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Heterostructure Injection Lasers

MORTON B. PANISH

(Invited Paper)

- Abstract—The utilization of the nearly ideal heterojunction that
can be achieved between GaAs and Al;Ga,_.As to confine both light
and electrical carriers has lead to the evolution of several new classes
as injection lasers with very low room-temperature current-density
thresholds for lasing (:$1000 A/em?), and structures whose opera-
tion can be more readily understood than the earlier homostructure
lasers. These are as follows: the single-heterostructure (SH) laser
which utilizes one heterojunction to confine light and carriers on one
side of the structure; the double-heterostructure (DH) laser in which
both carriers and light ‘are confined to the same region; and the
separate-confinement-heterostructure (SCH) laser in which the
carriers are separately confined to a narrow region within the optical
cavity., A state-of-the-art description of these lasers and some of
the mode structures encountered in their operation is presented.
Recent work is described which permits the growth of low-strain
heterostructures with heterojunctions between GaAs and Al,Ga; ,~
As;_,P, strain reduction from mismatch and bonding of contacts has
resulted in lasers which, while maintaining very low room-tempera-
ture current thresholds, also have very long lifetimes (>10° h) for
continuous operation.,

INTRODUCTION

NE of the important candidates being considered

-as the signal generator for optical-communications
systems is the heterostructure injection laser. Lasing
action by the stimulated recombination of carriers injected
across a p-n junction was predicted {17, [27] in 1961 and
was achieved [3]-[6] in 1962. These early injection
lasers were generally rectangular chips of GaAs containing
a p-n junction perpendicular to two polished or cleaved
ends of the chip. The structure is illustrated in Fig. 1. The
polished . or cleaved ends are partial mirrors. Light is
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Fig. 1. A homostructure p-n junction laser in the form of a Fabry—
Perot cavity. After Panish and Hayashi [21].

generated by the injection of electrons into the p region
with subsequent radiative recombination of holes and
electrons. This recombination occurs in a volume adjacent
to the p-n junction and between the two mirrors. The
active region between the mirrors is then an optical cavity.
Structures such as that illustrated in Fig. 1 are now gen-
erally referred to as homostructure lasers because they
are made of a single material such as GaAs, and thus
contain no heterojunctions. These types of injection
lasers typically have very high room-temperature-thres-
hold current densities (~50000 A/em?), because little
or no control over the thickness of the recombination
region can be achieved as the result of unrestricted diffu-
sion of injected carriers and because that region con-
stitutes a very poor waveguide. The band-edge potential
diagram, the refractive index, and the optical-field dis- .
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Fig. 2. Schematic representation of the band edges (forward biased),
refractive index, and optical-field distribution in diffused homo-
structure laser diodes. The possibility of uncertainty in the posi-
tion and regularity of the right boundary of the active region is
exaggerated for illustrative purposes. The energy bands are shown
with high forward bias and both the n and p regions are degen-
erately doped. Electrons are injected into the p region but hole
injection is negligible. The injected electron population is great
enough so that in the region d° the condition that the separation
of the quasi-Fermi levels for electrons and holes Fe — Fy > hv is
satisfied. After Panish and Hayashi [21].

tribution for a homostructure laser are shown schemati-
cally in Fig. 2 for a comparison with the more complex
structures that will be discussed.

In 1963 Kroemer [7] and Alferov and Kazarinov [8]
suggested that the junction laser could be improved by
the use of structures with heterojunctions, in which the
recombination or active region is bounded by wider
band-gap regions. These initial suggestions did not im-
mediately result in injection lasers with lower threshold
currents at room temperature [97], [10] because the
materials combination suggested at that time, GaAs—
GaAs, Py, led to the generation of nonradiative traps
at lattice-mismatched heterojunctions. In 1967 Rupprecht
et al. [117] reported the growth by liquid-phase epitaxy
(LPE) of layers of Al,Gai.As on GaAs. The band gap
of Al,Ga, ,As increases with x and is direct to about
z = 0.37 [12]. Furthermore the replacement of Ga with
Al atoms in the lattice has only a very small effect upon
the lattice parameter so that heterojunctions between
GaAs and Al,Ga;_.As are very nearly lattice matched. It
thus appearcd that with sufficient control of the layered
growth and understanding of the parameters involved,
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improved junetion lasers could be achieved. At about that
time, therefore, Alferov [13], [14], Hayashi and Panish
[157-[17], and Kressel [18], all with co-workers, began
studies which resulted in injection lasers with reduced
room-temperature current thresholds, and eventually
lasers capable of operating continuously at room tem-
perature [197, [20].

These lasers, which are designated as heterostructure
lasers, fall into three general classes: 1) single-hetero-
strueture (SH) lasers, in which there is only one hetero-
junction so that light and injected carriers are confined
by a heterojunction only at one boundary of the recom-
bination region; 2) double-heterostructure (DH) lasers,
in which the carriers and waveguide have the same bound-
aries on both sides of the recombination region; and 3)
separate-confinement heterostructures (SCH), in which
the injected carriers are confined to a region within the
waveguide. The discussion which follows is a state-of-
the-art description of the pertinent physical and chemical
properties of GaAs and Al,Ga;—,As, of the nature of
heterojunctions in the Al,Ga;—,As system, of the prop-
erties of several types of heterostructure lasers, and of
the degradation of such lasers. A more detailed review
is given in [217.

MATERIAL PROPERTIES AND
CRYSTAL GROWTH

GaAs and Al,Ga;_As are semiconductors which crystal-
lize with the zinc-blende lattice structure. The Group I1I
and Group V elements occupy separate sublattices, and
thermodynamic studies of Al,Ga;—.As suggest that the
Al and Ga are randomly placed on the Group III lattice
sites [227], [23]. GaAs is a direct-gap material with a
forbidden energy E, of 1.43 eV at room temperature. The
band gap of Al,Ga;_.As increases with x to a transition
from a direct to an indirect gap at ~1.92 eV and 2 = 0.37.
This is illustrated in the composition-energy diagram of
Fig. 3 obtained with data from [127, [247], and [25].
Efficient radiative recombination can readily be achieved
in GaAs and in Al,Ga;_,As with compositions in the
direct-gap range. Efficient light-emitting diodes have
been made with both materials, and minority-carrier
diffusion lengths in GaAs have been studied [26]-[28].
These diffusion lengths are long, on the order of several
microns for material doped in the 10Y-10%-cm™® range.
This long diffusion length is an important characteristic
because, as will be described later, it is possible to achieve
heterostructure lasers with recombination- or active-
region widths which are small compared to the diffusion
length. Calculations of the optical-field distribution in
GaAs—-Al,Gai_.As heterostructure lasers require a de-
tailed knowledge of the refractive index 7 of GaAs and
Al,Ga;_,As as a function of wavelength and composition.
For GaAs 7@ is, in the spectral region of interest, con-
siderably influenced by doping [297]. Detailed new in-
formation has recently become available for the refractive
index of both GaAs and Al,Ga,—.As [29], [30], and the
results have been used in several field calculations which



22 . . IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, JANUARY 1975

I B B E R
30
25
>
2
o
i}
@
<C
o
>
%
[+
-
Z 20
X
| Al y Gayy As ]
300°K
1.5 _
r
AN SN WY NN NN SR SO G|
o 0.5 1.0
Ga As X AL As
Fig. 3. Direct and 1nd1rect ~ — —~ — band-gap energy of

Al,Gay_.As against composition.

1000 Xa
Fig. 4. Liquidus isotherms in the Al—Ga-—As syatem +: 900 and
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1000°C [32]. The solid curves are estxmated from the experimental
data with a simple solution treatment. Xg, + Xa1 + Xas = L.
After Panish and Hayashi [21].

are illustrated in the following discussion of modes and
far-field distributions. ‘

At the time of this writing there have been two success-.

ful techniques for the preparation of heterostructure
wafers. The most frequently used has been LPE, but
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Fig. 5. Solidus isotherms in the Al-Ga-As system. The liquid
composition is defined by one elemental composition, xa;, since
the liquidus isotherms are defined in Fig. 4. In practice the
the liquidus may be considered to be the indicated atom fraction
of Al 1n an Al-Ga solution where it is then saturated with As or
GaAs. B, X, O, 1[34], at 700, 800, 900, and 1000°C, respectively.
—i, =], © [33], at 800, 850, and 900°C, O [23] at 1000°C, & [22]
at 1000°C. B 707°C, A 756°C A 802°C Vv 852°C, O 900°C
® 970°C, ¥ 1020°C + 1060°C [32]. The solid curves are esti-
mated from the experimental data with a simple solution treat-
ment. After Panish and Hayashi [21].

~ 800°C

/SOLUTIONS

GRAPHITE BARREL

RAPHITE

p——— )
= SLIDE .H,

THERMOCOUPLE ‘ l

SOURCE" SEEl GROWTH SEED

RELATIVE
POSITION

I ’
8 7 6 5 4 3 2 1

TIME

1°C
10°C
]

Fig. 6. A recent version of apparatus and procedures used for the
growth of DH lasers. The growth boat, the apparatus, and growth
and source seed positions relative to solutions and temperature
are shown. The procedure results from the work of authors
Dawson [71] and Rode [72].

more recently molecular-beam‘epitaxy has shown great
promise [317]. LPE is a near-equilibrium growth technique
in which the successive layers constituting the hetero-
structure are grown onto a GaAs substrate by successively
bringing the substrate into contact with Al-Ga—-As or
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Ga-As solutions, properly doped, while cooling. It is
clear that the composition—temperature relationships for
the Al-Ga—As system must be well in hand. A number of
phase studies have been done [227, [237, [32]-[34] and
the resulting phase diagrams for the liquidus and solidus
equilibria at several temperatures are given in Figs. 4
and 5. For lasers, the multilayer growth is generally done
near 800°C. The apparatus used recently by this author
is shown in Fig. 6. As illustrated, the layers are grown
by successively bringing the different solutions into
contact with the seed while cooling at 0.05-0.1°C/min.
A first seed is generally used to bring the solutions to
saturation with respect to arsenic. Solution compositions
are chosen from the phase data for the required layer
compositions. Dopants are added to the solution.

Molecular-beam epitaxy is a technique based upon
the early studies of Arthur [357, which has been further
studied and refined by Cho et al. [36], [37], for growing
multilayers of GaAs and Al,Ga;_,As and which has re-
cently been used to achieve low-threshold DH lasers
[317]. The technique consists of impinging controlled
beams of Ga, Al, and dopant atoms, and As, or As, mole-
cules upon a heated substrate. Epitaxy results when the
beam containg excess arsenic. This technique is charac-
terized by its potentiality for a very high degree of dimen-
sional control.

THE HETEROJUNCTION IN THE
AlLGa; As SYSTEM

The simplest case to discuss is the GaAs—Al,Ga; ,As
heterojunction, and the discussion applies also to the
more general case of Al,Ga; .As—Al,Ga,_,As, in which
at least one side of the junction is in the direct-gap
composition region. The features of the GaAs~Al, Ga;_.As
heterojunction are the wider band gap of Al,Gai_.As, the
lack of extensive interface recombination by nonradiative
traps, and the fact that the discontinuity in the band-gap
energy between GaAs and Al,Ga;_.As, while essentially
a conduction-band discontinuity when defined in terms
of the electron affinity, can be used effectively as a barrier
to holes and electrons by adjusting the doping. Schematic
diagrams of the band edges for various of the combina-
tions of heterojunctions possible are shown in Fig. 7. A
convenient notation which will be used from here on is
to use n and p for designating n—-GaAs and p—GaAs and
N and P to designate n-type Al,Ga;_.As and p-type
Al.Gay_;As. For simplicity the Fermi levels of n- and
N-type material and of p~ and P-type material are taken
in Fig. 7 to be at the conduction and valence band edges,
respectively. In the lower part of the figure, junctions
between materials of different conductivity types are
shown at high forward bias so as to permit electron in-
jection (at a p-N heterojunction) or hole injection (at
an n-P heterojunction) as shown. At the n-N and N-p
heterojunctions the conduction band difference between
GaAs and Al,Gay,As is expected to cause a discontinuity
(shown dotted) in the conduction band. This narrow
potential barrier is generally taken to permit passage of
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Fig. 7. A schematic drawing of band-edge potential diagrams of
n-N, N-p, p-P, and P-n heterojunctions between GaAs and
Al,Gay,As. - - - ungraded junction; graded junction. Ep,
Fermi level in unbiased case. Er, and Ep,, Fermi levels in biased
case. Fermi levels are taken to coincide with the band edges. £,
shows the forbidden gap.

carriers by tunneling, or to be largely smeared out by
composition gradients over relatively short distances
[38]. The result of this is, as described for specific struc-
tures in the following, that the band-gap difference be-
tween GaAs and Al,Ga; .As is a potential barrier that
reflects "electrons at p-P and p-N heterojunctions and
holes at N-p and N-n heterojunctions. The existence of
these potential barriers to minority carriers permits
sufficient biasing of the junction devices so that the in-
jected carrier density in the active layer becomes greater
than the equilibrium majority carrier density in ‘the
emitting layer. Alferov [39] has called this ability to
achieve such high injected carrier densities ‘‘superin-
jection.”

HETEROSTRUCTURE LASERS

A. Single Heterostructure Lasers

The first reduction of room-temperature currerit thres-
holds Jth (300 K) of injection lasers was achieved with
a structure which is illustrated in Fig. 8 and is designated
in the notation described previously as a n-p-P structure,
the so-called single heterostructure. In this structure the
p-n junction is located a short distance {(about 2 um
usually) from the p-P heterojunction. Under forward
bias, electrons are injected across the n-p junction but
are then confined by the potential barrier at the p-P
junction. Improvement in the establishment of a well-
defined active region and optical waveguide over that
achieved with the homostructure laser can be qualitatively
seen by comparison of Figs. 2 and 8. A plot of Jth (300 K)
and Jth (80 K) as a function of the thickness d of the
active region is given in Fig. 9. It can be seen that over a
considerable range Jth decreases with d. This suggests
that the injected electrons are indeed confined by the
p-P barrier so that Jth behaves as expected, i.e., decreases
with the volume of the active region. At sufficiently small
d, however, Jth increases with decreasing d. This can
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result from hole injection when the structure with smaller
d must have higher forward bias to reach the lasing clec-
tron density because of the greater spread of the optical
field out of the active region, and it can also be due to the
failure of the optical-field confinement as a result of in-
creasing asymmetry of the structure with decreasing
d. With the SH laser, Jth (300 ) in the range of 8000-
15 000 A/em? is readily achieved [15], [187. These lasers
are generally operated with a short duty-cycle current
pulse (typically on the order of 0.1 us at 100-1000 Hz)
and have not been run continuously at room temperature.
Some typical SH-laser parameters are given in Tables
I and II.

B. Double Heterostructure Lasers

The DH laser of GaAs—-Al,Gai_.As is presently the
most important heterostructure-laser candidate being
developed for use in optical-communications systems. It
was the first junction laser capable of continuous operation
at room temperature [197], [207] (and even well above
[40]), and for which long-lived versions are available
[417. Its layer structure is N-p-P or N-n-P as illustrated
in Fig. 10. Minority carriers are effectively confined to the
narrow-gap region, the boundaries of which also correspond
to the waveguide The properties of the DH are found to
be primarily dependent upon the dimensions of the struc-
ture and the composition of the wide-gap regions. At
active-region doping levels less than ~10® cm™2 the
DH-laser properties are not strongly dependent upon
the doping element or level.

With this structure Jth (300 K) is clearly proportional
to the volume of the active region for d greater than about
0.5 um as is shown for the data for Jth (300 K) against
d for a particularly uniform set of diodes in I'ig. 11. The
thresholds are much lower than those which can be
achieved with SH lasers and are achieved at narrower
active-region widths. These reduced thresholds result
not only from a smaller active volume, reduced loss,
and better coupling of the optical field to the active region
than in the SH or homostructure laser, but also from
greater superinjection. This permits the electron quasi-
Fermi level in a p-type active region, for example, to be
pushed further into the conduction band with the result
that the quasi-Fermi level comes closer to the maximum
in the electron distribution in the eonduction band [217.
Some typical parameters for DH lasers are given in Tables
I and II.

C. Filaments and Modes

One of the difficult problems which must be dealt with
in studies of injection lasers is their tendency towards
multimode and filamentary operation. A lasing filament
is a relatively narrow region of an injection laser which,
presumably because of small inhomogenieties in the
structure, begins to lase while surrounding regions are
still below threshold. These filaments tend to be unstable
and cause noise, and with increasing current above thres-
hold multifilament operation is possible in a sufficiently
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TABLE 1
Tyeicar 300 K HETEROSTRUCTURE LasER PARAMETERs®

SH Ref DH Ref SCH Ref
Jth/‘\A/cmz) 8000-15, 000 17,18 | ~1000-6000¢ 575-2500 55,69
Jth/d/(A/cmzu ~6000-10,000° 17 ~4000-5000
gain/{cm/KA) 3-6 17,18
Lossy (en™) 20-40 17,18 | ~109 67 9-178 55
g =J3%m 1 17,66 | ~2.8 68 ~3 55
efficiency (St ISTONtIAL)  oglg0g 17,56 | 140-50% 68 40-60% 55
efficiency (JO021 ) ~10% 17,56 NI A 55

a For pulsed lasers with Fabry—Perot cavities 0.4~1.0 mm long.

bd ~ 1.5-3.0 um.
cgd ~ 0.2-1.5 um.

4 For active regions doped less than about 10 carriers/cms.
e At four times Jth (300 K), one typical unit tested. Fundamental transverse mode.
t Symmetrical SCH. Data for LOC-type structures are given in [527] and [73].

TABLE I1
Power aND CURRENT FOR SEVERAL TypicAL HETEROSTRUCTURE LASERS
External Pulsed Pulsed Peak External CW Power CW Current
Peak Power at Current at
Watls 1/AMPS Watts 1/AMPS
No CW SH lasers
SH 13 (Ref 56) 24
= 0.01 0.1-0.2
i ob
(stripe® )
DH 6% (Rer 56) 10
0.2%(broad area® Ref70) 1-2
sc 3-4% (Rer 55) 19 No data available
I

& Maximum measured.

b Typical stripe-laser dimensions are 10 X 400 um.
¢ Typical broad-area-laser dimensions are 100 X 400 um.

wide structure. The problem is alleviated by passing
current through a narrow-stripe laser rather than a wide
area. This stripe which can be defined by a stripe contact
[427, proton bombardment [407, doping profile control
[437, or a stripe mesa structure [447] is usually about
10 ym wide and can accommodate only a single filament.
These various approaches to filament control are illus-
trated in Fig. 12,

The stripe-geometry lasers, when uniform enough,
exhibit mode structures parallel to the junction plane,
with the order of the mode increasing with the width of
the stripe [45]. These parallel modes have also been
observed with stripe-geometry lasers employing the
doping profile control [43]. The fundamental mode is
obtained for stripe widths of about 12 um or less so that
the criteria for fundamental parallel-mode operation and
single-filament operation are the same. Mode confinement
parallel to the junction is related to the presence of gain
within the stripe confines [46], [47].

In the DH laser the transverse modes perpendicular
to the junction plane are generally TE rather than TM

because TE modes have a larger reflectivity at the cavity
mirror and therefore a lower cavity loss and a lower
threshold current density. For the same reason higher
order TE modes are preferred because they have a larger
angle of incidence and thus lower mirror loss than lower
order modes. Mode selection results, however, from a
balance between the decrease of mirror loss with increasing
mode order and an increase of loss within the volume of
the device with increasing order since the higher order
modes penetrate farther into the inactive regions which
bound the active region. It is usually desirable to maintain
the lowest order (fundamental) mode in a practical
device. Fortunately, the requirements for fundamental-
mode operation and low threshold coincide because of
the need for a thin active region in both cases. In strue-
tures with sufficiently thick active regions the threshold
of a higher order mode can become comparable to that
of the fundamental mode so that multimode operation
can occur. The elimination of this kind of higher order
and multimode operation requires that the gain profile be
controlled in such a way as to favor one mode. The SCH
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lasers described in the following provide several methods
for transverse-mode control. It should be noted here that
because of the weaker optical confinement of homostruc-
ture and SH lasers, these lasers usually operate in the
fundamental transverse mode without further modification.
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At this point it is useful to consider the optical-field
distribution within the structure and in the far field of a
DH laser. The laser emission is strongly divergent because -
of the small size of the source. This divergence is par-
ticularly greé_Lt perpendicular to the junction plane because
the source dimensions there are near or less than the
lasing Wavelength within the structure. The optical-field
intensity distribution (£?) for the fundamental mode
perpendicular to the junction plane within the structure
is shown for a set of structures with different active-region
widths but the same wide-gap Al compositions [48] in
Fig. 13. It is interesting to note that for sufficiently narrow
structures (d < A/2) the field cannot be as -effectively
¢onfined and spreads rapidly beyond the active region
with decreasing d. The effect of the actlve—layer thickness
and the ternary composmon upon the far-field distribution
of the fundamental mode is clearly seen in Flg 14. For
very small d the effective dimension of the source becomes
larger and with decreasing d the divergence perpendicular
to the plane of the junction becomes smaller Unfor-
tunately, the pumped region d is then an increasingly
smaller part of the distribution and eventually the lasing-
threshold current density must increase with decreasing
d. It 1s also clear that the fundamental transverse-mode
operatlon is restricted to DH lasers with active regions
less than about 0.7 um since the cavity width can support
higher. order transverse modes at larger d. The far-field
intensity distribution for a typical DH laser emitting
in the fundamental transverse and parallel modes is
shown in Fig. 15. For comparison the far-field intensity
distribution perpendlcular to the junction- plane for a
DH laser with a second-order mode is shown as the dashed
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Fig. 13. The square of the electric field as a funetion of position
within a GaAs-Al,Ga;_,As DH laser. The distance is measured
from the center of the active region in the direction normal to the
plane of the junction. Al concentration is £ = 0.3. The arrows
mdicate the active region width d for each curve. After Casey

et al. [48].

HALF-POWER POINTS,§, (degrees)

FULL BEAM WIDTH BETWEEN

L

o] 02 04 06 08 Lo L2 14 i.6 1.8 20

ACTIVE LAYER THICKNESS,d{microns)

Fig. 14. Full beamwidth at the half-power (3-dB) points as a
function of active layer thickness d and composition z for the
DH. The solid and dashed curve is the beam divergence calculated
for the fundamental TE mode. The dashed portion of the calcu-
lated curve represents active-layer thicknesses where higher order
modes are possible. The open circles are for SCH lasers (funda-
mental mode). Data and calculations from [48] and [55].

curve in Fig. 16. (The zero-order mode also shown in
Fig. 16 is for an SCH laser described in the following.)

Not only do the dielectric steps parallel to the junc-
tions, but also the mirror ends act as sources of standing
waves. Between these mirrors sets of standing waves
constitute the longitudinal modes. These, as all other
modes, are separated in frequency. It can be shown that
because the gain profile of injection lasers is very wide,
about 200 fo&, and because the typical laser diode length
is about 500 um, the optical cavity supports many longi-
tudinal modes separated by about 1-3 A with only slightly
differing gain. As illustrated in Fig. 17, many modes may
lase simultaneously. A single longitudinal mode is much
more difficult to obtain than a single transverse or parallel
mode. Rossi ef al. [49] have achieved single longitudinal-
mode operation by coupling an external grating to a
homostructure and a SH laser, respectively. The situation
should be similar for DH and SCH lasers described in
the following but it is doubtful whether an external cavity
for mode control will be practical for other than laboratory
use.
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Fig. 15. Far-field pattern for a DH laser with d = 0.18 wm and
z = 0.3. The experimental intensity in the plane of the junction
is given by the solid dots @, and the angle at half intensity is
shown by 6. The experlmental intensity perpendicular to the
junction plane is given by the open dots O, and the calculated
intensity is shown by the solid line. After Casey et al. [48].
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cavity width of 1.05 um and an Al concentration of x = 0.3 in
the wide~-gap regions. Curves replotted from [55]
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Fig. 17. Lasing spectrum of a single transverse-mode DH laser
with multiple longitudinal modes.

D. Separate-Confinement Heterostructure Lasers

Several types of structures in which the carriers are
confined to a region narrower than the waveguide have
been studied. All of these may be classified as SCH lasers
although they fall into two somewhat different subclassi-
fications. The simplest of these (N-n-p-P) uses a p-—n
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Fig. 18, Schematic representation of the band edges with forward
bias, refractive-index changes, optical-field distribution, and
physical structure of a symmetrical SCH laser. After Panish and
Hayashi [21].
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Fig. 19. Square of the electric field as a funetion of position within
SCH and DH lasers with the electrically active region width of
both equal to 0.05 um but at several optical cavity widths for the
SCH. After Casey et al. [55].

junction within the active region so that as a result of the
preference for electron injection in GaAs the gain is
limited to only a portion of the active region. The large-
optical-cavity (LOC) laser described by Kressel et al.
[507, [51] is typieal of this class. This structure was
intended to yield high-power pulsed lasers as a result
of its greater efficiency while maintaining a relatively
"large cavity width to reduce optical-power density. The
same structure with the p-n junction properly .placed
within the optical cavity (a ratio of thickness of the

p and n regions of 2:1) may be used to maintain a funda-
mental transverse mode for a relatively wide waveguide
at currents well above threshold [52].

A somewhat more complex structure based upon sug-
gestions by Hayashi [537] and Thompson and Kirkby [54]
has also been studied. These authors pointed out that
carriers are more easily confined than light by small
changes in the band gap at the heterojunction and that
the gain in heterostructure lasers depends superlinearly
upon current. They suggested that it should be possible
to separately confine the carriers to a small fraction of
the total optical cavity w while achieving sufficient gain
to permit the threshold to decrease as the electrically
active layer thickness d decreases.

The notation used previously may be extended to these
structures with minor modification. They may be desig-
nated N,-N,-p-P,-P, or N,-N,n-P,-P,. Here 2 and y
denote the Al composition in the layers Al,Ga;,As or
Al,Ga,—,As and z > y. A typical structure is illustrated
in Fig. 18, and a typical set of the optical electric-field
distributions for the fundamental mode within the struc-
ture for several SCH lasers with different w is compared
with a DH laser in Fig. 19. This illustrates that for very
narrow electrically active regions the SCH confines the
fundamental mode better than the DH, and also that the
coupling of the gain region to the fundamental mode is
better. In addition, in the symmetrical SCH illustrated
in Fig. 18, the fundamental transverse mode is pumped
preferentially to all other transverse modes and that mode
persists to wide optical-region widths. This is shown for
measurements of the half-power beamwidth for several
SCH lasers (the open circles) in Fig. 14 and as the solid
curve of Fig. 16. The result of the better coupling of the
gain to the fundamental mode in SCH lasers than in DH
lasers is, as is shown in Table I, that the lowest current-
density thresholds have been obtained in these lasers.
Furthermore, as is also shown in Table I, the SCH lasers
also have somewhat higher efficiencies than DH lasers.
The reason for the higher efficiencies is not clear but it
has been speculated [557] that this may result from less
scatter and less spreading of the optical field out of the
structure in SCH lasers. Some typical parameters for
SCH lasers are given in Tables T and 1I.

DEGRADATION OF HETEROSTRUCTURE
LASERS

The degradation of injection lasers is a subjeet which
has been characterized by confusion and conflicting
information. It is not possible in this brief review to
consider all of the earlier experiments and theories. A
great deal of progress has been made in the last 18 months
or so, and when considering gradual degradation only
recent studies will be considered. Degradation during
very high pulsed-current operation occurs by a so-called
“catastrophic” mode. It is characterized by gross damage
(melting, eracking) of the structure. This degradation
is apparently related to a power-density limit at the
mirrors of 10%-107 W/em?2 Thus lasers with thin optical



PANISH: HETEROSTRUCTURE INJECTION LASERS

Fig. 20. Bright-field electron micrograph showing a d1slocat10n
(D) which is at the origin of a dislocation network forming a
DLD. After Petroff and Hartman [59].

cavities, such as very low-threshold DH lasers, fail cata-
strophically at lower pulsed power than do lasers with
wide optical cavities or lasers in which the field may
spread out of the active region (as with homostructure
or SH lasers). Thus lasers intended for high pulsed-power
operation- have generally been homostructure or SH
lasers and low-threshold current ‘is sacrificed for high
power at the catastrophic degradation limit. It is worth
mentioning here, however, that with the SCH lasers
it is possible to make a much better compromise so that
relatively low thresholds and relatively high-power thres-
holds for catastrophic. degradation may be achieved
with the same laser. A review of catastrophic failure has
been given by Kressel [56].

Since lasers used for optical communlcatlons will in
general be operated as modulated CW devices, we are not
primarily concerned with catastrophic degradation, but
rather with the second type of degradation—the so-called
gradual degradation of injection lasers. In the past year
or so an impressive amount of progress has been made
towards the understanding and control of gradual degra-
dation. The first DH lasers degraded in a matter of min-
utes or hours under CW operation to the point at which
CW lasing could not be sustained. This rapid degradation
was characterized [577], [58] by the appearance of non-
luminescent areas called dark-line defects (DLD) crossing
the active regions of the lasers during lasing. The DLD
has been identified with transmission electron microscopy
by Petroff and Hartman [59] as a three-dimensional
dislocation network which originates at a dislocation
crossing the Al,Ga;—.As and GaAs epitaxial layers. The
latter is clearly seen in Fig. 20. The three-dimensional
properties of the network have been observed with stereo-
pair photographs. The DLD apparently grows by a climb
mechanism during operation of the laser. The source
~ of the point defects required for DLD growth and their
driving force are not presently understood. Hartman and
Hartman [58] have shown that the lasing lifetime is
strongly related to strain, and reduced-strain electrical
contacts permitted an increase in laser lifetime from tens
of -hours to several thousand hours at 20°C [60] and at
30°C [61] ambient temperature. The DLIs are generally
not present in operating long-lived lasers.
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It has also been established [627, [63] that LPE layers
of Al,Ga; ,As on (GaAs are compressively stressed at
room temperature to levels of 10-10° dyn em—? depending
on z. This elastic stress can be accounted for by differ-
ences in the thermal expansion coefficients of GaAs and
Al,Gay,As which have the same lattice parameter near
the growth temperature. It has been speculated that this
stress in heterostructure layers also leads to gradual
degradation of DH lasers. Such stress may be removed
[64]from thelaser structures by the use of Al,Gay_,P,As1—y
with y =&~ 0.015 for the wide band-gap region of the laser.
Since P is isoelectronic with As, the small amount present
in the quaternary does not materially affect the device
electrically or optically, but the rélatively small covalent
radius of P permits correction of the lattice parameters
so that they mateh at room temperature.

Many DH lasers with GaAs—Al,Gay...P,As;_, hetero-
junctions have been studied during CW lasing operations
at elevated temperatures [417]. Stable operations with
lifetimes greater than 105 h are predicted for these lasers
when the data are extrapolated to room temperature.
Furthermore, these lasers have somewhat lower room-
temperature current thresholds [65] than do GaAs-
Al Gai_,As DH lasers. Although it is believed that the
reduced strain is related to both the increased lifetime
and reduced threshold of the lasers with the quaternary
wide-gap regions, the mechanism by which this occurs is
not known.

CONCLUSION

The past few years have been a period of intensive
activity in the study of heterostructure lasers. Continuous
lasing and -vastly reduced room-temperature current '
thresholds have resulted from the recognition that both
optical and carrier confinement can be achieved by utiliz-
ing the lattice-matching and band-edge properties at the
GaAs—Al,Ga; .As heterojunction. Detailed studies of the
physical and chemical properties have led to the capability
for the growth of complex structures and the understand-
ing of the behavior of these structures as lasers. Modifica-
tion of the composition of the wide-gap region and the
development of strain-free fabrication procedures have
led to very long-lived lasers. The result of all of this is
that the heterostructure laser is a prime candidate to
be the optical source in optical-communications systems.
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