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1. Introduction

Metro or local area networks have seen great capacity
demand. Optical interconnections among network equip-
ments are also becoming important. For these short-
reach applications, important issues for light sources are
small size and low cost. A vertical cavity surface emit-
ting laser (VCSEL) has been developed since 197701,
We have seen various applications including datacom,
sensors, optical interconnects, spectroscopy, optical stor-
ages, printers, laser displays, laser radar, atomic clock,
optical signal processing, and so on. A lot of unique
features have been shown, like low power consumption,
a wafer level testing, and so on. The market of VCSELs
has been growing up rapidly and they are now the key
devices in local area networks based on multi-mode opti-
cal fibers. Also, long wavelength VCSELSs are currently
attracting much interest in single-mode fiber metropoli-
tan area and wide area networks!2—12,

In this paper, our recent research activities on VCSEL
photonics will be reviewed. We present the wavelength
engineering of VCSEL arrays used in high speed short-
reach systems, which includes the wavelength integration
and wavelength control. The joint research project on
ultra-parallel optical links based on VCSEL technologies
will be introduced for high speed local-area-networks
(LANSs) of 100 Gbps or higher. The small footprint of
VCSELs allows us to form a densely packed VCSEL array
both in space and in wavelength. The wavelength engi-
neering of VCSELSs may open up the ultra-high capacity
networking. Highly controlled multi-wavelength VCSEL
array and novel multi-wavelength combiners are devel-
oped toward Tera-bit/s-class ultrahigh capacity parallel
optical links.

In addition, the microelectro mechanical system
(MEMS)-based VCSEL technology enables widely tun-
able operations'®.  The recent activity with nano-
mechanical tuning scheme with high contrast grating re-
sults in the increase of tuning speed!'¥. Also we proposed
and demonstrated a “athermal VCSEL” with avoiding
temperature controllers for uncooled wavelength division
multiplexing (WDM) applications!'>16).  The temper-
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ature dependence of long-wavelength VCSELs could be
reduced by a factor of 50 with a novel thermally-actuated
membrane mirror.

In addition, new functions on VCSELs for optical sig-
nal processing are addressed. We present an optical
nonlinear phase shifter based on a VCSEL saturable
absorber!”. A large nonlinear phase shift can be ob-
served in both modeling and experiments. The proposed
device will be useful for mitigating fiber nonlinearities in
optical domain and for optically manipulating the phase
of light.

Also, highly reflective periodic mirrors commonly used
in VCSELs enables us to manipulate the speed of light.
This new scheme provides us ultra-compact intensity
modulators, optical switches, and so on for VCSEL-
based photonic integration. We present our results on
the modeling and experiments of VCSEL-based slow light
devices.

2. Wavelength engineering and athermalization

The on-wafer wavelength control can be realized by
grading the epitaxial layer thickness of a single-mode
VCSEL structure. Two-dimensional multiple-wavelength
VCSEL arrays were first realized by using an inher-
ent beam flux gradient in multi-band excitation (MBE)
growth!['®l.  When we use metal-organic chemical va-
por deposition (MOCVD) on a patterned substrate,
the local gradient of the chemical species in the gas
phase changes the growth rate. The first MOCVD
grown multi-wavelength VCSEL array was demonstrated
based on this technique'. Several reports on multiple-
wavelength VCSELs emitting at 850 and 980 nm have
been presented20—22,

The schematic structure of a 1.2 pym GalnAs/GaAs
VCSEL for multi-wavelength VCSEL arrays is shown
in Fig. 1. We realized the wavelength extension of
GalnAs/GaAs strained quantum wells to open up a new
wavelength band of 1.0 — 1.2 um[*324. We achieved a
low-threshold current of below 1 mA, high-temperature
operation of up to 450 K, uncooled 10-Gbps operations,
and high reliability more than 2000 h[?’!. The device
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Fig. 1. Schematic structure of GalnAs/GaAs VCSEL?®,

shows a single-mode output power over 2 mW. A char-
acteristic temperature Ty is over 200 K, which is much
higher than 1.3-um InP based lasers. The excellent
temperature characteristic is due to the deep poten-
tial well of this material system. The extension of the
emission wavelength up to 1.2 um enables high speed
data transmission in single mode fibers. The optical
feedback sensitivity is an important issue for low cost
single-mode laser diode (LD) module?”). The increase of
the relaxation oscillation frequency enables isolator-free
single-mode fiber transmission!?>-26!

For upgrading bit rates beyond several tens Gbps, we
may expect the use of WDM links even for short reach
systems. For this purpose, a multiple-wavelength VCSEL
array will be a key device. We have spent much effort on
realizing multiple-wavelength VCSEL array on patterned
substrates!?”. We demonstrated a single-mode multiple-
wavelength VCSEL array on a patterned GaAs substrate
as shown in Fig. 1. By optimizing a pattern shape, we
achieved multiple-wavelength operation with widely and
precisely controlled lasing wavelengths. The maximum
lasing span reaches 190 nm?”). We also demonstrated
a densely integrated multi-wavelength VCSEL array of
110 channel with separation of 0.1 nm by thermal tuning
scheme as shown in Fig. 2

In order to realize WDM transceivers based on multi-
wavelength VCSEL arrays, however, a low-cost and com-
pact multiplexer of each VCSEL output is necessary.
We proposed a tapered hollow waveguide multiplexer for
coupling multi-wavelength VCSEL array output into a
multi-mode fiber as shown in Fig. 3129, The structure
consists of two high-reflectivity mirrors. The core is air
and a VCSEL array is integrated on the bottom mirror
in the figure. Each output from VCSEL is radiated ver-
tically from the bottom mirror side. An upper mirror
and bottom mirror are placed with a taper angle. After
multiple reflections, the reflection angle of the output is
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Fig. 2. Lasing spectra of 110 channel VCSEL array!?®l.
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Fig. 3. Schematic structure of a tapered hollow waveguide
multiplexer for multi-wavelength VCSEL array?”

simply changed. Therefore the propagation direction of
the output from each VCSEL is converted to a horizontal
direction. The output from the tapered hollow waveg-
uide multiplexer can be coupled to a multimode fiber and
simple and low-cost multiplexer can be realized without
losing the advantages of small footprint of VCSEL ar-
rays. We demonstrated multiplexing of 4-channel output
of a VCSEL array formed on a patterned substrate for
coupling into a multi-mode fiber. The proposed hollow
waveguide multiplexer is helpful for realizing compact,
simple, and low-cost WDM transceiver for short reach
applications.

The temperature dependence of semiconductor lasers,
which is typically 0.1 nm/K even for single-mode semi-
conductor lasers, is a remaining problem. The elimi-
nation of costly thermoelectric controllers is desirable
for the use in low-cost WDM networks. If it is real-
ized, we expect low power consumption as well as small
packaging. We proposed an athermal VCSEL with a
fixed wavelength even under temperature changes us-
ing the self-compensation based on a thermally actuated
cantilever structure!’. We have demonstrated small
temperature dependence in micromachined vertical cav-
ity optical filters and light emitters of GaAs/GaAlAs
materials®%. It is a challenge to realize an athermal
VCSEL based on the proposed concept.

Figure 4 shows the schematic structure of a microma-
chined VCSEL. The base structure of the devices was
grown in Corning Incorporated, which is similar to that
of InP-based VCSELSs with tunnel junction'?). Because
GalnAsP has a larger thermal expansion coefficient than
InP, we are able to obtain the thermal actuation of the
cantilever for compensating the temperature dependence
of wavelength.

The scanning electron microscope (SEM) view of a
micromachined InP-based VCSEL is shown in Fig. 5116,
The cantilever length is varied from 65 to 95 pm, which
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Fig. 4. Schematic of athermal VCSELM!,
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Fig. 5. SEM image of athermal InP-based VCSEL with a
thermally-actuated cantilever structure!¢.
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Fig. 6. Athermal operation with a fixed bias current of
4 mAl9,

give us different temperature dependences. The thresh-
old is 1.3 mA and the maximum power is 0.3 mW un-
der room temperature continuous-wave (CW) operation.
The device was operated at a constant current of 4 mA
to avoid the effect of self-heating. The measured lasing
spectra of VCSELs are shown in Fig. 6 for cantilever
length of 95 pm. The lowest temperature dependence we
achieved is as low as 0.0016 nm /K which is 50 times
smaller than that of conventional single mode lasers.

3. Injection licking for optical signal processing

In contrast to the optoelectronic regenerators, all-
optical regenerators have a potential for low power
consumption, as well as simple and cost-effective
configuration. All-optical signal processing using VC-
SELSs has recently been investigated for future photonic
networks. The optical injection locking is very useful
for reducing chirp and for extending the modulation
bandwidth®Y. We are also able to obtain a nonlinear
transfer function which can be used for all-optical signal
processing. The injection locking of VCSELs has been
examined theoretically and experimentally®2—34. It was
shown that a variety of interesting nonlinear behav-
iors were observed, which were dependent on injection
power and frequency detuning. All-optical format con-
version was demonstrated using a polarization switching
in a VCSEL[!. All-optical inverter based on transverse
mode switching in a two-mode VCSEL was proposed,

which has attractive features of low power consumption,
dense packaging, and polarization insensitivity[®s!. The
transverse mode switching is induced when a first-high-
order mode was injection-locked by a signal light. The
dominant lasing mode switches from a fundamental mode
to the high-order mode due to injection locking. If we
look at the output power of the fundamental mode as a
function of the input power, an optical inverter function
with abrupt switching is obtained.

An external light from a tunable laser diode was in-
jected through a standard single mode fiber into a
1.55-pm InP-based VCSEL with a 7-pm circular tun-
nel junction aperture, which was fabricated in Corning
Incorporated?. The dominant lasing mode at the bias
current was the fundamental mode. When a high-order
mode is injection-locked, an optical inverter function
was obtained as shown in Fig. 7. An abrupt modal
switching with a large extinction ratio more than 25 dB
was obtained. The difference in threshold input power
between the two orthogonal polarization inputs was as
low as ~ 13%. The proposed inverter operated even
for the input signal with random polarization, show-
ing a possibility of polarization insensitive operation.
The obtained step-like transfer function would be useful
for optical regeneration. A distorted signal of 1 Gbps
nonreturn-to-zero (NRZ) pseudo-random bit sequence
with a word length of 27 — 1 bit is injected into the
VCSEL. Figure 8 shows eye diagrams of (a) the input
signal and (b) the regenerated signal. The distorted
input signal is successfully regenerated. The measured
back-to-back bit error ratio (BER) before and after re-
generation shows a receiver-sensitivity improvement of
1.2 dB at BER of 10~ after the optical regeneration. The
output waveform has been degraded by the relaxation
oscillation of the VCSEL. Therefore, the switching speed
of the VCSEL-based inverter is partly limited by the
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Fig. 7. Optical input/output characteristics of the VCSEL
with external light injected into the LP02 mode. The polar-
izations of the input light are (I) parallel and (II) orthogonal
to that of the dominant lasing model®%.
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modulation bandwidth of the VCSEL. It could be im-
proved to be beyond 10 Gbps by using a VCSEL with
over a 10-Gbps modulation bandwidth, which was al-
ready demonstrated®®. The VCSEL structure may
provide us possibilities of low power consumption and
polarization insensitive operations for all-optical signal
processing.

The polarization control of randomly polarized signal
light in single-mode fibers is one of the remaining issues
for future photonic networks with polarization- depen-
dent optical devices. All-optical polarization control is a
challenging subject for high speed polarization control.
The elliptical-shaped VCSEL cavity enables us to obtain
stable polarization for a fundamental transverse mode,
while two orthogonal polarization states of the high-
order transverse mode are degenerate. Figure 9 shows
the operating principle of an all-optical polarization con-
troller using an elliptical-apertured VCSEL. When input
light is injected to the high-order mode of a VCSEL,
the dominant lasing mode is abruptly switched from the
fundamental mode to the high-order mode due to injec-
tion locking. Thus, the output of the fundamental mode
shows an inverter behavior as a function of the input
light into the high-order mode. The numerical simulation
shows that two orthogonal polarization states of LP11
high order modes are degenerate while the polarization
state of the LP01 fundamental transverse mode can be
fixed for a properly designed elliptical-shaped VCSEL.
When we inject signal light into the high-order mode, the
switching characteristics of the LP11 high-order modes
can be polarization-insensitive. On the other hand, the
polarization state of the fundamental mode can be fixed
with the help of an elliptical shape. Thus, the input
signal of randomly polarized light can be converted to
the output of the fundamental mode with a fixed linear
polarization state. The modulation waveform can be
transferred to the output of the fundamental mode with
signal inversion.

A 1.52-pm VCSEL with a 5 x 10 (um) elliptical-shaped
tunnel junction aperture was fabricated®”). The VCSEL
structure is the same as that in Ref. [12] except for the
shape of the tunnel junction aperture. The threshold
current is 1.4 mA. A CW light from a tunable laser
is injected into the high-order mode of the VCSEL
through a lensed single-mode fiber. The output of the
fundamental-mode is coupled to the same fiber and is
detected through an optical circulator and a polarizer.
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Fig. 10. All optical polarization control of VCSEL-based
polarization controller: Polarization states with Poincare
spheres[37] .

The polarization state of the fundamental mode could
be controlled along the major axis of the elliptical tunnel
junction. The input light with an input power of 10 mW
in the fiber were injected along two orthogonal polariza-
tions, showing polarization- insensitive transverse mode
switching. When the polarization of the input light was
scrambled by using a polarization scrambler as shown in
Fig. 10, large intensity fluctuations through a polarizer
were seen. On the other hand, polarization fluctuations
of output could be perfectly suppressed with signal in-
version, resulting in all-optical polarization control can
be realized as shown in Fig. 10. The proposed struc-
ture based on an injection-locked VCSEL may enable
high-speed optical polarization control for use in future
photonic networks.

4. Manipulation of optical phase

Fiber nonlinearities are dominant limiting factors for
high-speed transmission systems of 40 Gb/s or beyond.
Waveform distortion is induced by various fiber nonlinear
effects such as self-phase modulation (SPM), cross-phase
modulation (XPM), and four-wave mixing (FWM). The
fiber nonlinear effects cannot be compensated by linear
optical circuits in optical domain. If we realize a non-
linear optical compensator, which gives us a negative
phase-shift in an opposite sign of optical Kerr effect in
fibers, we are able to compensate fiber nonlinealities by
inserting the device. An optical nonlinear phase-shifter
based on a VCSEL structure with a saturable absorber
was demonstrated!38].

Figure 11 shows the schematic structure and the oper-
ating principle of the optical phase shifter based on the
1.55-um VCSEL structurel!”. An intensity dependent
negative refractive index change appears with an oppo-
site sign of optical Kerr effect in the saturable absorber,
which is enhanced by a resonant vertical-cavity. The
modeling result shows that either positive or negative
phase-shifts of reflected light can be obtained with 1.55
pm-VCSEL, depending on the cavity Q-valuel®). Both
positive and negative phase shifts are useful for the com-
pensation of laser chirp and fiber nonlinearities in optical
domain, respectively.

There is the trade-off between the phase-shift and op-
tical bandwidth. Therefore, we have to choose suitable
design of mirrors for optimizing bandwidth and phase-
shift. An InGaAlAs saturable absorber is sandwiched
by the two mirrors. If the input light power coupled
to this device increases, the phase difference is induced
by the refractive index change in the saturable absorber.
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Fig. 11.  Schematic structure and operating principle of
nonlinear-effect optical compensator using InGaAlAs ver-
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shift for different input power[38].
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No reverse bias gives slow recovery time of 1-ns range.
The reflectivity and the group delay dependence on the
input power was measured by using an optical compo-
nent analyzer (Advantest Q7761) with a tunable laser
source. The phase shift was estimated from perform-
ing spectral domain integration of the measured group
delay. Figure 12 shows the nonlinear phase-shift from
the data of 0.10 mW input power. The solid lines show
the calculation®]. Here, we assume that saturation
coefficient is 2 kW/cm?, which corresponds to the case
of 7=1ns recovery time for a saturable absorber without
reverse bias. A positive group delay and negative phase-
shifts were observed as predicted in theory. We obtained
a large negative phase-shift of a —0.4 radian for the input
power of 0.42 mW, which is large enough for compen-
sating 100 km long fiber nonlinearities. The reduction
of absorption recovery time below 10 ps with reverse
bias enables us to use the compensator for high bit-rate
signals. The addition of 1.2 V reverse-bias showed the
transient response of nonlinear phase shifts even for 7 ps
input pulses.

We carried out the optical compensation of self-phase
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Fig. 13. (a) Measurement setup for all optical compensa-

tion of fiber nonlinearity and (b) measured nonlinear-phase
shift!*%].

modulation for high-speed signals by using our VCSEL-
based compensator as shown in Fig. 13(a)P%. As can
be seen in Fig. 13(b), the transient phase change in-
duced by SPM with an input peak power of 8 mW can
be optically compensated by using our VCSEL-based
compensator. The tail of residual phase-shift (imperfect
compensation) would be due to the insufficnt recovery
time of photo-carries in the saturable absorber. The
novel nonlinear-effect compensator shows a large nonlin-
ear negative phase-shift depending on input power levels.
The proposed concept may open up a novel technology
for compensating fiber nonlinearities in optical domain.

5. Slow light optical devices

The manipulation of the speed of light has been attract-
ing much interest in recent years. In particular, slow light
appearing in photonic crystals, semiconductor amplifiers,
and micro-resonators has been studied for optical buffer
memories, optical delay lines, and so on[*0—42. Also, the
slow group velocity of light dramatically reduces the size
of various optical devices such as optical amplifiers, op-
tical switches, nonlinear optical devices, and so onl4344],
We have also observed large waveguide dispersion and
slow light[*®] in Bragg waveguides where light is confined
with highly reflective Bragg reflectors!*®). We proposed
a slow light modulator with a Bragg waveguide!47:48), We
expect high speed modulation of such an ultra-compact
waveguide modulator, which enables us to avoid velocity-
matching traveling-wave schemes. An important issue is
the coupling between free-space propagation light and
slow light.

The group velocity decreases with increasing the
waveguide dispersion when the wavelength approaches
to the cut-off wavelength. The slow-down factor, which



760 CHINESE OPTICS LETTERS / Vol. 6, No. 10 / October 10, 2008

is defined as the ratio of the group velocity of slow light
versus that in conventional semiconductor waveguides,
is over 10 in the wavelength range of 1550 — 1560 nm.
Thus, the electro-absorption effect is enhanced by a fac-
tor of more than 10 in this wavelength range and we
are able to reduce the size. Even for an ultra-compact
modulator, we expect an extinction ratio of 7 dB over
1550 nm, which will be large enough for short-reach op-
tical links. We also expect low polarization dependence,
which is very difficult for that of photonic crystal slab
waveguides.

An important issue is how to couple with slow light in
a Bragg waveguide. We proposed a simple and prac-
tical method of a tilt-coupling scheme as shown in
Fig. 1418, The input beam is off from the vertical
axis and the tilt angle is typically 30°. We carried out
the full-vectorial numerical simulation using the film-
mode-matching method (FIMMWAVE, Photon Design
Co.). Figure 14 shows the model and the calculated
field distribution*8]. The coupling loss is less than 1.5
dB for TE and TM modes with a 4 ym-spot-size Gaussian

output light input light

Fig. 14. Calculation model and calculated intensity distri-
bution with tilt light input for efficient excitation of slow
light[48].
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Fig. 15. Schematic structure of a slow light AlGalnAs MQW
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beam input. This coupling scheme enables us to excite
slow light propagating in a Bragg waveguide where light
is confined by Bragg mirrors.

We fabricated an electroabsorption modulator consist-
ing of Bragg waveguides with slow light enhancement as
shown in Fig. 15[%8]. The base structure is similar to
that of a conventional InP-based VCSEL without tunnel
junction"?!. The bottom mirror is AlGalnAs quarter-
wavelength stack mirror. At first, 1.5-pairs Si/SiOq
dielectric mirror was deposited over the entire surface
except top electrodes and then a 5-pair Si/SiO9 dielec-
tric mirror was partly deposited to form a 20-pm-long
Bragg waveguides. The role of 1.5-pair Si/SiOs dielec-
tric mirror is the efficient excitation of slow light in a
Bragg waveguide. The absorption layer consists of Al-
GalnAs MQWs in a 1.5-um wavelength band. With
applying reverse bias voltages in its p-n junction, an
electro-absorption takes place.

We measured the zero-biased insertion loss from the
measured near-field intensity. We could achieve a mini-
mum coupling loss of 1 dB, indicating the low coupling
loss of the proposed coupling scheme. We achieved an
extinction ratio of 6 dB and an insertion loss of 2 dB for
a 20-pm-long compact waveguide modulator. The pro-
posed structure can be monolithically integrated with
VCSELs. The proposed modulator would be useful for
ultrahigh speed short reach optical links. In addition,
simple coupling scheme with slow light in Bragg waveg-
uides would also be useful for slow light photonic circuits
involving optical switches, amplifiers, lasers, and so on.

6. Plasmonic VCSELs

High-density optical data storages with Tera-bytes ca-
pacity have been attracting much interest. An optical
near-field technology is one of candidates to make a
breakthrough for future optical storages*9:5%. A storage
density of Tera bit/inch? is expected when we reduce the
spot size to be in the range of 10 nm. A high-density op-
tical disk system using a VCSEL array was proposed®!]
and a metal nano-aperture VCSEL was demonstrated for
producing optical near-field localized at the metal nano-
aperturel®. The voltage change induced by scattering
in a nano-aperture enables us to use the same nano-
aperture VCSEL chip for optical near-field probing[®2.

A high spatial resolution can be expected by reduc-
ing the physical size of the metal aperture. However,
the optical near-field intensity through a metal aperture
is decreased with decreasing the diameter of the aper-
ture, which is a common difficulty in near-field optics.
It is a challenge to enhance the optical near-field from
nano-aperture VCSELs. An interesting approach for in-
creasing an optical near-field is to use surface plasmon in
metallic nano-structures!®®54, Surface plasmon excited
on a nano particle results in the significant increase of
near field intensity.

The schematic structure of a fabricated metal-aperture
VCSEL is shown in Fig. 1652, The device includes a Au
nano-particle in the center of the metal aperture for plas-
mon enhancement of optical near-fields. The diameter of
the metal aperture and a Au particle are 200 nm and 100
nm, respectively. The number of the p-type distributed
Bragg reflector (DBR) pair was designed to be about
a half of a standard design for increasing the near-field
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Fig. 16. (a) Schematic structure and (b) top view of a fabri-
cated nano-aperture VCSEL with a Au particle[sz].

intensity through the nano-aperture. The structure ex-
cept the top mirror design and the metal nano-aperture is
the same as the conventional GaAs VCSELs. The lasing
wavelength was 850 nm. Here, we reduced the diameter
of an oxide aperture for increasing the power density in
a VCSEL cavity. The diameter of an oxide aperture is as
small as 1.7 ym. An small oxide aperture is also helpful
for transverse mode control. The threshold is as low as
300 pA.

Optical near-field measurement was carried out. The
measurement system is based on a commercially available
scanning near-field optical microscopy (SNOM) head
(Seiko Instruments Inc.: model SPA300). An aluminum-
covered, sharpened fiber probe was scanned in the z, y
direction just above the nano-aperture of the fabricated
VCSEL. The distance between the fiber probe and the
VCSEL was controlled to be constant and to be less than
20 nm by feedback control in the non-contact atomic
force microscopy (AFM) mode of SNOM system. When
the fiber probe is approaching to the nano-aperture,
the scattering from the fiber probe results in threshold
changes of the VCSEL. This causes the change in a diode
voltage under operating at a constant current. The spa-
tial resolution of the SNOM is 130 nm. This setup also
enables us to measure the topography of the device sur-
face at the same time.

Figures 17(a) and (b) show the measured optical near-
field intensity and voltage change of the nano-aperture
VCSEL with a Au nano-particle, respectively!®?/. The
spot size of optical near-field measured by SNOM shown
in Fig. 17 is estimated to be 100 nm. The power density
of optical near-field localized at the nano-aperture is as
large as 0.84 MW /cm?, which is almost 10 times larger
than that of conventional VCSELSs, which results from
strong optical confinement in the oxide micro-cavity and
plasmon enhancement. The maximum power density is
currently limited by thermal roll-over and the appearance
of high-order transverse modes. The proposed near-field

250 nm

Fig. 17. (a) Measured near-fied intensity and (b) voltage sig-
nal of 200 nm metal-aperture VCSELP?.

VCSEL may provide us with ultra-high power density at
low power consumption, which may be useful for future
optical storages and optical sensing applications. Recent
activities on plasmonic VCSELSs include various metallic

nano-structures for giant enhancement of optical near-
fields!®®!.

7. Conclusion

Some of recent advances on VCSEL photonics were
reviewed, including the wavelength engineering and new
functions of VCSELs. The small footprint of VCSELs
allowed us to form a densely packed VCSEL array both
in space and in wavelength. The wavelength engineering
of VCSELSs may open up ultra-high capacity networking.
In addition, new functions of VCSEL structures for op-
tical signal processing were addressed, which include the
manipulation of optical phase, slow light optical devices,
and plasmonic VCSELs. These new functionalities may
give us new opportunities of VCSEL photonics for new
era of optoelectronics.
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