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ABSTRACT

This report describes the results and the progress we have made in the
study of: (1) Impurity~induced layer disordering (IILD) of thin layer III-V
heterostructures and its application to quantum well heterostructure lasers,
(2) the fundamental behavior of quantum well heterostructures and the applica-
tion of IILD to laser devices, and (3) the continuous (cw) room temperature
(300 K) laser operation of Aleal_xAs—GaAs quantum well heterostructures grown

on Si.




I. INTRODUCTION

During the course of this project we have been interested in the
properties, in general, of III-V semiconductor quantum well heterostructures
(QwHs) . Specifically, we have been interested in a broader range of QWH
lasers and in more advanced forms of QWH lasers. Besides the advantageous
fundamental properties of QWHs (two-dimensional properties), the ultra-thin
layered form of QWHs offers another major advantage: Quantum-well thin layers
can be selectively intermixed, by impurity induced layer disordering (IILD),
to form higher gap bulk layers. For example, simply by photolithography and
diffusion processing, we can render a large uniform Al _Ga,__As-GaAs QWH wafer
into single-stripe or multiple-stripe buried heterostructure lasers or,
indeed, into arbitrary patterns. There is no doubt that IILD can be used for
a wide range of integrated electronic-optoelectronic structures, most of which
remain to be developed. Because IILD is so important fundamentally as well as
practically, and is, moreover, peculiarly suited to study and application on
QWH's, we have expended major effort on the combined study of QWHs and IILD.

As this project has developed, we have published or given meeting reports
on all substantial results. Since we have decribed all of the work of prior
years in earlier reports, specifically detailed journal publications, here we
merely list all of the work of 1988 (and beyond) as references, and append
titles and abstracts of 1988 (and 1989) journal articles in order to supply
more detailed information. Note that some of this work has received also some
other support, e.g., MRL (NSF) analytical support and ERC (NSF) support on
crystal growth. 1In addition, we have received some industrial support in the

form of special crystals. We mention that indeed much of our work has been
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carried out with individuals in various U. S. industrial 1laboratories
(Shichijo, Texas Instruments; Epler, Xerox; Burnham, Amoco; Craford, et al.,
Hewlett~Packard; Ludowise, Rewlett-Packard, Gavrilovic, et al., Polaroid).

Hence, in this work "technolgy transfer" has been built-in automatically.

I1. ACCOMPLISHMENTS

The reference section of this report, by way of paper titles and
abstracts, describes the progress we have made in three main areas of work:
(1) impurity-induced layer disordering (IILD), (2) study of quantum-well
heterostructures (QWHs) and their application to laser devices, and (3)
continuous (cw) room temperature (300 K) laser operation of Al,Ga)_,As-GaAs

QWHs grown on Si.

A. Impurity-Induced Layer Disordering (IILD)

In the time since we introduced IILD in late 1980 and first reported it
in 1981, interest in IILD has developed world wide, and a considerable journal
literature on IILD has developed. Begsides making extensive contributions to
the study of IILD (see Refs. 1, 2, 3, 5, 7, 10, 11, 12, 17, 18, 22, 24, 27),
we have prepared an extensive review of IILD and its use (Ref. 18). The areas

in which we have made recent contributions to IILD are:

(1) We have studied diffusion and disordering mechanisms and have established
the importance of the Fermi-level location (Refs. 2, 7, 12, 17, 18, 24)

in TILD, the so-called Fermi-level effect.
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(2) The importance in IILD of the crystal surface capping (Si, Si0,, Si3N4)
and the control of the thermal anneal ambient (Column-III or Column-V
rich conditions) has been elucidated (Refs. 1, 7, 12, 17, 18, 22, 24,
27).

(3) Other means of layer disordering than just the use of Si diffusion or Zn
diffusion (or implantation) have been studied, e.g., Ge diffusion from
the vapor (Ref. 5) and combined Si-oxygen diffusion (which compensates
the effect of the Si donor, Ref. 27).

(4) By examining IILD in the heterosystem Iny(AleaI_x)l_yP-InyGal_yP-GaAs
(y » 0.5), we have shown that IILD proceeds mainly via exchange of Column
II1 atoms (Refs. 10, 17, 18).

(5) We have used IILD studies to develop a better understanding of how
impurity diffusion proceeds in GaAs (Refs. 2, 12, 17, 18, 22).

(6) Because atom motion, and hence defect m;tion (or the opposite), is
involved in IILD, we have employed IILD for dislocation reduction in GaAs
grown on Si (Ref. 11), as well as to disorder the ordered form of InGaAsP

(Ref. 19), GaAsP (Ref. 19), GaInP (Ref. 21), and AlGaInP (Ref. 21).

B. Quantum-Well Heterostructure (QWH) Lasers

An important aspect of IILD is, of course, that it has application in
forming buried heterostructure single-stripe and multiple-stripe lasers. 1In a
number of the papers we have published dealing with the fundamental properties
of IILD, we have also described the use of IILD to fabricate high performance
buried heterostructure lasers (simply by crystal processing and not regrowth

procedures). Some of these results appear in Refs. 3, 5, 7, 18, 27.
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As part of our interst in QWHs, and in IILD, we have broadened our work
beyond the Alxcal_xAn-GaAs heterosystem, including to the short wavelength
system InO.S(Ale‘l-x)O.SP'GaA" As already mentioned, we have used
I“O.S(Alxc‘l-x)O.SP'G‘A’ for IILD studies (e.g., Ref. 10), and, even more
important, to demonstrate short wavelength cw 300 K QWH lasers, both via
photopumping (Refs. 9, 20) and as diodes (A { 6400 A, Refs. 15 and 25). With
the exception of InO.S(Aleal-x)O.SP.G‘As’ there are not many heterosystems
that can achieve short wavelength laser operation, which has obvious
importance. I“O.S(Alxc‘l-x)O.SP‘G‘A’ is not inherently a matched system, but
we know (Ref. 25) from -30°C laser operation (. 6350 A, < 12 mW) at quantum
efficiencies n < 307 that this III-V system can eventually replace the He-Ne
laser (and probably be applied much more broadly).

As a final part of our study of stimulated emisison in QWHs, we have
returned to the problem of the phonon-assisted laser operation of QWHs: does
it or doesn't it occur? We have supplied the answer (positive!) to this ten
year old question, and demonstrate the importance of high-Q versus low~Q heat

sinking for photopumping of QWH samples (Ref. 26).

C. Continuous 300 K Quantum Well Lasers on Si

Even though the problem of growing (constructing) cw 300 K Al Ga,_ As~
GaAs lasers on Si has received worldwide attention, including in many leading
U.S. and Japanese laboratories, to the best of our knowledge very little in
improved performance has been achieved beyond the cw 300 X lasers we reported
well over one year ago. This indicates the nature of the mismatch problems

(lattice and thermal coefficient of expansion) and the over-estimation in many
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quarters of how quickly major problems can be solved. Although in the past
year there has been little reported of improvements in lasers on Si, actually
quite a bit has been learned about these devices. For example, we have
demonstrated and reported at the 1988 IEEE Device Research Confereance (June,

1988, Boulder) that one of the expected advantages of constructing Al Ga,_ As-

GaAs QWH lasers on Si is indeed correct. 1In comparison with similar lasers
grown on GaAs substrates, the QWH lasers on Si, when heat sunk from the
substrate side, exhibit better heat removal (lower thermal resistance) than
the case of similar heat removal via a GaAs substrate (Ref. 14). This is
important if semiconductor lasers are ever to be operated, active-region side
mounted upward, in array configurations where individual lasers (with other
devices, e.g., transistors and detectors) are addressable and thus can be made
part of some form of integrated structure (optoelectronic IC or electronic-
photonic 1IC). As limited as is the present performance (cw 300 K) of
Aleal_xAs-GaAs QWH lasers grown on Si, the fact that Si affords a better heat
sink than does a GaAs substrate is ultimately one of the more important
reasons to be concerned with the problem of GaAs-on-Si. Also, we note that
our Aleal_xAs-GaAs QWH lasers grown on Si are much longer lived than the
original (1970) cw 300 K Aleal_xAs—GaAs double heterojunction lasers. This
too offers some reason for optimism in this area of work.

It is well known that if the combination of GaAs and Al Ga,  As layers
growmn on a Si substrate exceeds a total thickness of .5 um, microcracks
(e.g., <110> cleave lines on a {100} substrate) develop in the epitaxial
material. From one point of view this can be regarded as a serious problen,

but from another viewpoint this can be a mechanism for strain relief. Because
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of the lattice mismatch between GaAs (or Aleal_xAs) and Si, at the epitaxial
layer grnwth temperature dislocations form to accommodate the difference in
lattice size. When the III-V layers are cooled from the growth temperature to
room temperature, they contract much more than the Si substrate, and, if they
are beyond a certain critical thickness (. 5 pm), they cleave in tension to
accommodate the greater coantraction of the GaAs than the Si. Generally speak-
ing this is a problem. Microcracks are not normally desired in devices, and,
of course, in some cases must be suppressed or eliminated.

From another viewpoint, however, a microcrack is a mechanism to relieve
the strain caused by lattice mismatch, and maybe devices can be built near
microcracks, particularly if the microcracks are introduced in a pattern or
regular geometry. The reason to require that microcracks fit (eventually) a
pattern is, clearly, to permit coastruction of a regular array of devices as
in some form of integrated circuit. We already have data indicating that
microcracks can play a significant role in the behavior of cw 300 K
Al _Ga,_  As-GaAs QWH lasers grown on Si (Ref. 13). Not only can microcracks
help relieve the mismatch strain of GaAs-on-Si, they can, in fact, traverse
the entire length of the active region of a QWH stripe geometry laser on Si
without harm (Ref. 13). Also, they can be located at right angles to a laser
stripe, thus creating a useful form of compound cavity (Ref. 13). 1In other
words, microcracks are not necessarily all bad and may become an important

part of some GaAs-on-Si devices.
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Effect of Surface Encapsulation and As, Overpressure on Si
Diffusion and Impurity-Induced Layer Disordering In GaAs,

< AlLGa,_,As, and Al,Ga,_,As-GaAs Quantum Well
Heterostructures

L. J. GUIDO, W. E. PLANO, D. W. NAM, N. HOLONYAK, JR,, J. E. BAKER

Electrical Engineering Research Laboratory,

Center for Compound Semiconductor Microelectronics, and
Materials Research Laboratory

University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

R. D. BURNHAM
Amoco Research & Development, Naperville, Illinois 60566

P. GAVRILOVIC
Polaroid Corporation, Cambridge, MA 02139

Data are presented demonstrating that the surface encapsulant and the As, overpres-
sure strongly affect Si diffusion in GaAs and Al ,Ga,_.As, and thus are important pa-
rameters in mm-mdueed layer disorderirg. Increasing As, overpressure results in
an increase in diffusion depth in the case of GaAs, and a decrease in diffusion depth for
AlLGa,_,As. In addition, the band-edge exciton is observed in absorption on an Al,Ga,_.As-
GaAs superlattice that is diffused with Si and is converted to bulk crystal ALGa,.,As
via impurity-induced layer disordering. In contrast, the exciton is not observed in ab-
sorption on GaAs diffused with Si in spite of the high degree of compensation. These
data indicate that the Si diffusion process, and the properties of the diffused material,
are different for GaAs and for Al,Ga,_.As-GaAs superlattices converted into uniform

C Al,Ga, .éAa (0 s y s x s 1) via impurity-induced layer disordering with the amphoteric
dopant Si.

~

Key words: Si diffusion, impurity-induced layer disordering, Al,Ga,_.As-GaAs su-

perlattice, exciton absorption.

INTRODUCTION

Since the demonstration that an extrinsic impu-
rity, e.g., Zn,' can be used to enhance the layer in-
termixing (i.e. disordering) of an Al,Ga,_,As-GaAs
quantum well heterostructure (QWH), impurity-in-
duced layer disordering (ITLD) has proven to be an
important tool for constructing sophisticated forms
of buried QWH lasers.>* As with other, more de-
veloped, integrated circuit technologies IILD is used
to selectively modify the as-grown properties (band-
gap, refractive index) of an Al Ga,_,As-GaAs het-
erostructure in the two-dimensional plane of the ep-
itaxial layers. Consequently, this newer form of
“band-gap engineering” is ideally suited for use in
the construction of optoelectronic integrated cir-
cuits (OEICs).

Because of the increased interest in the applica-
tion of MILD to OEIC processing, attempts have been
made to model the enhancement of Al-Ga inter-
change in the presence of extrinsic impurities.>® In-
dependent of the details of these models, it is clear
that native defects, eg. vacancies, play a crucial role
in the Al-Ga interchange process. Further investi-

(Received August 10, 1887)
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gation is required to determine the effect of the sur-
face encapsulant, the crystal Fermi level, and the
Al Ga,_.As-GaAs interfaces on the concentration,
mobility, and charge state of the native defects. In
this paper data are presented demonstrating that
the surface encapsulant and As, overpressure (p,,,)
strongly affect Si diffusion in GaAs and Al,Ga,_,As,
and thus are important parameters in layer disor-
dering.” The data show that increasing p.,, results
in an increase in diffusion depth in the case of GaAs,
and a decrease in diffusion depth for Al .Ga,_,As.
These trends suggest that the Si diffusion process,
which is one of the more important methods for IILD,
and the properties of the diffused material are dif-
ferent for GaAs and for bulk-crystal Al Ga,_,As
formed by IILD of Al,Ga,_.As-GaAs superlattices.
This conclusion is further supported by the fact that
we observe the band-edge exciton in absorption for
a Si-diffused and layer-disordered Al,Ga,..As-GaAs
superlattice (SL), but not for Si-diffused GaAs.

EXPERIMENTAL PROCEDURE

The epitaxial layers used in these experiments,
which are grown via metalorganic chemical vapor
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Sensitivity of Si diffusion in GaAs to column IV and VI donor species
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Secondary ion mass spectroscopy and carrier concentration measurements are used to
characterize Si diffusion into GaAs wafers containing two fundamentally different forms of
donors, the column IV donors Si or Sn and the column VI donors Se or Te. A decrease in the
Si diffusion rate is found in GaAs containing the column VI donors compared to the column
IV donors. This trend is consistent with the model in which the Si diffuses as donor-gallium-

x
0
4

vacancy complexes. The decrease in the Si diffusion coefficient is attributed to the greater
binding energy of column V1 donor-gallium-vacancy nearest-neighbor complexes, thus
reducing the concentration of free-gallium vacancies available to complex with the Si.

Although donor diffusion into GaAsor Al, Ga, _,Asis
typically more difficult and less common than acceptor dif-
fusion, Si serves as an important donor that can be diffused
and can be used in device fabrication. The Si diffusion coeffi-
cient is *“fast™ enough so that reasonable annealing times and
temperatures can be used, and also it readily diffuses into the
crystal without significant alloying problems at the crystal
surface.'™ In addition, the Si impurity greatly enhances lay-
er interdiffusion at Al,Ga, _,As-GaAs heterointerfaces,*
which is a maskable and thus selective process that has made
possible fabrication of low threshold buried heterostructure
Al_Ga, _, As-GaAs quantum well (QW) lasers.>” It s like-
ly also that the impurity-induced layer-disordering property
will find other applications in integrated optoelectronic de-
vices. To realize fully the potential of the layer intermixing
process, and the resulting shift from QW lower gap to bulk-
crystal higher gap, will require a detailed understanding of
the Si diffusion mechanism as well as the crystal properties
that control the diffusion. Although Si has been proposed to
diffuse in GaAs by Sig, -Si,, neutral pairs hopping to neigh-
boring As and Ga vacancies,’ the diffusion rate is, in fact,
strongly controlled by the Ga vacancy concentration genera-
ted at the crystal surface during the diffusion.'-* Based on
this and the strong dependence that Si diffusion has on the
background concentration of p-type impurity in the crystal,
we recently have suggested that the Si diffuses instead by
means of the Si, donor and the ionized Ga vacancy Vg,
(or V5,”, etc.) complex, which makes the Si diffusion Fer-
mi-level dependent.® Note that the Fern:: level will not only
control the charge state of a deep level such as ¥, ,” but will
also control its solubility in the crystal.' In this letter we
report data on the diffusion of Si into GaAs that contains
varying amounts of several fundamentally different donor
impurities, specifically either the column IV donors Si or Sn,
or the column V1 donors Se or Te, and in one case (for
reference) the acceptor impurity Zn. The experimental data,
with the large dependence on donor species, are consistent
with the argument that the Si diffuses in GaAs as the com-
plex Sig, -Va..

The GaAs wafers used in this study are oriented (111),
and the Si is diffused into the As-rich surface. Polished wa-
fers are first etched in 5:1:1 H,80,:H,0,:H,O for § min
and then rinsed in de-ionized water and blown dry under a
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N, stream. The wafers are then etched in NH, OH for 5 min,
again rinsed in de-ionized water and dried, and then immedi-
ately loaded into an e-beam evaporation system in which a
~250-A-thick layer of Si is deposited on the surface of the
wafers. The wafers are then sealed in an evacuated quartz
ampoule (2.5 cm’ volume) along with a piece of clean ele-
mental As weighing 30-40 mg. The anneals are performed
for 10 h at 815 °C, after which secondary ion mass spectros-
copy (SIMS) is used to analyze the Si diffusion profiles in
the GaAs wafers. The carrier concentration is also measured
using a Polaron 4200 C- ¥ measurement system. The Si diffu-
sion profile can depend on surface preparation of the GaAs
wafer, layer thickness of the evaporated Si source, and the As
overpressure on the annealing wafer. Therefore, compari-
sons are made on wafers processed simultaneously and then
annealed simultaneously in the same ampoule.

Figure 1 shows the results of SIMS analysis on wafers
with background doping varying from: (a) p-type, ng,
= 5% 10" cm ~?; to (b) low doping, ng, = 10'*cm -3; to
(c) n-type, ng, = 3X 10" cm ~*. Two trends can be seen in
the data of Fig. 1. The first is that as the background doping

1&1 1 LN B
SIMS Si Concentration (Si Diffusion 815 °C,10 h)
- -
a9
5—1019 .
7]
<
i
§1o‘7+- Substrate, n (cm3) J
Q
& (a) 5x1018 (Zn)
| (b) 1x1016 (Sn) J
(c) 3x1018 (Sn)
A 1 i
10‘50 1 3 4

2
Depth, x um)
FIG. 1. SIMS profiles for Si diffusion at 815 °C (10 h) into GaAs of differ-
ent background doping species and concentrations. The Si diffusion depth
increases and the diffusion front becomes less steep as the background dop-
ing in the wafer changes from: (2) p-type. n,, = 5X 10" cm ™% to (b) low
doping. ng, = 10" cm ' 10 (c) n-type. ay, = 3IX 10" cm .
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Carbon-doped Al Ga,_, As-GaAs quantum well lasers
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Dats are presented demonstrating that carbon (C) can be used as the active p-type dopant in
high-quality Al, Ga, _ , As-GaAs quantum well laser crystals. We show, by fabricating three
different types of stripe geometry laser diodes (oxide stripe, hydrogenated stripe, and impurity-
induced layer-disordered stripe), that C is a stable dopant and compatible in behavior with
typical integrated-circuit style of device processing. The data suggest that more complicated
laser geometries are possible on C-doped material because of minimal pattern “undercutting”
after processing by, for example, hydrogenation or impurity-induced layer disordering.

Recent work has demonstrated that the incorporation
(via diffusion, implantation, or even epitaxial growth) of
various impurities into Al, Ga, _ , As-GaAs heterostructure
devices can result in considerable layer intermixing, i.e., im-
purity-induced layer disordering (IILD).'-* Unintentional
heterointerface disordering is not desired, for example, in
devices that rely on reduced dimeusionality for improved
performance. In contrast, intentional and selective I[ILD
(i.e., ™ -gap engineering” in the plane) have been used to
enhance device performance (e.g., buried heterostructure
quantum well lasers).*” In view of these developments, it is
important to investigate alternatives to the dopants that are
typically used (Be, Si) in molecular beam epitaxy (MBE)
and that are used (Zn, Mg, Se) in metalorganic chemical
vapor deposition (MOCVD) of GaAs and Al,Ga, _, As.
Several considerations in evaluating an alternative dopant
are: (1) the device performance of the as-grown crystal, (2)
the dopant stability relative to processing operations (heat-
ing), and (3) the compatibility of the dopant with standard
integrated-circuit (1C) style of processing, e.g., the conduc-
tivity type change of IILD. Data presented in this letter dem-
onstrate that carbon, which is usually regarded as just a
background contaminant, can be employed as the active p-
type dopant in a variety of stripe geometry Al Ga, _, As-
GaAs quantum well (QW) lasers.

The crystals used in these experiments are grown via
MOCVD" in an EMCORE GS 3000 reactor. Host crystal
atoms are provided via the metalorganics trimethylalu-
minum (TMAL!) and trimethylgallium (TMGa), and the
hydride arsine (AsH;, 100%). The p-type dopant sources
are carbon (C), a by-product of the TMAIl and TMGa pyro-
lysis reactions, and magnesium (MCp, Mg). The a-type do-
pant source is hydrogen selenide (H,Se). The
Al,Ga, _As-GaAs QW laser crystal consists of the follow-
ing epitaxial layers: an n-type GaAs buffer layer
(ne, ~2x 10" cm 2, ~0.5 um) grown directly on an -
type GaAs substrate (g, ~2X 10'* cm ~?), followed by two
n-type Al,Ga, _,As(ng, ~2X 10" cm~?, y~0.25, 0.40)
intermediate layers ( ~0.5 um) to minimize the strain be-
cause of the lattice mismatch between the substrate and the
succeeding high-gap Al Ga, _ , As (x~0.75) active-region
confining layers. The upper p-type (nc ~9% 107 cm~?)
and lower n-type (ng, ~2X 10'* cm ~*) confining layers are
each ~ | um thick. The active region, grown directly after
the lower confining layer, consists of an undoped
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Al Ga, _ . As waveguide layer {x’' ~0.25,0.18 um) with a
~140-A GaAs QW in the center. Finally, the structure is
capped with a thin GaAs layer (s, ~1X%10" cm-?,
~0.10um) for contact purposes. For laser diode fabrication
the crystal is shallow diffused with Zn (ZnAs,, $50°C, 10
min, ~0.1 um). The shallow contact diffusion increases the
doping level in the p-type (Mg) contact layer 30 that nonal-
loyed ohmic contacts can be realized using standard Cr-Au
metalization.

Earlier work has shown that C is the dominant residusl
acceptor in MBE or MOCVD GaAs.*'' However, much
less is known about the properties of C as an active p-type
dopant in GaAs or, more importantly, in Al,Ga, _,As. A
recent study of C incorporation in MOCVD Al,Ga, _,As
shows that the C concentration increases both with Al mole
fraction (x) and growth temperature (T, ),'? which agrees
with similar data (Fig. 1) of the pressnt work. Thess data
suggest that C can be employed as the active dopant in de-
vices, which we demonstrate below on QW lesers. The Al
mole fraction (x) in Fig. 1 is varied by simuitaneously in-
remaining growth conditions are held constant ( growth rate

Concentration (300K), n (cm-3)

F1G. 1. Carrier concentration (300 K) in C-doped Al ,Gs, _.As vs Al
composition as determined via capacitance-voltage measurements (Hg
probe). The Al composition values have been determined by double-crystal
x-ray measurements. Data points denoted by solid circles (2 type) and solid
squares (p type) are taken from a set of calibration samples (growth
rate~ 11 gm/h, T = 760°C, P; = 150 Torr, V/II1 = 23). The hole con-
centration in the C-doped QW laser crystal (upper confining layer) is de-
noted by an arrow in the upper-right-hand comer (growth rate~ 11 gum/h,
T = 825°C, P; = 150 Torr, V/II1 = 48).
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by hydrogenation

G. E. Stillman

observed up to the point of catastrophic failure.

The semiconductor laser has become an important and
convenient source of high optical power. To overcome the
problems of high-power emission (i.c., catastrophic facet
damage and heating), large p-n junction areas are required
and, of course, a uniform distribution of the injection cur-
rent. This can be accomplished with an array of closely
spaced active stripes. Optical coupling between very closely
spaced laser stripes creates a narrowing of the far-field (FF)
emission pattern and a corresponding increase in optical
power density in the output beam.'-* Both gain-guided and
index-guided laser arrays can be fabricated. Index-guided
laser arrays are usually produced cither by etching and some

type of crystal regrowth,* or by layer disordering with an
. impurity (eg., Zn or Si) in the case of an
Al ,Ga, _,As-GaAs quantum well heterostructure
(QWH).*7 Gain-guided laser arrays usually are fabricated
by some form of current segregation at the contact layer.
Shallow proton implants create highly resistive regions that
channel current into the conducting stripes.” Insulators on
the surface with stripe openings® and mesa stripes with
Schottky-barrier contacts between them achieve similar re-
sults.’ All of these schemes for gain-guided arrays allow sig-
nificant current spreading at the stripe active regions, which
is a limitation making gain-guided arrays vulnerable to gain-
profile changes as operating conditions change. In fact, the
current spreading is so large that usual gain-guided lasers
can appear almost like broad-area devices.>'® A different
form of gain-guided coupled-stripe laser array is described in
this letter, a coupled-stripe array fabricated by hydrogen
compensation of the dopants, i.c., hydrogenation. The hy-
drogenation process is effective in eliminating current
spreading at the active region and allows broad area metalli-
zation over the entire p side, thus providing excellent heat
sinking for high-power operation.

The coupled-stripe laser arrays described here are fabri-
cated on a QWH crystal grown by metalorganic chemical
vapor deposition (MOCVD) inan EMCORE GS 3000 reac-

. tor."" The separate confinement heterostructure (SCH)
™ consists of a single 140-A GaAs QW centered in an
Al,Ga, _  Aswaveguide layer (x~0.25.0.18 um). The en-
tire undoped active region is sandwiched between two
Al, Ga, _As (x’~0.75. 1 um) confining layers. the bot-
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High-power gain-guided coupled-stripe quantum well laser array
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High-power coupled-stripe (ten-stripe) Al, Ga, _ , As-GaAs quantum well lasers that are
fabricated by hydrogenation are described. Continuous (cw) room-temperature thresholds as
low as I, = 90 mA and internal quantum efficiency as high as 85% are demonstrated.
Continuous 300 K laser operation generating 2 X375 mW (0.75 W) at 910 mA (10/,, ) or
57% efficiency is described (8-um-wide stripes on 12 um centers). Minimal heating effects are

tom one doped n type with Se (ng, ~2% 10'* cm ~2) and the
top doped p type with carbon (C) (nc ~9X% 10" cm™?).
The use of C as a p-type dopant has been described else-
where.'? The fabrication of these laser diodes is similar to the
process used previously for single stripe lasers.'’ Prior to the
hydrogenation step a shallow Zn diffusion step (550 °C, 15
min), in a stripe array pattern, is carried out on the top-side
GaAs contact layer to improve the p-side contact. The Zn-
diffused regions are then masked with ~ 1000 A of SiO,, and
the wafer is placed in a hydrogen plasma (750 Torr, 0.4
W/cm?) at 250 °C for 8 min. Hydrogenation of the C in the
nonmasked top regions creates highly resistive stripes in the
p-type Al ,sGag,s As confining layers.'? After hydrogena-
tion the oxide mask is removed, the wafer is thinned to ~ 100
pm thickness, and contacts (Ge-Au for n type, Cr-Au for p
type) are evaporated onto the wafer. For cw operation the
devices are mounted p side down on Cu heat sinks with In.

The laser array consists of ten 8-um-wide p-type con-
ducting stripes on 12 um center-to-center spacing. A scan-
ning electron micrograph of the ten-stripe wafer is shown in
Fig. 1. Conventional 4-B etch is used to stain the cleaved
facet and enhance the contrast between the conducting and
the resistive (4-um-wide hydrogenated) p-type regions. In
Fig. 1(a) no metallization is present, and the conducting
stripes (8 um wide) are completely etched down to the QW
active region. This allows easy identification of the hydroge-
nated areas and the ten active stripes on 12 um centers. The
two outside stripes of the array are marked with vertical
arrows | and 10 to denote the extent of the array. There
appears to be little or no “undercutting” of the oxide mask in
this device, which is in contrast to earlier results on single
stripe lasers.'’ This difference may result from the use of C as
the p-type dopant, as well as from confining the Zn diffusion
to a stripe pattern. A metallized cleaved section is shown in
Fig. 1(b) that also is stained with the 4-B8 etch. The 8-um-
wide conducting stripes appear as dark regions separated by
lighter (4 um) hydrogenated areas. Again, the two vertical
arrows in Fig. 1(b) point to the two laser stripes 1 and 10 at
the edges of the array.

The results of pulsed operation of these ten-stripe lasers
are summarized in Fig. 2. Excitation is by 5 us pulses ata 10-
kHz repetition rate. Diodes with different lengths are tested
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by Ge diffusion from the vapor
N. Holonyak, Jr.

facets).

Of the various reasons to diffuse impurities into I11-V
semiconductors, one of the more recent is to effect impurity-
induced intermixing of GaAs quantum wells (QW’s) and
Al,Ga, _,As barriers, and thus selectively increase the en-
ergy gap of a quantum well heterostructure (QWH)." For
this purpose, acceptors (Zn) are much easier to use, diffus-
ing from the vapor; donors are much less convenient to em-
ploy. To be specific, Si is an important example that, with its
low vapor pressure, must be deposited on the crystal surface
and then be diffused into the crystal.>* Although the column
V1 donors possess high vapor pressures and can be used for
layer intermixing, stringent control is required on the diffu-
sion conditions to avoid chemical reaction with the crystal
surface and thus surface erosion. So far, impurity-induced
layer disordering (1ILD) with donor (Si) diffusion has been
used most effectively to fabricate high-performance buried
heterostructure quantum well lasers.

In spite of the inconvenience in applying Si diffusion,
high-performance single-stripe,®¢ coupled-stripe,” and dis-
ordered window lasers have been fabricated. There would be
an obvious advantage in achieving these results via donor
diffusion from the vapor. In this letter we describe the diffu-
sion of the Ge donor from a vapor source and utilize the
process to fabricate high-performance single-stripe buried
heterostructure QW lasers. Although both Ge diffusion and
layer disordering from an elemental source applied to the
crystal surface have been studied previously,>'° Ge diffusion
from the vapor has not been previously reported, nor its use
in device fabrication.

The Ge diffusions of interest here are carried out in
sealed quartz ampoules ( ~2.5 ¢cm’ volume) that are evacu-
ated to below ~ 2 X 10 ~® Torr. The diffusion source consists
of a 3 X 3 mm? piece of GaAs substrate onto which a layer of
Geof about 500 A thickness has been electron-beam deposit-
ed, along with a piece of elemental As weighing ~ 15 mg.
These are placed in the ampoule along with the wafer to be
diffused. The anneal is performed for 10 h at temperatures of
800-820 °C. Note that at these temperatures the vapor pres-
sure of elemental Ge is very small. However, it is known''-"?
that in the temperature range 730-750 °C the compounds
GeAs and GeAs, can form in the Ga-As-Ge ternary sys-
tems. It is these compounds ( and their decomposition prod-
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Data are presented on a method to diffuse Ge into quantum well Al, Ga, _, As-GaAs crystals
from a vapor source, thus effecting impurity-induced layer disordering, and shift from lower to
higher gap. The Ge diffusion is characterized on undoped GaAs by using secondary ion mass
spectroscopy and capecitance-voltage electrochemical profiling. The layer disordering with Ge
is used to fabricate S-um-wide buried heterostructure quantum well lasers (250 um long) with
continuous wave thresholds as low as 7 mA and output powers of greater than 90 mW (both

ucts) that are believed to increase the Ge concentration pres-
ent in the vapor phase in the annealing system, inasmuch as
the vapor diffusion can be carried out by placing only ele-
mental Ge and elemental As in the ampoule. It is not estab-
lished, however, in what form the Ge exists in the vapor. The
auxiliary GaAs crystal is simply used as a means to intro-
duce a small enough amount of Ge into the annealing system
so that alloy formation does not occur on the sample wafer.
We have found that this vapor diffusion technique works
also with an elemental Sn ( + As) diffusion source at these
temperatures, but attempts to diffuse Si from the vapor using
this method have been unsuccessful.

Figure |1 shows the atom concentration and electron
concentration in a piece of undoped bulk GaAs that has been
diffused with Ge from the vapor source at a temperature of
800 “°C for 10 h. The Ge concentration is measured by sec-
ondary ion mass spectroscopy (SIMS), and the electron
concentration is measured using an electrochemical capaci-
tance-voltage profiler, the Polaron PN4200. Both the shape
of the SIMS profile and the large degree of electrical com-
pensation seen in the Ge-diffused regions are reminiscent of
Si diffusion, suggesting that Si and Ge may obey a similar
diffusion mechanism.'* The Ge diffusion depth is found to be
relatively independent of the Ge layer thickness on the
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FIG. 1. Undoped bulk GaAs diffused with Ge at 800 °C (10h) from a vapor
source. (a) shows the Ge concentration as measured by SIMS. (b) shows
the electron concentration measured using C- ¥ electrochemical profiling in
the Ge-diffused region. The Ge diffuses into the GaAs largely compensated.
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Deep levels in high-purity »-type molecular beam epitaxy (MBE) GaAs and in undoped 2-
type metalorganic chemical vapor deposition (MOCVD) GaAs samples annealed with various
As overpressures were investigated using constant capacitance deep level transient
spectroscopy on evaporated Au Schottky barrier diodes. Anomalous hole traps, which could
be measured because of a surface effect, were observed in all annealed samples. EL2 traps were
created in the MBE material by the annealing, while the concentration of EL2 in the annealed
MOCVD material was about the same as that before annealing. The effect of annealing on the
other electron traps in these samples is also studied and reported.

Previous annesling studies on semi-insulating GaAs'*
have shown p-type conversion in the annealed semi-insulat-
ing material which was attributed by some to a decrease in
the EL2 concentration.** Other studies have reported 2 high
concentration of Mn at the surface of annealed layers and

' explunedthetypeeonvmmtetmofhﬂnoutd:ﬁm

from the layer.’ Studies have also been performed on an-
nealed molecular beam epitaxy (MBE) layers which
showed that EL2 was created in these samples when various
caps and overpressures were used’ while: the concentra-
tions of typical MBE deep traps were reduced by annealing
atasufficiently high temperature.”* In the present annealing
study n-type Si-doped high-purity MBE samples and an un-

metalorganic chemical vapor deposition (MOCVD)
sample were used. The samples were sealed in an evacuated
quartz ampoule with various amounts of solid arsenic. The
ampoules were heid at a temperature of 750 °C for 1 h. The
arsenic overpressures were calculated assuming that all of
the solid arsenic became As,.

Figure 1 shows the carrier concentration profiles of the
MBE samples annealed with the indicated arsenic overpres-
sures. Before annealing, the MBE material had a flat carrier
concentration profile with a concentration of about 3
% 10'*/cm®. The annealed samples show a reduction in car-
rier concentration that is inversely related to the amount of
arsenic overpressure. The zero bias depletion widths for the
annealed samples are larger than would be expected for the
corresponding carrier concentration and indicate that these
samples are compensated at the surface.

Photoluminescence measurements were made on as-
grown and annealed MBE samples. After annealing, the de-
fect bound exciton lines that were present in the unannealed
MBE material were no longer detectable. Another interest-
ing effect of the annealing was a change in the dominant
acceptor. Prior to annealing, the dominant acceptor in the
MBE material was carbon, with a small concentration of
silicon acceptors. After annealing, the concentration of sili-
con acceptors was increased so that silicon acceptors became

inant. This change indicates that the intentional silicon

t atoms are switching from Ga sites to As sites, con-
trary to what might be expected with an arsenic overpressure
during the annealing. However, the data in Fig. 1 show that
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higher As overpressures seem to inhibit this site switching. A
full photoluminescence study of the annealing effects on the
acceptor concentrations is planned.

Constant capacitance-deep level transient spectroscopy
(CC-DLTS) mesasurements were performed on all of the
annealed samples using an apparatus that has been described
previously.'® Gold Schottky barrier diodes and nickel-tin
ohmic contacts were formed on the samples. Devices fabri-
cated on annealed material have lower reverse-bias break-
down voltages than those fabricated on unannealed materi-
al. However, all of the devices had quality factors greater
than 10, indicating that series resistance was not a factor in
the DLTS measurements. All spectrs were taken by pulsing
the diodes between a reverse bias of approximately 2 V amd
zero bias. Representative spectra of the as-grown and an-
nealed MBE samples are shown in Fig. 2(a). The spectrum
of the as-grown MBE material contains the electron traps
M1, M3, and M4 that are typical of MBE material. M3 is the
dominant trap with a trap concentration of 4 10'*/cm’.
After annealing, the dominant feature of the spectrum is a
hole trap labeled NP1. The energy level for NP1 is 0.67 eV
above the valence band and the trap has a capture cross sec-
tion of I X 10~ Yem?. Other effects of annealing are a reduc-
tion of the concentration of M3 by a factor of 4 and the
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F1G. 1. Carrier concentration profile of a MBE sampie before and after
annealing with various arsenic overpressures.
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DEURITY-INDUCED LAYER DISORDERING IN Al Cs, As-GaAs
QUANTUN WELL HETEROSTRUCTURES 1=

D.G. Deppe, L.J. Guido, and N. Iblonyek, Jr.

Blectrical BEmgineering Mesearch Lsdorstory, Ceanter for Compound Semi~
conductor Microelectronics, end Msteriasls Research Lladorastory, University
of Illinois at Urbene-Chempaign, Urbans, Illinois 61801

ABSTRACT

Selective interdiffusion of Al and Ga at u‘c-l_ln-cm heterointer-
faces can be carried out by couventional masking procedures and diffusion
af acceptor impurities (e.g., Zn), or donor impurities (e.g., 3i), or alse
by ion implantation. This process, impurity~induced lsyer disordering
(I1ILD), mskes it possible to convert quantum well heterostructures (QWis)
such as Al_Ca —gAs-CaAs superlattices (SLs) iato bulk homogeneous
Al _Ca, _As vhers y is the sverage Al composition of the (WH.or SL. Since
end 1&3 process is wmaskable snd thus selective, heterojunctions cem be
formed in directions perpendicular to the crystal growth directioa, i.e.,
betveen ss-grown “"ordered” and IILD “disordered"” rvegions. o dste this
process hes bdeen used most effectively in the fabrication of bduried
heterostructure (W lasers, single and wultiple stripe, vhere the disordered
regions provide both optical and electrical confinement. The IILD procese
hae also been used to asdvsntage ian the fabricstion of high power laser
diodes with now-gbsorbing "windows" at the laser facets and thus with
better immnity from facet demsge.

In this peper we present dats on the application of the LILD process
to the fabrication of buried-heterostructure (W laser diodes. Ve also
( describe possible mechanisms by which the impurity-iaduced layer disorder-
ing proceeds based on Columm III “"Frenkel” defects aund the influence of the
crystal Fermi level on the defect solubility. These mechanisms are sup-
ported by experimental data.

INTRODUCTION

Impurity-induced layer disordering (IILD) was discovered in 1980 by
Laidig, et al. [1] while sttempting to convert, via In diffusion for phonon
experiments [2], undoped Al _Ga xM-GaAs superlattices (Sls) to p-type
material. It wvas quickly recognized (3] that the layer intermixing of the
Al Gcl_’h-cah SL that accompanies the relatively low temperature 2n
diftusion provides s convenient weans of converting lower energy gap thin
layer heterostructures iato higher gap homogeneous bulk-crystal alloy. The
selectivity of the diffusion process, vhich can be masked, then allows the
fabrication of heterojunctions aormal to the crystal growth direction and
thus normal to the layers (and doping) that are part of the epitaxial
crystal growth. The IILD occurs because of the Za impuricy's sebility to
increase the Columm Il (Al and Ga) atom self-diffusion rates many orders
of magnitude over that of ordinary thermal Al-Ga interdiffusion, Since the
initial discovery of IILD via Zn diffusion (1], many different atomic
species have been found to promote LILD, either through impurity diffusion,
fon implantation and subsequent crystal snnesling, or incorporation during
crystal growth and thea subsequent annealing. For example, besides the
acceptor In, the acceptors Be [4] and Mg [5] ere known to promote IILD, and
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SYDROGENATION OF GaAs AND APPLICATION TO DEVICE PROCESSING

N. Pan, N.5. Peng, C.8. Jeckson, 5.5. Bose, L.J. GQuido, N. Woloayak, Jr.,
and G.E, Stillmen

Center for Compound Semicomductor NMicroelectronics, Materisls Research
leboratory and (pordinsted Xience Laborstory, University of Illisois ac
Urbane-Chempaign, Orbana, 1L 61801

ABSTRACT

Exposure of GaAs and AlGaAs to a hydrogen plasms has been shown to
result in a significant change in the electrical and opticsl properties.
The chenges asre related to the electrical deactivation of the desp and
shellow impurities by hydrogenation., Spectroscopic sand electrical measure
sents have shown that Si donors and C scceptors in high purity GaAs can be
passivated by hyirogenstion. Hydrogemation of p~type Gaks and AlCaAs has
resulted in highly resistive material. 8i0, was found to be a suitable
mask for the hydrogenstiom process. Single sad multiple stripe geometry
lasers have been fabricated by properly masking the laser structure. The
lasere produced using the hydrogenation process have low threshold currents
and are capsble of cw room temperature operation.

INTRODUCTION

Recent studies of hydrogenstion have resulted in a better understand-
ing of the passivation of deep and shallow impurities sad hydrogenation
kinetics {1-9]. The electricai and optical properties of GeAs can bde
changed significantly after exposure to a hydrogen plasms. There have been
many reports om the neutralisation of shallow domors ia implanted and
heavily doped CaAs [6~8). The resuits on the neutrslization of shallow
scceptors have been reported [6,9], but the results have not been very
consistent. Decent results on the passivation of AlGaAs {6,10] have shown
similar behavior to those on CaAs. These rzsults offer the possibility of
using hydrogenation as & processiag techaique. Hydrogenation has been used
to realige isolation regions ia a stripe geomecry laser (11]).

In this paper, the properties of high purity materisl before and after
hydrogenstion will be summarised. The characterization techniques include
photothermal {onization spectroscopy (PTIS), low temperature photolumines-
cence (PL), transmission electron microscopy (TEM), energy dispersive spec-
troscopy (EDS), capacitance voltage (C-V) and Hall effect messurements.
The effects of hydrogenation on AlGsAs and GeAs-on-Si samples will bde
discussed. In sddition, the results of the use of hyirogenation to realize
isolation regions in single snd multiple stripe quantum well lasers will be
presented.

EXPERIMENT

The plasma reactor, hydrogenation conditions, details of the char
scterization techniques, and sample preparation used ia the high purity
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Short-wavelength (~625 nm) room-temperature continuous laser operation
of Ing (Al Ga, _, ). s P quantum well heterostructures
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R. M. Fletcher, C. P. Kuo, T. D. Osentowski, and M. G. Craford
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(Received 11 January 1988; accepted for publication 15 February 1988)

Data are presented demonstrating very-short-wavelength (625 nm) room-temperature (300 K)
continuous (cw) photopumped laser operation of In, _ ,(AL Ga, _,) P-In, _,(Al,Ga, _, )P
quantum well heterostructures grown lattice matched (y=0.5) on a GaAs substrate via
metalorganic chemical vapor deposition. In addition, 300 K pulsed laser operation (J/,, ~ 10*
A/cm?, 625 nm) of diodes fabricated from the same crystal is described.

Because of the high-energy gap at the direct-indirect
crossover of In, _,Ga, P (xmx, =0.73, E, = E, =224
eV)'? and the long-known fact, beginning with
Al Ga, _,As studies, ™ that Al can be substituted for Ga
with only slight lattice change in a III-V crystal, it has long
been appreciated that the substitution of Al for Ga in
In, _ ,Ga,P can serve as the basis for even higher gap and
thus shorter wavelength light-emitting diodes and lasers.
Theshiftof In, _,Ga,PtoIn, _,(ALGa,_,),P (0<x<I,
0<y< 1), which has been made practical by the development
of metalorganic chemical vapor deposition (MOCVD)
or MO vapor phase epitaxy (MOVPE),** makes
possible the fabrication of high-gap
lllll -;(Alic‘l - ),P"nl -y(MxG‘l - )yP hmjm'
tions and quantum well heterostructures (QWH's). The
most important case recently receiving attention is that of
the Ing 5 (AL, Ga, _, )os P alloy ( y=0.5),"2 which is (as is
Ing s Gay s P) lattice matched to GaAs and yields shorter
wavelength lasers than the Al_Ga, _, As system.”'? Unlike
(AlGa)As, however, (InAlGa)P is not intrinsically lattice
matched to GaAs; it is not a simple matter to keep the com-
position y fixed (y=0.5), and keep strain and defects out of
Ings (AL, Ga, _,)os QWH’s grown on GaAs substrates.
Hence, for various reasons pertaining to crystal quality and
as yet uncertain energy band properties, it is not known what
the shorter wavelength limits might be for this system for use
as a room-temperature (300 K) continuous (cw) laser. In
the present letter we demonstrate, on photopumped
Ings (AL Ga, _,)os P QWH samples, cw 300 K stimulated
emission to wavelengths as short as 625 nm. Pulsed diode
laser operation (300 K) at the same wavelength occurs at
J~10* A/cm®.

The epitaxial In, _, (Al Ga, _,),P layers are grown
lattice matched ( y=0.5) on an n-type (100) GaAs sub-
strate with the use of a horizontal MOCVD (MOVPE) reac-
tor."' Trimethylaluminun (TMAI), trimethylgallium
(TMGa), trimethylindium (TMIn), and PH, are used as
the sources for the primary crystal components Al, Ga, In,
and P, respectively. Hydrogen selenide and dimethylzinc are
used as n- and p-type dopant sources. Figure | shows

*) Kodak fellow.
* Shell fellow.
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a scanning electron microscope (SEM) image (cross
section) of the active region of the p-n doped
Ing; (AL, Ga, _,)osP-Ings (Al,Ga, _,)osP QWH laser
crystal of interest. The quantum well active region consists
of (1) a 1.0 zm n-type lower confining layer (x = 0.8), (2)
an undoped 0.2 um symmetric waveguide region (x = 0.65)
with a 200 A quantum well (x = 0.2) at its center, (3) a 1.0
pm p-type upper confining layer (x = 1), and (4) a 0.5 um
p-type GaAs contact layer. The crystal surface exhibits a fine
crosshatched pattern (not shown), which indicates that this
crystal is not completely lattice matched. This is a known
sign of strain and defects.'>'* As a consequence of strain and
defects, the QWH crystal of Fig. 1 exhibits higher laser
threshold than desired (Figs. 2 and 3) and relatively poor cw
300 K operating lifetime (photopumped sample of Fig.
3)-1419

Figure 2 shows the spectral behavior of an oxide
stripe laser (20X400 um?) fabricated on the
Ings (AL Ga, _,)osPQWH of Fig. 1. The oxide stripe laser
diodes' are fabricated by first depositing 1000 A of SiO, on
the p-type side of the wafer ( via chemical vapor deposition)
and by then defining 20-uzm-wide stripe openings. Afier a
shallow Zn diffusion step ( ~ 1000 A ), the wafer is thinned
to 100 um, and contacted with Cr-Au (evaporated) on the p
side and Ge-Au (evaporated and alloyed) on the n side. The
wafer is cleaved to give cavity lengths of ~400 um. The
finished diode of Fig. 2 is pulse excited (100 ns, 300 K). At
500 mA (6x 10’ A/cm?) the spontaneous emission peak
occursat 633 nm [ 1.96 eV, curve (a) ). Band filling occurs at
higher current, and at 900 mA {10*A/cm?, curve (b) ] spec-

IMn i(Al‘Gai..)r) IP p-n QWH (L.~ 200 A’I

F1G. 1. Scanning electron microscope (SEM) image showing in cross
section the active region of s 2
In, _,(Al,Ga, _,),P-In, _,(Al,Gs, _, ) P quantum well heterostruc-
ture (QWH) grown latticed matched on GaAs with the use of metalorganic
chemical vapor deposition (MOCVD). The [ayer compositions (x) are in-
dicated along the left edge.
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stability of the heterointerfaces.

The In,(Al,Gs,_,),_,P alloy lattice matched to
GaAs (y=0.5) is an important light-emitting system since it
sllows laser operation at a shorter wavelength than the
AlGaAs-GaAs system. Continuous (cw) room-tempera-
ture (300 K) laser diode operation has aiready been
schieved at wavelengths ~6800 A, as well as cw 300 K
photopumped laser operation of quantum well heterostruc-
tures (QWH’s) at 6250 A.? Of the different types of stripe
laser structures possible in (InAlGa)P, the buried hetero-
structure is most desirable since the built-in optical wave-
guide can result in stable radiation patterns, and both carrier
and optical confinement give the potential for fow threshold
currents. Impurity-induced layer disordering (IILD),**
with its Al-Ga interdiffusion and energy-gap increase, has
proven to be an effective process for the fabrication of low
threshold Al,Ga, _,As-GaAs QWH buried heterostruc-
ture laser diodes. The fact that IILD promotes Al-Ga inter-
diffusion at AlGaAs-GaAs heterobarriers suggests that the
same mechanism will be effective in (InAlGa)P, which has
not been previously established and is the subject of this pa-
per. We report data on the impurity-induced layer disorder-
ing, via Zn diffusion, of Iny,(Al Ga,_,)osP-
Ings (Al Ga, _,)osP QWH'’s and also an
Ing s (Al Gag ¢ )os P-GaAs heterojunction. For Zn diffu-
sion temperatures ~ 600 °C, the layer disordering occurs on
the column I11 site and, consistent with other data,>'? can be
accounted for by a mechanism involving column Il intersti-
tials.

The crystals used in this study are undoped and are
grown using metalorganic chemical vapor deposition
(MOCVD)." The growth takes place in a horizontal reac-
tor using sources of trimethylaluminum, trimethylgallium,
trimethylindium, PH;, and AsH,. The IILD Zn diffusions
(600675 °C) are carried out in sealed ampoules with diffu-
sion sources of either ZnAs, or elemental Zn and P, with
little difference in the 1ILD results. Besides IILD with lower
temperature Zn diffusion, higher temperature anneals also
have been performed at 815-850 °C with only a phosphorus

1413 Appl. Phys. Lett. 82 (17), 25 April 1968
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Data are presented showing the impurity-induced layer disordering (IILD), via low-
temperature (600-675 *C) Za diffusion, of Iy s (Al,Ga, _, )os P quantum well
Beterostructures and an In, ; Aly; Ga, 3 P-GaAs heterojunction grown using metalorganic
bemical seposition. S lary ion ! ission el
M.Mphmdumimmundwmﬁmllw.whichoecuuvham
intermixing on the column I1 site sided by column-IIl-atom interstitials. In addition, high-
mmmnannah(mso‘C)mperfomedmthemcqsquconﬂmthethmd

overpressure to investigate the thermal stability of the heter-
ostructures.

The samples have been analyzed using secondary ion
mass spectroscopy (SIMS), transmission electron micros-
copy (TEM), and photoluminescence. Wafers are prepared
for photoluminescence and laser operation (77 K) by re-
moving the GaAs substrate and any GaAs cap layers or buff-
er layers, and then thinning the remaining epitaxial layers
sufficiently to give a 1-2 um sample thickness. Cleaved sam-
ples are heat sunk in In under a sapphire window and excited
with an Ar* laser (5145 A).

Figure 1(a) shows SIMS profiles of Al and Ga concen-
tration versus depth for an as-grown In, s (Al, Ga, _, )osP-
lno.’ (Al,G‘| -x )o.’P QWH- The structure misu d
Ings(AlosGag, JosP  confining layers with an
Ing s (Aly; Gag; )o s P waveguide region of ~0.2 sm thick-
ness, and a single Ing ; (Al , Gage )os P QW (at 0.6 um) of
thickness ~ 200 A at the waveguide center. The lasing wave-

107} 1n0 5(NxGa1.x)0.5P-In 0.5 (A Ga1-xJo.SP QWH

4. 'l A
0 02 04 08 08 10
Ospth ()

FIG. 1. SIMS profiles of the Al and Ga concentrations of an
Ing s (Aly1Gg s Jo s P-ing s (Aly  Gagy )os P QWH {the confining layers
are Ing s (Alga Gy )os P} for (2) the as-grown crystal, (b) after thermal
annealing (330 °C. 10 h). and (¢) after Zn diffusion at 620 °C (10 k). The
QWH remains intact for the high-temperature annesl (b) but is unstable
against the much lower temperature Zn diffusion (c).
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Dislocation reduction by impurity diffusion in epitaxial GaAs grown on Si
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R.J. Matyi and H. Shichijo

Central Research Laboratories, Texas Instruments, Dallas. Texas 75265
(Received 16 February 1988; accepted for publication 23 March 1988)

Data are presented showing that low-temperature Zn diffusion (680 °C) is effective in reducing
the dislocation density in epitaxial GaAs grown on Si. The GaAs-on-Si is analyzed using both
cross-sectional and plan-view transmission electron microscopy. For comparison, simple
thermal annealing of the GaAs-on-Si at higher temperature (850 °C) is also performed and
analyzed. The reduction in the dislocation density that occurs with Zn diffusion is suggested to
be due to the increased concentration of point defects generated during the Zn diffusion,
resulting in enhanced dislocation climb. This mechanism is consistent with impurity-induced
layer disordering, via Zn diffusion, in A1, Ga, _ , As-GaAs heterostructures.

If GaAs grown epitaxially on Si is to become more than
just of research interest, and is to realize its potential as a
sturdier GaAs *'substrate” or a combined GaAs optoelec-
tronic-Si electronic material, then the high defect (disloca-
tion) density in the epitaxial GaAs caused by the 4%
GaAs-Si lattice mismatch must be reduced. The nature of
this problem has been discussed elsewhere,' as well as var-
ious attempts to reduce the defect density by relatively high-
temperature annealing procedures.'"* Thermal annealing is
to some extent an effective procedure for reducing defects in
GaAs-on-Si but of itself may not be sufficient. Also, in many
cases higher temperature annealing may not be desired. In
any case, other methods to reduce the defects in GaAs-on-Si
are needed. In this letter we describe impurity diffusion
(Zn) into GaAs-on-Si at lower temperatures (680 °C) that
is effective in removing defects (dislocations). The possibil-
ity is discussed that the point defects generated during the
Zn diffusion and the mechanisms responsible for impurity-
induced layer disordering in Al ,Ga, _,As-GaAs hetero-
structures play a role.

The samples used in this study consist of ~ 2-um-thick
GaAs epitaxial layers grown. by molecular beam epitaxy
(MBE), on Si substrates tilted 3° from [100] orientation
toward the {011]. The MBE crystal growth has been de-
scribed previously.' Briefly, a nucleation layer of GaAs
~500 A thick is grown at a temperature of 500 °C. The
growth temperature is then ramped to 575 °C and held con-
stant for the remaining GaAs crystal growth. The resultant
layer has a smooth, featureless surface morphology. Al-
though it is widely appreciated that for GaAs grown on Si
the crystal quality improves (less dislocations) in the GaAs
material further from the GaAs-Si interface, the relatively
thin epitaxial layers used here ( ~2 um) are grown basically
to serve as a buffer layer for the subsequent growth of an
Al Ga, .  As-GaAs laser structure.®

Zinc diffusion using a ZnAs, source is performed into
GaAs-on-Si in a sealed quartz ampoule at a temperature of
680 °C (6 h). or even lower. Further thermal annealing with

1812 Appl. Phys. Lett. $2 (21), 23 May 1988
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simply an excess As overpressure has also been performed on
both Zn-diffused wafers (850 °C, 0.5 h) and, for compari-
son, on as-grown (undiffused) wafers (850 °C, 0.5 h and
680 °C, 6 h). The GaAs-on-Si material has been analyzed
using transmission electron microscopy (TEM). Figure 1
shows TEM cross sections of (a) the as-grown GaAs-on-Si,
(b) a sample after thermal annealing at 680 °C (6 h), and
{(c) another sample after Zn diffusion at 680 °C (6 h). The
cross sections show that even a simple thermal anneal at
680 °C, Fig. 1(b), is to some extent effective in reducing the
dislocation density in GaAs-on-Si. However, Zn diffusion
for the same time and temperature, Fig. 1(c), is much more
effective than a simple thermal anneal. Zinc diffusion {Fig.
I{c)] results in a greatly reduced dislocation density com-
pared to the as-grown epitaxial GaAs-on-Si, Fig. 1(a), and
compared also to the simple thermal anneal, Fig. 1(b). In
analyzing GaAs grown on Si substrates misorientated from
[100] toward [011], we see significant differences in defect
densities when viewing the sample in perpendicular (110)
directions, e.g., directions either parallel or perpendicular to
the substrate tilt direction.* Both directions have been ana-
lyzed, with Fig. 1 showing in each case the highest disloca-
tion densities. The largest difference in defect density for the
two different directions is found for the as-grown wafer, Fig.
1(a), while for the Zn-diffused GaAs-on-Si, Fig. 1(c), little
difference in defect densities is found for the two perpendicu-
lar directions.

Figure 2 shows TEM cross sections of the same GaAs-
on-Si wafer after (a) a thermal anneal at 850 °C (0.5 h), (b)
the Zn diffusion [Fig. 1(c)] at 680°C (6 h), and (¢) an
850 °C (0.5 h) thermal anneal of a wafer which has been first
Zn diffused at 680 °C (6 h). Note that the low-temperature
Zn diffusion (680 °C), Fig. 2(b), is more effective in remov-
ing dislocations than the significantly higher temperature
anneal at 850 °C shown in Fig. 2(a). The 850°C (0.5 h)
anneal of the Zn-diffused GaAs-on-Si shows a further reduc-
tion in dislocations at the GaAs-Si interface. Cracking of the
2-um-thick Zn-diffused GaAs epitaxial layer is also found
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Data are presented and a model describing the diffusion of the donor Si in GaAs from grown-
in dopant sources. In addition, the effects of background impurities on Si diffusion and layer
interdiffusion in Al,Ga, _ , As-GaAs superlattices are described. These results are obtained on
epitaxial GaAs samples with alternating doped and undoped layers and on

Al Ga, _,As-GaAs superlattices with doped (Si or Mg) layers. The layer-doped GaAs and
the Al, Ga, _ , As-GaAs superiattices have been grown using metalorganic chemical vapor
deposition and are characterized using secondary ion mass spectroscopy and transmission
electron microscopy. Different annealing conditions are used to study the interaction between
the grown-in impurities and the native defects of the crystal controlling the diffusion processes.
The model describing the impurity diffusion and layer (Al-Ga) interdiffusion is based on the
behavior of column III vacancies, V,,, and column III interstitials, /,;, and the control of
their concentration by the position of the crystal Fermi level and the crystal stoichiometry.
Experimental data show that n-type Al,Ga, _ , As-GaAs superlattices undergo enhanced layer
interdiffusion because of increased solubility of the ¥;,, defect, while enhanced layer
interdiffusion in p-type superiattices is caused by an enhanced solubility of I,;,. The model
employed is consistent with the experimental data and with the data of previous work.

I. INTRODUCTION

The Al,Ga, _ , As-GaAs crystal system is important for
use in a large range of lattice-matched heterostructure de-
vices. Because of the good lattice match between AlAs and
GaAs, it is possible to grow readily thin layered structures,
including quantum-well heterostructures (QWHs), across
the whole range of Al,Ga, _,As alloy compositions. The
study of impurity diffusion (dopants) in this alloy system is
important not only because semiconductor devices are
usually based around critically placed p-n junctions, but also
because it has been found that the diffusion of impurities
through Al,Ga, _, As-GaAs heterojunctions can influence
the self-diffusion rate (interdiffusion rate) of Al and Ga
atoms across heterobarriers."> The modern capability to
grow thin layered structures, along with now the knowledge
that impurities promote interdiffusion of primary crystal
components, makes it possibie to study the seif-diffusion of
the column I11 atoms in III-V crystals (Al,Ga, _ , As). This
gives added insight into the nature of the important defects
governing both impurity diffusion and self-diffusion in 1.V
crystals.

In this paper we present newer data on the diffusion of
the donor Si in GaAs from grown-in impurity sources
(layered sources) and show that these data are consistent
with previous studies of Si diffusion from external sources,
e.g., Si deposited on the crystal surface.’” We also present
data on the effect of grown-in impurities (Mg or Si) on layer

' Shell Qil Fellow.
' Now at Hewlett-Packard Research Lab, Palo Alto, CA 94304,
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interdiffusion in Al,Ga, _ ,As-GaAs superlattices (SLs),*
along with a model of how impurity (dopant) atoms and
crystal annealing conditions can influence the column 111
atomic self-diffusion rates. These ideas are shown to be con-
sistent with previous experimental data on both impurity
diffusion and layer interdiffusion (layer intermixing) in
Al,Ga, _ ,As-GaAs quantum-well  heterostructures
(QWHs).

Il. EXPERIMENTAL PROCEDURE

The crystals used in this work have been grown in an
EMCORE GS-3000 reactor using metalorganic chemical
vapor deposition (MOCVD).? First, we investigate the ef-
fects of the annealing environment on the diffusion of Si
from localized grown-in sources (layered sources) in GaAs.
Two crystals are examined that are grown at 650°C on
(100) GaAs substrates. Four Si-doped layers of thickness
~ 1000 A each separated by ~ 3000 A of undoped GaAs are
incorporated in the two crystals. In the doped regions the
SiH, dopant flow is adjusted to give an electron concentra-
tion of n,~4x10™ cm~* in the first wafer and n,
~1.7% 10" cm™? in the second. These concentrations are
determined with a POLARON PN 4200 capacitance-vol-
tage (C-F) electrochemical profiler. Both the as-grown and
the thermally annealed crystals (diffused wafers) are ana-
lyzed using secondary ion mass spectroscopy (SIMS). The
atomic Si concentration (ng; ) measured by SIMS is found to
follow closely the change in electron concentration mea-
sured by C-¥ profiling, showing that most of the atomic Si is
incorporated as donors.
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Data are presented demonstrating coatinuous (cw) 300 K operation of p-n

Al,Ga, _,As-GaAs quantum well heterostructure lasers grown on Si and fabricated with
naturally occurring microcracks running parallel to or perpendicular to the laser stripe.
Operation for over 17 h is demonstrated for a diode with a parallel microcrack inside the active
region. Diodes with microcracks perpendicular to the laser stripe exhibit relatively “square”
light output versus current (L-I) characteristics and spectral behavior indicating internal
reflections involving coupled multiple (internal) cavities. The lasers have operated (cw, 300

K)aslongas16h.

Since the earlier successful fabrication of I11-V semicon-
ductor lasers grown on Si substrates,' there has been con-
tinued interest in improving the performance of these de-
vices beyond simply pulsed 300 K operation.>* We have
recently achieved continuous-wave (cw) room-temperature
operation of Al, Ga, _ ,As-GaAs lasers grown on Si, initial-
ly in photopumped operation*® and also as p-n laser di-

- odes.™® Todate, Al, Ga, _ , As-GaAs laser diodes grown on

Si have been operated cw room-temperature for over 10 h.*
Other workers have also reported cw room-temperature op-
eration of Al, Ga, _ . As-GaAs lasers grown on Si but appar-
ently not for times beyond 4 min.'*!! Clearly major prob-
lems face the GaAs-Si system: Al,Ga, _ ,As-GaAs lasers
grown on Si are mismatched 4% in lattice size relative to Si
and exhibit a ~250% difference in thermal expansion. At
the III-V crystal growth temperature the large lattice mis-
match relative to Si is accommodated by a high density of
dislocations. When the system is cooled to room tempera-
ture, the large difference in thermal expansion results in
highly strained epitaxial III-V layers. Although the III-V
epitaxial crystal quality, measured in terms of dislocation
density, improves further from the GaAs-Si interface, the
strain in the epitaxial layers increases as the layer thickness
increases. Above a certain thickness microcracks form in the
epitaxial layer and to some extent relieve the strain. It is the
effect of these microcracks on the performance of the laser
diodes grown on Si that is at issue in this letter. We show that
the microcracking occurring in Al,Ga, _ , As-GaAs lasers
grown on Si can have a dominant effect on the spectral char-
acteristics of these devices. Also, the microcracking is shown
to have no particularly deleterious effect on the laser devices
in terms of threshold or operating lifetime and, in fact, may
offer some benefit by providing strain relief.

The crystal growth and device fabrication used in this
study have been described previously*® and will be reviewed
only briefly. First a 2 um GaAs n-type (ng ~10'" cm™?)
buffer layer is grown directly on the n*-Si substrate using
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molecular beam epitaxy (MBE). The wafer is then trans-
ferred to a metalorganic chemical vapor deposition
(MOCVD) growth system in which an Al, Ga, _ , As-GaAs
p-n single quantum well (QW) separate confinement laser
structure is grown. The total thickness of the I11-V epitaxial
layers (MBE + MOCVD) is ~5 um. Laser diodes are fab-
ricated by defining 10-um-wide oxide stripe openings to con-
tact the p side (epitaxial layer side). The p-side metallization
consists of 250 A of Cr followed by 1000 A of Au. The n side
is contacted, via the n*-Si substrate, using a 500 A afloyed
Al metallization on the Si followed by 250 A of Cr and 1000
A of Au. Typical pulsed thresholds of these devices are 90—
110 mA for 350-um-long cavities. For cw operation the laser
diodes are mounted on a copper block either in a *“junction-
up” or *“junction-down” configuration. It has been shown
that cw operation in the “junction-up” configuration is aid-
ed in part by the higher thermal conductivity of the Si sub-
strate.’

We have previously found that when the total I11-V epi-
taxial layer thickness is ~ 10 um, cracking and severe warp-
ing occur in the epitaxial Iayers.® For a total thickness of ~ 5
pm only a few microcracks are observed in the top-surface
III-V epitaxial layer after crystal growth. However, when
the wafer is cleaved into smaller pieces to process into laser
diodes, the flexing of the Si substrate together with the built-
in strain in the epitaxial material can introduce a high den-
sity of microcracks in the final II1-V laser structure. These
microcracks run in the (110) directions and are typically
spaced ~20-500 um apart in areas of the crystal.in which
the microcracks are denszst. Therefore, there is a significant
probability for some of thase microcracks to be either paral-
lel to the laser stripe (near or even within it), or be perpen-
dicular to the laser stripe. For example, Fig. 1 shows & photo-
graph of a microcrack running along the inside of an oxide
stripe opening, and thus in the laser active region. The quan-
tum well heterostructure laser of Fig. | is shown after metal-
lization, and, even through the 250 A of Cr and 1000 A of
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Data are presented on the thermal characteristics of p-n Al, Ga, _ . As-GaAs quantum well
heterostructure (QWH) diode lasers grown on Si substrates. Continuous 300-K operation for
over 10 h is demonstrated for lasers mounted with the junction side away from the heat sink
(“junction-up™) and the heat dissipated through the Si substrate. “Junction-up” diodes that
are grown on Si substrates have measured thermal impedances that are 389 lower than those
grown on GaAs substrates, with further reductions possible. Thermal impedance dataon
“junction-down” diodes are presented for comparison. Measured values are consistent with
calculated values for these structures. Low sensitivity of the lasing threshold current to
temperature is also observed, as is typical for QWH lasers, with T, values as high as 338 °C.

L INTRODUCTION

The growth of 111-V semiconductors on Si is currently
receiving much attention because Si substrates are cheaper,
sturdier, and have better thermal properties than II1-V semi-
conductor substrates and because I1I-V devices are capable
of light emission and higher speed. Now 11I-V semiconduc-
tor devices potentially can be merged with more highly de-
veloped Si integrated circuit technology. Despite the large
crystal lattice mismatch (49% ) and the difference in the ther-
mal expansion coefficients of GaAs and Si, which result in
high defect densities in the epitaxial GaAs, recent progress
in the study of Al,Ga, _, As-GaAs heterostructures and
quantum well heterostructures (QWHSs) grown on Si sub-
strates indicates considerable promise for this hybrid tech-
nology.

Device-quality GaAs must have reasonably low defect
densities, particularly for injection devices, as it has been
shown that the formation and propagation of dislocation
networks depends primarily upon carrier recombination
rather than upon current flow.' Perhaps the most demand-
ing test of the GaAs-on-Si material is that of continous (cw)
300-K laser operation of a 111.V QWH grown on a GaAs-on-
Si substrate. Continuous 300-K laser operation, the most
severe test, was first achieved (though not reliably) for a
photopumped multiple well Al, Ga, _ . As-GaAs quantum
well heterostructure laser grown on GaAs-on-Si.? By simpli-
fying the structure to a single GaAs quantum well, Nam er
al. reduced the number of active region interfaces threaded
by dislocations, thus making lower threshold and more reli-
able (cw, 300 K) photopumped laser operation possible.’ By
utilizing such a single-well structure with p and n doping,
Deppe et al. (spring, 1987) realized the first room-tempera-
ture cw p-n diode Al Ga, _ , As-GaAs QWH lasers grown
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on GaAs-on-Si.** Operation for over 4 h has been demon-
strated.® Another laboratory later reported presumably cw
room-temperature operation’; a further report indicated
~ S-min operation.” These developments, along with earlier
reports of pulsed laser operation,>'? suggest that practical
high level Al, Ga, _, As-GaAs diodes grown on Si sub-
strates can indeed be realized.

In the present work we describe further progress in the
cw 300-K operation of Al, Ga, _,As-GaAs QWH lasers
grown on Si, including the important demonstration that cw
300-K laser operation is possible with the diode heat sunk
from the side of the Si substrate (“junction-up”) and not
with the [I1.V semiconductor active layers mounted, as usu-
al, downward on the heat sink (“junction-down”). In the
“junction-up” configuration over 10 h of cw 300-K laser
operstion is demonstrated. This is potentially very impor-
tant if ITI-V optoelectronics is to be successfully integrated
with Si technology, where integrated circuit (IC) style pro-
cessing may necessitate that most lasers fabricated on an
integrated optoelectronic “chip” will have the junction re-
gion (the active region) turned upward and not downward
on a heat sink. This increases the importance of the issue of
thermal impedance, which is a measure of how well the heat
generated in a laser diode is dissipated. The stability of the
laser diodes of the present work, and of Refs. 5 and 6, makes
it possible to perform more extensive characterization mea-
surements on these diodes. In this paper the thermal charac-
teristics of these diodes are examined. Measurements and
calculations of thermal impedance are presented for GaAs-
on-Si and GaAs-on-GaAs lasers mounted both junction-up
and, for comparison, junction-down. We show that the ther-
mal impedance of junction-up lasers is reduced by the higher
conductivity Si substrates. Also presented are measurements
showing the temperature sensitivity of the lasing threshold
current for the QWH GaAs-on-Si diodes.
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Data are presented demonstrating short-wavelength ( S 6400 A) continuous (cw) laser
operation of p-n diode Iny s (Al,Ga, _ . )o s P multiple quantum well heterostructure (QWH)
Issers grown lattice matched on GaAs substrates using chemical vapor
deposition. In the range from — 30 °C to room temperature (RT =300 K, A=6395 A) the
threshold current density changes from 2.3 10* A/cm? ( — 30°C) t0 3.7 10? A/cm? (RT,
300 K). The cw 300 K photopumped laser operation of the same quaternary QWH crystal is
an order of magnitude lower in threshold (7X 10> W/cm?, J, ~2.9X 10° A/cm?) than
previously reported for this crystal system, and agrees with the successful demonstration of cw

300 K laser diodes at this short wavelength.

Since the time of the first semiconductor lasers (1962),'
an important goal has been to achieve continuous (cw)
room-temperature (300 K) operation, not only at longer
wavelengths, but also at shorter wavelengths (visible wave-
lengths).? In ternary III-V semiconductors the shortest
wavelength stimulated emission occurs in the In, _,Ga,P
system.>* Aluminum substitution for Ga in this system (as is
known from Al,Ga, _, As)** leads, without lattice change,
to the higher gap quaternary In, _,(Al,Ga, _,),P’ and
thus, by varying x, to the possibility of higher gap hetero-
structures. Of further importance, the development of
metalorganic chemical vapor deposition (MOCVD)® makes
possible both Al substitution in In, _,Ga, P and the con-
struction of In, _, (Al Ga, _,),P quantum well hetero-
structures (QWH’s), including, above all, the practical case
of the quaternary layers lattice matched (y~0.5) on a GaAs
substrate. A major problem is how to accomplish this with-
out variation in the composition y (y=0.5) between layers
(i.e., without strain generation), and at composition values
x giving higher energy gaps (> 1.91 eV). A number of
workers®'* have reported some degree of success in con-
structing visible spectrum In,_,(Al,Ga,_,),P hetero-
structure lasers. Recently we have shown for the
simpler case of “super” heat sunk photopumped
Ing ; (Al,Ga, _ . )os PQWH’s that cw 300 K laser operation
is possible at wavelengths as short as 6250 A,'* unfortunate-
ly, however, at thresholds an order of magnitude too high for
cw JOO K laser diode operation. In the present letter we show
that In,, (Al Ga, _,)osP QWH’s can be improved suffi-
ciently to give cw 300 K diode laser operation at wavelengths
S6400 A, or near that of the He-Ne laser.

The epitaxial layers for these laser structures are
grown on (100) n-type GaAs substrates by metalorganic
chemical vapor deposition (MOCVD) in a horizontal
reactor. Sources for the constituents of the various

*’ Kodak Doctoral Fellow.
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In, _, (AL, Ga, _,),P layers are trimethylindium, trimeth-
ylgallium, trimethylaluminum, and phosphine (PH,). Zn
for p-type doping and Te for n-type doping are provided by
dimethylzinc and diethyltelluride, respectively. Figure 1
shows schematically the layer structure in the active region
of the crystals used in these experiments. Carrier and optical
confinement are provided by a 1.0 um p-type
Ing s (Aly 4 Gayy )o.s P upper and an a-type lower confining
layer. The crystal eomposition is linearly graded towards the
active region, which, in its center, consists of four
Ing s (Aly; Gagg )o s P quantum wells of 200 A (L,) thick-
ness separated by three 100 A (L,) Ings (AlysGags )osP
barriers. The upper confining layer is capped by a heavily
Zn-doped contact layer.

Before stripe geometry diodes are assembled on these
crystals, the bottom substrate and intermediate buffer layers
are removed, as well as the top contact layer, and the QWH
crystal is evaluated by photopumping. The crystal is pre-
pared for photopumping by first removing the contact layer

in0.5(AlxGat-1)0.5P p-n QWH (4L2+3Lp)

0.9

02

FIG. 1. Schematic diagram showing the active region of a p-n
Ings (AL, Ga, _,)osP multiple quantum well heterostructure (QWH)
grown lattice matched to a GaAs substrate via metalorganic chemical vapor
depoasition (MOCVD). The active region consists of four 200 A (L, ) quan-
tum wells (x~0.2) separated by three 100 A (L, ) barriers (x~0.5), with
symmetric upper (p-type) and lower (n-type) linearly graded (x~0.9-
0.5) confinement layers.

© 1988 American Institute of Physics 1828
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The effects on GaAs hydrogenation of two different rf reactor types are investigated, one a
parallel-plate reactor with a capacitively coupled discharge and the other an inductively
coupled system. The atomic hydrogen, dissociated in the plasma of cither system, passivates
impurities in GaAs. The plasma in the capacitively coupled discharge reactor develops a large
self-bias relative to the sample and large ion energies ( ~ 100 eV), resulting in significant
etching of the GaAs surface. In spite of the surface erosion, passivation of donors by hydrogen
diffusing into the material is observed. The sample hydrogenated in the inductively coupled
discharge (kT,/g < 1-2 V) is not etched, exhibiting, nevertheless, a comparable passivation of
donors. Hydrogenation without surface damage is accomplished with the sample in the glow
discharge of an inductively coupled reactor but not in a capacitively coupled discharge.

I. INTRODUCTION

The effects of incorporating atomic hydrogen into GaAs
have recently been documented. Among the effects investi-
gated is the tendency for atomic hydrogen to passivate shal-
low-donor levels'? and acceptor levels®* in GaAs. Also ob-
served is a reduction in the concentration of deep levels.’ The
passivation of acceptors, particularly in Al ,Ga,_,As,
creates resistive material which, of course, has technological
importance. By masking the hydrogenation process with
$i0,, we are able to demonstrate stripe-geometry gain-guid-
ed lasers in the Al,Ga, _, As-GaAs system.*’

To introduce the atomic hydrogen into the material, the
sample is placed within a vacuum chamber and a hydrogen
plasma is generated. A common geometry used is a parallel-
plate arrangement where the rf power is capacitively coupled
to the plasma.'** The sample is placed on the grounded elec-
trode. In the parallel-plate geometry, the grounded electrode
acts as the cathode for one-half the rf cycle, and in the ab-
sence of a self-bias on the driven electrode the accompanying
cathode sheath is equal in magnitude to the peak rf voltage.
Of course, a dc bias forms on the driven electrode and, as a
consequence, the cathode sheath at the grounded electrode is
less than one-half of the peak-to-peak rf voltage. Despite this
fact, the kinetic energy acquired by the H* ions acceierated
across the sheath towards the grounded electrode is signifi-
cant. The collisions between the high-energy H* ions and
the GaAs sample lead to some damage of the GaAs surface.®
The directed motion of ions is useful if crystal etching is
desired, particularly in reactive ion etching; however, the
ions are not necessary, nor is etching desired, in the hydro-
gen passivation process. In some reports precautions have
been taken to remove the sample from the discharge to avoid
the damage by ion bombardment and the UV radiation of the
discharge.’

We have experimented with hydrogenation of GaAs us-
ing an inductively coupled discharge. One intent has been to
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maintain a high degree of passivation while eliminating the
surface damage that is incurred using the parallel-plate ar-
rangement. The means by which an inductively coupled dis-
charge is sustained leads to a high percent dissociation of
molecular hydrogen, making available an abundance of
atomic hydrogen to neutralize the dopant sites in GaAs. The
high-voitage sheath inherent in the parallel-plate arrange-
ment is eliminated in an inductively coupled discharge.
Therefore, hydrogenation of GaAs in an inductively coupled
discharge can be performed while preserving the original
crystal surface topology.

It. EXPERIMENT

The extent and depth to which the dopants in the crystal
are passivated using the two discharge configurations is ex-
amined using both n-type GaAs (ng, = 1.2X 10" cm™?)
and p-type GaAs (my, = 10'* cm~>). The samples are
maintained at a temperature of 250 °C during a 10-min plas-
ma exposure. Capacitance versus voltage (C-V) measure-
roents are performed to determine the free-carrier concen-
tration in the GaAs both before and after plasma exposure.
The decrease in the free-carrier concentration gives an indi-
cation of the efficiency of the hydrogenation process in the
two discharge arrangements.

To determine the amount of crystal etching that occurs
on exposure to the discharge arrangements, samples consist-
ing of 1-um-thick layers of GaAs separated by layers of
Al,Ga, _,As are used. The Al,Ga, __As layers serve as
convenient “markers.” By comparing the thickness of the
surface layer of GaAs after exposure to the plasma to the
thickness of the unexposed GaAs layers, we determine how
much of the surface GaAs layer has been etched. In this way,
a scanning electron microscope (SEM) micrograph of the
samples after exposure to the plasma yields an accurate mea-
sure of the GaAs etch rate. The dependence of the etch rate
on sample temperature is measured by performing the hy-
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The diffusion of Si,,,-Si, nevtral pairs versus the diffusion of Siy,;-V,;, complexes in III-V
crystals is compared in the light of experimental data showing the effect of Si diffusion on self-
diffusion of column I1I and column V lattice atoms. Secondary-ion mass spectroscopy is used
to compare the enhanced diffusion of column I1I or column V atoms in several different Si-
diffused heterostructures closely lattice matched to GaAs. Enhancement of the lattice-atom
self-diffusion, via impurity diffusion, is found to occur predominantly on the column III
lattice. Supporting the Siy,, -V,,, diffusion model, these data indicate that the main native
defects accompanying the Si diffusion are column I1I vacancies, which diffuse directly on the

column I11 sublattice.

Impurity-induced layer disordering (IILD) in I1I-V he-
terostructures’ has attracted interest not only for reasons of
device fabrication but also for fundamental studies of impu-
rity diffusion, self-diffusion, and crystal defects. Although
the effects of many different impurities in IILD have been
investigated, Si has been found to be the most versatile and
effective in layer intermixing. It has been studied as a diffu-
sant from the crystal surface,? as an implanted impurity,’
and as a grown-in dopant.* In spite of the many studies of
IILD and also the role of Si in III-V diffusion processes,
uncertainty remains as to the crystal mechanisms that gov-
ern these processes. Greiner and Gibbons have proposed
that the Si impurity diffuses in GaAs, and presumably in
Al,Ga, __ As, as nearest neighbor neutral pairy, i.c., as
Sig, -Si,,.* This model was proposed before it was known
that the Si impurity causes layer intermixing when diffused
into Al Ga, _,As-GaAs quantum well heterostructures
(QWHs).? Although it has been shown that Si diffusion
must occur in the QWH for layer intermixing to take place,®
a detailed mechanism of how the Siy;-Siy pair might cause
the layer disordering has not been proposed. In spite of this,
the Greiner and Gibbons neutral pair Si diffusion model has
found widespread acceptance.*'°

A second diffusion model proposed by some of the pres-
ent authors maintains that the Si impurity diffuses as a com-
plex of a Si donor and a column III vacancy, ie., as
Siy -V Although the model is comsistent with the
available experimental data involving both Si diffusion and
the layer intermixing, additional experimental data charac-
terizing both the Si diffusion and its effect on the III-V crys-
tal self-diffusion would be helpful. In this letter we present
experimental data on the effect of Si diffusion on column III
and on column V lattice atom self-diffusion in 111-V hetero-

 structures that are closely lattice matched to GaAs. We re-
" late these data to proposed models of both IILD and Si diffu-

sion in GaAs.
The crystals used in this study have been grown on
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(100) GaAs substrates using metalorganic chemical vapor
deposition. Three different heterostructures are used. The
first is an undoped superlattice (SL) consisting of 36 periods
of the four layers AlAs(60 A)-Aly;GagyAsqesPoos (185
A)-AlAs(60 A)-GaAs (190 &). The second wafer is a lat-
tice-matched In,,Ga, A, P, 5-GaAs heterojunction in
which the Ing,Gay;As, s Py s epitaxial layer is ~0.7 um
thick. The third crystal is an Ing  Al, ; Ga, ; P-GaAs hetero-
formed in sealed quartz ampoules with excess vapor pres-
sures of a combination of As and P. The diffusion source
consists of an elemental layer of Si (~200 A) deposited on
the crystal surface. The heterostructures are analyzed using
secondary-ion mass spectroscopy (SIMS).

Figure 1 shows SIMS profiles of the Al and P for the 36
period SL for both the as-grown crystal, Fig. 1(a), and after
Si diffusion for 9 h at 800 °C, Fig. 1(b), in which the Si
diffuses about halfway through the SL. Profiles of the SL
that has been simply thermally annealed (no Si diffusion)
for 12 h at 825 °C (data not shown) remain almost identical
to those of the as-grown crystal, Fig. 1(a). This verifies that
the change in the Al and P profiles (the layer interdiffusion)
seen in Fig. 1(b) is in fact brought about by the Si diffusion
in these layers. Note that while the Si diffusion totally inter-
mixes the column I1I lattice atoms Al and Ga [the Ga not
shown in Fig. 1(b)] as expected from previous experi-
ments,’ considerable modulation remains for the column V
atoms (As and P) as is evident from the P profile. An accu-
rate comparison between the amount of interdiffusion for
the two sublattices is difficult to make in this structure.

Figure 2 shows SIMS data on a second crystal, an
Ing;Gage Asy s Py -GaAs  heterojunction. Figure 2(a)
shows profiles of the lattice constituents after a simple ther-
mal anneal of 6 h at 850 °C, while Fig. 2(b) shows profiles
for the heterojunction after Si diffusion for 6 h at 850 °C.
Obvious in Fig. 2(b) is the major enhancement in the In
diffusion into the GaAs substrate crystal and the smoothing
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The process of impurity-induced layer disordering (IILD) or layer intermixing, in

Al Ga, _,As-GaAs quantum well heterostructures (QWHSs) and superlattices (SLs), and in
related 111-V quantum well heterostructures, has developed extensively and is reviewed. A
large variety of experimental data on IILD are discussed and provide newer information and
further perspective on crystal self-diffusion, impurity diffusicn, and also the important defect
mechanisms that control diffusion in Al,Ga, _, As-GaAs, and in related III-V
semiconductors. Based on the behavior of Column III vacancies and Column [II interstitials,
models for the crystal seif-diffusion and impurity diffusion that describe IILD are reviewed
and discussed. Because impurity-induced layer disordering has proved to be an important
method for III-V quantum well heterostructure device fabrication, we also review the
application of IILD to several different laser diode structures, as well as to passive waveguides.
We mention that it may be possible to realize even more advanced device structures using
IILD, for example, quantum well wires or quantum well boxes. These will require an even
greater understanding of the mechanisms (crystal processes) that control IILD, as well as
require more refined methods of pattern definition, masking procedures, and crystal

processing.

TABLE OF CONTENTS

I. Introduction

I1. Disordering mechanisms in Al, Ga, _, As-GaAs quan-
tum well heterostructures

II1. Impurity diffusion in Al Ga, _ ,As-GaAs and related

II1-V crystals
A. Sidiffusion
B. Zn diffusion
IV. Impurity-induced layer disordering via ion implanta-
tion
V. Device applications
V1. Summary
1. INTRODUCTION

Since the discovery of impurity-induced layer disorder-
ing (IILD) in 1980 by Laidig et al.' in an attempt to modify
undoped Al _Ga, _, As-GaAs superlattices (SLs) to doped
SLs (for phonon experiments),’ there has been a growing
research effort to understand disordering mechanisms, to
understand the crystal and defect diffusion processes inher-
ent in layer disordering, and to utilize the IILD process for
device fabrication. Laidig ef a/.! found that the layers of an
AlAs-GaAs superlattice (SL) are unstable against Zn diffu-
sion and intermix, thus yielding bulk, undamaged, homoge-
neous material of an Al composition average to that of the
original SL. This process occurs at temmperatures much less
than those necessary for ordinary thermal interdiffusion of
the layers of an undoped SL,* which, of course, makes [ILD
especially interesting and important. Since the Zn diffusion
can easily be masked at the crystal surface, as in Fig. 1, the
impurity-induced layer disordering allows desired regions of
quantum well heterostructures (QWHs) to be altered in ef-
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fective energy gap and refractive index.* Figure 2 shows the
energy shift directly (in this case a visual color shift) for
selective IILD via Si diffusion in an Al Ga,,As-
GaAs SL.* The IILD is performed in a dot pattern, as might
be important in forming an array of quantum well (QW)
“dots,” and visible spectrum light is transmitted through
disordered portions of the crystal. Regions where IILD has
shifted the effective energy gap to higher energies appear red,
atrue color shift, while other areas of the crystal appear dark
due to QW band-to-band absorption of the visible spectrum
light in the intact SL.

Based on the results of Ref. 1, it was appreciated imme-
diately that impurity implantation, specifically Si implanta-
tion (with subsequent annealing of damage), could be used
to intermix Al Ga, _ ,As-GaAs heteroboundaries and lay-
ers.® Besides the success of Si implantation,*’ Camras et al.®
showed that the Zn impurity also could cause disordering -
when implanted into an Al, Ga, _, As-GaAs SL that is then
annealed to remove damage. Since this early work,'"® many
different methods and impurities (or defects) have been
found to effect IILD and the selective intermixing of I11-V
QWHs or SLs. Several different impurities such as the do-
nors Si,*® Ge,'° S,'! Sn,'? and Se,"’ as well as the acceptors
Zn,' Be," and Mg,"’ have been found to cause layer inter-
mixing cither when diffused into the QWH, or during post-
growth annealing for the case when the impurities are grown
into the crystal. Gavrilovic ef al.'* showed that layer inter-
mixing could result from the annealing of lattice damage due
to ion implantation. The ion implantation of many different
atomic species (not necessarily dopants)® has been found to
induce layer intermixing.'*-'* In addition, Epler et al." have
shown that laser melting can be used to incorporate (selec-
tively) Si to a shallow depth in an Al Ga, _,As-GaAs

© 1988 American institute of Physics R93
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Data are presented showing that GaAs, _ P, grown on GaAs by metalorganic chemical vapor
deposition (MOCVD) at relatively low temperature ( ~640 °C) exhibits ordering on the
column V sublattice. These data, with electron diffraction data and impurity-induced layer
disordering data, show that column III site and column V site ordering is possible for the
quaternary InGaAsP grown on GaAs by MOCVD at relatively low temperature ( ~640 *C).
Ordered InGaAsP grown on GaAs shifts in photoluminescence wavelength ~ 130 meV higher
in energy with disordering by annealing or by impurity-induced intermixing.

Since the first reports of ordering in I11-V semiconduc-
tors, specifically in the ternary AlGaAs,' ordering has been
observed in many other I1I-V ternary alloys.>* Mainly the
ordering occurs on the column II1 sublattice, but only for the
case of GaAsSb lattice matched to InP has it been observed
on the column V site.’ Column III ordering has also been
observed in the quaternary alloy InGaAsP grown on InP
substrates.® In the quaternary alloy the interesting possibil-
ity exists of both sublattices being ordered. We present data
indicating that this possibility may indeed be the case for
InGaAsP layers grown lattice matched to GaAs at relatively
low temperature ( ~ 640 °C) by metalorganic chemical va-
por deposition (MOCVD).” To show that As-P (column V)
ordering in III-V alloys can occur, we also present data
showing ordering in the GaAsP ternary alloy, which, inci-
dentally, is an old problem.®

Showing that the column V site is ordered in InGaAsP is
at best a difficult task because it is not obvious how to distin-
guish clearly the difference between the column V and col-
umn 11 electron diffraction patterns, which in the present
work are obtained via transmission electron microscopy
(TEM). In order to show that column V site ordering is
possible (As and P ordering), it is necessary to remove the
ambiguity between column III and column V ordering.
Since there is no column I1I ordering possible in the ternary
GaAsP, we have decided first to check this alloy grown on
GaAs and see if it exhibits any ordering phenomena.

Figure 1 shows electron diffraction patterns for a (110)
cross section of (a) an In,_,Ga,As P, _, (x~0.75,
y~0.45) epilayer and (b) a GaAs,_,P, (x~0.55) epi-
layer. Both layers are grown via MOCVD in an Emcore GS
3000 DFM reactor on GaAs substrates. The epitaxial layer
growths are carried out at 100 Torr at a temperature of
640 °C. The growth rate is 1 um/h and the V/III ratio is
~ 150. The two sets of extra diffraction spots seen in Fig.
1(b) clearly show ordering of the column V site. This dif-
fraction pattern is very different from the pattern observed
for GaAsSb grown on InP,’ indicating a different type of
column V ordering is present for GaAsP grown on GaAs.

*' Kodak Doctoral Fellow.
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The diffraction pattern for the InGaAsP layer [Fig. 1(a)] is
nearly identical to the pattern for the GaAsP with, however,
two major exceptions. First, the intensity of the extra spots is
much stronger throughout the entire sample. Second, the
brightest set of extra spots is clearly skewed in the [115]
direction as indicated by the alignment marks (Fig. 1(a)]
around the 1/2 111 satellite diffraction spot. In contrast, the
172 111 spot on the GaAsP diffraction pattern is not skewed.
In Fig. 2(a) the InGaAsP image (TEM cross section) is
formed by using the skewed 1/2 111 spot with the g vector
indicated, and antiphase boundaries of the ordered quater-
nary normal to the [ 115] direction (small arrow) are clearly
evident. The as-grown InGaAsP [Fig. 2(a)] can be viewed
as a pseudosuperlattice, and, of course, will change its effec-
tive energy gap if it then is disordered.’

Recently it has been shown that Zn diffusion into or-
dered InGaP will cause the structure to become the random
alloy' in the same way as Zn diffusion into an AlAs-GaAs
superlattice will cause the layers to intermix and disorder.’
In both cases the Zn diffusion eliminates the atomic order on
the column III lattice sites, with an undetermined effect on
the column V lattice sites. In contrast, recent work on Zn
diffusion into InAlGaP-GaAs heterolayers indicates that
the column V site is relatively “untouched™ (unaffected) by
Zn diffusion."" If this behavior is general, Zn diffusion into a

NCaARF-GaAs)

FIG. 1. Diffraction patterns on (110) cross sections for (a) InGaAsP and
(b) GaAsP epitaxial layers grown on (100) GaAs substrates by MOCVD.
The 1/2 111 sattelite diffeaction spot of (a) is skewed along the { 115] direc-
tion.
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STIMULATED EMISSION IN Ingy5(Al Ga,_,)esP QUANTUM WELL HETEROSTRUCTURES

C.P. KUO, RM. FLETCHER,-T.D. OSENTOWSKI and M.G. CRAFORD
Hewlet1-Pockard Optoelectronics Division, San Jose, California 95131, USA

D.W. NAM, N. HOLONYAK, Jr. and K.C. HSIEH
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University of Hlinois at Urbana - Champaign, Urbana, lllinois 61801, USA

and

JLE. FOUQUET o
Hewlett-Packard Laboratories, Palo Alto, California 94304, USA

For shorter wavelength lasers (A < 600 nm), the most prospective I1I-V alloy system is In, _,Ga P lattice matched to GaAs
(¥ ~ 0.5) and its variant, the case of Al-Ga substitution, Ing s(Al,Ga, . ,)osP. We report the growth of quantum well heterostruc-
tures (QWHs) in this system by metalorganic vapor phase epitaxy and the photopumped (77 K) laser operation of InAlGaP QWHs at
wavelengths ranging from the orange to the green portions of the spectrum. Continuous wave (CW) photopumped laser operation at
77 K is achieved in the range from ~ 570.0 1o ~ 550.0 am (2.175 t0 2.254 eV), and puised operation to wavelengths as short as 543.0
am (2.283 eV). Room temperature pulsed laser operation is demonstrated in the range from ~ 610.0 to 590.0 nm (2.032 to 2.101 eV).
The shortest lasing wavelengths observed at 77 K (543.0 nm pulsed and $53.0 nm CW) and at 300 K (593.0 am puised and 625.0 nm
CW) represent the highest energy lasers yet reported for this material system, or for any [11-V alloy system. This paper will describe
the epitaxial layers grown, the characterization of these layers using a variety of techniques, including TEM, and the laser operation

experiments and resuits.

1. Introduction

The quaternary alloy In, (Al Ga,_,)qsP is the
most prospective material for short wavelength
(A < 600 nm) visible lasers and light emitting di-
odes, owing to its large direct bandgap energy (up
to 2.26 eV) and its ability to form high efficiency
double heterostructure (DH) devices lattice
matched to a GaAs substrate. Because of the
thermodynamic stability of AIP relative to InP,
metalorganic vapor phase epitaxy (MOVPE), one
of the kinetically-controlled growth processes. was
anticipated to become a very useful technique for
the growth of InAlGaP [1]. To date, after exten-
sive research efforts, high quality materials have
been successfully grown by both atmospheric [2-4]
and low pressure [5-7} MOVPE. Room tempera-
ture CW operation of InGaP/InAiGaP DH laser
diodes has been reported by several groups [4-6).

The emission wavelengths of these red lasers were
between 670 and 690 nm. Investigations of single
[8] or muitiple [9] quantum well heterostructures
(QWHs) with InGaP active layers have resulted in
somewhat reduced (~ 660 nm) emission wave-
length.

In order to produce lasers emitting in the orange
{~ 620 nm) and yellow ( ~ 580 nm) portions of the
visible spectrum, and. more importantly, to study
the short wavelength limit of this material system,
it is necessary to grow a high quality Iny(Al,
Ga, ., )os P quaternary active layer with high
aluminum composition (0.2 < x < 0.6). Efforts so
far have yielded pulsed {10] and CW [11} 77 K
laser operation at around 580 nm (x ~ 0.3) and
pulsed 300 K laser operation at 626.2 nm (x
~0.17) [12).

One of the major difficulties cited in these
studies for reducing laser emission wavelength is

0022-0248 /88,/$03.50 © Elsevier Science Publishers B.V.
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Gag,lng sP and (Al Ga, ., )gslnosP grown by meul-oqamc chemical vapor deposition (MOCVD) at temperatures below
m‘CMuorderedunnmtohhemlllamond\ecolm III sublattice. A periodic compositional modulation
along the growth direction is also observed under certain growth conditions. This paper presents data showing that epitaxial layers of
both Gagylng 5P and (Al Gn,-,)o,ln”P grown oa (001) GaAs substrates and containing the ordered phase can be converted to
disordered alloys by theemal under & variety of conditions at temperatures not exceeding the growth temperature. The
disappearance of the ordered phase, a3 determined by TEM, is accompanied by a shift of the bundgap to higher energy by = 90 meV.
GagslngsP and (Al Ga,_,)qsInosP have been annealed in sealed ampoules under the fotlowing conditions: (1) thermal annes!
with P, overpressure, (2) Zn diffusion with Zn,P; only, and (3) Zn diffusion with both Zn,P, and P,. Similar bandgap shifts are
obtained under all three conditions. It is further shown that selective disordering with cither Zn or P, can be achieved by using a
patterned dielectric mask. The relative stabilities of the random and the ordered alloys are discussed in light of these disordering data.

1. Introduction

The bandgap energy (E,) of GagslngsP grown
lattice-matched on (001) GaAs substrates by
metalorganic chemical vapor deposition (MOC-
VD) has been found to be lower than that of
crystals grown by liquid phase epitaxy (LPE) by
more than 50 meV, depending on the growth
conditions, i.e., the growth temperature and the
V/HI ratio in the gas phase [1-5]. At the same
time, transmission electron microscopy (TEM)
studies of Gag,Ing P grown by MOCVD at tem-
peratures below 700°C reveal an anomalous dif-
fraction pattern [6-8] in the (110) orientation,
with additional strong extra spots haifway be-
tween the diffraction spots from the zinc blende
(ZB) matrix. suggesting a preferential ordering of
the In and Ga atoms on the column III sublattice.

No additional diffraction spots were observed in
the orthogonal (110) orientation. The ordered
structure was found to be trigonal with In-Ga
ordering occurring on {111} planes [6,7). Gags
Ing ;P grown by MOCVD at 700°C, on the other
hand, exhibits a diffraction pattern of only the ZB
matrix, indicating a nearly random arrangement
of In and Ga atoms on the column III sublattice,
and has a band gap coinciding with that of LPE-
grown crystals [2].

Recently, it has been shown by TEM and pho-
toluminescence (PL) [7] that Zn diffusion from a
Zn,P, source converts the ordered distribution of
Ga and In atoms on the column 1II sublattice in
as-grown GagsIngsP to a random ailoy, with a
simultaneous shift of E, to higher energy by = 90
meV. In the present work we extend these studies
to the quaternary alloy (Al Ga, _, )¢ sIng s P, which

0022-0248,/88 /803.50 © Elsevier Science Publishers B.V.
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Abstract
Photoluminescence measurements on annealed single-well Aleal_xAs-GaAs
quantum-well heterostructures demonstrate that layer disordering caused by
native defects 1is strongly depth dependent. The depth-dependent laver
disordering, as well as the corresponding depth~dependent net carrier
concentration, is a consequence of the re-equilibration of the Vaa vacancy and

the Aséa anti-site native defect concentrations via the crystal surface.
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HYDROGENATION AND SUBSEQUENT HYDROGEN ANNEALING OF GaAs ON Si
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C. R. Ito and M. Feng
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The effects of hydrogenation and subsequent annealing on unintentionally
doped GaAs layers grown directly on Si substrates by metalorganic chemical
vapor deposition have been characterized by capacitance-voltage measurements,
Hall effect measurements, transmission electron microscopy (TEM) and energy
dispersive spectroscopy (EDS). Significant reduction of the carrier
concentration in the GaAs layers after hydrogen plasma exposure is obtained.
TEM shows that the hydrogen plasma slightly etches the surface of the GaAs
layers, and EDS demonstrates that the etched area becomes arsenic deficient
and contains minute Ga particles, In addition, atomic hydrogen diffuses
deeply along threading dislocations and microtwin interfaces into the GaAs

layers and reacts with GaAs locally around the defects.
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ABSTRACT: Data are presented demonstrating the effects of growth
parameters (Fermi-level and V/III ratio) and annealing conditions
(surface encapsulants and As, pressure) on Al-Ga interdiffusion in
MOCVD grown Al xGal_xﬁ.s-(;‘aAs QWHs.

1. INTRODUCTION

As suggested by Laidig et al (1981), impurity-induced layer disordering
(IILD) has important consequences for fabrication of thin layer
Al _Ga,_ As-GaAs buried heterostructure devices. In order to realize fully
the potential of IILD it is necessary to better understand the Al-Ga
interchange mechanism. In the experiments described here Al Ga,_ As-GaAs
superlattices (SLs) and -~ingle-well quantum well heterostructures (QWHs)
grown by metalorganic chemical vapor deposition (MOCVD) are used to study
Al-Ga interdiffusion. Photoluminescence (PL), transmission electron
microscopy (TEM), and secondary ion mass spectroscopy (SIMS) data show
that the crystal surface condition (surface encapsulant and As, pressure)
strongly influences Al-Ga interdiffusion. For a clearly defined Al-Ga
interdiffusion regime we have measured the activation energy for Al-Ga
interchange (E 1-G ), thereby labeling this regime. By employing three
single-well QWﬁs t?\at differ only in the W location, we further demon-
strate that Al-Ga interchange 1is enhanced by re-equilibration of depth-
dependent native defect concentrations involving the crystal surface. In
contrast PL and TEM measurements of annealed Aleal__xAs-GaAs SLs show that
Al-Ga interdiffusion is relatively depth~independent. Finally, we have
investigated the effect of crystal growth parameters (Fermi-level and
V/11I gas ratio) on the Al-Ga interchange mechanism.

2. EXPERIMENTAL RESULTS

2.1 Activation Energy

To the extent that the activation energy varies with growth parameters and

experimentally determined annealing-conditions values of EAII-Ga can uleti-
Y,

mately be used to label interdiffusion regimes. Consequent the magni-
tude of E —-Ga will provide insight to the atomic mechanisms responsible

for Al-Ga 1interchange. A review of available Al-Ga interdiffusion data
(Figure 1) reveals considerable disagreement in reported values of
Epl-Ga-  Some significant trends emerge after correcting these data for
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ABSTRACT: We recently demonstrated pulsed room temperature diode laser
operation at 625 nm in OMVPE-grown single-quantum-well heterostructures.
Improved device performance has now been achieved with multi-quantum-
well graded-index separate-confinement heterostructures. The best laser
diodes have operated CW at room temperature at wavelengths less than 640
nm with threshold current densities as low as 3.7 kA/cm2, The growth,
structure, and operating characteristics of these multi-quantum-well
devices will be described.

1. INTRODUCTION

Interest in short-wavelength semiconductor lasers has grown considerably in
recent years with the progress that has been made in the AlGalnP alloy
system (Bour et al, 1987, Fujii et al, 1987, Ikeda et al, 1987, and
Ishikawa et al,”T1987]. Already, doubTe heterostructure Tasers using a
GalnP active layer operating in the 670-680 nm wavelength range are
becoming commercially available. Shorter wavelength operation s
desirable, however, for such applications as bar-code scanners, laser
printers, and high-density optical storage media. In order to achieve
lasing wavelengths much below 650 nm at room temperature, it is necessary
to use an AlGalnP active layer in the device structure. Kawata et al
(1987) described room temperature CW lasing at 640 nm with a doubTe
heterostructure using an AlGalnP active region, and even shorter wavelength
operation has been achieved in pulsed mode and at reduced temperatures (Nam
et al, 1988, Kuo et al, 1988, and Kawata et al, 1986). We now report the
room temperature” CW operation of AlGalnP lasers using multi-quantum-wells
in a graded-index separate-confinement heterostructure (GRINSCH). Lasing
at wavelengths less than 640 nm has been achieved with threshold current
densities of 3.7 kA/cm2 or below, the lowest reported to date. Although
several different device structures have been grown, including conventional
-double heterostructures and single-gquantum-wells, the four-well-structure
described here has been found to perform the best at this time.
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Data are presented showing that the key to observing the phonon-assisted
photopumped laser operation of narrow rectangular samples of Aleal_xAs-GaAs
quantum well heterostructures (QWH's) is the control of the edge-to-edge
resonator Q across the sample. 1f the sample is heat sunk in wetal, with
metal reflectors folded upward along the edges, the resonator Q across the
sample 1is high, and laser operation across the sample on confined-particle
states (a reference) and along the sample a phonon lower in energy (AE =~ Huy )
is observed. If the sample edges across the sample a;e left uncoated (weakly
reflecting, 1low Q), laser operation is observed only along the sample
(longitudinal modes) but shifted (AE =~ Hy,) below the confined-particle
states and absorption. A QWH rectangle, with proper heat sinking and control
of its edge-to-edge resonator Q, can act as a hot phonon "spectrometer" if it
is fully photopumped across its width and is only partially pumped along its

length.
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Abstract

We describe a convenient method utilizing chemical reduction of SiO2 by
Al (from Aleal_xAs) to generate Si and O for impurity-induced layer
disordering (IILD) of Al Ga,_ _As-GaAs quantum well heterostructures (QWHs).
Experimental data show that Si-O0 diffusion (from SiOZ) is an effective soeurce
of Si for Si-IILD and of O that compensates the Si donor, thus resulting in
higher resistivity layer-disordered crystal. The usefulness of the Si~0 TIILD
source for fabricatiné low threshold disorder-defined buried heterostructure

AleaI_xAs-GaAs QWH lasers is demonstrated.




