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Engineering the Transverse Optical Guiding in GaN-Based
Vertical-Cavity Surface-Emitting Lasers to Reach the Lowest
Threshold Gain
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Grandjean?, and Asa Haglund*

! Photonics Laboratory, Department of Microtechnology and Nanoscience, Chalmers University of Technology, Sweden
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GaN-based vertical-cavity surface-emitting lasers
(VCSELSs) emitting in the blue-green regime have
been difficult to realize, and few groups have so far
demonstrated electrically injected blue VCSELs
lasing at room temperature™®, with fairly high
threshold current densities and low output powers.
In these lasers, transverse current confinement is
achieved by having an opening in a current blocking
layer — a current aperture — placed between the p-
doped intracavity contact layer and indium-tin-oxide
layer. There are reasons to believe that this type of
current aperture lowers the degree of transverse
optical guiding, and even results in anti-guided
structures with high leakage losses and thereby is a
strong contributing factor to the high threshold
current densities typically seen in these devices.

In this work, three different current aperture
schemes were studied: (a) dielectric SiyN, or SiO,
aperture™™; (b) epitaxial AIN" or AlINNG aperture
using regrowth; (c) oxide aperture by selective
oxidation of AlINN®, with a GaN-based VCSEL
structure similar to the one proposed by EPFL® as a
starting point. For these cavities, the transverse
effective index difference, Ang, and threshold
material gain are calculated using a quasi-
two-dimensional (2D) effective index method and a
three-dimensional  (3D) coupled-cavity —beam
propagation method. The aperture scheme (a), the
most commonly used design, and scheme (b)
introduce a depression of the structure near the
optical axis, which yields optically anti-guided
structures, i.e. with Angg <0, while scheme (c)
provides a planar structure (assuming no expansion
or contraction of the oxidized layer) and therefore
results in positive guiding, since nNgige < Np-gan-
Remarkably, increased degree of anti-guiding
dramatically reduces the threshold material gain,
which can be attributed to mainly a reduction of
transverse leakage of optical power. However, in
such anti-guided devices the threshold material gain
is very sensitive to small changes in optical guiding

introduced by thermal lensing effects, small
deviations in fabrication etc. To realize more robust
devices and reduce the threshold material gain
further by entirely avoiding the transverse leakage,
new designs are proposed that involve planarization
of the structure or introducing an elevation near the
optical axis. These structures can yield the desired
moderate positive guiding with Angt ~0.015-0.020,
which is at a safe distance from the antiguiding
catastrophe near Angs =0 and will reduce the
material threshold gain from 4000-6000 cm™, for
antiguided cavities, down to 2000 cm™, which will
be important in the realization of GaN-based
VCSELs with low threshold current densities.
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Dynamics of VCSELs subject to dual-beam optical injection
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Vertical-cavity surface-emitting lasers subject to
single optical injection exhibits various nonlinear
dynamics including stable locking, periodic and
chaotic oscillations'. Period-one nonlinear dynamics
of optically injected semi conductor lasers has been
used for microwave signal generation’. This
approach allows widely tunable, optically controlled
and single sideband generation of microwave
signals.  Dual-beam  optical injection in
semiconductor lasers has recently attracted much
attention due to the use of DFB lasers to generate
microwave signals with frequencies corresponding
to the frequency differences between the two master
lasers (MLs)’.

In this work we report an experimental and
theoretical study of the nonlinear dynamics of a
1550 nm single-transverse mode VCSEL subject to
two-frequency optical injection. The directions of
the polarizations of ML1 and ML2 are orthogonal to
the direction of the polarization of the VCSEL lasing
mode. In Fig. 1 we show that the VCSEL can emit
in the two MLs wavelengths in such a way that the
frequency of the generated microwave signal
corresponds to the frequency difference between the
two MLs. Peaks in the optical spectrum of the
injected VCSEL are clearly larger than the peaks
that correspond to the reflected light of ML1 and
ML2 at the VCSEL’s mirror. Polarization switching
(PS) of the VCSEL to the polarization direction of
the two MLs is observed. Period-one and period-two
dynamics with PS are found when the ML2
wavelength, Ayy,, is tuned over wide ranges while
Mupr is fixed to a value for which there is locking
with PS under single optical injection. If Ay is
changed such that there is not such a locking, tuning
of Aurz leads to much more complex dynamics in
both polarizations. Very good agreement is found
between our experimental and theoretical results.
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Figure 1. Optical spectrum (a) of the free running
ML1 (blue line), ML2 (green line) and VCSEL
(cyan line) and of the two frequency injected
VCSEL (red line), with IVCSEL = 4.0 mA, 7"ML1:
1538.15 nm and Ay = 1538.24 nm. Electrical
spectrum (b) obtained from the two frequency
injected VCSEL (red) and from the same set-up but
with the VCSEL off (black).
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Injection-seeded long external cavity InGaN/GaN surface-emitting laser at 420 nm
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Vertical-external-cavity surface-emitting lasers (VECSELSs)
incorporate many attractive features of both semiconductor and
solid state lasers such as the ability to achieve high output power
simultaneously with high quality circular-shaped output beam.'
To cover the blue to UV spectrum, VECSELSs based on group III-
nitrides are needed. Existing literature on nitride-based VECSELs
report cavity lengths on the order of 2 mm or less.”” Placing
intracavity elements (e.g. saturable absorber for modelocking) in
these VECSELs would be very difficult due to their extremely
short cavity lengths.

The difficulty of achieving lasing in a nitride-based VECSEL
with longer cavity lengths lies in the general unavailability of
high power (>1 W) continuous wave lasers at UV wavelengths
that are used as the optical pump source. Pulsed UV lasers are
typically used. However, for a Ill-nitridle VECSEL, the time
required for lasing modes to build up in a 50 mm long cavity is
~680 ns when pumped at twice the threshold according to
calculations found in Reference 4. At the same time, high power
pulsed UV lasers typically have pulse durations of 10 ns or less.
Thus, obtaining lasing from a standalone 50 mm long VECSEL
would not be possible because the pump pulses do not last long
enough. In contrast, the build up time of lasing emission in a
monolithic VCSEL cavity is much shorter at 10 ps or less.
Therefore, we overcome the difficulties of achieving lasing in
long cavity VECSELs by forming an auxiliary microcavity to
provide injection seeding for the external cavity mode at early
stages of the lasing build up. This is done by depositing a partially
transmitting top DBR.

Here, we report optically pumped InGaN/GaN quantum well
(QW) VECSELs with latticed-matched AlInN/GaN bottom
distributed Bragg reflector (DBR), dielectric-based partially
transmitting top DBR (at 7 and 4 periods), and external mirror
(curvature p=50 mm, reflectivity R=99.5% at 420 nm) at cavity
lengths of up to 50 mm (semiconfocal cavity configuration).
Lasing is achieved at 420 nm wavelength under pumping by 400
ps or 10 ns pulses at 355 nm. The spectra and quality factor of the
VECSEL output beam give evidence of external cavity mode
lasing.

Under pumping by 400 ps duration pulses, we find the
VECSEL lasing threshold (peak) powers to be on the order of ~20
W and ~90 W for the 7 and 4 period top DBR samples,
respectively. Optical pumping by 10 ns duration pulses
significantly reduces the lasing thresholds to 1.26 W and 2.57 W
for the 7 and 4 period top DBR samples, respectively. The
reduction in threshold pump power by a factor of ~17 is clearly
seen in Fig. 1, where the normalized L-L curves of the 7-period
top DBR sample in semiconfocal VECSEL configuration are
plotted. Detailed explanation of threshold reduction mechanism
for different pump pulse lengths is given in Reference 5.

Beam quality measurements are made for the same two
VECSELSs at cavity length of 49 mm, 35 mm and 25 mm. Figure
2 shows the extracted M* values. The M” value is significantly
smaller than that of a VCSEL without external cavity mirror
(shown in Fig. 2 at zero cavity length). The cavity length 49 mm
gives the lowest M” ~ 1.0 for the 7-period top DBR sample. This
is the expected result for a cavity approaching the semiconfocal
configuration.
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Fig. 1 — L-L measurement data for 7-top DBR sample in semiconfocal

VECSEL configuration, pumped by frequency-tripled Nd:YAG lasers with
pulse lengths 10 ns (triangles) and 400 ps (squares). Peak threshold powers
are 1.26 W and 22.2 W, respectively.
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Fig. 2 — Extracted M values plotted as a function of cavity length. Inset:
The beam emitted from a 49 mm cavity length VECSEL with 7-period top
DBR, measured at distance of 123 mm from the sample.

In conclusion, we report operation of a group Ill-nitride
vertical-external-cavity surface-emitting laser with supporting
evidence of external cavity operation. Achievable external cavity
length of up to 50 mm is large enough for placement of
intracavity elements, e.g. a saturable absorber, making our device
a suitable testbed in various experiments involving the
wavelength range reachable by IlI-nitride semiconductors.

The authors would like to thank the Swiss National Science
Foundation (FNS) for funding this research.
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Monolithic InAIN-based blue VCSELs
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Over the past decade, Ill-nitride semiconductors
have proven to be of the highest interest for
optoelectronic applications in the short-wavelength
range. White, blue and green light emitting diodes as
well as violet and blue laser diodes are nowadays
used in both mass consumer products such as
domestic solid-state lighting sources or outdoor
displays. More  sophisticated devices like
electrically-driven vertical cavity surface emitting
lasers (VCSELs) have also been recently
demonstrated.'” VCSELs are well-known to offer
several advantages compared to conventional edge-
emitting lasers, e.g. single longitudinal mode, low
threshold current density, circular emission beam
and the possibility to process them easily into arrays
of devices.

Ti0,/Si0, DBR
ITO

Figure 1. Scheme of our blue InAIN-based VCSELs.

Nevertheless, blue VCSELs still suffer from many
issues, like challenging current injection schemes
and lack of suitable distributed Bragg reflector
(DBR) system. Either we face defective
AlGaN/GaN DBRs or implement bottom dielectric
DBRs that require challenging processing steps. In
this context, the use of a bottom lattice-matched
InAIN/GaN DBR® grown on a free-standing (FS)
GaN substrate would allow improving device
lifetime and thermal management while keeping the
process flow simple.

EL intensity (arb. unit)

400 410 420 430 440
Wavelength (nm)

Figure 2. Electroluminescence (EL) spectra
measured on a VCSEL for different (pulsed)
currents ranging from below to above lasing
threshold.

In this paper, we report on blue electrically-driven
VCSELs grown on c-plane FS GaN substrates based
on such an InAIN/GaN bottom DBR*. Some of the
main limiting factors toward efficient blue VCSELs
are discussed, and our strategies to overcome such
drawbacks are described. Subsequently, our latest
results on those devices are reported.
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For more than ten years, the Vertical-Cavity Surface
Emitting Laser (VCSEL) became a key component
for digital communications (Gigabit Ethernet).
Indeed, the VCSEL performance and its assess have
led the growth of the VCSEL market in the low cost
short distance transmission links. As the VCSEL has
been designed to achieve the requirements of the
optoelectronic circuit planarization, its structure
makes the VCSEL the smallest commercial
available semiconductor laser diode (LD) type. Its
small footprint, low electrical consumption and low
thermal variation (wavelength, threshold current)
allow the development of optical interconnects for
harsh environment such as avionic, space,
submarine. In addition, thanks to its low divergence
and low linewidth, the VCSEL is an attractive
candidate for high throughput Earth-Satellites
multiplexed optical links. If the VCSEL emerged as
key component for the digital optical transceiver, it
didn’t succeed to make a breakthrough in the
microwave photonics applications were the
Distributed Feedback (DFB) laser diode are in the
lead'. However, the improvement achieved thanks to
the advance of the VCSEL technology, especially
for 1.3 and 1.55pum VCSEL, are promising for the
microwave photonics applications. Today, an
available 1.3 and 1.55 um VCSEL provides a
linewidth of 1 to 10MHz and a relative intensity
noise (RIN) of -150dB/Hz>. With this performance,
the introduction of the VCSEL on an optoelectronic
oscillator (VBO: VCSEL-Based optoelectronic
Oscillator) or let us expect to generate a stable
microwave signal with low phase noise’. Another
way to generate the microwave signal or a frequency
comb is to put two VCSEL in Master-Follower

configuration to make a VCSEL-by-VCSEL
optical injection locking system (VOILS)”.

By taking into account the cost effectiveness, the
low size and low electrical consumption of the
VCSEL, the VBO and VOILS are excellent
candidates for the communication subsystems in
satellite, probe or rover (such as Curiosity). Before
the design of a demonstrator for space system
payload, a modeling and characterization procedures
in various operating modes are required in order to
avoid an inadequate utilization of the VCSEL. It can
be completed by modeling the steady state, small
signal, large signal and noise, and by measurements
of the optical spectrum, light-voltage-current,
scattering parameters and relative intensity noise
with a special attention to the space environment
constraints such as thermal ambiance,
electromagnetic compatibility, cosmic radiation,
accelerations,  chocks,  vibration. = Moreover,
according to the space environment constraints, the
qualification process, more strict than a land-based
system, required reliable and robust device.

Today, some space industrials and agency announce
their interest for the 1.3 and 1.55um VCSEL and
VECSEL for telecommunication’. Various systems
will be explored. The objective is to find a trade-off
between the best VCSEL performance and the
effectiveness and robustness of the system in order
to plan a launch in 2020.
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High throughput data transmission encounters a
growing demand in many applications today.
Supercomputing and data centers have been driving
new developments these past years, leading to the
commercial  availability of parallel  optics
transceivers and optical cables. These components
allow tremendous benefits in terms of bit rate,
lightness, power consumption, space saving... These
features are highly valuable considering space
applications as well, where copper based intra-
satellite communication is becoming more and more
complex.

In the scope of a Research and Technology program
supported by CNES, and in partnership with EADS
Astrium, Innoptics developed twelve-channel
transmitter (based on VCSEL arrays) and receiver
modules designed to meet the severe environmental
specifications of space applications.

The main challenge of such a product is to achieve
the hermetic packaging of arrays of emitters (or
receivers). Existing solutions consist in hermetic
feedthrough of the fiber, but mainly for single
channel. However, this is very difficult to achieve
with multiple fibers.

Figure 1. Hermetic “substrate
on ceramic package” subassembly

The concept that was implemented relies on the
optical emission through a transparent substrate, the
latter ensuring the following functions:

- Hermeticity of the package thanks to a solder seal
ring on a ceramic package

- Optical window

- Electrical connection of the optoelectronic die

Figure 2. 12-channel driver and VCSEL array
on a transparent interconnection substrate

Thanks to a flip chip assembly process, the distance
between VCSEL array (or photodiode array) and
driver (or amplifier) can be minimized, allowing
optimized signal integrity. RF lines are then routed
through the ceramic package to a LGA type
electrical interface.

Figure 3. Pigtailed 12x transmitter

Light coming out of the window is coupled into a
50/125 fiber ribbon terminated by a twelve-channel
MPO connector.
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The availability of high performance, cost effective
and low power consumption light sources is
regarded as an indispensable precondition for future
generations of optical communication systems.
Long-wavelength VCSELs are key components to
fulfill these requirements. In our presentation we
review the latest developments on InP-based buried
tunnel junction (BTJ) VCSELs from laser
performance to novel results in system applications.

: coplanar contacts
p-side contact L \

+«— n-side contact

BCB +————— dielectric mirror
+— n-cladding
/ +— — active region
via 7 NG p-cladding
dielectric mirror P n-InP overgrowth

integrated Au heat sink buried tunnel junction

Fig.1 Schematic cross section of SC-VCSEL

To improve the modulation capability towards 25-
40 Gbit/s we optimized both the inherent laser
characteristics such as photon lifetime and the RC-
limitations. By replacing the semiconductor output
DBR with a large penetration depth for the optical
field and consequently large photon lifetime with a
high index difference dielectric DBR, the photon
lifetime could be reduced by 40%. From our
measurements on such short cavity (SC) VCSELSs at
1.3 um wavelength and 20°C as shown in Fig.2 we
derive a possible intrinsic bandwidth of 25.4 GHz
which would be sufficient for digital modulation at
40 Gbit/s. The actual bandwidth is still limited by
parasitic capacitances including e.g. contact pads
and depletion regions at the regrowth interface.
Owing to the reduced damping, the SC-VCSELs
have a maximum modulation of fsgs = 15 GHz,
which in the present devices is limited by the
parasitic bandwidth of around 9 GHz. The D-factor
D = 3.96 GHz/mA®S is the rate at which the
resonance frequency increases with bias current.

The VCSELSs as shown in Fig. 1 additionally feature
a coplanar contacting scheme for flip chip bonding
and a common anode. Single emitter chips or arrays
of well defined size can be separated from the wafer.
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Fig.2 Damping factor vs. resonance frequency

For digital modulation the DC bias is superimposed
with a non-return-to-zero (NRZ) bit sequence at
25 Ghit/s data rate and the eye diagram is recorded
with a high-speed photo receiver and a sampling
oscilloscope. The optical eye has an extinction ratio
of 4.5dB and fits the 100 Gigabit Ethernet mask
(100GBASE-LR4).
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Ext.ratio{ ) 4.%9"31 total wins 1.010 k margin -3 %
Eye S/N( ) 5.61 failed smpls 10 mask hits 10
Jitter RMS( ) 1.846 p source margin hits 3
Bt Rate() 25.7 Gu/t ¥ Align: Eye Bound "tofal hits 10
Fig. 3 Optical eye diagram of SC-VCSEL at 25Gbits/s data rate at
20°C

In addition, we will also present recent experiments
with our VCSELSs partly using advanced modulation
formats for high speed and long range transmission.

References
1. R. Rodes et al., Journal of Lightwave Technology
31, 689 (2013).
2. M. Miiller et al., Electron. Lett. 48,1487 (2012).
3. K. Prince et al., J. Optical Communications and
Networkin. 3, 399 (2011).
4. T. Gibbon et al. , OFC, JThA30, (2010).




VCSEL Day 2013

Lausanne, Switzerland

Progress and challenges in industrial fabrication of wafer-fused
VCSEL:s

V. lakovlev* "2, A. Sirbu "2, Z. Mickovic !, D. Ellafi !, G. Suruceanu 2, A. Mereuta 2, A. Caliman 2 and E.

Kapon 1,2

' Laboratoire de Physique des Nanostructures, Ecole Polytechnique Fédérale de Lausanne, Switzerland

® BeamExpress S.A., Lausanne, Switzerland

Keywords: Green photonics, wafer fusion, long wavelength VCSELs, industrial fabrication.

The effort for the industrialization of wafer-fused,
long wavelength (LW) vertical cavity surface
emitting lasers (VCSELs) for wavelength division
multiplexing (WDM) optical fiber communication
applications has a significant history. Back in 2005
we have demonstrated the compliance of the overall
performance of wafer-fused VCSELs with the
requirements of the 10 GBASE-LX4 IEEE.802.3ae
standard [1]. The devices were fabricated out of 2-
inch VCSEL wafers produced at BeamExpress by a
proprietary wafer fusion technique, also termed
"localized wafer fusion". Localized fusion helps to
regulate the fusion process across the wafer, yielding
high-quality fused interfaces with high uniformity
and repeatability. The good quality of the double
fused-wafer is allowing the application of standard
VCSEL processing technology. The subsequent
processing steps include reactive ion etching through
the top distributed Bragg reflectors (DBRs) down to
the top intra cavity contact layer, selective chemical
etching through the active cavity, stopped at the
bottom intra-cavity contact layer, passivation of the
p-n junction and deposition of ohmic contacts on
both intra-cavity contact layers. Despite the complex
device structure and processing, it is possible to
achieve high uniformity and good control of
important device parameters. For example, the
measured average cavity length over the entire
double-fused 2-in VCSEL wafer (excluding 5-mm-
wide margins) exhibits a standard deviation of less
than 2 nm, which reflects a good thickness
uniformity of both the active cavity layers and the
DBRs. Back in 2005, single-mode emission power
in excess of 1.2 mW was been demonstrated in the
temperature range of 20-80°C at operating voltage
below 2.5 V. Single-mode emission with 40-dB side
mode suppression ratio as well as 3.2-Gb/s
modulation capability was demonstrated with these
devices . It is important to note that the progress in
1300 nm wavelength wafer-fused VCSELs was
backed by the progress in 1500 nm wafer-fused
VCSELs ,As of today, 40GBase-LR4 (4x10-Gbps)
optical transceivers in QSFP+ modules using
uncooled distributed feedback (DFB) lasers are
already on the market, with power dissipation
specified at 3.5 W. For next-generation 40GBase-

LR4, the use of single mode VCSELs and low
power consuming VCSEL drivers may result in
more than 40% power consumption savings,
reducing 40-GbE optical transceiver power
dissipation significantly below today’s 3.5-W
barrier. Owing to their inherent low power
consumption, long wavelength VCSELs are finally
positioned to revolutionize intermediate-reach
transmission (>1km), just as 850nm VCSELs
revolutionized use of multi-mode fiber. As long
wavelength VCSELs are come of age, a good
maturity check for their technology is now its
capability to meet requirements of building 4x10
Gbps CWDM transmitter modules emitting at 1271,
1291, 1311 and 1331 nm with reduced power
consumption. Three main approaches for the
fabrication of LW-VCSELs have emerged: undercut
quantum well , buried tunnel junction and regrown
tunnel junction [2] . However, there have not been
reports on the industrialization and reliability of the
two former methods. In this paper, we demonstrate
that regrown tunnel junction, wafer-fused VCSELs
emitting in the 1310 nm band for 10 Gbps CWDM
applications have now reached maturity for
industrial fabrication in high volume. The challenges
for increasing operation speeds and production
volumes will also be highlighted [3].
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Optical microscope picture of industrially fabricated long
wavelength wafer fused VCSELs on GaAs substrate
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Systems with arrays of VCSELs can reach optical
output powers in the range of many kilowatts and
provide a robust and economic solution for many
applications with low to moderate brightness
requirements*2. Such applications are illumination,
heating, thermal processing and solid-state laser
pumping. The use of VCSEL arrays for high power
laser diode applications enables multiple benefits:
Full wafer level production of VCSELs including
the combination with micro-optics; assembly
technologies very similar to LED assembly thus
profiting from the rapid development in solid state
lighting; an outstanding reliability and a modular
approach on all levels. Due to these advantages high
power VCSEL systems will become a new
alternative to classical high power diode laser
systems.
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Figure 1: Application space of High Power VCSEL
Systems. The red diamonds indicate output power
and brightness of actual prototypes realized by
Philips Photonics.

The application space for High Power VCSEL
Systems is defined by the brightness of the VCSEL
itself and lies in between the domains of classical
laser applications and those served by lamps or
LEDs. This is shown in Figure 1, where typical
applications areas as well as actual prototypes
realized by Philips Photonics are indicated.

To realize high power arrays with power levels of
several 10 kW, a modular approach is used: Arrays
of VCSELs are soldered to AIN-submounts that
insulate the arrays from the water-cooled heat sink
and enable the electrical connection between the
VCSEL arrays. Micro-channel coolers are chosen as
the heat sink and several submounts are mounted on
the cooler. The number of arrays per submount and
the number of submount per cooler is adjusted to the
needs of the specific application. Each cooler forms
one so-called sub-module with an output power of
about 500W. Such a cooler is shown in the left
picture of Figure 2. Several of these sub-modules are
assembled on a line to form a high power system
with output powers in the kW-range.

sub-mounts (left) and the mounting of these building
blocks into a long line (right).

The different applications mentioned in Figure 1
have different requirements for the intensity
distribution on the work-piece. Heating and drying
for example requires an area illumination with a low
brightness and intensity of only 1W/mmz2. This can
be realized by simply using the radiation emitted
directly from the high power system. Placing
macroscopic optics in front of the system allows to
tailor the intensity distribution on the workpiece to
realize for example a line focus and increase the
intensity to 10W/mmz2. With additional microoptics
on the VCSEL-arrays, a spot with an already
intermediate intensity of 1200W/mm? useful for solid-
state laser pumping is realized.
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Although gas sensing devices based on Tunable
Diode Laser Spectroscopy (TDLS) offer many
outstanding advantages in terms of achievable
accuracies, selectivity, robustness and long term
stability, they are settled only within specialized
applications with a volume in the order of 1000 units
per year worldwide. However, many more potential
applications with quantities of >10°/year like eg. air
quality monitoring would profit from this technique
as soon as cost effective systems are available.
Promising candidates are systems for H,O, O, or
CO; monitoring.

For cost reduction an adjustment-free optical cell
and highly integrated electronics with a powerful
processor are mandatory.

The diffuse reflective design of the optical cell (see
Fig. 1) supports the low cost idea in two ways. It is
free of fine-adjustment and if it is used to measure
gas inside a chamber, it can be attached as a single
complete block requiring only one opening in the
wall.

The detection scheme is based on Wavelength
Modulation Spectroscopy (WMS). In WMS the
spectra are recorded by tuning the wavelength of the
laser using current-ramps superimposed with a small
signal sine modulation. Usually the 2™ harmonic of
the modulation signal is evaluated to extract the gas
concentration. This concept is widely used as it is
easily realized by lock-in techniques.

The evolution of the electronics ranges from the
analog lab design using discrete lock-in amplifiers,
PC’s equipped with data acquisition cards, stand
alone electronics' without and with FPGA for
certain functions to the ‘single chip’ design
presented today.

The sensor consists of the laser driver with the
modulation signal generation, a temperature
stabilization stage and a receiver, which is realized
by a photo diode and a transimpedance amplifier; a
gain adjustment stage, an AD-converter and the
digital demodulator follow. The digitized spectra are
evaluated in real-time on the processor with
different degrees of complexity from maximum
tracking to nonlinear curve fitting of spectral
models. The presented design includes also a power

supply and data communication. The core
functionalities are realized on a single chip by a
mixed signal microcontroller of the latest generation
enabling significantly reduced hardware costs.

Figure 1 shows a picture of the realized hardware of
a CO; sensor. It can be used as air quality monitor in
HVAC applications. First results deliver a resolution
of 50 ppm at 1 s response time ( see Fig. 2).

Figure 1: CO,-sensor setup with a form factor of a
conventional power supply (overall length: 110
mm). The optical path is indicated on the back of the
PCB.

.
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Figure 2: CO,-sensor operation. Left: Measured 2f-
WMS spectrum; Right: Temporal evolution of the
ambient CO,-concentrations; the time scale ranges
from 0 to 80 s and the conc. scale from 0 to 8000
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VCSELSs are subject to multimode wide spectral
shape, mode hopping, strong sensitivity to the
operating  point, temporal instability and
inhomogeneity in production. At the same time,
demanding applications such as optical link and
instrumentation require strong spectral specification.
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Fig. 1: 850 nm VCSEL spectrum (left)
monitored during current scan mapping (right).

In this talk we will present how SWIFTS -
Stationary-Wave Integrated Fourier Transform
Spectrometer — technology opens up new
opportunities in VCSEL spectrum analysis. Systems
based on this technology can typically achieve
spectral resolution of few GHz / pm with a good
SNR over a bandwidth from several nm to few
hundred nm and a high frame rate of tens of kHz on
a few mmz2 chip. To demonstrate how SWIFTS
principle can be a powerful tool for VCSEL analysis
and control, we will explain the principle of this
patented technology and present results on VCSEL

in VIS-NIR range. Both high spectral resolution and
high measurement rate together provide new
possibilities in VCSEL spectrum analysis which
can’t be achieved by OSA: resolving all modes with
an absolute accuracy of 0.001 nm, precise study of
the temporal instability and mode partition ratio,
very fast highly sampled current or temperature
mapping including wavelength and relative optical
power of each mode.

The current development in terms of hardware
and signal processing of such instrument will be
presented and we will share our views about how to
address more accurately again VCSEL testing with
SWIFTS technology.
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Vertical-cavity surface-emitting lasers
(VCSELSs) combined with multimode fibers have
been widely used in short-haul data optical data
communication due to low power consumption and
low cost. Transmission distance at high data rate is
expected to increase with reduced chromatic
dispersion if the laser source has narrow spectral
width [1]. The bandwidth-distance product of data
communication VCSELs has grown from 12 to 25
Gb/s/km recently [2-4]. In this work we describe the
advantages of using a photonic crystal VCSEL with
separated optical and current aperture to create high
modulation speed single mode emission.
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Fig. 1: Single mode optical spectrum (inset) image of
photonic crystal VCSEL.
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The photonic crystal design parameters
determined by photolithography are hole pitch, a
and hole diameter, b. Proton implantation is
employed for current confinement. Various photonic
crystal designs and optical aperture sizes yield single
mode waveguide condition [5], whereas the implant
aperture has to be sufficiently small to reduce
diffusion capacitance [6] and threshold current. Fig.
1 shows the VCSELs operate in the fundamental
mode with an intensity more than 40 dB above the
noise floor and no higher order modes are visible. A
SEM image of a completed device after polyimide
planarization is shown in Fig. 1 inset.

Small signal modulation measurements have
yielded 3dB bandwidth of 18.3 GHz at operation
current density less than 10 kA/cm®. Large signal
modulation at up to 30 Gb/s back-to-back has also
been achieved. Bit error rate plots for the photonic
crystal VCSEL are shown in Figs. 2(a) and (b) using

a nonreturn to zero data pattern with a 27 — 1
pseudorandom binary sequence. The peak-to-peak
modulation amplitude is 0.5 V and the VCSEL is
biased at 5.9 mA at room temperature. Using Draka
OM3+ fiber, error free transmission at link lengths
up to 1 km have been acheived. As evident in Fig. 2
(b), BER of 107"? is achieved at an operating current
density of 5.4 kA/cm®, which is about half of the
industrial benchmark for long lifetime operation [3].
Further improvement of the bandwidth-distance
product will require higher output power.
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Fig. 1: Bit-error-rate versus received power for (a) back-

to-back and 500 m of fiber; and (b) 1km of fiber.
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The 850 nm GaAs-based VCSEL is already the
dominating technology for transmitters in optical
interconnects up to 100 m in datacenters, thanks to
low-cost fabrication, excellent high-speed properties
at low currents and the existence of high-speed OM4
multimode fiber optimized for this particular
wavelength. Future datacenters will require faster
and more energy-efficient VCSELS to increase the
overall bandwidth and reduce the power
consumption of the datacenter network. In addition,
longer-reach interconnects exceeding 1 km will also
be required as datacenters grow into large multi-
building complexes.

By optimizing the doping profiles of the DBRs to
reduce resistance, using a short (Y2-A) cavity to
improve longitudinal optical confinement and
optimizing the photon lifetime for optimal damping,
we obtained a record-high small-signal modulation
bandwidth of 28 GHz for a ~4 um oxide aperture
VCSEL. A 7 um oxide aperture VCSEL (~27 GHz
bandwidth) enabled error-free transmission (bit-
error-rate < 10™%) at 47 Gbit/s back-to-back (BTB)
and 44 Gbit/s over 50 m of OM4 fiber, using a VI-
systems R40-850 photoreceiver (30 GHz) with an
integrated limiting transimpedance amplifier. The
high bandwidth also allows for error-free
transmission at 40 Gbit/s BTB at 85°C [1]. By
instead using a New Focus 1484-A-50 photoreceiver
(22 GHz) with a linear amplifier, 50 Gbit/s error-
free transmission was achieved BTB at room
temperature, see figure 1.

At longer transmission distances (> 300 m), the
large spectral width of VCSELs leads to severe
signal degradation by fiber dispersion. We have
investigated two methods of fabricating low-spectral
width quasi-single mode VCSELs to mitigate this
problem. By using a small oxide aperture of ~3 um,
error-free transmission was achieved at 22 Gbit/s
over 1.1 km of OM4 fiber [2]. An alternative
approach is to use an integrated mode filter in the

form of a shallow surface relief to reduce the
spectral width of the VCSEL. The mode filter allows
for the use of a larger oxide aperture and thereby
enables a lower resistance and operation at a lower
current density. A 5 um oxide aperture VCSEL with
a mode filter enabled error-free transmission at 25
Ghit/s over 500 m of OM4 fiber [3].
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Figure 1. BER vs. received optical power at 50
Gbit/s BTB with eye diagram.
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In the past two decades, cost-effective and energy-
efficient optical interconnection for access- and
metropolitan- networks has driven the datacom- and
telecom- applications development. Vertical cavity
surface emitting laser (VCSEL) emitting in the
optical C-band have been demonstrated to be
suitable for this purpose, and error free data
transmission of 25Gb/s over 4.2km was
demonstrated for a Short-Cavity VCSEL (SC-
VCSEL) with small-signal modulation bandwidth
(vgs) in excess of 17 GHz'. Furthermore, higher
data rate of 40 Gb/s could be reached in back-to-
back configuration for VCSEL with vz oOf
19 GHZz%. However, the exponential growth of the
network traffic goes hand in hand with the demand
for reducing the price for transported information.
This motivates the further optimization of the
already existing VCSELs, requiring higher
efficiency of the device and lower power dissipation,
as well as high modulation bandwidth. A further
step in this direction can be achieved by
implementing the stacked active region (AR)
design®. Unlike the monolithic active region
arrangement’, the novel design consists of multiple
ARs placed in series at different maxima of the
optical field along the laser cavity.

In this work, we will present a InP-based SC-
VCSEL with epitaxially-staked double-active-region
emitting at 1.55 um. As shown schematically in
Figure 1, two identical ARs, containing 3 quantum
wells each (2x3QWs), are embedded between a low
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Figure 1. A schematic image of a SC-VCSEL with
stacked double-active regions is shown (not to
scale).
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Figure 2. The power-current-voltage characteristics
as a function of the DC-current are presented for
devices with single (black lines) and stacked (red
lines) active regions at room temperature operation.
In the insert, the optical spectrum at roll-over current
is given.

n-doped InP layer and a p-cladding. An unstructured
p”/n*" buried tunnel junction (BTJ) is placed
between the two ARs, and, a second circularly
shaped BTJ is structured on the bottom side of the
laser to achieve current confinement. In order to
reduce absorption losses and maximize the optical
gain, the highly conducting junction layers and the
two ARs are placed at the minima and maxima of
the optical field, respectively. In this way, high
differential quantum efficiency of 80% is achieved
at room temperature, as shown in Figure 2. In
addition, we will present the static and dynamic
characteristics of a staked-AR VCSEL with
2x3QWs in comparison with a SC-VCSEL with
1x6QWs. Particularly, temperature dependence of
the characteristic parameters (i.e threshold current,
maximum power) and small-signal modulation
analysis results will be discussed.
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Wafer fused long wavelength vertical cavity surface-emitting lasers (WF-LW-VCSELS) operating at 1310 nm are

gradually establishing themselves as key components for uncooled, low
power, long wavelength transceivers [1] for decreasing the total power
consumption in big data centers (BDCs). In ref [2], it was demonstrated that
photon lifetime has a significant impact on the modulation bandwidth of 850
nm multimode VCSELSs.

In this paper, we demonstrate that photon lifetime reduction in WF-LW-

VCSEL by post-growth reduction of the total number of the top DBR layers
for increasing modulation performance at 10 Gbps data rates.

The investigated VCSEL devices were fabricated by the wafer fusion
technique [3] from the batch described in [4] and have a total of 22.5 top
DBR pairs. Selective etching was then applied on the top DBR to remove one
pair to a number of selected VCSELs with the same design, all from this
particular wafer.

Light—current (L-I), s21 and eye diagram measurements were performed at
room temperature (RT) on the same devices, with 22.5 and 21.5 top DBR
pairs (as grown and after etching). The electrical VCSEL parameters were not
affected by the etching.

Reducing the number of top DBR pairs results in a penalty on the threshold
current (increase from 0.7mA to 0.9mA) and in an increase of the maximum
output power from 4.1mW to5.4mW (see Fig 1.a).The maximum f3dB
increases from 5GHz to 6GHz at operating currents of 5mA and 6mA,
respectively (Figl.b). The 21.5 pairs VCSEL structure exhibits a photon
lifetime tp of 6.6ps and K-factor of 0.51ns. For the 22.5 pairs VCSEL
structure, the photon lifetime and the K-factor increase to 7ps and 0.62ns,
respectively.

At RT, the 10.3Gb/s eye diagrams biased at 7mA (Figl.c and d) are more
open after one pair removal.

The presented results are in line with previous results [5] of an improvement
of the modulation bandwidth by reducing the photon lifetime obtained by
applying a shallow etching of the topmost DBR layer, allowing as well an
extraction of the internal quantum efficiency of the device. Both studies
provide means for tuning the high speed modulation characteristics of WF-
LW-VCSELs by post-growth processing.
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To date the maximum reported error-free bit rate
(BR) of VCSELSs operating at room temperature is
47 Gb/s' using multimode 850 nm VCSELs with
oxide aperture diameters of 7-11pum. We
demonstrated” that VCSELs with oxide aperture
diameters of ~4 um or less emitting in a single or
quasi single fundamental transverse mode are more
energy efficient than VCSELs with larger oxide
aperture diameters when operated at low bias above
threshold. The intrinsically larger D-factors are then
beneficial. We recently demonstrated 850 nm
VCSELs operating error-free up to 40 Gb/s with
only ~100 fJ dissipated energy per bit”.

By employing such small oxide aperture diameter
VCSELs we simultaneously achieve long
transmission distance’ across multimode fiber
(MMF) at high BR and at record low dissipated
energy per bit. Despite the small aperture diameters
the current density (J) required for -error-free
operation is comparable to the J for VCSELs having
larger aperture diameters'”.
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Figure 1. Bit error ratio (BER) versus received
optical power at different bit rates and across
different types and lengths of multimode optical
fiber. Inset: optical eye diagram at 40 Gb/s.

Using 2’-1 PRBS NRZ modulation error-free (BER
< 1x10"%) operation at 40, 36, 30, and 25 Gb/s

across 50, 200, 500, and 1000 m of MMF is
achieved dissipating only 100 fJ/bit" at 25 Gb/s. In a
back-to-back (BTB) configuration the dissipated
energy is as low as 56, 85 and 108 fJ/bit at 25, 30
and 40 Gb/s, respectively. At 25 and 30 Gb/s across
1000 and 500 m of MMF the J is 20 kA/cm’, only
slightly larger than that of VCSELs with an
additional mode filter’ that achieve 25 Gb/s across
500 m MMF at 18 kA/cm”. At 40 and 36 Gb/s J is
approximately 25 kA/cm®.
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Figure 2. Dissipated heat energy per bit versus bit
rate for single mode (SM), quasi single mode (QSM)
and multimode (MM) VCSELs emitting at peak
emission wavelengths of about 850, 980, and
1060 nm, all at room temperature. The value for a
photonic crystal (PhC) laser showing open optical
eye diagrams is indicated with a star.
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The idea of connecting displays, mobile telephones,
televisions, computers, and other networked gadgets
wirelessly at optical fiber bit rates is quite intriguing.
In fact line-of-sight free space optical interconnects®
across distances of zero (e.g. abutted light source
and detector devices) up to a few meters based on
infrared (~940 to 960 nm) vertical cavity surface
emitting lasers (VCSELs)?* and Si or group 111-V
photodiodes offer to us huge consumer and medical
market opportunities. Other free space applications
include handheld remote controls (replacing RF
units), USB interfaces, gesture recognition, laser
illumination, laser detection and ranging, and in (as
2D arrays to increase the pulsed or CW output
power) a plethora of industrial tools®.

The key component for short distance free space
optical communications systems is the ubiquitous
infrared VCSEL. In addition to energy efficient
operation at high bit rates we seek higher than
typical output powers per device without cooling,
and designs that facilitate the simultaneous operation
of an array of VCSELSs to boost the output power for
specific applications. In this work we detail our
VCSEL designs and modal modeling results. We
also present our first data transmission results based
on our low output power (~10 mW per device)
single fundamental transverse mode VCSELs
designed for flip-bonding onto metalized silicon
carriers for hybrid integration with driver, receiver,
and optional processor integrated circuits.

We grow our VCSELs on GaAs substrates. A
representative design consists of three to five
InGaAs QWs with GaAsP barriers. The DBRs are
composed of Ga;,AlAs (e.g. x~0.12 and 0.9) with
graded interfaces and spatially varying doping. The
upper p-doped DBR has 28 to 32 periods including
Gag Al ggAs oxide aperture layers. The lower DBR
is divided into a 4 to 7 period n-doped (n)DBR, a
1.25)-thick (n)GaAs intracavity ohmic contact layer,
and a 12 to 16 period undoped DBR just above the
substrate. We characterize devices via L-I-V and
data transmission experiments using a standard set-
up®, including MMF, lenses, and variable free space
distances. We also characterize prototype transceiver

optical subassemblies containing our flip-bonded
VCSELs. We obtain a CW SM output power up to
15 mW (see Figure 1) and NRZ error free (BER <
1x10™?) free space data transmission using a PRBS

with 27-1 word length (see Figure 2).
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Figure 1. CW 25°C emission spectra for an ~8 um-

oxide aperture diameter VCSEL. The peak single
mode optical power is 15 mW with SMSR > 30 dB.
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Figure 2. BER at 10 Gb/s at 25°C for a free space
optical interconnect (including ~2 m of MMF in the
test set up) using an ~960 nm VCSEL.
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Current developments in optical fiber
communication networks require ever increasing
bandwidths and drastic reduction in power
consumption of the optical modules involved.
Long-wavelength  (1.3-1.6 pm) vertical-cavity
surface-emitting lasers (VCSELSs) offer considerable
advantages in these applications over traditional
edge-emitting lasers, owing to their easy wavelength
setting, low-power consumption, circular beams and
low manufacturing costs [1]. The most successful
long-wavelength VCSEL technologies employ InP-
based structures with strained AlGalnAs quantum
wells (QWs) in the active region and a buried tunnel
junction (TJ) aperture for current and optical
confinement [2, 3]. This has led to room-
temperature single-mode (SM) emission powers as
high as 6.7 mW, demonstrated with long-wavelength
wafer-fused VCSELs [4]. One of the remaining
challenges with VCSEL technology is the increase
of the SM emission power to the few-milliwatt range
for larger temperatures and with acceptable
manufacturing yield.

We report on transverse mode discrimination in
long-wavelength wafer-fused VCSELs incorporating
ring-shaped air gap patterns at the fused interface
between the active region and the top distributed
Bragg reflector (DBR). These 60-nm deep patterns
were implemented with the aim of favoring the
fundamental mode while preserving high output
power. The VCSELSs under consideration emit in the
1310-nm band and incorporate an AlGalnAs-based
quantum well active region, a regrown circular
tunnel junction and undoped GaAs/AlGaAs DBRs.

A large batch of devices with varying pattern
dimensions was investigated by on-wafer mapping,
allowing significant statistical analysis leading to
conclusions on their typical behavior. We observe
experimentally a dependence of the side-mode
suppression ratio (SMSR) on the geometrical
parameters of the patterns. In particular, we identified

a design that statistically increases the maximal
single-mode emitted power by more than 20 %.

Figure 1: SEM micrographs showing a vertical
cross-section at the center of the device. Inset
shows a high-resolution enlargement of the area
delimitated by the yellow rectangle.

Numerical simulations of the patterned-cavity
VCSELSs support these observations. They show that
patterns with a large inner diameter actually confine
the first-order transverse mode and enhance its
modal gain. In smaller devices, this mode is pushed
out of the optical aperture and suffers larger losses.
Optimized parameters were found numerically for
enhancing the single-mode properties of the devices
with negligible penalty on emitted power and
threshold current.
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According to IBM, the performance of a single
server is going to reach 10 Teraflop by 2020, leading
to an aggregated Exa-Byte/s data transport in high-
performance computers [1]. These systems can only
be realized if the energy consumption of the
interconnects is reduced dramatically. “Green IT”
has therefore become a crucial subject [2]. We
recently evaluated the scalability limits of optical
interconnects based on two-dimensional ultra high-
speed VCSELs arrays [3]. Future super computers
require optical interconnects with accumulated Exa-
Byte/s data transport. Arrays of vertical-cavity
surface-emitting lasers (VCSELS) might present the
only feasible technical solution. Since the whole
server will be on a chip, the space is limited by the
server die. This translates into optoelectronic
devices with a small footprint integrated into a 3D
stack on CMOS. One side of the chip will be
occupied by the inevitable heat sink; the other side
will be needed for the optical 10 fan-out. This layout
is schematically depicted in Fig. 1. In this configura-
tion, thermal crosstalk becomes dominant with
densely packed arrays.

optical bus

> | VCSEL array

silicon

CMOS chip

heat sink

Figure 1. Envisioned schematic layout of a future
VCSEL-based optical interconnect based on 3D
stacking of optoelectronics on CMOS.

The maximum bandwidth of future VCSEL-based
optical interconnects can be derived from the
influence of device heating occurring in high-speed
VCSEL arrays.

The thermally-limited maximum bandwidth BWmax
of an optical interconnect based on VCSEL arrays
is:

A
BW, =+ AT VA —2—
max T[ max HBR

With AT _ as the maximum heating of a device

within the array remaining operational, 4 as the area
of the chip, A as the thermal conductivity of the heat
sink and HBR as the heat-to-bitrate ratio:

HBR = P

BR

The dissipated power Pgiss = U | - Poy, with U and |
as the VCSELs bias voltage and current, Pgp as
optical output power and BR as the bit-rate.

We obtain, that VCSEL arrays are highly scalable
accommodating the bandwidth density needs of
future ultra-dense chip-to-chip optical interconnects.
Based on present experimental data, VCSEL-based
optical interconnect technology can in principle
deliver the highly ambitious 80 Thps 10 bandwidth
envisioned for future 10 Teraflop server CPUs. The
bandwidth density is scalable from reasonably 100
Gbps/mm?2 to a physical limit (based on today’s
device technology) around 15 Tbps/mmz2. More
energy-efficient devices dissipating less heat are the
best solution for scaling the bandwidth up. A high
serial bandwidth of the individual channels just
helps to keep the number of channels and the
complexity of the optical output low, but does not
enable higher 10 throughput.
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We present the numerical analysis of optically
pumped vertical external cavity surface emitting
laser (VECSEL) with improved heat management.
In typical VECSELs (Fig.1 — Typel) a single top
diamond heat spreader is used in order to
redistribute the heat flow to the lateral regions,
which allows more efficient transport of the heat to
the copper heat sink. We propose further
improvement of the heat management by replacing
the bottom DBR with a High Contrast Grating
(HCG) bounded to the second, bottom diamond heat
spreader (Fig.1 — Type2).

tput
Typel output Typez outpu
Gout ut coupler output coupler
pump| ; i]
active
active

HCG In

copper heat sink

pump

Fig. 1. Two types of VECSEL structures. Typel is a
standard design with the top pumping scheme and
single diamond heat spreader and Type2 is the novel
design with on-axis bottom pumping scheme and
double diamond heat spreader.

Simulations show (Fig.2a) that properly designed
silicon HCG deposited on the diamond serves as a
high reflecting mirror, assuring reflectivity of
99.999% for the emitted wavelength. On the other
hand, HCG reflectivity of the pumping beam (980
nm) is similar to that of diamond and equals ~30%.
The proposed new design (Type2), which combines
bottom HCG and the on-axis bottom pumping
scheme, allows simple and efficient integration with
the fiber delivering the pumping beam. We show
that the Type2 version allows for the improvement
of the thermal impedance by 25% (Fig. 3) and
increase of the emitted power by 80% (Fig. 4a) with
respect to the Typel version. As a result of the
spectrally narrow peak of the high reflectivity and
the polarisation discrimination of the HCG (Fig.2b),
Type2 brings also: stable wavelength of the

emission (Fig.4b) and single polarization of the
output beam.
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Fig. 2. a) DBR and HCG spectral reflectivity, b)
HCG spectral reflectivity for TE and TM
polarizations.
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Fig. 3. Temperature distribution in Typel (left) and
Type2 (right) structures. Pumping power is 3W and
the ambient temperature is 293.15 K.
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Fig. 4. a) Output power ; and b) emitted wavelength
as the functions of the input power for Typel-
calculations (blue triangles) and measurements'
(black squares), Type2-calculations (red triangles).
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The ATLAS experiment at CERN has operated a
very large number of 12 way oxide aperture VCSEL
arrays and experienced very significant failure rates.
The optical power for the devices that failed was
stable for a timescale of the order of a year and then
failed over a period of a few minutes.

This has prompted a major study to identify the
main cause of failure and to understand the physics
of this failure mode. The first study used accelerated
aging tests under conditions of elevated temperature
and humidity. This showed that when the VCSELs
are powered there was a very large acceleration
factor for the aging with relative humidity.
Interesting it was found that there was no damage to
the VCSELs if they were kept under elevated
temperature and humidity for long periods of time
when they were not powered. It is well known that
oxide aperture VCSELSs are sensitive to humidity.

Although we believe we can solve the reliability
problems in ATLAS by using VCSEL arrays with
dielectric barriers, our experience has led us to try to
understand the physics of this failure mode. The
results of the accelerated aging tests are combined
with those from ATLAS operation to fit the
parameters of an acceleration model. In order to try
to understand the physics of failure for these
devices, we have performed detailed studies on
failed and aged but working devices. We have used
EBIC and TEM imaging. The EBIC images were
used to define the slice to be prepared for a FIB cut
and the sample was then imaged with TEM. These
images showed the characteristic dense network of
dark line defects (DLD) in the MQW active region
of the VCSEL. The images also show dislocations
that appear to come out of the area near the oxide
aperture tip. The plan view also showed a network
of DLDs but the damage was too extensive to be
able to localise the origin. This analysis is all
consistent with the hypothesis that the damage is an
electrolytically driven corrosion process that
requires the presence of humidity. The damage is
believed to start at the oxide aperture and grow
towards the MQW layers.

In order to test this corrosion hypothesis, a sample of
VCSELs were operated at elevated temperature and
high humidity. The optical power was monitored
and EL imaging was performed periodically to
detect the first signs of damage but before the
catastrophic failure occurred. One channel showed a

decrease in optical power of 25% and
Electroluminescence (EL) imaging showed that 4%
of the active areas was dark. Subsequent plan view
TEM imaging showed DLDs in this region. Cross
sectional TEM images were taken, and then
additional thinning was performed, and additional
images were taken. These images (see figure 1)

Figure 1 TEM image showing defects originating
from the tip of the VCSEL aperture.

showed line dislocations that originated from the
oxide tip, near a “loop” feature (that might be a
crack). Four line dislocations penetrated into the
active region. From these studies we conclude that
cracks near the tip of the oxide aperture cause the
line dislocations. This is the first published study
which shows that the DLDs travel down from the
oxide aperture to the active MQW region.

We also found that the spectral width decreased with
time for devices operated in normal lab humidity but
not for devices operated in dry nitrogen. We have
also correlated these studies with microscope near
field images. These observations are also consistent
with the damage model which will be discussed.
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Anti-guided mode schemes are analysed as a
confinement mechanism in wafer-fused
InAlGaAs/InP 1.3 um VCSEL arrays (Fig. 1a). The
optical apertures are defined by low refractive index
ZnSe discs introduced by patterning the interface
between the cavity and the top GaAs/AlGaAs DBR.
We apply the Plane Wave Admittance Method and
perform an exhaustive analysis as a function of the
array parameters such as distance between emitters
and their aperture size. Fig. 1b presents the modal
gains as a function of aperture size for a single
emitter. There are two distinct aperture sizes (6 um
and 8 wm), which assure high level of modal gain of
the HE;; mode.
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Modal gain [cm]
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Fig. 1 Modal gains of a single antiguided VCSEL
emitter as the function of the optical aperture and
schematic view of considered design. 3x1 array is
illustrated as an example.

Fig. 2. illustrates the modal gain as the function of
the spacing between the emitters for 6 um apertures
for all the modes appearing in 2x1, 3x1 and 4x1
arrays. The 2x1 array reveals the most efficient
modal gain discrimination (up to 7 cm™), however
single mode operation occurs for the out-of-phase
modes. However, single out-of-phase mode
operation is characterised by unwanted multi lobes
in far field and large beam divergence angle. Single
in-phase mode operation can occur for 3x1 and 4x1
arrays, which produces single lobes in the far field.
In those two designs in-phase modes are
characterised by larger modal gains with respect to
the out-of-phase modes, hence single mode
operation occurs only for the in-phase modes. The
4x1 array reveals stronger discrimination with
respect to the 3x1 array, which leads to larger

emitted power in the single in-phase mode regime of
VCSEL array.
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Fig. 2 Modal gains vs. distance between emitters
for a) 2x1 b) 3x1 and c) 4x1 arrays. Full
symbols: in-phase modes, open symbols: out-of-
phase modes. Arrows with numbers show the
maximal modal discrimination in cm™ for in-
phase modes (red) and out-of-phase modes
(black).
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Increasing power consumption for electrical
interconnects between and inside chips is posing a
real challenge to continue the performance scaling
of processors/computers as predicted by D. Moore.
In recent processors, energy consumption for
electrical interconnects is half of power supplied and
will be 80% in near future. This challenge strongly
has motivated replacing electrical interconnects with
optical ones even in chip level communications.'
This chip-level optical interconnects need quite
different performance of optoelectronic devices than
required for conventional optical communications.
For a light source, the energy consumption per
sending a bit is required to be <10 fJ/bit for on-chip
interconnects and <100 fJ/bit for off-chip
interconnects; this is two or three orders of
magnitude smaller than the conventional devices. To
meet the energy/bit requirement, many innovative
laser diode and light-emitting diode (LED)
structures have been proposed so far. Our hybrid
laser is one of these efforts.

The hybrid laser consists of a dielectric reflector,
a III-V semiconductor active material, and a high-
index-contrast grating (HCG) reflector formed in the
silicon layer of a silicon-on-insulator (SOI) wafer.
‘Hybrid’ indicates that a III-V active material is
wafer-bonded to a silicon SOI wafer. In the hybrid
laser, light is vertically amplified between the

dielectric and the HCG reflectors, while the light
output is laterally emitted to a normal Si ridge
waveguide that is connected to the HCG reflector.
The HCG works as a vertical mirror as well as a
vertical-to-lateral  coupler. Very small field
penetration into the HCG allows for 3-4 times
smaller modal volume than typical vertical-cavity
surface-emitting lasers (VCSELSs). This leads to high
direct modulation speed. Details on device operating
mechanism will be explained in the lecture.
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We present numerical simulations of high contrast
grating (HCG) as the potential top mirror of 980 nm
VCSEL. We investigate the influence of random
nonperiodicity and the absorption of HCG stripes on
mirror reflectivity. We determine the maximal
fabrication error and the absorption of HCG that still
allow to meets the criteria of VCSEL top mirror.

Fig. 1. Simulated HCG structure where L - period,
LF - stripe width, hy, - cladding layer thickness,
huee - grating layer thickness.

The analyzed structure of GaAs/AlO, HCG is
illustrated in Fig. 1. The technological process of
HCG etching may introduce the imperfections to the
periodic structure of the mirror. We perform the
statistical analysis of the standard deviation ¢ as a
measure of manufacturing imperfection of the
position of the edges of HCG stripes (Fig. 2).

x=0 x=FL x=L

Fig. 2. Randomly disturbed position (dx) of edges of
the HCG stripes.

Each point from the maps in Fig. 3 represents the
averaged reflectivity over 25 calculations of the
same structure, for the same o with random position
of the edges of HCG stripes. ¢ = 35 nm reduces the
reflectivity to the level of 99% which is typical
reflectivity of the output mirror of 980 nm VVCSELSs.
Fig. 4 illustrates the influence of the absorption on
the HCG reflectivity. We have found that reduction
of the reflectivity is linear and very slow varying

with the change of the absorption. The results show
that absorption as large as 500 cm™ in HCG stripes
allows to reach 99% of reflectivity while typical
absorption for GaAs is assumed to be equal to
10 cm?*

Fig. 3. Maps of HCG reflectivity with respect
to period L and fill factor F for standard deviation o
a) 5nm, b) 15 nm, ¢) 25 nm, d) 35 nm.
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Fig. 4. Maps of HCG reflectivity with respect to
period L and fill factor F for absorption in HCG
stripes a a) Ocm®, b) 100cm®, c¢) 300cm™,
d) 500 cm™.

This work is jointly supported by Polish
NCR&D and Singapore A*STAR (grant no. 122 070
3063) project: ‘A Novel Photonic Crystal Surface
Emitting Laser Incorporating a High-Index-Contrast
Grating’.
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High Contrast Gratings (HCG) have become a hot
research topic, because of their new functionalities at
very small volumes '. However no efficient 3D VCSEL
model capable to account for HCG has been reported to
date. HCG design is therefore mainly based on 1D
simulations. For more realistic simulations only FDTD
has been used so far, which is well known to be
computationally very demanding and therefore not
usable as a design tool. The VELM code has now been
upgraded to rigorously handle HCG layers’ and
improved so as to include also higher order spatial
harmonics. In this way one can safely model also
structures where those are propagating inside the
resonator. The efficiency of the tool is preserved, and
an entire set of HCG VCSEL modes can be computed
in minutes on an ordinary desktop.

HCG

Reduced
top DBR

Oxide/Air

Oxide
aperture

Bottom DBR
Fig. 1: HCG VCSEL scheme

By exploiting these features, the paper will compare
two possible ways of including a HCG in a 980 nm
VCSEL. The scheme of the device is shown in Fig.1; it
is composed by a GaAs cavity with five Snm InGaAs
quantum wells (QWs) at the center. The back mirror
consists of 31 graded AlGa;,As pairs with Al
concentration from 0 to 1. The current is injected from
the top, through an annular gold ring around the HCG
and its oxide-base. To obtain current spreading and
confinement, a reduced top DBR is inserted between
the cavity and the HCG, which our technology proved
to deliver with good quality. Current confinement is
achieved by an aperture formed by an in-situ controlled
wet oxidation process. These oxide apertures are placed

at a field node, in order to minimize its effect on the
field and reduce higher order mode appearance.

Logqo IE.I?

= - 3

Long. coord. (micron)

Transverse coord. (micron)

Figure 2: Map of the field profile for 6 um aperture,
HCG on oxide VCSEL.

A full set of design tools, i.e. quasi-1D HCG
properties and 3D simulations including the HCG in
the VCSEL design, will be presented. In particular
two different HCG configurations are considered
and compared: a HCG sitting on an AlO, basement
and a free-standing HCG suspended in air, obtained
by removing the oxide layer from the optical
window. Although the latter technique provides the
highest index contrast, the structure with oxide looks
more appealing and reliable, because it provides a
fully monolithic structure, where the HCG is sitting
on an AlOy layer. For the HCG on oxide, periods as
large as 700nm show good performance and easier
fabrication. In this case the propagation of first order
HCG harmonics in the cavity will be analyzed and
discussed. In Fig.1 (at right) the field distribution in
the whole device is shown. The propagation of the
higher grating order for the oxide VCSEL does not
seem to produce too strong effects on the field
profile, considering also the use of the logarithmnic
scale, and no particular drawbacks appear in the
laser operation. The two optimized desing will be
compared from the point of view of optical
performance: threshold, transverse mode features,
near- and far-far field profiles. Technological
constraints/feasibility will be addressed and
discussed.
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We present an InP-VCSEL based on optimized InAs
guantum-dashes (QDHSs) nanostructures operating at
telecommunication  wavelength.  Contrary  to
conventional quantum-wells (QWSs) based VCSELSs,
InAs QDHs can be used as gain media in InP-
VCSEL to achieve a stable and polarized laser
emission*?. Here, we demonstrate an optically-
pumped QDH based VCSEL, with a constant and
control linear state of polarization, and showing a
CW laser emission from 1647 down to 1542 nm,
covering thus a spectral window as large as 105 nm.
This wide range of lasing wavelength is the result of
a wedge microcavity design alowing a spatial
dependence of the resonant wavelength along the
wafer. This result is an experimental evidence of the
large spectral gain of QDH, highly suitable for
widely wavelength tunable VCSEL applications.
The QDH based active region of our VCSEL is
grown by molecular beam epitaxy on a 2 inches
diameter InP(001) substrate. This active region
consists of three groups of QDHSs layers, located at
the position of the microcavity antinode fields. Each
group corresponds to six InAs QDH layers closely
separated with 15 nm Gag ol Np gASy.435P0.565 barriers.
In order to maximize the overall gain, a specific
attention has been paid to compensate the natural
wavelength shift related to interna strain field, to
keep a constant emission wavelength range between
each layer and each group of QDH.
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Figure 1. Resonant wavelength of the VCSEL cavity
as a function of position on the wafer. Positions
indicated in mm correspond to the distance from the
wafer center. Inset is a schematic cross-section of
the fabricated QDH VCSEL.

The Fig. 1 inset represents the schematic view of the
QDH VCSEL including a thick intra-cavity InP
phase layer whose thickness decreases from 1500 to
1340 nm from the center up to the edges of the
wafer. This thickness variation induces a change in
the resonant wavelength as a function of the position
on the wafer, as shown in Fig. 1. Laser experiments
in CW operation at RT have been performed at
different positions on the VCSEL sample. Output
spectra have been monitored with an optical
spectrum analyzer by moving the pump spot along
the radius of the wafer. The different lasing spectra,
shown in Fig. 2, have been recorded under 18 mwW
constant pump power (corresponding to a
10 kW/cm? pump power density). Close to the center
of the wafer, the lasing wavelength measured is
1647 nm. As the distance from the center increases,
lasing wavelength continuously decreases to reach
1542 nm at the edge of the VCSEL sample,
demonstrating a CW laser emission at RT in a very
large spectral window of 105 nm.
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Figure 2. VCSEL output spectra (300K, CW)
measured above threshold at a constant pump power,
for different position across the wafer (from 5 up to
20 mm, from right to left respectively).
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through a slowed-down transport regime which Figure 1 - Schematical view of double PCM-VCSEL
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We have developed a technology to incorporate thin
layers of liquid material on top of VCSELs [1]. The
VCSEL is electrically driven and at the same time
we are able to apply a voltage over the liquid layer.
With this technology we fabricate and characterize
an electrically driven VCSEL cell, in which a thin
layer of cholesteric liquid crystal (CLC) provides an
external optical cavity [2]. We call it CLC-VCSEL.
The concentration of the chiral dopant solved in a
nematic liquid crystal is chosen such that the
material has a reflection band for one circular
polarization mode for the emission wavelength of
the VCSEL. The properties of the CLC are
determined by temperature and can be tuned by
changing the temperature. As a result, the emission
properties, including threshold current, emission
wavelength and polarization states, can be controlled
by the temperature.

Figure 1. Top view of the reflection microscope
pictures of the CLC-VCSEL cell. Left: before CLC
is filled in; right: after CLC is filled in. No polarizer
is used for both pictures.

At each temperature point, the optical intensities and
emission spectra are investigated at the same time
using a beam splitter. The output power is measured
as a function of VCSEL current and azimuth angles
of a linear polarizer and a quarter wave plate. In this
way, the threshold current and the polarization state
can be determined. We found that the threshold
current of the CLC-VCSEL is smaller than the
stand-alone VCSEL at the same temperature. The
emission wavelength increases with the temperature.
The polarization state of the CLC-VCSEL is a
purely circular polarization, rather than linear
polarization of a stand-alone VCSEL. By changing

the temperature such that the material goes from the
nematic liquid crystalline phase to the isotropic
phase, the emission can be changes from circularly
to linearly polarized.
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Figure 2. (a) Optical power of stand-alone VCSEL
and CLC-VCSEL as a function of azimuth of linear
polarizer P at 25°C. (b) The Stokes parameters of the
emission at different temperatures (solid dots: CLC-
VCSEL, empty dots: stand-alone VCSEL). The
Stokes parameters of stand-alone VCSEL at
different temperatures are indicated by black lines.
VCSEL current is 1.6 mA.

Simulations for the CLC-VCSEL coupled system
are studied using a plane wave expansion method
[3]. The electric field inside the CLC-VCSEL is
calculated along the propagation direction. The
simulation result shows that the output light is
circularly polarized, which agrees with the
measurement. Also simulation indicates the decrease
of the threshold due to the increased reflection by
the CLC layer.
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