effect in the active region but also the suppression of light directly by the contact. Finally, we
compare the slope variations of different devices and find out that the device with smaller
contact aperture has more linear output characteristic with the slope retaining at a relative

higher value for a larger current range from threshold to roll-over condition.

The maximum single-mode condition is hypothetically determined by the kink
phenomenon in the L-I curve without a formal verification by spectrally resolved near-field
investigations. Nevertheless, the inaccurate results obtained from the variant slope efficiency
in the L-I curve and the characteristics of the emission spectrum still satisfy the aperture size

dependence on those device characteristics reasonably.
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