
Light sources
Light-emitting diodes are simpler to construct, while heterojunction
lasers produce lower dispersion and couple to fibers more efficiently; both
types have now been operating for well over one year.

Henry Kressel, Ivan Ladany, Michael Ettenberg and Harry Lockwood

The selection of a system for optical
communications is largely governed by
the availability of the necessary compo-
nents. Although through-the-atmo-
sphere systems have some applicability,
they are generally restricted to small in-
stallations where their inherent limita-
tions are tolerable. The optical trans-
mission medium of greater importance for
the future is a glass or plastic fiber, and
therefore the properties of these fibers—
their absorption, dispersion, mechanical
strength, and so on—are all-important.

The other determining factor is the
requirement that the sources, fibers and
detectors used in the system be compat-
ible with one another. Fortunately this
compatibility exists—and it is for this
reason that optical communications is
such a rapidly expanding field. It is
generally true that commercially available
optical fibers have moderate loss and
small dispersion (both modal and mate-
rial) in the wavelength range 0.8-1.1 mi-
crons. In this article we will therefore
discuss the current status of semicon-
ductor light sources spanning this wave-
length region, and because there are ap-
plications for both coherent and inco-
herent sources we will treat both lasers
and LED's (light-emitting diodes).

We will limit our discussion in this ar-
ticle to discrete components. Semicon-
ductor laser components can be expected
in the future to move into the area of in-
tegrated functions, along the lines de-
scribed by Esther Conwell in her article
on page 48 of this issue of PHYSICS
TODAY.

Heterojunction structures

It is only since the advent of the first
practical aluminum gallium arsenide-
gallium arsenide heterojunction laser
structures1"5 that the potential of laser
diodes for optical communications and
other applications has been realized. The
GaAs homojunction lasers available ear-
lier had such high threshold and operating

currents as to make them impractical for
room-temperature operation. In some
heterojunction devices we will describe,
threshold current densities have been
reduced two orders of magnitude to 500
A/cm2 from the homojunction values of
about 50 000 A/cm2. This progress has
made practical a compact continuous-
wave laser with high radiance and power
output in the range of 10 raW, which can
be directly modulated to hundreds of
MHz. Figure 1 vividly illustrates the
small size and brightness of a cw laser
similar in construction to those used in
optical communications.

Since optical fibers with losses under 20
dB/km are now commercially available,
multi-kilometer, high-data-rate trans-
mission systems (even without repeaters)
are expected to become competitive with
the existing coaxial systems of electrical
communication.

There are also many applications for
fiber-optic links over short distances as
well as at low data rates (for example, in
local distribution systems). The light-
emitting diode satisfies many of the re-
quirements of such systems, and because
it is not a threshold device its output
power is less sensitive than the laser to
small changes in operating current or
ambient temperature. Much of the
technology of LED's is comparable to that
of lasers, so that the two devices have
tended to be developed together. In fact,
state-of-the-art LED's deliver several
milliwatts of output power at modulation
rates of 100-200 megahertz.

The most highly engineered and tested
lasers and LED's for optical communi-
cations are those derived from the ternary
alloy system AlxGai_xAs. Thin layers
(0.05-1 micron) are sequentially grown
with a high degree of perfection by liq-
uid-phase epitaxy on substrates of GaAs.
By varying the alloy composition of the
recombination region of the direct-
band-gap material,6 the emission wave-
length can be varied over a useful range of

0.8-0.9 microns. Emission, and indeed
lasing, can be achieved at still shorter
wavelengths but attenuation and disper-
sion in the fiber begin to become appre-
ciable at shorter wavelengths. The purest
(OH-free) fibers available have attenua-
tion and dispersion that decrease to neg-
ligible values in the wavelength region of
1.0-1.1 microns, so that there is a real in-
terest in developing new alloy systems and
a heterojunction technology for emission
in this range also.

In the AlxGai-xAs system the lattice
parameter varies by only 0.14% as x goes
from zero to unity. Heterojunctions in
this system consequently have negligible
strain-induced defects and demonstrate
long-term reliability. In most other ter-
nary alloys, the band gap and lattice pa-
rameter vary significantly between the
extremes of the binary alloys from which
they are derived; InxGai-.rAs, InxGai_xP
and GaAsjPi-j are examples of such al-
loys. As a result heterojunction struc-
tures in these materials contain many
defects due to the inevitable strain at the
heterojunction interfaces. However,
lattice-matching heterojunction struc-
tures of indium gallium arsenide-indium
gallium phosphide, for example, can be
defect free.

An alternative approach to obtaining
efficient device performance at 1.0-1.1
microns is to fabricate heterojunction
structures in quaternary alloys such as
In^Gai-jAsyPi-v and GaxAli_xAsv-

Like a Lilliputian beacon, this double-
heterojunction cw laser is dwarfed by an
ordinary sewing needle. The aluminum

gallium arsenide source shown here, emitting
at about 7500 A, is similar in construction to

devices for optical communications, which
are designed to emit at about 8200 A (a

wavelength that records poorly on color film).
The emitting region of this laser is about 15

microns wide by about 0.5 micron thick.
(Photograph courtesy of RCA Laboratories.)

Figure 1
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Extent of band gaps and lattice parameters covered by the quaternary alloys A I ^ G a T - ^ A y y
(gray area) and In^Gai-^ASyPT-y (colored area). The boundaries of the areas represent ternary,
and the vertices binary, alloys. Two particularly useful alloys are indicated: The square ( • ) locates
lno.8oGao.2oAso.35Po.65. the lattice parameter of which matches InP substrates and would make
diodes that emit at 1.1 microns; the triangle (A) shows the position of Alo.1Gao.9As, which matches
the GaAs lattice and emits at about 0.82 microns. Figure 2

Sbi-y. In these alloys, which cover the
desired emission range, the band gap and
lattice parameter can be adjusted inde-
pendently, as figure 2 shows. At some
cost in simplicity, this extra degree of
freedom permits the fabrication of
strain-free heterojunction devices.

As evidenced by a growing literature on
the subject, progress towards useful lasers
and LED's at about 1.1 microns is being
made. Much work, however, remains to
ensure their reliability, which is handi-
capped by lattice defects. Whether the
complexity of fabrication will be justified
by the moderate improvements in atten-
uation and dispersion will ultimately be
determined by cost and long-term reli-
ability.

The problem of lattice-parameter
match at heterojunctions can be discussed
in terms of mismatch-dislocation net-
works. For example, for a 1% lattice
mismatch at an interface, a dislocation
will be generated at approximately every
100 atom planes. Since the dislocation
core consists of nonradiative recombina-
tion centers, such a high dislocation den-
sity will depress the internal quantum
efficiency of the device. Furthermore,
dislocations are not always confined to the
mismatched interface but can propagate
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through multilayer structures.
The effect of dislocations on radiative

efficiency is dramatically illustrated in
figure 3, where we compare a transmission
electron photomicrograph of a dislocation
array in a mismatched heterojunction
structure7 with a cathodoluminescence
scan of a similar structure. The dark
lines and spots in the cathodolumines-
cence micrograph are areas of low radia-
tive efficiency, which correspond to dis-
locations lying parallel and perpendicular
to the plane of the surface viewed.
Therefore, in designing heterojunction
structures for LED's and lasers, it is of
extreme importance either to choose a
totally lattice-matched system or else to
remove dislocations from the active region
by compositional grading.

Continuous-operation lasers

Although there are numerous potential
configurations for cw laser diodes, the
symmetric double heterojunction with a
stripe contact has been widely adopted as
the simplest laser geometry and that most
suitable for optical communications. The
schematic and actual cross section of a
typical laser, figure 4, shows the optical
cavity (recombination region) defined by
its higher-band-gap dielectric walls as well
as the outer n and p type GaAs regions to
which ohmic contact is made.

The efficient operation of a laser diode
requires effective minority-carrier and
radiation confinement to the optical
cavity, which is also the recombination

region of the device. Both functions are
provided by heterojunctions. Radiation
confinement is provided by the dielectric
discontinuity, while carrier confinement
results from a potential barrier created by
the difference in band gap between the
materials that form the heterojunction.
The average carrier-pair density injected
into the recombination region of a dou-
ble-heterojunction device for a current
density J is

AN « Jr/ed

where e is the electron charge, T is the
carrier lifetime and d is the width of the
recombination region (that is, the het-
erojunction spacing). In a typical
GaAs-laser diode, AiV at lasing threshold
is about 2 X 1018 cm"3 at room tempera-
ture.8 To minimize the threshold current
density, we restrict the width of the re-
combination region by placing the het-
erojunction that forms the potential
barrier for minority carriers closer to the
injecting heterojunction than the diffu-
sion length. It is, however, essential that
the heterojunction interfaces be relatively
defect free in order to prevent excessive
nonradiative recombination of the in-
jected carriers.

The nonradiative loss of carriers at an
interface is characterized by the recom-
bination velocity S of that interface.
Under the usual laser operating condi-
tions we can express the effective recom-
bination rate due to the presence of the
interface as

Teff T0 d

where I/TO is the rate in the absence of
an interface. The internal quantum ef-
ficiency is given by

so that

eff/̂ O

77; « (1 + 2STQ/d)-1

In typical cw laser diodes d = 0.3 microns,
and ro = 10~9 sec. Therefore, for an in-
ternal quantum efficiency of 50% (a rea-
sonable lower limit), we would require
S < 2 X 104 cm/sec.

The single most important contribution
to S is from nonradiative-recombination
states introduced at the heterojunction
due to the lattice-parameter mismatch
between the two materials. If this mis-
match is kept below 0.1%, S will be under
2 X 104 cm/ sec and cw operation can be
anticipated. Experimental data con-
cerning S in GaAs-AljGai-jAs hetero-
junctions indicate that S « 5 X 103 cm/sec
in practical laser structures (where Aao/ao
S 0.07%), a value that is fully satisfactory
for narrow-recombination-region devices.

To ensure wave propagation along the
plane of the junction, as well as low
threshold current density and high effi-
ciency, means must be provided for con-
finement of stimulated radiation to the
region of inverted population (or its close
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proximity). Two heterojunctions, as in-
dicated in figure 4, provide a controlled
degree of radiation confinement due to
the higher refractive index in the lower-
band-gap recombination region, with the
fraction of the radiation confined depen-
dent on the heterojunction spacing d and
the refractive-index steps An at the lasing
wavelength;9 in Al^Gai-* As-GaAs
structures, An « 0.62 x at X « 0.9 micron.
In general it is desirable to equalize the
refractive-index steps An at all the het-
erojunctions to prevent the loss of wave-
guiding that can occur in thin asymmet-
rical waveguides. However, even with the
symmetric double-heterojunction laser,
wave confinement within a heterojunction
is gradually reduced as its spacing be-
comes small.

The fraction of the radiation confined
to the recombination region of the dou-
ble-heterojunction laser affects the ra-
diation pattern and threshold current
density. The radiation pattern (far-field
intensity distribution) is affected because
it is determined by the effective source
size (near-field intensity distribution); the
threshold current density Jth is deter-
mined primarily by the optical gain at
threshold—only that portion of the opti-
cal flux within the recombination region
is amplified. Figure 5 shows calculated
and experimental values of Jth as func-
tions of d for various values of An corre-
sponding to varying heterojunction bar-
rier heights. The lowest Jth value10 of 475
A/cm2 is obtained with d = 0.1 micron
and An = 0.4 (data corresponding to an
Alo.6Gao.4As-GaAs-Alo.6Gao.4As struc-
ture). It should be noted that the barrier
height also affects the high-temperature
performance of lasers.11

The maximum desirable threshold
current density for cw operation is below
2000 A/cm2, and double-heterojunction
laser diodes have routinely operated
steadily at room temperature with 0-12%
AlAs concentration in the active recom-
bination region. Because of the corre-
sponding band-gap variation this corre-
sponds to an emission wavelength range
of 0.9 to 0.8 microns. Room-temperature
cw operation of lasers at a wavelength of
1.0 micron has recently been reported for
the Ga^Ali-jAsySbi-v system,12 where
Jth ~ 2000 A/cm2 was achieved; for the
InGaAsP-InP heterojunction system
another recent paper reported room-
temperature pulsed operation at low
thresholds.12

Stripe geometry

Laser diodes are prepared by cleaving
two parallel facets to form the Fabry-
Perot cavity. The cw laser diode utilizes
a strip geometry to define the lateral di-
mension, as shown in figure 6. The ad-
vantages of this design feature are:
• The radiation is emitted from a small
region, which simplifies coupling of the
radiation into fibers with low numerical
aperture.

• The operating current can be mini-
mized because it is relatively simple to
form a small active area with photolitho-
graphic contacting procedures.
• The thermal dissipation of the diode is
improved because the heat-generating
active region is imbedded in an inactive
semiconductor medium.
• The small active diode area makes it
simpler to obtain a reasonably defect-free
area.
• The active region is isolated from an
open surface along its two major dimen-
sions, a factor believed to be important for
reliable long-term operation.

In the simplest stripe-contact13 struc-
ture, the active area is defined by opening
a stripe in a deposited SiC>2 film. The
surface of the diode is then metallized,
with the ohmic contact formed only in the
open area of the surface. Other methods
that have been used to define the stripe
contact include the implantation of deep
ionic centers to increase the lateral resis-
tance, and etched moats. Various aspects
of the technology were discussed in papers
in a special issue on semiconductor lasers
of the Journal of Quantum Electronics.u

Diodes for cw operation are generally
designed with the thin p side mounted on
copper heat sinks to minimize the thermal
resistance of the structure and with a soft
solder such as indium to minimize strains
in the devices.

The lateral width of the emitting region
can be adjusted for a desired operating
level by adjusting the stripe width. For
example, 100 mW of cw power (from one
facet) is obtainable for a stripe width of
100 microns. However, for the typical
power levels needed in optical communi-
cations (5-10 mW), stripe widths of about
13 microns are used, a dimension that
represents a suitable compromise between
low operating currents and an appropriate
power-emission level. A typical curve of
power output as a function of diode cur-
rent is shown in figure 7. The junction
temperature for such devices is only a few
degrees above the heat-sink temperature.
For example, a temperature differential
of 7 K is calculated with a typical power
input of 0.5 W at a diode current of 0.3 A,
and a thermal resistance of 14 K/W.

The electromagnetic modes of the
laser-diode cavity are separable into two
independent sets, with transverse-electric
and transverse-magnetic polarization.
The mode numbers m, s and q define the
number of sinusoidal half-wave variations
along the three axes of the cavity,
transverse, lateral and longitudinal, re-
spectively.

The allowed longitudinal modes are
determined from the average index of
refraction and the dispersion seen by the
propagating wave. The Fabry-Perot
mode spacing is several angstrom units in
typical laser diodes. The lateral modes
depend on the method used to define the
two edges of the diode. In stripe-geom-
etry lasers generally only low-order modes

10 microns

Misfit-dislocation arrays in a compositionally
graded In^Ga^^P vapor-grown epitaxial layer
on a GaP substrate. The top photo is a trans-
mission electron micrograph (ref. 7). Below is
shown a cathodoluminescence scan, in which
dislocations near the surface appear as non-
radiative regions. Figure 3

are excited; their mode spacings are
0.1-0.2 A and they appear as satellites to
each longitudinal mode. The transverse
modes depend on the dielectric variation
perpendicular to the junction plane. In
the devices discussed here, only the fun-
damental mode is excited, a condition
achieved by restricting the width of the
waveguiding region (the heterojunction
spacing) to values well under one micron.
Therefore, the far-field radiation pattern
consists of a single lobe in the direction
perpendicular to the junction. (Higher-
order transverse modes would give rise to
"rabbit-ear" lobes, undesirable for fiber
coupling.)

For a laser operating in the funda-
mental transverse mode, the full angular
beam width at half power perpendicular
to the junction plane is a function of the
near-field radiation distribution. The
narrower the emitting region in the di-
rection perpendicular to the junction
plane, the larger the beam width. In
practical cw laser diodes the beam width
is about 30°-50°. The beam width in the
plane of the junction (lateral direction) is
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The cross section of a typical laser for optical communications is de-
picted in a schematic illustration (left, not to scale) and in a photomi-
crograph of a sample that has been polished at a shallow angle to produce

high magnification in the transverse direction (right). The "terracing"
effect evident on the lower portion of the micrograph, a growth artifact,
causes some interface roughness. Figure 4

typically 5°-10° and varies only slightly
with the diode topology and internal ge-
ometry. At least one half of the power
emitted from one facet can be coupled
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Threshold current density as a function of the
heterojunction spacing for AlxGai-xAs dou-
ble-heterojunction lasers. The experimental
data points are for aluminum-concentration
steps Ax of 0.20 (triangles) and 0.65 (circles).
The theoretical curves are for the discontinuities
in the refractive index An shown, where the
relation An = 0.62 Ax has been assumed to
apply. Figure 5

into a multimode step-index fiber with a
numerical aperture of 0.14 and a core di-
ameter of 80 microns.

While operation in the fundamental
transverse mode is easily achieved, most
narrow-stripe laser diodes operate with
several longitudinal modes, and therefore
emit over a 10-30 A spectral width, al-
though some units can emit several mil-
liwatts in a single mode. Figure 8 shows
the emission spectrum from such a device
operating in the fundamental lateral and
transverse mode and a single longitudinal
mode. The line width is 0.15 A and the
power emitted is 3 mW.

Methods of modulating the laser out-
put vary widely depending upon the ap-
plication. For fast-pulse modulation, the
diode is biased with a current near the
threshold current and then pulsed to an
appropriate level above threshold. If no
bias is applied, there is a lasing delay
(related to the spontaneous carrier life-
time) before the carrier population be-
comes fully inverted and the device turns
on. This delay, of several nanoseconds in
a typical situation, vanishes if the laser is
biased to threshold.

Light-emitting diodes

The spectral bandwidth of the LED is
typically 1-2 kT (300-600 A) at room
temperature, hence one to two orders of
magnitude broader than that of the typi-
cal laser diode. Because of the spectral
dispersion in fibers, this may limit the
long-distance applications of fiber com-
munications with LED's. Furthermore,
the coupling efficiency of LED's into

low-numerical-aperture fibers is much
lower than that of laser diodes. However,
the LED has the advantage of a simpler
construction and a smaller temperature
dependence of the emitted power. For
example, the spontaneous output from an
LED may decrease by a factor of only
1.5-2 as the diode temperature increases
from room temperature to 100 deg C (at
constant current), while the output of a
laser diode would be typically decreased
by more than a factor of 3.

The topology of light-emitting diodes
is designed to minimize internal reab-
sorption of the radiation, allow high-cur-
rent-density operation and maximize the
coupling efficiency into fibers. While the
structures used are applicable to all ma-
terials, most of the work on devices suit-
able for communications reported so far
has been on K\xGa.\-x As.

Two basic diode configurations for
optical communications have been re-
ported: surface emitters15 and edge
emitters.16'17 In the surface emitter, the
recombination region is placed close to a
heat sink, as shown in figure 9. A well is
etched through the GaAs substrate to
accommodate a fiber. The emission from
such a diode is essentially isotropic. The
edge-emitting heterojunction structures,
similar to the laser geometry of figure 6,
uses the partial internal waveguiding of
the spontaneous radiation due to the he-
terojunctions to obtain improved direc-
tionality of the emitted power in the di-
rection perpendicular to the junction
plane. The lateral width of the emitting
region is adjusted for the fiber dimension,
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but is typically 50-100 microns.
Surface-emitting and edge-emitting

structures provide several milliwatts of
power output in the 0.8-0.9 micron spec-
tral range operated at drive currents of
100-200 mA (2000-4000 A/cm2). The
coupling loss into step-index fibers with
a numerical aperture of 0.14 is about
17-20 dB for surface emitters and 12-16
dB for edge-emitting diodes, compared to
about 3 dB for an injection laser. Since
the coupling loss decreases as the inverse
square of the numerical aperture, much
more power can, of course, be coupled into
larger-numerical-aperture fibers. But
with these coupling losses, Alo.1Gao.9As
double-heterojunction LED's can provide
about 0.1 mW into a 0.14 NA, 80 micron
diameter fiber at drive currents of about
200 mA with an applied voltage of 1.7 V.

Let us turn now to the modulation
problem. The relation between the op-
tical power output of an LED (with con-
stant peak current) and the modulation
frequency is given by

-P(u)) 1

Po [1 + (ur)2]1 /2

where r is the lifetime of the injected
carriers in the recombination region and
Po is the dc power emission. (However,
parasitic circuit elements can reduce the
modulated power range below this value.)

It is evident that a high-speed diode
requires the lowest possible value of T, but
without sacrifice in the internal quantum
efficiency. Low values of T are obtained
at high doping levels; but in GaAs and
related compounds, a high density of
nonradiative centers is formed when the
dopant concentration approaches the
solubility limit at the growth temperature.
Of the devices reported so far, germa-
nium-doped double heterojunction LED's
have exhibited modulation capability (at

the 3-dB point) to about 200 MHz.16 The
use of germanium is advantageous be-
cause it can be incorporated into GaAs to
concentrations of about 2 X 1019 cm"3,
thus providing lifetimes on the order of
one nanosecond without unduly reducing
the internal quantum efficiency.

With regard to LED's for 1.0-1.1 mi-
cron emission, surface-emission outputs
of about 1 mW have been achieved with
InGaAs structures18 and further progress
is expected, particularly with lattice-
matched InGaAs-InGaP heterojunction
structures.19

Device reliability

In any practical optical communica-
tions system, component reliability is of
great concern. It has been a major re-
search goal to identify and correct the
myriad of failure mechanisms that
plagued early electroluminescent de-
vices.20 The failure modes have since
been identified as either facet- or bulk-
related; they can be of a gradual or a cat-
astrophic nature. Facet degradation is
specifically a laser problem because the
facets are the mirrors that define the
Fabry-Perot resonator. Bulk degrada-
tion, on the other hand, can occur in both
LED's and lasers. Most failure mecha-
nisms have been eliminated as the overall
technology (crystal growth, device fabri-
cation) has matured, but active concern
still exists for those remaining few that
may limit ultimate operating life. In-
sufficient data exist for mean time to
failure, which, for telephone applications,
is in the 100 000-hr range. A compre-
hensive model for laser-facet failure does
not exist but considerable phenomenol-
ogical data have been accumulated.

Facet failure due to intense light fields
is a well known phenomenon in solid-state
lasers, and has been found to occur in
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Schematic of a typical cw heterojunction laser, drawn upside down relative to figure 4 to show the
stripe contact. Diffraction causes the vertical spreading of the beam. Figure 6

Optical power output from one facet of a typical
aluminum gallium arsenide cw laser as a func-
tion of the drive current, measured at room
temperature. Figure 7

semiconductor lasers of all types under
varying conditions when the optical power
density in the recombination region
reaches the order of 106 W/cm2. The
appearance of the damaged laser facets
suggests local dissociation of the material
as well as "cracking" in some cases.

The critical damage level is also a
function of the pulse length t, decreasing
as t~1/2, over the range of 20 to 2000 nsec.
It is not surprising, therefore, that facet
damage can occur in room-temperature
laser diodes operating cw at their maxi-
mum emission levels (even with relatively
low total power). Because of the non-
uniform radiation distribution in the
plane of the junction in stripe-contact
lasers, it is difficult to establish damage-
level criteria in terms of the total power
output. Howe%'er, the damage threshold
for 100 nsec pulses is about ten times
higher than for cw operation of diodes
selected from the same group.21

In addition to the dependence on op-
tical flux density and pulse length, it has
been found that ambient conditions,
specifically moisture and surface flaws
(scratches, dirt particles), can lead to
premature facet failure. To remove these
limitations, lasers must be operated at a
specific maximum power level and the
facets must be passivated with protective
dielectric coatings for isolation from their
surroundings. For cw lasers the operat-
ing range of linear power density is about
1 mW per micron of stripe width. Facet
failure, at least in its early stages, com-
monly manifests itself as a decrease in
differential quantum efficiency without
an increase in threshold current density.

Bulk degradation, the other failure
mode, is accompanied by an increase in
threshold current densitv and a decrease
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in differential quantum efficiency due to
a reduction in internal quantum effi-
ciency and an increase in the absorption
coefficient. The reduction in output
power may be small but need not be—if
the device is a laser operated near
threshold it may turn off completely. In
either case a small adjustment in current
will restore the output to its initial value.
With such a feedback system, a definition
of operating life becomes somewhat ar-
bitrary and system-dependent.

The available evidence suggests that
the gradual degradation process results
from an increase in the concentration of
nonradiative centers in the recombination
region. These defects are initiated by the
growth of flaws initially present in the
recombination region of the diode. Point
defects may also diffuse into the active
region from adjacent flawed regions.
Detrimental flaws include dislocations
and impurity precipitates. One promi-
nent effect in some degraded lasers is the
formation of "dark lines" in regions where
the luminescence is gradually extin-
guished.22 These regions have been
identified as large dislocation networks
that, having started as smaller pre-exist-
ing dislocation networks, grow by the
immigration of vacancies or interstitials.23

In addition, more dispersed nonradiative
centers such as native point defects ap-
parently contribute to the degradation
process.

It has been suggested that a multipho-
non emission process resulting from
nonradiative electron-hole recombination
gives rise to an intense vibration of the
center, which reduces its displacement
energy.24 (Whether any point defects are
actually formed within the recombination
region remains unclear.) Hence, if non-
radiative electron-hole recombination
occurs, say at the damaged surface of a
diode (as in the case of the sawed-edge
diode experiment described in reference
25), it accelerates the motion of point
defects into the active region of the device.

The stoichiometry of the material in
the active region or in close proximity to
it is believed to affect the reliability of the
device, as does the nature of the dopant.26

A modification of initial stoichiometry
may account for the improved degrada-
tion resistance of diodes fabricated with
Alo.1Gao.9As rather than GaAs in the re-
combination region. Finally, regions
where nonradiative recombination occurs
will tend to grow in size, leading to the
strongly nonuniform degradation process
that is commonly observed.

Enormous progress has been made
since 1970 in eliminating many degrada-
tion mechanisms in lasers and LED's by
careful attention to the liquid-phase epi-
taxial growth and device processing.
Facet passivation with dielectric coatings
has virtually eliminated facet damage as
an important failure mode in cw lasers.
The ultimate operating lifetime of state-
of-the-art devices remains undetermined,
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The spectral output from one facet of an AIGaAs cw laser. It emits 3 mW when operating in a single
longitudinal mode and in the fundamental transverse and lateral mode. Figure 8

but accumulated data exists on devices in
operation at constant current for times
well in excess of 14 000 hr without a seri-
ous drop in output power. Two examples
of lifetime data taken over many hours of
operation on our more recently fabricated
diodes are:
• In a lot of AIGaAs LED's emitting
about 1 mW at 0.8 microns, the emitted
power remained constant within 5% in
14 000 hours of operation;
• In AIGaAs cw lasers emitting between
5 and 10 mW from one facet at a wave-
length of 0.82 microns, the maximum
deviation was less than 20% in 10 000
hours.
Laser diodes with unpassivated facets
have operated for more than 15 000 hours
but with more significant reduction in
power output at fixed current. These
data contrast sharply with those of a few
years back, when the best operating life

was a few hundred hours under similar
conditions.

Future devices

With regard to future work, hetero-
junction structures of AIGaAs emitting in
the 0.80-0.85 micron spectral range have
progressed to the point where practical
systems applications of lasers and LED's
are becoming possible. This has been the
result of extensive research on the prop-
erties of materials and methods of syn-
thesis as well as the identification of major
factors affecting the operating lifetime of
these devices. Research is now under way
on devices emitting in the 1.0-1.1 micron
range, which offers some potential ad-
vantages in reduced fiber absorption and
dispersion. These devices involve more
complex material problems than the AI-
GaAs devices because of the need to use
dissimilar alloys to match the lattices.
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\

Heat sink

Fiber

^ N . Lead

f Double heterojunction

/ 1
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An etched-well surface-emitting LED designed for fiber optics, in a schematic cross section. The
emission from this type of diode is essentially isotropic. (Reference 15) Figure 9
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