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Abstract

In this thesis, we have fabricated a high power singlemode photonic crystal
vertical-cavity surface-emitting laser (PhC-VCSEL). VCSELs possess circular-output
beam, single longitudinal-mode operation, and possible integration of two-dimensional
array. Hence, VCSELSs are potentially suitable for light sources in fiber communication
systems, medium and short distance!data transmission systems. Other applications
include optical storage, optical sensing, and display systems efc. High-power, singlemode
operation is desired for a number: of applications, ineluding high-speed laser printing,
optical storage and long-wavelength telecommunications. For oxide-confined VCSELs,
the current-confined aperture must be less than'3 um in diameter to ensure stable
singlemode operation. However, the large resistance inherited from the small aperture
limits the modulation bandwidth and degrades the high speed performance. Therefore, it
is very important to investigate the larger output aperture of singlemode VCSEL.
Recently, a two-dimensional photonic crystal (2D PhC) structure formed on a VCSEL
surface as been investigated as a control method of lateral mode. Using the photonic
crystal structure, we have successfully applied on the long-wavelength VCSELs,
including of 850nm, 980nm and 1300nm VCSEL.

In 850nm of the proton-implanted VCSELs with photonic crystal structures, this
approach showed single-output transverse mode with high SMSR over 40 dB and
ultra-low far-field angle about 6.5°. Moreover, this device also had a ultra-low threshold
current about 1.25 mA with proton-implanted aperture of 10 pm.

In 980nm of InGaAs sub-monolayer (SML) quantum dot VCSELs with photonic
crystal structures, single fundamental mode CW output power of 3.8 mW at 28 mA has



been achieved, with a threshold current of 0.9mA. Side-mode suppression ratio (SMSR)
larger than 35 dB has been demonstrated over entire current operation range and
ultra-low divergent angle about 6.8°.

In 1300nm of the InAs quantum dot PhC-VCSEL, single fundamental mode CW
output power of 0.2 mW has been achieved with a threshold current of 4.75 mA.
Side-mode suppression ratio larger than 40 dB has been observed over the entire
thermally limited operation range. In the future, this way can be applied on the other

wavelength device.
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Chapter I Introduction

1.1 Introduction

Since the later 1990s, the explosive growth of using email and the World Wide Web
has driven the widespread deployment of computer networks. The popularity of the
Internet has dramatically increased the amount of interchange and the sharing of
information of graphical, audio data, video data and so on. This drastic advance has
outgrown the communication infrastructure beyond its current bandwidth capacities (i.e.
using LEDs as  transmitters).  Therefore, the use of  high-speed
vertical —cavity-surface-emitting lasers (VCSEL) as the replacement for LEDs is the key
technology to enable the next generation of low-cost, reliable, and high-speed optical
interconnection [1]. Vertical cavity surface emitting lasers (VCSELs) was first
demonstrated in 1979 by H. Soda, Kilga, F. Kéyama and S. Kinoshita [2]. While the
cavity design was novel as compared to [the established edge-emitting lasers, the initial
device performance was poor i terms of the high threshold current density and low
output power that it apparently ‘attracted-hittle-attention. Continued work by lga and
various coworkers, however, showed continuous improvements in performance,
eventually leading to the first continuous wave VCSEL operation, at room temperature,
reported in 1988 [3]. By that time other important innovations and demonstrations had
brought growing attention to the VCSEL. Figure 1-1 shows the comparison sketch of
edge-emitting laser and VCSEL.

The VCSEL structure may provide a number of advantages over traditional lasers, as
follow:

[ Low threshold operation for its small cavity volume

[ High-speed modulation capability

° Low power consumption
® Low cost chip production
° Vertical emission from the substrate

13



o Easy coupling to optical fiber due to circular beam

o The initial probe test can be performed before separating device into discrete
chips
o Densely packed and precisely arranged two-dimensional laser arrays

® Higher reliability

) Higher integration

The progress of the vertical cavity surface emitting laser in the late 1990s was very
fast, and various applications to optoelectronics. In 1992, VCSELs based on GaAs have
been extensively studied some of the 0.98, 0.85 and 0.78 um wavelength devices are
now commercialized into optical system. VCSELs are currently to be the ideal laser

source for fiber optic applications.

*\
R~30%
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Figure 1-1 Schematic structu?;é: of L(_a_,)}."é'dgre emitting laser, (b) vertical-cavity

surface-emitting laser.

1.2 Motivation

Vertical-cavity surface-emitting lasers (VCSELs) have attracted much attention in
recent years. Singlemode VCSELs are needed for a number of applications, including
high-speed laser printing, optical storage and long-wavelength telecommunications. For

oxide-confined VCSELs, the current-confined aperture must be less than 3 ym in

diameter to ensure stable singlemode operation [4]. However, the large resistance
inherited from the small aperture limits the modulation bandwidth and degrades the
high-speed performance. The lifetime of the oxide VCSEL also decreases
proportionally as the diameter of the oxide aperture shrinks, even when the device is
operated at a reduced current [4]. Methods reported to solve the problem include the
increase of higher-order mode loss by surfacerelief etching [5] and hybrid

oxide-implanted VCSELSs [6, 7]. Recently, a two-dimensional photonic crystal (2-D PC)
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structure formed on the VCSEL surface has been investigated as a control method of
lateral mode. Singlemode output was realized from larger aperture photonic crystal
VCSELs (PC-VCSELs).

The organization of this thesis is as following: In chapter 2, we discuss the theory of
photonic crystal VCSEL, According to the effective index model, the number of guided
mode of an proton-implanted aperture VCSEL is determined by V value. The
measurement set up are described in chapter 3. The experimental results and discussions
of PC-VCSEL are presented in chapter 4, 5 and 6. Finally, we give a conclusion of the

thesis in chapter 7.
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Chapter I Theory

2.1 Gain-guiding mechanism

In the early development of a laser with a gain-guiding mechanism is based on a
simple fabrication technique that is compatible with the existing technologies of facet
emitting lasers [1]. A gain-guiding mechanism can be realized by forming a circular
metal contact close to the active layer. The injection carrier concentration defines the
gain region to confine the transverse mode. Figure 2-1 shows the schematic of a
gain-guided VCSEL. The major advantage of this structure is easy to fabricate, but the
transverse confinement of optical field and injection current density is weak so that the
corresponding threshold current is high. The threshold current can be improved if the
current leakage is minimized along the transverse direction. This can be easily
achieved by ion implantation into the p-DBR'(but should avoid damaging the active
layer) to increase the electrical:resistively:[2]. Figure 2-2 shows the schematic of an
ion implanted VCSEL. As is shown, the ion implanted region is defined selectively to
control the flow of the injection currént’intd the active layer. Unfortunately, this
configuration of ion-implanted regien has no- control on the diffusion of carrier
concentration along the transverse direction of the active layer. It is possible to apply
ion implantation into the active layer, but this well increase the optical absorption loss
(i.e., due to scattering of ions) of the device. Moreover, at high-power operation,
higher-order transverse nodes can be excited because of the influence of thermal
lensing and spatial hole burning of carrier concentration, which are the undesired
characteristics of gain-guided VCSELs. The other problem is the electrical resistively
of the DBRs, which may increase the heat generation inside the laser cavity.
Nonetheless, the attraction of this structure is its planar configuration, which
guarantees the simplification in fabrication process and packaging so that low
production costs can be maintained and the ion implantation can be executed in any
semiconductor materials. Therefore, many manufacturers (Honeywell, etc.)
manufactured products using ion implantation technology in their early-state

development of VCSEL. The ion implantation technique has also been applied to
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fabricate long-wavelength VCSELs [3, 4].
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Figure 2-1 Schematic diagrz.m;bf a a_iniguiail_lg VCSEL with circular electrode to
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Figure 2-2 Schematic diagram of a gain-guided VCSEL ion implantation regions
to confined injection carrier concentration into the active region.
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2.2 Hybrid-guiding mechanism

In order to obtain high-power output, the gain area of the device needs to be
increased, which increases the number of transverse modes. Furthermore, the
wavelength separation and difference in optical losses between these transverse modes
decrease. In the limit of very large emission apertures, there are many transverse
modes with wavelengths and losses equal to the plane-wave limits. Combining
high-power and single-mode operation is therefore very difficult as we discuss in the
previous paragraph. The popular design used to obtain single-mode operation VCSEL
are antiguiding-structure concept [5]. The main disadvantage of antiguiding structures
is the fundamental mode also induces large radiation losses, and then increasing
threshold and limiting maximum output power. Young et al proposed another approach
using hybrid implant/oxide VCSELs that support single-mode operation [6]. This
schematic structure of hybrid-guided-approach is. shown in Figure 2-3, which relies on
modifying the overlap of the optical mode with the gain profile (also referred to as
mode-selective gain) to genetate high-power single-mode operation. However, the
threshold current (Iy) of this VCSEL is-rather high, about 5.8 mA. Jean-Francois P.
Seurin et al report this hybrid-confined structure as implant apertured index-guided
VCSEL ( I>-VCSEL ) and demonstrated the results in Laser Focus World [7]. The
main advantage of the I>-VCSEL is the independent control of the diameter of the
etched gallium arsenide (GaAs) pillbox, which defines the index-guiding aperture, and
the diameter of the ion implant, which defines the current aperture, by using different
sets of masks. The structure is shown in Figure 2-3 (a). Photolithographic processing
enables concise control of the diameters. Contrary to an oxide aperture, the implant
aperture is invisible to the optical beam. The current aperture can therefore be made
smaller than the index-guide aperture to reduce the overlap of the higher-order modes
with the gain profile while at the same time keeping a sufficient fundamental
mode/gain overlap. The concept of decoupling the high-order mode with gain is shown
in Figure 2-3 (b). As the index-guide diameter is increased, the mode diameters will
also increase and the overlap with the gain profile will decrease. Because higher-order

modes have a relatively larger amount of their power spreading off center than does the
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fundamental mode, they suffer more from this loss of overlap. Eventually, the modal
threshold gains of higher-order modes will become too high and the fundamental mode

will be the only one to laser.

(a) At (b) e
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Figure 2-3 (a) The schematic structure of-implant-aperture index-guided VCSEL
(hybrid confinement), current: confinement and photon confinement can be
controlled independently. (b) The schematic of coupling relationship between
transverse mode and gain spectrum.

2.3 V-parameter

Lateral-mode control of vertical-cavity surface-emitting lasers (VCSELs) is one of
the key issues in realizing high performance optical communication systems, in which
single-mode operation is necessary for long and short wavelength regions. High-power
single-mode operation is also required for free-space data communication applications.
Recently, a two-dimensional photonic crystal (2D PC) structure formed on a VCSEL
surface has been investigated as a lateral-mode control method. The most attractive
feature of this structure is the enlargement of the emission area, thereby permitting higher
power output. The large area can be realized because of strong wavelength dependence of

the refractive index in the 2D photonic crystal structure, analogous to the situation in a
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photonic crystal fiber. Although good single mode operation has been reported for a
specific structure, the optimized design of 2-D photonic crystal structure was not clear,
especially when considering a finite etching depth. Since the mode control mechanism
utilized in this technology is the effective index control achieved by forming a 2D
photonic crystal structure, a parameter representing this control must have a strong
dependence, both theoretically and experimentally, of the effective index change in a
VCSEL structure.

A two-dimensional (2D) photonic crystal structure formed on a VCSEL surface has
been investigated as a control method of lateral mode. D. S. Song et al. first applied 2-D
photonic crystal on oxide-confined VCSEL, and the schematic structure was shown in
Figure 2-4 [3]. This concept was from the endless single-mode from photonic crystal
fibers [4]. By introducing the single defect photonic crystal to the VCSEL, a waveguide
is expected to be formed around the central defect region where the effective index is
larger than the surrounding region. The €effectiverindex model [5, 6] is used to understand
the VCSEL with lateral structural=vaniation, According to the effective index model, in
ref. [3], the number of guided mode of an oxide-confined VCSEL is determined by V

parameter, which has the form [6]

V2= (hlye = hia)d BN kg = ko ) (2-1)

core clad,z core,z
where keorez 5 keiad - » are longitudinal resonance wave vectors of core and cladding region,
respectively, and /e , helag are transverse wave vector in the medium. d is a diameter of

the core. The(¢) represents the dielectric constant weighted by the longitudinal standing

wave. For the photonic crystal VCSEL shown in Figure 2-3, the resonance wavelengths
would be different for central core region and rthe surrounding region. This situation is

approximated as a simple step-index waveguide
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Figure 2-4 Schematic of the 850 nm, PC-VCSEL. Note that the first generation
PC-VCSEL structure has no oxide current aperture. The oxide aperture is added

to the second generation devices for current confinement.

surrounding region. This situation is approximated as a simple step-index waveguide as

shown in Figure 2-4. With the aid of this model, the difference of effective indices in the

two regions can be estimated by measuring the resonant wavelengths in the core and

surrounding regions. The overall effects of the etch diameter, and pitch of the holes show

up experimentally as the shift of the resonant wavelength. This may be written compactly

as

Aneﬁ”,core—clad /neﬁ,core ~ Aﬂ’core—clad /icore
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PC-VCSEL were Fabricated on selective oxide VCSEL, single-mode output with
higher output power were realized from larger aperture [1]. However, those photonic
crystal PC-VCSELSs exhibit relatively high threshold current (I;,) due to large oxide

confined apertures.

The 2D photonic crystal structure with finite etching depth incorporating a single

lleff ncore

nclad

Figure 2-5 The Schematic of lateral effective index variation provided by
the photonic crystal.

point or a seven-point defect is formed in the DBR. It is know that the normalized
frequency or V-parameter is useful in evaluating the number of guided modes in
cylindrical wave guides, an important example being step index optical fibers. The
cutoff condition of the first higher mode leads to Vs= 2.405, and thus a wave guide
with V< 2.405 is considered to be single mode. In a photonic crystal VCSEL, the

effective V-parameter can be expressed by

27Z-A 2 2
Vg =2 Jny” —(ny —yhn) .

where A is an operating wavelength, 7 is an equivalent defect radius, nes is the

effective index of the VCSEL cavity [9] without a photonic crystal structure present, D,

is the refractive index reduction introduced by the photonic crystal structure, and r is
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the hole depth dependence factor that accounts for finite etching depth of the photonic
crystal holes in actual photonic crystal VCSELs. The r factor can be understood
qualitatively as proportional to the spatial overlap between the photonic crystal

structure. Thus, 7 =0 for vanishing etching depth, 7 =1 for infinite etching depth, and
v =0.5 for holes reaching the middle of the cavity. In the following discussion, the

equivalent defect radii of a single point defect and seven-point defect structures are
assumed to be A-d/2 and /3 A-d/2, respectively, where L is lattice constant and d is
the hole diameter of a circular hole of the 2-D photonic crystal structure. Since we need
to investigate larger d/L ratios than those of PCFs [10], Ve is slightly modified from its
appearance in Ref. 10, with the introduction of the V¢g-parameter and the modified r in
Eq. (2-3). The refractive index variation D, can be obtained from the photonic band
diagram of an out-of-plane propagation mode[11,12], it calculated by assuming that the

photonic crystal structure is infinite both in lateral and vertical directions.
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Chapter III Measurement setup

3.1 Probe station and spectrum measurement system

Probe station system was essential instrument for basic characteristics measurement
such as I-L (current versus light output), I-V (current versus voltage). We are scheming
out the probe station system, illustrated in Figure 3-1, contained probe station, current
source, and power-meter module. Keithley 238 as current source supplies continuous
current for diode laser and receives relative voltage synchronously. Laser output power is
measured by Newport power-meter module (model 1835C). With these data, we could
plot the trend of L-I-V curves associated with computer. The light output was detected by
a calibrated an integrating sphere with:8Si photodiode. For accuracy power measurement,
an integration sphere was used to pick up-whole light output from PC-VCSEL.

For basic measurement, PC--VCSEL device was placed on platform of probe station
and injected bias current with microprobe._We could observe threshold condition, slope
efficiency, turn-on voltage and differential resistance as L-I-V curves information by
sweeping bias current injection. Distribution "of transverse mode power is metered as
near-field pattern. Near-field pattern (NFP) is still obtained by specific CCD and traces
out results with computer. Beam-view analyzer software used in taking NFP. We could
obtain NFP image under threshold current, as spontaneous emission, to define oxide
aperture size.

Emission spectrum was measured by Advantest optical spectrum analyzer (OSA).
We served a multi-mode fiber bundle on probe close to emission aperture in focus for
taking spectra. OSA had small spectrum resolution as 0.1nm for accurately measuring
PC-VCSEL lasing spectrum. The spectrum measurement system was combined with

probe station as showed in Figure 3-1.

3.2 Far field pattern measurement system
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Distribution of divergence angle is metered as far-field pattern. We used a long work
distance objective (20X,Nikon), fixed in a triple-divide translation stage, to pick up the
laser output from VCSEL. Light was received by CCD (coherent 4800). Far-field pattern
(FFP) is still obtained by specific CCD and traces out results with computer. Beam-view
analyzer software used in taking FFP. We could obtain FFP image under threshold, to

define divergence angle illustrated with Figure 3-2

Power meter | |
F

Keithley 238 driver

Spectrum analyzer
! Objective

Computer

E Integrating sph
L
00 Prober
y——w T—R
=

Figure 3-1 Probe station measurement instrument setup
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Chapter IV  Characteristics of singlemode proton-implanted photonic

crystal VCSEL

4.1 Introduction

Vertical-cavity surface-emitting lasers (VCSELs) have attracted much attention in
recent years. High-power, singlemode operation is desired for a number of applications,
including high-speed laser printing, optical storage and long-wavelength
telecommunications. Recently, a two-dimensional photonic crystal (2-D PC) structure
formed on a VCSEL surface has been investigated as a lateral-mode control method. The
most attractive feature of this structure is the enlargement of the emission area, thereby
permitting higher power output. Ity s/ critical that PC VCSELs obtain single
transverse-mode operation and a; smallmfar-field *angle for efficient coupling into
singlemode fiber. In this study, we.designed a low threshold current (Iy,), high-power,
single-lateral-mode, low divergent angle™ operationr VCSEL by employing proton
implantation combined with a single-point defect photonic crystal index guiding layer.
The large area can be realized because'of 'the specifically tailored refractive index
induced by the 2D PC structure, analogous to the situation in a PC fiber (PCF). [1] To
understand the VCSEL with lateral structure variation, the effective index model is used.
According to the effective index model, the number of guided mode of a

proton-implanted aperture VCSEL is determined by V parameter which it has the form:

2;12"'5. - ) 9
Veg=— ﬂll'nm'—ﬂ;'q (1)

A

where nq is the equivalent refractive index of the photonic crystal region surrounding the
central defect (determined from band diagram analysis and etching depth dependence),

nm is the unmodified index of the defect region, A is the lattice constant, A is the

free-space wavelength [2][3]. If Vg is less than 2.405, the structure is considered to be

29



singlemode. In general, an increase in diameter of hole with a given lattice constant or an
increase in the size of the central defect will increase the likelihood of laser operation in
multiple higher order transverse modes, rather than the lowest order single transverse

mode operating point.

4.2 Device fabrication

The epitaxial layers of the PC-VCSELs wafer structure were grown on the
n'-GaAs substrate by a metal organic chemical vapor deposition (MOCVD) system.
The bottom distributed Bragg reflector (DBR) consists of a 30.5-pair n-type (Si-doped)
quarter-wave stack of Aly12GagssAs/AlAs. The top DBR consists of 22-period p-doped
(carbon-doped) Aly12GagssAs/AlA quarter-wave stack. Above that, a heavily-doped
p-type GaAs contact layer. The graded-index separate-confinement heterostructure
(GRINSCH) GaAs/AlGaAs active'region has an undoped three-quantum-well (3 QWs)
GaAs/Aly3Gag7As, a lower linearly-graded undoped AlyGa;xAs (x = 0.62>0.3)
waveguide layer and an upper linearly-graded undoped-AlyGa,;xAs (x=0.3-2>0.6)
waveguide layer. The proton: (H')-implanted - VCSEL was fabricated before
combination with photonic crystal‘holes. Firstly was then, the p-contact ring with an
inner diameter of 24 to 46 um was deposited on the top of p-contact layer and
n-contact was deposited on the bottom of #"-GaAs substrate. The device was annealed
in thermal annealing system at 430 ‘C under N, ambient for 30 sec. The current
confinement of the device, with a diameter of 10 um, was then defined by proton
implantation. The implantation energy was 270 keV, with a dosage of 6x10'* cm™.
After that, hexagonal lattice patterns of photonic crystal with a single- or seven-point
defect were defined within the p-contact ring using photo-lithography and etched
through the p-type DBR by using reactive ion etch (RIE). The lateral index around a

single defect can be controlled by the hole diameter (o) -to-lattice constant (A) ratio

and etching depth [4]. The ratios for fabricating are referred to ref. [4] and [5].

The relation of the normalize lattice constant and V¢ were calculated by using the

Rsoft-BandSOLVE software and shown in Figure 4-1. The ratios (a/A) are changed
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from 0.2 to 0.7 and the defects are 1 and 7 point defects. y is an etching depth
dependence factor. By using the y-factor, the effective index (n, ., ) of the
PC-VCSEL structure can be written as 7, .y = Moy core = YA 5 40r - ¥ Varies from 0 to
1 depending on the etching depth and structure. In our structure, the etching depth of
the holes is about 17 pairs and the y is 0.06. As shown in Figure 4-1, when the ratios
(a/A) change from 0.2 to 0.7 with one point defect, the Vg parameter all under
single-mode guiding condition of 2.405. For 7 point defects, the ratios (a/A) below 0.5
are all suitable single-mode guiding condition, but when the ratio (a/A) is larger than

0.5, the guiding condition is

r=0.06
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Figure 4-1 Veff parameters for r=0.06, which correspond to etching depths of 17

pairs, are calculated.

multi-mode. Therefore, we designed the lattice constant A is 5 pm in the PC-VCSEL and
the etching depth of the holes is about 17 pairs of the top DBR. The device structure is

shown in Figure 4-2. By using two types of apertures in this device, we decouple the
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effects of the current confinement from the optical confinement. The H'" implant aperture
of 10 um is used to confine the current flow, while the single- or seven-point defect (= 10
um in diameter) photonic crystal is used to confine the optical mode. The mechanism of
In order to clarify the effect of photonic crystal index-guiding layer, a VCSEL with H"
implant aperture (10 um in diameter without photonic crystal) was also fabricated for

comparison.

e

= P-metal

gt Photonic
crystal

Proton-
implanted

active region

n - DBR

n*-GaAs substrate

—=—— N-metal

Figure 4-2 Schematic of PC-VCSEL. The hole depth of PC is 17 pairs out of 22 pairs
of top DBR been etched off. The proton implantation position is 3 pairs of DBR

layers above action region
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4.3 Results and Discussions

Figure 4-3 shows CW light-current-voltage (L-I-V) output and near-field image
operated at 0.1 mA (inset) of the PC-VCSEL. The VCSEL emits over 1 mW peak
power and exhibits single modes throughout the current range of operation. The
threshold current (Iy,) of the PC-VCSEL is 1.25 mA and the slop efficiency is
approximately 0.18 W/A. The I-V characteristic exhibits higher series resistance of the
PC-VCSEL which should be mainly due to proton implantation through the p-ohmic
contact of the device and the region of current flow were damaged by photonic crystal
holes. The output power could be improved by reducing the series resistance of the

PC-VCSEL.
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Figure 4-3 CW L-I-V characteristics and near-field image (inset) of a
PC-VCSEL. The ratio (o/A) is 0.5 and the lattice constant A is 5 um.
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Figure 4-4 Spectra of the proton-implanted (a) photonic crystal VCSEL with
ratio (a/A) is 0.5 and the lattice constant A is 5 pm and (b) VCSEL without
photonic crystal holes.
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Lasing spectra of the PC-VCSEL is shown in Figure 4-4 (a), confirming single-mode
operation within overall operation current. The PC-VCSEL reveals side mode
suppression ratio (SMSR) > 40dB throughout the current range. For comparison, a lasing
spectra of proton implanted VCSEL without photonic crystal holes shows multiple mode
operation as the driving current increased above 4.25 mA (Figure 4-4 (b)). As the driving
current increases, even higher order transverse mode emerges. The pulsed L-I
characteristics of the PC-VCSEL is also measured and the maximum output power is
exceeding 2 mW (not shown here). Temperature-dependent measurements are underway
to verify the non-linearity characteristics. Figure 4-5 shows the lasing spectrum of

seven-point defects condition and exhibits the single-mode output.
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Figure 4-5 Spectra of the proton-implanted VCSEL with photonic crystal of

seven-point defects. The ratio (a/A) is 0.5, and the lattice constant A is 5 pm. The
mesa of this device is 68 pm.

35



The divergence angles of far-field pattern of proton-implanted VCSEL with and
without photonic crystal on it are measured for comparison and shown in Figure 4-6.
As shown in Figure 4-6 (a), the divergent angles of the proton-implanted multi-mode
VCSEL were increase with the increasing operation current and the divergent angles
are over 17°. But for proton-implanted VCSEL with photonic crystal as shown in
Figure 4-6 (b), the divergence angles are around 6.5°, and are persistent even when the
applied current is increased. The divergent angle is smaller than the conventional
oxide-confined single-mode VCSEL and exhibit superior guiding effect of photonic
crystal
I=4pA
() o

without =/
photonic //

AR
i

crystal =t

SRetniniiRinanin!

(b)
with
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6.46° 6.48 ° 6.50°

Figure 4-6 Divergent angles of the proton-implanted VCSEL (a) without and (b)
with photonic crystal.

4.4 Conclusion

We report a high power (>1mW) single mode PC-VCSEL with SMSR >40dB
throughout the operation current range and used the effective index model to estimate the

index difference between the core cladding ranges. This PC-VCSEL, with an aperture of
about 10 um, has ultra-low threshold current of about 1.25 mA. The FWHM far-field
angle is 6.5° at I=5 mA. The present results indicate that a VCSEL using proton
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implantation for current confinement and photonic crystal for optical confinement is a

reliable approach to achieve high-power singlemode operation of a VCSEL.
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Chapter V  Characteristics of singlemode InGaAs Sub-Monolayer
quantum dot photonic crystal VCSEL

5.1 Introduction

Vertical-cavity surface-emitting lasers (VCSELs) have attracted a lot of attention
in recent years. Single-mode VCSELs are necessary for a number of applications,
including high-speed laser printing, optical storage and long-wavelength
telecommunications. Small oxide aperture VCSELs below about 4 pm diameter
operate in the fundamental transverse mode. However, the large resistance inherited
from the small aperture limits the modulation bandwidth and degrades the high-speed
performance. The lifetime of the oxide VCSEL also decreases proportionally to the
diameter of the oxide aperture, eyen when ‘the device is operated at a reduced
current.[1] When the aperture diameter |1s ancreased to obtain higher output power,
however, multiple higher-order:transverse modes oscillate, causing increased noise, a
broadened spectrum, and a strong:increase of the far-field angle. Techniques used to
solve the problem include the increase of higher order mode loss by surface-relief
etching [2], hybrid oxide-implanted VCSELs [3,4] and two-dimensional triangular
holey structure.[5] Recently, two-dimensional photonic crystal (2D PC) structure
formed on the VCSEL surface has been used as a control method of transverse modes.
Single-mode output was realized from larger aperture photonic crystal VCSELs
(PC-VCSELs) [6,7]. However, those PC-VCSELs exhibit relatively high threshold
currents (Iy,) due to large oxide confined apertures. For long-wavelength applications,
InAs quantum-dot (QD) VCSELs[8] and QD PhC-VCSELs[9] achieved laser
emission at 1300 nm. For shorter wavelength emission, InGaAs/GaAs sub-monolayer
(SML) quantum dot (QD), embedded in a GaAs matrix shows luminescence peaks

and high power lasing performance in the 0.92 — 1 um range [10].
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Recently single-mode InGaAs SML QD VCSELs with room-temperature output
power as high as 4 mW have been demonstrated [11]. However singlemode operation
of the InGaAs SML QD VCSEL with PC is still yet to be realized. In this paper, we
report our results on the InGaAs QD PC-VCSELs in the 990 nm range.
Single-transverse-mode operation with very high side-mode suppression ratio (SMSR)
is demonstrated for the first time. The beam profile characteristics of the devices were

also measured and analyzed.

5.2 Device fabrication

The epitaxial layers of the InGaAs SML QD PhC-VCSEL wafers were grown on
3 inch n'-GaAs (001) substrates by.molécular beam epitaxy (MBE) in Riber 49
chamber. The bottom distributed*Bragg reflector (DBR) consists of a 33-pair n-type
(Si-doped) quarter-wave stack (A/4) of Alp9Gag As/GaAs. The top DBR consists of
20-period p-type (carbon-doped) Alp9Gag1As/GaAs quarter-wave stack. Above that is
a heavily doped p-type GaAs contact layer. The undoped 1A-cavity contains 3 InGaAs
SML QD layers, separated by GaAs barrier 1ayers. Each of the InGaAs SML QD layer
is formed by alternate deposition of InAs (<1 ML) and GaAs. The current
confinement of the device was done by the selectively oxidized AlO tapered-aperture.
Firstly, mesas with diameters varied from 50 to 68 um was defined by reactive ion
etch (RIE). The p-contact ring with an inner diameter 4 um larger than the oxide
aperture was formed on the top of p-contact layer. The AlAs layer within the
AlpoGapAs confinement layers was selectively oxidized to AlOx. The oxidation
depth was about 15 um toward the center from the mesa edge so that the resulting
oxide aperture varied from 20 to 38 um in diameter. The oxide aperture was
introduced in minimum of optical field in order to reduce the lateral optical loss and
the leakage current. The n-contact was formed at the bottom of the n"-GaAs substrate.
After that, triangular lattice patterns of photonic crystal with a single-point defect in
the center were defined within the p-contact ring using photo-lithography and etched

through the p-type DBR using RIE. The lateral index around a single defect can be
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controlled by the hole diameter (o) -to-lattice constant (A) ratio and etching depth [6].
This ratio (a/A) is 0.5; the lattice constant A is 5 pum in the PC-VCSEL and the
etching depth of the holes is about 16-pair thick into the 20-pair top DBR layer. The
device structure is shown in Fig. 5-2. By using two types of apertures in this device,
we decouple the effects of the current confinement from the optical confinement. The
AlOx layer is used to confine the current flow, while the single-point defect
(approximately > 10 um in diameter) photonic crystal is used to confine the optical
mode. In order to clarify the effect of photonic crystal index-guiding layer, an
oxide-confined VCSEL (oxide aperture = 20 pm in diameter without PC) was also
fabricated for comparison. The relation of the normalize lattice constant and Vg were
calculated by using the Rsoft-BandSOLVE software and shown in Figure 5-1. The
ratios (a/A) are changed from 0.2 to 0.7 and the defects are 1 and 7 point defects. vy is

an etching depth dependence factor. By using the y-factor, the effective index (n,; ,, )
of the VCSEL structure can be written as 7, ., = oy core = Ay 0 - ¥ Varies from 0

to 1 depending on the etching depth and structur€: In our structure, the etching depth
of the holes is about 17 pairs and the y15:0.06: As shown in Figure 5-1, when the
ratios (o/A) change from 0.2 to-0.7 with one point defect, the Vg parameter all under

single-mode guiding condition of 2.405.
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Figure 5-1 Veff parameters for ¥ =0.06, which correspond to etching depths of 17

pairs, are calculated.
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Figure 5-2 Schematic of PC-VCSEL. The hole depth of PC is 16 pairs out of 20
pairs of top DBR been etched off.

5.3 Results and Discussions

Fig. 5-3 shows continuous-wave (CW) light-current-voltage (L-I-V) output of
the InGaAs SML QD VCSEL without photonic crystal (PC). The mesa of the VCSEL
is 50 um in diameter. The VCSEL shows a peak power of 12.2 mW at 30 mA, with a
threshold current (Is,) of 1 mA. The differential series resistance is approximately 100
Q at 12 mA.

Fig. 5-4 shows CW L-I-V output of the PC-VCSEL. The near-field image of the
PC-VCSEL operated at 4 mA is also shown (inset). The mesa of the VCSEL is also
50 um. The PC-VCSEL emits 3.8 mW maximum power at 28 mA and exhibits single
modes operation throughout the current range of operation. The near-field image of
the lasing output remains to be fundamental TEM(, mode at the center of the PC

structure throughout the operating current range. From the near-field image, laser
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emission from photonic crystal holes surrounding the single-defect area was also
observed. This strayed laser emission from the photonic crystal holes corresponds to
off-axis laser beam deviated from the optical axis perpendicular to the top-emitting
surface of the VCSEL.'® The optical axis is defined to be the main axis of resonance
cavity of the VCSEL, which is perpendicular to the top-emitting surface. The Iy, of the
PC-VCSEL is 0.9 mA. The differential series resistance of the PC-VCSEL is
approximately 125 Q at 12 mA. The I-V characteristics exhibit slightly higher series
resistance for the PC-VCSEL, which should be mainly due to blocking of the current
flow in the region by photonic crystal holes.

Lasing spectra of the PC-VCSEL is shown in Fig. 5-5, confirming single-mode
operation within overall operation current. The peak lasing wavelengths are 991, 992,
and 996 nm at 3 mA, 9 mA, and'20 mA, respectively. The PC-VCSEL exhibits a
SMSR > 35dB throughout the current range.

For comparison, lasing spectraof the-InGaAs SML QD VCSEL without
photonic crystal holes shows multiple. mode operation as the driving current is
increased above Iy (Fig. 5-6). The InGaAs SML QD VCSEL without PC shows
multiple transverse mode characteristics with a broader wavelength span. Fig. 5-7(a)
is the photograph of the near-field image at 10 mA, with light illumination in order to
show the laser emission pattern and the photonic crystal structure simultaneously. The
near-field image at 14mA is shown in Fig. 5-7(b), and its three-dimensional near-field
pattern shown in Fig. 5-7(c). The ratio o/A of photonic crystal is 0.5 and the lattice
constant A is 5 um. The laser beam emits not only from the single-point defect area at
the center of the photonic crystal structure, but also from the six nearby photonic
crystal holes. The three-dimensional near-field profile in Fig. 5-7(c) shows the laser
output consists of one TEMy, mode emission at the center and six smaller beams with

lower intensity. The laser beam intensity increases with increasing biasing current
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before thermal rollover occurs. The strayed laser emission from the photonic crystal
holes is originated from the off-axis laser resonance within the laser cavity. Most of
the laser resonance within the laser cavity of the device is parallel to the optical axis
perpendicular to the top-emitting surface[12]. The laser resonance that is not parallel
to the optical axis is referred to as the off-axis resonance. The reflectivity of the
remaining p-DBR layers under the photonic crystal hole region is significantly
reduced due to RIE etch. The resonance under the photonic crystal hole region cannot
achieve laser emission because of the insufficient gain within that portion of the
cavity. Therefore the laser emission from the photonic crystal holes must be
contributed from off-axis laser resonance and diffraction within the laser cavity. The
measured spectra in Fig. 5-5 indicate that all the laser emission beams, including
those from the photonic crystal holes, are of the'same peak lasing wavelength. The
spectral single-mode characteristics'of the PE€-VCSEL are not affected by the laser
emission from the photonic crystal holes:

The beam profile results obtained ‘from the far-field beam pattern
measurements are shown in Figs. 5-8~5-10. The beam profiles of the PC-VCSEL are
shown in Fig. 5-8. The beam divergence angle obtained from the beam profile of the
device remains to be 6.7 to 6.9°. The beam intensity increases with increasing current.
This very small divergence angle indicates that the laser beam is well confined by the
photonic structure of the device. Fig. 5-9 shows the beam profiles of the VCSEL
without PC at 3 mA, 7 mA, and 10 mA. The beam intensity increases with increasing
current. The beam divergence angle increases from 17.2° at 3 mA to 21.5° at 10 mA.
The two laser emission lobes correspond to the multi-mode laser emission, as
observed by the multi-mode spectra in Fig. 5-6. Fig. 5-10 shows the
current-dependent divergence angle of the InGaAs SML QD PC-VCSEL and InGaAs

SML QD VCSEL without PC. For the InGaAs SML QD PC-VCSEL, the beam
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divergence angle remains to be very small and almost unchanged within 6.7° to 6.9°,
with respect to current increase. For the InGaAs SML QD VCSEL without PC, the

divergence angle increases monotonically with increasing current.
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Figure 5-4 CW L-I-V characteristics and near-field image of PC-VCSEL at 4 mA.
The ratio (a/A) is 0.5 and the lattice constant A is 5 um.
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Figure 5-7 Near Field image and the ratio (a/A) is 0.5 and the lattice constant A
is 5 um.

46



400 L I L | L | » | ¥ |

f;b InGaAs SML QD PhC-VCSEL
S ] i
S 300 ——20mA divergence angle (0)
2 — - 10mA = 6.83% at 3 mA
og ——— SIIIA =6.?0°at10mA

= 6.89° at 20 mA
€ 200} " '
=
i
@
= 100} |
= |
m ||

90 -60 -30 0 30 60 90
Angle (degree)

Figure 5-8 Normalized intensity against far-field angle at various current with
Photonic Crystal

600 e e e
InGaAs SML QD VCSEL without PhC
S500F -
L - divergence angle (§) |
400 _L A = 17.22° at 3 mA
F =A== TmA = 20.38% at 7 mA

300 ——1imA =21.51°at 10 mA "

200

100} E " -
0

90 -60 -30 0 30 60 90

Angle (degree)

Relative Intensity (a. u.)

Figure 5-9 Normalized intensity against far-field angle at various current without
Photonic Crystal

47



'I'" v T " ' N ' v y N

%‘ | —&—PhC-VCSEL '
.EJJ ——VCSEL without PhC "
=¥} 3 0 s -.-.'. 1

= ..c-“". -
2 3 .f. ;"
Z 20 i
m L
[ =]
5 ks
o0 10 '
; Aedodhododododhodododhodoihodheiheshodhodhob -
2

Q (' & 1 " 1 a ] a ] &

0 5 10 15 20 25

CW Current (mA)

Figure 5-10 Far-field angle against CW ¢urrent at various with PC and without
PC

5.4 Conclusion

We report a single-mode InGaAs SML QD PC-VCSEL with SMSR > 35 dB
throughout the operation current range. A maximum single-mode output power of 3.8
mW has been demonstrated. The present results indicate that a VCSEL using an
oxide layer for current confinement and photonic crystal for optical confinement is a
promising approach to achieve single-mode operation of VCSEL. The beam profile
and near-field image study of the PC-VCSEL indicates that the laser beam is well

confined by the photonic crystal structure of the device.
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Chapter VI Singlemode InAs quantum dot photonic crystal
VCSEL:s

6.1 Introduction

Vertical-cavity surface-emitting lasers (VCSELs) have attracted much attention
in recent years. Singlemode VCSELs are needed for a number of applications,
including high-speed laser printing, optical storage and long-wavelength
telecommunications. For oxide-confined VCSELs, the current-confined aperture
must be less than 3 um in diameter to ensure stable singlemode operation [1].
However, the large resistance inherited from the small aperture limits the modulation
bandwidth and degrades the high-speed performance. The lifetime of the oxide
VCSEL also decreases proportionally as,the diameter of the oxide aperture shrinks,
even when the device is operatediat a reduiced current [1]. Methods reported to solve
the problem include the increase of higher-otder mode loss by surfacerelief etching [2]
and hybrid oxide-implanted VCSELs 3, 4}.“Recently, a two-dimensional photonic
crystal (2-D PC) structure formed on the VCSEL surface has been investigated as a
control method of lateral mode. Singlemode output was realised from larger aperture
photonic crystal VCSELs (PC-VCSELs) [5, 6]. However, those PC-VCSELSs exhibit
relatively high threshold currents (Iy,) owing to large oxide-confined apertures. For
long-wavelength applications, InGaNAs [7, 8] and InAs-InGaAs quantum dot (QD)
VCSELs [9] achieved laser emission at 1300 nm. Singlemode operation of the QD
VCSEL with PC is yet to be realized. In this Letter, we report our results on the QD
PC-VCSELs in the 1300 nm range. Single-lateral-mode operation with very high

side-mode suppression ratio (SMSR) is demonstrated for the first time.
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6.2 Device fabrication

The epitaxial layers of the QD PC-VCSEL wafers were grown on n'-GaAs
substrates by molecular beam epitaxy (MBE). The bottom distributed Bragg reflector
(DBR) consists of a 33.5-pair n-type (Si-doped) quarter-wave stack ( A /4) of
AlpoGap As/GaAs. The top DBR consists of a 23-period p-type (carbon-doped)
AlpoGag 1As /GaAs quarter-wave stack. Above that, is a heavily doped p-type GaAs
contact layer. The active region contains 17 undoped InAs-InGaAs QD layers,
separated by GaAs barrier layers. Each of the InAs-InGaAs QD layers consists of 2.5
monolayer-thick InAs pyramidal islands and a 5 nm-thick Ing 15Gag ssAs quantum well
overgrowth layer. The current confinement of the device was achieved by combining
selective oxidation with proton (H¥)-implantation:-First, mesas with diameters varied
from 44 to 68 um were defined-by.reactive ion etch (RIE). The AlAs layer within the
AlpoGap 1As confinement layers was-selectively oxidised to AlOx. The oxidation
depth was about 12 mm towards the'centre from the mesa edge so that
the resulting oxide aperture varied from 20 to 44 mm in diameter. The oxide aperture
was introduced to reduce the lateral optical loss and the leakage current. The p-contact
ring with an inner diameter 2 mm larger than the oxide aperture was formed on the
top of the p-contact layer. The n-contact was formed at the bottom of the n'-GaAs
substrate. After that, triangular lattice patterns of photonic crystal with a singlepoint
defect in the centre were defined within the p-contact ring using photolithography and
etched through the p-type DBR using RIE. The lateral index around a single defect
can be controlled by the hole diameter ( & )-to-lattice constant (/) ratio and etching
depth [5]. This ratio (a/A) is 0.5; the lattice constant Ais 5 um in the PC-VCSEL
and the etching depth of the holes is about 18 pairs thick into the 23-pair top DBR

layer. To ensure better current confinement of the device, proton implantation was
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carried out with a diameter of 12 um, followed by an annealing at 430°C under N2
ambient. The implantation energy was 240 keV, with a dose of 6 X 1014 cm? to form
an insulating region laying 10 DBR pairs above the active region. Higher implantation
energy may introduce more defects in the lateral direction. The device structure is
shown in Fig. 6-2. By using two types of apertures in this device, we decouple the
effects of the current confinement from the optical confinement. The Ht implant
aperture (12 um) and the AlOx layer are used to confine the current flow, while the
single-point defect (=12 um in diameter) photonic crystal is used to confine the
optical mode. To clarify the effect of the photonic crystal index-guiding layer, a
VCSEL with H' implant aperture (12 um in diameter without PC) was also fabricated
for comparison. The relation of the normalize lattice constant and Vi were calculated
by software of Rsoft-BandSOLVE and shown in Figure 6-1. The ratios (o/A) are

changed from 0.2 to 0.7 and the-defects are 1 and 7 point defects. v is an etching depth

dependence factor. By using the y-factor; thejeffective index (n,; ,, ) of the VCSEL

structure can be written as 1 4 = Moy core — MDAy, - ¥ Varies from 0 to 1

depending on the etching depth and structure. In our structure, the etching depth of the
holes is about 17 pairs and the y is 0.06. As shown in Figure 6-1, when the ratios (o/A)
change from 0.2 to 0.7 with one point defect, the Vs parameter all under single-mode

guiding condition of 2.405.
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Figure 6-2 Schematic of QD PC-VCSEL. Hole etching depth of PC is 18 pairs out
of the 23-pair top DBR having been etched off. The proton implantation position
is 10 pairs of DBR layers above active region.
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6.3 Results and Conclusions

Fig. 6-3 shows the CW light-current-voltage (L-I-V) output and near-field
image operated at 6 mA (inset) of the PC-VCSEL. The VCSEL emits 0.2 mW peak
power and exhibits single modes throughout the current range of operation. The
threshold current (I,) of the PC-VCSEL is 4.75mA. The [-V characteristics exhibit
higher series resistance for the PC-VCSEL, which should be mainly due to proton
implantation through the p-ohmic contact of the device and blocking of the current
flow in the region by photonic crystal holes. The differential series resistance is 1702
at 12 mA. The output power could be improved by reducing the series resistance of
the PC-VCSEL. Lasing spectra of the PC-VCSEL is shown in Fig. 6-4(a), confirming
singlemode operation within the overall operation current. The peak lasing
wavelengths are 1268 and 1272 nm at 6 and 22"mA, respectively. The PC-VCSEL
exhibits an SMSR > 40 dB throughout the eurrent range. For comparison, a lasing
spectra of a QD VCSEL withoutt photoniecrystal holes shows multiple mode
operation as the driving current increased abeve S mA (Fig. 6-4b). The QD VCSEL

showed multiple transverse mode characteristics over a broader wavelength span.
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Figure 6-3 CW L-I-V characteristics and near-field image (inset) of PC-VCSEL

(ratio (a/A) is 0.5 and lattice constant L is 5 um
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6.4 Conclusions

We report a singlemode QD PhC-VCSEL with SMSR > 40 dB throughout the
operation current range. The present results indicate that a VCSEL using a combined
oxide layer with proton implantation for current confinement and photonic crystal for
optical confinement is a promising approach to achieve singlemode operation of

VCSELs.
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Chapter VII Conclusion and Future Work

7.1 Conclusions

In this thesis, we have studied the high power singlemode PC-VCSEL with
SMSR > 40dB throughout the operation current range.

In chapter 4, we focused the study on single transverse mode with high
output-power and high modulation speed VCSEL. We propose hybrid-guided
structure by using oxygen implantation and selective oxide-confined for gain-guide
and index-guide, respectively we have fabricated 850 nm GaAs VCSELs with large
emission aperture of 8 um exhibit good performance with threshold currents of 1.5
mA, a single transverse mode emission, within the full operational range and a
maximum output power of 3.8 mW. Moreover, the single mode VCSELs demonstrate
superior high speed performance up to 10 Gb/s.

By cooperating photonic ctystal on gain-guided proton-implanted VCSELs, we
achieved high side mode suppression’ ratio’ (SMSR) single-mode VCSELs. In this
hybrid-guided VCSEL, the 2D photonic crystal and proton-implanted structures are
for gain-guide and index-guide, respectively. The superior optical field confinement
of photonic crystal resulted in single-output transverse mode output of the VCSELs
with high side-mode suppression ratio (SMSR) over 40 dB. The output aperture of 10
pum defined by proton-implantation is larger than traditional oxide-confined VCSELs,
so the photonic-crystal VCSELs possess potential for higher output power than
traditional VCSELs. These devices also exhibited ultra-low divergence angle about
6.5°.

In chapter 5, by cooperating photonic crystal on gain-guided oxidised VCSELs,

we report a single-mode InGaAs SML QD PC-VCSEL with SMSR > 35dB
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throughout the operation current range. Single fundamental mode CW output power
of 3.8mW at 28mA has been achieved in the 990nm range, with the threshold current
of 0.9 mA. The output aperture of 10 um defined by photonic crystal is larger than
traditional oxide-confined VCSELSs, so the photonic-crystal VCSELSs possess potential
for higher output power than traditional VCSELs. The beam profile and near-field
image study of the PC-VCSEL indicates that the laser beam is well confined by the
photonic crystal structure of the device. These devices also exhibited ultra-low
divergence angle about 6.8°.

In chapter 6, we also applied this technique on the long-wavelength 1.3 pm InAs
quantum-dots VCSELs and the VCSELs also show the single-output transverse mode
in whole operation range. The InAs quantum dot photonic crystal VCSEL for fiber
optic applications is first demonstrated. Single fundamental mode CW output power
of 0.2 mW has been achieved in'the 1300nm range, with a threshold current of
4.75mA. We report the QD PC-VCSEL with-SMSR > 40dB throughout the operation

current range.

7.2 Future Work

Vertical-cavity surface-emitting lasers (VCSELSs) have attracted much attention
in recent years because of their potential for low-cost manufacturability, simple
two-dimensional (2-D) array fabrication, and light source for fiber-optic data
communication links. A drawback of VCSELs is that the polarization of the lasing
output is not defined, because of the symmetry of the epitaxial layers along the
growth axis. The polarization can change with increasing current [1]. The anisotropy
in gain or losses is needed to stabilize the polarization [2,3]. This isotropy can be

introduced by an asymmetry either in the mirror, cavity, or in the active area. Recently,
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polarization switching in VCSELs by using asymmetric current injection has been
realized [4]. Polarization switching VCSELs made with asymmetric device structure
for high contrast switching is needed to be realized.

In this part, we design cross-shaped VCSELs for polarization switching in
dual-channel fiber-optic communications. The combined oxide layer with proton
implantation is used for better current confinement. The finished structure is shown in
Fig. 7-1. Four p-type ohmic contacts were formed at the ends of the four arms of the
cross-shaped aperture. The dimensions of the cross are specified by its length (L) and
width (W). The n-type ohmic contact is formed at the bottom surface of the substrate.
The biasing currents and therefore the modulating signals can apply simultaneously to
the two opposite ends of the contacts. The other two contacts of the cross-shaped
aperture are unbiased (or remain floating). The polarization of the lasing output can
therefore aligned alone the direction of the arms, of the cross aperture with biasing
current. By switching the biasing current.between two pairs of contacts of the device,
the polarization of the VCSEL ocan-switch-almost perpendicularly between two
polarization directions. The epitaxial layers of the device were grown by metal
organic chemical vapor deposition (MOCVD). The cross-shaped aperture of the
device is defined by using reactive ion etching (RIE). The lasing wavelength is
approximately 840 nm.

Fig. 7-2 shows CW light-current-voltage (L-I-V) output of our cross-shaped
VCSELs, with biasing current applied to the opposite ends of the ohmic contacts. The
dimensions of the device are LxW=20umx8um. The current applied either to the
x-axis contacts (Ix) or y-axis contacts (Iy). The threshold currents (Iy) are both
approximately 3.4 mA. The threshold voltages (Vi) are both 1.6 mA. Fig. 3 (a) and (b)
show the polarization resolved L-I-V characteristics for Ix and ly, respectively. The

L-I-V curves were measured with a polarizer mounted on top of the tested device. The
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polarizer is aligned with its polarization direction either parallel to x-axis (0°) or
y-axis (90°) of the VCSEL. The characteristics in Fig. 7-3 clearly show switching of
the polarization direction as the applied current changing from x-axis to y-axis. The
switching contrast, L(0°)/L(90°) or L(90°)/L(0°) is greater than 5 for both biasing
condtions. Fig. 7-4 (a) and (b) shows the photographs of the polarization-switching
VCSEL with biasing current of 8 mA applied to x-axis and y-axis contact pads,
respectively. The lasing areas of the device are near the ohmic contacts of the
cross-shaped aperture. This lasing property also indicates that the polarization
direction tends to align parallel to the x-axis or y-axis, is dependent on the direction of
current flow, which is also related to the geometry of the device. The polarization of
the VCSEL can therefore switch between two states (0° and 90°) alternatively.

In summary, we report cross-shaped polarization switching VCSEL for
dual-channel communications. The.polarization of the device is clearly dependent on
the geometry and direction of «currént flow-of, the ‘device. High switching contrast

between two polarization states has been achieved.
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Fig.7-3 Polarization resolved L-I-V characteristics of a cross-shaped polarization
VCSEL with (a) biasing current applied to two x-axis contacts and (b) biasing
current applied to two y-axis contacts. The dimensions of the cross are
LxW=20pmx8um. The L-I-V were measured with the polarizer at 0° and 90°.
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Fig.7-4 Photographs of a cross-shaped polarization VCSEL with biasing current of 8

mA applied to (a) two x-axis contacts and (b) two y-axis contacts, respectively. The

dimensions of the cross are LxW=20pmx8um.
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