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Full wafer VCSEL/PD integration
on Si-CMOS LSI
Optical interconnection is increasingly
needed to connect massively-parallel high-
bitrate signal lines from frame to frame, board
to board, and chip to chip with low power
consumption and low crosstalk. Even inside
chips, there is some possibility that optical
interconnection will be introduced in ex-
tremely high-bit-rate clock or data lines. To
realize such optical interconnection practi-
cally, one of the key issues is how to simul-
taneously integrate numerous III-V com-
pound semiconductor-based optoelectronic
devices, such as vertical-cavity surface-emit-
ting lasers (VCSELs) and photodiodes (PDs),
on a Si-based LSI.

The typical conventional approach to such
integration is the flip-chip bonding tech-
nique.1 After optoelectronic devices are pro-
cessed completely, they are bonded chip by
chip using solder bumps. Optoelectronic de-
vice chips can be tested beforehand, so only
those that pass are chosen for bonding. How-
ever, it is difficult to bond large numbers of
optoelectronic devices to exactly the correct
sites of a SiLSI at the same time. Further-
more, the bonding of two or more optoelec-
tronic devices with different thickness is prac-
tically impossible.

We have developed a full-wafer bonding technique between an optoelectronic device wafer and a Si-LSI
wafer, and demonstrated the simultaneous integration of large numbers of VCSELs and PDs with a Si-CMOS
LSI.2 Figure 3 shows the procedure, which has three steps.
• Bonding

GaAs/AlGaAs-based VCSEL and PD structures are monolithically grown in tandem on a 2in GaAs sub-
strate. Meanwhile, a 2in Si-CMOS wafer is punched out from a larger (6in) one. The circuit side is planarized
with polyimide, where flatness within 0.1mm can be obtained. Both wafers are patched by another polyimide
coating. After both wafers are bonded by heat treatment, the GaAs substrate is completely removed by
chemical etching. An InGaP stop-etching layer is inserted between the epitaxial layer part and the GaAs
substrate, so a smooth epitaxial layer surface is obtained over the entire 2in Si-CMOS wafer.

• Sectioning
In order to locate VCSEL and PD elements at correct positions on the Si-LSI circuit, the marks on the Si-
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Figure 1. Polyimide bonding process.
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VCSEL-based optical data links
It is estimated that be-
tween the years 2000
and 2003, the number of
online Internet users
will grow from 250 mil-
lion to 500 million. This
growth, added to
growth in per-user
Internet use, has re-
sulted in rapidly in-
creasing demand for
fiber-optic communica-
tions bandwidth. This
demand occurs at all
levels: in the fiber-optic
core backbones as well
as in the metro-area net-
works (MAN), access
networks, and local area
networks (LAN).

As illustrated in Fig-
ure 1, these levels are
distinguished by the
bandwidth-distance
product of the fiber-op-
tic link that they serve. At one extreme, the
single-mode fiber-optic core supports single-
wavelength bandwidth-distance products on the
order of 100Gbps-km; at the other extreme,
multimode fiber-based LANs support band-
width-distance products on the order of
0.1Gbps-km. The requirements on the trans-
ceivers for these different bandwidth-distance
products also varies: at the fiber-optic core,
quality of service is paramount; as the optical
communications infrastructures get closer to
consumers, cost of deployment becomes more
important.

The current generation of VCSEL-based
transceivers targets the low end of the band-
width-distance-product space, where high per-
formance at the lowest possible cost is critical.
In this space, 850nm VCSELs have a number
of advantages over CD lasers that had previously
been used. Because of their unexposed active
regions, they are significantly more reliable than
CD lasers, even without hermetic packaging.
They operate more cleanly at high (1-10Gbps)
speeds than do CD lasers, which have been en-
gineered to self-oscillate in the GHz range so as
to reduce laser noise due to light feedback. And,
their costs are approaching those of light-emit-
ting diodes (LEDs). As a consequence, 850nm
multimode VCSELs have largely replaced CD
lasers for multimode-fiber-based optical trans-
ceivers. An example of a VCSEL-based trans-
ceiver is shown in Figure 2, along with an eye
diagram at 1.25Gbps operation. In practice,
VCSEL-based transceiver footprints and form
factors range from standard 1×9 and Gigabit

Interface Card (GBIC) transceivers with SC
duplex connectors, to the increasingly popular
small-form-factor (SFF) and small-form-
pluggable (SFP) transceivers with LC and MT-
RJ connectors.

In the coming years, continuing technology
advances will enable VCSEL-based transceiv-
ers to widen their bandwidth-distance product
space significantly. As this occurs, the markets
for these transceivers are estimated to grow from
about $0.4B in 2000 to $1.4B in 2003.

One advance will be to go parallel, relying
on the array capability of VCSEL technology.
For example, we have demonstrated a four-chan-
nel 2.5Gbps-per-channel VCSEL transmitter
with an aggregate 10Gps bandwidth. This par-
allel module with four LC-connectors may be
used to interconnect OC192 SONET equipment

in a computer room or a
central office for less than
one-tenth the cost of cur-
rent solutions. Soon,
twelve-and-higher-chan-
nel VCSEL-based trans-
ceivers, as illustrated in
Figure 2, will become
commercial, and will en-
able interconnections
across the network equip-
ment backplane, where
high port density is re-
quired to support Terabit
routers and switches.

Another advance will
be to go to the longer
(1310nm and 1550nm)
wavelengths with lower
dispersion and attenuation
in single-mode optical fi-
ber. Currently, Metro and
Metro Access Networks
are dominated by 1310nm
and 1550nm Fabry-Perot

(FP) and distributed feedback (DFB) lasers. A
long wavelength VCSEL (LW-VCSEL) would
be an ideal low-cost alternative to the DFB la-
ser, particularly for 10Gigabit Ethernet appli-
cations whose standards are currently under de-
velopment by the IEEE 802.3ae working
group. However, the performance specifica-
tions for such LW-VCSELs are challenging.
If they are to be built into low-cost transceiv-
ers, they must operate over the 0 to 70˚C tem-
perature range for indoor applications and over
the –40 to 85˚C range for outdoor applications:
without external temperature stabilization. The
laser power launched into the single mode fi-
ber must usually be more than 0.5mW in or-
der to support transmission distances of 10km
at 10Gbps. Currently, of the two major classes

of LW-VCSELs—optically-pumped and elec-
trically-pumped—only the optically-pumped
class has the required transceiver power, al-
though its manufacturability is still a challenge.
Despite intense research effort, the electrically-
pumped class has not yet met the requirements
for commercial applications, though its poten-
tial value, if successfully developed, will be
large.

Wenbin Jiang and Jeff Tsao
E2O Communications Inc.
26679 W. Agoura Road
Calabasas, CA 91302
Phone: 818/466-2820
Fax: 818/878-9163
E-mail: wbjiang@e2oinc.com
http://www.e2oinc.com

Figure 1. A bandwidth-distance map of various transceiver technologies.

Figure 2. A twelve-channel parallel 850nm VCSEL
transceiver module.
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High-speed VCSEL arrays for datacom applications
Triggered by the rapidly increasing
bandwidth requirements in datacom
applications, there has been a strong
focus on the development of short-
wavelength high-speed VCSELs in
recent years. These devices are con-
sidered to be the lightsources of
choice for single channel as well as
parallel datacom links. This is mainly
due to their low-cost fabrication, ef-
ficient fiber-coupling, low threshold
currents and high speed capabilities.
Meanwhile, these VCSELs have
matured and have become estab-
lished as a reliable wafer-scale manu-
factured product.

A commercially available 1×4
VCSEL array from Avalon
Photonics is shown in Figure 1. The
multimode VCSELs are top-emitting
at 850nm and are fabricated using
advanced manufacturing techniques.
Typical performance characteristics
include a threshold current of 2.0mA
and a slope efficiency of 0.5W/A,
which yields an output power of
1.0mW at 4mA. At this operation
point, the bandwidth is higher than
3GHz. Moreover, these VCSELs
have proved to be very reliable. Thus
far we have observed no failures out
of 500 lasers tested at 75˚C and
100˚C. The failure criterion used was
a –2dB drop in optical output power
at 5mA injection, measured at 25˚C.
Using the standard models for fail-
ure acceleration, we estimate the
mean time to failure of our devices
to be in excess of 10 years at 70˚C.

The high intrinsic speed and the
low electrical parasitics (~50W se-
ries resistance, ~0.8pF capacitance)
enable error-free data transmission
up to 3.125Gbit/s. Figure 2 shows an
eye-diagram at 3.125Gbit/s PRBS
modulation obained from an optical
link using Avalon Photonics
VCSELs driven by Helix current
drivers. The Helix drivers are fabri-
cated in a commercial BiCMOS pro-
cess technology and operate with a
3.3V supply. The Helix drivers are
available as 4×3.125Gbit/s or
12×3.125Gbit/s modules.

High-performance two-dimensional
VCSEL arrays
In future, the advantages of VCSELs
will also be used for waveguide-
based or freespace two-dimensional

(2D) optical interconnects, which  are
expected to replace electrical inter-
connects in shorter distance (<1m)
high-density applications from
interboard, interchip, down to intra-
chip communication. This develop-
ment is mainly driven by the band-
width limitation of electrical intercon-
nects, taking the rapidly increasing
clock speed and input/output require-
ments of Si-chips into account. These
applications not only benefit from the
simple monolithic fabrication of the
VCSELs in large 2D arrays, but also
from the circular emitted beams that
can be collimated to a small diameter
with low divergence. For these future
high-density communication needs,
however, system designers are asking
for further improvement in VCSEL
performance to reduce the thermal
and electrical load of the whole ar-
ray. This requires a high efficiency in
the low output power range. More-
over, the VCSELs need to be faster
at these low
powers.

To meet this future communica-
tion need, prototypes of individually
addressable high-performance 8×8
VCSEL arrays were fabricated (Fig-
ure 3). The pitch between the indi-
vidual devices is 250µm and the
total array area is 2.8×2.8mm2. The
output power, voltage and wallplug
efficiency versus current characteris-
tics of all 64 individual devices of an
optimized array are plotted in Figure
4. The mean threshold current is only
0.25mA and the mean threshold volt-
age is 1.42V. These low threshold
properties correspond to a low thresh-
old power, which enables high effi-
ciency values shortly above threshold:
an efficiency per element of 20% has
already been achieved for an output
power level of 150µW, which corre-
sponds to a dissipated power of only
600µW. As mentioned above, high
efficiency in the low power range is a
key attribute for future high density
interconnects, since these applications
typically require only low output
powers but the power dissipation per
area (thermal load) is a critical issue.
Variation of all characteristic electri-
cal and optical performance param-
eters across the array are below 3%,

Figure 1. Avalon Photonics 850nm high-speed VCSEL arrays.

Figure 2. 3.125 Gbit/s eye-diagram of an complete optical link.

Figure 3. Individually-addressable high-performance 8×8 VCSEL array.
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Short distance optical interconnects: LEDs or VCSELs?
Fiber optics and free-space opto-
electronic technologies have been
widely investigated to alleviate
data communication bottlenecks at
different levels of the computer
hierarchy. Recent breakthroughs in
the fabrication of arrays of opto-
electronic devices and their hetero-
geneous integration with Si-CMOS
now also encourage the use of
photonics as a wire replacing tech-
nology at the inter- and intra-MCM
level.1

These future short-distance op-
tical interconnects will make use
of new components such as arrays
of VCSELs,2-4 micro-cavity LEDs5

or non-resonant LEDs.6,7 At present
there is still much debate concern-
ing which type of optical source is
most suitable to provide the nec-
essary bandwidth and parallelism
in order to outperform electrical in-
terconnects. Therefore, we have
compared8 state-of-the-art LEDs
and VCSELs for short distance
optical interconnects based on
simple rate equations and trade-
offs between the bandwidth, power dissipation,
and channel density.

Our comparison relies on the characteristics
of a number of VCSELs and LEDs reported in
the literature. The values presented in Table 1
are only used to clarify the performance differ-
ences between LEDs and VCSELs and are likely
to be improved in future devices. Whereas LEDs
have been improved, yielding higher modula-
tion frequencies (few GHz) at reasonable effi-
ciencies,5-7 VCSELs have seen a further decrease
in threshold current without sacrificing their ef-
ficiency.2-4

To compare VCSELs and LEDs we have
plotted, in Figure 1, the number of parallel opti-
cal channels and the total power dissipation of
the source array necessary to obtain an aggre-
gate bandwidth of 1Tb/s from an area of 1cm2.
As can be seen from Figure 1A, this aggregate
bandwidth can be reached either with a small
amount of fast channels or a large number of
parallel channels all working at a moderate
speed. The data presented in Figure 1 does not
take into account an upper value for the current
nor the limitations imposed by parasitic capaci-
tances. For VCSELs, a minimum amount of
power dissipation per channel is required be-
cause of the threshold current. This limits the
operational parameter domain of VCSELs for
1Tb/s aggregate bandwidth applications as in-
dicated by the shaded region in Figure 1.

From Figure 1B it can be seen that, for
VCSELs, there is an optimal working point that
allows the total power dissipation to be mini-
mized. This working point corresponds to a
moderate current and channel density, and scales
to lower power dissipation values when the
threshold current is reduced. The performance
of LEDs is comparable to that of VCSELs bi-
ased below threshold (see VCSEL2(b) in Fig-
ure 1). However, when compared to VCSELs
biased above threshold, LEDs only have an ad-
vantage at very high channel densities. When
the VCSEL is biased, power will be dissipated
even when a logical zero is transmitted. But this
additional power dissipation is compensated for
by the vast increase in modulation speed. Note
that, as the efficiency of LEDs and VCSELs is
comparable, they emit approximately the same
amount of optical power.

In this comparison between LEDs and
VCSELs, one should also consider the type of
optical interconnection system (e.g. free-space,
POF- or fiber-image-guide-based). In the case
of parallel free-space optical interconnects, the
maximum interconnection distance will be lim-
ited by diffraction and cross-talk. Hence, a source
with a small divergence angle is needed and only
VCSELs can be used. But even with VCSELs,
care has to be taken to limit their FWHM diver-
gence angle to about 10°.9

For a POF-based or fiber-image-guide sys-
tem, both VCSELs and LEDs can be used. The

LED approach only offers a
clear advantage for high chan-
nel densities, corresponding to
a pitch smaller than approxi-
mately 100µm. Such a small
pitch, however, will most likely
cause cross-talk problems in the
optical system. VCSELs biased
above threshold will therefore
provide the best solution, while
LEDs may still be preferred,
because of their simpler device
structure, in cases where only
moderate data-rates and chan-
nel densities are needed.

G. Verschaffelt, V. Baukens
and H. Thienpont
Department of Applied
Physics and Photonics
(TW–TONA)
Vrije Universiteit Brussel
Pleinlaan 2, 1050 Brussels,
Belgium
E-mail: guy.verschaffelt@
vub.ac.be
http://www.alna.vub.ac.be/
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Figure 1. (A) Number of parallel optical channels and (B) total power dissipation to
obtain a throughput of 1TB/s as a function of the power dissipation in each emitter.
The arrows indicate the trends where device characteristics are improved. For
VCSELs, a bias current above (below) threshold is indicated by parentheses: (a)
((b)).

Table 1. VCSEL and LED performance.
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VCSELs in information systems:
10Gbps -1 oxide VCSELs for data communication
Parallel-fiber optical data communi-
cation over short distances (less than
a kilometre) is a rapidly growing
market, with applications in high-
density switching and routing sys-
tems. A major requirement is to pro-
vide increased board-level band-
width density (Gbps/inch) while
maintaining low cost (Gbps-1/$).
This has been made possible by con-
structing optical modules based on
the use of low-assembly-cost multi-
mode parallel fiber rib-
bon, along with 850nm
Vertical Cavity Sur-
face Emitting Lasers
(VCSELs).

Today, optical
links with per-channel
operating bit-rates of
2.5Gbps-1 are available
on the market: Mitel,
for example, offer 12-
channel modules with
30Gbps-1 total data
throughput.1 Work is
already well underway
at many companies on
the next generation of
such parallel optical
links, where per-chan-
nel bit-rates of
10Gbps-1 will be re-
quired. Selectively-
oxidised VCSELs are very attractive candidates
to achieve these desired bit-rates at the required
low cost, because they are easy to manufacture
and on-wafer screening can be performed.
10Gbps-1 VCSEL operation has been success-
fully demonstrated.2 The selectively-oxidised
VCSEL has many advantages compared to the
more common, implanted VCSEL: low thresh-
old current and a high optical and electrical ef-
ficiency among them. Importantly, they have
also demonstrated the ability to operate at high
speeds, and their excellent device-to-device uni-
formity makes them very suitable for arrays.

The oxidised VCSEL at Mitel is constructed
by using alternate layers of high and low Al con-
centration AlGaAs layers to form the top and
bottom quarter-wave mirrors, with a cavity con-
taining an active region of GaAs quantum wells.
A higher Al layer placed in the top mirror near
the cavity is selectively oxidised to form aper-
tures of 4µm and 12µm diameter. When the layer
oxidises, it becomes insulating which confines
the injected current within the non-oxidised ap-
erture. In Figure 1, a cross-section of the VCSEL

structure is shown. Implantation is used to re-
duce the parasitic capacitance in the component,
and thereby improve the high-speed perfor-
mance.

A typical LIV curve for a 4µm-aperture de-
vice is shown in figure 2. As we can see, it ex-
hibits a threshold current of 0.7mA, slope effi-
ciency of 0.58mW/mA at low currents, and a
forward voltage at threshold of 1.8V. Up to 85˚C,
the VCSEL lases with a relatively small varia-

Figure 1. Cross-section of selectively-oxidised VCSEL structure.

Figure 2. LIV curve at room temperature for a
selectively-oxidizedVCSEL with a 4µm aperture. Figure 3. Threshold current for 60 devices taken

adjacent with 12µm aperture measured on wafer
at room temperature.

Figure 4. 10 Gbps-1 measured back-to-back on
chip at 3mA average drive current.

tion of threshold current and of output
power. These variations over tempera-
ture are important parameters for the
complexity of the driver circuit within
the module. As good uniformity is nec-
essary for parallel fiber modules,
oxidised VCSELs are a perfect choice,
as can be seen in Figure 3. The thresh-
old current varies by only 3% from the
mean-value.

In Figure 4, the large signal modula-
tion results are shown in the form of an

eye-diagram at 10Gbps-

1 using a 231-1 PRBS
(Pseudo Random Bit
Sequence) and a 10Gi-
gabit Ethernet receiver.
The same 4µm oxide
VCSEL presented in
Figure 2 is used for this
experiment, with an
average bias of 3mA.
From the diagram we
see that the 10Gbps-1

performance of the
component is excellent.

To sum up, superb
performance is ob-
tained for oxidised
850nm  VCSEL, sub-
mA threshold current,
high efficiency, good
device-to-device uni-
formity and excellent

dynamic results at speeds up to 1Gbps-1.There
seems no doubt that selectively oxidised
VCSELs will be the laser of choice for future
cost-effective parallel-optical short-haul data
communication.
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VCSELs for high-throughput,
very-short-reach optical interconnects
The vertical-cavity surface-emitting laser
(VCSEL) is a fine specimen of a novel com-
pound semiconductor device that has been suc-
cessfully commercialized in the last few years.
Among the various applications for this laser,
optical datacom is the primary driving field. In
particular, Gigabit Ethernet (GbE) and related
transceivers for graded-index multimode fiber
(MMF) data transmission have become inexpen-
sive mass products by relying on 850nm short-
wavelength VCSEL technology. Meanwhile,
work toward the successor of GbE is well under
way and the current 10-GbE proposal is expected
to be adopted as a standard termed IEEE 802.3ae
by the end of this year.1 Important milestones
have been reached with the demonstrations of
VCSEL-based 10Gbit/s transport over up to
2.8km of a new-generation 50µm-core-diameter
MMF2 and even 40Gbit/s over 310m of the same
fiber type.3 In the latter case, a 4-channel coarse
wavelength-division multiplexing system was
implemented to increase the aggregate data rate.

In very-short-reach optical interconnects,
with link lengths of less than about 100m, space-
division multiplexing—where signals are trans-
ported in parallel through different optical
waveguides—is a straightforward means of
achieving higher data throughput. Parallel link
modules for data rates up to 2.5Gbit/s per chan-
nel have been announced by several vendors.
Figure 1 shows a photograph, bit-error-rate
(BER) characteristics, and an eye diagram of a
10× 10Gbit/s-VCSEL array that is being devel-
oped for next-generation parallel optical trans-
ceivers. In this experiment, 850nm-wavelength,
2.5µm-active-diameter, selectively-oxidized,
single-mode VCSELs, with an average thresh-
old current of about 350µA, have been driven
at identical 1.65mA bias currents and 0.65Vpp

modulation voltage,4 yielding a dynamic on-off
ratio of 6dB. Figure 1 reveals that the BER
curves thus obtained for back-to-back operation
almost coincide, and that error rates of 10-9 are
reached with less than –15dBm received opti-
cal power. These results confirm that 10Gbit/s-
compatible prototype VCSEL arrays are avail-
able today, leaving the realization of complete
interconnect modules to the dense integration
of high-speed electronics and sensitive detector
arrays as the main challenge.

Single-mode VCSELs, as shown in Figure
1, offer numerous advantages over transverse
multi-mode devices5 like reduced driving cur-
rent, lower noise operation, or better large-sig-
nal dynamics. However, in high-efficiency ox-
ide-confined VCSELs, single-mode emission is
often achieved by creating a very narrow cur-

rent aperture of less than 4µm diameter with
associated problems of increased differential
resistances and high current densities that might
lead to reduced long-term reliability. We have
devised two possible routes to circumvent this
problem. The first relies on the incorporation of
a several-µm-long spacer layer into the laser
resonator so that higher-order transverse modes
suffer from increased diffraction and scattering
losses.4 Using this technique, a 7µm-aperture,
4µm-long-spacer VCSEL, with a series resis-
tance of less than 100Ω, was shown to emit up
to 5mW single-mode power. Our second viable
method involved the introduction of a surface
relief VCSEL6 as illustrated in Figure 2. By etch-
ing a shallow donut-shaped trench into the up-
permost layer of the Bragg reflector, the thresh-
old gains of higher order modes are dramati-
cally increased. In the bottom part of Figure 2,
optical spectra of regular and 3µm-etch-spot-
diameter surface-modified VCSELs, both with
6.5µm oxide aperture diameter, are compared
for the same 4mW output power. As intended,
a dramatic narrowing of the spectrum is ob-
served, with more than 40dB side-mode sup-
pression in case of the surface-relief VCSEL.
The differential resistance of the devices is about
90Ω.

In addition to silica MMFs, numerous data
transmission experiments in the 10Gbit/s regime
have been carried out lately using single-mode
VCSELs over various multimode waveguides:
graded-index perfluorinated plastic optical fi-
bers (POFs),4 two-dimensional step-index POF
bundles and image POFs7 for massively paral-
lel optical interchip interconnection,8 and one-
dimensional polymer waveguide arrays hybridly
integrated into conventional electrical printed
circuit boards.7 The underlying recent develop-
ments toward reliable single-mode emission thus
suggest a bright future for the application of
high-speed VCSEL arrays in very-short-reach
optical interconnects.

Rainer Michalzik, Max Kicherer and
Heiko Unold
University of Ulm, Optoelectronics Dept.
D-89069 Ulm, Germany
E-mail: rainer.michalzik
@e-technik.uni-ulm.de
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Figure 1. Cleaved unit cell of a linear 1×10,
250µm-spacing VCSEL array with co-planar,
125µm-pitch contact arrangement (top). Bit-error-
rate characteristics for back-to-back (B-T-B)
operation of all 10 channels at 10Gbit/s modula-
tion with a representative eye diagram (on a
200ps time scale) in the inset (bottom).

continued on p. 9

Figure 2. Schematic surface profile and photo-
graph of novel large-area VCSELs for stable
fundamental mode emission (top). The optical
spectra compare regular and surface-etched
devices of 6.5µm-diameter at identical 4mW
output power (bottom).
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VCSELs in the information age
Vertical Cavity Surface Emitting Lasers
(VCSELs) emerged from scientific curiosity into
economic reality in 1996 when Honeywell intro-
duced the world’s first commercial products. The
VCSEL was viewed as an enabling technology
that quickly supplanted edge-emitting laser tech-
nology in the data communications market.1,2

Edge-emitting lasers suffer from several inad-
equacies, such as poor reliability (both in the DC

and AC sense), strong relaxation (turn on) oscilla-
tions, and poor coupling efficiency to optical fi-
ber. Honeywell VCSELs have achieved reliabil-
ity projections in excess of ten million hours of
operation at nominal conditions while maintain-
ing optical signal integrity during aging. In addi-
tion, the physics of the VCSEL microcavity en-
sure well-damped, extremely-high-frequency re-
laxation resonance, and they emit circularly-sym-
metric, non-astigmatic optical beams. This new
laser source, coupled with the burgeoning optical
communications, market has triggered a phenom-
enal increase in the number of VCSEL shipments.
Most of the VCSELs in use today are for data
communications systems operating on multimode
optical fiber, and running at speeds up to 1.25GBd
in applications supporting both ethernet and fi-
ber channel.

As the Internet continues to grow, so does the
seemingly insatiable demand for consumer band-
width. With this growth, the lines between data
communications and telecommunications appli-
cations continue to blur. The collision of these
two markets is set to happen with the adoption of
the IEEE 802.3ae standard, which will prolifer-
ate ethernet into traditional SONET markets at
OC192 data rates. In addition, other standards,
such as the Trade Association’s InfinibandTM stan-
dard and Fiber Channel, are emerging with 10GBd
systems. VCSELs are uniquely suited for this
application in a number of ways.3,4

Since the optical beam is emitted perpendicu-
lar to the wafer surface, VCSEL arrays can be
fabricated with photolithographic tolerances,
making them ideal sources to mate with ribbon
fiber interconnects. To date, most of the market
has centered on either four elements operating up
to 3.125GBd per channel, or 12 elements operat-
ing up to 1.25GBd per channel. The operating
reach of a parallel interconnect is more than 100m,
and is limited by the skew in the optical fiber.
The use of parallel interconnects allows the user
to custom design the network, using either fanout
architectures or direct links, potentially eliminat-
ing the need for high-speed SERDES functional-
ity. In other systems, serial data communication
is more advantageous, and VCSELs have been
operated at speeds in excess of 10GBd by direct
modulation. Achievable link lengths are on the
order of 75m over installed multimode optical fi-
ber, with distances of 500m on 850nm optimized
fiber such as Lucent’s LazerSpeedTM. The com-

bination of VCSELs operating at 10GBd serial
rates, and 12 element (and larger) arrays whets
the appetite for 100GBd datacom systems.

While most applications to date have centered
on the 850nm VCSEL operating on multimode
optical fiber, researchers at numerous companies
are working on VCSELs operating in the tele-
communications wavelength windows of 1310nm
and 1550nm. Fabrication of VCSELs at these
wavelengths is plagued by several technical chal-
lenges. Among these are the poor index contrast
of the material system necessary to form the Bragg
mirrors, the necessity to maintain single spatial
and longitudinal mode operation, the need for high
power (several milliwatts), and the performance
over temperature. Numerous approaches are un-
der investigation to mitigate these technical risks
but, to date, a viable long-wavelength VCSEL has
not been demonstrated. While the technical risk
is high, large amounts of money and resources
are being poured into the development of VCSELs
suitable for telecom applications on single mode
fiber, and commercial products have been prom-
ised in 2002.

On the opposite end of the data communica-
tions spectrum, plastic optical fiber (POF) holds
the promise of extremely low cost and high vol-
ume applications in the consumer marketplace.
POF, made from PMMA, has a minimum absorp-
tion regime in the 660nm (visible) range. Current
applications are served with low-cost LEDs where
the required bandwidth is relatively low. While
the huge market potential has not yet material-
ized, VCSELs are expected to play a significant
role at speeds of 100MBd and higher. Fabrica-
tion of VCSELs at visible wavelengths suffers
from many of the same problems described ear-
lier for telecom-wavelength VCSELs.2 The first
commercial visible VCSEL products will be in
the optical sensor market, and as scientist resolve
technical issues, POF may fulfill its long antici-
pated market presence.

Jim Tatum
VCSEL Products Division
Honeywell
830 E. Arapaho Road
Richardson, TX 75081
Phone: 972/470-4572
E-mail: Jim.Tatum@Honeywell.com
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among the best reported to date. A high unifor-
mity is indispensible for many systems, since
different operating points require individual
channel control which is impractical for high

density applications.
Additionally, 8×8 VCSEL arrays with im-

proved high-speed performance show a maxi-
mum modulation bandwidth per element of
higher than 13GHz at only 4mA (1.6mW opti-
cal output power). Moreover, open eyes were
measured at 10 Gbit/s for these devices with a
bit-error-rate (BER) smaller than 10-13. All these
fundamental performance improvements will
enable the widespread use of 2D VCSEL-arrays
in future low-power dissipation high-density
optical interconnects.

Sven Eitel, Michael Moser and Karlheinz
Gulden
Avalon Photonics
Badenerstrasse 569
CH-8048 Zurich
Switzerland
E-mail: {sven.eitel, michael.moser,
karlheinz.gulden}@avap.ch

High-speed VCSEL arrays
for datacom applications

Figure 4. Characteristics of all individual devices
of an 8×8 VCSEL array.

continued from p. 3
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Long wavelength VCSEL on GaAs substrate
Large-scale networks and
computing systems are in-
creasingly incorporating op-
tical technology: optical com-
puting, optical interconnects,
and parallel lightwave systems
are a few examples. Progress
in surface emitting lasers
(SELs) and vertical cavity sur-
face emitting lasers (VCSELs)
has been rapid since the late
1990s and various applications
into ultra-parallel optoelec-
tronics have been considered.
The importance of long-wave-
length devices in such systems
is currently increasing, be-
cause gigabit and several-km
transmission capability is be-
coming necessary even in lo-
cal area networks (LANs). Re-
sponding to this need,1,2

our group demonstrated a
1300nm, room-temperature,
CW device in 1993.3

More viable materials for
long-wavelength emitters con-
sist of those that can be depos-
ited on a GaAs substrate:4 in
particular, GaAs/AlAs Bragg
reflectors can be incorporated
on such a substrate and AlAs
oxidation employed. Some
consideration of device design
has already been discussed.5

Another viable candidate is a GaInNAs system
lattice-matched to GaAs.6,7 Recently, we reported
a GaInNAs VCSEL grown by MOCVD.8 Dur-
ing our research into GaInNAs lasers, we found
that a highly strained GaInAs/GaAs system with
a large (40%) indium content  can provide an ex-
cellent temperature characteristic,9 operating at
T

0
- 200K. This system should be viable for

λ>1200nm for silica-fiber-based high speed
LANs.10

Most VCSELs grown on GaAs (100) sub-
strates show unstable polarization states due to
isotropic material gain and symmetric cavity
structures. We have grown VCSELs on
GaAs(311)B substrates using MOCVD,11 and
realized devices that operate simultaneously in
both single transverse mode and polarization
mode.

The schematic structure of a fabricated top
emitting VCSEL grown on GaAs (311)B is
shown in Figure 1.11 The bottom n-type distrib-
uted Bragg reflector (DBR) consists of 36 pairs
of Al

0.7
Ga

0.3
As/GaAs doped with Se. The top p-

type DBR consists of 21 pairs of Zn-doped
Al

0.7
Ga

0.3
As / GaAs and a 70Å-thick AlAs car-

bon high-doping layer inserted at the upper
AlGaAs interface by our own carbon auto-dop-
ing technique. The active layer consists of three
8nm-thick In

0.2
Ga

0.8
As quantum wells and 10nm

GaAs barriers surrounded by Al
0.2

Ga
0.8

As to form
a cavity. An 80nm-thick AlAs layer was intro-
duced on the upper cavity spacer layer to form an
oxide for confinement. We oxidized the 50µm2

AlAs mesa at 480˚C for 5 minutes in an N
2
/H

2
O

atmosphere, by bubbling in water at 80˚C, and
formed an oxide aperture of 2.5µm×3.0µm.

Figure 2(a) shows typical current to optical
power (I-P)  characteristics under cw operation
by changing the ambient temperature from 10˚C
to 180˚C. The threshold current at room tempera-
ture is around 1mA or less, comparable to the
value reported for non-(100) substrate VCSELs.
The threshold and quantum efficiency did not
change much The driving voltage is 1.5-2V and
the tested maximum output power is >1mW at
4mA. In Figure 2(b) we show the change of out-
put power and wavelength while maintaining the
driving current at 3.7mA to provide 1mW(0dBm)
output at room temperature. Note that we can
achieve a very small change in power and wave-

length even if we operate
with a constant bias.12 This
implies the possibility of us-
ing VCSELs without any au-
tomatic power controller
(APC) and thermo-cooler.

In other devices, we con-
firmed that a large side mode
suppression ratio (SMSR)
and orthogonal polarization
suppression ratio (OPSR),
both over 30dB, were simul-
taneously achieved through-
out the entire tested driving
range (I< 16I

th
) . We have

achieved an entirely single-
mode VCSEL by employing
most available advanced
techniques. High speed mod-
ulation for several Gbits/s has
been performed, as have
transmission experiments
that will be published else-
where. In addition, Koyama10

has suggested the possibility
of single-mode transmission
though a conventional,
single-mode silica fiber using
a 1200nm-VCSEL.

The author would like to
thank to Prof. F. Koyama,
Prof. T. Miyamoto, Dr. N.
Nishiyama, and other labora-
tory members for their col-
laboration and assistance in

preparing original drawings. This and related
work have been supported by the Grant-in-Aid
for COE Program #07CE2003 of the Ministry of
Education, Science, Sport, and Culture.
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Microsystem Research Center
P&I Laboratory
Tokyo Institute of Technology,
4259 Nagatsuta, Midoriku
Yokohama, Japan 226-8503
Room R2-8F-820
Phone:+81-45-924-5064
Fax: +81-45-924-5014
E-mail: kiga@pi.titech.ac.jp
http://vcsel-www.pi.titech.ac.jp

References
1. K. Iga, T. Kambayashi, and C. Kitahara,The 26th

Spring Meeting of Applied Physics Societies
27p-C-1 1, 1978.

2. H. Soda, K. Iga, C. Kitahara, and Y. Suematsu,
Jpn. J. Appl. Phys. 18, p. 2329, 1979.

3. T. Baba ,Y. Yogo, K. Suzuki, F. Koyama, and K.
Iga, Electron. Lett. 29, p. 913, 1993.

Figure 1. A vertical cavity surface emitting laser device fabricated on (311)B
GaAs substrate.

Figure 2. (a) Optical Power vs Current (P-I) characteristics and (b) temperature characteristics
of a long wavelength VCSEL on (311)B GaAs.

continued on p. 10
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LSI surface have to be bared so that they can
be clearly monitored in the next device pro-
cess. Epitaxial layers are sectioned into 1mm
to 5mm-square chips by chemical etching. This
sectioning helps to avoid cracking of the thin
epitaxial layers during device processing.

• Mesa process
The normal mesa process for VCSELs and
PDs can be applied as if they were on a GaAs
substrate. It has been confirmed that the Si-
CMOS circuit is resistant to heat treatments
as high as 400˚C, such as for ohmic contact
formation. VCSELs and PDs are electrically
connected with the Si-CMOS circuit through
contact holes of a polyimide layer by electro-
plated gold. Under the VCSEL elements,
there are gold heatsinks that are deposited
before planarization of the Si-CMOS wafers.
Figure 2 shows a photograph of the wafer

after the above three-step process. The wafer
consists of various circuits, such as receiver ar-
rays, transmitter arrays, and 2×2 or 16×16 ban-
yan switching circuits. Many PD and VCSEL
elements are integrated over the entire wafer as
O/E and E/O interfaces. Figure 3 shows a mag-
nified view of a typical part of the wafer. 850nm
GaAs/AlGaAs-based VCSELs with a diameter
of 25mm and GaAs-pin PDs with a diameter of
60mm are periodically integrated onto the chip.3

The pitch is 250mm for the two orthogonal di-
rections. Each VCSEL and PD element is con-
nected to CMOS driver and receiver circuits,
respectively. It is clear that all of the elements
are connected without any bonding pads and
wires. We have confirmed that an integrated
850nm VCSEL element exhibits room-tempera-
ture CW operation with a threshold current of
20mA.

The typical feature of the integration is that
the parasitic capacitance accompanying the
bonding is negligibly small. This feature is im-
portant when the integration is applied to opti-
cal receivers. We have demonstrated high-speed

Full wafer VCSEL/PD integration
continued from cover

Figure 2.The Si-CMOS wafer integrated with
GaAs VCSELs and PDs.

Figure 3. VCSEL and PD arrays integrated Si-
CMOS driver and receiver circuits.4

Si-CMOS receivers integrated with GaAs pin-
PDs by this bonding technique.4 The input ca-
pacitance is 50fF, which is equivalent to the in-
trinsic capacitance of a PD. The operating speed
(800Mb/s) is limited by the CMOS circuits: in
this case, 0.8mm-rule CMOS LSI is used. So
the bonding technique can be applied to achieve
receivers with higher bit rates (>1Gb/s).

We have successfully integrated many
VCSEL and PD elements with a Si-CMOS LSI
simultaneously by polyimide bonding. This
technique can be applied to, for example, a large-
scale optical switch, where 16×16 banyan switch
chips with PD and VCSEL arrays are connected
with polymer waveguide circuits.5

Chikara Amano and Tatsushi Nakahara
NTT Photonics Laboratories
3-1 Morinosato-wakamiya,
Atsugi 243-0198, Japan
Phone: +81 46 240-3260
Fax: +81 46 240-3259
E-mail: chikara@aecl.ntt.co.jp

VCSELs for high-throughput, very-short-reach optical interconnects
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sers ideally suited for a large number of tele-
communication applications.
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Buried tunnel-junction long-wavelength
vertical-cavity surface-emitting lasers
Vertical-cavity surface-emitting lasers
(VCSELs) with emission wavelengths
from 1.3-1.55µm have been the sub-
ject of intensive research efforts dur-
ing the past few years.1,2 In future op-
toelectronic applications in the expo-
nentially growing telecom and datacom
markets, this kind of laser represents
an indispensable component with re-
spect to its potential for low-cost
manufacturability and device proper-
ties. In contrast to high-performance
commercially-available GaAs-based
VCSELs with wavelengths below 1µm,3 the
device characteristics of their long-wavelength
counterparts are still significantly inferior.

The objective of our research project at the
Walter Schottky Institute is to realize InP-based
VCSELs with emission wavelengths from 1.3-
2 µm that show application-suitable output char-
acteristics: particularly in terms of output power,
temperature behavior and single-mode opera-
tion.

Device structure
The decisive problem for InP-based long-wave-
length VCSELs stems from their unsatisfying
thermal properties. These result in increased
temperature sensitivity of the material gain in
the corresponding active regions, leading to T

0
-

values of only 60-80 K and a low thermal con-
ductivity for the alloy compositions commonly
used for Bragg mirrors on InP substrates. Addi-
tionally, the technique of wet thermal oxidation
of aluminum-rich layers to achieve simultaneous
optical and electrical confinement is not appli-
cable for the InP-based material systems.

The striking advantage of our device design,
illustrated in Figure 1, is sharply reduced heat-
ing. This allows for increased output power and
operating temperature and is accomplished by a
small thermal resistance and reduced heat gen-
eration. The key element for the latter is the ap-
plication of a buried tunnel junction (BTJ). By
this means, it is possible to substitute high-re-
sistive p-doped layers by low-resistive ndoped
material to obtain a substantially smaller p-side

series resistance. Since the latter usually domi-
nates the total device resistance it is conse-
quently the main cause of the laser heating. A
lateral structuring of the tunnel junction in our
VCSEL to a well-defined extent, and subsequent
regrowth, results in a buried tunnel junction
(BTJ). With this technique, strong and self-
aligned current confinement and indexguiding
can be realized. To minimize the thermal resis-
tance, our lasers are operated in an upside-down
configuration in which a short-period and high-
reflective stack of dielectrics is used as the back
mirror, itself embedded in an electroplated heat-
sink.

Device characteristics
The strong index guiding associated with the
BTJ-technique allows for the application of very
small aperture sizes with superior mode behav-
ior. Figure 2a shows the light-current and the
voltage-current curve for a VCSEL with a tun-
nel junction of 5µm diameter under cw opera-
tion at room temperature. The threshold current
for this device is as low as 700µA with a corre-
sponding ultralow threshold voltage of 0.92V
(only about 100mV above the λ=1.55µm pho-
ton energy). The differential series resistance
also exhibits a very low value: around 60Ω. For
these devices, cw lasing is observed up to 75˚C.
While the threshold current increases with in-
creasing temperature, an even better perfor-
mance is expected with an optimized matching
of cavity resonance and gain curve at elevated
temperatures. As can be seen from Figure 2b,

the side mode suppression ratio for the 5µm de-
vices is even beyond 50dB with a laser emis-
sion in the fundamental mode as derived from
the far-field pattern in Figure 2c. Furthermore,
by using elliptically-shaped apertures, it is pos-
sible to lift the polarization degeneracy and to
obtain true single-mode devices with a stable
polarization.5

The stationary characteristics of our BTJ-
VCSELs represent the best performance among
all other 1.55µm structures presented so far. A
reduction of the parasitic capacitance along with
the ultra-low series resistances promises a
10GHz modulation bandwidth making these la-

(a)

(b)
Figure 2. (a) Light-current and voltage-current
curve of 5µm BTJ-VCSEL. (b) Emission spectrum
and far-field pattern.

Figure 1. Schematic diagram of BTJ-VCSEL.


