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(571 ABSTRACT

A light emitting heterostructure diode includes a mul-
tilayered structure having a common conductivity type

“Injection Luminescence of Epitaxial

by the diffusion of impurities into the narrow band gap
region. When provided with an appropriate resonator,
a confinement effect produced by an energy step (at
the heterojunction) in the conduction band permits
the SH diode to lase at higher temperatures and lower
thresholds than heretofore possible, radiative
electron-hole recombination occurring between the
conduction and valence bands. -

In a double  heterostructure (DH) the diode is
provided with a second heterojunction positioned on
the side of the p-n junction remote from the other
heterojunction, or positioned coincident with the p-n
junction, thereby defining an intermediate region
between the pair of heterojunctions. When provided
with an appropriate resonator the DH diode exhibits
lower thresholds at higher temperatures than even the
aforementioned SH diode.

In both diodes additional- improvement in the
threshold occurs if the diode is provided with deep
impurity levels or deep band tails.

Without a resonator, both the SH and DH diodes
function as electroluminescent diodes with radiation
being emitted from the intermediate region through
the wide band. gap region, thereby advantageously
resulting in lower absorption losses and higher
efficiency. Dome-like configurations of the wide band
gap region of this diode are also disclosed.

16 Claims, 12 Drawing Figures
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SINGLER HETEROSTRUCTURE JUNCTION
: LASERS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a division of my copending appli-
.cation Ser. No. 33,705 filed on May 1, 1970, now U.S.
Pat. No. 3,758,875, which is a continuation-in-part of
my application Ser. No. 787,459 filed on Dec. 27, 1968
(now abandoned) which in turn is a continuation-in-
part of my application Ser. No. 766,902 filed on Oct.
11, 1968 (now abandoned). This application was filed
concurrently with a related divisional application Ser.
‘No. 307,377 based upon the same parent cases. The

_claims of the latter division application, however, are
directed to spontaneously emitting heterostructure
‘junction diodes.

BACKGROUND OF THE INVENTION

This invention relates to light emitting heterostruc-
ture diodes, including both semiconductor injection la-
sers and electroluminescent diodes.

In 1962, R. N. Hall et al. reported in Physical Review
Letters 9, 366, their observation of coherent light emis-
sion produced by electron-hole recombination in GaAs
‘p-n junctions. Typically, GaAs lasers are fabricated by
diffusing zinc into n-type GaAs wafers with donor con-
cernitrations in the order of 10'¥/cm?. For structural de-
tails, see Masers and Lasers, Thorp, J. S., Chapter 10,
St. Martin’s Press, New York (1967). Injection lasers
have also been constructed from other semiconductors,
e.g., InP, InAs and InSb. All such lasers, however, are
fabricated from one kind of semiconductor material in
which the band gaps are equal on either side of the
junction. The one semiconductor is usually monocrys-
talline as taught by R. N. Hall in U.S. Pat. No.
3,245,002. In the semiconductor junction laser coher-
ent radiation results from electron transitions between
broad energy bands, i.e., between the conduction and
valence bands. These junctions, and in particular GaAs
junctions, are pumped mainly by the injection of elec-
trons into the p-side of the junction by the direct appli-
cation of an electrical current. The injection process
_produces a population inversion between a pair of elec-
tron energy levels when pumped at a sufficiently rapid
rate and with sufficient power input. In semiconductor
lasers this power threshold may be as high as 108 to 10°
watts/em® (or 10° watts/cm?) at room temperature,
whereas by comparison in gas or crystal lasers the
pumping power needed is usually in the range of 1 to
1,000 watts/cm3. Obviously, the enormous power re-
quirements of such semiconductor lasers at room tem-
perature cannot be maintained very long without dam-
aging the semiconductor.

It is known, however, that the power (or equivalently
the current density) threshold in most prior art devices
is approximately proportional to the cube of the abso-
lute temperature in the temperature range near room
temperature. Consequently, semiconductor lasers gen-
erally are operated more easily in low temperature en-
vironments. For example, GaAs lasers have been oper-
ated at liquid nitrogen temperatures (77° K) with a
threshold of about 1,000 amperes/cm? To date the
highest temperature CW operation reported has been
achieved by J. C. Dyment and L. A. D’Asaro et al. at
200° K as reported in Applied Physics Letters 11, 292
(1967).
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SUMMARY OF THE INVENTION

-The invention is a light emitting heterostructure di-
ode, a multilayered structure having a common con-
ductivity type heterojunction and a p-n junction sepa-
rated therefrom by a distance less than the diffusion
length of minority carriers. In one embodiment, termed
a single heterostructure (SH) diode, there is one such
heterojunction separating narrow and wide band gap
regions of the same conductivity type and the p-n junc-
tion is a p-n homojunction, thereby defining an inter-
mediate region between the homojunction and hetero-
junction. In one instance, the p-n junction is formed by
the diffusion of impurities into the narrow band gap re-
gion. In another embodiment, termed a double hete-
rostructure (DH) diode, a second heterojunction is
formed on the side of the p-n junction remote from the
first heterojunction, thereby defining an intermediate
region between the pair of heterojunctions. Alterna-
tively, the second heterojunction may be coincident
with the p-n junction, thereby forming a p-n hetero-
junction. : :

As used herein, a “heterojunction” is defined as the
interface between continguous layers having different
band gaps and is further defined as p-p, n-n or p-n (or
n-p) depending on the majority carrier type on either
side of the interface. The p-p and n-n types will herein-
after be referred to as ‘“‘common conductivity type
heterojunctions.” Moreover, it is to be understood that
a “p-n junction” includes either a p-n heterojunction or
a p-n homojunction. In the homojunction the band gaps
on either side of the junction are equal.

When provided with an appropriate optical resonator
and when forward biased, both the SH and DH diodes
exhibit lasing at lower thresholds and higher tempera-
tures than heretofore possible, radiative recombination
occurring between the conduction and valence bands.
This result is believed to be due primarily to an electri-
cal confinement effect produced by an energy step in
the band structure which' confines injected minority
carriers to the intermediate region. To take advantage
of this confinement it is essential that the thickness of

. the intermediate region (defined, as above, to b dis-
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tance between the appropriate junctions) be less than
the diffusion length of minority carriers. As the thick-
ness of the SH is reduced confinement increases and

- the threshold decreases until a point where the onset of

50

55

60

65

hole injection (out of the intermediate region) occurs.
Thereafter the threshold begins to increase. Hole in-
jection can be reduced by making the band gap of the
region adjacent the p-n junction greater than that of the
intermediate region. In the SH diode this may be ac-
complished by appropriate doping. In the DH diode,
however, this is effectively accomplished by fabricating
the diode as a three layered structure in which the in-
termediate narrow band gap layer (e.g., p-Al,Ga,_,As)
is sandwiched between a pair of wider band layers (e.g.,
n-AlGa,_,As, p-Al,Ga, ,As, where y < xand y < z).
Illustratively, y = 0 and the intermediate region con-
sists, therefore, of p-GaAs. The DH, therefore, includes
generally an n-n heterojunction, an n-p homojunction
and a p-p heterojunction in which the first two junc-
tions are separated by a distance d, less than the differ-
ent length of holes Dy and the second two junctions are
separated by a distance d, less than the diffusion length
of electrons. Moreover, the separation of the two
heterojunctions (i.c., the thickness 7 of the intermedi-



3} 3,801,928

3

ate region ) should be greater than about one-half wave-
length of the radiation as measured in the intermediate
region (e.g., A=0.25u in GaAs). That is, the following
relationships should be satisfied:

dl = DE (1)
dz = Dﬂ (2)
N2 St BNES

It should be noted that the p-n junction may be coinci-
dent with either heterojunction. Where the n-n hetero-
junction and n-p homojunction are coincident to form
an n-p heterojunction, then A2 < ¢ < Dg. Similarly,
where the p-p heterojunction and the n-p homojunc-
tion are coincident to form an n-p heterojunction, then
M2 < t< Dy ’

The conditions of equations (1) and (2}, which limit
the maximum thickness of the intermediate region,
arise from the fact that for carrier confinement to exist
the carriers must be able to reach the heterojunction,
there to be repelled by the electric field produced by
the energy step in the band structure. On the other
hand, condition (3), which limits the minimum thick-
ness of the intermediate region, is somewhat compli-
cated and is related to the amount of leakage optical
field (i.e., field outside the intermediate region which
acts as a waveguide) which can be tolerated. An exces-
sive amount of such leakage increases optical absorp-
tion losses and decreases the coupling between radia-
tion and recombination (i.e., decreases stimulated
emission), both of which increase the lasing threshold.
Calculations based upon the teachings of D. F. Nelson
et al. in Journal of Applied Physics, 38,4057 (1967) in-
dicate that A/2 sets an approximate lower limit. In
GaAs and mixed crystals thereof A\/2 = 0.125u.

Additional reduction in the lasing threshold occurs if
deep impurity levels of deep band tails near the valence
band are provided in the intermediate region (on either
or both sides of the p-n junction), in which case lasing
is achieved by electron-hole recombination between
the conduction band and the deep levels. Still further
improvement in the temperature coefficient of thresh-
old may be achieved by providing deep band tails near
the conduction band in addition to the deep levels pro-
vided near the valence band. In an exemplary embodi-
ment, the pair of semiconductive layers utilized are
GaAs and a mixed crystal of p-Al.Ga; rAs or
p-GaAs,_.P, in which the band gap in the mixed crystal
is the greater. '

Without ‘an optical resonator, both the SH and DH
diodes when forward biased function as electrolumi-
nescent diodes incoherent radiation being emitted from
the intermediate region through the wide band gap re-
gion, thereby resulting in lower absorption losses and
high efficiency. Dome-like configurations of the wide
band gap region further increase efficiency by reducing
reflection losses at the interface between the wide band
gap region and the external atmosphere.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention, together with its various features and
advantages, can be easily understood from the follow-
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4

ing more detailed description taken in conjunction with
the accompanying drawings, in which:

FIG. 1 is a schematic of one embodiment of a laser
in accordance with the invention;

FIG. 2A is an energy level diagram for a laser under
forward bias in accordance with an illustrative embodi-
ment of the invention;,

FIG. 2B is an energy level diagram for a laser under
forward bias and having deep states in accordance with
another embodiment of the invention;

FIGS. 3A and 3B are energy level versus density of
states diagrams at low and high temperatures, respec-
tively, for conventional laser structures;

FIG. 3C is an energy level versus density of states dia-
gram in the intermediate region, taken to be p-type, at
high temperatures in a laser heterostructure exhibiting
a confinement effect in accordance with one form of
the invention;

FIG. 4A is a high temperature energy level versus
density of states diagram showing the relative location
of deep impurity states near the conduction band in ac-
cordance with one form of the invention;

FIG. 4B is a high temperature energy level versus
density of states diagram showing the relative location
of deep acceptor states near the valence band in accor-
dance with one form of the invention;

FIG. 4C is a high temperature energy level versus
density of states diagram showing the relative location
of deep band tail states in accordance with the one
form of the invention; ‘

FIG. § is a schematic of an electroluminescent diode
in accordance with another embodiment of the inven-
tion; and

FIGS. 6A and 6B are schematics showing the relative
positions of the homojunction and heterojunctions in
accordance with two embodiments of the invention.

DETAILED DESCRIPTION

The immediately following description will be con-
cerned primarily with the structure, theory and opera-
tion of heterostructure laser diodes in accordance with
the invention. The discussion of an electroluminescent
diode follows that description.

SINGLE HETEROSTRUCTURE DIODE

Turning now to FIG. 1, there is shown in accordance.
with an illustrative embodiment of the invention a
semiconductor single heterostructure (SH) injection
laser 10 comprising wide and narrow band gap layers
12 and 14, respectively, fabricated from different semi-
conductor materials disposed upon a heat-sink 16. A
current source 18 is connected across the structure via
electrodes 20 and 22 deposited, respectively, on the
upper surface of the layer 12 and between heat-sink 16
and layer 14. An intermediate region 24 is defined as
the region between p-p heterojunction 23 and p-n
homojunction 25, the latter being located in the narrow
band gap layer 14. When the device is forward biased
and pumped by source 18, it emits coherent radiation
26 in the plane of the region 24 as shown. The two op-
posite surfaces 28 and 30 which are perpendicular to
the plane of the intermediate region 24 are polished or
cleaved flat and parallel by techniques well known in
the art to within a few wavelengths of the coherent ra-
diation to form a plane parallel optical resonator. The
other pair of surfaces 32 and 34 perpendicular to the
region 24 are often roughened. A reflective coating on
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the polished surfaces 28, 30, or a structure which has
four polished sides, may be utilized in order to enhance
the Q of the optical cavity.

As pointed out previously, one feature of the inven-
tion is that the injection laser has a unique diode struc-
ture which exhibits a confinement effect, the purpose
of which will be hereinafter explained. The SH diode
comprises a pair of contiguous semiconductive layers
having different band gaps with a p-n junction located
in the narrow band gap region and separated from a p-p
heterojunction, located at the interface between the
layers, by a distance d, less than the diffusion length D
of minority (i.e., injected) carriers at the operating
temperature of the device. Typically, the diffusion
length is about 14, but, depending on the doping levels
and other parameters, could be larger.

The separated p-n junction and p-p heterojunction
thus define three regions of interest: a narrow band gap
‘region of one conductivity type, an intermediate re-
gion, and a wide band gap region of a second conduc-
tivity type. The intermediate region may have an effec-
tive. band gap equal to, or slightly less than, that of the
narrow band gap region, and generally is of the same
conductivity type as the wide band gap region although
it may be less heavily doped than the wide band gap re-
gion.

A distinction will bé made hereinafter between the
band gap and the effective band gap of a semiconduc-

5
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20

25

tor. . The band gap is defined as the energy difference -

between the minimum energy in the conduction band
and the maximum energy in the valence band in an un-
doped semiconductor.

In the presence of a sufficiently high density of either
donor or acceptor impurities, however, band tails exist
on both the conduction and valence bands. Conse-
quently, the energy distribution is an asymptotic func-
tion and therefore the aforementioned minimum and
maximum: are not clearly defined. An effective band
‘gap will therefore be defined as follows. Find the en-
ergy level near.(just below) the bottom of the conduc-
tion band such that just as many of the introduced
donor states lie above as lie below that level. Find a
similar level near the top of the valence band. The dif-
ference between these two levels is termed the *“effec-
tive band gap.” ‘ )

In the following discussion, it will be assumed for the
purpose of illustration that the conductivity type of the
narrow band gap, intermediate, and wide band gap re-
gions is n-p-p, respectively. The effective band gap of
each of these regions will be designated Eg,, E; and
E,. respectively.

CONFINEMENT EFFECT

Under forward bias, as shown in FIG. 2A, electrons
{in general minority carriers) in the conduction band
are injected across the p-n homojunction into the inter-
mediate region and toward the p-p heterojunction.
When a population inversion is established between the
conduction and valence bands, and the lasing threshoid
is exceeded, stimulated radiative recombination occurs
between electrons in the conduction band and holes in
the valence band. In conventional diode structures the
injected electrons cross the junction under forward bias
and, there being no restraint such as a p-p heterojunc-
tion, diffuse deeper into the p-region, thereby decreas-
ing the density of electrons which undergo recombina-
tion in the region where stimulated emission occurs and
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hence increasing the threshold. In the present inven-
tion, however, the electrons injected into the interme-
diate region are confined thereto by the energy step
(FIG. 2A) created by the fact that E;, > E,;. This en-
ergy step prohibits electrons from crossing the p-p
heterojunction and hence confines them to the inter-
mediate region. Consequently, the density of electrons
in the intermediate region is higher than would be oth-
erwise attainable without confinement. This increased
density of electrons reduces the lasing threshold as can
readily be understood with reference to FIGS. 3A, 3B
and 3C. FIGS. 3A and 3B depict the energy versus den-
sity of states of conventional structures at low and high
temperatures, respectively, and FIG. 3C refers to a
structure at high temperatures exhibiting a confine-
ment effect in accordance with the invention. It is as-
sumed, for the purpose of comparison, that the current
density applied is the same in both the conventional
structure of FIG. 3B and the invention of FIG. 3C.

Before discussing these figures in detail, one funda-
mental principle of semiconductor laser operation
should be postulated; that is only those electrons which
have energies close to the Fermi level in the conduction
band (Ef.) and only those holes which have energies
close to the Fermi level in the valence band (Ef,) can
contribute to lasing, whereby “‘close to™ it is meant that
the carrier energies lie within about 1 to 2 kT of the
Fermi level. )

At low temperatures, as shown in FIG. 3A, electrons
occupy 100 percent of the states in the conduction
band up to Er, and the holes occupy (or electrons are
absent from) 100 percent of the states in the valence
band above Eg,. Theoretically, therefore, perfect popu-
lation inversion exists between these two Fermi ener-

-gies Ep. and Ep,. At elevated temperatures, however, as

shown in FIG. 3B, the minority carrier electrons are
distributed up to higher energy levels due to thermal
excitation. As a result, a major fraction of the electrons
now exist at higher energies far from (i.e., more than
about 1 to 2 kT) the new Fermi level E’g, in the con-
duction band. A similar change in distribution occurs
in the valence band, but to a lesser extent. The com-
bined effect of these two changes in distribution is that
the fraction of electrons which can contribute to lasing
decreases with increasing temperature which in turn
implies higher thresholds at higher temperatures (i.e.,
reduced-efficiency). ’

In one aspect of the present invention, however, due
to the aforementioned confinement effect, the density
of electrons in the intermediate region is increased, as
shown in the upper portion of FIG. 3C. Moreover, the
new Fermi level E''f. is at a higher energy level than
that of conventional structures (i.e., higher than E'g,,
F1G. 3B). Consequently, as shown in FIG. 3C, a greater
portion of electrons is distributed ‘“‘close 10’ Fermi
level E"'p. and hence a greater portion of electrons can
contribute to lasing, thereby reducing the threshold.

The n-p-p structure shown in FIG. 2A has one addi-
tional feature arising from the fact that the effective
band gap E,; in the intermediate region is less than the
effective band gap E, in the n-side (that is, generally
the effective band gap in the intermediate region is less
than that in the narrow band gap region). Conse-
quently, holes in the intermediate region are prevented
from diffusing into the n-side which effectively contrib-
utes to reducing the lasing threshold.
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A typical SH laser constructed in accordance with
the foregoing principles of the invention has operated
at about 9,000A. when pumped at room temperature
with-a current density of less than 10,000 amp/cm?.
The structure comprised n-type, Sn doped GaAs having
4.2 X 10'8 electrons/cm®. A wide band gap p-type Al
Ga,_.As region was formed using a liquid phase epitaxy
tipping technique at 1,000°C (in which the mixed crys-
tal is epitaxially grown on a single crystal of GaAs) ap-
plied to 1 gm Ga, 3.84 mg Al, 200 mg GaAs and 10 mg
Zn. The intermediate region was formed by Zn diffu-
sion into the n-type GaAs. A detailed discussion of the

tipping technique is the subject matter of U.S. copend-

ing application, Ser. No. 786,226 filed Dec. 23, 1968
and assigned to applicant’s assignee now U.S. Pat. No.
3,560,276 issued on Feb. 2, 1971. Typical dimensions

(in mils) are, with reference to FIG. 1, a=14, b==0.5,

b’=4, c=6. The narrow band gap, intermediate and
wide band gap regions had depths of, respectively, 5-6
mils, 1.5p¢ and 20u. To enhance the removal of heat
from the device, the narrow band gap region (e.g., n-
GaAs) can be considerably thinner (e.g., <0.2 mil), It
has been found further that an intermediate region
thickness (i.e., t) of about 2.0u is preferred. A larger
¢ reduces the confinement effect and thereby increases
the threshold. In a structure without the aforemen-
- tioned difference in effective band gaps between the
narrow band gap and intermediate regions, a much
smaller ¢ results in the onset of hole injection and hence
also increases the threshold.

It is possible, of course, to fabricate a diode in accor-
dance with the invention by utilizing contiguous mixed
crystal layers, e.g., a wide band gap Al Ga,_ As layer
and a narrow band gap Al,Ga,.;As layer in which 0
= y<nux

DOUBLE HETEROSTRUCTURE

As discussed with reference to the SH diode, but for
the onset of hole injection which causes holes to be lost
for radiative recombination purposes, it would be desir-
able to decrease further the thickness of the intermedi-
ate region. While the aforementioned difference in ef-
fective band gap between the narrow band gap and in-
termediate regions reduces such hole injection, it has
been found that the double heterostructure diode in-
creases significantly the confinement of both holes and
electrons between the two heterojunctions, thereby re-
sulting in lasing at a lower threshold at room tempera-
ture than even the SH diode!

The DH dicde, shown in FIG. 6 A with the dimensions
exaggerated for the purposes of illustration, comprises
in one embodiment a heat-sink 216 on which is formed
a multilayered structure including a metal contact 219,
a substrate 214, a wide band gap n-type layer 215, a
narrow band gap region 224, a wide band gap p-type
layer 212, a contact layer 217 and a second contact
218. It should be noted that it is readily possible to fab-
ricate the heat sink on contact 218, or on both contacts
218 and 219. '

A p-p heterojunction 223 is located at interface be-
tween layer 212 and region 224 whereas an n-n hetéro-
junction 225 is located at the interface between region
224 and layer 215. In addition, a p-n homojunction 226
is located between the heterojunctions at a position
such that equations (1) — (3) are satisfied. Alterna-
tively, as shown in FIG. 6B, the p-n junction 226 may
be coincident with n-n heterojunction 225 in which
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case they form a p-n heterojunction 222 (i.e., d, = 0,
d] =1 )

When a DH diode is provided with an appropriate
optical resonator and forward biased, both by means
well known in the art, electrons injected across the p-n
homojunction 226 are reflected by p-p heterojunction
223 and undergo radiative recombination. And,
whereas holes also undergo injection in the oppesite
direction across p-n homojunction 226, they are re-
flected by n-n heterojunction 225 and also undergo re-
combination. Thus, both injected holes and electrons
are electrically confined to the intermediate region 224
resulting in lower thresholds at room temperature than
heretofore possible, provided, of course, that the crite-
ria defined by equations (1) - (3) are met. Preferably,
0.125 u < 1 <1 p(eg.,t=0.8 u)for a GaAs interme-
diate region. It should be noted that optical confine-
ment produced by the two heterojunctions (which form
a waveguide) also contributes somewhat to lower
thresholds.

EXAMPLE

This example describes a double heterostructure
laser diode in accordance with an illustrative embodi-
ment of the invention fabricated by means of a liquid
phase epitaxial technique described in copending appli-
cation Ser. No. 28,365 (now abandoned) filed on Apr.
14, 1970 and assigned to applicant’s assignee. Briefly,
the apparatus utilized in the fabrication included a seed
holder and a solution holder having a plurality of wells
and adapted to be slid into position over the seed. The
assembly was placed in a growth tube and inserted in
a furnace (of the type not having a window port).

A silicon doped gallium arsenide wafer (about 0.25
inches X 0.5 inches X 20 mils) with about 4 X 10'8
electrons per cubic centimeter having faces perpendic-
ular to the <100> direction, obtained from commer-
cial sources, was selected as a substrate member. The
wafer was lapped with 305 carborundum, rinsed with
deionized water, and etch-polished with a bromine-
methanol solution to remove surface damage.

Four solutions were then prepared in the following
manner. First, the following quantities of materials
were weighed out. For solution I, 1 gm Ga, 100 mg
GaAs (undoped), 2 mg Al and 15 mg Sn. For solution
II, 1 gm Ga, 100 mg GaAs (undoped) and 1 mg Si. For
solution III, 1 gm Ga, 50 mg GaAs (undoped), 3 mg Al
and 5 mg Zn. For solution IV, 1 gm Ga, 75 mg GaAs
(undoped) and 32 mg Ge. For each solution the Ga
plus GaAs was briefly preheated to 900° C under H; in
a graphite solution holder. The seed and the four pre-
pared solutions of Ga plus GaAs were placed in sepa-
rate wells in the solution holder. The remainder of the
solid components which had been weighed out were
then placed into the proper wells with the premixed Ga
plus GaAs and were mechanically forced under the
surface of the liquid Ga to insure good contact upon
subsequent heating. The holder assembly was then
placed into a fused silica growth tube. Hydrogen was
passed through the tube to flush out air. After flushing
for about 10 minutes the tube containing the holders
was placed into the furnace which was at 870°C. An
auxiliary heater, which consisted of a single loop of
about 2 feet of 20 mil nichrome wire heated by 20 volts
a.c., was disposed under the seed and was on during
this operation. The temperature as measured by a ther-
mocouple, also disposed under the seed, was allowed to
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rise to about 870°C and then a cooling rate of 3°C/mi-
nute was established. At 850°C the solution holder was
moved so that solution I came into contact with the
seed. A mechanical vibrator was used to agitate the so-
lution slightly while cooling to 830°C. occurred. At
830°C the solution holder was moved so that solution
II covered the seed and remained there with vibration
for about 15 seconds. The solution holder was then
again moved so that the seed was disposed under the
solution III, where it was held for 30 seconds (with vi-
bration). The solution holder was then again moved so
that the seed was placed under solution IV and kept
there for 60 seconds (with vibration), following which
the seed holder was moved again so that a close fitting
upper graphite surface of the solution holder wiped the
" residual of solution IV from the seed. During this entire
procedure the cooling rate of 3°C/minute was main-
tained. Following the last step the tube was removed
from the furnace and allowed to cool to room tempera-
ture. This procedure resulted in a wafer 214 of n-type
GaAs upon which were deposited, epitaxially, four lay-
ers as shown in FIGS. 6A and 6B. The first layer 215
on the substrate 214 is estimated to consist of n-Ga,.
rAl;As with x approximately 0.3-0.5, doped by Sn to
about 108 electrons/em® An n-n heterojunction 221

was formed at the interface between layers 214 and’

215. The second layer 224 was GaAs doped by Si (and
possibly Zn from diffusion from the following layer)
compensated, -but p-type. A p-n heterojunction 222
was formed at the interface between layers 215 and
224. The third layer 212 was estimated to be p-Ga,.
Al As with x approximately in the range 0.3-0.5
doped p-type by Zn in the range of 108-10'° holes/cm®.
A p-p heterojunction 223 was located at the interface
between layers 212 and 224. The fourth layer 217 was
GaAs doped p-type by Ge to about 108 holes/cm?®. This
resulted in another p-p heterojunction 220 between
layers 212 and 217.

The thicknesses of the layers 215, 224, 212 and 217
in a section measured were approximately 5 um, 1.5
pm, 1.9 pum and 2-15 pwm, respectively. The separation
of the p-n heterojunction 222 from the p-p heterojunc-
tion 223 was therefore approximately 1.5 pm.

A non-heat sinked laser diode was then prepared
from the wafer so obtained for the purpose of evaluat-
ing ‘the threshold currént density. This end was
achieved by initially skin diffusing Zn at high concen-
tration ( 10**Zn/cm?) to a depth of 0.2 um into the sur-
face of the wafer. The substrate was then lapped to a
thickness of about 6 mils. Contact (FIG. 6A; layers 218
and 219) to the n and p surfaces of the wafer was made
by conventional evaporation techniques whereby lay-
ers of chromium and then gold of several thousand ang-
stroms thickness were applied. The resultant structure
was then cut and cleaved to form a number of diodes
which were mounted on holders adapted with means
for contacting both the n and p sides of the structures.

The resultant laser diodes were mounted in a micro-
scope fitted for observation of infrared light and were
actuated by a pulse power supply. At room tempera-
- ture the threshold current density of a laser diode made
from this wafer was 3,900 A/cm?.

Utilizing similar techniques, other diodes with the in-
termediate region 224 less than 1.0 um thick exhibited
room temperature thresholds as low as 3,000 A/cm?.
Moreover, fully internally reflecting diodes exhibited

15

20

25

30

35

40

45

50

55

60

65

3,801,928

190
room temperature thresholds in the range 2,300-2,800
Alem?.

DEEP STATES STRUCTURE

In addition to the confinement effect, deep states, ei-
ther deep isolated impurity states or deep band tail
states, near the valence band may be provided in the
narrow band gap region, as shown in the SH diode of
FIG. 2B, which for the purpose of illustration is again
taken to be an n-p-p type structure (n-p-p correspond-
ing to the conductivity type of the narrow band gap —
intermediate — wide band gap regions, respectively).
Thus in FIG. 2B, the deep states are provided in at least
the narrow band gap n-type region. In this case the cur-
rent source 18 (FIG. 1) produces a population inver-
sion between electrons in the. conduction band and
holes in the deep states, and consequent radiative re-
combination of the holes and electrons produces co-
herent radiation as shown by the double arrow in thé
n-type narrow band gap region. It is also possible, how-
ever, for the radiative recombination to occur in the in-
termediate region. In the deep states structure, the p-p
heterojunction serves primarily to control the type of
minority carrier injection which is dominant. In the
n-p-p structure, hole injection from the valence band
into the deep states on the n-side is dominant. In such
a device, it may be desirable that d be very small, e.g.,
d much smaller than the diffusion length of minority
carriers. [llustratively, the radiation at room tempera-
ture is in the near infrared at about 1.30 ev (9,500A)
for an injection laser in which the pair of contiguous
semiconductor layers utilized are GaAs and a mixed
crystal of p-Al,Ga,.As in which deep impurity states
are created by Mn doping and the band gap in the
mixed crystal is the greater.

Another feature of one embodiment of the invention
is the additional reduction of the temperature coeffici-
ent of threshold by the provision of deep band tail
states near the conduction band. This technique will be
explained more fully hereinafter. The use of deep states
andfor deep band tails, of course, applies equally as
well to DH laser diodes. :

The following materials and parameters are illustra-
tive only and are not to be construed as limitation upon
the scope of the invention. A single heterostructure
semiconductor injection laser, as shown in FIG. 1, may
be constructed utilizing: a narrow band gap layer 14 (n-
type except for the intermediate region 24) comprising
GaAs grown from a Ga solution containing 1 to 10 mg
Mn and 0.1 to 2 mg Te per 1gm Ga; a p-type wide band
gap layer 12 comprising p-Al,Ga,_;As (x = 0.1 to 0.5),
i.e., a mixed crystal of AlAs and GaAs grown from a Ga
solution containing 1 to 10 mg Zn, 1 to 10 mg Mn and
1 to 10 mg Al per 1gm Ga and electrodes 20 and 22
comprising, respectively, Ti and Au and Sn and Ni.
Typical dimensions are (in mils) &=15, b'=4, b=0.5 and
¢=6. The depth of the wide and narrow band gap re-
gions, respectively, is typically 20 w and 0.5 mil,
whereas the thickness of the intermediate region, as
previously mentioned, is preferably much less than the
diffusion length of minority carriers.
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THEORY OF DEEP STATES

The following discussion is directed toward several
problems associated with a GaAs laser, but the prob-
lems and solutions set forth apply equally as well to
semiconductor lasers using other materials such as InP,
InAs and InSb.

As pointed out previously, one of the serious prob-
lems with conventional GaAs injection lasers is the fact
that the threshold current density for lasing increases
very rapidly with temperature, near room temperature,
i.e., it is approximately proportional to T® so that the
threshold at room temperature is about 50 to 100 times
greater than that at liquid nitrogen temperature
(77°K). Consequently, the GaAs injection laser, which
lases easily at liquid nitrogen temperatures, requires
large current densities (e.g., 30,000 amp/cm?) at room
temperature where only pulsed operation, and not CW
operauon has been possible.

The primary cause of this exponentlal temperature
dependence of the threshold is the change in carrier
distribution with temperature in the conduction and va-
lence bands as was previously explained with reference
to FIGS. 3A and 3B. The high threshold at high temper-
atures can be alleviated by, in addition to the use of the
confinement effect, modification of the band shape in
accordance with the teachings of the invention as was
briefly mentioned in the previous section and as will be
described herein with reference to FIGS. 4A, 4B and
4C which show energy versus density of states at an ele-
vated temperature.

One deep state technique would be to provide deep
isolated impurity (donor) states near the conduction
band in a conventional semiconductor (e.g., CaAs)
laser which relies primarily on electron injection. By
" “deep” it is meant that the energy separation E,
between the bottom of the conduction band and the
impurity states (as shown in FIG. 4A) is at least several
times kT (e.g., 2 to 6 kT), where k is Boltzmann’s con-
stant and T is the absolute temperature of the device.
If this condition is satisfied, then electrons in the impu-
rity level will not be pumped by thermal excitation into
the conduction band. Thus, population inversion be-
tween carriers in the impurity level and the valence
band would be maintained at higher temperatures. One
problem remains, however. The energy Ep, to a first ap-
proximation, is proportional in the hydrogen model to

m./e?, where m, is the effective electron mass and € is
the dielectric constant. In GaAs, and other similar
semiconductors such as InP, InAs and InSb, m, is too
small to produce a discrete isolated donor level distin-
guishable from the conduction band (i.e., Ep is typi-
cally only 3 or 4 mev in GaAs, whereas kT = 26 mev
at room temperature). Consequently it is difficult to get
an impurity element which produces the deep donor
states required to maintain population inversion at
higher temperatures. '

On the other .hand, the effective hole mass m, is
much greater than m, (e.g., m, = 10 m, in GaAs). Con-
sequently according to the hydrogen model, acceptor
levels, as shown in FIG. 4B, would be much deeper
(e.g., E4 is 30 to 40 mev above the valence band in
GaAs) than the donor levels. In addition, several ele-
ments such as Mn, Co, Ni, Cu or Au produce acceptor
levels deeper than 100 mev above the valence band in
GaAs. However, to utilize such an acceptor level to ob-
tain more stable population inversions at higher tem-
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peratures, it is desirable that certain criteria be satisfied
in the region where radiative recombination occurs.
Namely, (1) the density of electrons in the conduction
band should be high enough to be relatively insensitive
to changes in distribution produced by thermal excita-
tion, and (2) holes should completely occupy the deep
acceptor states but few holes should occupy states in
the valence band, and the density of the holes in the ac-
ceptor states should be such as to produce upon recom-
bination sufficient intensity for lasing.

These criteria are satisfied in a single heterostructure
semiconductor injection laser, as previously described,
comprising a pair of contiguous semiconductive layers
having different band gaps, a p-n homojunction in the
narrow band gap material separated from a p-p hetero-
junction located at the interface between the layers, by
a distance less than the diffusion length of minority car-
riers, thereby defining, as before, an intermediate re-
gion between the p-n junction and the p-p heterojunc-
tion. In addition, deep “isolated’” acceptor states are
provided in the intermediate and/or narrow band gap
region by appropriate doping. This structure creates an
energy step (FIGS. 2A and 2B) in the conduction band
which prevents electron diffusion beyond the hetero-
junction into the wide band gap side. As a result of this
confinement effect, as discussed previously, the elec-
tron density in the intermediate region is maintained
higher under forward bias than is otherwise attainable
in conventional structures without the confinement ef-
fect. Thus, condition (1) is satisfied. Under a suitable
forward bias, proper acceptor impurity doping satisfies
condition (2).

Alternatively, as shown in FIG. 4C, deep states may
be provided by heavy doping (e.g., 10**/cm®) which
creates in the intermediate and/or narrow band gap re-
gion deep band tail states, instead of deep isolated im-
purity states, which extend from the valence band and-
/or the conduction band into the forbidden gap. These
band tails, as with the deep impurity states, maintain
relatively constant carrier distribution despite thermal
excitation provided they are more than several kT from
the band edge. Typical dopants which will produce
both conduction and valence band tails include Si, Ge
and Sn. On the other hand, Te alone will produce con-
duction band tails, whereas Zn alone produces valence
band tails. In addition, mixed crystals such as In.Ga,.
»As are particularly amenable to the existence of deep
band tails, i.e., a diode structure in which the pair of
semiconductor materials are a mixed crystal of In.Ga,_
rAs and p-GaAs in which the mixed crystal has the nar-
rower band gap. Alternatively, the mixed crystal
GaAs,.,Sb; could be substituted for In.Ga,_,As.

It is readily possible to realize a high Q cavity in both
embodiments of the invention, that employing solely
the confinement effect and that including deep states,
as compared to conventional laser diodes. The use of
contiguous narrow and wide band gap layers, which
have therefore different indices of refraction, creates
an interface at the heterojunction which tends to pre-
vent loss of radiation into the wide band gap layer. In
addition, the use of the wider band gap layer reduces
the absorption of stimulated radiation because the radi-
ation occurs in the narrower band gap or intermediate
region. Thus, the energy associated with the radiation
is less than the band gap on the wide band gap side and
therefore cannot very effectively be absorbed. It may
be especially desirable to utilize such a high Q cavity in
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the embodiment of the invention employing deep states
inasmuch as the density of states which contribute to
lasing is somewhat smaller than in the basic structure
employing only the confinement effect. To obtain a
high Q cavity reflection loss at the cavity mirrors
should be reduced. A high reflective coating on the
mirror surfaces or a totally reflecting mode in a four-
sided mirror cavity can be utilized for this purpose.
Such a high Q structure reduces the threshold current
density and thus reduces the input power, one of the
factors limiting the temperature of operation.

It is to be understood that the above-described ar-
rangements are merely illustrative of the many possible
specific embodiments which can be devised to repre-
sent application of the principles of the invention. Nu-
merous and varied other arrangements can be devised
in accordance with these principles by those skilled in
the art without departing from the spirit and scope of
the invention. In particular, as mentioned previously,
the foregoing deep states-deep band tails discussion ap-
plies equally as well to DH diodes, especially the em-
bodiment of FIG. 6A in which the p-n junction is a p-n

homojunction. Moreover, in order to limit the number .

of oscillating modes in the device, it may be desirable
in some instances to employ a stripe geometry as taught
by R. A. Furnanage and R. K. Wilson in U.S. Pat. No.
3,363,195 filed July 1, 1963 and issued Jan. 9, 1968.

- ELECTROLUMINESCENT DIODE

The previously described SH and DH laser diode also
functions efficiently as an electroluminescent diode,
with the omission of the optical resonator. The descrip-
tion which follows, however, will be limited to an SH
electroluminescent diode with the understanding that
similar considerations apply to the DH. With reference
to FIG. 5, the basic single heterostructure, as before,
comprises contiguous semiconductor layers 112 . and
114 of different band gaps with a p-n homojunction
125 located in the narrow band gap layer 114 and sepa-
rated from a p-p heterojunction 123 located at the in-
terface between the layers. A current source 118, con-
nected across contacts 120 and 122, respectively, de-
posited on the side of layer 112 and the bottom of layer
114, produces radiation 126 in the intermediate region
which propagates out of the device through the wide

band gap layer 11: In the embodiment shown, the nar-

rower band gap layer 114 forms a substrate having a
mesalike configuration to reduce current spreading ef-
fects therein. Moreover, the wider band gap layer 112
is formed in the shape of a dome or hemisphere,
thereby to reduce reflection losses at the interface be-
tween layer 112 and the external atmosphere by in-
creasing the portion of the radiation 126 which under-
goes normal incidence at that interface. Both the mesa
and dome structures improve the efficiency of the de-
vice. Efficiency is increased further since radiation gen-
erated in the intermediate region has an energy lower
than the band gap of layer 112, thereby reducing ab-
sorption losses, i.e., in a conventional GaAs electrolu-
minescent diode, the band gap of the p-region is nearly
equal to the radiation energy and consequently causes
higher loss due to optical absorption.

In a diode structure as shown in FIG. 5 (except that
layer 112 is planar, not dome-like) spontaneous emis-
sion at about 8,800 A and about | percent efficiency
has been observed. The diode substrate 114 comprised
n-GaAs doped with Sn or Si to a concentration of about
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2 X 10 -4 X 10'®/cm?® and a layer 112 of p-Ga,Al,.;As
(x = 0.3-0.5) and was driven by about 10 ma of direct
current. While the thickness of the intermediate p-
GaAs region 124 (about 1-4 ) should not cause ap-
preciable absorption losses, precise control thereof is
not as important as in the laser diode. The diameter of
the top of the mesa is typically about 500 u, whereas
the bottom of the mesa is about 50 mils and is not criti--
cal. However, smaller diameters at the top increase ef-
ficiency by increasing the current density.

What is claimed is:

1. A single heterostructure junction laser comprising:

a multilayered structure of substantially lattice
matched material including a common-conductivi-
ty-type heterojunction and a p-n homojunction
separated therefrom by a distance which is less
than the diffusion length of minority carriers in-
jected toward said heterojunction when said p-n
homojunction is forward-biased, said heterojunc-
tion and said homojunction formmg an active re-
gion therebetween,

means forming an optical cavity resonator for sus-
taining radiation, said structure being disposed on
the optic axis of said resonator, said resonator
being adapted to permit egress of a portion of said
radiation therefrom,

means for forward biasing said p-n homojunction and
for applying thereto current in excess of the lasing
threshold, said forward biasing means causing the
injection of minority carriers across said p-n homo-
Jjunction and toward said heterojunction,

said heterojunction being substantially free of non-
radiative recombination centers which introduce
loss and being effective to increase the gain of said
laser, and to decrease both its lasing threshold and

“the temperature dependence of said threshold, by
confining said injected carriers to said active region
wherein radiative recombination of holes and elec-
trons occurs to produce said radiation.

2. The laser of claim 1 wherein said structure in-
cludes a narrow bandgap zone and relatively wider
bandgap zone contiguous therewith and forming said
hetérojunction at the interface therebetween, said p-n
homojunction being located in said narrow bandgap
zone and defining on opposite sides thereof a narrow
bandgap region and said active region.

3. The laser of claim 3 wherein sad narrow bandgap
region is n-type, said active region is p-type, said wider
bandgap zone is p-type and said minority carriers are -
electrons.

4. The laser device of claim 2 wherein the effective
bandgap in said active region is less than the effective
bandgap in said narrow bandgap region.

5. The laser of claim 2 wherein the narrower bandgap
zone comprises Al,Ga, As and the wider bandgap
zone comprises a p-type mixed crystal of Al,Ga, ,As,
x>y V

6. The laser device of claim 1 in combination with
deep acceptor states near the valence band in said ac-
tive region, stimulated coherent recombination radia-
tion occurring. primarily in said active region between
electrons in the conduction band and holes in the deep
states.

7. The laser of claim 6 in which said deep states are
deep isolated acceptor states near the valence band.
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8. The laser of claim 7 in combination with deep
band tail donor states near the conduction band, stimu-
lated coherent recombination radiation occurring be-
tween electrons in the donor states and holes in the ac-
ceptor states.

9. The laser of claim 6 in which said deep states are
deep band tail acceptor states.

10. The laser of claim 9 in combination with deep
band tail donor states near the conduction band, stimu-
lated coherent recombination radiation occurring be-
tween electrons in the donor states and holes in the ac-
ceptor states.

11. A single heterostructure semiconductor injection
laser device comprising

a p-type layer of Al Ga,.;As,

alayer of Al,Ga;.,As, y > x, contiguous with said Al,.

Ga,.,As layer and forming a heterojunction there-
‘between, a p-n homojunction in the Al,Ga, As
layer separated from the heterojunction by a dis-
tance less than the diffusion length of minority car-
riers, thereby defining an active region therebe-
tween, the effective bandgap in said Al,.Ga,.;As
layer being greater than that in said active region,

manganese impurity acceptor states located more
than several kT above the valence band in at least
said active reglon

~means for causing the injection of minority carriers
into said active region, thereby producing stimu-
lated recombination radiation between holes in
said manganese states and electrons in the conduc-
tion band comprising means for forward biasing
said p-n homojunction and for applying current
thereto of magnitude exceeding the lasing thresh-
old,

said device having means forming an optical cavity
resonator for sustaining the radiation comprising a
pair of optically flat parallel reflecting surfaces
transverse to the plane of said active region, and

means for extracting a portion of said radiation from
said resonator.

12. A single heterostructure semiconductor injection

laser device comprising

a p-type layer of Al,Ga, ;As,

a layer of Al,Ga,.,As, y > x, contiguous with said Al .
Ga,. As layer and forming a heterojunction there-
between, a p-n homojunction in the Al,Ga,  As
layer separated from the heterojunction by a dis-
tance less than the diffusion length of minority car-
riers, thereby defining an active region therebe-
tween, -the effective bandgap in said layer of Al,.
Ga,..As being greater than that in said active re-
gion,

zinc band tail acceptor states located more than sev-
eral kT above the valence band in at least said ac-
tive region,

means for causing the injection of minority carriers
into said active region, thereby producing stimu-
lated recombination radiation between holes in
said zinc states and electrons in the conduction
band comprising means for forward biasing said
p-n homojunction and for applying current thereto
of magnitude exceeding the lasing threshold,

said device having means forming an optical cavity
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resonator for sustaining the radiation comprising a
pair of optically flat parallel reflecting surfaces
transverse to the plane of said active region, and
means for extracting a portion of said radiation from
said resonator.

13. A single heterostructure semiconductor injection
laser device comprising

a p-type layer of Al.Ga; -As,

alayer of Al,Ga,.,As, ¥y > x, contiguous with said Al,.
Ga,.As layer and forming a heterojunction there-
between,

means within said Al,Ga,.,As layer to make its con-
ductivity originally n-type,

a p-n homojunction formed in said Al,Ga,.,As layer
by the diffusion therein of zinc impurities, said p-n
homojunction being separated from said hetero-
junction by a distance less than the diffusion length
of minority carriers, thereby defining a p-type ac-
tive region between said p-n homojunction and said
heterojunction and an n-type region of Al;Ga,. As
on the side of said p-n homojunction remote from
said Al,Ga,..As layer

said device having a pair of oppositely facing reflect-
ing surfaces forming an optical cavity resonator for
sustaining radiation,

means for causing the injection of minority carriers
across said p-n homojunction and toward said
heterojunction thereby to produce in said active
region radiative recombination of holes and elec-
trons, ’

said injection means comprising means for forward
biasing said p-n homojunction and for applying di-
rect current thereto in magnitude greater than the
lasing threshold, and

means for extracting a portion of the radiation from
said resonator,

14. In a single heterostructure semiconductor injec-
tion laser operating at temperatures up to at least room
temperature, a semiconductor body comprising

a wide bandgap first layer of Al,Ga,_ As, and

a zone of Al,Ga,_,As, y > x, contiguous with said first
layer and forming a common conductivity type
hetercjunction therebetween, a p-n homojunction
in said zone separated from said heterojunction by
a distance of about 2.0u, thereby defining an active
region therebetween, and a narrow bandgap region
on the side of said homojunction remote from said
heterojunction, the effective bandgap in said nar-
row bandgap region being greater than that in said
active region.

15. The body of claim 14 in combination with

across said p-n homojunction toward said hetero-
junction, thereby to produce radiative recombina-
tion of holes and electrons,

said injection means comprising means for forward
biasing said p-n homojunction and for applying di-
rect current thereto in magnitude greater than the
lasing threshold, and

means for extracting a portion of the radiation from
said resonator.

16. The body of claim 14 wherein said zone com-

prises GaAs.
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