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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 Al xGa IxAs-GaAs quantum well heterostructures grown

on Si.
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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 QWls 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 xGalxAs-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

QWT'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. In 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 laboratories

(Shichijo, Texas Instruments; Epler, Xerox; Burnham, Amoco; Craford, et al.,

Hewlett-Packard; Ludowise, Hewlett-Packard, Gavrilovic, et al., Polaroid).

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

II. 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 AlxGal.xAs-GaAs

QWHs grow on Si.

A. Impurity-Induced Layer Disordering (IILD)

In the time since we introduced 11LD 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. Besides 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 IILD, the so-called Fermi-level effect.
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(2) The importance in IILD of the crystal surface capping (Si, Si02, 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(AlxGai-x)l-yP-InyGa-Y P-GaAs

(y - 0.5), we have shown that IILD proceeds mainly via exchange of Column

III 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 motion (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 Reterostructure (QWH) Lasers

An important aspect of IILD is, of course, that it has application in

forming buried heterostructure single-stripe and multiple-stripe lasers. In 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 AlxGal-xAs-GaAs heterosystem, including to the short wavelength

system In0 5(AxGaI1 x)0 .5P-GaAs. As already mentioned, we have used

In0 .5(AlxGal1 x )0 .5P-GaAs for IILD studies (e.g., Ref. 10), and, even more

important, to demonstrate short wavelength cw 300 K QW1! lasers, both via

photopumping (Refs. 9, 20) and as diodes (X < 6400 A, Refs. 15 and 25). With

the exception of In 0 . 5 (A 1xGa 1- x ) 0 . 5 P-GaAs, there are not many heterosystems

that can achieve short wavelength laser operation, which has obvious

importance. In0 . 5 (Al XGaI. x ) 0 . 5 P- GaAs is not inherently a matched system, but

we know (Ref. 25) from -30C laser operation (. 6350 A, ( 12 mW) at quantum

efficiencies il < 30% that this .11-V system can eventually replace the Re-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 AlxGailxAs-

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 K 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 Conference (June,

1988, Boulder) that one of the expected advantages of constructing Alxrai-.xAs-

GaAs QWH lasers on Si is indeed correct. In 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 IC). As limited as is the present performance (cw 300 K) of

Al xGaal_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 AlxGal_xAs-GaAs QWH lasers grown on Si are much longer lived than the

original (1970) cw 300 K AlxGalxAs-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 AlxGal.xAs layers

grown on a Si substrate exceeds a total thickness of - 5 u, microcracks

(e.g., <110> cleave lines on a (1001 substrate) develop in the epitaxial

material. From one point of view this can be regarded as a serious problem,

but from another viewpoint this can be a mechanism for strain relief. Because
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of the lattice mismatch between GaAs (or AlxGai-xAs) and Si, at the epitaxial

layer gr-owth 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 pA), they cleave in tension to

accommodate the greater contraction 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 construction 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 xGal-xAs-GaAs QWR 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). In other

words, microcracks are not necessarily all bad and may become an important

part of some GaAs-on-Si devices.

III. CONTRIBUTORS

The principal investigators contributing to various parts of the work
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Effect of Surface Encapsulation and AS40verpressure on Si
Diffusion and Impurity-Induced Layer Disordering In GaAs,
AlGa,_xAs, and AIxGa-,_As-GaAs Quantum Well

C1 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 AI2Ga 1 _2As, and thus are important pa-
rameters in impurity-induced layer disordering. Increasing As4 overpressure results in
an increase in diffusion depth in the case of GaAs, and a decrease in diffusion depth for
ALGa_ As. In addition, the band-edg exdton is observed in absorption on an AL,.Ga_-As-
GaAs superlattice that is diffused with Si and is converted to bulk crystal A1,Gaj_,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 ALGalAs-GaAs superlattices converted into uniform
AGa -es (0 s y sx 1) via impurity-induced layer disordering with the amphoteric

Key words: Si diffusion, impurity-induced layer disordering, AlGa_ As-GaAs su-
perlattice, exciton absorption.

INTRODUCTION gation is required to determine the effect of the sur-
face encapsulant, the crystal Fermi level, and the

Since the demonstration that an extrinsic impu- AlGa,_,As-GaAs interfaces on the concentration,
rity, e (., Zn, can be used to enhance the layer in- mobility, and charge state of the native defects. Intermixing (iLe. disordering) of an Al1Ga1_,As-GaAs this paper data are presented demonstrating that

quantum well heterostructure (QWH), impurity-in- the surface encapsulant and As4 overpressure (P)

duced layer disordering (IILD) has proven to be an strongly affect Si diffusion in GaAs and Ase Ga 1 As,

important tool for constructing sophisticated forms and thus are important parameters in layer disor-

of buried QWH lasers. 2" As with other, more de- d the ata sotat ireasin lyredis

veloped, integrated circuit technologies IILD is used in an i in diffusion depth in the case of Gs,

to selectively modify the as-grown properties (band- and a decrease in diffusion depth for AGa_,As.

gap, refractive index) of an AlIGal As-GaAs het- These trends suggest that the Si diffusion process,

eroetructure in the two-dimensional plane of the ep- which is one of the more important methods for ID,

itaxial layers. Consequently, this newer form of and the properties of the diffused material are dfl-

"band-gap engineering" is ideally suited for use in ferent for GaAs and for bulk-crystal AiGaeis

the construction of optoelectronic integrated cir- formed by IILD of AGabul-GaAs superlattices.

cuits (OEICs). This conclusion is further supported by the fact that

Because of the increased interest in the applica- we observe the band-edge exciton in absorption for

tion of [ILD to OEIC processing, attempts have been a Si-diffused and layer-disordered A rGa tfs-GaAs

made to model the enhancement of Al-Ga inter- a tie and layer-disorder ed GaAs

change in the presence of extrinsic impurities."' In- superlattice (SL), but not for Si-diffused GaAs.

dependent of the details of these models, it is clear
( that native defects, eg. vacancies, play a crucial role EXPERIMENTAL PROCEDURE

in the Al-Ga interchange process. Further investi-

The epitaxial layers used in these experiments,
(Raceived August 10, 1967) which are grown via metalorganic chemical vapor
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Ref. 2

Sensitivity of SI diffusion In GaAs to column IV and VI donor species
D. G. Dep , N. Holonyak, Jr., and J. E. Baker
£wtkd Exniwr Rw /rch Labinuawy6 Cemfor Comoumd Semkamductor Microelectrnwx and
Materis Xewck LabonmlAg UWminty of llinois at Urbana-Champailm Urban, Illinois 61801

(Received 14 September 1987; accepted for publication 5 November 1987)

Secondary ion mass spectrocopy and carier concentration measurements are used to
characterize Si dihsion into GaAs wafers containing two fundamentally different forms of
donors the column IV donors Si or Sn and the column Vl dom Se or Te. A decrease in the
Si difftsion rate a found in GaAs containing the column VI donos compared to the column
IV donors, This trend is consistent with the model in which the Si diffuses as donor-gallium-
vacancy complexes. The decrease in the Si diffusion coefilcient is attributed to the greater
binding eergy of column VI donor-galliumn-vacancy unarest-neighbor complexes, thus
reducing the concentration of free-gallium vacancies available to complex with the SL

Although donor diffusion into GaAs or Al, Gal - As is N2 stream. The wafers are then etched in NH, OH for 5 min,
typically more difficult and less common than acceptor dif- apin rinsed in de-ionized water and dried, and then immedi-
fusion, Si serves as an important donor that can be diffused ately loaded into an e-beam evaporation system in which a
and can be used in device fabrication. The Si diffusion coeffi- -250-A-thick layer of Si is deposited on the surface of the
cient is "fast" enough so that reasonable annealing times and wafers. The wafers are then sealed in an evacuated quartz
temperatures can be used, and also it readily diffuses into the ampoule (2.5 cm3 volume) along with a piece of clean ele-
crystal without significant alloying problems at the crystal mental As weighing 30-40 mg. The anneals are performed
surface. '- In addition, the Si impurity greatly enhances lay- for 10 h at 815 "C, after which secondary ion mass spectros-
er interdifusion at AlGal _.As-GaAs heterointerfaces," copy (SIMS) is used to analyze the Si diffusion profiks in
which is a maskable and thus selective process that has made the GaAs wafers. The carrier concentration is also measured
possible fabrication of low threshold buried heterostructure using a Polaron 4200 C- Vmeasurement system. The Si dih-
AI. Gal -, As-GaAs quantum well (QW) lsers. 7 It is like- sion profile can depend on surface preparation of the Ga&s
ly also that the impurity-induced layer-disordering property wafer, layer thickness of the evaporated Si source, and the As
will find other applications in integrated optoelectronic de- overpressure on the annealing wafer. Therefore, compari-
vices. To realize fully the potential of the layer intermixing sons are made on wafers processed simultaneously and then
process. and the resulting shift from QW lower gar to bulk- annealed simultaneously in the same ampoule.
crystal higher gap, will require a detailed understanding of Figure 1 shows the results of SIMS analysis on wafers
the Si diffusion mechanism as well as the crystal properties with background doping varying from: (a) p-type, nz.
that control the diffusion. Although Si hasbeen proposed to = 5X l0' cm -3; to (b) low doping, n,, . 1016 cm- 3; to
diffuse in GaAs by Si -SiA, neutral pairs hopping to neigh- (c) n-type, ns, = 3 X 10" cm -3.Two trends can be seen in
boring As and Ga vacancies,' the diffusion rate is, in fact, the data of Fig. 1. The first is that as the background doping
strongly controlled by the Ga vacancy concentration genera-
ted at the crystal surface during the diffusion.'- 3 Based on
this and the strong dependence that Si diffusion has on the 10i2
background concentration ofp-type impurity in the crystal, sfii S cociraon (S! OfMrion al5 -C1 h)
we recently have suggested that the Si diffuses instead by
means of the Si" donor and the ionized Ga vacancy V 0 , 4-
(or V etc.) complex, which makes the Si diffusion Fer- g 1019

" mi-level dependent.' Note that the Ferm, level will not only as
control the charge state of a deep level such as V,.,' but will
also control its solubility in the crystal."0 In this letter we (
report data on the diffusion of Si into GaAs that contains
varying amounts of several fundamentally different donor b 1017 S.hsiate, n (cwr 3) (a (C)

impurities, specifically either the column IV donors Si or Sn, a (a) 5x1018 (Zn)
or the column VI donors Se or Te. and in one case (for (b) ixIl16 (Sn)
reference ) the acceptor impurity Zn. The experimental data, (c) U1016 (Sn)

with the large dependence on donor species, are consistent 1_ _ _L_ _

with the argument that the Si diffuses in GaAs as the com- 1 2 3 4

plex Sio,-V0 ,, O x &m)( The GaAs wafers used in this study are oriented (I 1), FIG. I. SIMS proiles for Si diffusion at 81 "C (10 h) into GaAs adifier-
and the Si is diffused into the As-rich surface. Polished wa- ent background dopin$ species and concentrations. The Si diffusion depth
andthre irs diffued int th Ari sa P0,;H fo is increas OW the diffusion front becomes less steep as the background dop-
fers are first etched in 5:1:1 H2SO,:H 2O,:HO for 5 m i in the wafer changes from: (a)p-type.n,. - 5x0to"cm-';to(b) tow
and then rinsed in de-ionized water and blown dry under a doptng. n.. = 10" cm '; to (c) n-type. --- 3 x 10" cm -'.
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Caron.doedA,Qa.,_,A-Gaft quantum well lasers
L J1. Geid, Q &. Jackson. D. C. Hal. W. E Plaow, and N. HoloyK Jr.-
Ekuikal Eagiiwna Remwrth Lab wauey Censer jh' Coin~ad Semiauieviii Microckvlossaca and
Maeek ilarsch Labwawy, Univernity of II/Swir at U,*ane-CheWmpiJM U,*anAe Illinis 61101

(Received 8 October 19687; accepted for publication 7 December 1987)

Data are presented demonstrating that carbon (C) can be used as the activep-type dopmont in
high-quality A]. Gas _. As-GaAs quantum well lase crystals. We shiw, by fabricating three
drent types of stripe geometry laser diodes (oxide stripe, hydrogenated strie, and impuny-
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 becaus of minimal pattern "undercutting"
after processing by, for example, hydrogenation, or impurty-induced layer disordering.

Recent work hall demonstrated that the incorporation Ale.Ga As waveguie layer (x'-0.25, 0.1 ISmi) with a
(via diffusion, implantation, or even epetaxial growth) of - 140Q a QW in the center. Finally, the structure is
various impurities into Al, Gal... 5 As-GaAsheterostructure capped with a thin GaAs layer (aa. - IX 1018 cm -"
devices can result in considerable layer intermixiig. iLe., in- -0. 10#m) for contact purposes. For lase diode fabrication
purity-induced layer disordering (IILD)." Unintentional the crystal is shallow diffilied with Zn (ZAs, 5S0OC, 10
heterointerface disordering is not desired, for example, in mnin, -0.1 pjm). The shallow contact diEWion increases the
devices that rely an reduced dimeasionality for improved doping level in the p-type (Mg) contact layer so that nonal-
per formanoce. In contrast, intentional and selective IILD layed ohmnic contacts can be realized usfn standard Cr-Au
(i.e., "bad-gaps engineering" in the plane) have been used to metalimatkio.
enhance device performance (e.g., buried heteroetructurse larlier work hasl shown that C a the dominant residual
quantum well laser).1' in view of these developments, it is acceptor in MBE or MOCYD GaAs." However, much
important to investigate alternatives to the dopants that are less is known about the properties of C as an active p-type
typically used (Be, Si) in molecular beam epitaxy (MBE) dopiant in GaAs or, more importantly, in Al.Ga, _,AL A
and that are used (Zn, Mg, Se) in metaorganic, chemical recent study of C incorporation in MOCYD AI.Gal -. As
vapor deposition (MOCVD) of GaAs and Al.Gal -AsL shows that the C concentration increases both with M mole
Several considerations in evaluating an alternative dopent fraction Wx anid growth temperatuare (T, ). 12 whc agreeOare: ( I) the device performance oflthe as-grown crystal, (2) with similar data (Fg I) of the presen work These date
the dopant stability relatve to processing operation (heat- suggest that C can be employed a the aed -w dapow in do-.
ing), and (3) the compatibility of the dopant with standard vices, which we demonstrat below on QW loers. The Al
integrated-circuit (IC) style of processing. eg., the conduc- mole fraction Wx in fg I is vatie by sbedtmul hin-
tivity type change of JILD. Data presented in this letter dean- creasing the TMAI Mow and decreag thes Thwa ftw. Thle
onstrate that carbon, which is usually regarded as just a remaining growth conditions are held coniado (graw* rM"
background contaminant, can be employed as the active p-
type dopant in a variety of stripe geometry AI,Ga, -.,A.%-
GaAs quantum well (QW) lasers. late.

The crystals used in these experiments are grown via NG.d 9 - wLws
MOCVDN in an EMCORE GS 3000. rator. Host crystal R ol
atoms are provided via the metalorganics trimethylau- i_

minumn (TMAI) and trimethylgallium (TMGa), and the C
hydride arsine (AsH3,, 100%).- The p-type dopant sources 11
are carbon (C), a by-product of the TMAI and TMGa pyro- nf.-

lysis reactions, and magnesium (MCp2 Mg). The n-type do-
pant source is hydrogen selenide (H2 Se). The 105
Al, Ga,, , As-GaAs QW loser crystal consists or the follow-

) ing epitaxial layers: an a-type GaAs buffier layer
(ns.,-2x 10"'cm-2, -0.5 pm) grown directly on anna- 'a .204 . 05 1

*1 type GaAssubstrate (ne, -2X 10"cm - ) ollwed by two Canuasion x
*n-type AIGa, .,As(ns,-2X10" cm', y-0.25, 0.40) FIG. I. Carrier concentration (300 K) in C-doped Al,Oa, _As vs A

intermediate layers ( -0.5 pm) to minimize the strain be- conoltosasdsrnre via casctnc-otg ~inmn (Hg
cause of the lattice mismatch between the substrate and the probe). me Al conoil values have been deterinned by double-crtal
succeeding high-gap Al, Ga, - As (x -0.75) active-region x-ray iesutremens. Distaponts denoted by soidcircles (atype) andsolid
confining laayers. The upper p-type (nc - 9 X 10"' cm - ') squarli (p type) are taken from a set of calibration samples (growth

and owern-tye (s. -2 X 0"' m cnfinng lyersare rate- I Ianb Itti 6 rG 760T'. PG - 150 Torr, V/Ill = 23). The hole con-
(' ad owr -tpe(n - Xl0~ m )cnfnig ayr ae nrto i the C-oe QW lo rsa (upper confining layer) is de.

"" each - I pum thick. The active region, grown directly after noted by an arrow in the upper-riht-hand comae (growth rate- II tun/h
the lower confining layer, consists of an undoped T0 - s25 *C, P, - iso Torr. w/ill = 4s1.
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High por gain-guided coupled-stripe quantum well laser array
by hydrogenation

G.S. Jackson, D. C. Hall, L J. Guldo, W. E Pano. N. Pan, N. Holonyak, Jr., and
G. E. Stlknan
EN-ke al Eaiet Reseweh i ahei&w Cenwfor Compound Semiconducw Mlcroeronic and
MasedeL Raweh Labrwar Uaueafis efhflaok at 1w74a-Campdgn Urbaa Illinois 61801

(Received 14 October 1987; accepted for publication 21 December 1987)

High-power coupled-stripe (tm-stripe) A], Ga, _ As-GaAs quantum well lasers that are
fabricated by hydrogenation are described. Continuous (cw) room-temperature thresholds as
low a ,1, -90 mA and internal quantum efficiency as high as 85% are demonstrated.
Continuous 300 K laser operation generating 2 x 375 mW (0.75 W) at 910 mA (101,h ) or
57% efliciency is described (S-pm-wide stripes on 12 pm centers). Minimal heating effects are
observed up to the point of catastrophic failure.

The semiconductor laser has become an important and tom one doped n type with Se (n.. - 2 x 10'acm -3) and the
convenient source of high optical power. To overcome the top doped p type with carbon (C) (nC -9X 10 7 cm-3).
problems of high-power emission (i.e., catastrophic facet The use of C as a p-type dopant has been described else
damage and heating), large p-n junction areas are required where.'2 The fbrication of these laser diodes is similar to the
and, of course, a uniform distribution of the injection cur- process used previously for single stripe lasers. " Prior to the
rent. This can be accomplished with an array of closely hydrogenation step a shallow Zn diffusion step (550 "C, IS
spaced active stripes. Optical coupling between very closely min), in a stripe array pattern, is carried out on the top-side
spaced laser stripes creates a narrowing of the far-field (FF) GaAs contact layer to improve the p-side contact. The Zn-
emission pattern and a corresponding increase in optical diffused regions are then masked with - 1000 A ofSiO,, and
power density in the output beam.' Both gain-guided and the wafer is placed in a hydrogen plasma (750 Torr, 0.4
index-guided laser arrays can be fabricated. Index-guided W/cm) at 250 "C for 8 min. Hydrogenation of the C in the
laser arrays are usually produced either by etching and some nonmasked top regions creates highly resistive stripes in the
type of crystal regrowth,4 or by layer disordering with an p-type Alo.,,G%.2 As confining layers.'I After hydrogena-

W impurity (e.g., Zn or Si) in the case of an tion the oxide mask is removed, the wafer is thinned to -100
A], Ga, -,As-GaAs quantum well heterostructure pum thickness, and contacts (Ge-Au for n type, Cr-Au forp
(QWH). ' - Gain-guided laser arrays usually are fabricated type) are evaporated onto the wafer. For cw operation the
by some form of current segregation at the contact layer. devices are mounted p side down on Cu heat sinks with In.
Shallow proton implants create highly resistive regions that The laser array consists of ten 8.2um-wide p-type con-
channel current into the conducting stripes." Insulators on ducting stripes on 12/Am center-to-center spacing. A scan-
the surface with stripe openings' and mesa stripes with ning electron micrograph of the ten-stripe wafer is shown in
Schottky-barrier contacts between them achieve similar re- Fig. 1. Conventional A-B etch is used to stain the cleaved
suits.' All of these schemes for gain-guided arrays allow sig- facet and enhance the contrast between the conducting and
nificant current spreading at the stripe active regions, which the resistive (4-pm-wide hydrogenated) p-type regions. In
is a limitation making gain-guided arrays vulnerable to gain- Fig. I(a) no metallization is present, and the conducting
profile changes as operating conditions change. In fact, the stripes (8 pm wide) are completely etched down to the QW
current spreading is so large that usual gain-guided lasers active region. This allows easy identification of the hydroge-
can appear almost like broad-area devices.9" A different nated areas and the ten active stripes on 12/am centers. The
form of gain-guided coupled-stripe laser array is described in two outside stripes of the array are marked with vertical
this letter, a coupled-stripe array fabricated by hydrogen arrows I and 10 to denote the extent of the array. There
compensation of the dopants, i.e., hydrogenation. The hy- appears to belittleor no "undercutting" of the oxide mask in
drogenation process is effective in eliminating current this device, which is in contrast to earlier results on single
spreading at the active region and allows broad area metalli- stripe lasers.' This difference may result from the use of C as
zation over the entire p side, thus providing excellent heat the p-type dopant, as well as from confining the Zn diffusion
sinking for high-power operation. to a stripe pattern. A metallized cleaved section is shown in

The coupled-stripe laser arrays described here are fabri- Fig. 1(b) that also is stained with the A-B etch. The 8-pUm-
cated on a QWH crystal grown by metalorganic chemical wide conducting stripes appear as dark regions separated by
vapor deposition (MOCVD) in an EMCORE GS 3000 reac- lighter (4/Am) hydrogenated areas. Again, the two vertical
tor." The separate confinement heterostructure (SCH) arrows in Fig. 1(b) point to the two laser stripes I and 10 at( consists of a single 140-4 GaAs QW centered in an the edges of the array.
Ai,Ga, -, As waveguide layer (x -0.25., 0.1 8um). The en- The results of pulsed operation of these ten-stripe lasers
tire undoped active region is sandwiched between two are summarized in Fig. 2. Exitation is by 5ps pulses at a 10-
Al, Ga, , As (x'-0.75. I pm) confining layers, the bot- kHz repetition rate. Diodes with different lengths are tested
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Buried heterostructure AlGa,_,As-GaAs quantum well lasers
by Ge diffusion from the vapor

D. G. Cappe, W. E Pano, J. M. Dalgem e., D. C. Hall, L J. Guido, and
N. HoonK Jr.OEktik ExSbwln Ramare Labwor 3& C.eterfor Conpound Semconductor Miwlecronic and
MatedabRuaw* Laboam. UWaWiftyaolllinis at Vrbaa-Chwmpatq Urba&aa Illoinos 61801

(Received 30 October 1987; accepted for publication 4 January 1988)

Data ar presented on a method to difue Ge into quantum well Al, Gat_ As-GaAs crystals
from a vapor source, thus electing impurity-induced layer disordering, and shift from lower to
hiller gap. The Ge difftsion is characterized on undoped GaAs by using secondary ion mass
spectrocoy and capacitance-voltqe electrochemical profling. The layer disordering with Ge
is used to fabricate S*m-wide buried hetercetructure quantum well lasers (250pum lons) with
continuous wave thresholds as low as 7 mA and output powers of greater than 90 mW (both
facets).

Of the various reasons to diffuse impurities into III-V ucts) that are believed to increase the Ge concentration pres-
semiconductors, one of the more recent is to effect impurity- ent in the vapor phase in the annealing system, inasmuch as
induced intermixing of GaAs quantum wells (QW's) and the vapor diffusion can be carried out by placing only ele-
AI 1Gaj -, As barriem and thus selectively increase the en- mental Ge and elemental As in the ampoule. It is not estab-
ergy pap ofa quantum well heterostructure (QWH). 2 For lished, however, in what form the Ge exists in the vapor. The
this purpose, acceptors (Zn) are much easier to use, diffus- auxiliary GaAs crystal is simply used as a means to intro-
ing from the vapor; donors are much es convenient to em- duce a small enough amount of Ge into the annealing system
ploy. To be specific, Si is an important example that, with its so that alloy formation does not occur on the sample wafer.
low vapor pressure, must be deposited on the crystal surface We have found that this vapor diffusion technique works
and then be diffused into the crystal. 3-4 Although the column also with an elemental Sn ( + As) diffusion source at these
VI donors possess high vapor pressures and can be used for temperatures, but attempts to diffuse Si from the vapor using
layer intermixing, stringent control is required on the diffh- this method have been unsuccessful.
sion conditions to avoid chemical reaction with the crystal Figure I shows the atom concentration and electron
surface and thus surface erosion. So far, impurity-induced concentration in a piece of undoped bulk GaAs that has been
layer disordering (IILD) with donor (Si) diffusion has been diffused with Ge from the vapor source at a temperature of
used most effectively to fabricate high-performance buried 800 "C for 10 h. The Ge concentration is measured by sec-
heterostructure quantum well lasers. ondary ion mass spectroscopy (SIMS), and the electron

In spite of the inconvenience in applying Si diffusion, concentration is measured using an electrochemical capaci-
high-performance single-stripe, 3 ' coupled-stripe,' and dis- tance-voltage profiler, the Polaron PN4200. Both the shape
ordered window lasers have been fabricated. There would be of the SIMS profile and the large degree of electrical corn-
an obvious advantage in achieving these results via donor pensation seen in the Ge-diffused regions are reminiscent of
diffusion from the vapor. In this letter we describe the diffu- Si diffusion, suggesting that Si and Ge may obey a similar
sion of the Ge donor from a vapor source and utilize the diffusion mechanism. ' The Ge diffusion depth is found to be
process to fabricate high-performance single-stripe buried relatively independent of the Ge layer thickness on the
heterostructure QW lasers. Although both Ge diffusion and
layer disordering from an elemental source applied to the
crystal surface have been studied previously,9.0 Ge diffusion 1021
from the vapor has not been previously reported, nor its use in and CarriCorcentration

in Ge-Dfflused GaAs
in device fabrication. "10 (800-C. 10 h)

The Ge diffusions of interest here are carried out in
sealed quartz ampoules ( - 2.5 cm' volume) that are evacu- C 101 a
ated to below - 2 x 10-6 Torr. The diffusion source consists -(--(a) SIMS (nnr)
of a 3 X 3 mm' piece of GaAs substrate onto which a layer of lots 1-b ------- (b) C-V (nei)
Ge of about 500 A thickness has been electron-beam deposit-
ed, along with a piece of elemental As weighing -15 mg. 3017
These are placed in the ampoule along with the wafer to be
diffused. The anneal is performed for 10 h at temperatures of 101
800-820 *C. Note that at these temperatures the vapor pres- 1 2 3 4

sure of elemental Ge is very small. However, it is known " " D x

0 that in the temperature range 730-750'C the compounds FIG. 1. Undped bulk GaAsdiffused with Ge at SW C (10h) from a vaporsource. (a) shows the Ge concentration as measured by SIMS. (b) shows
GeAs and GeAs2 can form in the Ga-As-Ge ternary sys- the electron concentration measured using C- Velectrochemical profiling in
terns. It is these compounds (and their decomposition prod- the Ge-diffused region. The Ge diffuses into the GaAs largely compensated.

825 Appl. Phys. Left. 52 (10). 7 March 1986 0003-691/88/100825-03801.00 ® 1968 Amerfca Institute of Physics 825
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G enrto of an anomalous hole trap In GaAs by As overpressure annealing
K A. PMX W. E. Plano, M. A. Hamu, &. S on. Bore.N. Holonyak, Jr.. and G. E Stlman
Cemk, Co 8 SmicmWI or rMk mkCia A turials Rmarh Labfny and Cmol eW
SdrxLawW& Un sx YllNneiasVt nC n a Urbane. lihlnab 6180

(Reiveld 26 October 1987; accepted for publication 31 January 1988)

Deep leves in high-punty n-type molecular beam epitaxy (MUE) GaAs and i undoped it-
type metalorgami chemical vapor depositi (MOCVD) GaAs samples annealed with various
As overpresures were investigated using constant capacitance deep level transient
spectroscopy on evaporated Au Schottky barrier diodes. Anomalous hole traps, which could
be measured became 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 a that before annealing. The effect of annealing on the
other dictio trap in these samples is also studied and reported.

Previous annealing studies an sminuangGaAs' 4  higher As overpresures seem to inhibit this site switching. A
have shown p-type conversion in the annealed semi-insulat- full photoluminescence study of the annealing elects on the
ing material which was attributed by some to a decrease in acceptor concentration is planned.
the 1..2 concentration." Other studies have reported a high Constant capacitance-deep level transient spectroscopy
concentration of Mn at the surfce of annealed layers and (CC-DLTS) measurements were performed on all of the
explained the type conversion in team of Mn outdifflsion annealed samples using an apparatus that has been described
from the layer.' Studies have also been performed on an- previously.' Gold Schottky barrier diodes and nickel-tin
maled molecular beam epxy (MBE) layers which ohmic contacts were formed on the samples. Devices fabri-
showed that EL2 was created in these samples when various cated on annealed material have lower reverse-bia break-
caps and overpressures were used"- while. the concentra- down voltages than those fabricated on unannealed materi-
tiom of typical MBE deep traps were reduced by annealing al. However, all of the devices had quality factors greater
at a sufficiently high temperature.7.8 In the present annealing than 10, indicating that series resistance was not a factor in
study n-type Si-doped high-purity MBE samples and an un- the DLTS measurements. All spectra were taken by pulsing

*oped metalorpnic chemical vapor deposition (MOCVD) the diodes between a reverse bias of approximately 2 V sand
sample were used. The samples were sealed in an evacuated zero bias. Representative spectra of the asgown and an-
quartz ampoule with various amounts of solid arsenic. The nealed MBE samples are shown in Fig. 2(a). The spectrum
ampoules were held at a temperature of 750 °C for I h. The of the as-grown MBE material contains the electron traps
arsenic overpressures were calculated assuming that all of Mi, M3, and M4 that are typical ofMBE material. M3 is the
the solid arsenic became As,. dominant trap with a trap concentration of 4x 101/cm 3.

Figure I shows the carrier concentration profiles of the After annealing, the dominant feature of the spectrum is a
MBE samples annealed with the indicated arsenic overpres- hole trap labeled NPI. The energy level for NPI is 0.67 eV
sures. Before annealing, the MBE material had a flat carrier above the valence band and the trap has a capture cr sec-
concentration profile with a concentration of about 3 tion of I X 10 - 13CM 2. Other effects of annealing are a reduc-
X 1O'4/cm 3.The annealed samples show a reduction in car- tion of the concentration of M3 by a factor of 4 and the
ier concentration that is inversely related to the amount of

arsenic overpressur. The zero bias depletion widths for the
annealed samples are larger than would be expected for the 10i5 ,
corresponding carrier concentration and indicate that these ;- - s -on ..
samples are compensated at the surface. 'E 3.70 Atm. 0.806

Photoluminescence measurements were made on as- - 1.80 ---- 0.32
grown and annealed MBE samples. After annealing, the de- i
fect bound exciton lines that were present in the unannealed - ------ _

MBE material were no longer detectable. Another interest- C X__
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 1014 I I

Ths2. . 4 6 a 10
( . rnominant. This change indicates that the intentional silicon 4 Width (micons)
.opant atoms are switching from Ga sites to As sites, con-

trary to what might be expected with an arsenic overpressure G I.Cgrer coneeumsio. pofie o a MBE pebefor a
during the annealing. However, the data in Fig. I show that anneains with various arsenic overpwres
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DURITY-UUUC LAM DISOMMING IS Al Go. As-GaAS
QUANTUM W9LL RS& U .CII

D.C. Doppe. L.J. Goido, and W. Volonyak, Jr.
glectrical sgianerLg bsearcb laboratory, Center for Compound Somi-
conductor Ilcroelectroeica, sad Materials Research Laboratory, University
of Illinois at Urbanaa mhpaiga, Urban&. Illinois 6190t

ABSTRACT

Selective interdiffusiom of Al mad Go at A I Ca IA-GaAo hoteroiuter-
faces can be carried out by conventional esking procedures and diffusion
of acceptor impurities (e.g., Zs), or donor impurities (e.g., Si). or also
by ion implantation. iis process, impurity-induced layer disordering
(ILLD), makes it possible to convert qusut un well heterostructures (qdft)
such " AIza,- .A-Cats superlattiea (SW.) into bulk homogeneous
Al Ga s vers y is the average Al composition of the qWM-or SL. Since
th at process is makable sad thus selective, heterojunctios can be
formed in directions perpendicular to the crystal growth direction, i.e.,
betwet as-grin "ordered" and ILD "disordered" regions. To date this
process has been used most effectively in the fabrication of buried-
heterostructure yi lasers, single and nltiple stripe, where the disordered
regions provide both optical and electrical confinement. The tLD process
has also been used to advantage in the fabrication of high power Laser
diodes with no-absorbing *windos" at the laser facets and thus with
better immnity from facet domage.

In this paper we present data on the application of the 1ILD process

to the fabrication of buried-heterostructure qi laser diodes. We also
describe possible otchaniisn by which the impurity-induced layer disorder-
ing proceeds based on Column LIE "Frenkel" defects and the influence of the
crystal Fermi level on the defect solubility. These mechanisms are sup-
ported by experimetal date.

INTIOOUCTrO0

tmpurity-induced layer disordering (KILO) was discovered in 1980 by
Laidig, ot &I. [1] while attempting to convert, via Zn diffusion for phonon
experiments [21, undoped Al ,Ca tAs-GaAs superlattices (Sai) to p-type
materisl. It was quickly recognized (31 that the layer intermixing of the
Al Gal As-GaAs SL that accompanies the relatively low tempsracure Zn
diffusion provides a convenieut eans of converting low-or energy gap thin
layer hetrostructures into higher gap homogeneous bulk-crystal alloy. The
selectivity of the diffusion process, which can be masked, then allows the
fabrication of haterojunctione norm l to the crystal growth direction and
thus normal to the layers (and doping) that are part of the epitaxial
crystal growth. The KILD occurs because of the Zn impurity's ability to
increase the Colum Ell (At and Ga) acom self-diffusion rates many orders
of magnitude over that of ordinary thermal Al-Ca interdiffusion. Since the
initial discovery of TIED via Kn diffusion (11, many different atomic
species have been found to promote KILD, either through impurity diffusion,
ion implantation and subsequent crystal annesling, or incorporation during
crystal growth and then subsequent annesling. For example, besides the
acceptor Zn, the acceptors Be (4 and Mg (51 are known to promote IILD, and

ma aft sw l- a 1 s -la mel I. I. ImI II I
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laboratory and Coordinated ftience laboratory, University of Illinois at
Orba&acupaign, orbana, ii. 61601

Xeposure of Go"a and AIG~s to a hydrogen plaism has bees shown to
* result in a significant change in the electrical and optical properties,

The changee are related to the electrical deactivation of the deep and
shallow impurities by hydrogenation. Spectroecopic sad electrical eaaurea-
seate have shown that Si donors and C acceptors in high purity GaAs can be
paseivated by hydrogenation. Sydrogenatioa of p-type GaAs and AlCaAs has

*resulted in highly resistive material. Si02 was found to ha a suitable
w ash for the hydrogenatioa process. Single sad mltiple stripe geometry
lasers have been fabricated by properly making the laser structure. The
lasers produced using the hydrogenation process have low threshold currents
and are capable of cv room temperature operation.

IMPTIooUCyI0N

Recent studies of hydrogenation hase resulted in a better understand-
ing of the paseivation of deep and shallow impurities and hydrogenation
kinetics (1-91. The electrical ad optical properties of Ca6s can be
changed significantly after exposure to a hydrogen plasma. 1hare have boe
many reports on the neutralization of shallow donors in implanted ad
heavily doped Gaos [6-61. The results on the natralisation of shallow
acceptors have been reported (6,91, but the results have not been very
consistent. Vacent results on the peseivation of AICa (6,101 have show
similar behavior to those on GaAs. These rgsults offer the possibility of
using hydrogenation an a processing technique. Rydrogenation has been used
to realize isolation regions in a stripe geometry laser (1l).

to this paper, the properties of high purity material before and after
hydrogenation will be sownariaed. The characteriat ion techniques include
photothermal ioniation spectroscopy (PTIS) * low temperature photolowines-
cencs (PL) * transmission electron microscopy (TIX), energy dispersive spec-
troscopy (9118), capacitance voltage (C-?) ad Mall affect measurements.
The effects of hydrogenation on AlCaAs and GmAs-on-Si samples will be
discussed. to addition, the results of the use of hydrogenation to realize
isolation regions in single and multiple stripe quantum well lasers will ba
presented.

SIpURlMVI?

The plame reactor, hydrogenation conditions, details of the char-
acterization techniques, and sample preparation used in the high purity

ML am a~m a*. W~ VI - ma"m OSm.. 90"N
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Short-wavelength (-625 nm) room-temperature continuous laser operation
of In (AIxGal_-x)m P quantum well heterostructures
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(Received 11 January 1988; accepted for publication 15 February 1988)

Data are presented demonstrating very-short-wavelength (625 un) room-temperature (300 K)
continuous (cw) photopumped laser operation ofIn, _,(AIGa, _,),P-In, _,(AldGa, -,),P
quantum well hetgrostrcures grown lattice matched (y=03) on a GaAs substrate via
metalorganic chemical vapor deposition. In addition, 300 K pulsed laser operation (JI - 10'
A/era, 625 urm) of diodes fabricated from the same crystal is described.

Because of the high-energy gap at the direct-indirect a scanning electron microscope (SEM) image (cross
crossover of In,(}a.P (xmx,=0.73, Er=Ex=2.24  section) of the active region of the p-n doped
eV)12  and the long-known fact, beginning with Inas(AI.Ga,_-)csP-lnos (AlGal_,e) sP QWH laser
AlGa, _.As studi&A that Al can be substituted for Ga crystal of interest. The quantum well active region consists
with only slight lattice change in a 111-V crystal, it has long of( M) a 1.0/Mm n-type lower confining layer (x ax 0.8), (2)
been appreciated that the substitution of Al for Ga in an undoped 0.2 um symmetric waveguide region (x = 0.65)
In, -. Ga. P can serve as the basis for even higher gap and with a 200 A quantum well (x = 0.2) at its center, (3) a 1.0
thus shorter wavelength light-emitting diodes and lasers. pmp-type upper confining layer (x = I), and (4) a 0.5pm
The shift of In, - Ga.P to In, , (AIGa - ),P (O<x4 1, p-type GaAs contact layer. The crystal surface exhibits a fine
0Q,< 1), which has been made practical by the development crosshatched pattern (not shown), which indicates that this
of metalorganic chemical vapor deposition (MOCVD) crystal is not completely lattice matched. This is a known
or MO vapor phase epitaxy (MOPE)," makes sign of strain and defects.""' As a consequence of strain and
possible the fabrication of high-gap defects, the QWH crystal of Fig. I exhibits higher laser
In, , (Al Gal - , ),P-In, -, (AIGal - .),P heterojunc- threshold than desired (Figs. 2 and 3) and relatively poor cw
tions and quantum well heterst (QWH's). The 300 K operating lifetime (photopumped sample of Fig.
most important case recently receiving attention is that of 3)."4"1
the Inas(AIZG, .._),sPalloy (y=0.5)," whichis (as is Figure 2 shows the spectral behavior of an oxide
In,.,Gaa,P) lattice matched to GaAs and yields shorter stripe laser (20X400 Mzm2 ) fabricated on the
wavelength lasers than the AlGa, -,As system.7- 2 Unlike Ino,, (AI.Ga, -. )s PQWH of Fig. I. The oxide stripe laser
(AlGa)As, however, (InAGa)P is not intrinsically lattice diodes' are fabricated by first depositing 1000 A of SiO 2 on
matched to GaAs; it is not a simple matter to keep the com- the p-type side of the wafer (via chemical vapor deposition)
position y fixed (y=0.5), and keep strain and defects out of and by then defining 20-pm-wide stripe openings. After a
In.s (Al. Ga, ,)as QWH's grown on GaAs substrates shallow Zn diffusion step ( -- 000 A), the wafer is thinned
Hence, for various reasons pertaining to crystal quality and to 100pm, and contacted with Cr-Au (evaporated) on thep
as yet uncertain energy band properties, it is not known what side and Ge-Au (evaporated and alloyed) on the n side. The
the shorter wavelength limits might be for this system for use wafer is cleaved to give cavity lengths of -400jam. The
as a room-temperature (300 K) continuous (cw) laser. In finished diode of Fig. 2 is pulse excited (100 ns, 300 K). At
the present letter we demonstrate, on photopumped 50 mA (6x I0 A/cm 2 ) the spontaneous emission peak
Inoas (Al. Gal _, )oP QWH samples, cw 300 K stimulated occurs at 633 nm .96 eV, curve (a)). Band filling occurs at
emission to wavelengths as short as 625 nm. Pulsed diode higher current, and at 900 mA [ l0'A/cm2 , curve (b) I spec-
Ia operation (300 K) at the same wavelength occurs at
1- 10' A/cr2

.  
InA,Gsa,.). P Ow W IL.- 20OAi

Te epitaxial In, _,(Al.Ga, -,),P layers are grownlattice matched (y=0.5) on an n-type (100) GaAs sub-

strate with the use ofa horizontal MOCVD (MOVPE) reac-L ______. ___

tor." Trimethylaluminun (TMAI), trimethylgallium _,,______

(TMGa), trimethylindium (TMIn), and PH, are used as
the sources for the primary crystal components Al, Ga, In, FIG. l. Scanning electron microscope (SEM) image showing in crow

and P, respectively. Hydrogen selenide and dimethylzinc are section the active region of a p,

O used as n- and p-type dopant sources. Figure I shows In, -,(AI.Ga, - ),P-In, -,(AI. Ga, - ),,P quantum well heterostruc.
lure (QWH) grown latticed matched on OaAs with the use omletalopmnc

Kodak fellow. chemcal vapor deposition (MOCVD). The layer compositiOns (x) are in-
hi Shell fe low. dicated aong the left edge.
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Impurty-nducd layer disordering of high gap In A.Gl x,_
htrostructures
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(Received 25 January 19883a, epe for publicatio 15 February 1988)

Data am Presented showing the impurity-induced layer disordering (11W), via low-
temperature (600-675 *C) Zn diffusion. of In5 s (Al5 Ga, _)&, P quantum well
he---oatructures; and an low, AlwGsa P-GaAs heterojunction grown using metalorgapiic
chemical vapor deposition. Secondary ion -as spectroscopy, transmission electron
microscopy, and photoluinescc are used to confirm, 11W, which occurs via atom
intermixing on the column III site aided by columnHI-atomt itrsitials. In addition, high-
temperature anneals (8=0-50 -C) ane peformed on the same crystals to coni the thermal
stability of theherotrfcs

The In, (Al3 Ga1  )l_-,P ally lattice matched to overpressur to investigate the thermal stability of the heter-

GaAs (y=0.5) is an important lighit-emitting system since it ostructures

allows lase operation at a shorte wavelength than the The samples have been analyzed using secondary ion

AK"lGa -G system. continuous (cw) room-tempera mass spectroscopy (SIMS), transmission electron micros-

ture (300 K) lase diode operation has already been copy (TEM), and photoluminescence. Wafers are prepared

achieved at wavelengths -6800 A. 'I as well as cw 300 K for photoluminescence and lase operation (77 K) by re-

* photopumped lna operation of quantum well heterostruc- moving the GaAs substrate and any GaAs cap layers or buff-

*tiares (QWH's) at 6250 A.3 Of the differenit types of Stripe er layers, and then thinning the remaining epitaxial layers

lase structures possible in (InAlGa)P, the buried hetero. sufficiently to give a 1-2 #m sample thickness. Cleaved sam-

Sstructure is most desirable since the built-in optical wave- pies are heat sunk in In under a sapphire window and excited

Sguide can result in stable radiation patterns, and both carrier with an Ar - lase (5 145 A).
and optical confinement give the potential for low threshold Figure I1(a) shows SIMS profies of Al and Ga concen-

currents. Impurity-induced layer disordering (11WD),"4 tration versus depth for an at-grown Ins (Al, Gar - X, )as P-

with its Al-Ga interdifftision and energy-gap increase, has Inc~(AlxGaw_)osP QWH. The Stru~cture cons~ists of

*proven to be an effective process for the fabrication of low Inj (Alo&,GaL, )aP confining layers with an

threshold Al, Ga1 - As-Ga~s QWH buried heterosruc- Ina, (A4,7Gao, )o., P waveguide region of -0.2 #m thick-

ture lase diodes. The fact that IILD promotes Al-Ga inter- news and a single 1%io, (Al03 Ga0,,O ).P QW (at 0.6 jtm) of

diffusion at Al~aAS-On&s heteroberriers suggests that the thickness - 200 A at the wavegide center. The lasing wave-
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- 1o m(i~1x)j-n~ AKa x05 OWN
ing, via Zn diffilsion, of lno.9(A1,.Ga_,.)0 ,5 P- ;() sGon
In&, (AIG,..-.,)OsP QWH's and also an 15
Inn, (A1O.G*0.*)O,5P-GaM heterojUnction. For Zn diffut -10 _____________

Sion temperatures - 600 TC, the layer disordering occurs on(b85T10h
the column III site and, consistent with other data,*" can be

accounted for by a mechanism involving column III intersti- 10

tials. (c) Zh Dift. GM0 (10 h)

The crystals used in this study are undoped and are 100 Al

grown using metaorganic chemical vapor deposition 1o5 -
(MOCVD)." The growth takes place in a horizontal reac- Io .6 06 .

tor using sources of tnimethylaiumiiium, trimethylgallium, OM.M W
trimethylindium, PH3, and AsH,. The IILD Zn diffusions

(600-675 *C) are carried out in sealed ampoules with diffu- FIG. 1. SIMS profiles of' the Al and Ga concentrations of an

sion sources of either ZnAs2 or elemental Zn and P, with In.,(AI,,G%),,PI%, (Ala, 010 .),,P QWH Ithe confinmg layers

()little diffierence in the lILt) results. Besides IILD with lower are In,,(A,,Ga,),sPl for (a) the as-grown cry"tl (b) after thermal
annealing (350*C 10 h). and (0) after Zn diffusion at 620*C (10 h1). The

temperature Zn diffusion, higher temperature anneals also QWH remains inam the high-temperaure anneal (b) but is un-sta6le

have been performed at 8 15-850 *C with only a phosphorus against the much lower temperature Za dibfision (c) .

1413 Apo. pr"y. Lett. S2 (17), 25 April 19ee 0003651/88/171413-03501 00 Oc 1986 Amencen lntitute of Ptys$c 1413
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(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 Al, Gal - As-GaAs heterostructures.

If GaAs grown epitaxially on Si is to become more than simply an excess As overpressure has also been performed on
just of research interest, and is to realize its potential as a both Zn-diffused wafers (850 *C, 0.5 h) and, for compari-
sturdier GaAs "substrate" or a combined GaAs optoelec- son, on as-grown (undiffused) wafers (850"C, 0.5 h and
tronic-Si electronic material, then the high defect (disloca- 680 "C, 6 h). The GaAs-on-Si material has been analyzed
tion) density in the epitaxial GaAs caused by the 4% using transmission electron microscopy (TEM). Figure I
GaAs-Si lattice mismatch must be reduced. The nature of shows TEM cross sections of (a) the as-grown GaAs-on-Si,
this problem has been discussed elsewhere,' as well as var- (b) a sample after thermal annealing at 680 °C (6 h), and
ious attempts to reduce the defect density by relatively high- (c) another sample after Zn diffusion at 680 "C (6 h). The
temperature annealing procedures.' - Thermal annealing is cross sections show that even a simple thermal anneal at
to some extent an effective procedure for reducing defects in 680 "C, Fig. I (b), is to some extent effective in reducing the
GaAs-on-Si but of itself may not be sufficient. Also, in many dislocation density in GaAs-on-Si. However, Zn diffusion
cases higher temperature annealing may not be desired. In for the same time and temperature, Fig. I (c), is much more
any case, other methods to reduce the defects in GaAs-on-Si effective than a simple thermal anneal. Zinc diffusion (Fig.
are needed. In this letter we describe impurity diffusion 1 (c) I results in a greatly reduced dislocation density com-
(Zn) into GaAs-on-Si at lower temperatures (680 'C) that pared to the as-grown epitaxial GaAs-on-Si, Fig. I (a), and
is effective in removing defects (dislocations). The possibil- compared also to the simple thermal anneal, Fig. I (b). In
ity is discussed that the point defects generated during the analyzing GaAs grown on Si substrates misorientated from
Zn diffusion and the mechanisms responsible for impurity- [ 1001 toward 10111, we see significant differences in defect
induced layer disordering in Al,Gal As-GaAs hetero- densities when viewing the sample in perpendicular (110)
structures play a role. directions. e.g., directions either parallel or perpendicular to

The samples used in this study consist of - 2-pm-thick the substrate tilt direction. ' Both directions have been ana-
GaAs epitaxial layers grown. by molecular beam epitaxy lyzed, with Fig. I showing in each case the highest disloca-
(MBE). on Si substrates tilted 3" from [1001 orientation tion densities. The largest difference in defect density for the
toward the 1011]. The MBE crystal growth has been de- two different directions is found for the as-grown wafer, Fig.
scribed previously.' Briefly, a nucleation layer of GaAs I (a), while for the Zn-diffused GaAs-on-Si, Fig. I (c), little
-500 A thick is grown at a temperature of 500 *C. The difference in defect densities is found for the two perpendicu-
growth temperature is then ramped to 575 °C and held con- lar directions.
stant for the remaining GaAs crystal growth. The resultant Figure 2 shows TEM cross sections of the same GaAs-
layer has a snwooth, featureless surface morphology. Al- on-Si wafer after (a) a thermal anneal at 850 "C (0.5 h), (b)
though it is widely appreciated that for GaAs grown on Si the Zn diffusion [Fig. I(c) at 680"C (6 h), and (c) an
the crystal quality improves (less dislocations) in the GaAs 850 'C (0.5 h) thermal anneal of a wafer which has been first
material further from the GaAs-Si interface, the relatively Zn diffused at 680 'C (6 h). Note that the low-temperature
thin epitaxial layers used here ( -2/pm) are grown basically Zn diffusion (680 'C), Fig. 2(b), is more effective in remov-
to serve as a buffer layer for tLe subsequent growth of an ing dislocations than the significantly higher temperature

" Al, Ga, ,As-GaAs laser structure.' anneal at 850°C shown in Fig. 2(a). The 850"C (0.5 h)
Zinc diffusion using a ZnAs, source is performed into anneal of the Zn-diffused GaAs-on-Si shows a further reduc-

GaAs-on-Si in a sealed quartz ampoule at a temperature of tion in dislocations at the GaAs-Si interface. Cracking of the
680 °C (6 h). or even lower. Further thermal annealing with 2-/Am-thick Zn-diffused GaAs epitaxial layer is also found

1812 AopI. Phys. Lett. S2 (21). 23 May 1988 0003-6951/88/211812-03$01 00 ,t 1988 Amrencan Institute of Physics 1812
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(Received 21 January 1988; accepted for publication 18 April 1988)

Data are presented and a model describing the diffusion of the donor Si in GaAs from grown-
in dopmnt 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, A&-OaAs superlatices with doped (Si or Mg) layers. The layer-doped GaAs and
the AlGa, _,As-GaAs superlattices 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,,l, and column III interstitials, I,l,, 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 Vill defect, while enhanced layer
interdiffusion in p-type superlattices is caused by an enhanced solubility of 11n. The model
.employed is consistent with the experimental data and with the data of previous work.

I. INTRODUCTION interdiffusion in Al, a_ As-GaAs superlattices (Ss),*
The A], Ga, - . As-GaAs crystal system is important for along with a model of how impurity (dopant) atoms and

use in a large range of lattice-matched heterostructure de- crystal annealing conditions can influence the column III
vices. Because of the good lattice match between AlAs and atomic self-diffusion rates. These ideas are shown to be con-
GaAs, it is possible to grow readily thin layered structures, sistent with previous experimental data on both impurity
including quantum-well heterostructures (QWHs), across diffusion and layer interdiffusion (layer intermixing) in
the whole range of Al, Ga, - As alloy compositions. The AI, Ga, - ,As-GaAs quantum-well heterostructures
study of impurity diffusion (dopants) in this alloy system is (QWHs).
important not only because semiconductor devices are
usually based around critically placedp-n junctions, but also
because it has been found that the diffusion of impurities 11. EXPERIMENTAL PROCEDURE

through Al, Ga, - 1As-GaAs heterojunctions can influence The crystals used in this work have been grown in an
the self-diffusion rate (interdiffusion rate) of Al and Ga EMCORE GS-3000 reactor using metalorganic chemical
atoms across heterobarriers. '

.2 The modern capability to vapor deposition (MOCVD).9 First, we investigate the ef-
grow thin layered structures, along with now the knowledge fects of the annealing environment on the diffusion of Si
that impurities promote interdiffusion of primary crystal from localized grown-in sources (layered sources) in GaAs.
components, makes it possible to study the self-diffusion of Two crystals are examined that are grown at 650 "C on
thecolumn Ill atoms in lII-V crystals (AIGa, -.1 As).This (100) GaAs substrates. Four Si-doped layers of thickness
gives added insight into the nature of the important defects - 1000 A each separated by - 3000 A of undoped GaAs are
governing both impurity diffusion and self-diffusion in ll-V incorporated in the two crystals. In the doped regions thecrystals. SiH, dopant flow is adjusted to give an electron concentra-

In this paper we present newer data on the diffusion of tion of n,-4xl0 '" cm -  in the first wafer and n,the donor Si in GaAs from grown-in impurity sources - 1.7x 10'8 cm - " in the second. These concentrations are

, (layered sources) and show that these data are consistent determined with a POLARON PN 4200 capacitance-vol-
with previous studies of Si diffusion from external sources, tage (C- V) electrochemical profiler. Both the as-grown and
e.g., Si deposited on the crystal surface.'- 7 We also present the thermally annealed crystals (diffused wafers) are ana-
data on the effect of grown-in impurities (Mg or Si) on layer lyzed using secondary ion mass spectroscopy (SIMS). The

atomic Si concentration (nh) measured by SIMS is found to
follow closely the change in electron concentration mea-

Shell Oil Fellow. sured by C-V profiling, showing that most of the atomic Si is
Now at Hewlett-Packard Research Lab. Palo Alto, CA 94304. incorporated as donors.
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Data am presented demonstrating continuous (cw) 300 K operation ofp
Al. Gal - 5As-GaAs quantum wel heterstrctre Iaes prow on Si and fabricated with
naturally occurring microcraks 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 stipe exhibit relatively "square"
light output verm current (L-/) characteristics and spectral behavior indicating internal
ref ections involving coupled multiple (internal) cavities. The lasers have operated (cw, 300
K) as long as 16h.

Since the earlier successfu fabrication of ll1-V semicon- molecular beam epitaxy (MBE). The wafer is then tram-
ductor lasm grown on Si substrates,. there has been con- fenred to a metalorganic chemical vapor deposition
tinned interest in improving the performance of these de- (MOCVD) growth system in which an AIGa, _=As-GaAs
vices beyond simply pulsed 300 K operation.1" We have p-n single quantum well (QW) separate confinement laser
recently achieved continuous-wave (cw) room-temperature strncture is grown. The total thickness of the Il-V epitaxial
operation ofAI,Gal _,As-GaAs lasers rown on S4 initial- layers (MBE+ MOCVD) is - pao. Las diodes are fab-
ly in photopumped operation--" and also as p-n laser di- ricated by defining 10-pm-wide oxide stripe openings to con-
odes.7"l To date, AI, Ga ,As-GaAs laser diodes grown on tact thep side (epitaxial layer side). Thep-side metallization
Si have been operated cw room-temperature for over 10 h.9 consists of250 A ofCr followed by 1000 A of Au. The n side
Other workers have also reported cw room-temperature op- is contacted, via the n -Si substrate, using a 500 A alloyed
eration of Al, Ga, As-GaAs lasen grown on Si but appar- Al metallization on the Si followed by 250 A of Cr and 1000
ently not for times beyond 4 min.t°." Clearly major prob. A of Au. Typical pulsed thresholds of these devices are 90-
lems face the GaAs-Si system: AI, Ga,_HAs-GaAs lasers 110 mA for 350-pm-long cavities. For cw operation the laser
grown on Si are mismatched 4% in lattice size relative to Si diodes are mounted on a copper block either in a "junction-
and exhibit a -250% difference in thermal expansion. At up" or "junction-down" configuration. It has been shown
the Ill-V crystal growth temperature the large lattice mis- that cw operation in the "junction-up" configuration is aid-
match relative to Si is accommodated by a high density of ed in part by the higher thermal conductivity of the Si sub-
dislocations. When the system is cooled to room tempera- strate.4
ture, the large difference in thermal expansion results in We have previously found that when the total IU-V epi-
highly strained epitaxial II-V layers. Although the Ill-V taxial layer thickness is - lOpm, cracking and severe warp-
epitaxial crystal quality, measured in terms of dislocation ing occur in the epitaxial layers.' For a total thickness of -.
density, improves further from the GaAs-Si interface, the pm only a few microcracks are observed in the top-surface
strain in the epitaxial layers increases as the layer thickness Ill-V epitaxial layer after crystal growth. However, when
increases. Above a certain thickness microcracks form in the the wafer is cleaved into smaller pieces to process into laser
epitaxial layer and to some extent relieve the strain. It is the diodes, the flexing of the Si substrate together with the built-
effect of these microcracks on the performance of the laser in strain in the epitaxial material can introduce a high den-
diodes grown on Si that is at issue in this letter. We show that sity of microcracks in the final lll-V laser structure. These
the microcracking occurring in AlGa, -,As-GaAs las microcracks run in the (110) directions and are typically
grown on Sican havea dominant effect on the spectral char- spaced -20--500pm apart in areas of the crystal in which
acteristics of these devices. Also, the microcracking is shown the microcracks are densst. Therefore, there is a significant
to have no particularly deleterious effect on the laser devices probability for some of thise microcracks to be either paral-
in terms of threshold or operating lifetime and, in fact, may lel to the laser stripe (near or even within it), or be perpn-
offer some benefit by providing strain relief. dicular to the laser stripe. For example, Fig. I shows a photo-

Q The crystal growth and devux fabrication used in this graph of a microcrack running along the inside of an oxide
study have been described previously" and will be reviewed stripe opening, and thus in the las active region. The quan-
only briefly. First a 2pum GaAs n-type (n, -los cm-3) turn well heterostructure laser of Fig. I is shown after metal-
buffer layer is grown directly on the n4 -Si substrate using lization, and, even through the 250 A of Cr and 1000 A of
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. . Thermal behavior and stability of room-temperature continuous Ref. 14

AIOa,_,As.GaAs quantum well heterostructure lasers grown on Si
.C HA 0., Oepp ndN. Nlonyak.Jr.
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(Received 7 April 198; accepted for publication 13 June 1988)

Data are prsented on the thermal acteristics ofp-n Al, Ga, _ ,As-GaAs quantum well
he-erostucture (QWH) diode lasers pow. on Si substrate. Continuous 300-K operation for
over 10 h is demonstrated for laers mounted with the junction aide away from the heat sink
(Junction-up") and the heat dissipated through the Si substrate. "Junction-up" diodes that
are row on Si substrates have measured thermal impedances that are 38% lower than those
grown on GaAs sbstrates, with flurther reductions pombe. Thermal impedance daa on
'junction"dow diodes me 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 lsers, with To values as high as 338 1C.

L INMMODUCTION 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

The growth of Ill-V semiconductors on Si is currently - -min operation.3 These developments, along with earlier
receiving much attention because Si substrates are cheaper, reports of pulsed laser operation,'-' 2 suggest that practical
sturdier, and have better thermal properties than ll-V semi- high level Al. Ga -,As-GaAs diodes grown on Si sub-
conductor substrates and becamuse III-V devices are capable strates can indeed be realized.
of light emission and higher speed. Now III-V semiconduc- In the present work we describe further progress in the
tor devices potentially can be merlged with more highly de- cw 300-K operation of Al Ga, -,As-GaAs QWH lasern
veloped Si integrated circuit technology. Despite the large grown on Si, including the important demonstration that cw
crystal lattice mismatch (4%) and the difference in the ther- 300-K laser operation is possible with the diode heat sunk
mal expansion coefficients of GaAs and Si, which result in from the side of the Si substrate ("junction-up") and not
high defect densities in the epitaxial GaAs, recent progress with the III-V semiconductor active layers mounted, as usu-
in the study of Al, Gat - As-GaAs heterostructures and a, downward on the heat sink ("junction-down"). In the
quantum well heterostructures (QWHs) grown on Si sub- "juncon-up" configuration over 10 h of cw 300-K laser
strates indicates considerable promise for this hybrid tech- operation is demonstrated. This is potentially very impor-
nology. tant if III-V optoelectronics is to be successfully integrated

Device-quality GaAs must have reasonably low defect with Si technology, where integrated circuit (IC) style pro-
densities, particularly for injection devices, as it has been cessing may necessitate that most lasers fabricated on an
shown that the formation and propagation of dislocation integrated optoelectronic "chip" will have the junction re-
networks depends primarily upon carrier recombination gion (the active region) turned upward and not downward
rather than upon current flow.' Perhaps the most demand- on a heat sink. This increases the importance of the issue of
ing test of the GaAs-on-Si material is that of continous (cw) thermal impedance, which is a measure of how well the heat
300-K laser operation of a 111-V QWH grown on a GaAs-on- generated in a laser diode is dissipated. The stability of the
Si substrate. Continuous 300-K laser operation, the most laser diodes of the present work, and of Refs. 5 and 6, makes
severe test, was first achieved (though not reliably) for a it possible to perform more extensive characterization mea-
photopumped multiple well Al, Gal - £ As-GaAs quantum surements on these diodes. In this paper the thermal charac-
well heterostructure laser grown on GaAs-on-Si.2 By simpli- teristics of these diodes are examined. Measurements and
fying the structure to a single GaAs quantum well, Nam et calculations of thermal impedance are presented for GaAs-
al. reduced the number of active region interfaces threaded on-Si and GaAs-on-GaAs lasers mounted both junction-up
by dislocations, thus making lower threshold and more reli- and, for comparison, junction-down. We show that the ther-
able (cw, 300 K) photopumped laser operation possible. 3 By mal impedance ofjunction-up lasers is reduced by the higher
utilizing such a single-well structure with p and n doping, conductivity Si substrates. Also presented are measurements
Deppe et al. (spring, 1987) realized the first room-tempera- showing the temperature sensitivity of the lasing threshold
ture cw p-n diode Al., Gal _,As-GaAs QWH lasers grown current for the QWH GaAs-on-Si diodes.
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*Short-wavelength (;s64O A) room-t4emperature continuous operation

of p-n Ins (Al, Go1.,) P quantum well lasers
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Dat arm presented demonstrating short-wavelength ($56400 A) continuous (cw) laser
operation ofp-nt diode Inas (A1.Ga, -)".P multiple quantum well heterostructure (QWH)
lasers grown lattice matched on GaAs substrates using metalorganic chemical vapor
deposition. In the range from - 30 TC to room temperature (RT= 300 K, A= 6395 A) the
threshold current density changes from 2.3 x 10' A/cm2 ( - 30 C) to 3.7 x 10' A/cm2 (RT,
300 K). The cw 300 K photopumped laser operation of the same quaternary QWH crystal is
an order of magnitude lower in threshold (7 X 10' W/cm2,, --2.9x 10' A/cm2) than

prvosy reported for this crystal system, and agrees with the successu demonstration of cw
30K laser diodes at this short wavelength.

Since the time of the first semiconductor lasers (1962),' In, -, (Al.0a, -,),P layers are trimethylindium, trimeth-
an important goW has been to achieve continuous (cw) ylgallium, trimehylaluminum, and phosphine (PH,). Zn
room-temiperature (300 K) operation, niot only at longer for p-type doping and Te for n-type doping are provided by
wavelengths, but also at shorter wavelengths (visible wave- dimethylzinc and diethyltelluride, respectively. Figure 1
lengfth).' In ternary fl-V semiconductors the shortest shows schematically the layer structure in the active region
wavelength stimulated emission occurs in the In, - ,Ga, P of the crystals used in these experiments. Carrier and optical
system. 3- Aluminum substitution for Ga in this system (as is confinement are provided by a 1.0 #im p-type
known from AlGa, ..,As) 3"- leads, without lattice change, Inas (Ala.,G0 .1 )0,P upper and an n-type lower confining
to the higher gap quaternary In, ..,(Al.Ga, -. ),P? and layer. The crystal composition is linearly graded towards the
thus, by varying x, to the possibility of higher gap hetero- acieregionwchintsetrosssoffr
structures, of further importance, the development of In~ms (Ala2G% 8 )a, P quantum wells of 200 A (L,) thick-
metalorgaic chemical vapor deposition (MOCVD) amakes ness separated by three 100 A (L9) In0,, (Alas Ga, 5)asP
rosaible both Al substitution in In, ..,GaP and the con barriers. The upper confining layer is capped by a heavily
struiction of In, (AIGa, -. ),P quantum well hetero- Zn-doped contact layer.
structures (QWH's), including, above all, the practical cas Before stripe geometry diodes are assembled on these
of the quaternary layers lattice matched (y =O.5) on a GaAs crystals, the bottom substrate and intermediate buffer layers
substrate. A major problem is how to accomplish this with- are removed, as well as the top contact layer, and the QWH
out variation in the composition y (y=.5) between layers crystal is evaluated by photopumping. The crystal is pre-
(i.e., without strain generation), and at composition values paredI for photopumping by first removing the contact layer
x giving higher energy gaps (> 1.91 eV). A number of
workers' have reported some degree of success in con-
structing visible spectrum In,-..,(AI.Ga, ... ),P hetero-
structure lasers. Recently we have shown for the ft.5(Ajx~a -x)o.sP p-n QWH (4LZa.3L8)
simpler case of "super" heat sunk photopumped
1n.3 (Al.Ga, -. )013 P QWH's that cw 300 K laser operation P 0.9
is possible at wavelengths as short as 6250 A,'" unfortunate- E. o
ly, however, at thresholds an order of magnitude too high for 0.5
cw 300 K laser diode operation. In the present letter we show
that Inas (Al. Ga, - )as, P QWH's can be improved suffi-
ciently to give cw 300 K diode laser operation at wavelengths 0,2~
5 6400 A, or near that of the He-Ne laser. ,0A

The epitaxial layers for these laser structures are L-w
grown on (100) n-type GaAs substrates by metalorganic FIG. 1. Schematic diagram showing the active region of a -
chemical vapor deposition (MOCVD) in a horizontal I%,,(AI.Ga, -. ,,F multiple quantum well heterostructure (QWK)
reactor. Sources for the constituents of the various grown lattice matched to&aGausuwsrate via memlorganic chemical vapor

deposition (MOCYD). The awive region consists orfour 200 A (L,) quati.
turn wells (x-0.2) separated by three IOO A (L,) barriers (x-0O.5), with
symmetric upper (p-type) and lower (or-type) linearly graded (x-0.9-

"Kodak Doctoral Fellow. 0.5) confinement layers

I82 Appl. ft"s. Left 53 (19), 7 Noverm IN8 0003-6951/,88/451 126-03M0 .00 @108 Arica'i Instiut of Physics 1626



Oamaged and damage-free hydrogenation of GaAs: The effect of reactor Ref. 16geom.vy
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The deita on GaAs hydrogenation of two different rf reactor types are investigated, one a
paralel-plate reactor with a capacitively coupled discharge and the other an inductively
coupled system. The atomic hydrogen, dissocuated in the plasma of either system, passivates
impurities in GaAs. The plasma in the capacitively coupled discharge reactor develops a lage
self-bias relative to the amle 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
difflsing into the material is observed. The sample hydrogenated in the inductively coupled
discharge (kT/q < 1-2 eV) 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.

L INTRODUCTION maintain a high degree of passivation while eliminating the

The eff of icorat omic hydrogennto GaAs surface damage that is incurred using the parallel-plate ar-
have recently been documented. Among the effects investi- rngent The means by which an inductively coupled dis-

gated is the tendency for atomic hydrogen to passivate shal- charge is sustained leads to a high percent dissociation of

low-donor levels's and acceptor levels 4 in GaAs Also ob- molecular hydrogen, making available an abundance ofserved is a reduction in the concentration of deep levels.' atomic hydrogen to neutralize the dopant sites in GaAs. The
servdi areuctio pthconcetrartiolaryn I G S he high-voltage sheath inherent in the parallel-plate arrange-

creates resistive material which, ofou hs tec g mert is eliminated in an inductively coupled discharge.importance. By masking the hydrogenation prcess with Therefore, hydrogenation of GaAs in an inductively copled
iowe ae able to demonstrate tr ometry ith discharge can be performed while preserving the original

SiO2, warabetdeosrt tiegoer a-gd crystal surface topology.
ed lasers in the AIGa, _.As-GaAs system. 7

To introduce the atomic hydrogen into the material, the
sample is placed within a vacuum chamber and a hydrogen IL EXPERIMENT

plasma is generated. A common geometry used is a parallel- The extent and depth to which the dopants in the crystal
plate arrangement where the rf power is capacitively coupled are passivated using the two discharge configurations is ex-
totheplasma.Y'-"Thesampleisplacedon the grounded elec- amined using both n-type GaAs (no, = 1.2X 10t" cm - 3 )
trode. In the parallel-plate geometry, the grounded electrode and p-type GaA (nus = 10" cm-1). The samples are
acts as the cathode for one-half the rf cycle, and in the ab- maintained at a temperature of 250 "C during a 10-min plas-

sence of a self-bias on the driven electrode the accompanying ma exposure. Capacitance versus voltage (C- V) measure-
cathode sheath is equal in magnitude to the peak rf voltage, meints are performed to determine the free-carrier concen-
Of course, a dc bias forms on the driven electrode and, as a tration in the GaAs both before and after plasma exposure.
consequence, the cathode sheath at the grounded electrode is The decrease in the free-carrier concentration gives an indi-
less than one-half of the peak-to-peak rf voltage. Despite this cation of the efficiency of the hydrogenation process in the

* fact, the kinetic energy acquired by the H' ions accelerated two discharge arrangements.
* across the sheath towards the grounded electrode is signifi- To determine the amount of crystal etching that occurs

cant. The collisions between the high-energy H ions and on exposure to the discharge arrangements, samples consist-
the GaAs sample lead to some damage of the GaAs surface.' ing of I-Mm-thick layers of GaAs separated by layers of
The directed motion of ions is useful if crystal etching is Al, Ga, -, As are used. The Al, Ga, _ As layers serve as
desired, particularly in reactive ion etching; however, the convenient "markers." By comparing the thickness of the
ions are not necessary, nor is etching desired, -in the hydro- surface layer of GaAs after exposure to the plasma to the
gen passivation process. In some reports precautions have thickness of the unexposed GaAs layers, we determine how
been taken to remove the sample from the discharge to avoid much of the surface GaAs layer has been etched. In this way,
the damage by ion bombardment and the UV radiation of the a scanning electron microscope (SEM) micrograph of the
discharge.3  samples after exposure to the plasma yields an accurate mia-

We have experimented with hydrogenation of GaAs us- sure of the GaAs etch rate. The dependence of the etch rate
ing an inductively coupled discharge. One intent has been to on sample temperature is measured by performing the hy-
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Comparison of Si, -S~, and SI, 4. difusin models In Ill-V heterostructures
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The dimi~sion of Sim -Siv neutral par veruas the diffusion of Sim-Vill complexes in rn-v
* a~Crstals is compared in the light of eaperimential data showing the effect of Si dilffsion on self

difflion, of columan Mi and clm V lattice atoms. Secondary-ion mass apectroscopy is used
to compare the enhanced diffiosion of column III or column V atonms in several different Si-
difftsed heter0atructures closey lattice matched to GaAs. Mnhancement of the lattice-atom
self-iffsion, Via impurity d~6iffs RMfun to occu Predominantly On the colum III
lattice. Supporting the III, -V,3, diffinion model, these data indicat that the main native
defect accompanying the Si diffioicn are column III vacancies, which diffus directly on the
column III sublattice

Impurity-induced layer disordering (IILD) in Ill-V he- (100) GaAs subatrates using metalorganic chemical vapor
terostructures' has attracted interest not only for reasons of deposition. Thre diffrent heterosarctiures are used. The
device fabrication but also for fundamental studies of impu- Ais an undoped superlattice (SL) consisting of 36 periods
rity diffusion, self-difuion, and crystal defects. Although of the four layers AI~s(60;,)-A0,2 Goas, Ass," Porn0(185
the effects of many different impurities in II1W have been A-AlAsg6O k-GaAs (190 A). The second wafer is a lat-
investigated, Si has been found to be the moat versatile andf tice-matched K2.G%sAsLs P.S-GaAs heterojunction in
effective in layer intermixing. It has been studied as a diffa- which the lu2aA&,, epitauial layer is -0.7 #tmOsant from the crystal surface," a an implanted impurity," thick. The third crystal is an In.$5 Al" Gal P-GaAs hetero-

4 and a a pm-wnin dopa&O In spite of the many studies of juncition. Silieon diffusion into these crystals has been per-
'4IILD and also the role of Si in Ill-V diffusion processes, formed in sealed quartz ampoules with excess vapor pme-

uncertainty remains as to the crystal mechanism that gov- mares of a combination of As and P. The diffusion source
ern these processes. Greiner and Gibbons have proposed consists, of an elemental layer of Si ( -200 A) deposited on
that the Si impurity diffuses in GaAs. and presumably in the crystal surface. The --terositructures arm analyzedusn
Al. Gal,, As, as nearest neighbor neutral pairs, i.e., as secondary-ion mass setoscopy (SIM).
Sic1-SiM .. This model was proposed before it was known Figure I shows SIMS profiles of the Al and P for the 36
that the Si impurity causes layer intermixing when diffused period SL for both the as-grown crystal Fig. 1 (a), and after
into Al, Gal - ,As-GaAs quantumi well heterostructures Si diffusion for 9 h at 800 *C, Fig. I1(b), in which the Si
(QWHs). 2 Although it has been shown that Si diffusion diffuses about halfway through the SL Profiles of the SL
must occur in the QWH for layer intermixing to take place,' that has been simply thermally annealed (no Si diffusion)
a detailed mechanism of how the Sil, -Siv pair might cause for 12 hat 825C (data not shown) remain almost identical
the layer disordering has not been proposed. In spite of this, to those of the as-gown crystal Fig. I (a). 7Tis verifies that
the Greiner and Gibbons neutral pair Si diffusion model has the change in the Al and P profiles (the layer interdiffilsion)
found widespread acceptance.1"10  seen in Fig. I1(b) is in fact brought about by the Si diffusion

A second diffusion model proposed by some of the pres- in these layers. Note that while the Si diffusion totally inter-
ent authors maintains that the Si impurity diffuses as a com- mixes the column III lattice atoms Al and Ga [the Ga not
plex of a Si donor and a column III vacancy, i.e., as shown in Fig. 1(b) 1 as expected from previous experi-
Sil,1 3 V,,."-'3 Although the model is consistent with the ments,2 considerable modulation remains for the column V

*available experimental data involving both Si diffusion and atoms (As and P) as is evident from the P profile. An accu-
the layer intermixing, additional experimental data charac- rate comparison between the amount of interdiffusion for
terizing both the Si diffusion and its elfect on the Ill-V crys- the two sublattices is difficult to make in this structure.
is! self-diffusion would be helpful. In this letter we present Figure 2 shows SIMS data on a second crystal, an
experimental data on the effect of Si diffusion on column III In. 2 Gao. As. P0 5 -GaAs heterojunction. Figure 2(a)
and on column V lattice atom self-diffusion in Ill-V hetero- shows profiles Of the lattice constituents after a simple ther-

'~structures that are closely lattice matched to Gahs. We re- mal anneal of 6 h at 850 'C, while Fig. 2(b) shows profiles
~*late thewedata to proposed models of both IILD and Si diffu- for the heterojunction after Si diffusion for 6 h at 850CT.

sion in GaAs. Obvious in Fig. 2(b) is the major enhancement in the In
The crystals used in this study have been grown on diffusion into the GaAs substrate crystal and the smoothing
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-Atom dIffmlon and Impurity-Induced layer disordering In quantum well Ref. 18
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The process of impurt-induced layer disordering (ILD) or layer intermixing, in
A1,Ga, _.As-GaAs quantum well heterostructures (QWHs) and superattics (SLs), and in
related ll-V quantum well etrostructures, haa developed extensively and is reviewed. A
large variety ofexperimental data on IILD are discussed and provide newer information and
further perspective on crystal self-didfsion, impurity diffusion, and also the important defect
mechanisn that control diffusion in AI.Ga, _ .As-GaA, and in related III-V
semiconductors. Based on the behavior of Column III vacancies and Column III interstitials,
models for the crystal self-dimion and impurity diffusion that describe IID 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 LD 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
riLD, for example, quantum well wires or quantum well boxes. These will require an even
greater understanding of the mechanisms (crystal processes) that control JILD, as well as
require more refined methods of pattern definition, masking procedures, and crystal
processing.

TABLE OF CONTENTS fective energy gap and refractive index! Figure 2 shows the

I. Introduction energy shift directly (in this case a visual color shift) for

II. Disordering mechanisms in Al, Ga,_-As-GaAs quan- selective IILD via Si diffusion in an Alo.,Gao.As-
tum well heterostructures GaAs SL.3 The IILD is performed in a dot pattern, as might

III. Impurity diffusion in AI Ga, -,,As-GaAs and related be important in forming an army of quantum well (QW)
lll-V crystals "dots," and visible spectrum light is transmitted through
A. Si diffusion disordered portions of the crystal. Regions where IILD has

B. Zn diffusion shifted the effective energy gap to higher energies appear red,
IV. Impurity-induced layer disordering via ion implanta- a true color shift, while other areas ofthe crystal appear dark

tion due to QW band-to-band absorption of the visible spectrum
V. Device applications light in the intact SL.
VI. Summary Based on the results of Ref. 1, it was appreciated imme-

diately that impurity implantation, specifically Si imnplanta-
tion (with subsequent annealing of damage), could be used

I. INTRODUCTION to intermix AIGa, -As-GaAs heteroboundaries and lay-

Since the discovery of impurity-induced layer disorder- ers.' Besides the success of Si implantation, 67 Camras el al."
ing (IILD) in 1980 by Laidig et a.' in an attempt to modify showed that the Zn impurity also could cause disordering
undoped AlGa, - As-GaAs superlattices (SbS) to doped when implanted into an Al. Ga, - , As-GaAs SL that is then
SLs (for phonon experiments), 2 there has been a growing annealed to remove damage. Since this early work,' 4 many
research effort to understand disordering mechanisms, to different methods and impurities (or defects) have been
understand the crystal and defect diffusion processes inher- found to effect [ILD and the selective intermixing of III-V
ent in layer disordering, and to utilize the IILD process for QWHs or Sbs. Several different impurities such as the do-
device fabrication. Laidig et alI found that the layers of an nors Si, ' 9 Ge,'0 S,11 Sn, 12 and Se, " as well as the acceptors
AlAs-GaAs superlattice (SL) are unstable against Zn diffu- Zn,' Be," and Mg, 3 have been found to cause layer inter-
sion and intermix, thus yielding bulk, undamaged, homoge- mixing either when diffused into the QWH, or during post-
neous material of an Al composition average to that of the growth annealing for the case when the impurities are grown
original SL. This process occurs at temperatures much less into the crystal. Gavrilovic et al." showed that layer inter-
than those necessary for ordinary thermal interdiffusion of mixing could result from the annealing of lattice damage due
the layers of an undoped SL,3 which, of course, makes [ILD to ion implantation. The ion implantation of many different
especially interesting and important. Since the Zn diffusion atomic species (not necessarily dopants)' has been found to
can easily be masked at the crystal surface, as in Fig. I, the induce layer intermixing. '"a In addition, Epler et al." " have
impurity-induced layer disordering allows desired regions of shown that laser melting can be used to incorporate (selec-
quantum well heterostructures (QWHs) to be altered in ef- tively) Si to a shallow depth in an AlGa, - . As-GaAs
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Com IlI and V ordoring In InGaAsP and GaAsP grown on GaAs
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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 sublatice. 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
quternary In~aAsP grown on GaAs by MOCVD at relatively low temperature (-640'"C).;Ordered InGaAsP grown on GaAs shifts in photoluminescence wavelength - 130 meV higher 1

in enegy with disordering by annealing or by impurity-induced intermixing
I -t

Since the first reports of ordering in Ill-V semiconduc- The diffraction pattern for the InGaAsP layer [Fig. 1 (a)] is
tors, specifically in the ternary AIGaAsl ordering has been nearly identical to the pattern for the GaAsP with, however,
oserved in many other IlI-V ternry alloys. 2' Mainly the two major exceptions. First, the intensity of the extra spots is
ordering occurs on the column III sublattice, but only for the much stronger throughout the entire sample. Second, the
case of GaAsSb lattice matched to InP has it been observed brightest set of extra spots is clearly skewed in the [ITS]
on the column V site.' Column III ordering has also been direction as indicated by the alignment marks [Fig. I (a)]
observed in the quaternary aloy.InGaAsP grown on InP around the 1/2 111 satellite diffraction spot. In contrast, the
sUbstrates.6 In the quaternary alloy the interesting possibil. 1/2 11TI spot on the GaAsP diffraction pattern is not skewed.
ity exists of both sublattices being ordered. We present data In Fig. 2(a) the InGaAsP image (TEM cross section) is
indicating that this possibility may indeed be the case for formed by using the skewed 1/2 111 spot with the g vector
InGaAsP layers grown lattice matched to GaAs at relatively indicated, and antiphase boundaries of the ordered quater-
low temperature (-640"C) by metalorganic chemical va- narynormal tothe f ITS Idirection (smallarrow) areclearly
por deposition (MOCVD).'To show that As-P (column V) evident. The as-grown InGaAsP [Fig. 2(a) ] can be viewed
ordering in Ill-V alloys can occur, we also present data as a pseudosuperlattice, and, of course, will change its effec-
showing ordering in the GaAsP ternary alloy, which, inci. tive energy gap if it then is disordered."
dentally, is an old problem." Recently it has been shown that Zn diffusion into or-

Showing that the column V site is ordered in InGaAsP is dered InGaP will cause the structure to become the random
at best a difficult task because it is not obvious how to distin- alloyl0 in the same way as Zn diffusion into an AIAs-GaAs
guish clearly the difference between the column V and col- superlattice will cause the layers to intermix and disorder.'
umn III electron diffraction patterns, which in the present In both cases the Zn diffusion eliminates the atomic order on
work are obtained via transmission electron microscopy the column III lattice sites, with an undetermined effect on
(TEM). In order to show that column V site ordering is the column V lattice sites. In contrast, recent work on Zn
possible (As and P ordering), it is necessary to remove the diffusion into InAlGaP-GaAs heterolayers indicates that
ambiguity between column III and column V ordering. the column V site is relatively "untouched" (unaffected) by
Since there is no column III ordering possible in the ternary Zn diffusion." If this behavior is general, Zn diffusion into a
GaAsP, we have decided first to check this alloy grown on
GaAs and see if it exhibits any ordering phenomena.

Figure I shows electron diffraction patterns for a (110)
cross section of (a) an In,_, Ga AsP, -, (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 I /m/h and the V/Ill ratio is
-150. The two sets of extra diffraction spots seen in Fig.
I (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.

FIG. I. Diffraction patterns on (110) crs sections for (a) InGaAsP and
(b) GaAsP epitaxial layers grown on (100) GaAs substrates by MOCVD.
The 1/2 111 sattelitediffraction spot of (a) is skewed along the I IT5I direc-

"' Kodak Doctoral Fellow. tion.
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J.E. FOUQUET
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For shorter wavelength laser (A <600 nm), the most prospective Il-V alloy system is In, .Ga,.P lattice matched to GaAs
(y - 0.5) and its variant, the case of AI-Ga substitution, Ino.3(AIGa, _)o.3P. We report the growth of quantum well heterostruc-
ture (QWHs) in this system by metalorpac vapor phase epitaxy and the photopumped (77 K) laser operation of InAIGaP QWHs at
wavelengtha rangmg from the orange to the green portions of the spetrium. Continuous wave (CW) phoopumped laser operation at

77 K is achieved in the range from - 570.0 to - 550.0 mm (2.175 to 2.254 eV), and pulsed operation to wavelengths as short as 543.0
nt (2.283 eV). Room temperature pulsed laser operation is demonstrated in the range from - 610.0 to 590.0 tun (2.032 to 2.101 eV).
The shortest lasing wavelengths observed at 77 K (543.0 nm pulsed and 553.0 nm CW) and at 300 K (593.0 am pulsed and 625.0 run
CW) represent the hillhest energy lasers yet reported for this material system, or for any Ill-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 results.

1. Intoducton The emission wavelengths of these red lasers were
between 670 and 690 nm. [nvestigations of single

The quaternary alloy In0 (AlGa -.. )0.sP is the 181 or multiple f9] quantum well heterostructures
most prospective material for short wavelength (QWHs) with InGaP active layers have resulted in
(A < 600 rm) visible lasers and light emitting di- somewhat reduced (- 660 nm) emission wave-
odes, owing to its large direct bandgap energy (up length.
to 2.26 eV) and its ability to form high efficiency In order to produce lasers emitting in the orange
double heterostructure (DH) devices lattice (- 620 nm) and yellow (- 580 un) portions of the
matched to a GaAs substrate. Because of the visible spectrum, and, more importantly, to study
thermodynamic stability of AlP relative to InP, the short wavelength limit of this material system,
metalorganic vapor phase epitaxy (MOVPE), one it is necessary to grow a high quality lno.s(Al
of the kinetically-controlled growth processes. was Gal -,)o.s P quaternary active layer with high
anticipated to become a very useful technique for aluminum composition (0.2 < x < 0.6). Efforts so
the growth of InAIGaP [1. To date, after exten- far have yielded pulsed [10] and CW [11] 77 K
sive research efforts, high quality materials have laser operation at around 580 am (x - 0.3) and
been successfully grown by both atmospheric [2-41 pulsed 300 K laser operation at 626.2 nm (x
and low pressure 15-71 MOVPE. Room tempera- - 0.17) [121.
ture CW operation of [nGaP/InAIGaP DH laser One of the major difficulties cited in these
diodes has been reported by several groups [4-6]. studies for reducing laser emission wavelength is

0022-0248/88/$03.50 0 Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Gao4 lao~sP and (Al.Ga, .)ojsnn05P grown by metal-organic chemical vapor deposition (MOCVD) at temperatures below
700*C show an ordered arrngenment of the group III atoms on the column IIl sublattice. A periodic conmpositional modulation
along the growth direction is also observed unr certain growth conditions. This pape praents data showing that epiumxal layers of
bosh Ga,ln,,P and (Al.Gaj_.),5ln.5P paown on (001) GaAs substrates and containin the ordered phase can be converted to
disordertid alloys by thermal annealing une a variety of conditions at temperatures not eceeding the growth temperature. The
disappearance of the ordered phase, as determined by TEM, is accompanied by a shift of the bandgap to higher energy by a90 meV.
Ga0 51ln.31 and (Al.Ga1 ..,)QIn0 .5 P have been annealed in seale amnpoules under the following conditions: (1) thermal anneal
with P4 overpressure (2) Zn diffusion with Zn 3Pz only. andl (3) Zn diffusion with bosh Zn 3P2 and P4. Similar baudgap shifts are
obtained under all three conditions. It is further shown that selective disordering with either Zn or P. can be achieved by using a
patterned dielectric mask. The relative stabilties of the random and the ordered alloys are discussed in light of these disordering data.

1. Introductlou No additional diffraction spots were observed in
the orthogonal (110) orientation. The ordered

The bandgap energy (E.) of Ga05In05sP grown structure was found to be trigonal with In-Ga
lattice-matched on (001) GaAs substrates by ordering occurring on (111) planes [6,71. Gao,5
metalorganic chemical vapor deposition (MOC- In 05P grown by MOCVD at 700 0 C, on the other
VD) has been found to be lower than that of hand, exhibits a diffraction pattern of only the ZB
crystals grown by liquid phase epitaxy (LPE) by matrix, indicating a nearly random arrangement
more than 50 meV, depending on the growth of In and Ga atoms on the column III sublattice,
conditions, i.e., the growth temperature and the and has a band gap coinciding with that of LPE-
V/Ill ratio in the gas phase [1-51. At the same grown crystals [2).
ttm. transmission electron microscopy (TEM) Recently, it has been shown by TEM and pho-
studies of Gao05Ino0 5P grown by MOCVD at tern- toluminescence (PL) [71 that Zn diffusion from a
pgratures below 7000 C reveal an anomalous dif- Zn3 P2 source converts the ordered distribution of
fraction pattern [6-81 in the (110% orientation, Ga and In atoms on the column III sublattice in
with additional strong extra spots halfway be- as-grown Ga05 In, P to a random alloy, with a
tween the diffraction spots from the zinc blende simultaneous shift of E. to higher energy by - 90
(ZB) matrix. suggesting a preferential ordering of meV. In the present work we extend these studies
the In and Ga atoms on the column III sublattice. to the quaternary alloy (Al ,Ga1  .) 5In, 5 P, which

0022-0248/89/S03.50 '!D Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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DEPTR-DEPENDENT NATIVE-DEFECT-INDUCED LAYER DISORDERING IN

Al x Gal ,A&-GaAs QUANTUR WELL HETEROSTRUCTURES

L. J. Guido, N. Holonyak, Jr., K. C. Hsieh, and J. E. Baker
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Materials Research Laboratory

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

Abstract

Photoluminescence measurements on annealed single-well AlxGal x As-GaAs

quantum-well heterostructures demonstrate that layer disordering caused by

native defects is strongly depth dependent. The depth-dependent layer

disordering, as well as the corresponding depth-dependent net carrier

concentration, is a consequence of the re-equilibration of the Via vacancy and

the Asia anti-site native defect concentrations via the crystal surface.
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HYDROGENATION AND SUBSEQUENT HYDROGEN ANNEALING OF GaAs ON Si

K. C. Hsieh, M. S. Feng, G. E. Stillman, and N. Holonyak, Jr.
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Material Research Laboratory and Coordinated Science Laboratory

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

C. R. Ito and M. Feng

Ford Microelectronics, Colorado Springs, Colorado 80908

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 As4 pressure) on Al-Ga interdiffusion in
MOCVD grown Al xGal_xAs-GaAs QWHs.

1. INTRODUCTION

As suggested by Laidig et al (1981), impurity-induced layer disordering
(IILD) has important consequences for fabrication of thin layer
AlxGal-, 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 Ca I lAs-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 (TEN), and secondary ion mass spectroscopy (SIMS) data show
that the crystal surface condition (surface encapsulant and As4 pressure)
strongly influences Al-Ga interdiffusion. For a clearly defined At-Ga
interdiffusion regime we have measured the activation energy for Al-Ga
interchange (El .G ) , thereby labeling this regime. By employing three
single-well QWs-_ tat differ only in the QW location, we further demon-
strate that Al-Ga interchange is enhanced by re-equilibration of depth-
dependent native defect concentrations involving the crystal surface. In
contrast PL and TEM measurements of annealed AlxGaI .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/III 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 E-G can ulti-A -a

mately be used to label interdiffusion regimes. Consequently, the magni-
tude of EAt-Ga will provide insight to the atomic mechanisms responsible
for Al-Ga interchange. A review of available Al-Ga interdiffusion data
(Figure 1) reveals considerable disagreement in reported values of
EAl-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/cm 2. 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 AlGaInP alloy
system (Bour et al, 1987, Fujii et al, 1987, Ikeda et al, 1987, and
Ishikawa et al,7987T. Already, doubT- E-terostructure Tausers using a
GaInP acTve layer operating in the 670-680 nm wavelength range are
becoming commercially available. Shorter wavelength operation is
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 AlGaInP active layer in the device structure. Kawata et al
(1987) described room temperature CW lasing at 640 nm with a a-ub1-
heterostructure using an AlGaInP 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-Coperation of AlGaInlrlasers 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/cm 2 or below, the lowest reported to date. Although
several different device structures have been grown, including conventional
double heterostructures and single-quantum-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 Al xGa -xAs-GaAs

quantum well heterostructures (QWH's) is the control of the edge-to-edge

resonator Q across the sample. If the sample is heat sunk in metal, with

metal reflectors folded upward along the edges, the resonator Q across the

sample is high, and laser operation across the sample on confined-particle

states (a reference) and along the sample a phonon lower in energy (AE -tffLO)

is observed. If the sample edges across the sample are left uncoated (weakly

reflecting, low Q), laser operation is observed only along the sample

(longitudinal modes) but shifted (AE - tfO)) 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 AlxGal_xAs) to generate Si and 0 for impurity-induced layer

disordering (IILD) of AlxGa1_xAS-GaAs quantum well heterostructures (QWs).

Experimental data show that Si-O diffusion (from Si0 2) is an effective source

of Si for Si-IILD and of 0 that compensates the Si donor, thus resulting in

higher resistivity layer-disordered crystal. The usefulness of the Si-O IILD

source for fabricating low threshold disorder-defined buried heterostructure

AlxGa1_xA-GaAs QWR lasers is demonstrated.


