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A flywheel is an electromechanical storage system in which energy is stored in the kinetic energy of
a rotating mass. Flywheel systems under development include those with steel flywheel rotors and
resin/glass or resin/carbon-fiber composite rotors. The mechanics of energy storage in a flywheel
system are common to both steel- and composite-rotor flywheels. In both systems, the momentum of
the rotating rotor stores energy. The rotor contains a motor/generator that converts energy between
electrical and mechanical forms. In both types of systems, the rotor operates in a vacuum and spins
on bearings to reduce friction and increase efficiency. Steel-rotor systems rely mostly on the mass of
the rotor to store energy while composite flywheels rely mostly on speed.

During charging, an electric current flows through the motor increasing the speed of the flywheel.
During discharge, the generator produces current flow out of the system slowing the wheel down.
Figure 1 shows the basic characteristics of a Flywheel system.
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F@re 1. Blowup of a Rotor Assembly and FES System in Parallel Grid-Connected
Configuration.W for 5 seconds

Steel flywheel systems are currently being marketed in the US and Germany and can be connected in
parallel to provide greater power if required. Sizes range from 40kW to 1.6MW for times of 5-120
seconds. At this time sales are limited but growing. The suppliers of the composite type flywheel
systems are currently in the prototype stages of development.

Flywheel systems offer several potential advantages. FES systems, as their developers envision them will
have exceptionally long service lives and low ltie-cycle costs as a result of minimal O&M requirements.
FES systems are compact and self-contained allowing them to be placed in tight quarters, and they contain
no hazardous chemicals nor do they produce flammable gasses.

Sandia is a multiprogram laboratory operated by Sandia Corporation a Lockheed Martin Company, for the United States Department
of Energy under Contract DE-AC04-94AL85000,
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Figure 1. Techniques for obtaining mode discrimination within a VCSEL: (al introduction of excess loss by the oxide aperture to higher
order modes; and (b) definition of the gain region within the cavity lo preferentially support the fundamental mode.
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Figure 2. Single mode output power from a selectively oxidized S50 nm VCSEL containing a 4x4 pm tapered oxide apenure (see upper
inset) which produces >30 dB of side mode suppression at 3.5 mW’ (see lolver inset).

the oxide aperture tip to preferentially increase the higher order mmk loss as sketched in Fig. 1(a). The tip profile is
designed by control of the AIGaAs compositions of the layers which cemtitutes the aperture, .4s apparent in the upper inset
of Figure 2. the aperture tip can be positioned at the null of the Iongitudimtl optical standing wave and thus minimally perturb
the on-axis fundamental mode. However the higher order transverse modes \~ill have greater overlap \vith the oxide an,d thus

greater optical loss. The 3/4-2. thick oxide layer has an aperture tip pro~lt \~hich is produced by tailoring the composition of
the AIGaAs layers which are oxidized to create the aperture \\itllin the \“CSEL [3]. As showm in Fig. 2. a \’CSEL containing
a tapered oxide whose tip is vertically positioned at a null in the longi~udinal optical standing wave can produce grexer than
3mW of single mode output \w-ithgreater than 30 dB of side mode suppression. Obviously, this structure requires a detailed
understanding of the oxidation process and in addition creates greeter l~js for the fundamental mode ~ihich ultimately limits
the output power.
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Figure 3. Side view sketch and top view of VCSEt- showing the oxide aperture (dotted square on right) defined by buried oxide layers on
each side of the optical cavity, and the gain aperture defined by implantation disordering of the quantum well active region.

3. MODE SELECTION GAIN

Manipulating the modal gain rather than loss can also produce single mode VCS ELs. Fig. 1(b) sho~vs the idea of a gain-
apertured selectively oxidized VCSEL. The key aspect of this VCSEL structure is the lithographically-defined gain region
which is accomplished by intermixing the quantum wells at the periphery of the laser cavity as depicted in Figure 3. The
fabrication process begins with the growth of the bottom n-type distributed Bragg reflector mirror and the 1-i. optical cavity
which contains five 8 nm GaAs quantum wells surrounded by A!O.ZG%.$ASbarriers. The wafer is then patterned with squwe

photoresist dots varying from 2 to 14 pm in size and implanted with 160 keV F to disorder the quantum wells. Next the p-
type top mirror is overgro~vn at the usual temperature of 750” C. The anneol which occurs during :ro\vth enables the
intermixing and recrystallization of the quantum well region. Finally, selectively oxidized VCSELS are fabricated using
quarter wavelength thick oxide layers on each side of the active region [2]. Fig. 3 shows the top view of a VCSEL mesa with
the oxide aperture (dotted line) and the gain aperture (light square). For the VCSELS reported here, the gain aperture is offset
from the oxide aperture to clearly delineate the former. Fig. 3 demonstrates that luminescence is only observed from \vithin
the defined gain aperture, independent of the oxide aperture. Using our lithographic process to define the gain apertures
allows selection of arbitrary sizes and alignment of the gain and oxide apertures. Previous reports on quantum well
intermixing in VCSELS required high temperature anneals (~ 900°C) \vhich can degrade the epitaxial materials and/or were
limited in size by the laser mesa [4].

Using the disordered quantum well processing, the resultant VCSEL has a central quantum well region which preferentially
provides gain for the fundamental mode. Shown in Fig. 4(a) is the output characteristics of neighboring VCSELS with gain
apertures of 10, 12, and 14 pm within oxide apertures of 12, 14, and 16 ym in size, respectively. Devices with gain apertures
~ 6 pm did not ]ase. As sho~vn in Figs, 4(a) and 4(b), VCSELs \vith 10 pm gain apeflures operated in a single transverse

mode with 40 dB side mode suppression ratio. VCSELS with larger gain apertures exhibited single transverse mode output
>1 mw LIPto twice threshold, Single mode output as high as 3 mW \vith side mode suppression ratio >40 dB was observed.

The trend of decreasing threshold current with increasing cavity size is apparent in Fig. 4(a)). This finding plus the
nonfunctional devices with smaller gain apertures is consistent wilh an increase of optical loss originating from the
disordered region. We expect better performance and decreased current leakage with further refinement of the implant
parameters as well as concentric alignment of the gain and oxide apertures.
fabrication complexity, the additional benefit of lateral confinement of carriers in
performance for smali diame~er VCSELS.

Although this approach requires greater
the quantum wells [4] may enable superior
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Figure 4. Optical characteristics of gain apertured selectively oxidized VCSEL. (a) Light versus current curves for various sizes of gain
apertures (note the oxide apertures are 2 #m larger); (b) the emission characteristics of 10x10 urn gain apertured VCSEL at 2 mw output
showing a side mode suppression ratio of 40 dB.

4. SUMMARY

In summary, motivated by the new demands of emerging VCSEL applications, single mode VCSELS are presently under
development. The techniques demonstrated herein introduce modal discrimination by increasing the optical loss of the
higher order modes with a thick tapered oxide aperture, or by increasing the relative gain of the fundamental mode by
creating a central gain aperture. The comparative merits of the two approaches are still being sorted out, where the criteria
are the degree of increased fabrication complexity, tradeoffs to the olerall laser performance, and maximum single mode
output that can be achieved. Presently roughly 3 mW represents the best single mode output obtained, whereas 10 mi~ or
greater of single mode power would likely fuel the next generation of VCSEL applications.

5. ACKNOWLEDGEhlENTS

Sandia National Laboratories is a multiprogram laboratory operated by Sandia Corporation for the United States Department

of Energy under contract No. DE-AC04:94AL85000.

6.

[1] Efficient Semiconductor Light-Emitting Device
United States Patent No. 5,493,577 (Feb. 20, 1996).

REFERENCES

and Method, K. D. Choquette, K. L. Lear, and R. P. Schneider, Jr,

[2] W. W. Chow, K. D. Choquette, M, Haggerot Crawford, K. L. Lear, and G. R. Hadley, “Design. Fabrication. and
Performance of Infrared and Visible Vertical-Cavity Surface Emitting Lasers,” (invited) J. Quan. Electron. 33, 1810( 1997).
[3] K. D. Choquette, “Technology of Selectively Oxidized Vertical Cavity Lasers” in Vertical Cavi~ Surface Emitting
Lasers-New Technologies and Applications, ed. J. Cheng (Gordon and Breach) 2000.
[4] R. L. Naone, P. D. Floyd, D. B. Young, E. R. Hegblom, T. A. Strand. and L. A. Coldren, ‘-lnterdiffused Quantum \\”ells
for Lateral Carrier Confinement in VCSELS,” J, Sel. Top. Quantum Electron. 4,706 ( 199S).


