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Final Report
on the
Ninth International Conference on Molecular Beam Epitaxy (MBE-IX)
by Prof. Kang L. Wang, Chairman, MBE-IX

The Ninth International Conference on Molecular Beam Epitaxy (MBE-IX) was
held on the campus of the Pepperdine University, Malibu, California, from August 5
to 9, 1996. Prof. Kang L. Wang (UCLA) served as the Conference Chairman for
this conference along with Dr. Dwight C. Streit (TRW) as the Program Chairman,
and Drs. Owen K. Wu and David E. Grider (Hughes) as the Organizing Committee
Chairmen, and Prof. Benjamin G. Streetman (Univ. Texas, Austin) as the
International Advisory Committee Chairman. There were over 500 participants who
attended from 27 countries including US. There were 110 presentations in 15 oral
sessions and 145 posters in 4 poster sessions.

This conference is one in a biennial series, which rotates between the United States,
Japan and Europe, and thus, takes place in this country every six years. Previous
meetings were held in Sapporo, Japan (1988), York, United Kingdom (1986), San
Francisco (1984), Tokyo (1982), Paris (1978), UC San Diego, California (1990),
Stuttgart, Germany (1992), and Osaka, Japan (1994) and Los Angeles, (1996). The
next MBE conference will be chaired by Dr. Jean-Pierre Faurie of CNRS, and to be
held in France (1998).

In this conference, the major theme highlighted the success of MBE technology to
the state that it is now a commercial tool for manufacturing integrated circuits. The
. topics critical to the development and advance of MBE were covered and they
ranged from material aspects of growth, processing and characterization to relevant
physics and device properties of the resulting films and structures. Specific topics
included growth and growth mechanisms of MBE, characterization of MBE films
and interfaces, advances in MBE and related techniques, such as MEE, GSMBE,
and MOMBE Physics and MBE grown devices and structures.

The magnitude of the success of this International MBE Conference has certainly
exceeded the original expectation. This was hinged on the ability to attract active
researchers of various disciplines to address different aspects of topics and problems
while interacting under the common theme of molecular beam epitaxy. The ability
of the conferences to grow with the field in keeping the vitality of new emerging
science and technology on one hand and on the other to maintain a manageable size
to provide a collegiate environment contributed in part to their success. This
conference served as an effective medium to introduce the new comers in the field



to this forefront area of materials science and electronics. This series of the
Conferences, we believe, have also helped shape the field of molecular beam
epitaxy as it is known today. Major developments in the field of MBE have always
involved international efforts. Indeed, this MBE conference owes much of its
success to the close collaboration of the MBE community worldwide.

For the past half century, MBE has been of fundamental importance in the creation
of advanced new materials and device structures for electronics and optoelectronics,
and photonics. The papers presented reflected tremendous progress in molecular
beam epitaxy since the first international conference held 16 years ago. To date,
MBE has progressed to the point that it is now an important tool for both research
and production applications as reflected in the plenary session and other invited and
contributed presentations in this conference.



CONFERENCE COMMITTEE'S FOREWORD
Dear MBE Colleagues,

This year the United States once again hosts the International Conference on Molecular Beam Epitaxy. MBE-VI was held
in La Jolla, California six years ago, and now MBE-IX has returned to Southern California. In the interim MBE-VII was
held in Germany in 1992, and MBE-VIII was held in Japan in 1994. MBE-IX is being held at the spectacular Pepperdine
University campus in Malibu California the week of August 5-9. Its beautiful scenery and sunny weather provide a perfect
setting for both scientific discussions as well as social and professional interactions.

There has been tremendous growth in molecular beam epitaxy since the first international conference was held 16 years
ago. MBE is now of fundamental importance in the creation of advanced new materials and device structures for
electronics, optoelectronics, and photonics applications. MBE has progessed to the point that it is now an important tool
for both research and production applications. The plenary session reflects this ongoing evolution, with overview talks on
MBE-based system insertions as well as new MBE materials and technologies.

Over 390 abstracts from 27 countries were submitted for MBE-IX, resulting in an exciting and interesting program. The
most recent advances in MBE-based material growth, characterization, and devices will be presented through 110
presentations in 15 oral sessions and 145 posters in 4 poster sessions. The conference proceedings will be published as a
special issue of the Journal of Crystal Growth in 1997.

The social agenda includes user's meetings throughout the week for each of the major equipment makers, parallel rump
sessions on Tuesday evening, a lunchtime barbecue in a park-like setting overlooking the Pacific Ocean followed by tours
of research facilities and museums on Wednesday afternoon, and a conference banquet at the Hyatt Westlake Village Hotel
on Thursday evening.

We welcome you to Malibu for an exciting week of scientific and social activities in a spectacular coastal setting.

Kang L. Wang ~ Dwight C. Streit Owen K, Wu David E. Grider

Conference Chair ~ Program Chair Organizing Committee Chair, Co-Chair

NINTH INTERNATIONAL CONFERENCE ON MOLECULAR BEAM EPITAXY

MBE-IX Morning Afternoon Evening

Sunday Registration and Check-In 14:00 - 22:00

4 Aug. VG Users Meeting
Monday 2. Nitrides -

1. Plenary EPI Users Meeting
5 Aug.
3. Quantum Dots

Tuesday 4. III-V Growth 6. III-V Growth  |Poster 1. III-V Rump 1. Production

6 Aug. | I'S 1L.VI Growth 7. IV-IV Growth |Poster 2. IV, II-VI | |Rump 2. New Materials

Wed. 8. Regrowth

7 Aug. 9. Sb and Other Material Barbecue Free Afternoon & Tours Riber Users Meeting

. and Other Materiais
Thursday| [10. In-Situ Characterization & Control 12. In-Situ Poster 3. Sb, N, P 5
- anqguet
8 Aug. 11. Lasers and Growth Issues 13. VCSELs Poster 4. Devices

Friday 14. Devices and Quantum Wires
9 Aug.

15. Lasers and Detectors




1. PLENARY SESSION MONDAY MORNING (SMOTHERS)

Applications and Future Directions of MBE Material
Session Chair: Dwight Streit, TRW, Redondo Beach, California

09:00 1.0 Welcoming Remarks
Kang Wang, Conference Chair
Owen Wu, Organizing Co-Chair
Dave Grider, Organizing Co-Chair
Arthur N. Chester, Chairman & President, Hughes Research Laboratories, Inc.

09:15 1.1 Applications of MBE-grown PHEMTSs, (Invited)
James V. Dil.orenzo
Raytheon Advanced Device Center, Andover, Massachussetts, USA.

09:40 1.2 Millimeter wave and digital applications of InP-based MBE-grown HEMTSs
and HBTs, (Invited)
Paul Greiling
Hughes Research Laboratories, Malibu, USA

10:05 1.3 Commercial business development and growth of MBE-based GaAs HBT
products and services, (Invited)
Bob Van Buskirk
TRW Electronics and Technology Division, Redondo Beach, California, USA.

Break

10:50 1.4 Mass production of InAs Hall elements by MBE, (Invited)
Ichiro Shibasaki
Asahi Chemical Industry Co. Ltd., Shizuika, Japan.

11:20 1.5 Quantum cascade lasers operating with high power above room temperature,
(Invited)
Jerome Faist
Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey, USA.

11:50 1.6 Progress and prospects of Group III nitride semiconductors, (Invited)
Isamu Akasaki and H. Amano
Meijo University, Tempaku, Nagoya, Japan.

Session 1



Applications of MBE Grown PHEMTs

James V. DilLorenzo
Raytheon Advanced Device Center
Andover, MA 01810 USA

In the last decade Pseudomorphic High Electron Mobility Transistors (PHEMTs)
have gone from a laboratory curiosity with unique low noise performance to a
high volume commercial product for a variety of power and low noise
applications. At Raytheon Microelectronics we currently use several thousand 4
inch PHEMT wafers per year and expect this quantity to grow to tens of
thousands of wafers per year in 5 years. These wafers are all grown by MBE
and obtained from a combination of commercial vendors and Raytheon internal
MBE systems. At ADC we have 2 Riber automated production MBE systems
capable of growing over forty 4 inch PHEMT wafers per day in round-the-clock
operation plus an additional 3 single wafer experimental systems.

Technological advances in PHEMT fabrication - delta doping from both sides of
the channel for high carrier densities, short gate length T gates for high
transconductance, with double recesses for high breakdown voltage - have
made PHEMTSs suitable for power applications. The resulting high power along
with high efficiency and linearity have allowed PHEMTs to be employed in a
wide variety of applications in our foundry from cellular based products below 1
Ghz to ICC radar/transceivers at 77 Ghz. In 1995 the number of PHEMT wafers
produced at ADC exceeded that of ion-implanted MESFETs and that trend is
accelerating today.

We describe here the variety of programs at Raytheon using PHEMT circuits.
Military programs make use of PHEMTSs for high efficiency power amplifiers and
low noise receivers at X-band (Advanced Ground Based Radar), C-band (Navy
Cooperative Engagement Capability), and Q-band (Milstar Satellite terminals
such as Smart T). Space applications include a variety of commercial
consumer satellite communications system components for such systems as
Globalstar™, IRIDIUM, Inmarsat, and Odyssey operating at L and S band.

There are also commercial applications consisting of high frequency converters,
transceivers, and power amplifiers at L and S bands for personal
communications products and cellular telephones.

The growing need for very large quantities of PHEMT wafers having a precisely

defined material structure presents significant challenges to be MBE grower.
We will discuss these challenges and our approach to meeting them.
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Millimeter Wave and Digital Applications of
InP-Based MBE Grown HEMTs and HBTs

Paul Greiling
Hughes Research Laboratories
3011 Malibu Cyn. Rd., Malibu, CA 90265

The growth of semiconductor device layers by MBE has allowed designers
to develop a range of bandgap engineered devices including: 1) low noise
HEMTs; 2) high power and power added efficiency HEMTs and HBTs; and 3) high
speed digital/analog HBT ICs with an order of magnitude performance
improvement over standard Si CMOS, Si bipolar transistors or GaAs MESFETs.
The superior performance of MBE-grown, heterojunction devices has
motivated the analysis, development, and optimization of Si, GaAs and InP-
based HBT and HEMT technologies for military systems such as radar,
communications, EW, as well as smart munitions. The transition of these
technologies into commercial applications, however, is dependent on a rather
different set of criteria than those for military applications.

MBE-grown heterojunction devices offer significant advantages in speed
and frequency range of operation. Si bipolar ICs offer a 25 GHz device
technology, for example, with practical operation at frequencies up to 5 GHz.
Half-micron gate length GaAs MESFETs represent a 40 GHz technology, with
effective  operation at up to 20 GHz. In sharp contrast, MBE-grown,
heterojunction devices currently being developed (e.g., SiGe-, GaAs-, and InP-
based HBTs, and GaAs- and InP-based HEMTs) offer over 100 GHz device
technologies, with operation extending well into the millimeter wave
frequency range.

The enhanced performance of these MBE-grown heterojunction device
technologies will help meet the requirements of future military systems. In
particular, the next generation of phased-array radar systems will require
reduced weight and volume as well as enhanced power/efficiency
performance parameters  to fulfill military needs. System operating
frequencies will extend from the ultra-high frequency (UHF) range up
through the microwave and millimeter wave frequency regimes. The GaAs
MESFET technology, which has evolved rapidly over the past several years, is
approaching its perceived ultimate performance limits and is therefore
unlikely to meet these advanced radar performance requirements. As a result,
heterojunction device technologies are being developed in order to produce
T/R modules with octave bandwidths, noise figures (NF) under 2 dB, output
power of 20 W and power added efficiencies (PAE) greater than 30%. These
improved radar system will offer improved power-aperture products, broader
bandwidths, reduced prime power consumption, and enhanced reliability.

There is also a growing need for MBE-grown heterojunction devices to
meet the . performance requirements of current and future satellite
communication systems, which are also moving to higher frequencies for
increased bandwidth. For satellite communications, device performance, (i.e.,
noise figure, power added efficiency and reliability), is all-important, and cost
is not as critical an issue. Systems are being developed requiring devices
operating from X through V band. These systems require low noise devices
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with less than 0.3 dB NF at X band, rising with frequency to less than 1 dB NF at
V-band. Solid State Power Amplifiers (SSPAs) with 20 W and 40 % PAE at Ku
band and 1 W and 30 % PAE at V-band are also needed. With the exploding
market for data/voice/video communication, future satellites will also require
on-board, high performance signal processing with 40 GBPS or greater
capacity. Devices for satellite applications must also have a MTTF of greater

than 107 hr. at operating temperature. These performance requirements are
helping expand the envelope of performance for MBE grown heterojunction
device technologies.

For both radar and satellite systems as well as EW applications, designers
want to digitize the signal as close to the front end as possible. This is driving
the development of a 100 GHz or greater IC technology for A/D converters,
synthesizers, MUX/DEMUXs, DDSs, and PRNs. Requirements for A/D converters
with 16 bits @ 100-200 MHz and up to 10-12 bits @ 10 GHz. are appearing for
advanced radar and EW systems. Synthesizers and DDSs operating in the 5 Ghz
to 20 GHz frequency range are being designed for the next generation of
satellite systems. These needs are encouraging the development of an MBE-
grown heterojunction IC technology with fT and fpAX well above 100 GHz and

a speed-power product in the range of 10 to 30 femtojoules.

For military systems, the emphasis has almost always been on the
enhanced performance of MBE-grown heterojunction devices and ICs. Cost of
production has always played a secondary role, if it has been considered at all.
Today, performance at an affordable cost, utilizing a dual-use industrial base,
governs both R&D investment and procurement. In the future, the cost-
driven, commercial markets of automotive collision warning radar, personnel
communication systems, and digital radios will determine the direction of
device and IC R&D investment. Therefore, researchers developing MBE
technology must be cognizant of the accelerating changes that are taking
place in the marketplace. No longer is it possible to develop heterojunction
devices and ICs based solely on improved performance (e.g., higher operating
frequencies, lower noise figure, higher power output, higher power added
efficiencies, wider bandwidths, and higher dynamic range). Now, cost-related
issues (e.g., growth on larger area substrates, across-wafer uniformity, wafer-
to-wafer reproducibility, and reduced cost per wafer growth) must be included
in the development of MBE-grown heterojunction device and IC technologies
for future system applications.
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Commercial Business Development and Growth of
MBE-based GaAs HBT Products and Services

Robert M. Van Buskirk

TRW Electronics & Technology Division
One Space Park D1/1302, Redondo Beach, CA 90278
310.814.1978 fax 310.812.7011 bob.van.buskirk @trw.com

TRW has been actively developing a commercial GaAs business operation since 1991 featuring our
MBE-based HBT and HEMT production processes. This business has grown from approximately
$50,000 in 1991 sales to over $20,000,000 in projected sales for 1996. A vital part of this
successful growth is attributed to our proprietary MBE technology and production capabilities.

Our MBE-based HBT and HEMT components meet critical market needs in the highly competitive
wireless and wired telecommunications markets. These needs include:

. low cost: an imperative linked closely to uniformity/yield

. reliability: commercial markets/products require highly reliable, predictable device/
component performance.

. uniformity/yield: key for both low cost and product development cycle times

. performance: competitive discriminator necessary to win and hold product design-ins

Specific commercial applications of our HBT and HEMT components and services are described
including examples of end-use products and customers. In the wireless telecommunication arena
TRW has recently announced a strategic alliance and series of investments in RF Micro Devices of
North Carolina, a leading provider of RF ICs for the wireless market. Plans for the expansion of
TRW’s GaAs HBT manufacturing capacity at our Redondo Beach wafer fab and the transfer of our
process to a RF Micro Devices wafer fab now under development are described. This strategic
alliance features a unique capability to meet our customers needs for MBE-based GaAs HBTs that
we call Cross-Linked Manufacturing®. TRW is also selling products and services in the wired
telecommunication market and these specific applications are also described.

Our perspective on exploding, global commercial opportunities for HBT and HEMT components
and services and the successful growth of our MBE-based business at TRW are outlined. Key
market forces and the prospects for both wireless and wired markets are highlighted. A historical
perspective of commercial GaAs at TRW as well as current status and future projections are
provided. Concluding statements summarize and conceptualize future MBE-based commercial
opportunities at TRW.
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Mass production of InAs Hall elements by MBE

Ichiro Shibasaki
Corporate Research & Development Administration (Fuji)
Asahi Chemical Industry Co., Ltd.
2-1 Samejima, Fuji-city, Shizuoka, 416, JAPAN

Recently there have been strong demands for Hall clements in the feld of clectronic equipments such as video casscite
recorders(VCR), personal computers with floppy disk drives(FDD), and compact disk read-only memory(CD-ROM) drives and
other electronic systems. Hall elements are mainly used for brushless motots in those cquipments as magnctic scnsors.

For these applications, we developed InSb thin film Hall elements having high sensitivity by vacuum deposition, " Over 800
millions of this InSb Hall elements were produced and served commercially in 1995 which covers 70% of world market.

The only problem of the InSb Hall elements is operation temperature range restricted near room temperature . GaAs Hall
elements having wide operation temperature range have been also produced . However, there are still strong demands for Hall
clement with high sensitivity and wide operation range from low to high temperature for recent application such as current scnsors,
car sensors,  industrial sensors, and so on.

InAs has larger band gap energy than InSb and higher eloctron mobility than GaAs. Thus , InAs is one of the promising material
for Hall element with both lugh sensitivity and wide operation temperature range as practical magnelic schsors .

A Si-doped InAs with 0.5 £« m  thickness on GaAs substrate by MBE has high cloctron mobility of ~10,000cni®/V * sec.
By using this InAs thin film , we developed InAs Hall elements having about 50% higher sensitivity than GaAs Hall clement and
wider operation temperature range than InSb Hall element. ™

For mass production of this InAs Hall elements, we designed a production MBE system with multi-walcrs substrate holder
having large growth arca (eg. a substrate holder with twelve 2 inches wafers ) . Afier a rather long installation efforts , we found a
standard production growth condition for Si-dopod InAs thin films. High device yield was obtained for production of InAs Hall
clements. The fabrication process of the InAs Halk clement is shown in Fig, 1. The electron mobility of Si-doped InAs by this
production system are shown in Fig.2. The electron mobility of Si-doped InAs thin film and the InSb thin film is shown in Table 1.
Their typical Hall output voltage at room  temperature and temperature dependence arc compared in Table 2 and Fig.3,
respectively.  The Si-doped InAs Hall clements has excellent properties compared to InSb Hall clement such as wide range of
operation temperaturc as seen from Fig.3 > moreover, stability for pulse voltage noise , low ofset drift , and low noise properties,
all of which are effective for low magnetic field sensing in practical applications. In 1995, 2 millions of this InAs Hall clements
have been applied to DC current sensors, brushless motors, and elc., as practical magnetic scnsors .

However, simply grown InAs thin film on GaAs has not so high electron mobility observed in bulk InAs single crystal. To
obtain more high electron mobility , InAs deep quantum well structure(InAs DQW) has been investigated using AlGaAsSb
insulating layer lattice matched to InAs by MBE ic., AlGaAsSb(35nm)/InAs(15nm)/AlGaAsSb(600nm)/GaAs *? This InAs
DQW has high electron mobility of 20,000-32,000 cm™/V « sec.  Hall output voltage of InAs DQW Hall element and its
temperature dependence is shown in Table 2 and Figure 3, respectively . InAs DQW Hall element has both high sensitivity and
excellent stability for wide rage of temperature . This InAs DQW Hall element is hopeful as a future magnetic sensor.

Thin film technologics such as vacuum deposition and MBE are useful for production of InSb thin films, InAs thin films and
InAs DQW and thus for mass production of Hall clements as practical magnetic sensors.

References

1) LShibasaki, in: Technical Digest 8 Sensors Symp. 1989, p.211

2) I Shibasaki, et.al., . IEEE, in: Digest Tech. Papers on Transducers, 1991, p.1069.

3) T. Iwabuchi, et.al., J. Cryst. Growth, Vol. 150, 1995, p.1302.

4) K. Nagase, et.al. in: Digest Technical Papers; Late News, Transducers 1993,p.
5)N. Kuze, et.al., J. Cryst. Growth, Vol. 150,1995 p.1307.
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Table.1 Properties of InSb,InAs thin films and InAs DQW '

Dope | Electron mobility py | Electron density n { Thickness d
(cm’/Vsec) (X10"%cm*) (um)
InSb_| non | 20000 ~ 30000 2 08
InAs Si 11000 8 0.5
DQW | non 20000 ~ 32000 50 0.015

Table.2 Characteristics of InSb,InAs and InAs DQW Hall elements

Hall Output Voltage {mV/6V50mT}

Driving | Hall output voltage | Offset voltage Resistance
voltage Vi (mV) V(mV) Rin(QY)
Vi(V) (B=0.05T) (B=0T)
InSb ) 150 ~ 320 <t7 240 ~ 550
InAs 6 100 <16 400
DQW 6 250 ~ 300 <t16 700
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Quantum Cascade Lasers Operating with High
Powers at Room Temperature

J. Faist

Bell Laboratories, Lucent technologies
700 Mountain ave, Murray Hill, NJ 07974
Tel (908) 582 2336
Fax (908) 582 7660

We have recently demonstrated room temperature of a quantum cascade (QC)
laser based on a vertical transition with a modified design enhancing the injection
efficiency and reducing the thermal backfilling at high temperatures’.

We show that, at the original operating wavelength (A=5.2um), substitution of the
AlInAs cladding by a molecular beam epitaxy grown InP cladding which exhibits a
much lower thermal resistance significantly improve the performances. We also show
that room temperature operation can also be obtained in devices operating at A =
8.5um.

Fig. 1 shows the optical power versus drive current from a single using /0.8
optics and a calibrated, room temperature HgCdTe detector. Very good performances
are obtained, with maximum peak output powers of about 200mW at 300K and
100mW at 320K.

The devices were also tested at room temperature in pulsed mode with a relatively
large (3.3%) duty cycle. The pulse length was 50ns and the repetition rate 670kHz.
The light was collected by a non-imaging energy concentrator and its average intensity
measured by a broadband laser power meter. As shown on Fig. 2 the high peak
powers observed translate into average powers in the 2-10mW range at and above
room temperature. These devices also operated in continuous wave with a maximum
operating temperature of T = 140K.

In Fig. 3, optical power versus drive current is reported for a device with an
AllnAs cladding and a vertical transition design’ operating at A = 8.5um (see inset).
Peak optical power of 10 mW are obtained.

This is the first demonstration of high power, room-temperature operation of any
semiconductor source in the in the mid-infrared (3.5-12um wavelength).

1. J. Faist, F. Capasso, C. Sirtori, D. L. Sivco, A. L. Hutchinson, and A. Y. Cho,
Electron. Lett. 32, 560 (1996)

2. C. Sirtori, J. Faist, F. Capasso, D. L. Sivco, A L. Hutchinson, and A. Y. Cho,
Appl. Phys. Lett. 68, 1745 (1996)
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Progress and Prospects of Group I Nitride Semiconductors
Isamu Akasaki and H. Amano

Department of Electrical and Electronic Engineering, Meijo University,
1-501 Shiogamuaguchi, Tempaku-ku, Nagoya 468, Japan

Group II nitrides with the exception of BN, that is wurtzite polytypes of
AIN, GaN, InN and their alloy AlGalnN are one of the most promising
materials for applications to short wavelength light emitters, such as light
emitting diodes(LEDs) and laser diodes(LLDs) in the green to ultraviolet(UV)
regions.

To realize such devices, it is essential to grow high-quality epitaxial
films and control their electrical conductivity. On the contrary to other II-
V compounds such as GaAs and InP, however, it had been quite difficult to
grow high-quality epitaxial nitride films with a flat surface free from cracks.
This is mainly due to the lack of substrate materials with lattice constant
and thermal expansion coefficient close to those of GaN and nitride alloys.
Moreover, it has been well-known that undoped nitrides were of strong n-
type conductivity, and p-type nitrides had never been realized. These
problems had prevented from making the actual application of nitride
devices for a long time.

Recent development of the technology and the understanding of growth
mechanism in the heteroepitaxial growth of nitrides on highly-mismatched
substrates(e.g. sapphire) have enabled us to grow high-quality GaN, AlGaN,
GalnN and their heterostructures. Conductivity control of both n-type and
p-type nitrides has also been achieved. These achievements have led to the
fabrication of high-brightness UV/blue, blue and bluish green LEDs with
efficiencies in excess of 1%. UV stimulated emission from nitrides operating
at RT by optical pumping has also bee achieved. Recently, nitride-based LD
operating at RT has been also realized.

To date, hexagonal nitrides, grown by MOVPE on sapphire substrate,
have been mostly used in these devices.

In addition to hexagonal nitrides, cubic nitrides and so-called II-V
nitrides which include GaNAs, GaNP, AINSiC and other materials
containing nitrogen as one of the major constituents have also attracted the
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attention by many researchers.
On the other hand, various kinds of substrates, that is less-mismatched

and/or electrically conductive substrates are being used for a variety of
reasons.

Nowadays, nitride people are employing MOVPE as well as several
kinds of growth methods such as MBE, HVPE etc. Selective area growth
and several kinds of etching of nitrides are being studied for the fabrication
of desirable device structures, such as the optical cavity and waveguide
structures.

This paper reviews the recent progress of crystal growth, conductivity
control and nitride-based short wavelength light emitters. Future prospects
of group II nitride semiconductors will also be presented.
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Fig.1 EL spectra from a diode with AlGaN/GaN/GaInN SCH structure at a
forward current of 3KA/cm2(a) and 1.5KA/cm?2(b) , respectively.
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Growth of GaN, InGaN, and AlGaN Films and Quantum Well Structures by
Molecular Beam Epitaxy

M.A.L. Johnson, W.C. Hughes, W.H. Rowland, Jr., JW. Cook, Jr., and J.F. Schetzina
Department of Physics, North Carolina State University, Raleigh, NC 27695-8202

J. Zavada
US Army Research Office, Triangle Research Park, North Carolina 27709-2211

l11-V nitrides are attracting significant attention because of the recent demonstrations of
high-brightness blue/green LEDs and violet laser diodes. Two significant issues
relating to the MBE growth of these materials has been (1) the determination of an
optimum substrate for epitaxy and (2) the evaluation of the MBE process parameters
for high quality nitride film growth. At North Carolina State University (NCSU), we
have evaluated MBE growth of these materials by a two-fold approach: the homoepi-
taxial growth of nitride films and quantum well structures on MOVPE-grown GaN/SiC
substrates and the heteroepitaxial nucleation and growth of nitride layers on
alternative substrates such as sapphire and LiGaO,. In these MBE experiments, we
have used an rf nitrogen plasma source for the generation of active nitrogen.
Recently, by employing two nitrogen plasma sources, we have achieved GaN film
growth rates of up to 0.8 um/hr. For quantum well structures emitting visible light,
InGaN is essential as the active recombination layer material in double-heterostructure
devices. The growth of high quality InGaN is complicated by thermodynamic
limitations: InN is unstable and tends to dissociate at typical MBE growth temperatures
of 600-800°C. Furthermore, the surface energies of InGaN are such that the indium
tends to coalesce into metal droplets rather than migrate freely to lattice incorporation
sites. The formation of indium droplets results in a low incorporation rate of indium in
the growing film and a weak photoluminescence (PL) signal dominated by deep level
emission. To overcome these difficulties, we have developed a modulated beam
technique which employs alternating layers of (In,Ga)N and (Ga)N, analogous to the
techniques used for the growth of InGaN by MOVPE. The intermittent deposition of a
brief GaN layer stabilizes the indium containing layer before droplets can nucleate and
results in high quality epitaxy. Factors which influence the InGaN composition include
the metal flux ratios, substrate temperature, and the relative lengths of the beam
modulation periods. RHEED analysis indicates a two dimensional growth surface
during modulated beam deposition. InGaN quantum well structures (~26% In) based
on this growth technique display a strong band-edge emission PL spectrum peaking at
408 nm. Recent results, including the growth at higher indium moles and optimized
nucleation, will also be presented. AlGaN and GaN QW structures have been grown
on LiGaO; substrates. LiGaO, has an ordered variant of the wurtzite structure with
oxygen occupying the anion sites, and lithium and gallium alternating on cation sites.
The (001) plane of the orthorhombic LiGaO,is a close lattice-match to the (0001)
plane of GaN. In order to grow GaN by MBE, a thin buffer of AIN was first nucleated on
the LiGaOz2 at low temperatures. The substrate temperature was then increased to
~800 °C for optimum MBE growth of GaN. GaN films up to 3.25 um thick were grown
which exhibit x-ray diffraction rocking curves as narrow as 103 arcsec FWHM. Multiple
quantum well structures of AlGaN/GaN exhibit strong 300K PL emission at 3.46 eV.

Work supported by grants from ARO and DARPA.
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Optimization of AlGaN films grown by RF Atomic Nitrogen Plasma using In-situ
Cathodoluminescence

J.M. Van Hove*, P.P. Chow, A.M. Wowchak, M.F. Rosamond and D. R. Croswell
SVT Associates, 7620 Executive Drive, Eden Prairie MN 55344
*(612) 934-2100 ext. 225, Fax number (612) 934-2737, jvanhove @svta.com

The ITI-nitride material system has experienced a rapid growth in the past five years with
the recent demonstration of a blue nitride based laser. MOCVD has been the chosen
method of deposition of this material with Molecular Beam Epitaxy only recently
producing comparable material quality. One inherent advantage of MBE is the ability to
monitor the growth and composition in-situ using techniques such as reflection high
energy electron diffraction and Auger spectroscopy. In this paper, we present information
on the use of in-situ cathodoluminescence on GaN and AlGaN films deposited by MBE
onto buffered sapphire substrates. Both the composition and optical quality of the films
can be quickly determined using this method.

A cathodoluminescence system was added to the preparation chamber of the MBE
system. Excitation of the films was done with a electron gun operating between 1 to 10
KeV and the emission monitored using a 3 nm resolution monochromator. Reactive
nitrogen was produced using a RF plasma source optimized to produce atomic nitrogen
based on plasma emission spectra. Growth rates of AlGaN and GaN films were between
0.5 to 1 um/hr. Growth was done on basal plane sapphire substrates with the substrate
temperature varying between 750 and 900°C. A low temperature AIN buffer was used
producing GaN films with FWHM x-ray diffraction (0002) peaks as low as 33 arc sec.
Cathodoluminescence was done by removing the sample from the growth chamber and
measuring the emission spectra of the film. The sample was then re-inserted, and growth

conditions and composition varied.

Optimization of the growth process will be discussed using in-situ cathodoluminescence.
Figure 1 shows the reduction of the "yellow" defect level present in GaN before and after
changes to the growth temperature and ITI/N ratios. Figure 2 shows the emission of
various AlGaN films whose composition and quality can be determined quickly from the
peak position and width. These measurements are extremely useful in the nitride system
where RHEED oscillations are not routinely observed. Data on the quality of GaN and
AlGaN films deposited under various growth rates, HI/N ratios, substrate temperatures
and doping levels will be presented.
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Figure 1. In-situ Cathodoluminescence spectrum from GaN taken after growth at two
different growth conditions. The reduction of the yellow defect emission demonstrates
in-situ Cathodoluminescence usefulness for nitride growth.
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Figure 2. In-situ Cathodoluminescence spectrum from several different Al content
AlGaN films.
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Erbium Doping of Group III-Nitrides During Growth by
Metalorganic Molecular Beam Epitaxy

J. D. MacKenzie * C. R. Abernathy, and S. J. Pearton
Department of Materials Science and Engineering
Univeristy of Florida, Gainesville, FL. 32611

R. N. Schwartz and R. G. Wilson
Hughes Research Laboratories
Malibu, CA 90265

J. M. Zavada
US Army Research Laboratory
RTP, NC 27709

Optical communications systems based on the 1.54 um emmision of Er’* exploit
the intrinsic attenuation loss minima of silica fibers to achieve efficient, temperature-stable
long-distance signal transmission. Optoelectronic components based on Er doping of Si
and ITI-V materials have been sought to replace the extensive pumping systems required in
conventional Er doped fiber amplifier sysems. Recent developments in Group III-nitride
growth have focused on developing blue/UV emitters and high temperature electronics.
However, the wide band gap, environmental insensitivity and the ionic character of the III-
nitrides also make them an attractive medium for Er-based devices with superior
temperature stability, high thermal quenching temperature and high emmision efficiency.
To evaluate this potential, the growth and properties of Er-doped III-N films grown by
ECR plasma-assisted metalorganic molecular beam epitaxy (ECR-MOMBE) with a solid
Er source have been studied.

For the first time, strong 1.54 pm room temperature photoluminescence (PL) from
AIN:Er doped during growth has been demonstrated (Figure 4). Secondary ion mass
spectrometry (SIMS), PL, and high resolution x-ray diffraction (HRXRD) results will be
presented as a function of growth parameters and comparisons will be made with
implanted material. Figures 1 and 2 show representative SIMS profiles of AIN:Er and
InAIN implanted with Er. The effects of Er incorporation on surface morphology, as
determined by scanning electron microscopy (SEM), will be shown.  Solubility,
segregation during growth and diffusion upon post-growth annealing will be addressed.
Also, incorporation and activation of Er in other IIl-nitrides, ternaries,. and device
structures (Fig. 3 shows a micrograph of an AIN-based microdisk structure) will be
discussed. '

*Rhines Hall phone: (904) 846-1091
University of Florida fax:  (904) 846-1182
Gainesville, FL 32611 email: jdmacken@silica.mse.ufl.edu
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Growth Kinetics in GSMBE of GaN

K. R. Evans!, C. R. Jones?, and R. Kaspi*

'Wright Laboratory (WL/ELDM), Wright-Patterson Air Force Base, Ohio 45433-7323
*University Research Center, Wright State University, Dayton, Ohio 45435

Recent advances in semiconductor device technology based on III-arsenides is due in part to
important early fundamental studies of IlI-arsenide epitaxial growth. In contrast, development of
IMI-nitride device technology has been hampered in part due to the lack of such fundamental
studies. Present issues of concern in II-nitride growth include those associated with 1) low
growth rates, 2) high intrinsic point defect generation rates, 3) the role of hydrogen (if present)
during growth, and 4) the lack of available substrates. Progress in each of these issues would
benefit from fundamental studies of the epitaxial growth process.

We report our most recent results on, and our current understanding of, the kinetics of gallium
and nitrogen incorporation during gas source molecular beam epitaxy (GSMBE) of GaN using a
Ga effusion cell and a NH, cracker' for sources. Results are reported for varying Ga flux, NH,
flux, NH, cracker current, and substrate temperature. Desorption mass spectrometry (DMS) is
used to measure Ga desorption during growth; temperature-programmed desorption (TPD)
analysis performed immediately after growth interruption is employed to quantify the population of
surface accumulated Ga; and GaN formation rates are determined by subtracting surface
accumulation rates and desorption rates from the incident Ga flux.

For uncracked NH,, high substrate temperatures are found to give rise to significant Ga
desorption, the rate of which decreases with increasing NH, flux. Low substrate temperatures
give rise to significant Ga surface accumulation, the rate of which decreases with increasing NH,
flux. The GaN formation rate increases with NH, flux and peaks at an intermediate temperature,
as shown in Figure A. The temperature dependence of the Ga desorption rate obeys Arrhenius
behavior, with two different associated activation energies E_, depending on whether or not Ga
surface accumulation occurs. When Ga surface accumulation is significant, E,=1.4 eV, while
E,=0.4 eV when the Ga surface accumulation rate is negligible. Both values of E, are relatively
small and are highly suggestive of the presence of a hydrogen-terminated surface which serves as
the Ga desorption precursor site. The relatively high growth rates observed, coupled with the
likelihood that hydrogen has an important role at the surface, are consistent with a recent study” of
GaN growth using an N, RF plasma as the nitrogen source, which found that the presence of an
atomic H beam resulted in approximately a doubling of the GaN growth rate.

The effect of cracker current (1), which controls the cracking region temperature, on the Ga
incorporation rate was studied. At a substrate temperature of 800 °C, the highest I levels
investigated gave rise to a dramatic decrease in the GaN formation rate, due to a corresponding
increase in the Ga desorption rate. Results of chamber pressure measurements as a function of
cracker current suggest that nearly complete conversion of NH, into N, and H, occurs at the
highest I_levels investigated, and partial cracking of NH, occurs at intermediate I, levels. It was
hoped that partially cracking of NH, would produce highly reactive NH and NH,, which would
enhance the Ga incorporation rate (and possibly reduce the nitrogen vacancy generation rate).
However, no enhancement in the Ga incorporation rate was observed for any cracker current,
relative to the completely uncracked case, under the conditions investigated.

Acknowledgments: The authors thank C. Huang, L. Kyle, and C. Litton for technical support.
Authors RK and CRJ were supported by US Air Force Contract # F33615-95-C-1765. This work
was partially supported by the US Air Force Office of Scientific Research (AFOSR).

'Supplied by EPI MBE Products Group, Saint Paul, MN, USA.
’T. Myers, et al., to be published.
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Growth of High Quality GaN on GaAs(111)B by Molecular
Beam Epitaxy

C.T. Foxon, T.S. Cheng, R.G. Boa, N.J. Jeffs, JW. Orton, D.E. Lacklison

Department of Physics, University of Nottingham, Nottingham NG7 2RD, England
Tel: +44-115-9515138 Fax: +44-115-9515184
e-mail: ppzctfl@ppnl.nott.ac.uk

Growth of the Ill-nitride materials system has been increasingly studied due to its use
in devices operating in the visible/uv part of the electromagnetic spectrum. Since GaN
grows naturally in a wurtzite form and GaAs(111) has a hexagonal symmetry, this
provides a good template onto which we can deposit the wurtzite GaN. In addition, we
have previously shown that the growth of GaN on (111)B is superior to that grown on

(111)A and/or (100)GaAs!.

We have studied the growth of GaN grown on GaAs(111)B as a function of different
growth temperatures, V/III ratios and the effect of substrate nitridation. The active
nitrogen used in the growth is supplied by an RF activated plasma source which
generates predominantly atomic species. We show that high quality, stoichiometric
materials can be obtained by using the appropriate growth conditions. In-situ RHEED
and ex-situ low temperature PL and X-ray diffraction techniques are used to
characterize the epitaxial films.

Since controllable n- and p-type doping in GaN are required for producing useful
device structures, we will also report on the respective doping in GaN using Si and
Mg/C.

1 To be presented at The first European GaN Workshop (EGW-1), Rigi, Switzerland,
2-4 June, 1996

2.5




N Incorporation in GaN,P,, and InN,P;; Grown by Gas-Source Molecular Beam Epitaxy
W.G.Biand C. W. Tu
Department of Electrical and Computer Engineering
University of California, San Diego, La Jolla, CA 92093-0407
E-mail: wbi@sdcc3.ucsd.edu, Fax: (619)534-2486, Phone: (619)534-3014

Recently much attention has been paid to N incorporation in GaP and GaAs because of
potential applications in optoelectronic devices on Si. Due to the large miscibility gap, however, the
N composition is limited. N incorporation in InP, an important member of the III-V family, and its
properties have not been investigated.

In this talk we will present a study of the N incorporation behavior into GaP and InP as a
function of growth conditions, and show that N composition well above the predicted value can be
incorporated. The N composition was determined from X-ray (511) asymmetric reflections to
account for strain-induced lattice constant change of the InNyP{_y and GaNxP . films. As in other
mixed group-V compounds (e.g., GaAs,P|_y and InAs,P{_x!), the N composition in GaNyP1_x
and InNyP]_y is smaller that in the gas phase, but the overall behavior is somewhat different. With
increasing the Ny flow-rate fraction (N flow rate over total group-V gas flow rate), the N
composition increases up to a point and then levels off, while for GaAsxPl_xl, no saturation was
observed. This might be due to the small solubility of N in these materials or the leveling off of the
active N species at higher N, flow rate. At a fixed Ny flow-rate fraction, the higher the growth
temperature T, the less the N can be incorporated; e.g., with a N5 flow-rate fraction being fixed at
~0.37, the N concentration in InNyP{_y is decreased from 0.93% to 0.44% as T, is increased from
310 °C to 420 °C, and that in GaNxPj_y is decreased from 16% to 4.5% as T, is increased from
500 to 600 °C. This decreasing N incorporation with increasing growth temperature might be due
to the lowering of the sticking coefficient of nitrogen at higher T,. Similar behavior was also
observed in GaNyAs]_42. Although the general trend of the growth condition dependence is the
same for N incorporation in InP and GaP, the amount of N can be incorporated is quite different.
With GaP, as high as 16% N can be obtained, while with InP, only less than 1% can be
incorporated. This is due to the very high vapor pressure of N, over InN.

Optical properties of InNyP{_yx and GaN,P|_y films were studied by optical absorption
measurement. For InNyP1_y, the absorption coefficient obeys a square law, indicating the optical
absorption is from a direct-bandgap material, while for GaNyPj_y, a square-root law holds,
indicating indirect bandgap nature of the material. As the N composition is increased, the band-
edges of both materials shift to longer wavelength, revealing a large bowing of the bandgap energy.

1. Q. Hou and C. W. Ty, J. Electron. Mat. 21, 137 (1992).
M. Weyers and M. Sato, Appl. Phys. Lett 26




Gas source MBE growth of GaN rich side of GaNy.xPx
using ion-removed ECR radical cell

K. Iwata, H. Asahi, K. Asami and S. Gonda
The Institute of Scientific and Industrial Research, Osaka University,
8-1, Mihogaoka, Ibaraki, Osaka 567, Japan.
Tel:+81-6-879-8406;Fax:+91-6-879-8509;¢-mail:iwata2 1@sanken.osaka-u.ac.jp

Recently, it was proved that wide-band gap III-V nitrides are suitable to fabricate blue-green
light emitting diodes, and the pulsed operation of violet laser diodes was demonstrated [1].
This material system can also cover wide wavelengths from ultra-violet to longer than 2um by
adding As or P. Several authors reported the growth of GaAs or GaP-rich side of GaAsN or
GaPN. In this paper, we report the gas source MBE growth of GaN rich side of GaNP and
their band gap variation with P composition, for the first time.

GaN-rich side of GaNP layers were grown on sapphire substrates after the high temperature
growth of GaN buffer layers (thickness : 0.3um) by using ion removed ECR (electron
cyclotron resonance) radical cell for nitrogen source. Advantage of the use of ion-removed
cell was demonstrated by the observation of x2 RHEED patterns during growth of GaN [2,3].
The ion removal efficiency by ion removal magnets in this ECR radical cell was over 99%.
Elemental Ga, radical N, and thermally cracked PH; were used as group III and group V
sources. The flow rate of N, was 1.5 SCCM. The PHj; flow rate was varied from 0.1 to 1.0
SCCM. The substrate temperature was 750°C.

We have succeeded to grow GaN rich side of GaNP. However, in the growth with high
PH; flow rate of 1.0 SCCM, the phase separation into GaN rich GaNP and GaP (or GaP rich
GaPN) was observed, as shown in Fig.1 (X-ray diffraction (XRD) rocking curve). The
growth of GaNP was confirmed by the XRD curve around GaN (0002) angle (Fig.2). Two
peaks are observed: one comes from high temperature grown GaN buffer layer and the other
from GaNP alloy layer (P composition=1.5%). The full width at half maximum (FWHM) of
GaNP (0002) peak was only 237.6 arc sec, which was comparable to that of GaN (0002).
This phase separation was also observed in the RHEED pattern during GaNP growth (Fig.3).
In addition to the streak patterns from GaNP, the spotty patterns from phase separated GaP (or
GaP rich GaPN) was observed.

77K photoluminescence (PL) emissions were observed from GaNj 4Py layers, where x=0,
0.0026, 0.0077 (Fig.4). The red shift of near band edge emission was observed. The
relation between the band gap energy and P composition x of GaN;_ 4Py agrees with the
theoretical calculation by Miyoshi et al [4] rather than those by Baillargeon et al [5] and Sakai et
al [6] suggesting the existence of bowing bandgap, but no existence of semimetalic region.

In the conference, we also report the growth temperature dependence of GaNP growth
characteristics.

[1] S.Nakamura, M.Senoh, S.Nagahama, N.Iwasa, T.Yamada, T.Matsushita, H.Kiyoku and
Y.Sugimoto : Jpn.J.Appl.Phys. 35 (1996) pp.L74-L76.

[2] K.Iwata, H.Asahi, S.J.Yu, K.Asami, H.Fujita, M.Fushida and S.Gonda :
Jpn.J. Appl.Phys. 35 (1996) pp.L.289-L292.

[3] K.Iwata, H.Asahi, S.J.Yu, M.Fushida, K.Asami and S.Gonda : TWN’95 (1995) H-1.

[4] S.Miyoshi and K.Onabe : TWN’95 (1995) P-1.

[5] J.N.Baillargeon, K.Y.Cheng, G.E.Hofler, P.J. Pearah, and K.C. Hsieh :
Appl.Phys.Lett. 60 (1992) 2540.

[6] S.Sakai, Y.Ueta and Y.Terauchi : Jpn.J.Appl.Phys. 32 (1993) 4413.
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Stability of surface reconstructions for MBE grown GaN

H.Okumura, G.Feuillet, P.Hacke, S.Yoshida
Electrotechnical Laboratory
1-1-4 Umezono, Tsukuba, Ibaraki 305, Japan

It is the purpose of this paper to investigate the stability of surface reconstructions
for GaN as a function of the different growth parameters ; conversely, it will be shown
how these reconstructions can be used as a very efficient tool to scale the growth
parameters and to gain a better insight into the physics of growth itself.

When grown under optimised conditions, MBE grown cubic and hexagonal GaN
layers evidence surface reconstructions as seen by RHEED. In the case reported here where
hexagonal GaN is grown by MBE on homoepitaxial GaN layers deposited by MOCVD on
(0001) sapphire, these reconstructions are of the x2 type on all crystallographic azimuths in
the c plane (Fig. 1).

"~ Once stabilized, the x2 reconstructions disappear if the Ga flux is too high or the
substrate temperature too low. The transition is totally reversible and path independant if
the parameters are varied slowly enough to achieve quasi equiulibrium conditions. The
appearance - disappearance of the x2 RHEED pattern can be followedas a function of the
different growth parameters. Represented in Fig.2 are these transition points in a Ga flux
vs substrate temperature graph, for a set of different nitrogen flow rates. The experimental
curves appear to be exponential in nature with a y axis offset we found to depend linearly
on the N, flow rate.

The exponential shape strongly suggests a thermally activated process which can
be attributed to Ga reevaporation from the growing surface. These observations are
accounted for in a model whereby the conditions for appearance/disappearance of these x2
reconstructions are related to a given Ga to active nitrogen flux stoichiometry :

®(Ga)=aP(N). Because of Ga reevapporation from the surface, this can be written:

D (Ga) e ACXP(-Ea/kT) = 0 P(N),
where the first term is the incident Ga flux, the second term describing Ga reevaporation
from the surface with Ea its activation energy. Very good fits are obtained this way (Fig.2).
Interestingly no N desorption has to be taken into account to explain the experimental
results.

Based on this approach, one can first deduce the Ga sticking coefficient as a
function of substrate temperature, hence the growth rate itself. The activation energy for Ga
reevaporation Ea is found to be 3.3eV * 0.4eV; the sample thicknesses as measured when
the samples are grown in the x2 regime agree well with this evaluation. This indicates
further that, when x2 reconstructions are observed, the growth rate is Ga limited, growth
being carried out in N-rich conditions. The other implication of these observations and
model is that the y-axis offset of these transition curves is directly proportional to the active
nitrogen species which can be followed as a function of ECR power, ntrogen flow rate and
system pressure.

In conclusion, the surface reconstructions that we have observed are not only the
signature of equilibrium growth fronts for MBE grown GaN; the study of their stability
domain can also be used to scale growth parameters and as an efficient feedback to control
and optimise growth conditions.
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Fig. 1. RHEED patterns of the (0001) GaN surface growing in a X2 reconstruction-stabilized mode.
Reconstructions are clearly observable on the <1120>, <1T00>, and <1230> zone axes.
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Fig.2. Stability domain for the x 2 reconstruction for different N, flow rates.
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Growth and Doping of GaN/AlGaN Hetrostructure on c-
Plane Sapphire and 6-H SiC by Nitrogen Plasma-Assisted
Molecular Beam Epitaxy

Myung C. Yoo*, M.Y. Park, S.K. Kang, and J.W. Lee
Photonics Semiconductor Laboratory
Samsung Advanced Institute of Technology, Suwon, Korea

ABSTRACT

High quality GaN/AlGaN heterostructure has been grown on c-plane
sapphire and 6-H SiC substrates by using nitrogen plasma-assisted MBE.
The growth system is consisted of inductively coupled rf nitrogen plasma
source, II-family solid sources and Mg and Si dopant sources. Without
deteriorating epi-quality, 0.5 pm/hour growth rate was achieved by using
high capacity turbomolecular pump and high efficiency N, plasma source.
Prior to GaN/AlGaN growth, 50nm-thick AIN buffer layer was grown on
sapphire and SiC substrates at 600 °C. The RHEED pattern of buffer layer
shows very streaky (2x2) pattern, while GaN and AlGaN films exhibit
(4x4) patterns indicating the grown epilayers are crystallographically very
smooth and flat throughout the epitaxial growth. The FWHM of x-ray
locking curve is as low as 39 arcsec for 1 pm-thick GaN and 80 arcsec for
0.2 pm-thick AlGaN films. In-growth doping was sucessfully performed
using Mg and Si as a p-type and a n-type dopant in the stream of nitrogen
plasma, respectively. Results from the vander Pauw Hall measurement
indicate that p-type doping concentration is 1.2 x 10 "/cm’ and that of n-
type is 2.0 x 10 %/cm®. Room temperature photoluminescence spectra of
GaN epilayer is peaked at 3.42eV and no descemible yellow luminescence
resulted from ion damages is observed.

* person to be contacted

Dr. Myung Cheol Yoo

Photonics Semiconductor Labolatory
Samsung Advanced Institute of Technology
P.O. Box 111

Suwon 440-600, Korea

Tel) +82-331-280-8830
Fax) +82-331-280-9357
e-mail: mcyoo@saitgw.sait.samsung.co.kr
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LOW-THRESHOLD (100 A/cmz) INJECTION LASERS BASED ON VERTICALLY
COUPLED InGaAs/GaAs QUANTUM DOTS.

V.M.Ustinov, A.Yu.Egorov, A.E.Zhukov, N.N.Ledentsov, M.V.Maksimov, A F.Tsatsul'nikov,
S.V.Zaitsev, N.Yu.Gordeev, A.0.Kosogov, P.S.Kop'ev, D.Bimberg*, and Zh.1. Alferov

A F.Joffe Physico-Technical Institute, Russian Academy of Sciences, Politekhnicheskaya 26,

St. Petersburg, Russia; tel: (812)-247-9132; fax: (812)-247-8640;

e-mail: VMUST@BEAM.IOFFE.RSSL.RU

*Institut fur Festkorperphysik, Technische Universitat Berlin, Hardenbergstr. 36, D-10623 Berlin,

Germany

Quantum dot lasers have been predicted to exhibit improved characteristics as compared
to quantum well lasers owing to modification of the density of states [1]. Previously [2] we
reported high T, (350K) at low temperatures and extremely narrow lasing linewidth for injection
laser based on (In,Ga)As quantum dots in GaAs matrix. Using the concept of vertically coupled
quantum dots allowed us to reduce room temperature threshold current density and to extend the
range of current thermal stability up to 160-180K [3].

In the present work we study the effects of emitter growth temperature and active layer
design on lasing characteristics of quantum dot lasers grown by MBE.

We have found, that annealing the dots at 700°C results in a marked shift of PL emission
toward higher energies. TEM studies show, that the reason for this is the decrease in In content in
a quantum dot, while the dot size is affected only slightly. When the emitters of a GRINSCH
laser are grown at 700°C (i.e., the quantum dot region is subjected to 700°C for ~1.5 hours),
room temperature threshold current density is decreased owing to the improvement of the
structural quality of low-temperature GaAs covering quantum dots, lasing wavelength shifts due
to the In composition reduction in a quantum dot, and the range of current thermal stability is
decreased owing to reduction of the carrier localization energy.

Increasing the number of quantum dot sheets leads to a dramatic decrease in threshold
current density due to improvement of optical confinement factor. The lasing wavelength of
lasers based on vertically coupled quantum dots is considerably higher as compared to that of
single-sheet dot lasers due to electronic coupling between neighboring dots. Laser based on 10
sheet vertically coupled quantum dots showed room temperature threshold current density as low
as 97 A/em® (A = 1.05 um).

REFERENCES

1. Y.Arakawa and H.Sakaki, Appl. Phys. Lett. 40, 939 (1982).

2. N.Kirstaedter, N.N.Ledentsov, M. Grundmann, D.Bimberg, V.M. Ustinov, S.S.Ruvimov,
M.V.Maksimov, P.S.Kop'ev, Zh.I. Alferov, U.Richter, P.Wemer, U.Gosele, and J.Heydenreich,
Electron. Lett. 30, 1416 (1994).
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Alternating MBE Formation of Multiple Layers of InGaAs Quantum Dots and Application to
Quantum Dot Lasers
Richard Mirin, John Bowers, and Arthur Gossard
University of California, Santa Barbara
Santa Barbara, CA 93106

Quantum dots formed by highly strained epilayers undergoing a Stranski-Krastanow transition (2D-3D) have
recently been demonstrated in several I11-V semiconductor systems such as InGaAs/GaAs, GaSb/GaAs, and
InP/GalnP. We have previously reported optical and structural characteristics of Ing 3Gag 7As quantum dots grown
using alternating molecular beam epitaxy (MBE), in which submonolayer amounts of In and Ga are deposited without
any As flux. This deposition method allowed indium segregation to the growth front. The reflection high energ
electron diffraction (RHEED) pattern showed that the 2D-3D transition occurred between 7.1 and 8.0 monolayers of
deposition. We continued to deposit Ing 3Gag 7As until 22.1 monolayers had been deposited. The quantum dots
demonstrated room temperature photoluminescence (RTPL) at 1.32 um with a full width at half maximum of only 28
meV. The dot density was 2-3 x 1010 cm2, the dot height was around 24 nm, and the areal coverage was about
40%.

The overgrowth of GaAs on top of the three dimensional InGaAs islands is an area that is important to under-
stand for realization of practical devices. In the present work, we vary the thickness of GaAs that is deposited al the
InGaAs growth temperature of 515°C, and then pause the growth while raising the substrate temperature to about
570°C. Additional layers of GaAs and AlGaAs are then grown at 570°C. Substantial differences in the optical propei‘-
ties of the quantum dots are observed. Nine nm of GaAs grown at 515°C is the optimum thickness for obtaining the
best RTPL. If we deposit less than 9 nm of GaAs at 515°C, the PL peak wavelength is progressively blue-shifted.

If more than 9 nm of GaAs are grown at 515°C, the PL intensity is decreased and the linewidth is increased. The blue-
shift is attributed to partial island evaporatioh during the growth pause. The PL intensity decrease with thicker GaAs
is duc 1o non-radiative defects in the overlying GaAs caused by the low temperature growth.

The overgrowth conditions also have important consequences for the growth of multiple layers of InGaAs
quantum dots. We have studied the RTPL properties of single and multiple layers of InGaAs quantum dots of varying
sizes. The multiple layer structures have 25 nm of GaAs as a barrier. We find that when growing multiple layers of
smaller dots (13.3 monolayers of Ing 3Gag 7As), it is possible to increase the RTPL intensity and the pump power re-
quired to saturate the ground state luminescence while still maintaining the same peak position and linewidth as for a
single layer. However, larger dot sizes (more than about 17.7 monolayers of Ing 3Gag 7As) do not allow the growth
of good optical quality multiple layers. We find that there is often a reduction in PL peak intensity, which indicates
that the second (and subsequent) layers of islands have non-radiative defects.

Finally, we will present results on how the overgrowth properties affect the device performance of quantum
dot lasers. At 295 K, these quantum dot lasers show a saturation of the ground state emission at 120 Alcm? and las-
ing occurs from excited states of the quantum dots at 1200 Alcm?2. At 85 K, the ground state emission saturates at 32

A/cm? and lasing occurs at a current density of 510 Alcm?,

This research is supported by the NSF Center for Quantized Electronic Structures (QUEST), Grant No. DMR91-20007.
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SELF-ASSEMBLING INP QUANTUM DOTS FOR RED LASER DIODES

K. Eberl', A. Kurtenbach', M. Zundel', J.Y. Phillipp', A. Moritz’, and A. Hangleiter"
' Max-Planck-Institut FKF, 70569 Stuttgart, Germany

* Physikalisches Inst. University Stuttgart 70569 Stuttgart, Germany

Self-assembling InP quantum dots are prepare by solid source molecular beam epitaxy [1]. The
dots have a diameter of 15 to 50 nm and a heights of 5 to 15 nm depending on the nominally
deposited InP layer thickness between 1.5 and 7 monolayers [2]. Transmission clectron
microscopy and atomic force microscopy studies are presented to, provide information about
the structural properties. The InP quantum dots are embedded in InGaP lattice matched to the
GaAs (100) substrate and show a strong and narrow photoluminescence (PL) at room
temperature in the energy range from 1.6 to 1.85 eV as shown in figure 2. PL mcasurements
on samples with several closely packed layers of dots indicate a degradation of the PL intensity
and line width tor distances below 30 nm between the layers.

Laser structures are prepared with one and several layers of InP quantum dots within the 160
nm thick InGaP wave guide region. There are ().7um thick AlInP layers below and above the
InGaP wave guide. In optical gain measurements we observe two gain peaks. which can be
attributed to the wetting layer and the quantum dots. We have optically pumped cleaved
samples with a length of 500 um. As expected from the results of the gain measurements we
observe lasing at room temperature of either the quantum dots or the wetting layer depending
on the experimental conditions. An example is shown in figure 4. Latest results on clectrically
pumped laser diodes with one and two layers of dots are presented.

Ret.:
L. A. Kurtenbach et al. Appl. Phys. Lett. 66, 361 (1995).
K. Eberl et. al. Mat. Res. Soc. Symp. Proc. Vol 378, 185, (1995).

2.
3 A. Moritz et. al. Mat. Res. Soc. Symp. Fall Meeting Bosten (1995).

Figures 1:
AFM scan of a sample
with  nominally 1.5
monolayers InP on a
thick InGaP  buftfer
layer.  The -average
height and diameter of
the InP islands are 6nm
and 15 nm fwhm,
respectively.
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Vertical Coupling and Lateral Transport in Growth Induced InAs Quantum
Dot Columns

G. S. Solomon', Y. Yamamoto' and J. S. Harris, Jr.?

' Ginzton Laboratory, Stanford University, Stanford CA, 94305-4085
? Solid State Laboratory, Stanford University, Stanford, CA, 94305-4055
tele: 415-725-6910, fax: 415-723-5320, email: solomon@loki.stanford.edu

It is naturally desirable to extend the device performance successes gained using
quantum wells in electronic and optoelectronic devices, to structures with more reduced
density of states (DOS), such as quantum wires and quantum dots (QDs). Using a growth
induced islanding technique, we have constructed vertical columns of InAs QDs in a GaAs
matrix, without post growth lithography. The InAs quantum dots are approximately 150 Ain
base width and 40 A high. The quantum dots form spontaneously in a random array in
response to the 7% lattice mismatch between InAs and GaAs. Their size and density is well
controlled by adjusting the growth temperature, growth rate and V/III beam flux ratio if the
amount of InAs deposited in below a critical limit.

After the InAs quantum dots have formed, further GaAs growth quickly smoothes the
growth front. This smoothing growth process is also a response to the lattice mismatch. If
the GaAs thickness is small, when additional InAs is deposited the quantum dots nucleate
directly above the previous quantum dot layer, and if this growth sequence is continued,
vertical columns of InAs QDs are formed from dots of different layers. Transmission-
electron microscopy indicates that the dots remain in the column formation up to the 10
layers of QDs investigated, and no large scale plastic relaxation is observed. Atomic-force
microscopy, conducted by halting the growth at various stages, indicates the QD size and
density is unchanged between the first layer of QDs and the fifth layer, while the dot density
is reduced by the tenth dot layer.

8K photoluminescence measurements show a red shift in the spectral peak position,
and a reduction in the spectral linewidth as the number of dots in a column is increased. We
attribute these spectral feature changes to electronic coupling within the vertical dot columns.’
This coupling is adjusted by adjusting the GaAs spacer region between the dots in a column.
Room temperature electroluminescence on single dot layers and dot columns show a spectral
peak shift with increased bias that we have attributed to transport between dots perpendicular
to the columns, in the in-plane direction. I-V measurements conducted at 100K show
Coulomb blockade steps that support the electroluminescence measurements. Thus, our
experiments support strong coupling vertically within a the dot columns, and weaker transport

perpendicular to the columns.

' G.S. Solomon, J. A. Trezza, A. F. Marshall and J. S. Harris, Jr. Phys. Rev. Lett. 76 (952 ) 1996.
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Fig.1 TEM of a column of 10 vertically
aligned InAs quantum dots. The dots are
approximately 40 A tall.

arbitary intensity

| L | |

1 1

880 920 960 1000 1040 1080 1120 1160 1200

wavelength (nm)

Fig. 3. Peak shift in electroluminescence

arbitary intensity

T T T T T T
S layers
TR

2 layers
10 layers i

N\

P 1 layer

| ! | | |

105 110 LIS 120 125 130
Energy (eV)

1

8K PL showing red shift in peak position
and linewidth reductions with increased
number of dots in a column.

as the bias is increased indicating transport

in the in-plane direction.

3.4




Self assembled structures of closely stacked InAs islands
grown on GaAs by molecular beam epitaxy

Yoshiaki Nakata, Yoshihiro Sugiyama, Toshiro Futatsugi and Naoki Yokoyama

Fujitsu Laboratories Ltd.
10 - 1 Morinosato-Wakamiya, Atsugi, Kanagawa 243 - 01 Japan
Tel. +81-462-50-8247 (dial in), Fax. +81-462-50-8844, E-mail KXA0444@fjcug.fujitsu.co.jp.

Islands formed at the initial stage in highly mismatched heteroepitaxy have attractive
much interests in device applications. Recently, we have reported the vertically aligned
InAs islands on GaAs stacked with the 10 and 15 nm interval layers [1]. If the upper
islands could be stacked closely just on the lower islands with the thin interval layers, the
effective island height can be controlled by the stacked layer numbers, keeping the island
lateral size and density as those of the first island layer. In this paper, we describe closely
stacked InAs island structures grown with 2 and 3 nm interval layers.

We stacked InAs islands with the 3 and 2 nm GaAs interval layers by molecular beam
epitaxy. The growth temperature for the InAs islands was fixed at 510°C and InAs
nominal thickness for the island formation was about 1.8 monolayer (ML). Stacked island
structures were evaluated by atomic force microscopy (AFM), transmission electron
microscopy (TEM) and photoluminescence (PL) measurements. We found that the islands
were formed even when stacking with 3 nm intervals (Fig. 1). The upper islands expanded
gradually with stacked layer numbers (Fig. 2). The TEM images of the 5 stacked
structures grown with 2 nm intervéls indicated that upper islands were grown closely just
on the lower islands (Fig. 3). The closely stacked structures were almost columnar with
about 28 nm diameter and 16 nm height. The broad PL spectrum of the single island layer
transformed to be sharp and high-intensity spectra with increasing island layers (Fig. 4).
The peak energies shifted to the lower energy side. The line width of the 5 stacked
structure was 27 meV and the peak intensity was about three times higher than that of the

single layer structure.  These renovated characteristics were useful for the laser

applications.

Reference
[1] Y. Sugiyama, Y. Nakata, S. Muto, and N. Yokoyama, Extended Abstracts of the Int. Conf. on

Solid State Devices and Materials, Osaka, 1995, pp. 773-775.
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Self assembled structures of closely stacked InAs islands
grown on GaAs by molecular beam epitaxy

Fujitsu Laboratories Ltd., 10 - 1 Morinosato-Wakamiya, Atsugi 243- 01 Japan

Y. Nakata,Y. Sugiyama,T. Futatsugi and N. Yokoyama

250 x 250 nm?2

Fig. 1. AFM images of stacked InAs islands grown with
3 nm intervals. (a) 1st layer, (b) 3rd layer, (c) Sth layer
and (d) 10th layer.

Fig.3. TEM image of the cross-section obtained from the
5 stacked InAs island layers grown with 2 nm intervals.
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Room temperature luminescence from self-organized InyGa,, As/GaAs
(0.35<x<0.45) quantum boxes with high size uniformity

K.Kamath, P.Bhattacharya and J.Phillips
Department of Electrical Engineering and Computer Science
University of Michigan, Ann Arbor, MI 48109 USA

e-mail : pkb@eecs.umich.edu, Phone : (313)-763-6678, FAX : (313)-763-9324
Abstract

A powerful technique for the realization of quantum boxes is by self organization during
the epitaxial growth of highly mismatched layers. Such quantum boxes can be disorder-free and
when grown on patterned substrates they can be arranged in regular linear or two dimensional
arrays. Most of the work reported in this area has been done with InyGa, ,As/GaAs systems with
x>0.5. Such 3-dimensional growth with In,Ga, yAs/GaAs for x<0.5 would extend the energy
bandgap range of the quasi-zero dimensional system. Additionally a lower mismatch allows a
thicker 2D layer growth before the onset of the island growth mode (transition from Vollmer-
Weber to Stranski-Krastanow growth mode). This would provide efficient carrier injection into the
boxes in devices such as LEDs and lasers. To our knowledge, there has been no report of strong
room temperature luminescence from self-organized quantum dots. In this paper we report on the
growth and optical property of self organized In,Ga, ,As/GaAs (0.35¢x<0.45) quantum dots.
Sharp excitonic resonances with narrow line widths are seen in low temperature
photoluminescence (PL). The PL emission was observed upto room temperature.

MBE growth of the mismatched heterostructures were monitored by in-situ RHEED
measurements. The structures grown on (001) GaAs consist of an In,Ga, cAs layer sandwiched
between GaAs layers. The growth temperatures were 640°C and 540°C for GaAs and In,Ga, 4As,
respectively, and the growth rate was 1 monolayer (ML) per second. We have used the change in
RHEED spectrum from streaked (layer by layer growth) to a spotty (3D growth) pattern for
estimating the nominal InGaAs wetting layer (initial 2D growth mode) thickness. It has been
reported earlier that a wetting layer of only 1.75 ML’s is required before the onset of island growth
of InAs on GaAs, whereas, 4 ML’s are needed for x=0.5 on GaAs. We have observed that island
growth commences after about 6 ML’s for x=0.4 and 10 ML’s for x=0.35. No change in
RHEED pattern was observed for x=0.3 even after 20 ML’s. The typical quantum boxes grown
and characterized in this study are around 15nm in lateral extent as observed by scanning electron

IMicroscopy.

High resolution photoluminescence measurements were made with varying excitation levels
in the temperature range of 16-300K. Very strong excitonic luminescence is observed in
In, ,sGa, s As(1SML’s)/GaAs upto 300K. A second peak emerges at higher excitation levels
which, we believe, originates from a higher order state. For the material with x=0.3, on the other
hand there is only a broadening of the excitonic peak with increased excitation, as is expected for a
quantum well. This is in conformity with the RHEED measurements which indicate the formation
of quantum boxes only for x>0.35. The linewidth of the PL emission peak is about 33meV which
is much lower than the 40-50 meV linewidths usually reported.

An important observation made in spatially resolved PL excitonic spectra is the presence of
additional fine structures superimposed on the emission peaks. We believe that these features,
observed for the first time, represent groups of boxes of identical dimensions and are a measure of
the high degree of size uniformity. Time resolved PL measurement of carrier dynamics in these
boxes is in progress and the results will be presented and discussed.

This work is supported by the Army Research Office.
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Growth and Characterization of Self-Organized InSb

Quantum-Dots and Quantum-Dashes in InP

T. Utzmeier, G. Armelles, P.A.Postigo, J.Tamayo, M.Dotor, R.Garcia, and F.Briones
Inst. de Microelectronica de Madrid, CNM, CSIC, Serrano 144, 28006 Madrid, Spain
Tel.: (34-1) 562 53 11 - 216 Fax: (34-1)411 76 51 e-mail: thomas@imm.cnm.csic.es

Self-organized InSb Quantum-Dots (QD) on semi-isulating InP (001) substrates have
been grown by atomic layer molecular beam epitaxy (fig.1). This system is especially
interesting because of the high lattice mismatch of 10.4%. Atomic force microscopy has
been used to determine the size-dependency of the uncapped quantum dots on the
nominal thickness of the deposited InSb layer. The dot-size shows a pronounced
minimum for about 2.2 monolayers (ML) of nominal InSb thickness with an dot-
diameter of 24 +4 nm and a height of 6 +3 nm. Above 3.2 ML we observe a drastic
change of the dot shape from a point-like to a strikingly elongated one, aligned in the
(1-10) direction (fig. 2). The resulting features we call quantum-dashes. Quantum-dots,
in general, repel each other due to the overlap of their mismatch-induced strain field in
the substrate. This repelling force depends quadratically of the dot diameter. In the case
of quantum-dashes, their elongated shape causes an highly anisotropic strain-field, that
gives rise to higher repulsion in the (1-10) than in the (110) direction, as observed
experimentally measuring the inter-dash distribution in the two directions, respectively.

Photoluminescence (PL) at 12K of the QD samples with and without cap-layer was
measured. Both type of samples show PL emission at 1.1 eV and 1.2 eV (fig.3),
respectively, but the emission energy does not change significantly with the dot-size.
This, together with the fact that the PL emission is relatively broad (= 100meV) and that
the QDs do not show any signal in photo-absorption measurements indicates a type II
band-alignment between the strained InSb and InP. This agrees with theoretical
estimations from biaxially strained quantum-wells. Therefore, in the system studied the

hole are confined in the InSb, while the electrons are located the InP.
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MBE growth of novel GaAs/n-AlGaAs field-effect transistor structures

with embedded InAs quantum traps and their transport characteristics

G. Yusa and H. Sakaki

We have grown by molecular beam exitaxy (MBE) selectively doped GaAs/n-AlGaAs FET
structures, in which InAs quantum dots are embedded near the channel. It is found that the electron
concentration N of this FET increases linearly with the gate voltage (V,) but its threshold voltage
can be programmed by the gate controlled trapping of electrons in these dots. Analysis has shown
that one electron is trapped by each dot.

Selectively doped inverted HEMT structures (A, B and C) have been grown by MBE on a
semi-insulating GaAs (100) substrate. Figure 1 shows the structurc of sample A, in which InAs
dots (1.75 ML) are embedded inside of 600 nm thick GaAs layer at a position of 200 nm from the
hetero interface. Note that the dots are empty, as their states are pulled up by the surface Fermi level.
In sample B, 1 ML InAs was embedded in place of dots, whereas sample C was prepared without

InAs layer.

These wafers were processed into FETs in order to modulate N, as a function of gate voltage
V,. Figure 2 shows that N, measured by the Hall effect at 4.2 K increases linearly with V, up to V,
=0.8 V for all samples. In sample B and C, we could not raise V, beyond 0.8 V, as the gate-to-
source current increases. In sample A, however, the leakage current remained low even for V, >0.8
V and N, was found to saturate as shown in Fig. 2. When V, is reduced from 1.9 V, N, of sample A
is found to reduce with the same slope but N -V, characteristics are shifted by 4.50x10'® cm™®. This
unique behavior can be ascribed to the trapping of electrons by InAs dots, which is schematically
shown in Fig. 3. By analyzing the shift of threshold voltage, the density N, of trapped electrons is
estimated to be 6.56x10'® cm’>. As the density D, of InAs dots estirhated by AFM is (5~10)x10'°
cm?, we find that one dot traps one electron each. The temperature dependence and other features of

this interesting trapping effect will be reported.
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Selective MBE growth of n-type GaAs wire and dot
structures using atomic hydrogens and their electronic
properties

T.Noda 1), Y.Nagamune 2), Y.Ohno 3), S. Koshiba 4), and H.Sakaki 3,4)
1) IIS, University of Tokyo, 7-22-1 Roppongi, Minato-ku, Tokyo 106,Japan
TEL:81-3-3402-6231 ext. 2344, FAX:81-3-3796-1249;E-mail:noda@kyokusho.rcast.u-
tokyo.ac.jp
2) Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba-shi, Ibaraki 305, Japan
3) RCAST, University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153, Japan
4) QTP, JRDC, Park Bldg, 4F 4-7-6 Komaba, meguro-ku, Tokyo 153, Japan

Fabrication of quantum wires (QWIs) and quantum dots (QDs) is important not only for
device applications but also for physics of low dimensional systems. Among various methods,
selective growth of GaAs with SiNx or SiO2 mask pattern is attractive. Indeed, selective
metalorganic chemical vapour deposition and molecular beam epitaxy (MBE) with atomic
hydrogens [1] have been used to produce nearly damage-free nanostructures.

In this work we investigated structural features and electronic properties of QWI and QD
prepared by the selective MBE growth with atomic hydrogens [2]. We grew 610 ~ 620 °C a
GaAs layer (.9 um), then GaAs/AlGaAs superlattices and selectively-doped 6 nm single
quantum wells (QWs) on (100) GaAs substrates, covered with SiNx mask patterns. Hydrogen
of 0.90 ccm was supplied and the temperature of the craking cell was ~ 1600 °C. The growth
rate was 0.23 um/hr for GaAs and 0.1 pm/hr for AlAs. The flux ratio As4/Ga was ~6.

To fabricate QWIs, (100) GaAs substrate with a SiNx mask pattern of Fig.1(a) was
prepared. The window consists of a narrow constrictions (L = 3 ~ 6 um length and W = 0.8 ~
4.0 um width) running along <011> to connect two 50 pm wide regions. By the selective
growth of GaAs and QW structure, a QWI is formed. Figure 1 (b) shows an SEM of the final
structure seen from the top, whereas Fig.1(c) is a cross-sectional illustration of the structure,
cut along the line A of Fig.1(a). When we grew a long wire, the diffusion of Ga from the side
(111)B plane to the top (100) plane is dominant, resulting in a very sharp ridge structure. In a
short wire, however, Ga migrates along the wire and the narrowing of the top (100) plane is
strongly hindered. Indeed, spatially resolved photoluminesence (PL) study shows that the
thickness of the QW in the middle region of the wire is close to 6 nm, suggesting that the
material diffusion from the (111)B to the (100) is small. These morphological features indicate
the important roles of additional facets formed due to the finite length of the wire. Hence, we
have found that the width of the top (100) plane can be squeezed most effectively by
employing a long constriction. Using the constriction pattern of 0.8 um in width, an n-type
conductive wire with the geometrical width of 0.3 pm have been formed and the electrons
transport has been studied.

By using 2um x 2um square window along <001> and <010> (Fig.2(a)), a quantum dot was
formed, whose cross-section is shown in Figs.2(b) and (c). MBE growth of GaAs and 6 nm
GaAs QW was performed at Ts = 620 C. Note that the lateral size of QD is ~100 nm and the
facet is close to (320) plane. though the (110) plane usually appears for the long wire. PL of
the QD studied at 15 K shows a broad spectrum with a shoulder at 15 meV higher than the
main peak. Although the origin of this shoulder is not clear, it is probably due to the electron
accumulation in higher levels of the dot.

In conclusion, we have fabricated n-type nanostructures in MBE with assist of atomic
hydrogens and found that the facets interaction is strongly modified by the presence of
additional facets at least in this pattern studied here.

References [1] T.Sugaya, M. Kaneko. Y.Okada, and M.kawabe, Jpn. J. Appl. Phys. 32, 11834
(1993), [2] T. Sugaya and M. Kawabe, Jpn. J. Appl. Phys. 30, L402 (1991)
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Surface chemistry during metalorganic molecular beam epitaxy studied by
pulsed molecular beam scattering
Masahiro Sasaki! and Seikoh Yoshida?
Optoelectronics Technology Research Laboratory (OTL)
5-5 Tohkodai, Tsukuba, Ibaraki 300-26, Japan

The high controllability of metalorganic molecular beam epitaxy
(MOMBE) is attributed to the surface chemical reaction which is very sensitive
to the substrate surface condition. In this paper, we report on the surface
chemistry during MOMBE on variously controlled GaAs surfaces, studied by
the scattering of pulsed trimethylgallium (TMG) beams.

The experiments were carried out in a UHV system comprising an
MOMBE facility and a pulsed molecular beam scattering chamber equipped
with a quadrupole mass spectrometer having a liquid-nitrogen cooled shroud
and aperture. We measured the time-of-flight (time-of-arrival) distributions of
TMG molecules scattered from stoichiometry- and structure-controlled GaAs
(100), GaAs(110) and GaAs(111)B surfaces to obtain the information on the
dynamical behavior of the surface reaction.

In this study we conclude that the TMG surface chemical reaction is
described within the framework of the precursor-mediated chemisorption, where
the stability and the charge distribution of the relaxed or reconstructed surface
are important.

In the case of the scattering from less stabilized GaAs surfaces, TMG
molecules are mainly chemisorbed dissociatively. On the other hand, in the case
of the scattering from highly stabilized surfaces, such as GaAs(100)-(2x4),
GaAs(110) and GaAs(111)B-(V19xV19) surfaces, most of TMG molecules are
desorbed without decomposition although they are temporarily trapped in a deep
precursor state.

The depth of the precursor state are estimated from the temperature
dependence of the surface residence time during scattering. The surface
structure dependence of the precursor state is explained by taking into account
the charge distribution in the relaxed or reconstructed surface.

On the basis of this result, the mecanisms of the growth controls by
MOMBE, such as the selective area growth and the lateral growth, are
discussed.

1 Corresponding author. Present address: Institute of Applied Physics, University of Tsukuba,
1-1-1 Tennoudai, Tsukuba, Ibaraki 305, Japan FAX:+81-298-53-5205

2 Present address: The Furukawa Electric Co.,Ltd. Yokohama R&D Laboratories, 2-4-3
Okano, Nishi-ku, Yokohama 220, Japan
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Laterally nonuniform Ga segregation at GaAs/AlAs interfaces
during MBE growth

W. Braun*, A. Trampert, L. Daweritz and K.H. Ploog

Paul-Drude-Institut fiir Festkorperelektronik, Hausvogteiplatz 5-7, D-10117 Berlin,
Germany

When RHEED intensity oscillations from homoepitaxial growth are compared to
oscillations during heterointerface formation, a relative phase shift is detected that is
independent of diffraction conditions. Instead, this phase shift depends only on the
pair of surface reconstructions before and after the completion of the heterointerface.
The phase difference can be explained by the difference of group III element content
of both surface reconstructions involved. With group V overpressure, the constant
group III flux defines the time axis of the oscillations in III-V-MBE. A loss or gain of
group III material at the heterointerface shifts the oscillations with respect to this time
axis, resulting in a phase shift.

The phase shift depends monotously on the alloy composition of AlxGa,xAs (fig. 1),
allowing an assessment of segregation in-situ and during growth. Whereas no Al
segregation is found for GaAs growth on AlAs, Ga is found to segregate up to 20 ML
for growth of AlAs on GaAs. At this interface, the phase shift signal shows a
distinctly different time evolution on the specular spot compared to the first-order
diffraction streak (fig. 2) when recording the RHEED signal with the incident beam
along the [ 1 10] direction. We interpret this difference by a real-space sensitivity of
RHEED with respect to surface morphology. Whereas for diffraction into the higher-
order streaks good lateral periodicity is required, this constraint does not apply to the
specular spot. We therefore obtain the oscillating signal from the disordered surface
regions close to the specular position on the screen. The results are interpreted in
terms of preferential segregation at the step edges parallel to [110]. This leads to
laterally confined segregation and we obtain elongated intermixed regions at the
normal heterointerface with a strongly anisotropic shape. The results are confirmed by
TEM images (fig. 3) along both [ 1 10] and [110] that clearly show the anisotropic
intermixed regions. The implications on current growth and segregation models as
well as RHEED theory are discussed.

* corr. author, phone: +49-30-20377-356, fax: +49-30-20377-201, email: braun @pdi.wias-berlin.de
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Suppression of AlGaAs/GaAs Superlattice Intermixing
by p-type Doping

K. Muraki* and Y. Horikoshi
NTT Basic Research Laboratories,
3-1 Morinosato-Wakamiya, Atsugi, Kanagawa 243-01, Japan

We have studied the effects of p-type doping on the intermixing of Alg3Gag7As/GaAs
superlattices (SLs) where the dopants are introduced during the molecular-beam epitaxy (MBE)
growth of the SLs. In contrast to the case of post-growth in-diffusion or implantation of p-type
dopants, for which striking enhancement of the SL intermixing is reported to occur, we find
that p-type doping during the growth results in a significant reduction of the SL intermixing
during the post-growth annealing, as compared with the undoped case. The results are
compared with the case of n-type doping, and shown to be explained in terms of the Fermi-
level effect.

The samples studied are Alg3Gag7As/GaAs (10 nm/10 nm) SLs grown by MBE on
undoped GaAs (001) substrates at 580 °C. Both n- and p-doped ([Si], [Be] = 3x 1017 and 7 x
1017 ¢cm-3) samples as well as nominally undoped samples are investigated. These SLs were
annealed at 800-950 °C for 1 hour in sealed quartz ampoules with or without excess As. The
Al-Ga interdiffusion coefficients have been determined from the photoluminescence (PL) peak
energy shift of the thermally treated SLs (Fig. 1).

In the As-rich condition (pas, = | atm) neither Si or Be affected the intermixing
significantly. On the other hand, striking effects have been found for the Ga-rich conditions
(no excess As); the interdiffusion is enhanced by Si, while it is suppressed by Be (Fig. 1, 2).
As a result, the effective activation energy for the interdiffusion varies from 2.6 eV for n =3 x
1017 cm3 to 4.0 eV for p =3 x 10'7 cm3 (Fig. 2).

The effects of n- and p-doping on the interdiffusion are found to be symmetric with
respect to the intrinsic case (Fig. 3). The dependence of the diffusion coefficient on log(n/n; )
(= log(ni/p)), where n; is the intrinsic carrier concentration, is almost linear in both n- and p-
regions. Hence, the effects of n- and p-doping are interpreted consistently in terms of the
Fermi-level effect. That is, the thermal equilibrium concentration of native defects is thought to
be modulated through the Fermi level. Although previous in-diffusion studies suggest doubly-
positively-charged Ga interstitials, /,2*, as the diffusion vehicle, our results suggest that the
column-II1 diffusion is mediated by acceptor-like defects with single negative charge in the Ga-

rich conditions.

* the author to be contacted
Tel: +81-462-3478 Fax: +81-462-4727 E-mail: muraki@will.brl.ntt.jp
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Iodine assisted Molecular Beam Epitaxy

M. Micovict, D. Lubychev, W. Z. Cai, F. Flack*, and D. L. Miller

Electronic Material and Processing Research Laboratory, Department of Electrical
Engineering, The Pennsylvania State University, University Park, Pa 16802 USA
* Department of Physics, The Pennsylvania State University, University Park, Pa 16802,
USA

Abstract

Iodine was introduced into our Solid Source Molecular Beam Epitaxy (MBE) chamber
during the growth of bulk GaAs and AlGaAs layers, and strained layer InGaAs quantum
wells (QW). Liquid Helium Photoluminescence (PL) spectra of these samples were
compared to PL spectra of a series of test samples which were grown in the absence of
iodine flux.

The 4.2 K PL spectra suggest that the iodine presence promotes incorporation of carbon
into GaAs films, increases the intensity of PL lines obtained from the AlGaAs films by
more than a factor of 10, and also increases the ratio between the exciton and shallow
impurity PL peaks in AlGaAs by more than an order of magnitude. We have also observed
that the PL intensity of the strained layer InGaAs AlGaAs QW structures was reduced
when the structures were grown under iodine flux. We have obtained strong room
temperature PL from all samples under the 25 W/cm? excitation by HeNe laser light
including Al.2Ga 8As layers which were grown at the substrate temperature of only 600 C.
Room temperature PL intensities of the GaAs and AlGaAs layers grown with iodine flux
were higher than intensities of layers grown in the absence of iodine flux. Our results
clearly indicate that AlGaAs material quality improves when material is grown in the
presence of iodine. These results suggest that Iodine assisted MBE can be used to improve

the quality of AlGaAs containing device structures.

+ Person to be contacted regarding the abstract: Miroslav Micovic, The Pennsylvania
State University, 121 EE East, University Park, Pa 16802, USA, Tel: 814 865 7400,
Fax: 814 865 7065, E-mail: miro@ecl.psu.edu
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Incorporation of As; in InAs,P;_, grown using valved cracker sources; application to
InAs,P;,/InP and InAs/InAs.P;.x quantum well structures

M.Hopkinson and J.P.R.David

Department of Electronic and Electrical Engineering, University of Sheffield.
Mappin Street. Sheffield S1 3JD. UK.

Phone: +44 114 2825211 Fax: +44 114 2726391
e-mail: m.hopkinson@sheffield ac.uk

We report studies on the incorporation of arsenic in InAsP;., layers grown on InP and InAs
substrates using solid-source MBE with groupV valved cracker sources. The results are applied
to a wide range of strained, strain-balanced and strain-relaxed quantum well (QW) structures
which demonstrate excellent optical properties covering the wavelength range 0.9-2.2um.

The preferential adsorption of arsenic, co-evaporated during the growth of InP under high P,
overpressure, allows the growth of precise InAs.P.x fractions by control over the As; flux
alone. The effect is fortuitous for solid-source MBE since the control and stability of As; from
valved cracker sources is often considerably better than that from equivalent P; sources. Using
a calibrated EPI-500V arsenic valved cracker we have applied this technique to the growth of
InAs,P . layers on InP and InAs substrates. Fig.1. shows the relationship between the incident
(As/In) ratio and the incorporated arsenic fraction (x) in a series of InAs,Pyx /InP multi-
quantum well (MQW) structures, with (x) determined by post-growth x-ray diffraction. Two
regions are observed; for x<0.4, As, is incorporated with near-unity efficiency, whilst for
higher x the dependency is increasingly non-linear. We have also investigated the incorporation
of As; &P; in InAs,P).x grown on InAs substrates. On InAs we find P; is incorporated up to
fractions ~0.25, this despite incident (As/In) ratios of close to unity.

A range of InAsP;./InP strained MQW structures with 0<x<0.6 have been grown. Excellent
optical and electrical properties are obtained for A~1.06 (x~0.28) and 1.3um (x~0.41)
structures. For longer wavelengths strain-balanced MQW’s, using InyGa;.,P barriers, show
significantly better optical and electrical properties. X-ray diffraction and 300K PL data from a
range of 10-30 period MQW samples is shown in Figs. 2& 3 respectively. Fig.2. also includes
the InAs-based structure, which has thin InAsP,.x tensile barriers. The structure is of little
interest optically, but its growth provides a useful means to measure (As/P) incorporation on
InAs substrates. The data in Fig.3. illustrates the narrow PL linewidths which are achievable in
this material system, with typical 300K values <20meV and 10K values <5meV.

Graded InAs,P;.x compositions can be easily grown using valved cracker sources. We have
performed preliminary measurements on InAs MQW structures grown on linearly-graded,
buffer layers. Our interest is to extend the band gap of InP (or InAs) based structures to
A~2um. InAs,P; layers are graded to compositions (x) of 0.5-0.75 over thicknesses ~2-3um.
The strain-relaxed InAs,P;.x then forms the barrier for InAs QW?’s, allowing thicknesses of up
to 80A to be grown without significant further relaxation. Fig.4. shows 10K PL data from 10
period InAs/InAs,P 1« (-InP substrate) and InAs/InAscPi.x (-InAs substrate). MQW structures.
The samples exhibit PL intensities typically 50-100x higher than previously reported InAs/InP
structures. PL linewidths are 6-8meV for the InP-based structures and 11meV for the InAs-
based structure. The 80A InAs/InAs.P;x (x~0.63) structure exhibits 10K(300K) PL at A~
2.2(2.4)um, and represents the longest wavelength we have yet achieved for InP-based

materials.
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Contamination in Molecular Beam Epitaxy: the Role of Arsenic Drag Effect

Z. R. Wasilewski and S. J. Rolfe
Institute for Microstructural Sciences, National Research Council of Canada,
Montreal Road, Ottawa, ON K1A OR6, Canada
tel. (613) 990 4557, fax.(613) 941 4667, e-mail:Zbig.Wasilewski@nrc.ca

R. A. Wilson
Laboratory for Physical Sciences, University of Maryland,
College Park MD 20740, USA

Much progress has been made in the field of
purification of elements used for Molecular Beam
Epitaxy with the result that in many areas quality of
sources available on the market is no longer the
limiting factor. In spite of that, large gaps still exist
between the quality of the best and “typical” layers
grown in any given class. In order to bridge this gap, a
better understanding of the remaining factors is needed
in areas such as MBE system design, its preparation
and growth procedures.

In the present work we examine a contamination
source which for the past four years has been
controversial, namely unintentional doping with
elements from idling effusion cells. Proposed
mechanisms ranged from suboxide transport! to direct
re-evaporation from coated shutters and inadequately
cooled cell ports.2 Although plausible under some
circumstances, none of the proposed mechanisms
explains the growing evidence that such contamination
is quite common, even in the absence of either of the
conditions considered. We demonstrate that this
contamination is linked to the direct interaction
between molecular beams traversing the chamber, a
process which has been regarded so far as negligible in
the typical MBE environment.

We measured levels of Al, In and Si in nominally
pure GaAs layers grown in our modified V8OH MBE
system, as a function of As, or As, flux for a number
of temperatures of Al, In and Si cells. We find that the
number of atoms arriving at the wafers surface in spite
of closed shutters is proportional to the arsenic flux
used (see figure) and to the equilibrium vapor pressure
over the considered element. We present arguments for
the existence of the “arsenic drag” effect that deflects a
fraction of atoms that bypassed their effusion cell
shutter towards the wafer. This mechanism explains not
only the undesired doping or alloying of the layer, but
also the often observed and so far elusive cross-
contamination of sources and memory effects. These
problems are best taken care of by proper MBE system

flux leakege rates

design. However, with existing systems most of the
negative consequences can be avoided by altering certain
growth procedures and simple modification of the flux
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Flux leakage rate is defined here as the ratio of the

flux incident on the wafer with the cell shutter

closed to the nominal flux with the cell shutter

open. It has intuitive meaning of the “effective

transparency of the shutter.”

blocking structures adjacent to the cell ports. Indeed,
realizing the mechanism of this contamination bhelped
us considerably to sustain an excellent quality of layers
grown in our system as demonstrated by peak
mobilities for 2D electron gases of 6,400,000 cm?/Vs,3
and record low threshold currents of 44 A/cm? for our
980nm strained GaAs/InGaAs quantum well lasers.*

1 C.E. C. Wood and R. A. Wilson, J. Vac. Sci. Technol. B 11, pp.1036-1040 (1993).
2 AL SpringThorpe, W. T. Moore, A. Majeed, and R. W. Streater, J. Vac. Sci. Technol. B 11, pp.1275-1280 (1993).
3pT Coleridge, Z. R. Wasilewski, and P. Zawadzki, 15th North American Conference on Molecular Beam Epitaxy, University of Maryland,

USA, 1995 (American Vacuum Society).

4 M. Dion, Z. R. Wasilewski, F. Chatenoud, and R. L. Williams, 7th Canadian Semiconductor Technology Conference, Ottawa, Canada, 1995

(Canadian Journal of Physics).
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A CELL FOR CARBON ATOMS DEPOSITION
PRODUCING NO CARBON CLUSTERS.

N.R.Gall, E.V.Rut'kov, A Ya.Tontegode, P.B.Kuznetsov(*), R N.Gall(*)

A F Ioffe Physico-Teshnical Institute RAS,

26, Polytechnicheskaia str., St.Petersburg , 194223, Russia

(*) CADIX(R),Ltd., StPetersburg, 195053, P.0.BOX 576, Russia

Tel: (007)812.2134406 Fax: (007)812.2135835 E-mail: pavel@cadix.spb.su

The UHV (p=10"" Torr) source of the carbon atoms beam containing no carbon clusters
(SBCA) has been developed, constructed, produced and tested. The SBCA is a tool designed
to be built in scientific and technological UHV units. It consists of a getter of carbon atoms,
from which they release under annealing, and a regenerator unit used periodically to replenish a
stock of initial carbon in the getter. A density of carbon beam on the 20mm distance from the
source is 10" - 10' at/cm®*sec, its nonhomogeneity on the area of 5*25mm?” is 10%. Purity of
the beam was tested by means of mass-spectrometry. The tests showed less than 0.1% of
foreign atoms and less than 0.01% of carbon clusters in the beam. Such purity characteristics

make possible to use the SBCA in the MBE technology.

The presented device (method) has obvious advantages over the existing methods of the
carbon deposition. For example, thermal evaporation of graphite performs up to 70% of
carbon clusters in the total volume of produced carbon. Usage of plasma methods is
accompanied by huge percentage of foreign atomic particles. Both cause serious difficulties

when being applied to the processes of SiC and diamond films growing.

The SBCA was tested in growing of ultrathin SiC films on metal substrates. It appears that in
atomic form carbon is much more reactive than in cluster (C2, C3,...) one and its utilisation
permits to grow SiC films on (10-10) Re at T=400-600°K. It seems to be very promising in

diamond, diamondlike and silicon carbide films growing using MBE technology.
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Sensor Controlled Linear Motion Oven (S-LIMO) for Precision
Group III Flux Operation
PPCI'W1,KEvans and A. J. Sprmg‘l‘horpe
1.8VT Associates, 7620 Executive Drive, Eden Prairie, MN 55344
2.WL/ELR, Wright Laboratory, WPAFB, Ohio 45433-7323
3.Bell-Northern Research, 5Cl14, Ontario K1Y 4H7, Canada

In solid source MBE the source is usually maintained at a very stable
temperature to supply a constant beam flux for the growth process.
When composition change is desired the growth process must be
interrupted for the cell temperature to reach a new set point. The
response of the source however is often slow, and the flux change can
not be made smoothly and reproducibly There are many bandgap—
engineered devices that require composition or dopant changes,
therefore precise control of layer profiles is important to key MBE
applications. For example, continucusly graded index confinement
layers have been suggested to reduce conductance in a Vertical Cavity
Surface Emitting Laser (VCSEL) A suitable means to achieve smooth
group III flux variation is to employ the Linear Motion Oven (LIMO)
concept (Ref.1). The source is coupled to a linear motion feedthrough
to vary the source to substrate distance. As a result the flux and
thus the composition can be varied by moving the source. In
addition the flux transient can be eliminated by moving the source to
avoid thermal perturbance due to the shutter action.

In the latest operation of the LIMO source we have incorporated a
novel Atomic Absorption (AA) beam sensu1g technique, so that flux can
be accurately measured and adjusted in real time; long term drift may
also be corrected. Layer composition can then be controlled by
taking into account the ratio of the beam fluxes. The growth was
also monitored with surface sensitive optical interferometric (PI)
(Ref.2) measurement that correlates well with post-growth
characterization.

A PI measurement of a sample structure consisting of 5 parabolic

Al sGa gAs quantum wells, each 15 rm thick, sandwiched between 50 rm
thick AlsGaAs barriers is illustrated in Fig. 1. The sample was
grown with an Al LIMO and a regular Ga source. The five vertical
markers highlighted the well regions. The upper trace indicated the
substrate temperature variation due to heatlng from the Al source as
its position was changed. The lower trace is the reflected signal
from a normal incidence 980 nm LED whose slope changed at each
individual layer as a result of the difference in layer composition.
Figure 2 displays the SIMS profiling result of the sample revealing
the very reproducible Al content variation in the sample.

*Ph: (612)941-1898, Fax:(612)934-2737, chowx0O5@tc.um.edu
Ref.(1l). C.R. Jones, D.L. Beasley, E.N. Taylor, K.R. Evans, and J.S. Solamwon, JVST

B13(1995)739.
Ref.(2).F.G. B&bel, H. Mdller, A. Wowchak, -B. Hertl, J. Van Hove, L.A. Chow and P.P.

Chow, JVST B12(1994)1207.
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The Fabrication of II-VI Light Emitting Devices
Based on Be-Compounds

E.Fischer, H.J.Lugauer, Th.Litz, J Laubender, A.Weingirtner, Th.Gerhard, U.Zehnder, W.Ossau,

U.Lunz, A.-Waag, G.Landwehr
Physikalisches Institut, Am Hubland, 97074 Wuerzburg, Germany

Light emitters and detectors for green, blue and near ultraviolett light are of great interest, e.g.
for applications in the field of information technology, display technology or medicine. Several
semiconductor materials are under investigation, which are candidates for the realization of such
laser diodes and LEDs. Laser diodes based on ZnSe and GaN have been demonstrated. The
electrical and optical properties of the best II-VI lasers seem to be sufficient for commercial
application, but not their long term stability. The device lifetimes, e.g. of blue-green laser diodes
are still restricted to 100 hours under cw excitation at room temperature. The degradation is
usually attributed to the motion of extended defects along with the formation of dark line defects
and their impact on the device characteristics.

Recently, investigations on Be-chalcogenides as a novel class of II-VI semiconductors indicated
new possibilities for the design of optoelectronic devices. The incorporation of Be modifies
mechanical properties of the mixed crystals, e.g. the critical layer thickness or the microhardness,
leading to an improvement of the crystaline quality. Additionally, the use of ZnSe and BeTe
provides the possibility to form strained layer superlattices in order to retard the motion of
threading dislocations. Moreover, the covalent character of the Be-X bonding (X: S,Se or Te)
might influence the dopability of this class of semiconductors, leading to a reduction of
compensation effects. Finally, the Be-chalcogenides (BeMgZn)(TeSe) can be considered for band
gap engineering of alternative heterostructures fully lattice matched to GaAs substrates.

In our contribution the properties of Be-compounds are discussed with regard to their use in light
emitting devices like LEDs and laser diodes. We present results from optical and electrical
measurements on BeMgZnSe diodes grown by MBE. Blue and green LEDs were fabricated with
peak wavelengths of the electroluminescence between 450 nm and 540 nm at room temperature.
The long term stability of these structures turned out to be surprisingly high, e.g. several
thousands of hours, even at high current densities. We will discuss electrical transport behaviour
of the devices, focussing on the role of BeTe and BeTe/ZnSe superlattices at the II-VI/III-V
interface. The properties of BeTe/ZnSe superlattice contacts schemes to p-type ZnSe will also be
addressed.

Corresponding author:

Frank Fischer

Physikalisches Institut, Uni Wuerzburg, Germany
Am Hubland

97074 Wuerzburg

Tel.: ++ 49 (0)931 - 888 5757
FAX: +4+ 49 (0)931 - 888 5142

e-mail: fischer@physik.uni-wuerzburg.de
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MBE GROWTH OF HIGH QUALITY LATTICE-MATCHED ZnCdMgSe
QUATERNARIES ON InP SUBSTRATES
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CUNY Center for Advanced Technology (CAT) on Photonic Materials and Applications
Center for Analysis of Structures and Interfaces (CASI) and Department of Chemistry,
City College-CUNY, New York, NY 10031

Y.GUO, G. AYZIN and Y.C.CHEN
CUNY Center for Advanced Technology (CAT) on Photonic Materials and Applications
and Department of Physics, Hunter College-CUNY, New York, NY 10021

N. BAMBHA, A.GRAY and F. SEMENDY
IR Optical Technology OFS , Army Research Laboratory, Fort Belvoir, VA 22060

We have recently reported' the growth and properties of a new materials system,
ZnCdMgSe, that can be used in the design and fabrication of blue (visible) semiconductor lasers.
By growing these on InP substrates, entirely lattice-matched heterostructures can be obtained.
These lattice-matched quaternaries encompass a wide range of bandgaps, from 2.18 eV to above
3.5 eV, enabling the growth of device structures that emit in a large segment of the visible range,
useful for the design of high performance semiconductor lasers.

In this paper, we report the MBE growth conditions and properties for high quality
lattice-matched ZnCdMgSe quaternaries of a wide range of compositions. The main results are:

1). For a given Cd/Zn flux ratio (keeping Zn flux constant ) we can control the bandgap
and lattice mismatch by varying the Mg flux. From our study we can predict the best conditions
for the growth of different bandgap quaternaries that are lattice-matched (JAa/al< .2 % ) to InP
substrate. We find that: For Cd/Zn =2 (the condition for ZnCdSe lattice-matched to InP)
changing the Mg flux does not affect the mismatch very much, but the mismatch is always
greater than 0 and the layers tend to have spotty RHEED patterns. To obtain lattice-matched
quaternaries we must reduce the Cd/Zn ratio: as the bandgap of the lattice-matched quaternary
increases, one must lower the Cd/Zn ratio further.

2). Combining the X-ray and PL data, we can calculate the Mg composition of our
quaternaries. We find that the PL full width at half maximum (FWHM) increases with
increasing Mg composition. When the Mg composition is 0.4, the FWHM at 10 K is about 50
meV which represents a very significant improvement relative to the best reported data’ of 100
meV for quaternaries of the same Mg composition. .

3). With the optimal growth conditions and with the incorporation of a III- V buffer layer,
we have grown the best quality ZnCdMgSe having double crystal x-ray rocking curve FWHM
about 120 arcsec for a bandgap of 2.8 eV. Low temperature PL data show that the quaternaries
have very strong bandedge photoluminescence peaks without any significant deep-level
emission.

Using ZnCdSe as the quantum well and ZnCdMgSe as cladding and barrier layers, we
have grown several separate confinement heterostructures, lattice-matched to the InP substrates
which exhibit optically pumped stimulated emission at room temperature.

1. M. C. TAMARGQO, et. al. J Elect. Mat. 25, 259(1996)
2. T.MORITA, et. al. J Elect. Mat. 25, 425(1996)

Contact Author: M. C.Tamargo Tel: (212)650-6147 Fax: (212)650-6848 E-mail: tamar@scisun.sci.ccny.cuny.edu
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Surface Preparation of ZnSe Substrates for MBE Growth of II-VI Light Emitters

W.C. Hughes, C. Boney, M.A.L. Johnson, J.W. Cook, Jr., and J.F. Schetzina
Department of Physics, North Carolina State University, Raleigh, NC 27695-8202

F.A. Ponce
Xerox Palo Alto Research Center, Palo Alto, California 94304

The quality of ZnSe-based heterostructures grown on GaAs substrates is presently
limited by the density of defects, particularly twins, that originate at the substrate-
epilayer interface. To avoid these unwanted defects, we have focused on developing
11-VI light-emitting diode and laser diode structures using high-quality, bulk ZnSe
substrates supplied by Eagle-Picher Industries. While the use of ZnSe substrates
eliminates many of the problems associated with lattice mismatch, defects still form
during nucleation of an epitaxial layer because of surface roughness, surface
contamination, and surface defects. At NCSU, we have employed a variety of wet
chemical etches, vacuum anneals, plasma treatments, and other procedures in an
attempt to improve the ZnSe substrate surface prior to MBE film growth. Processed
ZnSe surfaces were evaluated by RHEED, Auger electron spectroscopy, SEM/TEM
studies, and etch-pit density counts. These studies revealed that nearly all of the wet
etches employed left large amounts of carbon and in some cases oxygen and chlorine,
on the ZnSe surface. In addition, some of the etchants such as bromine/methanol left
the surface roughened and unusable, even when hydroplane-polishing techniques
developed originally for preparing very high quality CdTe and CdZnTe substrate
surfaces, were employed. Vacuum annealing of ZnSe produced a noticeable
improvement in the RHEED patterns observed, but films grown on substrates treated
only with this anneal showed evidence of poor film nucleation and large densities of
defects, principally twins, in the epilayer. We have also systematically subjected the
surface of selected ZnSe substrates to plasma etches. Auger spectra of hydrogen-
plasma-etched ZnSe show that carbon and chlorine contamination can be eliminated
and oxygen minimized by proper use of this etchant, and RHEED patterns from these
surfaces are streaky, denoting 2-dimensional surfaces. However, ZnSe films and
devices grown on hydrogen-cleaned ZnSe surfaces showed larger twin densities and
poorer device performance than those grown on ZnSe substrates which were only
subject to thermal annealing. We speculate that hydrogen-terminated ZnSe is very
reactive to a flux of Se, Te, or S such that hydrogen compounds may be formed. In
contrast, Cl-based plasma etchants produce smooth ZnSe surfaces with minimum
surface defects. Under proper conditions, we have used plasma etchants to prepare
ZnSe substrate surfaces with minimum defect densities (less than 104 per cm2). High-
brightness blue LEDs (1.7 mW at 10 mA), green LEDs (6.9 mW at 10 mA), and
blue/green laser diodes operating at room temperature have been successfully
synthesized and tested using properly-prepared ZnSe substrates. Issues related to
MBE growth of quaternary 1l-VI materials will also be discussed.

Work supported by grants from ARO, ONR, DARPA, and by Eagle-Picher Industries.
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Reduction of Extended Defects in II-VI Blue Green Laser Diodes

T-B. Ng, C-C. Chu, G.C. Hua, J. Han, and R. L. Gunshor

School of Electrical and Computer Engiheering, Purdue University, West Lafayette, IN 47907
E. Ho, E.L. Warlick, and L.A. Kolodziejski

Department of Electrical Engineering and Computer Science, MIT, Boston, MA 02139

A.V. Nurmikko
Division of Engineering and Department of Physics, Brown University, Providence, RI 02912

Early blue/green laser diodes based on ZnSe exhibited room temperature lifetimes of the
order of a minute. Similar to the history of (Al,Ga)As lasers, the source of the degradation was the
presence of extended crystalline defects. Complexes of defects consisting of stacking faults,
which are nucleated at or near the II-VI/GaAs interface, and associated threading dislocations, are
the most commonly observed extended defects present throughout the separate confinement
heterostructure (SCH) laser structures. Plan-view TEM imaging of the degraded lasers identified
the degradation as originating from patches of dislocation networks developed at the quantum-well
region during lasing. The dislocation networks appeared to be nucleated at threading dislocations
originated from stacking faults. The early room temperature cw lasers exhibited defect densities of
the order of 106cm2. Currently, laser diodes with CW lifetimes between 1 to 3 hours are reported
to generally have a defect density of between 5x104 to 1x105 cm2. Since TEM studies have
shown the extended defects to be nucleated at or near the ZnSe/GaAs interface, a systematic study
of test structures consisting of a ZnSe nucleation followed by a 1 or 2 um of ZnSSe test epilayers
were used to explore means to minimize extended defects. The same nucleation techniques were
then employed for the growth of laser structures. For the test structures, the density of extended
defects soon moved below the ability to accurately apply plan view TEM imaging, and etch pit
counts became the primary evaluation procedure. (In the case of laser structures, cathodo-
luminescence served as an independent confirmation.)

Here we report an investigation of ZnSe/GaAs heterovalent nucleation and show that the 2-
D growth mode of ZnSe on GaAs could be facilitated by the use of the MEE technique (Gaines et
al., 1993), and this technique was used as one step to achieve the defect reduction described in this
paper. Influence from extrinsic factors such as GaAs wafer handling as well as the stoichiometry
and morphology of homoepitaxial GaAs buffer layers will be discussed. The means for a
consistent reduction in the density of the extended defects into the mid to low 103 cm2 range over
a significant portion of a 3-inch wafer (see attached figure) will be presented.

*Research was supported by DARPA/ONR URI, AFOSR, and NSF/MRG.

Corresponding Author: R. L. Gunshor, PH: 317-494-3509, FAX: 317-494-2706,
gunshor@ecn.purdue.edu
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Highly Improved Quality of Lattice-Matched ZnCdSe on InP Substrates:
Use of I11-V Buffer Layers and Doping

A. Cavus, B.X. Yang, L. Zeng, M. Wright, B. Shewareged and M.C. Tamargo
CUNY Center for Advanced Technology on Photonic Materials and Applications
Center for Analysis of Structures and Interfaces (CASI) and Department of Chemistry,
City College-CUNY, NY 10031
and
E. Snoeks and L. Zhao
Philips Laboratories, Briarcliff Manor, NY 10510

Recently, we proposed a new family of II-VI alloys, ZnCd(Mg)Se that are completely
lattice-matched to InP with their band gaps ranging from yellow to blue, being very promising in
visible laser applications. We have successfully grown these materials by MBE directly on the InP
substrate. The ZnCd(Mg)Se quality was shown to be very sensitive to the initial InP substrate surface,
which largely depended on the thermal deoxidation. To obtain two dimensional nucleation, an initial
low temperature growth was used. However, the control of the interface remains an essential issue to
obtain reliable and reproducible materials. In this paper, we report the details of the initiation of the
II-VI layer growth and remarkable improvement of ZnCdSe ternary quality obtained by using InGaAs
or InP as buffer layers. We also report on the n-type doping with chlorine of these lattice-matched
layers.

ZnCdSe was grown on InP substrates and on InGaAs or InP buffer layers. Growth was initiated
either at 170 C or at the typical growth temperature of 270 C. The VI/II flux ratio was ~ 4 and growth
rates were ~1 micron/hour. The buffer layers were grown in a III-V MBE chamber that is connected by
UHV modules with the II-VI chamber. The sources for both III-V and II-VI growth were elemental
sources except for polycrystalline InP used as phosphorus source. Both InGaAs and InP buffer layers
were grown under standard III-V growth conditions. The thicknesses were about 500-700 A. The
RHEED patterns were streaky (2x4) before the start of ZnCdSe growth.

Very sharp and intense bandedge photoluminescence (PL) peaks were obtained in micron thick
ZnCdSe layers with either InGaAs or InP buffer layers. The PL full width at half maximum (FWHM)
was 4 meV at 10 K, compared to our best result of 8 meV without the buffer layer. The PL intensities
of samples with buffer layers were reproducible and generally stronger than those without a buffer
layer, grown under the same conditions. TEM results show that the density of stacking faults is
reduced by about 2 orders of magnitude by using buffer layers. X-ray diffraction measurements
showed that the FWHM of double crystal rocking curves was reduced to about 60 arcsec (the lowest
value reported so far for ZnCdSe), compared with ~300 arcsec without buffer layers. Similar
improvements were obtained for ZnCdMgSe quaternaries grown with III-V buffer layers. Contrary to
our results of growth directly on InP substrates, we find that, when we grow on InGaAs or InP buffer
layers 2-dimensional nucleation is achieved immediately even when growth is started at high
temperature (270 °C), as evident from RHEED. This suggests that the chemical differences between
phosphides and arsenides are less pronounced when a smooth, high quality epitaxial surface is
provided for the growth.

Carrier concentrations as high as 2 x 10'® carriers/cm’, with mobilities of 205 cm*/Vsec at 300K
were achieved in doped ZnCdSe layers using a ZnCl, source. Photoluminescence spectra (at 77K) of
the doped layers show a gradual increase of the bandedge emission linewidth with increased doping.

No deep level emission was observed.
Contact: Maria C. Tamargo, Phone: (212)650-6147, Fax: (212)650-6848. E-mail: tamar@scisun.sci.ccny.cuny.edu
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Reducing the Defect Density in
MBE-ZnSe/III-V Heterostructures

E. L. Warlick, J. L. House, E. Ho, G. S. Petrich and L. A. Kolodziejski

Research Laboratory of Electronics
Department of Electrical Engineering and Computer Science
Massachusetts Institute of Technology, Cambridge, MA 02139

The state-of-the-art ZnSe-based injection laser diodes that have been demonstrated to date are
primarily pseudomorphic structures grown on GaAs substrates with GaAs epitaxial buffer layers.
Recent electrical degradation studies have led to a growing consensus that defects arising from
the ZnSe/GaAs interface presently play the limiting role in the lifetime performance of these
devices. Various reports have also suggested that different nucleation procedures can lead to
significant changes in the structural properties of the ZnSe overlayer. In this study, we have
examined the effects of the GaAs surface reconstruction and the use of Zn or Se pre-exposure
prior to growth on the resultant defect densities observed in 1 pum ZnSe films grown by
molecular beam epitaxy. Cathodoluminescence imaging of the II-VI/III-V interface has been
used to provide a rapid and non-destructive method to characterize the defect densities and was
found to be in agreement with both etch pit density and transmission electron microscopy
characterizations. Films grown without special nucleation precautions on c(4x4) GaAs were
typically found to result in defect densities >10° cm?.  Using Zn pre-exposure on (2x4)
reconstructed GaAs, the defect densities were found to be decreased by over an order of
magnitude. Note that these 1 um layers of ZnSe are relaxed and lattice-mismatched (0.27%)
from the GaAs.

In order to examine the role of lattice-mismatch on the ZnSe defect density, we have also studied
ZnSe grown on lattice-matched novel buffer layers of (In,Ga,Al)P on GaAs substrates. These
relaxed buffer layers, each with 4 pm thickness, were characterized by x-ray diffraction,
photoluminescence, cathodoluminescence, and transmission electron microscopy. By varying the
In content of (In,Ga,Al)P, it is possible to grade the lattice constant of the buffer layer from that
of GaAs to that of ZnSe. Study of these buffer layers is further motivated by their use as a p-type
ohmic contact to a p-type ZnSe overlayer. We are currently studying defect generation in ZnSe
epilayers grown on relaxed buffer layers of (In,Ga)P (lattice-matched to ZnSe) with the
phosphide surface capped with 8 monolayers of GaAs exhibiting various reconstructions. In this
manner, surface chemistry is removed as a variable while simultaneously achieving a lattice-
matched buffer layer to ZnSe. In this paper, the microstructural, optical, and electrical properties
of these novel heterostructures will be described and contrasted to the more conventional
ZnSe/GaAs heterostructure.

The research described herein was sponsored by an ARPA/ONR University Research Initiative
(Cont. No. 284-25041) and ARO/JSEP (Cont. No. DAAL 03-92-C-0001).

Contact: Leslie A. Kolodziejski, 77 Massachusetts Avenue, Cambridge, MA 02139
Tel: (617) 253-6868, FAX: (617) 258-6640, e-mail: lak@mtl.mit.edu
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Figure 1) The room-temperature cathodoluminescence of a 1 um ZnSe film grown by MBE on a
c(4x4) GaAs buffer layer at a magnification of 1700. The defect density is >10% cm™.  The
| electron probe parameters were: 30nA, 20kV.
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Figure 2) The room-temperature cathodoluminescence of a 1 um ZnSe film grown by MBE on a
Zn-exposed (2x4) GaAs buffer layer at a magnification of 1700. Based on the observation that
no defects were detected in the area shown, the defect density is less than 2x10° cm™®. The
electron probe parameters were: 30nA, 20kV.
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ARSENIC INCORPORATION IN MBE-HgCdTe LAYERS
USING PLANAR DOPING APPROACH

F. Aqariden, P.S Wijewarnasiriya, C. Grein, J.P. Faurie, and S. Sivananthan.

Microphysics Laboratory, Dept. Of Physics (M/C 173). The University of Illinois at Chicago. 845 W
Taylor Street, Room# 2236, Chicago, IL, 60680.

MBE-HgCdTe is extensively investigated for its capability and flexibility in developing new
compounds and device structures. Advanced electro-optical devices require homojunction or
heterojunction structures. MBE offers precise control over the thickness of the epilayers, allows
abrupt junctions, and it guarantees the reproducibility of the epilayers by making use of in-situ
analysis capabilities and doping techniques. Doping MBE-HgCdTe has led to the development of
a variety of advanced devices, including p-i-n photodetectors; n-p-n dual color photodiodes; and light
emitting devices. Recently MBE-HgCdTe doped and undoped epilayers were grown with low defect
densities. N-type doped epilayers with a 10'* cm™® doping level are obtained easily with indium as
dopant. At the present time, arsenic, which is the dopant of choice for p-type MBE-HgCdTe
epilayers, has the tendency to go in the cation sublattice and act as donor. Doping MBE-HgCdTe
p-type in-situ (as grown) is still a problem. To overcome it, layers have to be grown at a lower
temperature in order to improve the sticking of As, and a high mercury flux is needed. Under these
conditions, the HgCdTe structural quality will be lowered, and therefore the electrical performance
will suffer. The planar doping (delta-doping) method is a new way to incorporate arsenic as an
acceptor in-situ, and can lead to obtaining as-grown MBE-HgCdTe p-type epilayers.

In this paper, we will report on the MBE growth and characterization of p-type MBE-HgCdTe
epilayers. We used the planer doping technique in which Te and CdTe effusion cell shutters were
periodically closed and the arsenic shutter was open during the growth. The periodicity interval
ranges from 30 to 200A, and the duration of the arsenic shutter opening is a few seconds. The
arsenic flux is around 10"atm s™, while the Hg is still impinging on the surface, which is expected to
enhance the Hg-As bond formation. We have successfully incorporated As as dopant in MBE-
HgCdTe epilayers. Fig.1 shows the transport measurement of as-grown planar doped HgCdTe
epilayers revealing p-type behavior. Furthermore, these results show that arsenic is activated at the
MBE growth temperature. We will present some comparisons between MBE-HgCdTe p-type
epilayers grown using planar doping and conventional doping in which Te, Cd, and As shutters are
all opened at once. These layers have been characterized by a variety of techniques. We will present
some of our data obtained from IR transmission, Hall measurements, scanning electron microscopy
(SEM), second ion mass spectroscopy (SIMS), and transport measurement after carrying out
different annealing experiments. A detailed analysis of these results will be presented.

Contact author: F. Aqariden
Address: The University of Illinois at Chicago
Department of Physics (M/C 273)
845 W Taylor, Rm# 2236 SES
Chicago, Ill 60607 . Tel: 312-996-5876, Fax: 312-996-9016, e-mail Aqariden@uicws.phy.uic.edu
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Fig. (1) Carrier concentration vs reciprocal temperature of as-grown arsenic
planar doped HgCdTe layers with Cd composition ~33%.
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HIGH PERFORMANCE TWO-COLOR INFRARED PHOTODETECTORS
GROWN BY MOLECULAR BEAM EPITAXY

R.D. Rajavel, D.M. Jamba, O.K. Wu, and J.E. Jensen
Hughes Research Laboratories, Malibu, CA 90265

J.A. Wilson, E.A. Patten, K. Kosai, P. Goetz, B. Baumgratz, G.R. Chapman, and

W.A. Radford
Santa Barbara Research Center, Goleta, CA 93117

Integrated multi-spectral detectors that can detect radiation in two different bands of
the infrared spectrum offer performance advantages such as improved contrast and
signature recognition, automatic pixel registry and savings in weigh and power over two
independent detectors used for the same application. We report on high performance
HgCdTe n-p-n two-color detector structures grown by MBE that operate in the mid-wave
infrared (MWIR) and long-wave infrared (LWIR) bands of the infrared spectrum.

A schematic of the n-p-n two-color detector structure is shown in Fig. 1. The n-
type layers were doped with indium at 1-2x10” cm?, and the p-type layer was in situ
doped with As at ~1x10"® cm™?. Infrared radiation is incident on the transparent substrate
and the MWIR component is absorbed by the 6 pm thick HgCdTe layer that is adjacent to
the substrate, while the LWIR radiation is absorbed in the narrow band-gap HgCdTe layer
at the top of the structure. The layers were fabricated as mesa diodes and electrical contacts
were made to the top LWIR layer and the common MWIR layer. The diodes were operated
in the sequential mode which does not require an electrical contact to the p-type layer for
this back-to-back diode geometry. The LWIR diode is active when the LWIR layer is
biased positive with respect to the n-type MWIR layer and the MWIR diode is made active
when the n-type MWIR common layer is biased positive with respect to the LWIR layer.l’2
The spectral response of a MWIR/LWIR two-color detector that was grown by MBE is
shown in Fig. 2. The data are shown as response per Watt, and measured at f/2 field of
view. At 80K, the cutoff wavelengths for MWIR and LWIR photodiodes were 5.5 and
10.5 pm, respectively. Based on I-V measurements, the R,A product of the LWIR diode of
the two color detector is estimated to be > 100 Qcm?, and compares very favorably with
state-of-the-art LWIR diodes. Details of MBE growth and properties of MWIR/LWIR
detectors, as well as two-color detectors that operate in other bands of the IR spectrum will
be presented.

1. J.A. Wilson, E.A. Patten, G.R. Chapman, K. Kosai, B. Baumgratz, P. Goetz, S. Tighe R. Risser, R.
Herald, W.A. Radford, T. Tung and W.A. Terre, SPIE 2274, 117 (1994).

2. E.R. Blazejewski, J.M. Arias, G.M. Williams, W. McLevige, M. Zandian and J. Pasko, J. Vac. Sci.
Technol. B10, 1626 (1992).

5.8




_ n-type LWIR-HgCdTe, t = 6 um

dTe,t=6um

Incident IR radiation

Fig. 1. Schematic of the MWIR/LWIR n-p-n two-color detector structure.
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Fig. 2. MWIR and LWIR spectral response at 77K of the two-color detector.
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Molecular Beam Epitaxy with Solid Phosphorus and Arsenic Valved Cracking Cells

J. N. Baillargeon, and A. Y. Cho
Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, NJ 07974

Molecular beam epitaxy (MBE) of I1I-V phosphorus compounds (without hydrides
or metalorganic sources) is now possible as a direct result of the ability to convert in-situ,
amorphous red to o -white phosphorus. This recent technological advance enables red
phosphorus to be used as a starting source for producing a highly stable and reproducible
beam flux. It is now possible to manufacture fiber lightwave communication components
requiring GayIn;_yAs,Pj_y, previously thought unachievable with all solid sources. All
solid source MBE is distinctive in that it is environmentally safe and the least costly
precision growth technique available.

In this talk, we will address two prime issues that have historically limited the
viability of MBE as a manufacturing platform for 1.3 pum and 1.55 pm optical fiber
communication lasers. The first is the reproducible control of the quaternary composition
lattice matched to InP. Reproducible growth of the quaternary can only be achieved
through the accurate, stable control of the incident P, As, In and Ga beam fluxes, and
substrate temperature. Extensive data will be presented showing the complex nature of
the interdependent relationships amongst the growth parameters, as viewed across the
entire composition range. A run-to-run emission wavelength variation of less than 1% will
be demonstrated using this information. The second issue is the formation of a
mechanically smooth, defect-free over-grown surface using lattice matched
GaylIn;_yAs,P)_y on an etched, periodic InP grating. The periodic grating is an essential
element of which the fiber lightwave distributed feedback (DFB) laser is comprised.
Preliminary results will be presented, clearly showing that morphologically flat or
planarized surfaces are attainable on the DFB laser grating. Devices grown with in-situ

produced o-white phosphorus will also be discussed.




Growth parameter dependence of step patterns in AIGaAs molecular beam epitaxy
on vicinal GaAs(110) inclined toward (111)A

Shigehiko HASEGAWA, Kazuki SATO, Satoshi TORII, and Hisao NAKASHIMA

The Institute of Scientific and Industrial Research, Osaka University
8-1 Mihogaoka, Ibaraki, Osaka 567, JAPAN
TEL : +81-6-879-8412, FAX : +81-6-879-8414, E-mail: hasegawa(@sanken.osaka-u.ac jp

We have demonstrated that molecular beam epitaxial (MBE) growth on vicinal
GaAs(110) induces macrosteps being several tens nm high [1], and that such macrostep system
is one of fairly good candidates as substrates for fabricating nanostructures such as quantum
wires, since macrosteps formed by MBE using AsH3 gas source are coherently aligned along
[110] direction parpendicular to the misorientation direction of the vicinal (110) substrates [2].
However, MBE growth using solid As source (Ass) produces rather fluctuated macrostep
patterns. In order to fabricate excellent nanostructures, it is neccessary to control macrostep
patterns, that is, to know what growth parameters make straight and uniform macrosteps
stable.

In this paper, we present growth parameter dependence of macrostep patterns in
AlGaAs MBE growth using Asp molecular beams with the use of atomic force microscopy
(AFM). In particular, our interest is concentrated both on how the macrostep patterns are
changed by varying growth temperature and V/III ratio and on what the difference in the
resulting step patterns is, when compared with the results using As4 molecular beams.

AlGaAs layers of 400 nm in thickness were grown by MBE at temperatures ranging
from 430 to 580 °C on vicinal GaAs(110) substrates inclined at 3° toward (111)A. Asp
molecular beams were obtained by dissociating GaAs polycrystalline into Asp using Knudsen
cell. Before AlGaAs growth, 200 nm thick GaAs buffer layers were grown at 580 °C. AFM
measurements were carried out in air in contact mode. In situ reflection high-energy electron
diffraction (RHEED) observation were done to examine how the atomic steps were changed
into macrosteps during MBE growth.

AFM investigation of AlGaAs layers grown by using Asy molecular beams reveals that
coherently aligned macrosteps are formed, and that increasing growth temperatures leads to the
formation of straighter macrostep patterns. Simultaneously, terrace width becomes wider. In
contrast, MBE growth using solid As source (Asy) leads to highly connected zigzag networks
of macrosteps rather than fairly straight and uniformly spaced macrosteps. We will discuss the
difference in macrostep patterns between MBE growth using As) and Asy in terms of diffusion
length of As species.

[1] S. Hasegawa ef ¢/, Surf. Sci. 267, 5 (1992).
[2] M. Takeuchi et al., Jpn. J. Appl. Phys. 34, 4411 (1995), and references therein.
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Fig.1 AFM images (Sum x 5um) of AlGaAs layers grown by MBE at 580 °C on vicinal
GaAs(110) substrates when using (a) Asy molecular beams and (b) As4 molecular beams. It is

apparent that MBE growth using Asy molecular beams produces fairly straight and uniformly
spaced macrosteps.
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Effects of Tensile Strain and Substrate Off-Orientation on the CBE Growth of
GalnAs/InP Multiple Quantum Well Structures

T. Marschner™®, R. T. H. Rongen!, M. R. Leys!, H. Vonk!, J. H. Wolter!, F. D. Tichelaar?

1COBRA Inter-University Research Institute, Eindhoven University of Technology,
P.0O. Box 513, NL-5600 MB Eindhoven, The Netherlands
2Laboratory of Metallurgy, Delft University of Technology,
Rotterdamseweg 137, NL-2628 AL Delft, The Netherlands

¢Corresponding author, phone: +31 40 2474228, F'ax: 431 40 2453587,
e-mail: t.marschner@phys.tue.nl

GagIn;_;As/InP multiple quantum well (MQW) structures with high Ga content are becoming
increasingly important for device-applications because of the possibility to reduce the optical
birefringence in waveguide components by tensile strain.

In our work we investigate in detail the influence of the growth parameters on the optical and
structural properties of GalnAs/InP MQW structures grown by chemical beam epitaxy (CBE).
In particular we discuss the influence of the tensile strain in the GalnAs-layers and the substrate
off-orientation.

A series of 10 periods 5nm GagzInj_;As / 9nm InP MQW structures with zg, up to 0.77 was
grown by CBE in a growth temperature range between 485°C and 545°C. The used substrates
were (100) InP 2° off-oriented towards [110] and exactly oriented, respectively. In each growth
run both substrate orientations were used.

The structures were investigated by double crystal X-ray diffraction (XRD), low-temperature
photoluminescence (PL) and cross—sectional transmisson electron microscopy (TEM).

XRD investigations reveal that the InP as well as the GalnAs growth rate is larger for off-
oriented substrates than for exactly oriented substrates. This behaviour is independent of the
strain in the GalnAs layers and of the growth temperature within the chosen range, although the
individual values of the GalnAs— and InP-growth-rate are dependent of the growth temperature
(Fig.1). This can be explained by the fact that on off-oriented substrates the growth takes place
by a step—flow mechanism, while on exactly oriented substrates 2-D nucleation is required. This
leads to a higher evaporation probability.

The XRD-linewidths of the MQW-reflections are near the theoretical values for layers of the
respective thickness indicating that no relaxation by misfit dislocation formation has ocurred
up to rg, = 0.77 in the individual GalnAs layers. This corresponds to a lattice mismatch
(Ad/d)* = —4 x 1072 in the individual GalnAs layers and an average mismatch of the whole
MQW structure (Ad/d)* = —1.1 x 1072. The dependence of the position of the zeroth order
satellite reflection on the azimuthal angle shows that the layers grown on off-oriented substrates
are tilted with respect to the InP—substrate. The tilt increases with increasing strain in the
MQW layers. The samples grown on exactly oriented substrates do not reveal this feature.
MQW structures grown on off-oriented substrates have a larger PL linewidth of the MQW-peak
than structures grown on exactly oriented substrates (Fig.2). Additionally, for the off-oriented
substrates the linewidth increases linearly with increasing lattice mismatch in the GalnAs layers.
In contrast, the linewidth remains constant for exactly oriented substrates up to the maximum
Ga-content g, = 0.77.

Cross sectional TEM reveals that MQW structures with high tensile strain have a wavy surface
structure (Fig.3). This applies to both exactly and off-oriented substrates. Surface undulations
are known to decrease strain by elastic deformation. Although such quantum well thickness
variations might lead to a broadening of the PL peaks, this cannot be the cause for the trend
observed in fig.2. Therefore, the increase in the PL linewidth for highly strained MQWs grown
on off-oriented substrates must be due to the lattice tilting occurring on stepped substrates.
Our results indicate that devices containing strained quantum wells have to be grown preferably
on substrates with the lowest possible off-orientation to decrease the lattice tilt.
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Improved MBE-Grown GaAs Using a Novel, High Capacity Ga Effusion Cell
R. N. Sacks', P. Colombo?, George A. Patterson’, and Kathleen A. Stair*

1)Dept. of Electrical Engineering, Ohio State University, Columbus, Ohio 43210*
2) EPI MBE Products, St. Paul, Minnesota 55110
3) Hewlett-Packard - Microwave Technology Division, Santa Rosa, California 95403
4) Materials Research Center, Northwestern University, Evanston, Illinois 60208

The use of a novel PBN crucible has allowed the design of a new high capacity group III source
incorporating a unique heat shielding cap. The crucible is cylindrical in overall shape, but necks
down to a small orifice with a short cone. The extra heat shielding at the front of the effusion cell,
in conjunction with dual heater filaments allows hot lip operation with considerably lower power
than for previous designs. Thus the tip of the source can be held hot enough to completely
eliminate Ga droplets without incurring a deleterious penalty in the form of impurities generated by
an inordinately high heat load on the cell materials or the surrounding cryoshrouding. This source
has been mounted on an EPI (Varian-style) GEN Il MBE growth chamber using a water cooled
nipple to reduce heat loading even further. Use of this source has resulted in dramatically reduced
visible defect densities in GaAs and (Al,Ga)As layers. It is important to note that this has been
achieved with no sacrifice in other operating characteristics of the source. To be more specific,
this effusion cell exhibits low flux transient and low flux drift, and has generated GaAs with good
uniformities, low background doping, high mobility, and low trap concentrations.

The new cell was compared with another high capacity, low flux transient cell: an EPI 125DF
mounted in the same position on the same growth chamber. Operating these cells at a 1um/hr
GaAs growth rate with 100% power to the tip required 210W for the new cell, but 380W for the
125DF. To test defect densities, wafers were grown on 2” diameter substrates taken from the same
boule. The structure grown was a MODFET with a 1um GaAs buffer, and a total thickness of 1.1
pum. The growth rate for all runs was 1 um/hr. Defect densities were measured with a Tencor
Surfscan 6200 set to count all defects larger than 1.28 um. Defect densities of 22-27 defects/cm”
have been obtained for for the new source, representing the lowest defect densities ever reported
from a GEN II using large capacity sources. This compares with 88-92 defects/cm” from the
125DF. In addition, an 18.7 pm thick GaAs layer grown with the new cell had only 277
defects/cm’. Electrical results with the new source were: A 17.8 um thick GaAs layer with no
intentional doping was fully depleted at zero bias, implying a background doping of < 2x10"%/cm’.
Deep level transient spectroscopy indicated that a GaAs layer doped n = 1x10"*/cm® had a total
trap density of 1.5-2.0x10'”/cm’. MODFET’s have yielded 77°K mobilities of 132,000cm*/V-sec
for n, = 4x10"/cm’.

Flux transients for both sources were below the detection limit for our measurement technique
(<2%). From the beginning to the end of the growth of an 18.7 um thick GaAs layer, the flux
dropped by ~2%, at the edge of our flux gauge reproducibility. Uniformity was tested by growing
a 20 period AlAs(160A)/GaAs(59A) MQW on two 3” diameter wafers, one each with the old and
new design. Layer thicknesses were measured with photoluminescence and double-crystal x-ray
diffraction. Both cells give a center-to-edge decrease in GaAs thickness of ~2%, and only a ~1%
drop from the center out to a 2” diameter. The uniformity of the new cell was also measured using
reflectometry on an 18.7 um thick GaAs layer grown on top of a 200A AlAs “reflection” layer,
yielding the same results as above.

*phone: (614) 292-3462, fax: (614) 292-7596, e-mail: sacks@ee.eng.chio-state.edu
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Strain-compensated AlGalnAs/InP heterostructures with up to 50 QWs by MBE

H. Hillmer, R. Losch and W. Schlapp

Deutsche Telekom, Technologiezentrum, P. O. Box 100003, 64276 Darmstadt, Gemany
Tel: +49 6151 83 3062, Fax: +49 6151 83 4912, e-mail: hillmer%fz.telekom.de

Abstract :

For applications in 1.55um photonic communication systems, AlGalnAs quantum well (QW)
structures were rarely grown in recent years compared to the GalnAsP material system,

although AlGalnAs has several advantages for the optoelectronic device performance.

Strain-compensated QW samples with compressively strained Algg9Ga zoln 71As wells
(~8.2nm, Aa/a~+1.2% ), tensile strained Al,;Gas¢Insz3As barriers (aa/a~-1.4% ) and
unstrained Al ,3Ga,4Ing3As cladding layers have been grown by solid source MBE on InP
at 515°C using two In-furnaces and one furnace, respectively, for the Al, Ga and As
source materials. We have grown samples with different numbers of QWs between 1 and 50
and observed excellent crystalline quality without any indications of strain relaxation.
Fig. 1 shows very narrow photoluminescence (PL) linewidths for a structure with 50 QWs.
Disregarding statistical fluctuations, the PL linewidths at 10K are independent of the
number of QWs as shown in Fig. 2. This demonstrates excellent homogeneity from well
to well. The absolute values can be explained by alloy disorder fluctuations and well
width fluctuations. X-ray diffraction (XRD) and PL were used in combination with model
calculations to determine the layer widths and compositions. Fig. 3a depicts a measured
and a simulated XRD rocking curve of a structure containing 50QWs. Fig. 3b (3c) displays
a blow up indicating the 48 (28) side-maxima corresponding to 50 (30) wells. Note that
the total strained stack has a very large width of 0.65pm. Due to alloy disorder fluctuation
the PL linewidths in our QWSs are higher than in binary QWs, therefore, monolayer
splittings are difficult to observe. Fig. 4 displays PL spectra of a sample grown without
any interruption at the heterointerfaces indicating indeed monolayer splittings. At low
carrier densities (low laser excitation power Py) the islands of wider well width (lower
quantization energy) are preferentially populated. Island areas of reduced well widths
increase in population with growing excitation energy and show a rising contribution to the
PL emission. To the best of our knowledge, this is the first report both on a very high num-

ber of strain- compensated AlGalnAs QWs and on monolayer splittings in AlGalnAs QWs.

The use of quaternary QWs in photonic devices allows strain and well width to be varied
independently of each other while maintaining e.g. 1.55ym emission wavelength. The use
of strain compensation overcomes the total critical layer thickness restrictions and
enables a free choice of the number of QWs in photonic device design. Recently, we

reported a record modulation bandwith of 26 GHz for 1.55um AlGalnAs lasers!.

1. H. Hillmer A. Greiner F. Steinhagen R. Losch W. Schlapp T. Kuhn H. Burkhard, 9. HCIS (95).
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InAs/GaAs in-plane strained superlattices grown on slightly
misoriented (110) InP substrates by molecular beam epitaxy

Yoshiaki Nakata, Osamu Ueda, Yuji Nishikawa, Shunichi Muto*), Naoki Yokoyama

Fujitsu Laboratories Ltd.
10 - 1 Morinosato-Wakamiya, Atsugi, Kanagawa 243 - 01 Japan
Tel. +81-462-50-8247 (dial in), Fax. +81-462-50-8844, E-mail KXA0444@fjcug.fujitsu.co.jp.

Growth of laterally periodic structures using step flow growth on misoriented substrates
is a very important for directly forming quantum wire and box array structures. Successful
works had been extensively done, but most studies focused on the lattice matched
materials.  Highly strained materials have not yet been reported. In this paper, we
describe the growth of the InAs/GaAs strained in-plane superlattices (IPSSLs) on InP
substrates by molecular beam epitaxy (MBE). ‘

The substrates used were misoriented (110) InP tilted toward the [001] direction. On
these substrates the straight steps could be ordered [1]. We grew half monolayers of InAs
and GaAs alternately without growth interruption (Fig. 1).  Structural features were
evaluated by transmission electron microscopy (TEM) and photoluminescence (PL)
measurements. In the electron diffraction (TED) pattern of the (110) cross-section
obtained from the sample grown on a substrate tilted at 1.5°, extra spots were observed at
about {4, k, 1+1/13.5} in which A, k, [ are all even or all odd, corresponding to fundamental
spots as 002, 220, 111, etc. (Fig. 2). These findings are satisfactorily explained by the
formation of the laterally periodic structures. A dark field TEM image of the (110) cross-
section revealed a periodic structure formed almost in the [001] direction (Fig. 3). The
mean contrast period (about 10 nm) is comparable to the terrace width (10 nm) expected
from the substrate tilt angle (1.2°). The PL spectrum of the IPSSL has a peak at the energy
of 0.77 eV which are about 40 meV lower than that of the Ing 53Gag47As alloy (Fig. 4).
From the energy band calculations of the In;-xGaxAs/InxGaj-xAs superlattices based on
nearest-neighbor sp3*s tight-binding approximation, we deduced x was 0.26. Thus the
compositional difference between the barriers and wells is about 0.48 which is highest
value ever reported. These results suggest the potential for growing as-grown quantum

wire array structures whose wavelengths of practical 1.3 or 1.55 pm.

References:
[1] Y. Nakata, O. Ueda, and S. Muto, Proc. 7th Intern.Conf. InP and Related Materials, p.165..

*) Present address: Faculty of Engineering. Hokkaido Univ.. Sapporo
6.6




InAs/GaAs in-plane strained superlattices grown on slightly
misoriented (110) InP substrates by molecular beam epitaxy

Y. Nakata, O. Ueda, Y. Nishikawa, S. Muto, and N. Yokoyama
Fujitsu Laboratories Ltd., 10 - 1 Morinosato-Wakamiya, Atsugi 243-01 Japan
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Fig. 1. (a) Growth sequence and (b) schematic Fig. 2. TED pattern from the (110) cross-section of the
diagram of the InAs/GaAs IPSSL structure. IPSSL grown on a substrate tilted at 1.5°.
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Fabrication and band alignment of pseudomorphic Si,,C,, Si, ; ,Ge,C,
and coupled Si, ,C,/Si; . ,Ge,C, quantum well structures on Si substrates

K. Brunner, W. Winter, and K. Eberl
Max-Planck-Institut fiir FKF, Heisenbergstrafie 1, D-70569 Stuttgart, Germany.
Tel:(711)6891347, Fax:(711)6891010, e-mail: brunner@servix.mpi-stuttgart.mpg.de

We will describe the structural and photoluminescence (PL) properties of several
types of pseudomorphic Si;.,C,/Si; .., Ge,Cy quantum well (QW) structures which
are grown by solid-source molecular beam epitaxy on (001) Si substrates. The
systematic studies of band-edge PL from high quality multi-layer samples with varied
sequence, composition and width of the layers provide a consistent picture of the band
alignments attainable by these new heterostructures on Si.

Optimum Si;_,C, growth takes place at a substrate temperature of 550°C and a
growth rate < 1 A/s. Well-defined alloy layers with no defects or SiC precipitates are
observed by TEM. Substitutional C introduces lateral tensile strain €= 0.35y in
pseudomorphic Si; ,C, layers on Si. The C content and layer widths in Si,.,C,/Si
multi-quantum well (MQW) structures are determined by X-ray diffraction. Excitonic
band-edge PL is observed from Si;.,C, MQW's and even single QW's. Distinct no-
phonon, Si-like TO and TA phonon transitions of bound excitons are resolved. The
8i;.,Cy band gap is drastically reduced by about AE= -y(6.5 eV) for C contents up to
about 2% (Fig.1, [1]). Even thin 11A Sig34C gg4 QW's reveal band-edge PL.
Reducing the width of Si ¢¢C 4, layers from 110 A to 11 A results in a PL blueshift up
to 45 meV caused by quantum confinement (Fig. 2). There is good agreement of the
PL energies and effective mass calculations based on a strong and weak confinement
of A(2)-valley electrons and light holes, respectively. The band alignment in 8iy.,C,/Si
QW's is well explained by the strain-induced shift of levels due to C incorporation. In
Sij.x.yGexCy QW's, compressive strain caused by Ge is partially compensated by C.
The strain-induced level splitting is decreased and the band gap increases with y.

A qualitatively different band alignment is realized in closely spaced Si;.,C,/Si;.
«Ge, double quantum wells (DQW) embedded in Si. The PL observed is lower in
energy than that of isolated Si;.,C, and Si).,Ge, reference QW's. A(2) electrons
confined in the Si;.,C, layers and heavy holes localized in the Si,_,Ge, layers cause
spatially indirect PL transitions with no-phonon contributions dominating. The PL
from thin DQW's is strongly enhanced compared to Si;.,Ge, and Si;.,C, reference
QW's but it is quenched at layer widths > 40 A (Fig. 3). This can be assigned to the
decreasing overlap of electron and hole wavefunctions in neighbouring QW's of
increasing width. It confirms the spatially indirect origin of the PL. In principle, the Si
conduction and valence band shifts with C or Ge alloying can be studied independently
applying PL spectroscopy from Si; ,C,/Si; .., Ge,Cy» DQW's. This is demonstrated
by varying one layer composition and keeping the other constant.

The fundamental physical properties of C-based alloys on Si, which are a reduced
lattice constant and a large modulation of the conduction band-edge induced by strain,
provide a significant broadening of the possibilities in band structure engineering of
Group IV semiconductors. Potential improvement of the structural, optical, and
electronic properties of Si and Si; ,Ge, by C alloying and future devices will be
discussed.

[1] K. Brunner, K. Eberl, and W. Winter, Phys. Rev. Lett. 76, 303 (1996).
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Fig. 1: PL spectra from 52A Si, C/ 156A Si
QW structures on Si. No-phonon and TO phonon
PL lines at decreasing energy AE= -y'5.2eV
originate from the S, ,C, QW layers. The PL red-
shift is mainly attributed to the strain-induced
splitting and lowering of A(2) electron states.

Fig.2: The PL shifts to higher energy for
decreasing the Si ,C,, QW width. This agrees
well with simple effective mass model calcula-
tions assuming a strong electron confinement
with mass m, ,,=0.92m, in growth direction.

Fig. 3: PL spectra from Si,,Ge /SigC 4,
double quantum well structures of varied width
embedded in Si. The PL is dominated by no-
phonon transitions (QW-NP) and is attributed to
spatially indirect recombination of A(2) electrons
and heavy holes within the SiC and SiGe layers,
resp.. For decreasing dg;.=1.2dg;c., the PL is
blueshifted due to carrier confinement and it is
strongly enhanced in intensity.
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Dynamical STM Studies of the Growth of Si and Ge on Silicon by MBE

Bert Voigtliander
Institut fiir Grenzflichenforschung und Vakuumphysik
Forschungszentrum Jiilich, 52425 Jilich, Germany

A high temperature scanning tunneling microscope (STM) capable of imaging during MBE-
growth is described. We studied the epitaxial growth of Germanium on Silicon at 600 - 900 K
sample temperature "in vivo". This technique gives access to the dynamics of the growth
process on an atomic scale. The potential of the method is demonstrated by the following
results:

e The layer-by-layer growth of the two-dimensional Stranski-Krastanov layer of Ge on
Si(111) and the formation of three-dimensional islands during further growth of Ge was
observed. An inversion of the aspect ratio of the islands with increasing coverage indicates
a transition from coherent to dislocated islands.

e The transition from initial multilayer to pure layer-by-layer growth was imaged in Si(111)
homoepitaxy.

e In Si(111) homoepitaxy growth was observed along stripes of the width of a (7x7) unit cell.
Upon coalescence of islands new growth facets with different growth speeds are observed.

o Nucleation of next layer growth on Si(111) occurs at domain boundaries of the (7x7)
reconstruction.

e In Si/Si(100) homoepitaxy the fractional coverage of the non-equivalent terraces was
studied as function of coverage and a theoretically predicted transient growth mode was
observed.

Some of the results will be presented on videotape. This method (MBSTM) opens the

possibility to follow MBE growth processes dynamically on a nanometer scale and gives

access to the evolution of specific features during growth.
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Fig

Si(100) homoepitaxy

STM images (2900 x 2900 A) of the growth of Si on Si(100) at 725K. Images a-f were
recorded at 0.22, 0.53, 0.94 and 1.14 layers Si coverage respectively. In (b-d) an island is
indicated where the (2x1) reconstruction is out of phase with the upper terrace. This induces
nucleation of islands upon coalescence of this island with the upper terrace.
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MBE growth and structural characterization of Si;.,Cy /Siy.xGe,superlattices

S.Zerlauthl, J.Stangl, A.A .Darhuber, F.Schiffler and G.Bauer
Institut fiir Halbleiterphysik, Johannes Kepler Universitdt Linz, A-4040 Linz, Austria

We have investigated the MBE growth of strain compensated SiGe/SiC superlattices
deposited on (001) Si substrates. The lattice constant of Siy.,Cy alloys is smaller than
that of Si and decreases strongly with carbon concentration, in contrast to SijGey
alloys where the lattice constant increases. As a consequence the biaxial compressive
strain of Si;,Ge,layers on Si can be compensated by introducing tensilely strained
Si;,Cy layers, the compensation ratio Ge:C is about 8.5:1. Thus by a proper choice of
both the carbon and germanium contents of the alloy layers and their thicknesses, a
completely strain symmetrized superlattice structure can be engineered. MBE growth
was performed in a chamber equipped with three electron beam evaporators for Si, Ge,
and C. The beam fluxes were monitored and controlled with a quadrupole mass
spectrometer. Samples were grown at temperatures between 400 and 500°C with
periods between 6 and 40 nm, with Ge contents up to 27 % and C contents up to 3%.
The structural properties of these superlattices were investigated by high resolution x-
ray diffraction and their interface roughness by x-ray reflectivity. From high resolution
x-ray reciprocal space mapping around the (004) and (224) reflections quantitaive
information on their strain statues was obtained. It was established that the
superlattices were completely pseudomorphic. Using dynamical simulations of the
rocking curves (w-20 scans) the superlattice periods, the Si;.,C, and Si;,Ge, layer
thicknesses and the Ge and C contents were obtained. The morphology of the Siy,C,/
Si;..Ge, interfaces, in particular their roughness and its correlations were determined
by specular x-ray reflectivity measurements using synchrotron radiation (Optics
beamline of the ESRF, Grenoble). From these measurements, the thickness of the
layers, their chemical compositon as well as the root mean square roughness of the
interfaces have been obtained. Apart from the ®-26 scans, in the non-specular mode
also o scans were performed at different 28 settings, corresponding to several satellite
maxima around (000) of the specular reflectivity. Thus information on the correlation
properties of the interfaces were obtained as well. For the simulations, we assumed
according to Ref.3 a correlation function of the roughness replication, and the
calculations of the diffuse scattering were performed by means of the distorted wave
Born approximation. As a result we find from the fits to the experimental data of the
sample with y=0.01 and x=0.09 it turned out that the RMS roughness is (4 +DA, a
value which is comparable to that of psendomorphic Si/SiGe superlattices. The values
for the in-plane as well as interplane (vertical) correlations of the roughness profiles
are of the order of 200 and 120 nm.

[1] K.Eberl, S.S.Iyer, and F.K.LeGoues, Appl.Phys.Lett. 64, 793 (1994)

[2] W.Faschinger, S.Zerlauth, J .Stang], G.Bauer, Appl. Phys.Lett. 67, 2630 (1995)

[3] Z.H.Ming, A Krol, Y.L.Soo, Y.H.Kao0, J.S.Park, K.L.Wang, Phys.Rev. B47,16373
(1993)

[4] R.L.Headrick, J.M.Baribeau, Y.E.Strausser, Appl.Phys.Lett. 66, 96 (1995)

I §.Zerlauth: Phone: +43-732-2468-9607; Fax:+43-732-2468-650; E-Mail: S.Zerlauth@hlphys.uni-linz.ac.at
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Why is a quantum confined Stark shift absent
in type-I strained Si1-xGex/Si type-I symmetric quantum wells ?

Y .Miyake, and S. Fukatsu
Department of Pure and Applied Sciences,
The University of Tokyo, 3-8-1 Komaba, Meguro-ku, Tokyo 153, Japan

J.Y.Kim, and Y.Shiraki
RCAST, The University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153, Japan

Electrical control is a key feature in tuning semiconductor devices and there has been a
surge of demand for development of optoelectronic devices utilizing electrically controlled
optical phenomena based on quantum effects. Application of a dc field across a quantum
confined exciton leads to distinct electro-optic effects such as quantum-confined Stark (QCS)
shift. For GaAs/AlGaAs, purely excitonic optic modulation based on dc field control has been
demonstrated. An intriguing point is that the free exciton (FE) binding energy, EB, in GaAs is
~4-8meV and relatively small. This is contrasted with EB=15-30meV for SiGe strained
quantum wells (QWs). However, for these "type-I QWs", early attempts were not successful
in identifying the QCS effects as opposed to fairly large shifts observed in type-Il QWs.

In this paper, we present a study of electric field effects on FE recombination in type-I
strained Si1-xGex/Si symmetric QWs. The extreme vulnerability of free excitons to electric
field is demonstrated, accounting for the apparent loss of QCS effects.

The field effect was studied over a series of single QWs (x=0.18, Lz=10-216A) grown by
gas source MBE at 740°C. The electric bias was applied on Al contact pads on both sides of the
wafer using a dc voltage source. Thus the field is applied along the quantization axis.

With increasing electric field, F<2kV/cm, free-excitonic photoluminescence exhibited a
steady blue-shift, up to 3meV, of the peak energies. This was consistently observed for all well
width, thereby the anticipated downward shift due to the QCS effect being suppressed. The
blue shifts are attributed to a reduction of EB with increasing field strength even in the weak

field regime. To confirm this, EB was calculated as functions of electric field and well width by
the variational method taking account of appropriate QCS red-shifts. We found that the blue-
shifts due to EB reduction are always greater than the QCS shifts at lower fields, clearly
confirming the observation. As expected, the calculated results well reproduce the field
dependence of the blue-shifts observed. Interestingly, the blue shifts followed a quadratic
increase with field both theoretically and experimentally reflecting the symmetric QW potential.

There still remains a question as to why SiGe FE is vulnerable to field compared to FE in
GaAs despite its large binding energy. EB was calculated for different conduction band offsets
and the answer was that the realistic conduction band offset, ~7meV, is too small to withstand
F. In addition, this also accounts for the mixed dimensionality as confirmed for FE.

The results seem to emcompass the future direction of electro-optic deive fabrication.

Contact author:

S. Fukatsu

Department of Pure and Applied Sciences,

The University of Tokyo, 3-8-1 Komaba, Meguro-ku, Tokyo 153, Japan,

Tel: +81-3-5454-6754; Fax:+81-3-5454-4311, E-mail: fkatz@srv.bme.rcast.u-tokyo.ac.jp
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Photoluminescence and X-ray Characterization of relaxed Si;.xGe, alloys grown

on Silicon on Insulator (SOI) and implanted SOI substrates

MICHAEL A. CHU*, Martin O. Tanner, Fengyi Huang , and Kang L. Wang

Device Research Laboratory
Department of Electrical Engineering
UCLA, Los Angeles, CA 90095-1594

Gordon G. Chu and Mark S. Goorsky
Department of Materials Science and Engineering
UCLA, Los Angeles, CA 90095

Recently, there has been an interest in relaxed low-dislocation films of Si; «Gey for the
growth of commensurately strained SiGe heterostructures. These relaxed films allow for
increased flexibility in designing heterostructures and offer benefits that are just beginning to
surface such as enhanced electron mobilities for strained silicon on relaxed Si; Ge, 2.

We have previously studied the growth and relaxation of SigsGe 4 on very thin Bond-
Etchback Silicon on Insulator (BESOI)3. In this work, we examined SigsGe 14 layers grown on
BESOI and the effect of ion-implantation of the viscous flow of the SiO, layer which allows
relaxation of the SiGe layer. The objective of this work is to reduce the reflow temperature of
the SiO, layer to allow in-situ growth and anneal and improve the relaxation of SiGe layers. In
this experiment, a BESOI substrate was implanted with boron and subsequently with oxygen in
an attempt to create a borosilicate glass in the SiO, region. Then, Si;Ges layers were grown
using solid source MBE on both implanted and unimplanted BESOI substrates. Samples were
then annealed at temperatures from 700 °C to 1000 °C for as little as 30 minutes.

Photoluminescence (PL) and triple-axis x-ray diffraction were used to characterize film
quality, Ge concentration and percent relaxation. We see a dramatic decrease in the annealing
temperature required (roughly a difference of 200-300 °C) to relax the Si;Ge 3 layer fully. The
PL spectra shows a broad band around 800 meV that we believe is related to the relaxation of the
SiGe layer. It can be seen to increase in intensity and then decrease dramatically when the layer
begins to relax. For the sample grown on implanted BESO], it is shown to disappear completely
at an annealing temperature of 900 °C. Above 900 °C, we also begin to see the evolution of near
bandgap luminescence for the Si;Ge 3 layer grown on boron and oxygen implanted BESOI. The
energy peak which shifts to higher energies with greater relaxation, from 970 meV to 1025 meV,
is only observed for the sample grown on the implanted substrate. It is believed that this is
primarily due to the reduced reflow temperature and low dislocation concentration of the Si-Ge 3
film. High resolution triple-axis x-ray diffraction was used to confirm the Ge concentration and
percent relaxation.

'K. Ismail, M. Arafa, et al., Appl. Phys. Lett. 66 1995.
%Y. H. Xie, E. A. Fitzgerald, et al., J. Appl. Phys. 73 (12) 1993.
*M. O. Tanner, M. O., M. A. Chu, et al. , J. Crystal Growth, 157 1995.

* Contact Person. Address: Device Research Laboratory, Department of Electrical Engineering, University of

California, Los Angeles, Los Angeles, California 90095-1594. Telephone: (310) 206-1693. Fax: (310) 206-8495.
E-mail: mchu@ee.ucla.edu
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Growth of Abrupt GaAs/Ge Interfaces by Atomic Hydrogen-Assisted MBE

Y. Okada, J. S. Harris, Jr.

Solid State Electronics Laboratory, Stanford University, Stanford, CA 94305

A. Sutoh and M. Kawabe

Institute of Materials Science, University of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki, Japan

The GaAs/Ge system is attracting increasing interest for low-cost, high-efficiency solar cells and
patterned growth for non-linear optics. Its heteroepitaxy is somewhat facilitated by the fact that GaAs
and Ge(100) not only have a small lattice-mismatch (Aa / a ~ 0.1%), but the difference in their thermal
expansion coefficients Aa and thus thermal stress is also favorably small in comparison to a more
popular GaAs/Si system (Aa/ a ~4.0% and Aa ~ 60%). There is, however, a problem of significant
Ge segregation into the GaAs when GaAs is grown on Ge(100) at high growth temperatures (> 450°C).
As a consequence, the nucleation and initial growth stage proceeds by an islanded three-dimensional (3D)
growth which degrades the surface smoothness as well as interface abruptness.

We have developed high-quality heteroepitaxy of GaAs-on-Ge using a low growth temperature of ~
400°C combined with atomic hydrogen-assisted MBE (H-MBE). Continuous generation and irradiation
of atomic H inside a conventional MBE growth chamber is done with a cracker that fits into one of the
effusion cell ports. The hydrogen cracker consists of a spirally-wound tungsten filament, which when
heated > ~ 1500°C, dissociates the molecular hydrogen into atomic H. The important concept in the H-
MBE growth technique is that atomic H is employed as a surfactant, which acts to modify the kinetics
and energetics of the growth that are in general very difficult to control at the atomic-scale unless a third
element, like a surfactant, is introduced into both heteroepitaxy and homoepitaxy.

Using RHEED, AFM and SIMS as main characterization tools, we demonstrate that H-MBE growth
results in significant reduction of Ge segregation during GaAs-on-Ge heteroepitaxy and consequently,
atomically smooth surfaces (as shown in Fig. 1) and abrupt GaAs/Ge heterointerfaces are formed. For
example, SIMS profiles measured for samples grown at 400°C (as plotted in Fig. 2 and 3) show that
after an initial decrease of Ge concentration at the GaAs/Ge interface with a slope of ~ 7.6nm/dec, the
slope levels off to ~ 17 nm/dec at a concentration of ~ 1.4x1020 cm~3 in the MBE-grown sample, while
the slope is almost unchanged for the H-MBE case and the Ge concentration drops abruptly down to a
measurement limit of < 2.2x1018 cm~3. Both the Ge concentration at the bending point and level-off
slope in the SIMS profiles were found to be smaller for the H-MBE than MBE for the temperature range
of 330 and 560°C. It was further found that irradiation of atomic H during the MBE growth favorably
brings up additional effects, such as removal of surface contaminants such as oxygen (as from Fig. 4).

Segregation is closely related to the strength of bonding energy, the surface and interface energies of
the system, the dislocations and defects, and the charge neutrality requirements especially in polar-on-
nonpolar heteroepitaxy. We will discuss the mechanisms responsible for these observed Ge segregation
reduction in H-MBE technique in terms of surfactant nature of atomic H.
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University of California, San Diego, USA

Micro-reversibility during MBE growth and in situ etching of GaAs/AlGaAs
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Hayafuji, Testsuro Kunii, Shinichi Miyakuni, Kazuhiko Ito, Kazuhiko Sato, and
Mutsuyuki Otsubo, Mitsubishi Electric Corporation, Hyogo, Japan.

MBE regrowth on AlGalnAs DFB gratings using in-situ hyrdogen radical
cleaning, H. Kiinael, J. Bottcher, A. Hase, H.-J. Hensel, K. Janiak, A.
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Heinrich-Hertz-Institut fiir Nachrichtentechnik, Berlin, Germany.
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Improving the etched/regrown GaAs interface by in-situ etching and
chemical beam epitaxy using tris-dimethylaminoarsenic

N.Y.Li Y. M. Hsin, W. G. Bi, P. M. Asbeck, and C. W. Tu
Department of Electrical and Computer Engineering
University of California at San Diego, La Jolla, CA 92093-0407, USA
E-mail address: nli@sdcc3.ucsd.edu, Fax: (619) 534-2486, Tel: (619) 534-3014

Multiple processes of ex-situ etching and passivation of semiconductor heterostructures
before regrowth are commonly used to improve the performance of advanced electronic and
optoelectronic devices, but one can not expect to obtain a clean etched/regrown interface by these
ex-situ processes due to possible contamination in the atmosphere. Mui et al.! reported a high
quality etched/regrown GaAs interfaces using an in-situ Cl, etching process, but a complicated
interlocking system of separate growth and etching chambers was used. Tsang et al.? reported in-
situ etching of GaAs and InP using AsCl; and PCl; prior to regrowth in the same chemical beam
epitaxy (CBE) chamber; therefore, possible contamination in the etched/regrown interface can be
minimized. However, Cl, decomposed from AsCl; or PCl; may etch filaments in the growth
chamber, and the long term use of AsCl; or PCl; could be a concern. Recently, Villaflor et al.
found that tris-dimethylaminoarsenic (TDMAAs) has an etching effect on GaAs’, but the TDMAASs
etched/regrown interface of GaAs has not been reported. In this talk, we report our studies on
etching of Al,Ga; As (0sx<0.25) by TDMAAs at different substrate temperatures and the
etched/regrown GaAs interface.

The in-situ etching experiments were conducted in a modified Perkin-Elmer 425 CBE
chamber. Reflection high-energy electron diffraction (RHEED) study shows that TDMAAs can
remove efficiently the oxide layer of GaAs at a substrate temperature of 470°C. This low-
temperature cleaning process of GaAs prior to regrowth is very important for high-quality regrown
devices. A 2500A-thick SiO, film was deposited on Al,Ga;<As epilayers as the mask for
determining the TDMAAs etch rate at different substrate temperatures. The etch rate of Al,Ga;xAs
increases with increasing substrate temperature, but decreases with increasing Al composition.

To study quantitatively the interface trap density in the etched/regrown interfaces, n-GaAs
epilayers (4x10"" cm™) were exposed at 600°C to As, for 10 minutes (sample A) or to TDMAAs
for ~ 30 seconds (sample B) to desorb the oxide layers. Prior to regrowth Sample B was etched by
TDMAAs for another 10 minutes (removing~ 65A). Capacitance-voltage carrier profiles show that
the interface trap density of the TDMAAs etched/regrown interface was reduced by about a factor
of 3. Further experimental results with different in-situ etching/regrowth conditions will be
reported.

In summary, TDMAAs is shown to be an effective precursor for etching GaAs at a lower
substrate temperature as well as for regrowing GaAs, thus providing a cleaner etched/regrown
interface for novel device applications.

This work is supported by the U. S. Air Force Wright Laboratory.

'D. S. L. Mui, T. A. Strand, B. J. Thibeault, L. A. Coldren, P. M. Petroff, and E. L. Hu, Inst. Phys. Conf.
Ser.141 (1995) 69.

2 W. T. Tsang, R. Kapre, and P. F. Sciortino, Jr., J. Crystal Growth 136 (1994) 42.

3 A. B. Villaflor, H. Asahi, D. Marx, K. Miki, K. Yamamoto, S. Gonda, J. Crystal Growth 150 (1994)
638.
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Micro-reversibility during MBE growth and in situ etching of GaAs/AlGaAs
heterostructures

T. Kaneko, T. Siger, M.Ritz and K. Eberl
Max-Planck-Institut fiir Festkorperforschung, Stuttgart, Germany
Fax:+44-711-689-1010, Tel+44-711-689-1313, e-mail: kaneko @ servix.mpi-stuttgart. mpg.de

Recently, RHEED intensity oscillations have been observed during the etching of GaAs
using AsCl3 [1], AsBrz [2,3] and tris-dimethylaminoarsenic (TDMAAs) [4]. This in situ

etching occurs via a layer-by-layer mechanism analogous to the reverse process of growth and
enables control on the atomic scale. A combination of in sifu etching and growth within the
same UHV chamber offers considerable potential for fabricating novel low dimensional
structures.

In this work, we demonstrate the first in situ etching of GaAs/AlGaAs/AlAs
heterostructures using AsBrs. The observation of RHEED intensity oscillations allows to

distinguish the etchings between AlAs, AlGaAs and GaAs because of large selectivity in
etching rates between GaAs and AlAs. The availability of two reverse functions: removal and
deposition, for controlling thickness and selectivity of heterostructures with atomic layer
precision represents micro-reversibility between etching and growth. The experiments were
carried out in a modified conventional solid source MBE system equipped with a gas manifold
for AsBr3(6N) to be introduced without any carrier gas.

Fig. 1 shows the substrate temperature dependence of the etching rate for AlxGajxAs
(0=<x<1) at a fixed AsBrz flow rate of 0.080 sccm, where the etching rate was obtained from

the period of the RHEED oscillations. The removal of AlAs indicates a reaction rate limited
mode for the whole temperature range, in contrast with the case of GaAs where the reaction
rate limited region (<500°C) can be distinguished from a supply rate limited region (>500°C ).
The removal of AlGaAs seems rather complicated reflecting the more feature of the AlAs
etching. The scaling of etching rate as a function of Al content can be used to determine the Al
content for any AlGaAs samples. Fig. 2 shows the RHEED specular beam intensities during
the etching of the heterostructure: GaAs(9ML)/AlGaAs(9ML)/ AlAs(6ML)/GaAs substrate at a
fixed AsBr; flow rate. As a comparison, the beam intensities during the growth are also

shown in the same figure. Three different etching rates are observed as the etching proceeds,
where lower etching rate corresponds to the etching of AlGaAs with higher Al-content, as
shown in Fig. 1. At the interface between GaAs and AlGaAs during etching, one can see the
larger number of oscillations corresponding to the GaAs etching rate than the actual number of
GaAs (9ML). This is considered to be associated with surface segregation of Ga on the
AlGaAs layer. In situ etching through different materials could provide a new technique to
investigate surface/ interface roughness on the atomic scale.

We will also discuss about optimum etching conditions to minimise the degradation of
surface morphology and reduce interface roughness, and selective etching through SiO mask.

1. W.T.Tsang, T.H.Chiu and R.M.Kapre, Appl.Phys.Lett. 63 (1993) 3500

2. T.Kaneko, P.Smilauer, B.A.Joyce, T.Kawamura and D.D.Vvedensky, Phys.Rev.Lett. 74 (1995) 3289

3. T.Kaneko, T. Sager and K. Eberl, Mater.Res;Soc.Proc. 1995 (to be published)

4. H.Asahi, X .F.Liu, K.Inoue, D.Marx, K.Asami, M.Miki and S.Gonda, J.Crystal Growth 145 (1994) 668
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Analysis of in-situ etched and regrown Alg 48Ing52As - Gag.47Ing 53As

interfaces
P. Chavarkar, D.S.L.Mui, T. Strand, L.A.Coldren, U.K.Mishra
Department of Electrical and Computer Engineering
University of California, Santa Barbara CA 93106
Tel : 805 - 893- 3812, Fax : 805 - 893 - 3262
Email :prashant@nemesis.ece.ucsb.edu
This work funded by ARPA ( Thunder and Lightning) and QUEST

Abstract

In-situ processing has recently been investigated for the fabrication of
quantum structures. This technique also holds promise for fabrication of high
performance optoelectronic and electronic devices and the integration of
different type of devices on the same substrate. This necessitates the
development of a damage free, in-situ etch and regrowth technique.

We present the analysis of in-situ etched and regrown AllnAs/
GalnAs interfaces and the dependence of interface quality on the etching
temperature. Chlorine gas etching has been investigated as a part of in-situ
processing for GaAs based materials. However in the case of In containing
semiconductors like GalnAs and AllnAs, higher etching temperatures are
required due to the low volatility of Indium chloride which is a etch by-
product. More important is the selection of proper etching temperature where
the etch rates of both the Group III etch by -products are equal. Thus the
roughness of the etched surface and the characteristics of the subsequently
regrown interface depend critically on the etching temperature.

n-GalnAs layers are grown on a n* GalnAs contact layer lattice matched
to InP. The substrates are then transferred to the etching chamber which is
connected to the MBE growth chamber through a UHV transfer tunnel. The
GalnAs epilayers are etched using chlorine gas at temperatures ranging from
250 - 325 °C. The Cl; gas flow is 2.5 sccm and the pressure is 5 x 105 Torr. The
substrates are then transferred back to the MBE growth chamber and AllnAs
is regrown. Fig. 1 shows the schematic of the regrown N-n heterojunction. C-
V analysis of the in-situ etched and regrown interface is used to calculate the
interface charge and the interface state density by the technique described by D.
Biswas et.al.l. The surface roughness of as-etched GalnAs surface is measured
using a atomic force microscope.

A minimum surface roughness of 10 A is obtained at 275 °C, this also
corresponds to low interface charge and mid-gap interface state density of 2 x
1011 / ¢m?2 eV in GalnAs as shown in Figs. 2 and 3. As reported by Furuhata
et.al.2 the etch rates of GaAs and InP are equal at this temperature. Thus it is
clear that surface roughness and interface state density are minimum when
the desorption rates of both Ga and In chloride etch by-products are the same.
Also the interface state density directly correlates with the surface roughness.
A comparison of the regrown interface with as-grown AllnAs/GalnAs
interface shows only a minor degradation, indicating the suitability of this
technique for in-situ processing in the AllnAs/GalnAs /InP material system.

1p.Biswas, P.R.Berger, U.Das, ]J.E.Oh, P.K.Bhattacharya, J. Electronic Materials, Vol.18,

No.2, pp 137, 1989.
2N.Furuhata, H.Miyamoto, A.Okamoto, K. Ohata, J. Applied Physics, Vol. 65, pp168, 1989.
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Lateral coupling of InP/GalnAsP/InP structures by selective area MOMBE

M. Wachter, U. Schoffel, M. Schier*, and H. Heinecke
University of Ulm, Dept. of Semiconductor Physics, D-89069 Ulm, Germany
*Sjemens AG, Corporate Research and Development, D-81730 Munich, Germany
Phone: + 49 731 502-6101 Fax: - 6108  e-mail: heinecke@sunrise.e-technik.uni-ulm.de

In this study we have investigated systematically the embedded selective area epitaxy (SAE) of
InP/GalnAsP/InP heterostructures which is an attractive pathway for the integration of photonic
devices by butt coupling like lasers and waveguides. In addition for the production of such devices
there is a significant driving force for replacing the hydrides by less toxic precursors. Hence we have
investigated the SAE of InP/GalnAsP/InP structures using the hydrides AsH; and PH; as well as
using tertiarybutylphosphine (IBP) and tertiarybutylarsine (TBA) as group V precursors in a
prototype of a multi wafer metalorganic molecular beam epitaxy (MOMBE) system.

The InP/GalnAsP/InP starting layers from a full 2 wafer process were patterned with 120 nm thick
SiO, mask stripes by conventional photolithography and trenches (up to 2 pm in depth) were reactive
ion etched. The width of the structures varies from 1.5 to 250 pm. The trenches were filled in a
second growth run by SAE of various InP/GaInAsP/InP structures. Thus a lateral coupling of
InP/GalnAsP/InP double heterostructures of different material compositions is achieved.

The characterization of these lateral heterojunctions was performed by Nomarski interference
microscopy, scanning electron microscopy (SEM), and spatially resolved photoluminescence (u-PL)
measurements at 300 K (excitation spot 5 pm in diameter).

Nomarski interference micrographs show that also in the TBA, TBP process no growth takes place on
the mask (SAE). The SEM investigations reveal lateral heterojunctions with planar infill-layers and
smooth contacts of the quaternary layer. Fig. 1 gives a cross-sectional view of two lateral coupled
InP/GalnAsP/InP heterostructures with a gap-wavelength of A, = 1.55 um for both quaternary layers.
The shown planarity of the SAE layers is independent of the aspect ratio of the masked to the
unmasked surface. The thin vertical InP separation layer between the two quaternary coupled layers is
adjustable in the thickness by changing the growth parameters and the molecular beam geometry.

Fig. 2 shows linescans of the PL intensity in dependence on the lateral position of the laser spot for
the transitions between quaternary materials with gap-wavelengths of A, = 1.047 pm (infill) and A, =
1.540 pm (structure see insert). The oxide capped ridge structure was grown by using the hydrides
AsH; and PH; and for the embedded SAE heterostructure TBA and TBP was used. The SAE
quaternary layer exhibits a bright luminescence and a sharp decay at the boundary of the locally
grown structure indicating a high crystal quality up to the lateral junction. This decay of the PL
intensity at A, = 1.047 pm coincidences spatially with the increase at A, = 1.540 pm and vice versa.
The measured decay / increase length of 4 - 5 pm is limited by the spot size of the exciting laser
beam. Consequently a sharp transition area (butt coupling) is realized. This is supported by the fact,
that the measured wavelength shift at the lateral heterojunction in the coupling zone is less than + 4
nm in [011] or [0T 1] directions. The nature of this fine wavelength variation as well as comparative
data on a number of different lateral material transitions in various crystal directions will be
presented. These results demonstrate that the state of the art lateral couplings of GalnAsP
heterostructures can be achieved by SAE MOMBE using either the hydrides or the replacement
precursors TBA and TBP.
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SELECTIVE AREA EPITAXY OF GaAs USING COMBINED VERY LOW
ENERGY Ga* FOCUSED ION BEAM DEPOSITION AND MOLECULAR
BEAM EPITAXIAL GROWTH

H. E. Beere, J. H. Thompson, G. A. C. Jones, and D. A. Ritchie.

University of Cambridge, Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, UK.

The sclective area epitaxy of III-V compound semiconductors could become an
important technique in the preparation of sophisticated integrated semiconductor
structures. A novel system has been developed at the Cavendish in which a conventional
thermal molecular beam epitaxy (MBE) source is replaced with a focused ion beam
(FIB) column located directly opposite the sample on a standard MBE deposition
chamber (Fig. 1). Initial studies used a Sn FIB to dope n-type GaAs/AlGaAs structures
with three-dimensionally patterned doping profiles®. This technique has been further
developed to facilitate the lateral selective area epitaxy of GaAs by supplying the group
III matrix element via a FIB. In order to minimise crystalline damage during growth, very
low ion energies (less than 100eV) are necessary. Thus the ions are deposited rather than
implanted. To overcome the problem of focusing an ion beam in this low energy regime,
retarding field optics were employed?.

For the first time, a FIB has been used to grow conducting n-type GaAs in
lithographically defined areas. A low energy (25 to 100eV) mass separated Ga* FIB
was rastered over a 210um x 210um area on a GaAs(100) substrate, once per second,
with thermal Si and As, molecular beams impinging upon the sample under conventional
MBE growth conditions. The FIB grown samples were grown ~1pm thick at a typical
growth rate of 0.6um/hr (Fig. 2). Electncal characterisation of the 25¢V FIB grown
layer gave a 77°K mobility of 1550cm’V"'s" at a carrier concentration of 2.5 x 10" cm

(Fig. 3). Hall mobility versus temperature measurements showed the mobility for the FIB
grown sample is lower than an equivalent MBE grown sample, suggesting the FIB
sample’s mobility is dominated by scattering centres within the crystal. These results
imply that there is ion-induced lattice damage within the grown film, however it is
expected that this damage would be reduced by decreasing the incident ion energy from
25to 10eV.

The use of a low energy ion source with MBE may also provide technologically
important improvements in semiconductor crystal growth. The extra energy supplied to
the wafer surface by low energy ion irradiation has allowed the growth of semiconductor
layers with lower defect densities and reduced surface roughness at lower temperatures
than conventional MBE growth aloneB. The capability of growing high quality MBE
crystal structures with improved heterointerfaces and at low growth temperatures would
lead to an enhancement in both optical and electrical device performance.

1. J.H.Thompson, G.A.C.Jones, D.A Ritchie, E.H.Linfield, M.Houlton, G.W.Smith, and
C.R.Whitehouse. J. Cryst. Growth 127, pp 732 (1993)

2. H. Kasahara, H. Sawaragi, R. Aihara, K. Gamo, S. Namba, and M. Hassal Shearer.
J. Vac. Sci. Technol. B 6, pp 974 (1988)

3. S. Shimuzu, O. Tsukakoshi, and S. Komiya. J. Vac. Sci. Technol. B 3, pp 554 (1985)

Harvey Beere Tel: +44 (0) 1223 337471
e-mail:heb1000@cus.cam.ac.uk Fax: +44 (0) 1223 337271
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SELECTIVE AREA EPITAXY OF GaAs USING COMBINED VERY LOW ENERGY Ga*
FOCUSED ION BEAM DEPOSITION AND MOLECULAR BEAM EPITAXIAL GROWTH

H. E. Beere, J. H. Thompson, G. A. C. Jones, and D. A. Ritchie.
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Figure 1. A schematic diagram of the experimental apparatus showing the focused-ion-beam matrix
element source attached to the growth chamber of a MBE machine.

Figure 2. Nomarski micrograph of a selectively grown n-GaAs sample using a 25eV Ga* FIB with Si
and As, molecular beams. The marker represents 100pm.
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Selective Area Chemical Beam Epitaxial Regrowth of Si-Doped
GaAs and InP by Using Silicon Tetraiodide for HFET Application

Shigekazu Izumi, Norio Hayafuji, Tetsuro Kunii, Shinichi Miyakuni,
Kazuhiko Ito, Kazuhiko Sato, and Mutsuyuki Otsubo
Optoelectronic & Microwave Devices Laboratory, Mitsubishi Electric Corporation,
4-1 Mizuhara, Itami, Hyogo 664 , Japan
Phone number : 81-727-84-7436, Fax number : 81-727-80-2694
E-mail : izumi@oml.melco.co.jp

In this presentation, we propose a novel silicon (Si) dopant source of silicon tetraiodide
(Sil4) for CBE growth of GaAs and InP. High electrical quality has been ascertained for both of
GaAs and InP with linear Si doping controllability in the wide range. Abrupt interfaces and
precise on-off controllability without any memory effect have been confirmed as well.

Si is one of the most commonly used n-type dopant for III-V compound semiconductors
due to low thermal diffusivity and little surface segregation. Si2H6 has been mainly used in
every sort of growth method such as metalorganic vapor phase epitaxy (MOVPE) and gas
source molecular beam epitaxy (GS-MBE). Carrier concentration up to 1.4x10!18cm-3 was
obtained by using Si2H6 in chemical beam epitaxial (CBE) grown InP(1), Controllability
especially at low doping level, however, is still insufficient for device application such as the
collector layer of heterojunction bipolar transistor (HBT). Recently, it has been reported that
somewhat high Si doping efficiency and controllability are obtained for InP and InGaAs growth
by using SiBr4 having relatively weak (87.9 kcal/mol) Si-Br bond strength(?), which suggests
that the facile decomposition of Si is an inevitable item for Si dopant source.

Si-doped GaAs and InP were grown by CBE on undoped GaAs and Fe-doped InP
(100) substrates with three inch diameters, respectively. GaAs layer was grown at 510°C with a
growth rate of 0.65um/h by using triethylgallium (TEGa) and arsine (AsH3). InP layer was
grown at 460°C with a growth rate of 0.5um/h by using trimethylindium (TMIn) and phosphine
(PH3). Si dopant was the specially provided SN grade purity Sil4, which was supplied with
helium (He) carrier gas through a mass flow controller without any precracking. 10% Si2Hé
diluted with hydrogen (H2) was used as a reference in some experiments.

High electrical quality has been ascertained for both of GaAs and InP with linear Si
doping controllability in the range from 2x1016cm-3 to 6x10!8cm-3 with the uniformity less than
2% within 3 inch diameter area. Electron mobility in GaAs with carrier concentration of
1x1017cm-3 is 4400 cm?/Vs and that in InP with carrier concentration of 4x10!7cm-3 is 2400
cm?/Vs, respectively. Abrupt interfaces and precise on-off controllability without any memory
effect have been confirmed by secondary ion mass spectroscopy (SIMS) measurements.
Electrical activation ratio of Si in Sil4 for both of GaAs and InP is found to be almost 100% in
the range studied here, while that in Si2Hé6 is 80% or less. These versatile features are thought

to be due to the very weak Si-I bond strength in Sil4 (70 kcal/mol).
This technique has been applied to the heterostructure field effect transistor (HFET)

fabrication. Selective area regrowth of 0.3um thick Si-doped GaAs with a concentration of
3x10!8c¢m-3 has been successfully achieved on patterned trench structure fabricated by ECR
plasma etching without any polycrystalline deposition on the dielectric mask film as well.
Sufficient low contact resistance as low as 3x10-7Qcm? has achieved with alloyed Ni/AuGe/Au

contact metals on Si-doped GaAs source and drain surfaces.

These satisfactory results indicate that Sil4 is a promising candidate as a Si dopant source
and that the combination of the CBE growth and the use of Sil4 has a potential ability of
constructing any planar type devices.

1) H.Ando, N.Okamoto, A.sandhu, T.Fujii, Jpn. J. Appl. Phys.30, (1991)L1696.
2) S.L.Jackson, M.T.Fresina, J.E.Baker, G.E.Stillman, Appl.Phys.Lett. 64, (1994)2867.
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MBE Regrowth on AlGalnAs DFB Gratings Using In-Situ Hydrogen
Radical Cleaning

H. Kiinzel J. Béttcher, A. Hase, H.-J. Hensel, K. Janiak, A. Paraskevopoulos and G. Urmann

Heinrich-Hertz-institut fur Nachrichtentechnik Berlin GmbH,
Einsteinufer 37, D-10587 Berlin, Germany
Phone: ++49.30.31002.546, FAX: ++49.30.31002.558, e-mail: kuenzel@mails.hhi.de

Abstract

Recently, MBE regrowth on Al-containing surfaces was made feasible by the implementation of in-
situ, UHV-compatible cleaning/etching techniques to remove the thermally stable native oxide
layer /1,2/. Particularly when thin layers are involved, hydrogen radical (H*) cleaning is the method
of choice since no material removal is observed /3/. The suitability of the H* cleaning technique
was demonstrated by MBE growth of high quality InGaAs quantum wells on Alg 54Gag 24Ing 52AS

surfaces.

In this contribution, the H* radical treatment was applied for the first time prior to InP regrowth on
Al 16Gag 32/Ng 5pAs DFB-gratings, a crucial step towards the realization of GalnAs / AlGalnAs
DEB-lasers with solid source MBE. The following three topics involved in the elaboration of the
regrowth process will be separately addressed: 1) H* process conditions for Alg 16Gag 32Ing 52AS
surfaces, 2) a suitable stabilization procedure of DFB gratings prior to MBE regrowth and 3)
adequate MBE conditions for a final planar regrown surface.

The basic results can be summarized as follows:

1) As compared to Aly 24Gag 241N 52As /3/, for the sufficient removal of the native oxide film from
Aly 16832 30Ing 50As surfaces only short H* processing times are required, as determined from
Auger measurements. An increase of the processing time resuits in a decrease of the crystaliine
quality of the regrown material (cf. Fig. 1 in the example of InGaAs) and simultaneously of the
optical quality as judged from 300K PL. Time resolved PL measurements on regrown
AlGalnAs/GalnAs heterostructures indicate similar lifetimes as those found in continuously grown
material.

2) Asg-stabilization of grating structures indicated no influence of As pressure, stabilization time
and H*-processing on the grating profiles. The influence of P,-stabilization is presently under
investigation.

3) Regrowth of 1.5 ym thick InP layers results in smooth and planar surfaces (c.f. Fig. 2). The
optical quality, in terms of PL intensity of the regrown material on grating areas, is in good
agreement with that of InP on non-structured AlGalnAs as well as on an InP reference substrate.
Regrowth was performed both on dry (RIE) as well as wet chemically etched grating structures. A
comparative study of regrowth with different materials (i.e. AllnAs, GalnAs and InP) is currently
under investigation to study of the influence of the mobility of the growth constituents on regrowth

behaviour.

/1/ A. Hase et al., Appl. Phys. Lett. 65, 1406 (1994).
12/ K.D. Choquette et al., Appl. Phys. Lett. 62, 735 (1993).
/3/ H.Kunzel et al., J. Crystal Growth 150, 18 (1995).

# Part of the work was conducted under contract with Bosch-Telecom GmbH, Backnang.
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Hydrogen Radical Surface Cleaning of GaAs for MBE Regrowth

T.M.Burke, E.H.Linfield, M.A.Quierin, D.A.Ritchie, M.Pepper*

Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3
OHE, UK.

J.H.Burroughes

Toshiba Cambridge Research Centre Ltd, 260 Cambridge Science Park, Milton Road,
Cambridge CB4 4WE, UK.

* Also at Toshiba Cambridge Research Centre

MBE regrowth on ex-situ patterned GaAs substrates provides a promising technique
for the wafer-scale production of novel three dimensional device structures [1]. Optimal
substrate preparation prior to regrowth to remove contaminants such as oxygen and
carbon which are incurred at the surface during ex-situ processing is essential.
Hydrogen radical (H*) surface cleaning can provide an effective method for the
removal of such contamination resulting in both smoother and cleaner surfaces than
those that can be achieved by standard thermal cleaning [2,3].

A dedicated decontamination chamber has been commissioned incorporating an
r.f. plasma hydrogen radical source for surface cleaning and an integrated SIMS system.
This cleaning chamber is connected to a V80OH MBE growth system via a UHV transfer
chamber. SIMS characterisation before and after the H* cleaning of patterned wafers
has been used to measure reductions of up to three orders of magnitude in the surface
oxide levels and a significant removal of hydrocarbon contamination at cleaning
temperatures as low as 4509C. To assess the effectiveness of this cleaning technique for
device production the impact on a two dimensional electron gas (2DEG) of the close
proximity of a hydrogen cleaned regrowth interface has been assessed and compared
with that for a corresponding thermally cleaned interface. For regrowth interface/2DEG
seperations below 2000A the thermally cleaned interface was found to rapidly degrade
the 2DEG carrier concentration and low temperature mobility. Following H* cleaning
this degradation is found to be much reduced leading to the growth of a 2DEG lying
only 500A from a H* cleaned regrowth interface with a mobility after illumination of
5.26x105cm2V-1s-1 at a carrier concentration of 4.20x101lem-2.

To further investigate the effectiveness of thermal/H* cleaning, resonant
tunnelling devices have been fabricated where the regrowth interface lies between the
collector and the double barrier structure. The current-voltage characteristics of these
devices again indicate a significant improvement in the quality of a hydrogen cleaned
interface in comparison to that achieved by standard thermal decontamination.

These results show the applicability of the MBE regrowth technique combined
with hydrogen radical cleaning to the fabrication of complex device structures in which
active layers are required to be regrown in close proximity to the regrowth interface.

[1] R.J.Evans,T.M.Burke, M.P.Grimshaw, D.A Ritchie, M.Pepper and J.H.Burroughes,
Mat. Sci.and Eng. B, 35(1-3), 1995,203.

[2] C.M.Rouleau and R.M.Park, J.Appl. Phys. 73(9),1993,4610.

[3] A. Takamori, S. Sugata , K. Asakawa, E. Miyauchi and H. Hashimoto, Jap. J. Appl.
Phys., 26(2), 1987, L142.

Theresa Burke

Address as above

Tel: 44 1223 337323

Fax:44 1223 337271
email:tmb1001 @ cus.cam.ac.uk
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MBE Growth of High-Power InAsSb/InAlAsSb Quantum-
Well Diode Lasers Emitting at 3.5 ym*

G.W. Turner, M.J. Manfra, and H.K. Choi
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173-9108

High-performance diode lasers emitting in the wavelength region of 2-5 ym have
numerous potential applications in gas detection, spectroscopy, pollution monitoring, and
military systems. Recently, diode lasers fabricated from the antimonide-based III-V
compounds have been receiving increased attention for such applications since excellent
results have already been demonstrated for room-temperature quantum-well devices
emitting near 2 um. For longer wavelengths, however, performance of such antimonide-
based lasers has been more limited.

In this paper, we will report the MBE growth and fabrication of high-performance
multiple quantum-well diode lasers incorporating compressively strained InAsg 9355bg 65
wells and tensile-strained Ing gsAlg 15A80.9Sbg 1 barriers in the active region and lattice-
matched AlAs( 16Sbg g4 as the cladding layers. These lasers, which were grown on InAs
substrates, have emission wavelengths between 3.2 and 3.55 pm. Broad-stripe lasers have
exhibited 215 mW/facet cw at 80 K, with pulsed threshold current densities as low as 30
A/cm? at 80 K. The maximum pulsed operating temperature is 225 K. Ridge-waveguide
lasers have exhibited cw threshold currents of 12 mA at 100 K, with the maximum cw
operating temperature of 175 K.

We will describe the MBE materials growth issues that determine the characteristics
of the present high-performance lasers. We will also present some new approaches that
could minimize unsolved problems in the present lasers. Such approaches may lead to even

higher performance diode lasers in this wavelength region.

*This work was sponsored by the Air Force Phillips Laboratory.

9.1




Microstructure Properties of InAs/InAs Sb _ Superlattices and InAs Sb
Ordered Alloys Grown by Modulated Molecular Beam Epitaxy

Y.-H. Zhang', A. Lew? E. YU? and Y. Chen®
Hughes Research Laboratories, 3011 Malibu Canyon Road, Malibu, CA 90265.

Tel (310)317-5696, FAX: (310)317-5450, E-mail: zhang@madmax.hri.hac.com.
’Department of Electrical Engineering and Computer Science, University of California at San

Dlego La Jolla, CA 92093
Lawrence Berkeley Lab, University of California, Berkeley, CA 94720

Control of the composition of group-V alloys has been problematic for molecular
beam epitaxy (MBE). The problem is even more acute for the epitaxial growth of InAs Sb,
random alloys due to the spontaneous CuPt-orderings, which are not desirable for device

apphcatmns [1-3]. Previously, we reported a straightforward and accurate means of
controlling the incorporation of As and Sb by rapidly alternating As2 and Sb fluxes, i.e.

Modulated MBE (MMBE), for As/Sb alloys [4]. In this paper we will present detailed
cross-sectional Scanning Tunneling Microscopy (STM), Transmission Electron Diffraction
(TED), and optical spectroscopy study of the MMBE grown InAs/InAs Sb,  superlattices
(SL) and InAs Sb _ ordered alloys. The new results show that MMBE prov1des not only a

better control of the composition but also a way to overcome the problem of spontaneous
CuPt orderings in InAs Sb, _random alloys.

For the STM study, we focus on a 172A-InAs/52A- -InAs,,¢Sb,,, SL grown on a
GaSb substrate  Each of the 52 A InAs,,,Sb,,, layers consists of 4 periods of nominal
7.8A-InAs/5.2A-InSb sub- -superlattice structures. Figure 1 (a) shows a high-resolution
constant-current cross-sectional STM image of a single InAs,,.Sb,,, ordered-alloy layer
surrounded by InAs. Contrast between the InAs layers and the InAs,,,Sb, ,, ordered-alloy
layer can be seen clearly in the image. The growth direction is indicated in the figure.
Figure 1 (b) shows an averaged topographic line scan of the InAs,,,Sb,,, layer and the
surrounding InAs layers. Also visible in the image is contrast caused by the ordered
structure within the InAs, ;Sb, ,, layer produced by the MMBE growth technique. These
features are observed consistently with different cleaved samples and tips. Differences in
topographic height, caused by differences in electronic structure, between the sub-
superlattices and the darker InAs layers become larger as more InAs,,Sb,,, is grown.
The maximum contrast in height (corresponding to maximum content) is consistently
observed at the next-to-last (i.e. the third) grown InSb-like layer in the InAs,,.Sb,,,
ordered alloy region. This non-uniformity in the electronic structure in the InAs,.Sb, ,,
layers suggests the presence of atomic cross-incorporation within the InAs,.Sb,,, layers
during the MMBE growth.

TED study of InAs/InAs,,,Sb, ;¢ SL in a laser structure grown on an InAs substrate
reveals additional detailed information about the microstructure properties of the SL. The
sample is examined in a <110> direction perpendicular to the [001] growth direction. TED
pattern of the InAs/InAs, 4,,Sb, ;¢ SL active region is shown in Fig. 2. Only zinc-blende
reflections have been seen on the photographs. Special attention is paid to the reflections
caused by CuPt ordering. But no reflection spots at half the distance between (000) and
{111} reflection spots are visible, indicating that the lack of CuPt orderings in the
InAs, 4,,Sb, 476 Ordered alloys. This finding is confirmed by photoluminescence study of
MMBE grown thick InAs,,Sb,, ordered alloy layers lattice matched to GaSb substrates.
The bandgaps of these samples show no reduction. In contrast, CuPt-orderings in
InAs Sb, random alloys grown by MOCVD and MBE are evidenced by detailed TED and
optical spectroscopy studies [1-3]. Due to the spontaneous nature, this kind of orderings is
difficult to control and not desirable for device applications. In view of the present results,
the ordered alloys grown by MMBE technique provide an alternative way to bypass the
CuPt ordering issue. Laser structures grown by using MMBE have demonstrated very high
performance.
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Sb-Surface Segregation and the Control of Compositional Abruptness
at the GaAs/GaAsSb Interface

Ron Kaspi, University Research Center, Wright State University, Dayton, OH 45435,
Keith R. Evans, Wright Laboratory (WL/AADP) Wrigh-Patterson AFB, OH 45433-7323

The compositional abruptness at interfaces between ternary and binary III-V layers is
inherently limited by surface segregation effects. We observe that Sb exhibits strong surface
segregation during pseudomorphic GaAs, Sb, layer deposition by molecular beam epitaxy
(MBE). This is observed to result in compositionally graded, generally Sb-deficient regions near
the GaAs, ,Sb, on GaAs normal interface, and Sb-enriched regions near the GaAs on GaAsSb
inverted interface. Our results suggest that compositionally abrupt normal and inverted interfaces
in this system can be formed by the intelligent control of incident fluxes during interface
formation.

Line-of-sight mass spectrometry was used to quantify the amount of surface accumulated
Sb, x_, by interrupting growth and measuring the amount of Sb which leaves the film surface
when the surface is held under a sole As flux and becomes As-capped. Surface accumulation of
Sh was measured in this manner with an accuracy of +0.05 monolayers (ML). It was observed,
for example, that ~0.95 monolayers of Sb surface accumulation persist at steady-state during
growth of GaAs,,Sb,, at T=500°C despite a Sb sticking coefficient near unity. This amount was
observed to diminish to ~0.2 monolayers (negligible surface segregation) at T=350°C. The
segregation coefficient R, defined as R=1-(x/x.), was observed to exhibit an Arrhenius
relationship with T for which the extracted activation energy was ~0.27 eV.

Surface segregation measurements were performed at various distances from the intended
normal interface to delineate the compositional grading. It was observed, for example, that during
growth at T=450°C, the intended GaAs,Sb,, composition was not reached until nearly 30A away
from the intended GaAsSb on GaAs interface. Moreover, the compositional profile near this
interface was observed to depend strongly on the shutter sequence during GaAsSb growth
initiation. For example, if the Sb beam is introduced concurrently with Ga, then surface
segregation occurs at the expense of Sb incorporation and a Sb-deficient interfacial layer
analogous to that near the InGaAs on GaAs interface is formed. Alternatively, if both group-V
beams are incident on the surface before growth begins, then the region near the interface may
become enriched in Sb if the amount of Sb at the surface on the static surface is in excess of the
steady-state value reached during growth.

A compositionally abrupt normal interface can be formed by populating the surface with
the same amount of Sb that will surface segregate at steady state during growth in order to
eliminate the transient behavior. This can be accomplished either by a measured amount of Sb
deposition or a propitious choice of growth parameters for which the amount of Sb at the surface
at steady state will be equivalent for both the static and the growth surface. For example, the
latter was observed to occur when incident fluxes of J(Asz)=2xl()'6 Torr, J(Ga)=0.75 ML/s, and
J(Sb,)=0.15, and T=485°C were used to deposit GaAs,Sb,, on GaAs where x,~0.65 ML.

A compositionally abrupt inverted interface can be formed by selective use of the As/Sb
surface exchange reaction to deplete the excess surface Sb during a growth interrupt.
Line-of-sight mass spectrometry is the ideal tool with which to accomplish this task.

Author RK is supported under U.S. Air Force contract F33615-95-C-1619. This work was partially supported by
the Air Force Office of Scientific Research. Please contact regarding the abstract, author RK by mail at the above
address, by phone at (513)255-1736, by FAX at (513)255-3374, or by e-mail at kaspi @el.wpafb.af.mil.

9.3




Figure 1.

- GaAso_BSb0_2

R=0.75 ML/s

J(As,) = 2x10°6 Torr
J(Sby) = 0.15 ML/s
Sb sticking coeff. ~ 1

Measured amount of Sb surface (MLs) '6—_
segregation on GaAs,,Sb,, as a 0.4
function of growth temperature. '
0.2
W7 T T
300 350 400 450 500 550
Temperature (°C)
0.8 — GaAsq.ySby on GaAs
) JAs,) = 2x10-6Torr
. J(Sby,) = 0.15 MLs
.0 = T=450 OC; GR=0.75 ML/ .
0.6 s ° Figure 2.
X Ny Evolution of Sb surface
SS 0.4 — II z I z i accumulation (x_) near the normal
i E E interface.  Prior to GaAsy,Sb,,
E GaAssurface | geposition, the GaAs surface is
0.2 — stabilized with o . .
. I ® As.onl stabilized with As, only (circle), or
13 4 As+Sh| withboth As, and Sb, (diamond).
00T T
0O 5 10 15 20 25 30 35
Nominal layer thickness (ML)
Figure 3. _ 0.8 485 °C
Evolution of Sb surface accumulation
on GaAs,,Sb,, deposited on GaAs at --g------- B-------=
two different temperatures.  The 0.6 — L
graded composition interfacial layer at i
T=450 °C is eliminated at T=485 "C ~ Xgq [j’(j ce@---==-Hec--- [
because the amount of Sb present at 0.4+ 450 °C
the surfa}ce before the ternary layer 1 Ga Asg 5Sbo 20N GaAs
growth is equivalent to that during 0.2 — JAsy)=2x105T
" =ZX10"° oI
the growth. i J(Sb2)=0.15 MUs ; GR=0.75 MUs
As and Sb on starting surface
0-0 T l  § l T l 1 l | l L l L}

0

9.3

5 10 15 20 25 30 35
Nominal laver thickness (ML)




MBE growth of Si-doped InAlAsSb layers

lattice-matched with InAs

Makoto Kudo and Tomoyoshi Mishima
Central Research Laboratory, Hitachi, Ltd., Kokubunji, Tokyo, Japan
Phone: +81-423-23-1111 (ext. 3139), Fax: +81-423-27-7679
e-mail: mkudo@crl.hitachi.co.jp

Abstract

We describe a method to control the 2DEG concentration in the InAs/AlSb material system
heterostructures. This was done by using an Inj ;AL sAS, 5¢Sb, 4, quaternary alloy, in which n-
type doping using Si as a donor was achieved for the first time.

InAs/AISb (or AlGaSb, AlGaAsSb) heterostructures have been widely studied for future
high-frequency FET applications because of their very high 2DEG mobility which exceeds
20.000 cm¥/Vs at room femperature. Accurate control of the 2DEG concentration in InAs
channels, however, has not previously been achieved. N-type doping of AlSb, which is normally
used as the barrier material in InAs channel FETs, is difficult when MBE is used. The Si, which
behaves only as a donor for GaAs, turns into partially compensated acceptors in GaSb and AlSb
[1]. Although column VI materials, such as S, Se, and Te, become donors for GaSb and AISb,
the vapor pressure of these materials is too high for accurate control of the doping concentration
in MBE. Therefore, we have concentrated on studying an Ing Al As, ssSby,, alloy whose
electron concentration can be controlled through Si doping.

The lattice constant and Sb content of In, Al ;As, . Sb, as a function of the Sb, beam
pressure is shown in Fig. 1. The growth rate was about 1.2 um/h, the As, pressure was 1x107%
torr, and the substrate temperature was 350°C. The lattice-matching with InAs is given at an Sb
beam pressure of 9x107 torr. The mobility and free electron concentration of Si-doped
In, (Al sAs, Sb, as a function of the Sb content is also shown in Fig. 2. Under growth
conditions suitable for lattice-matching with InAs, an electron concentration of more than 4x10'®
cm” was obtained. This indicates that In, (Al) sAs; 5sSby 4, is @ suitable material for use as the
electron-supply layer for an InAs channel.

We then grew an undoped-In, ;Aly ;As, <, Sb, ,/undoped-InAs structure and a Si-doped
In, Al ;As, s,Sb, ,,/undoped-InAs structure. The 2DEG concentrations of the undoped and Si-
doped heterostructures were 7x10'' cm™® and 1.3 x10" cm?, respectively. This is the first time
that the 2DEG concentration in InAs channel modulation-doped structures has been controlled by
Si-doping.

More detailed results, including TEM and PL measurements, will be given at the coming

conference.
[1] G. Pindoria et al., Surf. Sci. 234, 17 (1990).
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Molecular beam epitaxial GalnSbBi for infrared detector
applications

Q. Du, J. Alperin, and W.I. Wang
Department of Electrical Engineering
Columbia University, New York, NY 10027

There have been efforts in recent years to incorporate Bi into narrow
gap III-V’s such as InAsSb to further reduce the band gap for 8-12 um
infrared (IR) detector applications. To date, all published results indicated
that although some Bi was incorporated into the films as evidenced by
secondary ion mass spectroscopy (SIMS), the IR absorption spectra failed
to show increase in the bandedge response. Although one problem has
been associated with molten InBi compounds which prevented the
incorporation of Bi, we believe that the real difficulty is due to the fact that
increasing the Bi content increases the lattice constant and thus increases
lattice-mismatch between the Bi-containing alloys and the substrates (such
as InSb). In other words, the Bi will be "squeezed” out of the epilayer.

In order to increase the Bi content, our approach is to add Ga to the
InSbBi alloy. Since the covalent radius of Ga is relatively small compared to
that of In, Sb, and Bi, the addition of Ga into InSbBi can significantly
decrease the lattice constant and make the Bi-containing alloy lattice-
matched to the available III-V substrates. Conventional wisdom works
against adding Ga to InSbBi since this is expected to increase the bandgap
which is exactly opposite to what needs to be achieved (i.e., “narrow gap”).
However, we realized that for the ternary compound GalnSb, adding a small
mole fraction of Ga to InSb does not really enlarge the band gap compared
to that of InSb due to band gap bowing. Furthermore, GalnSb is a group III
alloy which makes composition control easy to achieve. To date, all
published results indicate that Ga was never added in narrow gap III-V
compounds such as InAsSbBi and TlInSb.

We have grown a new quaternary alloy GalnSbBi for the first time.
With the addition of 3% Bi, the 77K absorption spectra showed a sharp
bandedge at 10.66 um, a wavelength range that was previously inaccessible
through narrow gap III-V compounds such as InAsSb. This is the first time
that adding Bi into narrow gap III-V’s clearly extended the band edge
absorption to a longer wavelength. The novel approach of taking advantage
of "band gap bowing” to achieve lattice-matching as demonstrated here is
applicable to other narrow gap materials. The details of molecular beam
epitaxial growth and the effect of off-axis substrates will be presented.
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New semiconductors TIInGaP and their gas source MBE growth
. *
H. Asahi, K. Yamamoto, K. Iwata, S. Gonda and K. Oe

The Institute of Scientific and Industrial Research, Osaka University
8-1, Mihogaoka, Ibaraki, Osaka 567, Japan
Tel.+81-6-879-8407, Fax.+81-6-879-8509, E-mail: asahi@sanken.osaka-u.ac.jp
*NTT Opto-electronics Laboratories
Morinosato Wakamiya, Atsugi, Kanagawa 243-01

We here propose new II-V compound semiconductors TlyIn 1-x_sztyP (Thallium Indium
Gallium Phosphide) lattice-matched to InP. This material system can cover the wavelength
range from (.92 pm (InP) to over 10 pum (T1GaP) and is suitable for the optical devices,
especially for 1 pm range laser diodes (1.Ds) for optical fiber communication and mid-infrared
(longer than 2 pm) L.Ds. Furthermore, these 1.Ds have a possibility to operate without change
of wavelength with ambient temperature variation.

The estimated band gap encrgy variation with alloy composition is shown in Fig.1. This
semiconductor materials are the alloys consisting of semiconductor InGaP and semimetal TIP.
This alloy system has only one group V anion atoms and the type-I band lineup having a wider
conduction band discontinuity than that of valence band is expected. This characteristics is very
suitable for the optical devices. Furthermore, the semiconductors whose band gap does not
change with ambient temperature are expected because of the alloy of semiconductor and
semimetal like Hg(y 4Cd() gTe. This characteristics is very promising to fabricate
semiconductor lasers whose wavelength does not change with ambient temperature variation,
which is very important for the advance in WDM (wavelength division multiplexing) optical
fiber communication, because one problem in using InGaAsP/InP LDs in WDM system is that
the lasing wavelength fluctuates with ambient temperature variation due to the temperature
dependence of band gap energy and LDs in WDM system must be equipped with Peltier
elements that works to stabilize LD temperature.

We have successfully grown TlInP and TlInGaP alloys on InP (100) substrates by gas
source molecular beam epitaxy (MBE) for the first time. The growth was conducted in the gas
source MBE. Elemental Tl (Thallium), In (Indium), Ga (Gallium) and thermally cracked PHy
were used as group 111 and group V sources. The substrates used were InP (100). The
substrate temperature was varied from 350°C to 450°C. PHs flow rate was 0.3-0.5 SCCM.
The vapor pressure of Tl is similar to that of Sb (Antimony) at low cell temperatures and higher
at high cell temperatures, and Tl vaporizes from melt. Therefore, the Tl flux controllability is
much better than that of Sb.

RHEED (reflection high energy electron diffraction) patterns revealed (2x4) reconstruction
at substrate temperatures of 400-450 °C showing phosphorus-stabilized surfaces. However, at
lower temperatures RIIEED pattern showed phosphorus-excess (2x2) reconstruction. The
surface exhibited mirror-smooth. The alloy composition of THnP was found to vary with Tl
flux. Fig.3 shows double crystal X-ray rocking curves, where the diffraction peak from InP
and that from TIP and THaP are clearly observed. In the conference, the growth of quaternary
TlInGaP alloys as well as their electrical and optical properties are also presented.
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Thin heterogeneous (MnAs / llI-V) magnetic layers buried in high quality
lll-V heterostructures

J. De Boeck, A. Van Esch @, and G. Borghs
IMEC, Kapeldreef 75, B-3001 Leuven, Belgium

Recently we have demonstrated the formation of magnetic MnAs particles in
GaAs using the technique of low-temperature GaMnAs growth followed by
annealing as a unique way of fabricating magnetic thin films embedded in
high quality semiconductor structures [1]. This type of buried magnetic
heterostructures is difficult to achieve by overgrowth on a metal thin film or by
implantation of transition metals [2]. The as-grown Ga1xMnxAs layers are
found to have high structural quality for uniform layers of 6 % Mn and for peak
Mn concentrations up to 15%. The magnetic particles of 1 to 25 nm in size,
depending on the annealing treatment, are very well confined to the regions
which were Mn doped during growth. Hence, embedded magnetic layers can
be incorporated in high quality semiconductor heterostructures, such as
quantum wells and superlattices.

In this report the structural and magnetic properties of Mn doped IlI-V
heterogeneous materials are briefly reviewed and we will concentrate on the
fabrication of nearly two dimensional buried magnetic layers with a high
density of MnAs clusters.

The structural quality of the semiconductor overgrowth will be discussed. We
consider two approaches for lll-V overgrowth: (i) the low-temperature growth
under shuttered As4-supply followed by post-growth annealing and (ii)
regrowth at normal temperatures (600 °C) during which the MnAs phase
separation takes place in situ.

Electronic transport properties through the 2D IlI-V/MnAs cluster chain are
modified using Al(Ga)As barriers, Si (modulated) doping and In(Ga)As in the
Mn doped region.

These new heterogeneous magnetic/semiconductor structures offer potential
for designing novel magneto-electronic devices.

References:

[1] J. De Boeck, R. Oesterholt, A. Van Esch, H. Bender, C. Bruynseraede, C.
Van Hoof, and G. Borghs, to be published in Appl. Phys. Lett. (may 1996).

[2] J. Shi, J. Kikkawa, R. Proksch, T. Schéffer, D. Awschalom, G. Medeiros-
Ribeiro, P. Petroff, Nature 377,707 (1995)

Work supported by the European Community under contract ESPRIT 20.027.
(a) KU Leuven Physics Dept. Celestijnenlaan 200D, B-3001 Leuven, Belgium
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Supporting figures on magnetic and structural properties of the
MnAs / (l1lI-V) material system.

showing:

Fig 1: Magnetic behavior

Fig 2: size of clusters and incorporation in GaAs lattice

Fig 3 and 4: Feasibility of building well controlled layers (thicknesses larger
than the ones studied in the present work)
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Fig. 2. High resolutio TEM image of a MnAs cluster in a
Fig. 1. Magnetisation data from a Ga(g.g94Mng o As layer, GaAs matrix.

(1) as-grown and (2) after annealing, demonstrating the

strong magnetic behaviour of the annealed film.
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GaMnAs: GaAs-based IlI-V Diluted Magnetic Semiconductors Grown by Molecular
Beam Epitaxy

T. Hayashm, M. Tanaka’ ,2)| and H. Shimada3)
1) Department of Electronic Engineering, The University of Tokyo
2) PRESTO(Sakigake-21), Research and Development Corporation of Japan
3) Cryogenic Center, The University of Tokyo

The person to be contacted: Masaaki Tanaka, phone +81-3-3812-2111 ext 6729,
Fax: +81-3-3816-4996, Email: masaaki@ee.t.u-tokyo.ac jp

Recent progress of epitaxial growth techniques, such as molecular beam epitaxy (MBE)
enabled us to prepare a variety of new artificial materials. One of the most interesting but
unexplored directions for materials science will be the hybridization of semiconductors and
magnetic materials. Recently, we have done a series of work on epitaxial heterostructures
consisting of ferromagnetic metals (e.g. MnAs) and semiconductors (e.g. GaAs) [1]. In this paper,
a different approach is presented, in which we prepare new GaAs-based III-V diluted magnetic
semiconductors, GaMnAs, and explore their structural and magneto-transport properties.
Although InMnAs was studied in the past [2], the present work will give new opportunities for
research to explore a interdisciplinary field, because GaMnAs can be easily coupled with the
existing GaAs-based III-V electronics/photonics.

We have successfully grown (Ga].xMnyAs with a Mn content x of 0.01 - 0.05 by MBE at

200°C -300°C on GaAs(001) semi-insulating substrates. Reflection high energy electron
diffraction (RHEED) and X-ray measurements indicate that the crystal structure of the epitaxial
GaMnAs is of zinc-blende type, with a lattice constant slightly larger than that of GaAs. Figure
1 shows a X-ray rocking curve of a GaMnAs (x=0.02) film with a thickness of 500 nm. The
lattice mismatch to the GaAs substrate was estimated to be 0.0615 %, which linearly increases
with x. The narrow linewidth of the GaMnAs peak indicates high structural quality. No
indication of MnAs formation was seen either in X-ray measurements (0-26 and rocking curves)
or in high sensitivity magnetization measurements. These results indicate that the GaMnAs
with low x (up to 0.05) is homogeneous alloy. During the MBE growth, clear RHEED oscillations
were observed at the initial stage of the epitaxial growth, indicating that the growth mode is
two-dimensional. Throughout the growth of GaMnAs, very streaky RHEED patterns with (1x2)
reconstruction were seen.

In contrast, when we grew (Gaj.xMnyAs with a Mn content x of 0.08 or more at 300°C,
the formation of hexagonal MnAs was seen as well as GaMnAs of zinc-blende type. RHEED and
X-ray analyses revealed that the MnAs clusters were formed with the epitaxial orientation of (-
1101)MnAs // (001)GaAs, [1120]MnAs // [110]GaAs, similar to the "type-B" MnAs/GaAs
heterostructures [3]. The formation of these inhomogeneous films at higher Mn content shows
the limitation of the Mn sclubility in GaAs grown by low temperature MBE.

Magneto-transport properties were also studied for the homogeneous GaMnAs samples.
In Hall measurements at room temperature and at 77 K, all samples showed p-type conduction
with the hole concentration of 5 x 1017 cm™3 - 2 x 1018 ¢m-3 with no ferromagnetic behavior. At
low temperature (4.2K or below), however, ferromagnetic properties has appeared. Figure 2
shows a magneto-resistance (MR) curve of a 1.0 um-thick (Gaj.xMnyAs (x=0.05) film measured
at 1.6K. The magnetic field was applied in-plane, along the [110] axis of GaAs (and GaMnAs).
The clear hysteretic behavior indicates ferromagnetic ordering in the GaMnAs, and the abrupt
drop of the resistance at low magnetic field (~0.1T) indicates that the coercive field of the present
sample is about 0.1T. Similar MR measurements were done with the applied magnetic field
normal to the film plane, and we have found that our GaMnAs films have in-plane magnetic
anisotropy.

] see for example, M. Tanaka, Materials Sci. & Eng. B31, 117 (1995).

1
[2] H. Munekata et al. Phys. Rev. Lett. 6 3, 1849 (1989).
[3] M. Tanaka et al. Appl. Phys. Lett. 65, 1964 (1994).
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Figure 1:X-ray rocking curve of a (Ga].xMnyAs (x=0.02) film with a thickness of 500 nm
grown on a GaAs (001) substrate. The lattice mismatch to the GaAs substrate was
0.0615 %, which linearly increases with x.
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Figure 2: Magneto-resistance curve of a 1000 nm-thick (Gaj.xMny)As (x=0.05) film
measured at 1.6K. The magnetic field was applied in-plane, along the [110] axis of GaAs
(and GaMnAs). The current was also along the [110]. The clear hysteresis behavior
indicates ferromagnetic ordering.
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Integrated Multi-Sensor Control of III-V MBE

J. A. Roth
Hughes Research Laboratories
Malibu, CA 90265

The control of MBE through the use of in situ sensors is a rapidly evolving technology that
promises to revolutionize the growth of complex multilayer device structures by eliminating
run-to-run variability, reducing the reliance on pre-growth calibration runs, and increasing
the probability of first-pass success. Practical sensors are now available for substrate
temperature, epitaxial layer composition and thickness, and effusion cell fluxes, and
feedback control of each of these parameters has been demonstrated on an individual basis.
However, the full benefits of sensor-based control can only be realized in a multiple-sensor
environment, where the complementary information available from a host of sensors can be
used to compensate for limitations in the domain of validity of each individual sensor. This
permits a more accurate and complete picture of the state of the growing epitaxial layer to be
achieved. With appropriate control algorithms that make use of the full complement of
sensor data available in such a system, robust real-time control of the properties of MBE-
grown epitaxial films can be achieved.

In the present talk we describe the design and operation of an integrated multi-sensor MBE
system that includes sensors for all key growth parameters, and which incorporates flexible
control software that utilizes the sensor information to achieve precise real-time regulation
of the composition, thickness and temperature of growing films. In this system, substrate
temperature is sensed by the shift in the substrate absorption edge (bandgap) determined
from transmission spectra taken using a chopped white light source incident on the front
side and a quartz light-pipe placed behind the substrate to collect the transmitted light.
Fluxes of the In, Ga and Al effusion cells are determined from measurements of resonant
atomic (optical) absorption of light directed through the source beams transversely.
Composition and thickness of the growing epitaxial layer is determined by spectroscopic
ellipsometry measurements over the photon energy range from 1.6 to 4.5 eV. For
extremely thin (monolayer) films, the thickness is determined by analyzing oscillations in
the UV photoelectric yield. The performance of these various sensors under MBE growth
conditions will be reviewed, and data acquired during the growth of various device
structures, including HBTs and RTDs, will be presented. The control algorithms and
software used in this system will be discussed and contrasted with conventional approaches
to MBE control, and the benefits of sensor-based control will be illustrated through results
on the performance characteristics and yield of devices grown with and without sensor
feedback. Finally, plans for future enhancements to the system will be described.

* Work partially supported by DARPA through Agreement No. MDA972-95-3-0046

Contact:

John A. Roth

Hughes Research Labs

3011 Malibu Canyon Road
Malibu, CA 90265

(310) 317-5339 (VOICE)

(310) 317-5450 (FAX)

email: jrothl @msmail4.hac.com
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Figure 1. Integrated multi-sensor control system comprising intelligent sensors,
process models, supervisory control algorithms, growth planning software,
and system simulation. Sensors include: absorption-edge spectroscopy
(ABES) for substrate temperature, spectroscopic ellipsometry (SE) for film
composition and thickness, optical absorption flux monitoring (OFM), and a
photoemission oscillation (PEO) sensor for monolayer thicknesses.
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Figure 2. ABES data show that the true substrate temperature rises by 95-100°C
during the growth of In 53Ga 47As on InP, at constant heater power (or
constant thermocouple temperature). By using ABES sensor feedback, the
spurious temperature increase due to InGaAs growth can be completely
eliminated. Constant substrate temperature is advantageous in the growth of
HBTs and other devices based on lattice-matched InGaAs on InP.
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Two-dimensional-one dimensional mode change in GaAs molecular
beam epitaxy revealed by in-situ scanning electron microscopy

N. Inoue®, Y. HommaP, J. 0saka® and T. Araki®

8p0saka Prefecture University, Gakuencho, Sakai, Osaka 593 Japan
NTT Interdisciplinary Research Labs, Musashino, Tokyo 180 Japan
CNTT LSI Laboratories, Morinosato, Atsugi, Kanagawa 243-01 Japan
(T:+81-722-52-1161,F: 52~1163,mail:inouen@riast.osakafu-u.ac.jp)

We have developed in-situ scanning electron microscopy of
GaAs MBE and shown that %he actual MBE growth process is inhomo-
geneous and urlsteady.l'2 In the present study we study the two
dimensional (2D) nucleation mode in detail and show that the
local growth mode changes from 2D to one dimensional (1D) step
propagation mode under a critical growth condition.

The experiment was done using an MBE-UHV SEM hybrid system.
The substrate was (001) GaAs misoriented 0.2° to the [110]
direction which had nominal interstep spacing of about 80 nm. A
smooth surface was prepared by a buffer layer growth. The growth
was performed at a substrate temperature of about 540 Oc and a
growth rate of 1 ML per 100 sec. SEM observation was performed
with a resolution of about 5nm and an observation rate of 1 frame
per 80 sec.

Figure 1 shows an example of the morphology change with such
a transition. Surface feature at the beginning of growth is shown
in Fig. 1(a). The curved lines are the monolayer steps. White
small features appeared on the very wide terraces as marked by
the big arrows. These are the monolayer island clusters. Isolated
island also appeared in medium wide terraces as marked by the
small arrows. There were no islands on the narrow terraces. This
shows that step propagation growth occurs there. Therefore the
two growth modes coexist under a critical growth condition. This
is due to an inhomogeneity of terrace width introduced by una-
voidable surface undulation and step bunching during annealing
before growth.

It is to be noted that as the growth proceeded, island
nucleation became scarce. Finally only a few islands nucleated
between the steps and the 1D growth became dominant.

As for the step configuration, two important changes took
place. (1) The step shape was curved and smooth initially, but
aligned with small zigzag later. (2) The step interval was inho-
mogeneous initially but ordered later. The latter caused local
growth mode change to 1D step propagation. Step propagation
growth also made the step ordering. In addition, as the islands
were coalesced to the steps, step interval was homogeneized.
Thus, this 2D+1D mixed mode makes the surface smooth.

There have been no reports on the phase bowndary between 3D
and 2D growth modes. Various intermediate growth modes between
pure 3D and 1D growths were observed as shown in Fig. 2, includ-
ing the multi-level 2D growth (transition from 2-level).

1)J.0saka, MBES8,J.Cryst.Growth 150(1995)73, 2)N.Inoue, ibid, 107.
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Monitoring growth and desorption of InGaAs
epitaxial layers using atomic absorption

Andrew Jackson!, Paul Pinsukanjana2, Larry Coldren2, and Arthur Gossard!

1) Materials Department, 2) ECE Department
University of California, Santa Barbara, CA 93106

The growth dynamics of InGaAs quantum wells were recently investigated by measuring thermal
desorption of In using a quadrupole mass spectrometer (QMS) mounted on the pyrometer port of an MBE
system!. The technique was used to measure the surface and bulk indium concentrations of an InGaAs
epitaxial layer. In this work, we use an optical-based flux monitor (OFM)? to study both the MBE
growth and the thermal desorption process of a ternary InGaAs layer on a GaAs substrate. The
desorption is accomplished by raising the substrate temperature following the layer deposition. With the
OFM, we measure the atomic absorption of Ga and In molecular beam fluxes simultaneously.
Additionally, in our system we retain the use of the optical pyrometer for substrate temperature
measurement.

The OFM uses atomic emission lines from Al, Ga, and In hollow cathode lamps. The light from
each of the three lamps is mechanically chopped at a different frequency and combined into a single beam
using a trifurcating fiber bundle. This beam is then split into a reference beam and a probe beam, each
coupled into an optical fiber. The probe beam passes through the growth chamber in front of the
substrate and is then reflected back by a pair of flat mirrors. The returning probe beam is collected by
another optical fiber which carries the beam to the signal detector. This dual pass configuration increases
the measured absorption signal for a given flux. The signal is measured using a PMT and lock-in
amplifiers. Another PMT measures the reference beam, which does not pass through the chamber, to
account for lamp intensity drifts.

The figure below shows the Ga and In optical absorption signal for the growth of a 110A
Ing 2Gag gAs layer and its subsequent desorption as the temperature, as measured by optical pyrometry,
is raised. During the growth of the InGaAs layer (Tsubstrate=490°C) the absorption signals for In and Ga
are 5.4% and 12.1%, respectively. The first peak appears upon heating above 600°C and corresponds to
desorption of excess indium that segregates at the surface during growth of InGaAs. The second peak, as
the substrate is raised above 700°C, is from desorption of the InGaAs layer itself, followed by continued
desorption of the underlying GaAs.

3% 800
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é; 19%E In € Ga absorption 21500 ;§
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: [\ — In absorption 4 2
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1 K R. Evans. R. Kaspi, J.E. Ehret, M. Skowronski, C.R. Jones, Journal of Vacuum Science and
Technology B, 13 1820 (1995)

2p. Pinsukanjana, A. Jackson, K. Maranowski, J. Tofte, S. Campbell, J. English, S.Chalmers, L.
Coldren, A. Gossard, Journal of Vacuum Science and Technology B, 14 May/Jun (1996) (in press)

10.3




O

by 88 wavelength ellipsometry

C. H. Kuo, M. D. Boonzaayer, D.K. Schreder, G. N. Maracas*, and B. Johst
Department of Electrical Engineering,
Center for Solid State Electronic Research
Arizona State University , Tempe, AZ 85287-6206
* Motorola Phoenix Corporate Research Labs
2100 E. Elliot Road
Tempe, AZ 85284

+J.A. Woollam Co., Inc.
650 J st. suite 39

Real time in-situ thickness control of Fabry Perot cavities in MBE
Lincoln, NE 68508

We have demonstrated the use of closed-loop feedback control of MBE by in-situ spectroscopic ellipsometry (SE)
to grow reproducible AlAs/GaAs Fabry Perot vertical cavity which is used for surface emitting laser cavities.
Tracking of layer thickness in real-time was accomplished by using a virtual substrate model to reduce the time
required to perform data reduction on multilayer epitaxial structure data. A 44 wavelength ellipsometer (Woollam
Co.), (4150 A < A < 7554 A), capable of obtaining three spectra per second, was used to measure material optical
properties in real time. A new ultra-stable substrate manipulator design (DCA instruments) was implemented in
which piezoelectric crystals were used to vary the tilt and thus improve the stability of reflected light from substrate
surface under rotation. The variation of incident angle under rotation was typically 0.02 degree (0.005 degree was
the best obtained), reduced from ~0.1 degree in conventional MBE manipulators. This stability reduced the noise
in the ellipsometry data and also improved the accuracy of thickness information during growth by eliminating the
need to fit for angle of incidence.

To test the reproducibility of SE control among successive growth runs, a 1 lambda cavity structure (with mode
centered at 970nm) was tested by normal incident reflectance measurement. Sample-to-sample reproducibility of
the mode positions in wavelength among the structures was observed to be better than a +0.2 % variation in
thickness control for Fabry Perot cavity .

A new 88 wavelength ellipsometer (2500 A < A < 7554 A) has been constructed by J.A. Woollam Co.. The
improvement over the UV range will cover the critical point transition of the 1l -V compound material. This will
enable us to obtain a better information of thickness during the growth. It is especially important for the thickness
control for the AlxGa1-xAs. In this paper, we will demonstrated the growth control of AlAs/GaAs Fabry Perot
vertical cavity and the comparison of the thickness control between 44 and 88 wavelength ellipsometer. We will
also demonstrated the thickness control of the AlGaAs/GaAs Fabry Perot vertical cavity (with mode centered at
850nm) from the new 88 wavelength ellipsometer.

From this study, w e will demonstrated of non-destructive ellipsometry technique is a better way for real time in-situ
thickness control in MBE or MOCVD. This will allowed us to have a thickness control of better than +0.2% which is
important in the optoelectronic device.

Chau-Hong Kuo

ERC 163

Center for Solid State Electronic Research
Arizona State University , Tempe, AZ 85287-6206
Tel: {602) 965-3196

FAX: (602) 965-0775

e-mail: chkuo@enuxsa.eas.asu.edu
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Application of pyrometric interferometry to the in situ monitoring
of Ing.s25(Al;Ga;.r)o.47sAs growth on InP substrates

RM. Sieg, R.N. Sacks, and S.A. Ringel
Department of Electrical Engineering, 205 Dreese Lab, 2015 Neil Avenue
The Ohio State University, Columbus, OH 43210-1272
Telephone: (614) 292-1721  E-mail: rsieg@magnus.acs.ohio-state.edu

The alloy system Ings;s(Al;Gai.oarsAs, which is lattice matched to InP, covers the technologically
important wavelength range 0.8-1.6 pm, including the fiber optic communications wavelengths 1.3 um and 1.55
um. However, growth of these alloys on InP substrates by MBE would be improved by convenent in situ
methods of monitoring the epitaxial growth. In this study we extend quantitative pyrometric interferometry (PI),
which was developed by Springthorpe et al' and applied to the Al,Ga.xAs system, to Inos2s(AlGa1.xJoarsAs for the
first time. Because PI requires the epitaxial layer to be partially transparent at the pyrometer wavelength (0.94
um) we find that obtaining usable oscillations is easier for higher Al-content layers due to their larger bandgaps.
For this reason, we concentrate on obtaining quantitative results for the endpoint Ings;Alo4sAs. However, PI
oscillations are observable even for the Ing s3Gao47As endpoint. We also find that stray radiation can be a problem
due to the low growth temperature, especially when using indium-free holders with gaps around the wafer edge.
The holders used in this study had such gaps, and we observed up to 10°C pyrometer variations during substrate
rotation due to stray heater radiation passing through the sapphire back plate. For comparison, typical PI
oscillations were 2°C peak-to-valley. This problem is solvable by deposition of a relatively thin (~0.5 pum or less)
initial layer of Ings3Gao47As. The low bandgap Inos;GaosrAs layer largely eliminates stray heater radiation noise
by coating the sapphire in the gaps between the InP substrate and the holder. Another source of error we observed
are changes in the apparent surface temperature during initial layer growth. As was observed previously for
AlLGa,,As,? these transients are in the direction of increasing apparent surface temperature for growth of smaller
bandgap material on top of larger bandgap material, and vice versa.

PI yields the growth rate R=A/(2Tn) where A=0.94 um is the pyrometer wavelength, T is the measured
oscillation period, and n is the effective refractive index. Conversely, to obtain n the composition and growth rate
must be known. In this study, double crystal x-ray diffractometry (DCXRD) was used to measure both the
composition ratio [In})/[(Al,Ga)] and the growth rate. In addition, photoluminescence was used to obtain the
[Al}/[Ga] composition in the case of quaternary layers, using published calibration curves.’ The growth rate was
obtained from DCXRD using both Ing 5:Gao47As/Ings;Alo4sAs superlattices and Ings;Alo4sAs/GaAs superlattices
where the GaAs layer was sufficiently thin to be coherently strained. The lattice matched
Ing.s2Aly 4sAs/Ing s3Gao47As superlattices were found to produce relatively weak satellite peaks. In contrast, we
found that only a six period strained 50 nm Ings;Alo4sAs/0.8 nm GaAs superlattice was sufficient to produce
numerous strong satellite peaks in the rocking curves. We corrected for the strain-reduction of the GaAs
thickness; however, due to the overall thickness ratio, this amounts to less than a 0.25% correction in the
Inos;Alp4sAs growth rate. The much stronger satellite peaks obtained for the strained Ings;Alg43As/GaAs
superlattice, combined with a smaller overall superlattice thickness and elimination of the In.s3Gao.47As sub-layers
as a source of error, lead us to consider the strained Inos;Alo4sAs/GaAs superlattice structure superior for
determination of growth rate. In the case of a quaternary alloy, the strained structure has an additional advantage
in that only one Ga and Al cell each is required. Growth conditions were setup using a combination of RHEED
on GaAs substrates and flux measurements. RHEED was used to establish the Al,Ga;<As composition and
growth rate. By correcting for the difference in total group I flux and unit cell volume between AlGa;. As and
Ing.s2s(ALGa;x)o47sAs the growth rate on InP could be calculated from the AlGa,xAs RHEED with an accuracy
of 3% or better versus the DCXRD standard. Flux gauge measurement of the indium was found to be sufficient
to reproducibly obtain the [In}/[Al,Ga] composition to within .005 as long as the In-to-Ga flux sensitivity Jactor
was known to three decimal places. Using these techniques and ex situ DCXRD the effective refractive index

was obtained for Ing 5;Aly 4sAs to be n=3.515 + 1%.
1. Al Springthorpe, T.P. Humphreys, A. Majeed, and W.T. Moore, Appl. Phys. Lett. 55, 2138 (1989).

2. R.N. Sacks, R M. Sieg, and S.A. Ringel, J. Vac. Sci. Technol. B, in print.
3. R.F. Kopf, J. M. Kuo, and M. Ohring, J. Vac. Sci. Technol. B9, 1920 (1991).
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Application of pyrometric interferometry to the in situ monitoring
of Ing.s25(Al:Ga; )o.475As growth on InP substrates

R.M. Sieg, R.N. Sacks, and S.A. Ringel
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Figure 1. Pyrometer trace for a typical In, 5;Al, 4sAs calibration run. Region A is before the start of the run: note the
large noise (~10°C width) during substrate rotation due to stray heater radiation. Region B is the Ings3Gao47As
coating layer. The three nearly instantaneous temperature jumps in this region are manual heater adjustments to
correct for an increasing surface temperature due to deposition of the low bandgap Inos3Gao.47As. Region C is the first
Ino s,Aly 43As layer. Region D is the 6 period Ing s;Aly 43As/GaAs superlattice used for DCXRD analysis. Region E is
a second Ing 53Gag 47As layer, used to provide a large refractive index step for the second Ing 52Aly +7As layer, which is
region F. Note that both low bandgap Ing 53Gao 4-As layers exhibit an increase in apparent surface temperature during
initial growth, while both high bandgap Ings;Al,ssAs layers exhibit an initial decrease in apparent surface
temperature. Also notice that pyrometric interference oscillations are observable for the second Ing 53Gao 17As layer
(region E), as well as in both In, s,Alp 43As layers (regions C and F).
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Figure 2. DCXRD rocking curves. OSU138 has a 30 period 25 nm/25 nm Ing 53Gao +7As / Ing s2Al, 4sAs superlattice.
while OSU140 has a 6 period 41 nm/0.9 nm Iny 5;Al; 3As / GaAs superlattice. Arrows denote observed superlattice
satellite peaks. OSU140 has been raised by 2 orders of magnitude to separate the rocking curves in the figure. Note
that for OSU 138 the even diffraction orders are symmetry forbidden according to rocking curve simulations.
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“Use of Optical Fiber Thermometry in Molecular Beam Epitaxy”, K. G.
Eyink, J. K. Patterson, S. Adams, T. W. Haas, and W. V. Lampert
Wright Laboratory-Materials Directorate WPAFB, OH 45433-7750

ABSTRACT

The measurement of temperature in the practice of solid source MBE is a very important
process. Substrate and cell temperatures are dominant in determining growth modes, alloy
compositions, defects, etc of the epitaxial films. A variety of means are currently used to
make these measurements with contact and non-contact thermocouple and optical
pyrometry being the commonest and simplest. The need for precise temperature control
can be appreciated when it is realized that as little as * 0.5°C in the operating temperature of
a group III cell can affect films composition by over * 0.1% —a value which can be of
importance when attempting to grow lattice matched films. In this work we will present
results using optical fiber thermometry (OFT) for the measurement and control of
temperature in MBE. Examples of substrate temperature measurements using 2 color OFT
will be given and compared to standard optical pyrometry, thermocouple readout, and
spectroscopic ellipsometry (SE)). SE depends upon having an adequate data base of
spectra as a function of temperature and depends to some extent on sample roughness. The
growth of a narrow bandgap material on a wide bandgap substrate will be presented with
GaSb on GaAs as an example. Modeling of changes in IR absorbance to be expected for
this case have been carried out using ellipsometric modeling and show significant effects in
agreement with experimental results. In another example, OFT has been integrated into a
standard MBE effusion cell. The OFT measurement is considerably more sensitive than the
usual thermocouple used in these applications and can give reproducible temperature
resolution of * 0.01°C at 800°C. This cell design has exhibited long term stability of *
0.02°C when cell temperatures are controlled by OFT. This is about an order of magnitude
better than what is typically available using thermocouples. In addition, because the OFT is
measuring light from the crucible it does not depend on thermal contact to an insulator as a
thermocouple does. We will present data showing the improved time response possible
using the OFT control, in particular short term flux transient response. In addition we will
point out the robustness of the OFT sensor to cell failure modes such as crucible cracking,
contamination, and the like.

10.6




Measurement of MBE Substrate Temperature by Photoluminescence

Y. Takahira, and H. OKAMOTO

Chiba University, Faculty of Engineering
1-33 Yayoi-Cho, Inage-ku, Chiba 263, JAPAN
Tel:+81-43-290-3441, Fax:+81-43-290-3442, E-mail:okamoto@tcom.tech.chiba-u.ac.jp.

In conventional MBE, the substrate temperature is measured by a thermocouple and
by a pyrometer, both of which are inaccurate because the thermocouple is not in touch
to the substrate nor to the Mo block, and because the pyrometer suffers from the am-
bient light such as room light and a light from an ionization gauge, thereby making
it very difficult to measure accurately a low substrate temperature necessary for the
low temperature MBE growth (200~300°C). Lee et. al.,[1] reported another method
using an infra-red spectroscopic technique to measure the temperature dependence of
the bandgap energy or the refractive index of the substrate. Both transmission
and reflection modes of the measurement were proposed, which are free from any adjus-
table parameters such as emissivity and unaffected by window absorption or coating.
The transmission mode is suitable for a non-In-bonded, radiatively heated substrate,

thereby the substrate heater is used as the light source. But any change in current
flowing through the heater gives a change in the blackbody radiation spectrum of the
heater. Ambient lights such as filaments of the RHEED sgun and the ionization
gauge will also give an error in the measured absorption or refractive index
spectrum. The reflection mode of the refractive index measurement is suitable to
the substrate mounted on a Mo block with or without In solder. But two viewing
ports facing to the substrate are needed, and furthermore the refractive index is not
well known at high temperature. An example of the measurement shows that

wavelength change corresponding to a temperature change by 100°C is comparable with
the spectrum broadening of a transmission peak [1].

In this paper, a new method is presented, which utilizes PL from the substrate.
PL measurement system very familiar to every MBE engineers is used, except an optical
fiber through which an excited light (Ar laser) is introduced into the vacuum chamber
and incident perpendicularly on the substrate. Photoluminescence light 1is also
gathered into this fiber and supplied to the measuring system outside vacuum. An
uv silica fiber with core diameter as large as 400um is used to gather much amount
of PL (fig.1). A specially designed UHV flange with optical fiber feedthrough is
used Bere (fig.2), which exhibits negligible amount of vacuum leakage reasured at
1x10 “torr by QMS. Optical insertion loss of this feedthrough is also negligible.
This fiber flange is bakable up to 150°C, which is limited by the plastic coat of the
fiber. In the experiment a GaAs/AlGaAs MQW wafer is used for the substrate, be-
cause the FWHM of the PL spectrum is as narrow as 10nm at 20°C, which is only to 1/3
the wavelength change corresponding to the temperature change of 100°C (fig.3)o

[1] W.S.Lee, G.W.Yoffe, D.G.Schlom and J.S.Harris, Jr.: J. Cryst. Growth 111 (1991)
131.
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Simultaneous In situ Measurement of Substrate Temperature and Layer Thickness
Using Diffused Reflectance Spectroscopy (DRS) During
Molecular Beam Epitaxy Growth
Y. Li*, J. J. Zhou, P. Thompson, D. L. Sato and H.P. Lee
Department of Electrical and Computer Engineering
University of California, Irvine CA 92717
Tel: (714)824-8309 Fax: (714)824-3732
*email: yli@ece.uci.edu

In situ temperature and layer thickness measurements have always been integral parts of
MBE technology development. The use of Diffused Reflectance Spectroscopy (DRS) for in situ
temperature monitoring and feedback control have been established recently [1]. However, nearly
all previous measurements were carried out during the growth of homoepitaxial GaAs on GaAs
substrates. In this work, we explore the use DRS for simultaneous measurements of substrate
temperature and layer thickness during MBE growth of AlAs/GaAs layered structure. The
experimental results are analyzed with the aids of numerical simulation.

The technique relies on non-specular scattering of the probing light from a non-polished
backside of the wafer for detection. The working principle is very similar to optical transmission
measurement with two notable differences: (i) both the incident and the detection ports are located in
front of the sample (at non-specular angles) and therefore alleviate the technical difficulties of
installing a light source at the backside of the substrate, and (i1) the spectroscopic probing light
passes through the sample twice with slight difference in path length before detection. The measured
DRS signal over the entire spectrum yields useful information on the sample temperature,
incremental change in layer thickness and surface morphology. From the cutoff wavelength of the
band edge absorption, the band gap (Urbach edge) can be determined, from which the substrate
temperature can be inferred [2]. As a temperature sensor, DRS has two major advantages over
pyrometry: (1) it is capable of measuring much lower substrate temperature, and (ii) the measured
data is unaffected by the background radiation of the heated Knudsen cells from the chamber.

We has utilized DRS [3] for measuring temperature transient arising from shutter opening
of Ga and Si Knudsen cells at various substrate temperature, which is nearly impossible to obtain
from any other measurement techniques. We found that the effect of Knudsen cells induced
substrate heating becomes steadily more prominent at lowered temperature. An abrupt change in
the X-ray diffraction peak for as-grown LTG GaAs is identified at a temperature range between
260-270°C for the first time. Such data are especially valuable for achieving reproducible growth
of low-temperature grown GaAs and AlGaAs layers respectively. We have also used the DRS to
measure the drift of substrate temperature (not detectable from the substrate thermocouple) of thick
AlAs/GaAs layered structures arising from the change of effective sample emissivity due to optical
interference effect. The results not only confirmed earlier measurement using pyrometric
interferometry but provide vital data for building a temperature simulator during MBE growth. For
the growth of AlAs/GaAs heterostructure, a clear oscillation of the DRS signal is observed at the
transparent wavelength, due to incremental change of optical phase which can be used for thickness
monitoring. We have carried out numerical modeling of the DRS spectrum for layered structures to
explain such interference oscillation as well as to access the impact of optical interference effect on
the band-edge absorption where the sample temperature is inferred.

(1S R. Johnson, C. Laviue, T. Tiedje,and J.A. Mackenzie, J. Vac. Sci. Technol. B11, 1007(1993).

21 S R. Johnson and T. Tiedje, J. Appl. Phys. 78, 5609, (1995).
B) Manufactured by Thermionics Laboratory model DRS-1000.
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Multispectral InGaAs/GaAs/AlGaAs laser arrays by MBE growth on
patterned substrates

K.Kamath, P.Bhattacharya and J.Singh
Department of Electrical Engineering and Computer Science
University of Michigan, Ann Arbor, MI 48109, USA

e-mail : pkb@eecs.umich.edu, Phone : (313)-763-6678, FAX : (3 13)-763-9324
Abstract

Semiconductor laser arrays with spectrally separated emission wavelengths in close spatial
proximity are of interest in applications such as wavelength division multiplexing and multi-
wavelength optical recording. Two different techniques have been tried with molecular beam
epitaxy in order to get dual and multiple wavelength lasers. In the first approach, active layers with
multiple quantum wells with different composition and well widths are first grown and the
wavelength selectivity is obtained by selective etching of the quantum wells under neighboring
stripes. The upper cladding and the contact layers are then regrown to complete the structure. In the
second approach, impurity induced intermixing from a doped layer adjacent to the quantum well by
post-growth annealing is utilized to realize the change in bandgap of the quantum well. These
techniques have the disadvantages that they involve either regrowths or high temperature annealing
which seriously degrade the laser performance. There is also a limitation on the number of
wavelengths and the minimum wavelength spacing that can be achieved. In this paper we present a
new technique wherein multiple wavelength laser arrays with close spectral proximity are obtained
in a single growth step on patterned substrates.

In this technique of patterned growth, an alloy such as InGaAs is grown on a patterned
substrate having ridges and trenches with vertical side walls obtained by dry etching. When the

ridge and trench widths are of the order of the In adatom migration length (~25um), the corners of
the vertical side walls act as additional kink sites for growth. As a result InGaAs with increasing
blue shift in the bandgap can be obtained by reducing the ridge or trench width. Thus a series of
lasers, spectrally shifted in their emission energy, can be obtained by growing on a patterned
substrate with gradually changing ridge width. An important point to note is that since the devices
are grown on the top of the ridge they are essentially placed on the substrate surface and problems
associated with regrowth do not exist. Photoluminescence spectra of quantum wells grown on the
patterned substrate therefore exhibit linewidths as narrow as those on unpatterned substrates.

Laser structures consisting of In,,Ga,,As/GaAs quantum wells, GaAs confinement layers
and Al ,Ga,,As cladding layers were grown by MBE on (001) GaAs substrates patterned with

ridges. The widths of the ridges varied from 10-80pm. Single mode lasers were fabricated on top
of the ridges and on the unpatterned regions. Light-current measurements showed similar threshold
characteristics for lasers from patterned and unpatterned regions. Threshold currents were around

12mA for a cavity length of 400pum.

Spectral measurements made at a current level of 1.51, showed a shift in the emission
wavelength towards higher photon energies for the lasers in patterned regions compared to those in
unpatterned region. The amount of shift increases with decreasing ridge width, and a maximum

shift of 110A is observed for the minimum ridge width of 10pm used in this study. An important
feature of these results is that a good control over the emission wavelength spacing has been
achieved by varying the dimensions of the pre-growth patterns. Thus we conclude that, this
technique is highly useful in applications where a large number of lasers with relatively small
wavelength shift is needed with precise control over the wavelength spacing.

This work is supported by ARPA (COST program).
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MOLECULAR BEAM EPITAXY OF VERTICAL COMPACT Al Ga;_xAs/GaAs
LASER-HEMT STRUCTURES FOR MONOLITHIC INTEGRATION

A. Gaymann, J. Schaub, W. Bronner, N. Griin, J. Hornung, and K. K&hler
Fraunhofer-Institut fiir Angewandte Festkorperphysik, Tullastr. 72, D-79108 Freiburg, Germany,
Phone: 4+49-761-5159-339, Fax: -200, email: gaymann@iaf.fhg.de

The monolithic integration of laser and electronic circuits represents a promising device tech-
nology to meet the growing demand for future information data transfer systems. An ideal
semiconductor for short—haul communication is the GaAs/Al,Ga;_xAs system since even sophi-
sticated vertical structures can be routinely grown by molecular beam epitaxy (MBE). In our
laboratory, we grow the laser structure on top of the HEMT structure during a single epitaxial
run. The Al-content of the ternary compound is 30%, other Al mole fractions are realized by
short-period superlattices (SPSL). In order to obtain an easy to manufacture HEMT process, a
vertical design of the laser structure is necessary. This can be achieved by a moderate thickness of
the cladding layers with high aluminum content realized by short-period AlGaAs/AlAs~SPSLs.
The aim of this work is to study the influence of the layer sequence of the SPSLs on the series
resistance R, of the laser diode which is a crucial parameter for the performance of the trans-
mitter chip. Additionally, we present dc data of lasers grown on top of a double-delta doped
MODFET structure suitable for high bit-rate transmission. Finally, we report on successful
reduction of p—cladding layer thickness.

Samples with different SPSL-cladding layer sequences were grown by MBE. AlAs- and AlGaAs—
layer thicknesses varied from 2 to 6nm and 0.8 to 2.4 nm, respectively. Total thicknesses of the
cladding layers and doping profile were kept constant. Mesas with cavity length of 200 ym and
widths from 3 to 32 um were processed. We found an exponential dependence of series resistance
R, with AlAs and AlGaAs SPSL-layer thickness, respectively. For example, R, of a 3x200 um?
laser with low—doped claddings drops from 88 to 5 with decreasing the AlAs layer from 4 to

2nm.

Laser-HEMT structures with AlAs— and AlGaAs layers of 3 and 1.2nm in the SPSL-claddings,
respectively, were grown by MBE and processed including dry-etched mirrors. Be doping con-
centration of the p—cladding was raised from 1 x 108 cm™3 to 2 x 10'® cm™2 after 300 nm while
the substrate temperature was simultaneously lowered from 700° C to 670° C (thermocouple
read—out). This leads to an effective lowering of Be diffusion into the active region since the
Be concentration is thus held below the maximum attainable Be concentration. (The maximum
Be concentrations as a function of Al mole fraction were found in heavily Be doped samples by
depth profiling with Secondary Ion Mass Spectroscopy.) Lasers were characterized by on-wafer
dc measurements. We found threshold currents I;, below 20mA and serial resistances below
12Q for 3x200 um? 3 QW-lasers. I;;, and R, were determined for mesas with fixed cavity length
of 200 um and widths between 3 and 32 um. Linear regression yields a threshold current density

Jun of 480 A/cm?.

Finally, laser structures with different p—cladding thicknesses but identical doping profiles were
grown and processed. p-grading and cap layer were doped throughout with 2 x 1018 cm 3.
Threshold current densities below 480 A/cm? were found for lasers with p—cladding thicknesses
of 700 and 550nm, respectively. Thus, no increase in j;; was observed upon reducing the
cladding layer thickness by 150 nm. This clearly demonstrates that laser structures for monolithic
integration can be designed even more compact if p~dopants are kept from diffusing into the

active region.
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Solid-source MBE growth of InGaAsP lasers emitting at 1.5 um

Mika Toivonen, Pekka Savolainen, Harry Asonen', Richard Murison®, and Markus Pessa

Department of Physics, Tampere University of Technology, P. O. Box 692,
FIN-33101 Tampere, FINLAND
Tel: +358 31 3652609, Fax: +358 31 3652600, E-mail: toivonen @ee.tut.fi

"TUTCORE Ltd., P. O. Box 48, FIN-33721 Tampere, FINLAND

*EG&G Optoelectronics Canada, 22001 Dumberry, Vaudreuil (Quebec), Canada J7V 8P7

We report on the first 1.5 um InGaAsP/InP laser grown by solid-source MBE method.
This novel, environmentally friendly method is a viable alternative to more conventional
techniques which use toxic PH; and AsHj as sources of group-V elements. Solid-source
MBE has already proved to be a cost-effective way of preparing phosphorus-containing
semiconductors with reduced safety precautions. Valved cracker cells produce stable As;
and P, molecular beams without switching problems often encountered with conventional
effusion cells.

The growth chamber of our MBE system is evacuated using an ion pump. It is equipped
with two valved cracker cells, one for arsenic, the other for phosphorus, and with six
effusion cells for group-III elements and the dopants (Be and Si). We grew a separate
confinement heterostructure (SCH) multi-quantum well (MQW) laser which was designed
for emitting at the wavelength A = 1.5 pm. The laser consisted of 1 um thick n-type and p-
type InP cladding layers, an active region, and a 0.2 pm p*-InGaAs contact layer. The
active region was undoped, and it contained five 6 nm thick compressively strained
(Aa/a=0.75 %) InGaAsP quantum wells, separated by 20 nm thick lattice-matched
A¢= 1.25 um InGaAsP barriers, and 70 nm A, = 1.25 um InGaAsP SCH-layers on both
sides of the QW region.

Fig. 1 shows the room temperature photoluminescence spectrum for the laser structure.
A peak wavelength of 1.505 um and the full width at half maximum of 28 meV were
measured. Strong luminescence and narrow linewidth indicate that this material is of high
optical quality.

The layer structure was processed into broad-area lasers for the assessment of device
performance. Fig. 2 shows the threshold current density (/i) of a laser with uncoated mirror
facets versus inverse cavity length (1/L). The extrapolated current density for infinite cavity
length is 310 A/cm’. A threshold current density of 387 Alcm’® was measured for a 1400 pm
long device. These results are comparable with those of 1.55 pm lasers grown by other
methods. For example, Ougazzaden et al. have reported Ji, of 328 A/cm’ for MOCVD
grown 5-QW InGaAsP lasers' and Starck er al. have obtained Ji of 760 Alcm’
(L =400 um) for gas-source MBE grown 5-QW lasers.” In the last diagram, Fig. 3, we
show a light-current curve and a lasing spectrum for our 520 um long device.

TA. Ougazzaden, A. Mircea, R. Mellet, G. Primot, and C. Kazmierski, Electron. Letters 28 (1992) 1078
1 C. Starck, J.-Y. Emery, R. J. Simes, M. Matabon, L. Goldstein, and J. Barrau, J. Grystal Growth 120
(1992) 180
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Low Threshold 1.3 um InAsP/GalnAsP Lasers by
Solid Source Molecular Beam Epitaxy

C. C. Wamsley, M. W. Koch, and G. W. Wicks
The Institute of Optics, University of Rochester, Rochester, NY 14627

This paper reports on the growth and fabrication of strained InAsP/GalnAsP MQW lasers
grown by solid source molecular beam epitaxy (SSMBE). The lasers emit near 1.3 um at room
temperature. Broad area devices with 1 mm long cavities exhibit a threshold current density, Jih. as
low as 290 A/cm?2. To our knowledge this is the lowest reported threshold current density for A ~
1.3 um lasers by any type of MBE growth technique. The MBE machine was configured with two
EPI valved group V solid sources. The phosphorus species used was P,; the arsenic was As,.

The SCH-MQW laser structure consisted of 1 pm thick n and p doped InP clads, the active
region, and a 0.1 um p+ GalnAsP cap with bandgap emission at Apg ~ 1.1 um. The active region
consisted of three 41 A InAsP strained quantum wells separated by 200 A lattice matched GalnAsP
(Apg ~ 1.1 um) barriers sandwiched between 1500 A GalnAsP (Abg ~ 1.1 pm) confining regions.
The barrier and well compositions were designed so that no growth stops or cell temperature
changes were necessary for the growth of these lasers. At the start of the quantum well regions,
the gallium was shuttered closed and the arsenic valve opened to get the desired InAsP emission.
This allowed the gallium and indium cell temperatures to remain fixed throughout the growth at the
fluxes needed to grow the GalnAsP (Apg ~ 1.1 um) quaternary.

The lasers were grown at a substrate temperature of 465 °C. This optimum growth temperature
had been previously determined in a PL study using the active region described above as the test
structure. Figure 2 shows the influence of substrate temperature on the PL intensity. The
maximum PL intensity was observed for a substrate temperature of 465 °C. The typical room
temperature PL FWHM energy value was 25 meV, indicative of the high quality material and
abrupt interfaces produced by SSMBE. During this study we also compared samples grown on
(100) exact InP substrates with (100) misoriented 4 ° (111)A InP substrates. The misoriented
substrates consistently had lower PL intensities and longer PL emission wavelengths. The surface

quality as well as the laser threshold was also found to be worse for the misoriented substrate.
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6(x) E_l L] 1] g l ] 1 ¥ L] I L 14 L] L ] T '; ‘,:5: lOO -'_I LI l LB I LR LA ] T Vil l L] l‘f_
£ 500 F 3 s 80| ]
S F 3 = K 1
2400 F ; > 60 -
= - 3 'z [ ° ]
=300 E s 40 I )
200 E 3 = 20 -
L ] - [ ® -

100-Illlllllllljlllllll!lllllllllllll D— 0 l 1 L 1 1 ' 1 1 1 1 ' A 1 1 1 l
0O 5 10 15 20 25 30 35 450 465 480 495

Inverse Cavity Length (cm™) Substrate Temperature (°C)

11.4




Growth of Ga,In;_,As,P;_, on InP Distributed Feedback Laser Gratings by
Solid Source Molecular Beam Epitaxy

W.-Y. HWANG, J. N. Baillargeon, A. Y. Cho, S. N. G. Chu, and P. F. Sciortino
Bell Laboratories, Lucent Technologies, 600 Mountain Ave., Murray Hill, NJ 07974

Distributed feedback (DFB) lasers at 1.3 and 1.55 pm wavelength employing
GalnAsP/InP materials are essential components for optical fiber communications. Fabrication
of a high quality DFB laser structure requires growth on a corrugated crystal surface with
precise control of material composition and layer thickness. When growing a DFB laser
structure directly on a grated substrate, the growth surface must be mechanically smooth after
only a few hundred angstroms of the quaternary is deposited. Presently, all commercially
available DFB lasers are prepared exclusively by metalorganic chemical vapor deposition. Due
to the lack of a stable phosphorous source, solid source MBE growth of GalnAsP on
nonplanar substrates has never been investigated. Here, the study of MBE growth of GalnAsP
directly on DFB grating surfaces and the mass transport of InP gratings are first reported.

Elemental In and Ga, and P, and As, supplied via solid phosphorous and arsenic valved
sources were used for MBE growth of quaternary GalnAsP layers on etched (100) InP grating
surfaces. Gratings with a periodicity of 0.2 pm were optically patterned parallel to the [011]
direction using holographic photolithography, and then wet chemically etched to form (111)A
side-walls. The etched depth of the V-groves was about 600 A. The mass transport properties
for InP under a P, beam flux in relation to the grating profile and depth were first studied.
Surface temperature was found to be the most critical parameter for reshaping the grated
surface. The corrugation depth of the grating was reduced to 300 A after heating at 480 °C
and was nearly eliminated when heated at 510 °C. When using a combination of P, and As,
fluxes, a grating depth of up to 500 A can be preserved. GalnAsP layers were grown on the
InP grating surfaces at temperatures ranging from 500 °C to 530 °C immediately following heat
treatment. As expected, higher growth temperature required thinner GalnAsP growth to
produce a smooth surface. Transmission electron microscopy revealed that only 340 A of
GalnAsP growth was required to achieve a mechanically flat surface on a heat-treated 300 A-
deep gratings. Photoluminescence measurements indicate that there is a compositional shift of
the GalnAsP grown before the surface was totally planarized. This composition shift is most
likely due to the differences in the arsenic and phosphorous incorporation ratio on the different

crystallographic surfaces.




Solid source MBE growth and regrowth of 1.55 um
wavelength GalnAsP/InP ridge lasers.

F.G. Johnson, O. King, F. Seiferth, K.S. Mobarhan, and D.R. Stone
Laboratory for Physical Sciences, University of Maryland, College Park, MD 20740
phone: (301)-935-6436 fax: (301)-935-6723 e-mail: fred@lps.umd.edu

R.D. Whaley and M. Dagenais
Department of Electrical Engineering, University of Maryland, College Park, MD 20742

Y.J. Chen
Department of Electrical Engineering, University of Maryland, Baltimore, MD 21228

InP-based separate confinement heterostructure lasers were grown by molecular
beam epitaxy using all solid sources. The Ga, In, Si, and Be fluxes were obtained from
conventional elemental effusion cells. Two independent, valved, cracking effusion cells
containing elemental arsenic and white phosphorus (converted from red phosphorus) were
used to generate As4 and P; fluxes, respectively. The laser structures consisted of InP
cladding layers, a lattice matched Gag 27Ing,73As0.57P0.43 core (Ep = 1.27 wm), and four
quantum wells. The material composition of the four quantum wells was varied to achieve
compressive strains of e=0% (Gag 47Ing 53As), €=0.7% (Gag.27Ing.73As0.8P0.2), and
€=1.9% (InAsg 6Pg.4) while maintaining an emission wavelength near 1.55 um.
Secondary ion mass spectrometry (SIMS) results show that there is little diffusion of the
dopants from the cladding layers into the core.

After initial calibrations, quaternary compositions were reproducible from run to
run by simply adjusting the valves to obtain a particular beam equivalent pressure ratio of
Asg to Py. Five laser growths with quaternary quantum wells (€=0.7%) were grown over
a period of several weeks, and the photoluminescence peak position varied within the range
1.550 to 1.575 pm. Narrow photoluminescence peak linewidths of 22 meV (300K) and 6
meV (15K) as well as the observation of superlattice satellite peaks in the symmetric (004)
x-ray diffraction spectrum (resulting from the four period quantum well in the core of the
laser) both indicate that the interfaces between the quaternary quantum wells and barriers
are abrupt.

Threshold current densities for broad area lasers made from the laser material with
£=0.7% compressive strain were as low as 275 A/cm? for 2.5mm long devices. Ridge
lasers, with dimensions 5 pm x 1mm, were processed using reactive ion etching (RIE) and
Si3Ny isolation, and threshold currents of 39 mA were achieved. The performance of these
devices will be compared to the performance of ridge lasers that use MBE regrown InP
layers for electrical and optical confinement. Tungsten stripes are first deposited, and RIE
is used to etch through the active region and define the ridges. This tungsten forms an
ohmic contact when annealed above 500° C in the MBE chamber during oxide removal. A
p-n-p InP current blocking layer is then regrown over the ridges. This layer is later
selectively removed to expose the tungsten contacts and apply metallization to the individual
lasers.
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MBE Growth of High-Quality InP for AlGalnAs/InP Laser Structures
Using Incongruent Evaporation of GaP ’

H. Kiinzel, J. Bottcher, P. Harde and R. Maessen

Heinrich-Hertz-Institut fur Nachrichtentechnik Berlin GmbH,
Einsteinufer 37, D-10587 Berlin, Germany
Phone: +49.30.31002.546, FAX: +49.30.31002.558, e-mail kuenzel@mails.hhi.de

Abstract

Growth of phosphorus containing materials in an MBE environment was recently made possible by
application of specific effusion cell design. While the evaporation of elemental red phosphorus
from valved cracker cells offers a high degree of control and flexibility /1/, the incongruent
evaporation of GaP from a conventional effusion cell equipped with a scavenger at the orifice is a
simple and cost-effective way to generate a pure P, molecular beam, suitable for the growth of
materials containing phosphorus as the only group-V element /2/. In this contribution, a systematic
study on growth of high-quality InP from a GaP source is presented for the first time, to our
knowledge, and its potential for InP/(Al)GalnAs device structures is demonstrated.

InP growth was investigated in a temperature (Tq), range from 400 to 500°C. Smooth and
featureless surfaces were obtained even for BEP(P,/In)-ratios as low as 10 (at Tq = 500°C),
demonstrating the effectiveness of phosphorus incorporation. Best electrical characteristics were
obtained at low BEP(P,/In)-ratios or correspondingly high Tg-values. Residual carrier
concentrations below 1015 cm=3 (cf. Fig. 1) in combination with 77K mobilities of the order of
50.000 cm2/V-s were achieved. A high optical quality is observed even at a low Tg. The 10K PL
spectra are exciton dominated and the intensity is comparable with typical characteristics of state-
of-the-at MOMBE or MOVPE grown InP layers, as demonstrated in Fig. 2 for Tg=420°C.
Parasitic incorporation of Ga and As was analyzed by SIMS measurements. Using an adequate
scavenger design, the Ga-level could be kept negligibly low (< 0.1%). The As-content was found to
be strongly influenced by T,. Values below 0.3% were achieved resulting in a lattice-mismatch of
10-4, however, a reduction of T‘g favours incorporation of residual As and enhances lattice strain.

Si and Be doping of the MBE InP layers up to 1019 cm-3 level were achieved which indicates high
incorporation rates in InP, in particular for Be doping. Mobilities were found to agree with recent
literature values, obtained with a valved cracker cell /3/.

InP/(Al)GalnAs heterostructures were grown with moderate growth interruptions to ramp Tggp |
while the surface was stabilized with As from a valved cracker cell. The successful achievement of
abrupt changes in As and P incorporation was demonstrated by SIMS profiling (Fig. 3).
Implementation of InP as cladding layers for AlGalnAs/GalnAs QW-lasers is currently under

investigation.

/11 G.W. Wicks et al., Appl. Phys. Lett. 59, 342 (1991)
/2/ T. Shitara et al., Appl. Phys. Lett. 65, 356 (1994) and references therein
/3/ J.N. Baillargeon et al., IEEE Catalog #95CH35720 Library of Congress #94-79424, 148 (1995)

# Part of the work was conducted under contract with Bosch-Telecom GmbH, Backnang.
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In Situ observation of MEE GaAs growth using scanning electron
microscopy, (Invited) Y. Homma, H. Yamaguchi, and Y. Horikoshi
NTT Interdisciplinary Research Laboratories, Tokyo, Japan.
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