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Microstructured semiconductor lasers for
high-speed information processing

P. L. Gourley

The technology to generate laser light from semiconductor microstructures is developing
rapidly. New techniques for epitaxial growth and surface processing allow great flexibility in
laser architecture. Highly efficient lasers with submicrometre dimensions, operating indepen-
dently or packed together in dense two-dimensional arrays, will soon be used for transmitting,
storing and manipulating information with unprecedented speed.

IN C. S. Lewis’s The Magician’s Nephew, the world of Narnia
began with the creation of lights by the great voice: “the black-
ness overhead, all at once, was blazing with stars. They didn’t
come out gently one by one, as they do on a summer evening.
One moment there had been nothing but darkness; next moment
a thousand, thousand points of light leaped out.”

Like the creation of the vast number of stars in Lewis’s novel,
modern photonics engineers are creating millions of microscopic
laser lights on gallium arsenide semiconductor chips. These chips
comprise periodic arrays of micrometre-sized lasers emitting
coherent visible or near infrared light. These lasers can operate
as large arrays or independently to communicate millions of
messages at the same time. Such vast numbers of light-emitters
could be used to read, write or process two-dimensional images,
and to speed the flow of information between memory and pro-
cessing chips. By replacing cumbersome electronic wires with
laser beams, bits of data could move faster between spots on
different chips.

Developing semiconductor laser materials use alloys like
AlGaAs or other compound semiconductors which emit wave-
lengths of light extending from 450 nanometres in the blue to 10
micrometres in the infrared. This range covers the wavelengths of
the most familiar ‘benchtop’ lasers such as argon ion (514 nm),
YAG (1.06 um) and CO, (10.6 pm). Each of these familiar
industrial lasers can produce hundreds of watts of continuous
light power. Arrays of the most developed semiconductor lasers,
emitting 870-nm light from cleaved GaAs wafers, have demon-
strated similar power levels. Discrete semiconductor lasers typi-
cally emit from 0.1 mW to 1 W and are the size of a salt grain,
many orders of magnitude smaller than benchtop lasers. Semi-
conductor lasers are clearly the most efficient light sources, with
up to 50% overall quantum efficiency, far exceeding efficiencies
of the familiar industrial lasers (0.1-0.01%), tungsten lamps (few
per cent) and fluorescent arc amps (10%).

Beyond highly efficient light generation, semiconductor lasers
are well suited to high-volume manufacturing. Like the integra-
tion of silicon transistors in the 1960s, the semiconductor laser
will undergo integration in large arrays and with other optical
circuit elements such as waveguides and detectors. The ultimate
uses of optical circuits are still an open question. But it is likely
that information display and transfer, energy delivery and com-
putation are among the leading applications. As these applica-
tions become a reality, our society will be more dependent on
new materials for photonics.

Three-dimensional architectures

Many technological advances are inherited from the new geo-
metries of microstructured semiconductor lasers’. These new
forms have emerged through modern semiconductor microfab-
rication, including epitaxial growth and surface processing. Such
technologies allow the creation of three-dimensional laser archi-
tectures that enhance light emission from the materials used to
build them.
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Several advantages follow from the microstructure inherent
in the crystalline growth of the laser crystal. The crystal is liter-
ally built up atomic layer by atomic layer onto a semiconductor
substrate by epitaxy. Techniques like molecular beam epitaxy
and metal organic vapour-phase epitaxy allow sequential layer-
ing of hundreds of different semiconductor alloys. By mixing
and matching these ‘designer materials’, crystals can be layered
together to optimize the electrical and optical properties. This
tailoring of semiconductor structures is called bandgap engin-
eering, and is described below.

Every semiconductor has an energy gap that separates lower-
energy, occupied electron states (valence bands) from the higher-
energy, empty states (conduction bands). An electron promoted
across this gap will result in a mobile ‘hole’ in the valence band
and a mobile electron in the conduction band. In bandgap engin-
eering, different semiconductor alloys with different bandgaps
are joined during growth to form a single-crystal heterojunction.
This heterojunction creates potential-energy steps in conduction
and valence bands that inhibit motion of electrons and holes. A
double heterojunction with a thin layer (~100A) of low-
bandgap material (such as GaAs) sandwiched between two wide-
bandgap materials (such as AlGaAs) is called a quantum well
(Fig. 1 shows a three-quantum-well structure); in these struc-
tures, used in most semiconductor lasers, individual electrons
and holes are confined within the central layer.

An alternative, thicker heterostructure is an optical waveguide
layer, in which a thick (~1,000-A) GaAs layer is sandwiched
between two AlGaAs layers. Light is guided by total internal
reflection along the GaAs layer because it has a higher refractive
index than AlGaAs.

Another important heterostructure is a quarter-wave mirror
stack, sometimes called a distributed Bragg reflector. It com-
prises periodic pairs of layers (GaAs and AlAs, for example)
with high and low refractive index to reflect light incident per-
pendicular to the layer (Fig. 1). The waves of light reflected from
each interface add constructively to create a very high reflectance
exceeding 99%. The individual layer thicknesses d correspond to
a quarter wavelength of light, d=A/4n where A is the wavelength
and » the refractive index. For GaAs n=3.6 at the emission
wavelength of A=850 nm, so d=630 A.

With epitaxial growth, these building blocks (quantum wells,
optical waveguides and mirrors) can be stacked in a single crystal
according to a designer’s wishes. After growth, the surface of
the crystal wafer can be patterned by optical or electron-beam
microlithography using a spin-on resist material. After the resist
is exposed and developed, selected areas as small as a few tens of
nanometres can be removed from the wafer’s surface by etching
techniques. These techniques use ‘wet’ chemicals or ‘dry’ ion
beams to strip off layers with nearly the same precision as they
were laid down.

Taken together, epitaxial layering and surface processing
allow the photonics engineer great flexibility in the geometry of
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lasers. Developing semiconductor lasers exhibit an
astonishing variety of geometrical forms including
multilayer  sandwiches™, posts®,  gridirons’, n ’
thumbtacks®, swiss cheese’, concentric rings® and
honeycombs’. A checkerboard geometry'® for a
phase-compensated two-dimensional surface-emit-
ting laser array is shown in Fig. 2a. The pattern of
light emitted from an uncompensated array is
shown in Fig. 2b and ¢, for the near and far fields
respectively.
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Although many microstructured lasers are still in
their infancy, others are more developed. The
vertical-cavity surface-emitting laser (VCSEL)
(Fig. 1) is now making the transition from research
to manufacturing. This structure includes all the
necessary laser components: optical cavity, gain
medium and electrical pathway for current, built
within a single-crystalline architecture. It comprises
three basic components: an n-type mirror for con-
ducting -electrons, a p-type mirror for conducting
positively charged holes, and a central quantum-
well active region for optical gain. The mirrors
define an optical cavity that confines photons for
the lasing process.

The general operation of a semiconductor laser
can be explained with Fig. 1. With a low voltage (a
few volts) applied, electrons flow from the leftmost
metal contact through the substrate and n-type
mirror to quantum wells, where they collect. At the
same time holes are injected through the rightmost
metal contact, through the p-type mirror, and into
the thin quantum wells. When an electron encoun-
ters a hole in the quantum well, the pair is anni-
hilated (or recombines) and a photon is produced.
The light produced by this chance encounter is
called spontaneous emission. Spontaneous photons
are randomly emitted in all directions and are
frequently reabsorbed by the quantum well materials. Spontane-
ous emission tends to be weak and have a broad energy
distribution.

When the bias voltage is increased, dramatic changes take
place. Increased flow of electrons and holes fills the energy states
of the quantum wells and optical gain is developed. In this condi-
tion, a spontaneous photon traversing the quantum wells will
induce another electron-hole recombination event and photon
emission (stimulated emission). These stimulated photons multi-
ply the photon population many times. Only those waves which
reinforce themselves after a cavity roundtrip with two mirror
bounces will build up. These stimulated photons add construc-
tively to produce an intense standing wave in the cavity. In the
steady state, some of the stimulated photons leak out through
the mirrors, producing a coherent, monochromatic beam outside
the cavity.

Bandgap engineering of the vertical-cavity laser structure has
evolved over the last fifteen years>>'' >, following the pioneer-
ing work by Iga of the Tokyo Institute of Technology’. Most
of the pioneering VCSEL diode work has been accomplished
with the GaAs/AlGaAs materials that emit in the near infrared
(770-1,000 nm). Recent advances include demonstration of
AlGalnP-based visible (red at 650-670 nm) VCSELs (Fig. 3)*',
and InGaAsP-based VCSELs operating at 1.3 pm. Newly devel-
oped compound nitride semiconductors may even allow short-
wavelength VCSEL lasers emitting in the ultraviolet-blue region
of the spectrum.

Advantages of microstructured lasers

The vertical cavity of Fig. 1 is versatile; it can be used for light
generation®”, modulation® or switching®*°. As a laser, it can
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FIG. 1 Diagram of a single vertical-cavity surface-emitting laser. The upper part shows
the conduction and valence bands in which the electrons and holes move. The bottom
part shows the layered pairs of semiconductor materials used for the mirror region
and thinner quantum-well layers used in the active region. Electrons and holes are
shown by dark and open circles respectively. These carriers are injected from metal
contacts applied to the substrate and top mirror layer. The carriers collect into the
guantum wells where they recombine to produce photons (wavy arrows). Photons with
the right wavelength are multiplied inside the laser cavity. Some of these photons
leak out the top mirror, through an aperture defined in the top metal contact, to
produce an intense beam.

operate as a planar device, etched post or two-dimensional array.
Its architecture is radically changed from the conventional edge-
emitting laser invented in the early ’sixties. In contrast to that
laser, which emits widely diverging light from a cleaved wafer-
edge, the vertical-cavity laser emits light normal to the wafer
surface. This allows vast numbers of lasers to be packed side-
by-side on the wafer surface or to be integrated vertically with
other optical elements. It also allows the laser aperture to shape
the emerging beam into a low diverging circle, compatible with
fibre optics. The circular beam cross-section of a VCSEL is con-
trasted with the stripe-like beam from an edge-emitter in Fig. 3.

The advantages of bandgap engineering are illustrated by a
recent scheme to lower the electrical resistivity of VCSEL mir-
rors. The quarter-wave stack must serve three functions: as a
highly reflecting mirror, as a conducting path for charge carriers
and as a sink to remove unwanted heat. These three requirements
are not generally compatible, but can be accommodated by
bandgap engineering. For the first function, large differences
in the indices of refraction of adjacent mirror layers give high
reflectivity. Large index differences are accompanied by large
energy barriers, which charge carriers must surmount as they
move across layers. These barriers impede carriers, causing high
resistances which create heating and lower efficiency. To lower
the resistance but maintain high reflectivity, the interfaces
between layers are graded in alloy composition to ‘soften’ the
energy barrier. A grading approach developed at Sandia®” and
at the University of California at Santa Barbara® have produced
low-resistance mirrors enabling VCSEL threshold voltages of
less than 1.5V and efficiencies of up to 30%.

The laser benefits from bandgap engineering of the active
region. The quantum wells can be placed commensurately with
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FIG. 2 a, Scanning electron micrograph of a two-
dimensional vertical-cavity surface-emitting laser
array with integrated phase compensator made at
Sandia National Laboratories by Warren and co-
workers. The individual laser pixels are 5-um
squares with every other pixel covered with a glass-
shifting layer. b, The near field laser light emitted
from an uncompensated 20 x 20 array injected with
current. ¢, The four-lobed light pattern observed far
from the device surface (far field).
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FIG. 3 Cross-sections of visible laser beams from a new surface-emitting laser circular and much smaller than the wide, stripe-like beam from the edge-emitting
diode (left) contrasted with conventional edge-emitting laser diode (right). The red laser. These properties simplify the collimation and focusing of the VCSEL. (Photo-
beam from the surface-emitter illuminating the backside of a paper screen is graphs courtesy of R. Schneider and K. Lear of Sandia National Laboratories.)
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the antinodes in the optical standing wave®® ', This
effect is illustrated in Fig. 1 where the crest in the
optical waves aligns with the quantum wells. The
lasing wavelength is stabilized, the gain material is
more effectively utilized to feed the lasing process,
and evidence suggests that spontaneous emission is
enhanced®**. The quantum wells can be thin elast-
ically strained layers, to extend lasing wavelength
and increase efficiency®**. Furthermore, the ultra-
short active region can be designed to improve
temperature characteristics’*° and increase the
upper frequency (~14 GHz) for switching the laser
on and off*'™*.

Beyond performance characteristics, the vertical-
cavity surface-emitting-laser is particularly attrac-
tive for manufacturing. VCSELSs can be individually
tested while they are still in wafer form. Because
defective lasers are identified before packaging,
costs are reduced. The surface emission geometry
of VCSELs will also simplify packaging.

Surface-patterned laser arrays

Whereas layered microstructure is used to enhance
the efficiency of the lasing process, surface micro-
structure is used to shape and direct the beam emit-
ted from the wafer. Surface patterning is useful for
creating two-dimensional arrays of surface-emitting
lasers. When many of these tiny lasers are placed
side by side on a wafer, it is possible to operate
them in a phase-locked condition (Fig. 2b). As a
consequence, the entire array operates in unison to
create a narrow laser beam. By adjusting the relative
phase of the lasers, it may even be possible to steer
the beam in space at very high speed.

The lasing modes in a two-dimensional arrays
have been studied recently>'®**>!. The optical
mode in the array will determine the angular distri-
bution of light observed far from the array surface
(far field). The far-field patterns observed experi-
mentally reveal four bright spots (Fig. 2¢). The
spots are placed symmetrically 5° away from the
optical axis into each of the four quadrants of the
far field. The width of the spots (8) is about 2°,
slightly broader than predictions of 8x~A/D by
diffraction theory, where D is the diameter of the
array. The surface-patterned array has a beam with
much lower divergence than that of a single element
of the array.

Despite the advantages of narrower divergence,
the beam intensity is off the optical axis (normal to
wafer surface). Most applications require a single beam on the
optic axis. The off-axis beam is due to the array mode which
corresponds to each element being 180° out of phase with its
neighbours. This antisymmetric mode dominates the lasing pro-
cess. The mode amplitude has a zero crossing between elements,
consistent with the quenching of lasing in the channels. Attempts
have been made to produce a symmetric mode with on-axis
intensity, but with little success.

A more successful approach taken by Warren and co-workers
is to let the array lase in its preferred antisymmetric mode and
then use epitaxial binary optics to adjust the phase in the near
field'®*. In this case, an extra phase-correction layer is grown
above the top mirror. After growth, the layer is selectively
removed above every other lasing element. This leaves a checker-
board pattern etched into the phase-correction layer (Fig. 2). In
the squares with remaining material, the phase of the outgoing
wave is retarded by 180° with respect to the squares without the
material. The phase front of the wave is now compensated across
the entire array surface, as if the array was operating in a sym-
metric mode. The far-field pattern comprises a bright lobe on

lattice.
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FIG. 4 a, Scanning electron micrograph of a photonic lattice structure fabricated with
electron beam lithography and reactive ion beam etching by Wendt and Vawter at
Sandia National Labs. The structure features 250-nm diameter holes etched into a
AlGaAs multilayer wafer. Photonic lattices such as this one are being investigated for
future generations of low-threshold lasers. b, A light scattering micrograph showing
how light propagating along the wafer plane is redirected out of the plane by the

the optic axis as desired. There are also secondary lobes off the
optic axis, but these are weaker.

Photonic lattices and band gaps

The above example shows how surface patterning of an epitaxial
layer can be used to produce a phase transformation in a wave
exiting the crystal. A slight phase adjustment in the near field
produces a dramatic change in the far field, which is its Fourier
transform. Study of the far field can provide valuable informa-
tion about the optical modes in the arrays™. These arrays form
a subset of more generalized periodic optical structures called
photonic lattices. A photonic lattice is formed by periodic modu-
lation of the dielectric constant (or refractive index) in one, two
or three dimensions. The distributed Bragg reflector is a one-
dimensional photonic lattice. Lattices of all dimensionalitics
serve to inhibit the propagation of electromagnetic radiation
over a range of frequencies called a stop band. A stop band in
three dimensions could entirely prohibit spontaneous emission.
These effects would be useful for laser cavities, waveguides and
detectors.
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FIG. 5 Scanning electron micrographs of microdisks in the side view
(8) and top view (b). The InP pedestal is a rhombus in cross-section as
seen in the top view. It tapers to smaller dimensions as it approaches
the substrate. (Photograph courtesy of R. Slusher of AT&T Bell
Laboratories.)

Optical waves in the lattice are analogous to electron Bloch
wavefunctions in a crystalline solid** . The electron wavefunc-
tion in the solid is described by local orbital motion around each
atom and by long-range wave motion throughout the periodic
arrangement of atoms. When the electron wavelength is twice
the atomic spacing, the Bragg condition for reflection occurs.
Under this condition, the electron wave cannot propagate,

FIG. 6 A 850-nm light display from a 10 x 10 matrix addressable array
fabricated at the Solid State Technology Center of AT&T Bell Laborato-
ries. Matrix addressing has the advantage of minimizing the number of
wires to inject current. The dollar-sign display is created by raster scan-
ning the array to turn individual elements on and off. These arrays are
proposed for applications such as video imaging, confocal microscopy
and spatial light modulation. (Photograph courtesy of R. Morgan, for-
merly with AT&T Bell Laboratories and now with Honeywell.)
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creating the energy bandgap described earlier in this article. In
the photonic lattice the stop band corresponds to the energy
bandgap. Like electrons, the photons can exist in energy states
where propagation is allowed. Unlike electron states which
accommodate one electron at a time, the photon states can
accommodate many photons at a time. These differences endow
the photonic lattice with unusual properties, useful for nonlinear
optics and not found in electronic lattices.

Recently, specific three-dimensional photonic crystals have
been proposed by Yablonovitch®® and others®” . These struc-
tures are being intensely studied theoretically by many groups.
This work has shown that complete three-dimensional photonic
bandgaps are possible for certain crystal symmetries with
sufficient dielectric modulation. Experimentally, the situation is
much less developed. Experiments performed at microwave fre-
quencies have confirmed the existence of photonic bandgaps in
two dimensions (posts in triangular arrays®') and three dimen-
sions (stacked-log structures operating up to 500 GHz*>*%) using
insulators or semiconductors. Structures with bandgaps in the
optical frequencies have proven difficult to make because of the
small submicrometre dimensions necessary.

It may be easier to make two-dimensional structures with pho-
tonic bandgaps at optical frequencies. Two-dimensional lattices
which have a complete in-plane photonic bandgap have been
theoretically predicted by Meade et al.** and Villeneuve and
Piche®*. Honeycomb lattices and triangular lattices of air holes
have a complete gap for both transverse electric and transverse
magnetic polarizations. The maximum bandgap occurs in struc-
tures with ~85% air-volume fraction. Honeycomb nanostruc-
tures have been fabricated by Wendt and Vawter at Sandia
National Laboratories’. These structures, (Fig. 4a), were fab-
ricated in compound semiconductors using -electron-beam
lithography and reactive-ion-beam etching. The honeycomb
nanostructure corresponds to two-dimensional second-order
Bragg-reflector wavelengths near 830 nm. This includes wave-
lengths for the spontaneous emission from GaAs quantum wells.
Initial optical characterization of these lattices reveals that light
normal to the plane can be resonantly coupled into the lattice
near the Bragg condition®. A photomicrograph of light propa-
gated and scattered out of the lattice is shown in Fig. 3b. The
image shows that the lattice is effective in controlling the
direction of photon propagation.

Whispering-gallery microdisk lasers

One major hurdle for semiconductor lasers is the elimination
of the heat that accompanies light generation. To obtain high
operating efficiencies, considerable energy must be expended to
overcome the threshold condition for inverting the electron
populations in order to start the lasing process. This threshold
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condition might be compared to the heat required to raise the
temperature of a pot of water to produce boiling. If the pot were
made small enough and the energy supplied without loss, the
threshold energy for boiling could be very low. How to make
such a ‘thresholdless laser’, suggested by Yamamoto®, is a topic
receiving much attention. Such a device would operate at the
quantum limit: the first injected electron-hole pair would pro-
duce a laser-like photon. One approach to implementing this
laser uses a photonic lattice® (Fig. 4a).

Other approaches to confine light for thresholdless lasers are
also being investigated’. These approaches include fabrication
of vertical-cavity posts, hemispherical cavities and whispering-
gallery disks®. The object is to make small high-quality-factor
microcavities to localize a few modes from the surrounding free-
space modes. If the cavity is small enough, it can even modify
the spontaneous emission rate of photons. Useful spontaneous
emission can be enhanced and competing emission can be sup-
pressed. The result is that device quantum efficiency increases.
Like vertical cavities, these structures feature single-mode lasing,
high-wavelength stability and low temperature-sensitivity.
Ultrasmall cavities may even produce photon number squeezing,
where the emitted photon stream is highly correlated in time
and does not obey Poisson statistics. Theorists are now thinking
of schemes to produce a correlated flow of electrons to inject
such a microcavity.

A measure of merit for these microcavities is the fraction of
spontaneous emission that is coupled into the lasing mode ().
B can also be interpreted as the inverse of the number of optical
modes in the cavity. As f approaches 1, the threshold current
for lasing decreases, the lasing linewidth narrows, and the laser
intensity fluctuations decrease®. An approximation for the spon-
taneous emission coefficient at wavelength 4 is fx(A/2n)’1/
VA, where (A/2n)’ is the optical volume per mode, V is the
total cavity volume and AA,, is the linewidth of the spontaneous-
emission spectrum. Large-area vertical-cavity surface-emitting
lasers have f=0.01. Posts etched into these laser wafers have
B ~0.1. Even higher values (8 ~0.3) are attained with ‘whisperi-
ng-gallery’ microdisk lasers®. The values in photonic lattices and
photonic bandgap materials are expected to approach 1, but
have not yet been demonstrated experimentally.

A scanning electron micrograph of a ‘whispering-gallery’
microdisk laser is shown in Fig. 5. These microdisks were fab-
ricated by etching quantum-well layers of InGaAs/InGaAsP
(100 A well/100 A barrier) grown on InP substrates. The total
thickness is S00 A for a single-quantum-well structure and
1,500 A for a six-quantum-well structure. Photolithography was
used to pattern cylinders with diameters of 3-10 um. A hydro-
chloric acid solution was used to etch away the InP around and
below the protected circles, leaving a very thin quantum well/
barrier disk. The disk is mechanically stable and lases when
optically or electrically pumped.

These microdisk lasers are simple to make and attractive for
several reasons. First, the disk volume is extremely small, only
1 um®. This is about 100 times smaller than a vertical-cavity
laser. Consequently, the current required for lasing is very low,
in the microamp range. Second, the refractive-index mismatch
between the semiconductor disk (n=3.6) and surrounding air
(n=1) is enormous. This leads to very high confinement of spon-
taneous or stimulated photons created inside the disk. Only a
single transverse optical mode is trapped in the thin disk. Third,
the photons tend to skim along the circumference of the disk
where they experience total internal reflection as in an optical
waveguide. This gives very high overlap between the optical
wave and gain present in the quantum wells, allowing the laser
to operate more efficiently.

The optical waves in these disks are referred to as ‘whispering-
gallery’ modes, analogous to sound waves first observed by Lord
Rayleigh. More than a century ago, he explained how conversa-
tions could be heard at opposite walls inside the great dome of
St Paul’s Cathedral in London. The conversation was channelled
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to the listener by efficient propagation of sound waves skimming
along the walls. Similar optical waves have been observed in
polymer spheres and water droplets. Light can be highly confined
within these microstructures because of the high index mismatch
between the sphere and its surroundings.

Although light is tightly confined in microdisk lasers, sufficient
leakage occurs through the sides to form an output beam. The
output power ranges from tens to hundreds of microwatts. The
light emitted from a S-pm microdisk is spread into a ~20° angle
about the circumference of the disk. Exactly how to best utilize
this circular spread of light is a topic of high interest. The most
useful output may emit from an array of microdisks, or from
microdisks that are specially positioned to reflect light from the
substrate.

As microdisks and other laser structures shrink to smaller and
smaller dimensions, physicists are becoming especially intrigued
by fundamental limitations on laser operation. The electron,
photon and phonon (lattice vibrations) states change from con-
tinuous distributions to discrete levels separated by large energ-
ies. Electrons and holes injected into such structures find fewer
degrees of freedom to relax excess energy. As a result, the energy
distribution of carriers is ‘hot’ and spread over a large range of
energies. This energy spreading lowers the conversion efficiency
of an injected electron-hole pair into a lasing photon. These
limitations will present new challenges for scientists and
engineers to overcome.

Quantum-cascade lasers

The emission wavelength of most semiconductor lasers is fixed
by the energy bandgap of the quantum-well material in the active
region. The laser wavelength is A=hc/E, where A is Planck’s
constant, ¢ is the speed of light in a vacuum and E, is the energy
gap between electrons in the conduction band and holes in the
valence band. Recently, a fundamentally new microstructured
semiconductor laser®”®® has been demonstrated by Capasso and
co-workers at AT&T Bell Laboratories which removes this con-
straint. This new laser, dubbed the quantum-cascade laser, has
its wavelength set, not by the bandgap, but by smaller energy
separation of conduction sub-bands in adjacent quantum wells
of different thickness. Since the sub-band energies change with
quantum-well thickness, the lasing wavelength can be changed
merely by growing thicker or thinner quantum-well layers. Usin
8-A and 35-A InGaAs well-layers sandwiched between 35-
AllnAs barrier layers, the demonstration laser emitted light at
4.2 um in the infrared. Lasers operating at wavelengths of 4-
100 pm, appropriate for environmental monitoring and ana-
lytical spectroscopy, should be possible with different layer
thicknesses.

This remarkable new laser relies on bandgap engineering to
accomplish this feat. It was produced by molecular beam epitaxy
of 500 layers of variously doped semiconductor alloy layers to
define the quantum-well active region, waveguide cladding layers
and top contact layer. The laser light travels along the layers in
a waveguide and out-edge mirror-facets formed by cleaving the
wafer. This lasing direction is similar to conventional edge-emit-
ting laser diode light.

In contrast to both edge- and surface-emitters, this new laser
is not a diode. In the diode lasers both electrons and holes are
required for recombination events to produce photons. In the
quantum-cascade laser only electrons in the conduction band
are required. The electrons are injected over a barrier layer where
they pile up in the narrow 8-& InGaAs layer. The electrons
cascade downward in energy to the 35-A InGaAs layer by emit-
ting a 4.2-uym photon. After releasing this energy, they are
quickly swept away into adjacent layers. The rates of injection,
photon emission and sweepout are carefully regulated by design
of the bandgap-engineered layers. This careful regulation is nec-
essary to maintain a population inversion of electrons between
the energy levels of the narrow and wide InGaAs quantum-well
layers, so the stimulated emission process can take place.
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With stimulated emission, up to 8 mW output power at cryo-
genic temperatures was reported. It is likely that higher output
power and operating temperature will be achieved in succeeding
laser designs. The implications of mid-infrared to submillimetre-
wavelength lasers based on wide-bandgap, technologically mat-
ure compound-semiconductor alloys are apparent. Low-
bandgap materials for longer wavelength edge-emitting diodes
are difficult to grow, hard to process and highly temperature-
sensitive. The quantum-cascade laser materials are compatible
with those used for long-wavelength infrared detectors based on
optical absorption between quantum-well sub-bands. No p-n
junction is required, so difficulties associated with p-type doping
and hole transport are eliminated. Further, the temperature
dependence of the threshold current is predicted to be much
weaker than that in diode lasers.

Applications of microstructured lasers

As researchers continue to develop new microlasers with smaller
volumes and higher S, manufacturers are scaling up to produce
the more developed VCSEL lasers for several different applica-
tions. American manufacturers include Motorola, Photonics
Research Incorporated and Optical Concepts. One application
of interest, a matrix addressable array display®® developed at
AT&T Bell Laboratories, is shown in Fig. 6. For fibre-optic
communications, these lasers feature high coupling efficiency to
fibres, low bit error rate, low temporal dispersion and a threshold
current that is insensitive to changes in temperature. Such
VCSEL applications are under investigation by the ARPA
sponsored Optoelectronics Technology Consortium (OETC)

which includes AT&T, GE, Honeywell and IBM. The OETC is
working towards a 32-channel, 500-Mb s~' optical data link for
board-to-board communications®. The red VCSEL is also an
excellent candidate for use in printing, read /write and scanning
applications such as a replacement for He-Ne lasers in super-
market bar code scanners. Reprographic films are more sensitive
at red wavelengths, and the circular beam simplifies focusing
light on the film. Plastic micro-optics can be integrated with the
lasers, resulting in low-cost miniature laser systems. Finally, two-
dimensional VCSEL arrays are particularly attractive for a wide
variety of image processing and optical computing applications.

An unprecedented capacity to synthesize microstructures is
changing the form of the semiconductor laser. The ability to
confine single optical modes in submicrometre-sized lasers in a
single crystal is also changing the way we think about semicon-
ductor lasers. It is possible to envisage extremely high-confine-
ment resonators occupied by single photons. Low quantum
occupation would allow entirely new kinds of photonic devices
using minute power. These devices could become viable system
components for transmitting, storing and manipulating informa-
tion. The conception, fabrication and study of these device struc-
tures is creating new opportunities and exciting new challenges
for scientists and engineers. Vertical-cavity surface-emitting
lasers have already moved toward the manufacturing stage. They
are compact, efficient and relatively inexpensive to manufacture
in large quantities. The future of these tiny lights appears to be
very bright indeed.
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