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Single fundamental mode photonic crystal VCSEL with high power
and low threshold current optimized by modal loss analysis*
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The characteristics of the photonic crystal vertical cavity surface emitting lasers (PhC-VCSELs) were investigated
by using the full vector finite-difference time-domain (FDTD) method through the transverse mode loss analysis. PhC-
VCSELs with different photonic crystal structures were analyzed theoretically and experimentally. Through combining
the dual mode confinement of oxide aperture and seven-point-defect photonic crystal structure, the PhC-VCSELs with
low threshold current of 0.9 mA and maximum output power of 3.1 mW operating in single fundamental mode were
demonstrated. Mode loss analysis method was proven as a reliable and useful way to analyze and optimize the PhC-

VCSELs.
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1. Introduction

Single-fundamental-mode (SFM) vertical cavity surface
emitting lasers (VCSELSs) are necessary for a number of ap-
plications, including high-speed laser printing, optical stor-
age, and longer-wavelength telecommunications.!!~®! There-
fore, various methods were proposed and demonstrated to
obtain SFM-VCSELs. As described in the literature, SFM-
VCSEL has been fabricated mainly using two different tech-
niques. One technique is to make the device waveguide nar-
row and the effective index step sufficiently small to only
support the fundamental (LPy;) mode.!'=3] The small oxide
aperture confined VCSEL can operate in single fundamental
mode due to the narrow waveguide structure, while it suf-
fers from high electric resistance as a result of the small cur-
rent injection area.>*! The high electric resistance is not ac-
ceptable for high speed modulation. Moreover, the small ox-
The other
technique is introducing a mode-selective loss structure in
the inherently multimode VCSELSs to inhibit high-order trans-

ide aperture cannot achieve high output power.

verse modes emission.[*~!11 Metal aperture, anti-resonant re-
flecting element, surface-relief etching, hybrid oxide-implant
VCSELs, extended cavity, holey structure, and defected pho-
tonic crystal air-hole array can introduce larger loss for the
high-order transverse modes. Among these methods, the pho-
tonic crystal has been demonstrated to be a reliable way for

transverse mode control because of a suitable refractive in-
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dex which can be adjusted by the variety of the photonic
crystal parameters, such as air-hole depths, diameters, and
arrangement.!'1=2¢) With a proper selection of these param-
eters, VCSELSs can easily work with high single fundamen-
tal mode output power,!!%!! high modulation speed,!'?! and
small divergence angle.!!*!4! The best PhC-VCSEL results re-
ported to date include output power over 3 mW,[!!-23] far_field
divergence angle less than 6°,1>*! and a modulation bandwidth
over 10 GHz."?! Polarization stable SFM PhC-VCSEL has
also been demonstrated.!!7->3]

In PhC-VCSELs, the photonic crystal structure is the dis-
sipation element for the high-order transverse modes due to
the scattering loss of the photonic crystal air holes. As a re-
sult, only the fundamental mode will lase through the light
emission aperture. So the transverse mode loss analysis is
very important for the PhC-VCSELs. Most of the previous
reported simulations treat the PhC-VCSELSs as a 2D or quasi-
3D structure.!'>161 Many of the analyses are based on the
photonic crystal fiber model, which can be used to match the
experimental data. When the transverse modes are not af-
fected by the oxide aperture (the oxide aperture diameter is
large enough), the photonic crystal fiber model can be used
to optimize the parameters of PhC-VCSELs. However, these
oversimplified approaches are difficult for analyzing the loss
of various transverse modes precisely and optimizing all of
the VCSEL structure parameters. Alias et al. proposed a new
semi-empirical method to analyze the single mode condition
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and calculate the loss as a function of the mode order based on
the finite difference frequency domain (FDFD) method.!?7-28]
Recently, the full-vector three-dimensional (3D) FDTD was
used to analyze the quality factors of varies transverse modes,
which correspond to the mode loss.[?%2%3% The 3D FDTD
simulation is a simple and straightforward algorithm for solv-
ing time-dependent electromagnetic problems. The algorithm
requires minimal assumptions and approximations and pro-
vides fairly reliable results.[26-2%-30]

In this paper, the loss analysis of transverse modes was
utilized for optimized PhC-VCSELSs using the full vector 3D
FDTD method without any simplification and assumption to
obtain the high output power, low threshold current, single
fundamental mode PhC-VCSELs. The mode losses affected
by the photonic crystal parameters were analyzed in detail.
PhC-VCSELs with single-point-defect and seven-point-defect
were analyzed theoretically and experimentally, and the analy-
sis results illustrated the reason of the seven-point-defect PhC-
VCSELSs performing better than the single-defect one. More
importantly, the transverse modes loss affected by the oxide
aperture diameter was also analyzed to obtain sufficient loss
for high order modes and less loss for the fundamental mode.
Through combining the two types of mode-confined mecha-
nisms, by both the photonic crystal and the oxide aperture,
high single fundamental mode output power PhC-VCSELs
were demonstrated operating at low threshold current.

2. Design and experiment

The threshold current Iy, of the oxide-confined PhC-
VCSELs can be obtained from the rate equations and ex-

side view

pressed by the followed equation:>31:3%1
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where N is the carrier density, I” is the confinement factor of

Iin = eBest

the lasing mode, g is the optical gain per centimeter, MV, is the
transparent carrier density, c is the velocity of light, V, is the
volume of the active region, which is given by V, = 7 (D/2)?h,
h is the total active layer thickness, D is the diameter of the ox-
ide aperture, e is the electron charge, Jy is the threshold cur-
rent density, and B is the effective recombination coefficient.
Tp is the photon lifetime in the cavity, which is given by

Ty = Neq/ (O + Oty + O, 2)

where «, is the absorption loss, o4 is the diffraction loss, and
oy, 1s the mirror loss coefficient

O = +1n (;> 3)

L Riop X Rdown

with L being the cavity length, and Ry and Rqown being the top
and the bottom DBRs reflectance of the VCSEL. The mirror
mode loss in the devices was determined by the top reflector
reflectance because the reflectance of the bottom reflector was
1. Therefore, controlling the mirror mode loss can effectively
reduce the threshold current. In the PC-VCSEL, the SFM was
obtained by introducing different mirror mode loss of the cav-
ity mode. Therefore, optimization of the mode loss, which
was introduced by the PC structure, can obtain the device with
high power and low threshold current.

perspective view

Fig. 1. (color online) (a) PhC-VCSELSs model and (b)—(d) various views of the model in FDTD.
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In order to analyze the mode characteristics of the PhC-
VCSELs, the Lumerical’s FDTD solution was used to analyze
the PhC-VCSELs. Figure 1 shows a schematic of the sim-
ulated PhC-VCSEL. An oxide layer with a circular aperture
was located between the active layer and the top distributed
Bragg reflector (DBR).[202%-33-371 The refractive index of ev-
ery layer in the VCSEL structure was needed for the full 3D
FDTD model, which was obtained from Refs. [38] and [39]
and listed in Table 1.

Table 1. Details of the layer structure of the analyzed PhC-VCSELs.

Refractive index

Layer Thickness/nm Material
(850 nm)
air 1.0
Top DBR 59 Al(0.12)GaAs 3.52
22.5 pairs 70 Al(0.9)GaAs 3.11
Oxide layer 30 Al(0.98)GaAs/A1203 3.08/1.6
30.5 Al(0.9)GaAs 3.11
Cavity 107 Al(0.3)GaAs 3.40
3x6+2x8 GaAs/Al(0.3)GaAs  3.62/3.40
107 Al(0.3)GaAs 3.40
Bottom DBR 59 Al(0.12)GaAs 3.52
34.5 pairs 70 Al(0.9)GaAs 3.11
Substrate GaAs 3.62

In the FDTD simulation, the boundary conditions were
set by adding a perfectly matched layer (PML) around the
computational domain of the VCSEL structure to absorb any
outgoing waves. The spatial resolution, or the dimensions of
the grids, determined the computation time and the accuracy
of finite difference approximations. We used the optimal reso-
lutions that yielded reliable accuracy with reasonable compu-
tation time, which are Ax = Ay = 0.15 wm and Az = 0.015 pm
in our VCSEL structure (Ax, Ay, and Az are the unit grid size).
The small grid size along the z axis was selected because light
propagated along the z axis with both the optical phase and
the amplitude of the laser modes varying fast. A single dipole
source was used to generate optical waves and excite multiple
resonant modes. The Q factor of all of the modes was used
to analyze the mode loss and optimize the structure parame-
ters of the PhC-VCSELs. The cavity mode field distribution
of the resonant modes was also used in the model to analyze
the scattering loss.

The PhC-VCSELs were fabricated with the following
process flow. A VCSEL epitaxial structure with 850-nm
emission wavelength was grown on an n-GaAs substrate.
The material contained 22.5-pairs of p-type top DBR and
34.5-pairs of n-type bottom DBR, consisting of alternating
Alo,gGa()_1AS/A10,12G&(),88AS layers. A 30 nm Alo,ggGa(),()zAS
oxidation layer was included in the top DBR above the active
region. The circular mesa was formed by SiCls/Ar/Cl, induc-
tively coupled plasma reaction ion etching (ICP-RIE) down to
the active region with SiO; etch mask. The AlyogGag 2As
layer was then selectively oxidized forming the 8 pm, 9 pum,

10.5 um, and 12 pm current confinement apertures. Afterward
the top ohmic (Ti/Au) ring contacts were patterned, and the
bottom ohmic (Au/Ge/Ni/Au) contacts formed and annealed
using rapid thermal annealing at 430 °C for 35 s. The pho-
tonic crystal holes were then patterned using electron beam
lithography and transferred into the top DBR using SiCl4/Ar
/Cly ICP-RIE, the etching conditions were optimized for min-
imizing the surface etching damage. For the photonic crys-
tal structure, a moderate b/a ratio 0.5 was selected in our ex-
periment to minimize the optical field leakage resulting from
narrower air holes and the diffraction losses caused by wider
air holes.[13-26:33-371 The seven-point-defect and another three
single-point-defect photonic crystal structures were selected
and arranged in the same chip. The detailed parameters of the
devices are shown in Table 2 and the scanning electron micro-
scope images of the devices are shown in Fig. 2.

(b)
8.0 ® ®
@10 © 0.6
1 6) () € ()
Q00 OO0

000000
000000000
000000 ooy

O0OO000O0
OO0OO00O0
Q00O 3 pm

O000O0

conoeoe |[P00000
O00 o0oePOO O66c¢
000000

00000

0000

Fig. 2. The SEM image of the fabricated PhC-VCSELSs: (a) type 1, (b)
type 2, (c) type 3, (d) type 4.

Table 2. Detailed parameters of the fabricated PhC-VCSELs.

Type Lattice Airhole ~ Number of Etching Central defect
constant/pm diameter/um point defects depth/pm diameter/pm
1 2 1 7 1.8 7
2 3 1.5 1 1.9 45
3 5 2.5 1 22 7.5
4 5 3 1 2.5 7

3. Results and discussion

The device measurement was performed at room-
temperature (RT) under continuous-wave (CW) operation.
The light output power versus current (L—/) characteristics
were measured with precise variation of the input current (us-
ing a semiconductor parameter analyzer). The light output
power was detected by a silicon photodetector which was also
connected to the semiconductor parameter analyzer. The beam
profile of the device was obtained using a goniometric ra-
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diometer far-field detector positioned on the far point of a ro-
tating mechanical arm. Far-field angular divergences were ob-
tained by the arm rotating. The output spectrum of VCSEL
was obtained by coupling the laser beam into an optical fiber
connected to an Agilent 8614xB optical spectrum analyzer.

3.1. Mode loss analysis with different photonic crystal
structure

Here four types of PhC-VCSELSs shown in Table 2 were
fabricated and tested. Figure 3 shows the typical RTCW L-/
characteristics of the produced PhC-VCSELs with 8-um ox-
ide aperture diameter and different photonic crystal structure
parameters. All of the devices were formed on one chip with
the same fabrication process. The maximum output power of
the type 1 PhC-VCSELs is 1.7 mW and the threshold current
of the devices is less than 1 mA. The slope efficiency of the de-
vice is 0.233 W/A. The maximum output power of the type 2
PhC-VCSELs is 1.05 mW and the threshold current is 2.8 mA.
The slope efficiency of the type 2 device is 0.103 W/A. The
maximum output power of the type 3 and type 4 PhC-VCSELs
is higher than 2 mW and the threshold current is less than
1 mA. The slope efficiency of the type 3 and type 4 devices
is higher than 0.3 W/A. From the experimental results of the
type 1 and type 2 devices, we can find that the output power of
the devices is dependent on the central defect diameter of the
PhC-VCSELs. Therefore, enlarging the central defect diame-
ter is essential to improve the output power of the devices.
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Light output power/mW

12 15

Current/mA

Fig. 3. (color online) The LI of the fabricated PhC-VCSELSs measured
at room temperature.

Figure 4 shows the far-field distributions of the devices
measured at the maximum output power. The type 1 and type
2 devices’ divergence angles are less than 10° and the far-field
distribution is of one intensity peak, illustrating single trans-
verse mode operating and the improved beam quality by intro-
ducing the photonic crystal on the top DBR. The type 3 and
type 4 devices’ divergence angles are more than 10° and the
beam profiles have multiple intensity peaks, which reveal that
the laser operates in multi-transverse modes. 44

Figure 5 shows the optical spectra of the fabricated PhC-
VCSELs. The spectral full widths at half maximum (FWHMs)

of the type 1 and type 2 devices are less than 0.1 nm (limited
by the resolution of the optical spectrum analyzer (OSA)), and
the side mode suppression ratios (SMSRs) are over 35 dB, at
maximum power. Meanwhile the FWHMs of the type 3 and
type 4 device are more than 0.1 nm and the SMSRs are smaller
than 10 dB with multiple intensity peaks. We can find that the
type 1 and type 2 devices can operate with single fundamental
mode, and the type 3 and type 4 devices operate in multimode,
when the oxide aperture diameter is 8 pum. Compared with
the type 2 PhC-VCSELs, the type 1 PhC-VCSELSs can work at
single fundamental mode with lower threshold current.
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Fig. 4. (color online) Beam profiles of the fabricated PhC-VCSELSs
measured at maximum output power.
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Fig. 5. (color online) Optical spectra of the fabricated PhC-VCSELs
measured at maximum output power.

In order to analyze the experimental results, the 3D-
FDTD method was used to analyze the produced devices’
mode characteristics. Table 3 depicts the Q factors of the cav-
ity modes in the fabricated PhC-VCSELs. We can find that
the O™ (fundamental mode) mode Q factor of the type 1 PhC-
VCSELs is 2228.98 and the 1% mode Q factor of the devices
is 1788.75. From Eq. (2), we can find that the mode loss co-
efficient of the 0™ mode is 17.94 cm™!, while that of the 1th
mode is 22.36 cm ™! (where Neq = 3.4, Ac =850 nm). We can
also conclude that the loss difference between the fundamen-
tal mode and the high-order modes is high enough to restrict
the high-order modes from lasing. The same phenomenon oc-
curred in the type 2 (a =3 um, b = 1.5 pm) PhC-VCSELs
cavity. Meanwhile, the fundamental mode Q factor of the type
1 PhC-VCSELs is higher than that of the type 2 PhC-VCSELs
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by 320. From Eq. (2), we can find that the fundamental mode
loss coefficient of the type 2 PhC-VCSELs is 20.97 cm™!,
about 15% larger than that of the seven-point-defect PhC-
VCSELs. The high fundamental loss leads to a higher thresh-
old current of the one-point-defect PhC-VCSELs, which was
also experimentally demonstrated in Refs. [11] and [33]. For
the lattice constant @ = 5 wm PhC-VCSELs, the mode losses
for the fundamental and the high-order modes are nearly the
same, so it is possible that the high-order modes can exist si-
multaneously, and it is difficult for the VCSEL to operate with
single fundamental mode.

Table 3. The Q factor of the PhC-VCSELs with different PhC struc-
tures.

Structure Oth mode 1st mode 2nd mode
Type 1 2228.98 1788.75 746.101
Type 2 1908.78 1458.33 745914
Type 3 2214.06 2228.5 2135.1
Type 4 222891 2236.33 1911.11

To further analyze the fundamental mode and the high-
order mode confinement characteristics of the type 1 and type
2 photonic crystal structures, the transverse mode intensity
distributions in the cavities of the type 1 and type 2 devices
were calculated and shown in Fig. 6 on logarithmic color scale.
For the devices with type 1 photonic crystal structure, the fun-
damental mode light energy escapes into the air-hole rings of
the photonic crystal. However, the seven-point-defect devices
fundamental mode light energy is still confined in the emission
aperture mostly. The fundamental mode Q factor difference of
the two structures originates from the different optical field
confinement abilities by the photonic crystal.

Ares = 850.639 nm

z/um

|
I
|E?

z/um

Fig. 6. (color online) Calculated mode intensity profiles of PhC-
VCSELs with 8-um oxide aperture diameter and different photonic
crystal structures on logarithmic color scale: (a) the fundamental modes
with seven-point-defect PhC structure, (b) the fundamental mode with
single-point-defect PhC structure.

According to the experimental and theoretical results, we
can find that with the oxide aperture diameter reducing, the
performance of the device with the seven-point-defect struc-
ture is obviously superior to that of the device with the single-
point-defect structure. Therefore, in the following section, the
seven-point-defect structure was considered to find the optimal

oxide aperture diameter experimentally.

3.2. Mode loss analysis with various oxide aperture diam-
eters

In PhC-VCSELSs, when the oxide aperture diameter is re-
duced to a comparable dimension as the light emission aper-
ture, the oxide aperture would start to affect the mode loss and
the mode field distribution. Therefore the transverse mode dis-
tribution and mode loss of the VCSEL will now be confined
not only by the photonic crystal structure, but also by the oxide
aperture. The losses of the high-order transverse modes intro-
duced by the photonic crystal air holes would also be modified
by the oxide aperture. In order to analyze the laser cavity reso-
nance modes confined by both the seven-point-defect photonic
crystal and the oxide aperture, we simulated the mode loss
and mode field distribution as oxide aperture diameter varying
from 6 um to 15 um. Figure 7 shows the Q factors of the reso-
nance modes with different oxide apertures. According to the
figure, we can find when the oxide aperture diameter D is close
to or smaller than the emission aperture diameter d (7 wm),the
mode losses for the fundamental and the high-order modes are
nearly the same, so it is possible that the high-order modes can
exist simultaneously and it is difficult for the VCSEL to oper-
ate with single fundamental mode. According to the previous
simulation results and experimental results of the 8 pm oxide-
confined seven-point-defect PhC-VCSELSs, the mode loss dif-
ference between the fundamental mode and the higher order
modes is high enough for the VCSELSs to operate with single
transverse mode. As the oxide aperture diameter increases,
the high-order mode losses quickly increase, while the funda-
mental mode loss remains unchanged. When the oxide aper-
ture increases to 15 pum, the high-order mode losses of the
devices tend to unchangeable. The mode loss difference be-
tween the fundamental mode and the high-order modes has
the maximum value. At this point, the high-order modes have
the largest mode loss and the oxide aperture is much larger
than the emission aperture. Thus the optical confinement is
provided almost by the photonic crystal. When the oxide aper-
ture diameter is large enough, the stable SFM operation can be
realized from suitable photonic crystal structures. The mode
properties can be analyzed by the effective index model of the
photonic crystal fiber.
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Fig. 7. (color online) The Q factors of the fundamental mode and the
high-order modes with different oxide aperture diameters calculated
with full 3D FDTD method.

Figure 8 shows the mode intensity profiles in logarithmic
color scale for comparison of PhC-VCSELs with different
oxide aperture diameters. When the oxide aperture diame-
ter is 6 um, both the fundamental mode and the high-order
mode are well confined in the emission aperture. There is
less scattering loss by the air holes of the photonic crystal
for all the cavity modes. When the oxide aperture diame-
ter is extended to 10 um shown in Figs. 8(c) and 8(d), the
high-order modes’ light energy escapes into the air-hole rings

Ares = 850.495 nm

|E?

z/pm

of the photonic crystal, while the fundamental mode is still
confined in the emission aperture, indicating the possibil-
ity of stable SFM working of the device. When the oxide
aperture diameter is extended to 22 wm, the device optical
characteristics are not affected by the oxide aperture structure
as shown in Figs. 8(e) and 8(f). From Figs. 8(c) and 8(e),
we can find that the devices with oxide aperture diameters
of 10 um and 22 pum have the same fundamental mode dis-
tributions, revealing nearly the same mode losses. It agrees
well with the simulation results of Fig. 7. In contrast to the
fundamental mode, the high-order modes distribution of the
oxide aperture diameter 22 um devices is different from that
of the oxide aperture diameter 10 um devices, as shown in
Figs. 8(d) and 8(f). We can find that almost all of the pho-
tonic crystal air holes are filled with the high-order modes
light energy. Accordingly, the devices with oxide aperture di-
ameter 22 pwm have the largest high-order mode losses. From
the simulation results, it is evident that the photonic crystal
structure stabilizes the lateral mode confinement of the VC-
SEL through introducing selective mode loss of the higher
order modes in the oxide confined PhC-VCSELs. Small ox-
ide aperture can reduce the scattering loss of the air holes, and

Ares = 849.27 nm

0
2
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> —4
—2
—6
—4
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z/pm
Ares = 849.5 nm
—2
£ 1l
N
—6
—2
: &
<
N
—6

x/pm

Fig. 8. (color online) Calculated mode intensity profiles of PhC-VCSELs with different PhC structure parameters on logarithmic color
scale: (a) the fundamental and (b) the high-order modes with 6 um oxide aperture diameter, (c) the fundamental and (d) the high-order
modes with 10 um oxide aperture diameter, and (e) the fundamental and (f) the high-order modes with 22 pm oxide aperture structure.
White lines indicate the contours of the etched holes and the black lines show the oxide layer of the fabricated PhC-VCSELSs.
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smaller portion of the light leaves the cavity through the etched
holes. The low scattering loss also has the advantage to ob-
tain low threshold currents in oxide-confined PhC-VCSELs.
Therefore, optimizing the oxide aperture in PhC-VCSELs can
make the device operate at low threshold current and maintain
high single fundamental mode output.

—#— D=8 um
3F —e—D=95 pm
—A-D=11pm

—¢=D=12.5 pm
—¢—D=14 ym

Light output power/mW

0 6 12 18
Current/mA

Fig. 9. (color online) CW L~/ characteristics of the fabricated SFM
PhC-VCSELs with different oxide apertures. Devices with the same
photonic crystal structure: lattice constant of 2 um, air hole diameter of
1 pm, and the seven-point-defect diameter d =7 um.
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Fig. 10. (color online) (a) Optimized PhC-VCSEL with 10 pm ox-
ide aperture operating in single fundamental mode with 3.1 mW out-
put power. (b) The spectral characteristics of the optimized SFM PhC-
VCSELs at maximum output power. Over 35 dB side suppression is
maintained.
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Figure 9 shows the RTCW LI characteristics of the fab-
ricated seven-point-defect PhC-VCSELs with different oxide
aperture diameters. All of the devices work in single mode op-
eration, the divergence angles are less than 10°, the FWHMs
are less than 0.1 nm, and the optical spectral SMSRs are over
35 dB. From Fig. 9, we can find that the threshold current

of the single fundamental mode VCSELS is closely related to
the oxide aperture diameter. To obtain high output power and
low threshold current VCSELSs devices with single fundamen-
tal mode, the oxide aperture diameter ranging from 8 pum to
10 um is a suitable choice for matching the seven-point-defect
PhC-VCSELs light emission aperture.

The optimized experiment result is shown in Fig. 10.
The maximum output power of the device is 3.1 mW and the
threshold current of the device is 0.9 mA. The optical spec-
tral SMSRs are over 35 dB. The experimental results show
that the threshold current of the PhC-VCSELs is reduced by
shrinking the oxide aperture. SFM PhC-VCSELs with high
output power have been obtained with the optimum control of
the oxide aperture diameters and the emission aperture size.

4. Conclusion

The 3D FDTD method was applied to analyze the mode
loss in PhC-VCSELs.
liable way to optimize the characteristics of PhC-VCSELs.
The transverse mode loss of PhC-VCSELs was highly depen-
dent on both the oxide aperture diameter and the photonic

It was testified as a useful and re-

crystal structure. When the fundamental mode loss was re-
duced and the proper high-order mode dissipation was pro-
vided, PhC-VCSELs can work with high output power and
low-threshold-current operation. It was experimentally and
theoretically demonstrated that the seven-point-defect pho-
tonic crystal structure can introduce sufficient high-order-
mode loss and less fundamental mode loss in the VCSELs
than the single-point-defect one. For the seven-point-defect
PhC-VCSELs, the oxide aperture diameter was optimized to
improve the characteristics of the PhnC-VCSELs, and 3.1 mW
single fundamental mode output power and 0.9 mA threshold
current were achieved. All these analyses and results show that
the seven-point-defect photonic crystal structure and the opti-
mum matching between the photonic crystal emitting aperture
and the oxide aperture are essential issues for greatly improv-
ing the characteristics of VCSELs.
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