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FROM THE EDITOR
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[IMBITND

SEMICONDUCTOR

New In This Issue

Please allow me to draw vour attention to a new feature which we are introducing in this
issue - the “Forum” section, which begins on page 41. We are pleased to be able to tr_n_r_nduuc this
addition to our magazine with two interesting and informative contributions: “A Different Blue
Laser”, a report from Hewlett-Packard about a GaAs VCSEL which emits blue iight_thmugh sec-
ond harmonic generation; and “The Cooled IR Detector Market Heats Up”. a report from Richard
Miles of Hugh:as Research Laboratories on the rivals for pre-eminence in the IR detector field.

The “Forum’” section is intended to allow our readers to offer their observations about time-
ly topics in the compound semiconductor industry, and/or to provide an overview of interesting
new work. We believe that quality contributions from our readers can greatly enhance the use-
fulness of our magazine. and that this new feature is an important part of our attempt to fulfill our
mission statement of “providing a focal point for the global compound semiconductor ind_mr}",
Therefore, we hope that all of you will consider writing a contribution about your area of exper-
tise. The basic instructions are given below. If you have any questions. please let us know. We
hope to hear from you soon.

Marie Mever

Invitation to Contribute to Compound Semiconductor prospective Cus
#3 Valuable content - .o [

The mission statement for our magazine is “to provide a focal point for the global compound Inique. interestine and informiat

semiconductor industry”. To help achieve that goal we are instituting a new feature, to be called vopit Tl

the Compound Semiconductor Forum. It is designed to allow our readers to share their unique S

viewpoints or specialized knowledge about compound semiconductor science and technology by .

analyzing, summarizing or explaining recent work or developments. We are soliciting contribu-

tions from qualified individuals who wish to make a contribution to the general understanding of

compound semiconductor technology or the industry which is based upon it.

#4 Attractive layout - |

Instructions

1) Almost any compound semiconductor-related
topic is acceptable, provided that it is not too nar-
rowly focused. Our primary selection criteria will
be the article’s level of interest or usefulness to our
readers.

2) We will be particularly interested in certain top-
ics by the dates given below. but we would wel-
come other items as well:

GaAs ICs August |
Nitride Technology October |
Epitaxial Growth December 1

3) Remember that you are writing for a magazine,
not a technical journal. The familiar structure used
in technical papers - abstract. introduction, experi-
mental detail, etc. - does not apply here. Instead,
you should focus on a lively discussion of the cho-
sen topic. Space is limited, so please pay attention
10 the Technical Specifications given at right, espe-
cially regarding word counts.

3) Whenever appropriate. the author should
review/describe not only his/her own recent work
but also significant reports from other leading
workers in the field. The reader will benefit from
receiving a more complete picture.

4) When in doubt, contact us - we'll be happy to
provide help along the way.

Technical Specifications

1) Maximum word count = 1100.

2) Provide a succinct and descriptive title, and try
to incorporate at least two sub-headings in the main
body of the text. Provide the author’s name and
brief discussion of affiliation and background - not
more than 25 words.

3) One figure is desirable. Up to two are accept-
able. Subtract 200 words from the maximum word
count for each figure used. Include a descriptive
caption for each figure.

4) Due to space constraints. we cannot accommo-
date more than 3 bibliographic references.

5) FAX or mail the completed manuscript to us.
Please: no email submissions. Include the figures
and captions, and an exact word count. We will
notify you of acceptance or rejection, or suggest
appropriate revisions, as soon as possible.

Address contributions or questions to:

Editor, Compound Semiconductor Magazine
Franklin Publishing, 250 Selby Avenue,
Saint Paul, MN 55102 USA
TEL [1] 612 227 5397; FAX [1] 612 227 5499
email: editor@compsem.com

#5 Thorough coverage

Circle 1 on Reader Service Card
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Mitsubishi

Introduces a Single Chip
GaAs RF Front End

The Personal Handy-phone System is becoming
the proving ground for the highest levels of
GaAs RF integration seen to-date

ROBERT A. METZGER

ost wireless phone manufacturers
Mbuild the RF front end of the handset

from discrete components, meaning
that the transmit/receive switch. low-noise
amplifier (LNA). power amplifier and
up/down converters are individual devices or,
in some cases, small scale MMICs. Designers
say they like this approach because it offers
more design flexibility though the ability to
mix different technologies and device types
(i.e. both GaAs and Si, as well as Si bipolar and
GaAs MESFETs and HBTs). And as long as
the wireless market remains as fragmented as it
currently is. with a large number of competing
standards, it may be an economically advanta-
geous approach as well, because it is difficult
for the GaAs IC manufacturers to recover the

4 Compound Semiconductor May/June 1996

development costs for more sophisticated RF
chips unless they can sell large numbers of
them.

The Japanese Personal Handy-Phone
System (PHS) has the potential to change all
that. because it creates a high volume market
for (relatively) high frequency RF transcievers,
and it places a premium on size and weight.
The PHS is a TDMA-based digital wireless
standard operating at 1.9 GHz that is intended
to fill the gap between short range cordless
phones and more conventional cellular phones.
PHS handsets need only relatively modest out-
put power (10-80 mW) and are intended for
stationary or walking use, primarily in dense
metropolitan areas. PHS was launched in mid
1995. and it currently has ~1.5 million sub-
scribers. There have been reports of dissa-
pointing sales of PHS phones in the first
months of 1996, but the major phone manufac-
tures have recently adopted the familiar
American marketing strategy of subsidizing
phone saless in order to increase subscription
sales. As a result, sales of PHS handsets have
Jumped from ~50.000 to ~300.000 per month,
and the number of subscribers is expected to
reach ~4 million by the first quarter of 1997.

Mitsubishi Electric Corporation [Hyogo,
Japan] recently introduced a three chip set tar-
geted for the PHS market. The chip set
includes a GaAs IC which is a complete RF
front-end. containing the LNA, power amplifi-
er and transmit/receive switch. See Figure

Photomicropragh «

e

of the new |1

9 G
transceiver recently announced by Mitsubishi
for use in PHS handselts.

One. The chip set also includes an
Intermediate Frequencv Processing BiCMOS
LSI which contains up/down converters and
phase modulation circuitry: and a Baseband
Processing CMOS LSI which containing voice
coding circuitry. Used with a microcontroller,
the three chips provide all the main functions
required in a PHS handset. reducing by half the
number of chips typically required. The chips
set also reduces the board size by 30%. and
reduces standby requirements 1o
230 UA. thereby extending standby time.
Mitsubishi will use the chips in its own phones
and make them available to other manufactur-
ers as well.  Mitsubishi has already demon-
strated a very small PHS handset using this
chip set. When folded, the phone measures 8 x
5x 1 em’, and it weighs less than 100 g.

i\l\\\ Ccr

Integrated GaAs & SAGFETs

The Mitsubishi approach to GaAs RF
integration in the PHS chip set represents one
of the largest levels of RF complexity in any
wireless phone. As described by Kazuya
Yamamoto of Mitsubishi. the GaAs transceiver
consists of both analog and digital circuitry.
The analog portion of the chip contains the
power amplifier (PA). a SPDT switch (SW),
two attenuators (ATTs) for transmitting and
receiving modes, and a low noise amplifier
(LNA). The digital circuitry contains logic cir-
cuitry to control other circuits, as well as a neg-
ative voltage generator (NVG), which thereby
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enables single power supply operation. The
control logic can select transmitting. receiving,
or standby modes. The NVG operates only
during communication - thereby cutting down
on power consumption. To reduce chip size.
Mitsubishi has adopted a simple SW which
consists of two FETs connected in series for
transmitting, and a single FET for receiving.
Operating with a single 3.4 V power supply.
the chip requires 171 mA while transmitting,
6.1 mA while receiving, and 4.4 mA in the
standby mode. The entire chip measures 2.5 x
2.5 mm-.

Unlike most GaAs device manufacturers
which MESFET  technology,
Mitsubishi has chosen 1o use a self-aligned
gate FET (SAGFET) approach.  According to
Nobuyuki Kasai of Mitsubishi. “the recessed
gale MESFET provides higher breakdown
voltage. so these types of FETs are widely used
However, the

rely on

for high power applications,

recessed gate FETS have poor uniformity of

DC/RF performances due to the low controlla-
bility of the recess etching process - hence
from the practical viewpoint of manufacturing,
gate. FETs are a disadvantage.”
Mitsubishi has gone 1o a planar

recessed
Therefore.

SAGEET process. where DC/RF uniformity is
obtained by way of ion implantation. and no

recess etching is required. A buried p-layer
(BP) lightly doped drain (LDD) SAGFET
structure is used in the implementation of the
transceiver chip. A WSi/W double-layer gate
structure is used Lo reduce gate resistance. By
placing the gate closer to the source than to the
drain, and using a SiO sidewalls on the edge of
the gate, which are used as masks during ion
implantation in order to separate the heavily
doped regions away from the gate edge. gate to
drain breakdown voltages as high as 20V were
obtained.  Using 1.0 wm gate-length and 1.2
mm gate-width devices. a maximum output
power of 24.7 dBm. corresponding to 240
mW/mm and a PAE of 34% was obtained for
1.9 GHz operation, This power density is the
highest value ever reported for SAGFETS at
this frequency.

Competition

The new Mitsubishi chip set will chal-
lenge another product using highly integrated
GaAs cireuits. PCSIL a ™l semiconduc-
tor manufacturer based in San Diego, CA, has
been supplying PHS chip sets tor more than a
vear. The four-chip PCSI set includes CMOS
and BICMOS bhaseband chips. as well as two
MESFET-based GaAs RF circuits fabricated

abless”

in deve

fewer ¢

E-mail u

cra” 1- {t

by TriQuint Semiconductor. (See CS 1(2), pg.
39). The first GaAs chip contains a power
amplifier, LNA and transmit/receive switch - a
chip very similar to the Mitsubishi transceiver.
In addition, the PCSI chipset includes another
GaAs IC which contains all up/down converter
functions required for PHS. (Mitsubishi chose
to implement this function in its BICMOS
baseband chip.)  According to John Meyer,
Vice President and General Manager of PCSI's
Semiconductor Group, “we have now sold
2,000,000 PHS chip sets to Japan. and we sup-
ply 50-60% of the PHS market™. A second ver-
sion of the chip set. in which all the baseband
functions currently done in 3 different silicon
chips will be combined into one large baseband
chip. is planned for later this year.

Mitsubishi will begin shipping its chip set
by mid 1996, and the company plans to be pro-
ducing 300,000 sets per month by the end of
the year. PCSI has demonstrated that integrat-
ed GaAs RF transceivers can not only success-
fully compete in the marketplace. but can actu-
ally dominate. Mitsubishi's aggressive produc-
tion estimates demonstrates that they plan to
recreate that experience for iiself.

For more information about integrated
GaAs REICy, see next page.

on Epitronics

and tap into a wealth
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2.4 GHz RF Front End
from TriQuint

e

TriQuint Semiconductor has introduced a
24 - 2.5 GHz amplifier/switch for use in RF
front end transmit/receive designs. It is opti-
mized for use in general Industrial, Scientific.
and Medical (ISM) band spread-spectrum
wireless communications, including wireless
LANSs, portable data terminals, and remote
‘monitoring systems. The new circuit provides
a very high level of integration, as it integrates
a ftransmit/receive switch with a low-noise
amplifier (LNA) in the receive path and a 100
mW transmit amplifier suitable for modulation
schemes that require linear operation.
Transmit or receive is controlled by a compli-
mentary CMOS-logic compatible T/R control
pin in which only one mode is active. Power-
down is an extension of the T/R control logic.
Each RF port is matched to 50 ohms, eliminat-
ing external matching circuitry. It operates
from a single 5-V power supply, is housed in a
24-pin SSOP package. and is available from
stock at a unit price of $4.95 in order quanti-

- ties of 100.000.

Optoelectronics

New ICs from Anadigics, Vitesse, NEC, Motorolla

Anadigics has announced two new GaAs products. The firstis a fi?ll;:|ﬁ supp}} power
amplifier MMIC for use with the GSM cellular telephone standard. I.In\ s |hg first prod-
uct developed by Anadigics to serve this standard, and the company claims that it offers the
highest power level so far for GSM. Typical efficiency for the three stage amplifier is 50%
at 35 dBm power out. Anadigics has also introduced a new GaAs In;_-{h sensitivity tran-
simpedance amplifier for use in SONET OC-3 (SDH-STM 1) optical receiver chains
and other applications including ATM, FDDI and Ethernet Fiber LAN networks at 155
Mb/s or less. The significant feature of the new circuit is its excellent sensitvity (typ. -42
dBM, depending on photodetector performance). Other features include single +5 volt
power supply, automatic gain control, and OdBm optical t:\\'1'|l1.'n.|. The company claims
that “this device performs at levels nearly ten times better than silicon and is significantly
better than any other GaAs solution currently on the market. It is expected to be an
enabling {t‘chnia}ng'\,- for fiber optic networks generally, and especially for telecom applica-
tions, because it will significantly increase the range per link and thus reduce the number
of repeaters needed.”

Vitesse Semiconductor has released a new SONET/SDH compatible 4-bit
MUX/DEMUX for telecom and ATM applications at OC-12 data rates. The new IC
offers on-chip high speed clock generation at 622 MHz from a 155 MHz reference clock.
An integrated PLL provides a fully monolithic clock multiplier unit. eliminating the need
for external components for 622 MHz clock generation. The new circut also meets crit-
cal SONET jitter generation specifications and has a typical power dissipation of I 1 watis,
It is currently in production with 1000 piece pricing at S82.

Several new products have been added to NECs growing line of GaAs products,
Two new medium power (4-10 W) GaAs FETs are now available for use as output stages
or a drivers for high power devices in UHF to 3 GHz transmitter apphications. The 4 W
model provides 45% PAE. the 10 W model provides 40% PAE. Housed in ceramic pack-
ages, the new FETs are priced at 490-$150. Two new plastic-package GuAs MESFETS are
also available. The NE76118 is designed for LNA applications in the 1-4 GHz range: the
NE 25118 is a dual-gate device that is designed to be used as a mixer, AGC amplifier, o1
LNA. By shorting the second gate to the source, the NE 25118 can deliver up to 20 dB of
power gain at 900 MHz, with a noise figure of 1.1 Db Prices start at $0.50. Also new is a
pair of single pole, double throw (SPDT) switches for WLAN, PCS and 900 MHz digital
cordless and cellular phone applications. Prices begin at $1.00

Also available is a new GaAs SPDT antenna switch from Motorola which can be
used as a transmit and receive or antenna diversity switch operating on a single positive
supply in the 100 MHz to 2.0 GHz frequency range.

SDL has announced the introduction of a 30 mW distributed feedback (DFB) laser for
fiber optic transmission systems operating in the 1550 nm wavelength range. This is the
highest power that is commercially available at this wavelength from a DFB laser. This is the
first new product to be jointly developed by SDL and its recently acquired subsidiary, SDL
Optics. The DFB laser chip was developed and is manufactured by SDL; the single mode fiber
optic packaging is performed by SDL Optics.

Toshiba America Electronic Components, Inc. has announced that five new trans-
mitters and four receivers have been added to Toshiba’s line-up of communication laser
diodes. The new transmitters operate at bit rates from 622 Mbit/s to 10 Gbit/s. The receiver
modules operate at bit rates from 622 Mbit/s to 50 Gbit/s. The high-end, 10 Gbit/s transmit-
ter module has a built-in automatic optical power and temperature control function. The 5
Gbit/s receiver module includes a HEMT front-end amplifier and an InGaAs photodiode.
Prices for the transmitter modules range from $340 to $11,197. Toshiba has also announced
a new 650 nm laser diode design specifically for the DVD format. The new device is the
first commercialized self-pulsating laser diode for this application.
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New communication laser diodes from
Toshiba America Flectronic Components
include a 10Gbps optical transmitter and
5Gbps optical receive



Research Review

The following is a sampling of recent papers in the compound semiconductor field, compiled
by the staff of Compound Semiconductor from a variety of international journals.

Optoelectronic Devices
Low Dark Current GalnAs/AllnAs MSM Photodetectors

GalnAs/AllnAs MSM photodetectors are potentially important components for optoelectronic
receivers due to their high speed performance. large signal to noise ratio and integrability with FETS,
A past limitation to the performance of these devices has been the sizable dark current resulting from
the moderately low Schottky barrier of the structure. Two different approaches for lowering the dark
current have recently reported similar results, The first approach placed the electrode tips and contact
pads on top of an insulating layer of silicon nitride. The second approach used thin CdS layers deposit-
ed by a chemical bath to passivate the detector surface. In both studies. dark current was reduced by
more than an order of magnitude from that of a standard GalnAs/AllnAs MSM detector. The result-
ing dark current densities, ~0.4 pA / um” in both studies. are the lowest reported dark current densities
in GalnAs/AllnAs MSM photodetectors, See "Low dark current. long wavelength metal-semicon-
ductor-metal photodetectors”. W.A. Wohlmuth. et al. Electron Lett. 32(3) 249 [ | February 1996] (work
performed at University of Hlinois. Urbana. 1L] and "Cadmium Sulfide Surface Stabilization for InP-
based Optoelectronic Devices”. K. Vaccaro, et al. 1. Electron. Mats. 25(4), 603 [1996] (work per-
formed at USAF Rome Laboratory, Hanscom Air Force Base. MA).

Progress in Mid-IR Diode Lasers

Mid-IR lasers have important potential applications in areas such as atmospheric pollution measure-
ment. medical diagnostics and automotive engine exhaust diagnosties. Significant advances have been
recently reported in both lead salt and T1-V diode lasers. A continuous wave (ew) operating temper-
ature as high as 223 K was achieved in a separate confinement buried heterostructure PhTe diode laser.
This represents the highest ew operating temperature for any type of mid-1R diode laser. The laser was
grown by MBE on a PbTe substrate,  The epitaxial structure consisted ol o PhTe active layer with
PbEuSeTe cladding layers. And although MBE is usually emploved for the growth of mid-IR diode
lasers. encouraging MOCVD results were recently obtained in InAsSh lasers operating at 3,5 tm
wavelengths.  This device employed InPSh cladding Tayvers, rather than the AIASSh clads usually
emploved in MBE devices. In pulsed operation at 135 K. the lasers displayed characteristic tempera-
tures of 33 K, equaling the highest value reported Tor MBE-grown devices.  See "Low threshold
PbEuScTe/PbTe separate confinement buried heterostructure diode lasers”, Z. Feit, et al, Appl Phys.
Let. 68(3). 738 [5 February 1996] (work performed at Laser I’hHIUIliL‘\, Andover. MA] and
"Pseudomorphic InAsSh multiple quantum well injection laser emitting at 3.5 um ", S.R. Kurtz. et al,
Appl. Phys. Lett. 680100, 1332 |4 March 1996] (work performed at Sandia National Laboratories.
Albuquerque. NM).

Self-Pulsing VCSEL's at Ultralow Operating Currents

Sell-pulsing in oxide-confined small area (<4 um’) VOSEL'S has been reparted at de currents as low
as 470 nA, Lasing is indicated by linearly polarized emission. narrow linewidths and coherent near
and far field patterns. The authors state that an electronic nonlinearity allows the injection of relatively
high peak currents over short times, resulting in low average currents. Al average currents near 10 A,
sub-microsecond light pulses are emitted with oscillation frequencies of 4 kHz. As the drive current
increases, the oscillation frequency increases until continuous wave operation is reached at 500 wA
This effect may complicate the measurement of lasing thresholds in small area VOSEL's, Work per

formed at Sandia National Laboratories [Albuquergue. NM]. See "Self-pulsing oxide-confined verti-
cal-cavity lasers with ultralow operating current”. K.D. Choquett. et al. Electron. Le. 32(5). 439 (29
February 1996

Optical Bistability in Wafer Fused Vertical Cavity at 1,55 pm Wavelength

Low power aptical bistability was reported in a hyvbrid semiconductor structure. The device consist
ed of two epitaxial \EJiI\.'lLlIL\lIn\'»rt]‘\ MOCVD on different substrates that were combined by
fusion. An InP/GalnAsP double heterostructure was srown o i etel stop laver on InP and fused o
top of o {;., AS/AlASs reflector stack grown on GaAs. The fusing was carried out by | ing the tw
structures to ‘m'x||x'. and heating to 630°C for 30 minutes in a hvdrogen atmosphere. After th

the etalon was completed by depositing 3 pairs of Si0. - Si refiect e d | I
switching contra 'uuutu than 8 : 1 in the reflective mode and a histability threshold power less than
I mW. A steady state memory is observed with continuous wave mpu e switchimme time of the
devic nth mosecond range. Work performed ar France Tel I |

"Submithiwant Optical Bistability in Waler Fused Vertical Cavity @ 153 tin Wavelenat

et al, IEEE Photon. Tech, Lett. 8(4). 339 [ April. 1096) -

Very High Efficiency
and
Reliability Red LEDs

LEDs are already the dominant com-
pound semiconductor device (see page 24),
How much further can LED technology go,
and to what extent can it challenge the role
of the incandescent light bulb? There is
already an entire spectrum (red, orange, yel-
low. green and blue) of devices that have
been reported which have luminous effi-
ciencies superior to unfiltered incandescent
bulbs. In addition, since the light generat-
ing electron-hole recombination event in
the LED is not an inherently destructive
process (in contrast to a burning incandes-
cent filament) the reliability of LEDs may
greatly exceed that of incandescent sources.

Most of the recent news stories involv-
ing LEDs focus on advancements in blue
and green emitters fabricated from the GaN
material system. (For example, see page 22
in this issue.) However, researchers at
Hewlett-Packard's Optoelectronics Division
[San Jose, CA| are continuing to further the
development of the already mature technol-
ogy for red LEDs. They recently reported
the use of wafer bonding to produce record
efficiency red AlGalnP LED's. The LED's
possess external guantum efficiencies of
24% a1 636 nm, 23% wallplug efficiencies.
and 36 Im/W luminous efficiencies. The
devices emit 9.3 mW at 20 mA and 2V, In
comparison. the best AlGaAs red LED's
have 18% external quantum efficiency at
650 nm and the highest efficiency red
AlGalnP vertical cavity surface emitting
lasers have 10% wall plug efficiencies at
676 nm. Projected lifetimes of these
AlGalnP LED's exceed 100.000 hours.

The devices were constructed by start-
ing with an AlGalnP double heterostructure
grown by MOCVD on a GaAs substrate. A
45 micron thick VPE-grown GaP cap is
added 1o facilitate current spreading and
light extraction. The absorbing GaAs sub-
strate 15 removed by selective etching.
Finally. a transparent GaP substrate is added
to the structure by wafer bonding at elevat-
cd temperaiure under uniaxial pressure.
After patterned ohmic contacts are applied,
the wafers are diced into 5 mm LED's.

See "Highly-reliable and efficient semi-
conductor wafer-bonded AlGainP/GaP light
emitting diodes”, FA. Kish et al. Electron,

Lett, 32(2). 132 [18 January 1996].
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Graded GaAs, P, Bases in GalnP Emitter HBTs

GalnP emitters for GaAs HBTs benefit from a high etch selectivity between GalnP and GaAs and therefore
permit the implementation of high-yield HBT processes. The exclusion of aluminum from the epitaxial lay-
ers has also been related to reliability improvements in GaInP/GaAs HBTs when compared to conventional
AlGaAs/GaAs HBTs. Researchers from the Furukawa Electric Co. (Yokohama, Japan) have further
improved the performance of GalnP emitter HBT technology by incorporating a carbon-doped. tensile-
strained GaAs, P, graded base in lieu of the usual uniform GaAs base. The structures were grown by low-
pressure MOCVD with the TMGa, AsH, and PH; precursors for the GaAsP alloy. Hole concentrations
above 10 cm? could be achieved in both GaAs and GaAs, P, by using the methyl group of the TMGa pre-
cursor as the carbon doping source; the actual hole concentration was easily controlled by the V/III ratio.
Transistor characteristics revealed a common-emitter current gain of 85 at a collector current density of 30
kA/cm? for a base with the phosphorus content graded from 0 to 5%, resulting in an aiding built-in field of
10kV/cm. The built-in field in the graded GaAs, P, base devices resulted in a current gain cnhunuenjenl
factor of nearly 2 compared to similar devices with a uniform GaAs base. The GaAsP graded base devices
showed a significantly reduced size dependence in comparison to uniform GaAs base devices. Common-
emitter I-V characteristics featured a collector offset voltage of less than 0.15 V. See "Graded-GaAsP Bases
in Heterojunction Bipolar Transistors with InGaP Emitters,” M. Ohkubo. et al.. Microwave and Optical
Technol. Lett.. 11(3). 150 [20 February1996].

Diamond/GaAs Heterojunctions by Wafer Bonding

Differences in lattice constants and in thermal expansion coefficients make it difficult to form high-quality
heterojunctions between widely different semiconductors with conventional growth techniques such as
MOCVD or MBE. The formation of pn junctions is key to the development of diamond-based electronic
devices such as bipolar transistors or junction field-effect transistors, but unfortunately, n-type impurity dop-
ing of diamond films has so far proven difficult to achieve. Researchers from Osaka University (Osaka.
Japan) have made use of direct wafer bonding to form pn junctions between n-type GaAs films (Se -doped,
10" em~) and CVD boron-doped p-type diamond epitaxial layers grown on (100) diamond substrates. The
room temperature I-V characteristics for the n-GaAs / p-diamond direct bond junction displayed rectifying
behavior between -5V and +3V, suggesting that a pn heterojunction can indeed be formed through direct
bonding. An analysis of the band lineup for the GaAs/diamond heterojunction system suggests that the hole
current dominates transport in the forward bias regime. A measurement of the photovoltaic effect confirmed
that the direct bonded GaAs/diamond structures indeed function as pn junctions. See “p-Diamond/n-GaAs
Junctions Formed by Direct Bonding.” T. Sugino et al., Electron. Lett. 32(1), 71-72 [4 January 1996].

Highly Conductive P-Type ZnTe:As Grown by MOCVD

Zinc telluride is a highly conductive wide gap II-VI compound that is a promising candidate for the imple-
mentation of low-resistance contact layer in ZnSe blue-green light emitters. MBE has been used to produce
highly conductive nitrogen doped ZnTe layers. MOCVD has so far been limited to doping levels of 10'* ¢m?,
Researchers from the Toshiba Research Laboratories (Kawasaki, Japan) have successfully grown highly con-
ductive p-type ZnTe layers by atmospheric pressure MOCVD using DMZn and diisopropyltelluride (DiPTe) as
the group II and group VI precursors. The acceptor impurity source was chosen 1o be trimethylarsine (TMAs),
because it contains no As-H bonds in its structure (Arsenic behaves as a shallow acceptor in ZnTe when it sub-
stitutes into Te lattice sites). A smooth epitaxial surface morphology was obtained at 400°C when a low VI/II
flux ratio. Hall effect measurements revealed a maximum hole concentration of 1.3 x 10 em for a VI/I ratio
of 2, which is the highest reported carrier concentration for MOCVD-grown p-type ZnTe. See “Highly
Conductive P-Type ZnTe:As Grownby Atmospheric Metalorganic”Chemical Vapor Deposition Using
Trimethylarsine.” A. Kamata et al., Jpn. J. Appl. Phys. 35(2), L87-L89 [15 January 1996).

GalnP Ordering and V/III Ratio in MOCVD Growth

The Gay sny sP alloy has been found to be useful for the fabrication of light emitting diodes, injection lasers.
heterojunction bipolar transistors and heterostructure field-effect transistors. MOCVD grown GalnP tends
to order with the In and Ga atoms segregated into alternating {111} planes. The ordering can significantly
reduce the energy gap, and affect device performance. The degree of order has been found to be affected by
the growth temperature, by the growth rate. and by the phosphorus flow rate. Researchers from the
University of Utah (Salt Lake City, Utah) have performed in-situ surface photoabsorption (SPA) to measure
the concentration of [110]-oriented P dimers characteristic of the (2 x 4) reconstruction on (001) -oriented
GaAs substrates as a function of the input partial pressure of the TBP phosphorus precursor. For a growth
temperature of 670°C, the P-dimer concentration increases systematically with TBP pressure as it is
increased from 10 to 200 Pa. At low TBP flow rates (or V/III ratio), the Cu-Pt ordering disappears presum-
ably because of the disappearance of the (2x 4) reconstruction because of the absence of P-dimers: the degree
of ordering is clearly enhanced at higher V/III ratios. Photoluminescence data show that the 20K PL ;;cak
energy shifts from ~1.968 eV down to ~1.912 eV as the V/III ratio is increased from $ to 160. For a V/III
ratio of 40, the PL peak energy was found to be equal to ~1.952 eV for a growth temperature of 670°C, and
~1.888 eV fora growth temperature of 620°C. See “Surface photoabsorption study of the effect of V/III ratio
on ordering in GalnP,” H. Murata et al., Appl. Phys. Lett. 68(13), 1796 [25 March, 1996].
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In-Plane Schottky Gate
Quantum Wire Transistors

Quantum-based devices have been the focus
of much interest for future high-speed electron-
ics applications. Quantum wire transistors are
pursued with the intent to implement near ballis-
tic (scattering-free) quasi-one-dimensional gate-
controlled electron waveguides. Truly ballistic
transport in 1D waveguides results in a quantiza-
tion of conductance in steps of 2e’h. One
approuch commonly used to implement quantum
wires is to use the fringing fields in a split
Schottky gate to selectively pinch-off a 2DEG
while defining a 1D electron waveguide channel.
In this configuration, the split-gate sits on the
sample surface while the 2DEG is located below
the surface: the non-planar geometry smoothes
out the split-gate confining potential, and
decreases the subband spacing between in the 1D
electron waveguide. Unfortunately, it turns out
that the quantized conductance associated with
ballistic transport can only be observed bhelow
temperatures T such that AE > 3kT.

Researchers from Hokkaido University
(Sapporo,  Japan)  have  implemented
Al 3Gag,As/GaAs quantum wire transistors
with in-plane Schottky gate electrodes: the in-
plane gate (IPG) features a much more favorable
electrostatic aspect ratio which should in princi-
ple lead to ballistic transport at much higher
temperatures due to the stronger clectron con-
finement. The IPG quantum wire structures
were implemented by electron beam lithography
and wet chemical etching of the
Aly:Gag;As/GaAs quantum well structure. The
platinum IPG electrodes were deposited in-situ
by a masked electrochemical plating process
following an anodic dissolution of the sample
surface. This process results in oxide-free and
damage-free Schottky contacts on GaAs.

The IPG quantum wire transistor drain char-
acteristics display a complete pinch-off and
good drain current saturation with no kinks or
hysteresis. The IPG QWW transistors can be
modeled by assuming the IPG does not alter the
QW electron sheet density and only affects the
quantum wire width. This model is experimen-
tally supported by a lincar dependence of the
drain saturation current upon the gate voltage.
Magneto-resistance measurements also con-
firmed that the sheet density is independent of
the gate voltage near pinch-off: this indicates
the IPG changes the channel width without
changing the electron density. The experimental
drain current data indicated an electron velocity
close to the Fermi velocity of electrons in the
2DEG, suggesting nearly ballistic electron
transport through the electron waveguide. Low-
temperature measurements near pinch-off
revealed conductance quantization in steps (up
to n=3) very close to 2¢*/h for the relatively long
wire lengths of 1.6=ttm . The first conductance
quantization plateau persisted up to a tempera-
ture of 40K, and is very encouraging for the pos-
sible realization of quantum devices at higher
operating temperatures

See "Transport Characterization of Schottky
In-Plane Quantum Wire T tors Realized by
In-Situ Electrochemical | " H. Okada et
al.. Jpn. J. Appl. Phys.. 34(1). No. 12B, 6971
[December, 1995].
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Properties of Metal Silicides
Edited K. Maex & M. Van Rossum
The following aspects of the transition metal silicides are
systematically reviewed in depth: basic physical, thermo-
chemical, electronic and optical properties, diffusion,
hyperfine interactions and growth. Rare earth silicides
are also extensively covered.

380pp., 280 X 210mm, Hardbound, ISBN: 0 85296 859 0, 1995
EMIS Datareviews Series number 14

$195.00
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Properties of Silicon Carbide
Editec by Gary L. Harris

Contents: Basic physical properties; Optical and param-
agnetic properties; Carrier properties and oxidation;
Etching; Diffusion of impurities and ion implantation; Bulk
and epitaxial growth; Contacts and junctions; Schottky

diodes, transistors and optoelectronic devices.
300pp.. 280 x 210mm, Hardbound, ISBN: 0 85296 870 1, 1995
EMIS Datareviews Series number 13

$195.00

Properties of Strained and

Relaxed Silicon Germanium
Edited by E. Kasper

The following areas are systematically reviewed and
evaluated: general properties of strained layer systems;
structure, phase diagrams and ordering; thermal,
mechanical and lattice vibrational properties; band struc-
ture; carrier mobilities; injection across a heterojunction
and magnetotransport; surface properties; device related
SiGe/Si structures. Where appropriate; properties data
are related to the SiGe stoichiometry and strain.

284pp., 280 x 210mm, Hardbound, ISBN: 0 85296 826 4, 1995
EMIS Datareviews Series number 12

$145.00

Properties of Group III Nitrides $165.00
Edited by Dr. James H. Edgar

Contents: Basic physical properties; phase diagrams;
electrical properties; band structure; optical functions:
infra-red absorption and impurity energy levels; photolu-
minescence and cathodoluminescence: Raman and

reflection spectra; interfaces including heterojunctions.

280pp., 280 x 210mm, Hardbound, ISBN: 0 85296 818 3, 1924
EMIS Datareviews Series number 11
[ Ali IEE and INSPEC products available in the Americas
| through the INSPEC Department of the IEE
[ All prices eftective through 12/31/98 )
- | all
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Properties of Narrow Gap

Cadmium-based Compounds
Edited by Peter Capper

600pp., 280 x 210mm, Hardbound, ISBN: 0 85296 880 9, 1994
EMIS Datareviews Series number 10

$295.00

Properties and Growth of

Diamond

Edited by Gordon Davies
437pp., 280 x 210mm, Hardbound, ISBN: 0 85296 875 2, 1994
EMIS Datareviews Series number 9

$245.00

Properties of Latticed-Matched and
Strained Indium Gallium Arsenide $225.00
Edited by P. Bhattacharya

317pp.. 280 x 210mm, Hardbound, ISBN: 0 85296 865 5, 1993
EMIS Datareviews Series number 8

Properties of Aluminium Gallium

Arsenide

Edited by S. Adachi
325pp., 280 x 210mm, Hardbound, ISBN: 0 85296 558 3, 1993
EMIS Datareviews Series number 7

$195.00

Properties of Indium Phosphide $285.00
495PP., 280 X 210mm, Hardbound, ISBN: 0 85206 491 9, 1991
EMIS Datareviews Series number 6

Properties of Gallium Arsenide $295.00
(Second Edition)
790pp., 280 x 210mm, Hardbound, ISBN: 0 85296 485 4, 1990

EMIS Datareviews Series number 2

The Electronic Materials Information Service (IXMIS) Datareviews
series comprises books on semiconductors and other electronic
materials. The world-wide array of experts contributing to each of
the books above was coordinated either directly by the INSPEC
divivion of the LEE or by an appointed editor.

IEE/INSPEC Department
IEEE Operations Center

Service
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Ka-Band InP/InGaA</InP HBT Power

Millimeterwave operation Is seeing more znd more
amrzy radars, szellne communications

LANSs and radiometry. What il these sysiems sf r millimeterway 21
somces.  For the first time. Ka-band (30 GHz) | 3 I_r-LPIn(;.r\-.'In}: [()'HBTi P
and nm InGaAyin

and a2 I8.8

reporied. Using MOMBE grown DHETs. with 50K

attice grading layer between base and co L
a BV, greater than 8 V were fabricated. These
W/mm with an associated gain of 5.3 dB and z PAE of

1333

Microwave and Guided Wave Lett . 6(3). 129 [March y% _

4H-SiC Schottky Rectifiers

SiC is a promising material for devices requiring high-power. high-frequency. and high-temperature
operations owing 1o its unigue electrical and thermal properties of high breakdown field. high electron
saturation drifi velocity, and high thermal conductivity. The 4H-SiC polytype exhibits both a large
bandgap (3.3 £V). and the highest electron mobility among ¢SiC. making it ideally suited to high-volt-
age electronic devices. T/4H-SiC Schottky rectifiers with edge termination formed by B implanta-
tion wege fabricated. Compared with a Schottky structure without edge-termination. where high elec-
tric fields are the reverse-blocking characteristics of the edge-terminated devices were sig-
nificantly improved. showing brezkdown voltages up to 1700 V - twice that of the structure without
edge-termination. In high temperature operation. blocking voltages of over 1100 V were obtained at
150°C operation. Work performed at Kyoto University [Kyoto. Japan]. See "Excellent Reverse
Blocking Characteristics of High-Voltage 4H-SiC Schottky Rectifiers with Boron-Implanted Edge
Termination.” A. Iioh et al. IEEE Electron. Device Lett.. 17(3). 139 [March 1996).

SiGe P-type MODFETs

While the large increase of the electron mobility achieved due to S¥/SiGe heterostructure formation has
lead to the fabrication of high performance S1/SiGe n-type FETs. p-type devices are lagging behind in
performance partly due to much lower hole mobility. High speed p-type modulation-doped field-effect
transistors (MODFETs) grown by UHV-CVD and with Si,, , Ge, channels where x ranges from (.7 to
0.55, have been fabricated on relaxed Si,-Ge, - buffers. Utilizing both 0.7 um and 1.0 um gate-lengths,
the MODFETSs exhibited f, values of 9.5 GHz and 5.3 GHz, respectively. At room temperature, the p-tvpe
MODFETs exhibited a 2-D hole-gas mobility of 700 cm?/Vs. a hole sheet density of 3.5x10"? cm?, and
maximum extrinsic transconductance was 105 mS/mm. Work performed at the Umiversity of lllinois
[Urbana-Champaign. IL] and IBM [Yorktown Heights. NY]. See "High Speed P-Type SiGe Modulation-
Doped Field-Effect Transistors,” M. Arafa et al. IEEE Electron. Device Lett.. 17(3). 124 [March 1996].

Sh-based RITs for Logic Circuits

A promising application for the InAs/GaSb/AISb heterostructure system is low voltage operation
devices utilizing resonant interband tunneling (RIT) diodes where the peak current of these devices
(mid-10* A/em?) is attained at voltages on the order of 100 mV. For the first time. integrated RIT and
Schottky diode structures using the InAs/GaSb/AISb system are demonstrated. Grown by MBE. the
RIT diode structure consists of a 5.4 nm GaSb quantum well sandwiched between symmetric 1.1 nm
AISb barriers. 12 nm undoped InAs spacer layers. and 30 nm InAs (n) spacer layers. Using n-type
InAs/AISb superlattices for the semiconducting side of the Schottky barriers provides the means for
tailoring the barrier height for a given circuit architecture. A complete logic family has been demon-
strated, including AND, OR, XOR and INV functions, suitable for 10 GHz operation. Work performed
at the Hughes Research Laboratories [Malibu, CA], Mayo Foundation [Rochester. MN] and University
of Notre Dame [South Bend, IN]. See “InAs/AISb/GaSb Resonant Interband Tunneling Diodes and
Au-on-InAs/AlSb-S ice Schottky Diodes for Logic Circuits.” D.H. Chow et al, IEEE Electron
Device Lett., 17(2), 69 [February 1996].

9% PAE GalnP/GaAs HBT at L-Band

High power added efficiency (PAE) power sources are critical elements for a wide range of applica-
tions, including mobile communications and T/R modules for active array radars. A very high 90%
PAE with an output power of 200 mW and a power gain of 18 dB was achieved at 1.8 GHz operation
with a 240 um? GalnP/GaAs HBT. Class C operation combined with suitable harmonic termination
was chosen for the transistor's mode of operation, where the dissipated power is low under both small
signal and large signal conditions, making this suitable for the design of high power and high efficiency
narrow band microwave amplifiers. Work performed University of Limoges [Limoges, France] and
Thm:lson-CSF [Orsay France]. See " A 90% Power-Added Efficiency GalnP/GaAs HBT for L-Band
Radar and Mobile Communication Systems," A. Mallet et al, IEEE Microwave and Guided Wave Lett..
6(3), 132 [March 1996].
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Low-Cost Plastic
Packaged PHEMTs for DBS

Satellite direct broadcasting receiver sys-
tems have been experiencing a worldwide
increase in demand - driving the direct broad-
cast satellite (DBS) market for low-cost
extremely low-noise amplifiers. Currently.
the cost of ceramic packaging is still a domi-
nant factor in the price of a receiver.
Therefore. the production of low-noise and
high-gain devices in low-cost plastic packag-
ing would be very desirable for the DBS mar-
ket.

Researchers at Hewlett Packard [Santa
Clara. CA] report on the fabrication of 0.2
pum gate length pseudomorphic
AlGaAs/InGaAs/GaAs HEMTs in low cost
SC-70 plastic packages for DBS applications
at 12 GHz operation. Grown by MBE on 3
inch GaAs substrates. these HEMTS use a
combination of optical and electron-beam
lithography to define 0.2 um T-gates. along
with both wet and reactive ion etching to
define the gate recess. The 0.2 x 200 um?
PHEMTs have typical maximum transcon-
ductances. g.... of 390-430 mS/mm at a
drain-to-source voltage of 1.5 V. reverse
drain-to-gate breakdown voltages. BV_,. of 4
to 6V, and an f, of 72 GHz. These devices
were stress tested at three different channel
temperatures, T, of 200, 220 and 240°C, and
reliability failure tests gave a mean time to
failure (MTTF) of 1.2x10" hours at a T, of
150°C - more than sufficient for commercial
applications.

Noise measurements made on wafer
under conditions of V.. = 1.5 Vand I,. = 10
mA, result in typical noise figures of 0.42 to
0.47 dB with typical associated gains of 12.6
-13.5dB at 12 GHz. The devices were pack-
aged in both ceramic and plastic packages
and measured at the same frequency, giving
typical noise figures of (.45-0.52 dB and 1.0-
1.2 dB with typical associated gains of 12.1-
13.0 and 9.5 -9.9 dB. for ceramic and plastic
packaged devices. respectively. Although the
devices in plastic packaging experienced a
greater degradation in both noise figure and
associated gain than the devices in ceramic
packaging, they can still be used for the sec-
ond and third stages of a front-end receiver,
where the lower cost of the plastic package
makes this an attractive alternative to a high-
er-performance ceramic packaged PHEMTS.

See “Pseudomorphic AlGaAvInGaAs/GaAs
HEMTS in Low-Cost Plastic Packaging for
DBS Application,” T. Hwang ct al. Electron.
Lett., 32(2), 141 [18 January. 1996].




Attention MBE System Operators

Introducing the New
SUMO™ Effusion Cells from EPI

EPI Redefines Effusion Cell Technology

The EPI SUMO™ Effusion Cell — an important advance in MBE
equipment technology, available for any production or research MBE system

The new EPI SUMO™ effusion cell is nothing short of
revolutionary. It optimizes material quality while main-
taining very low levels of morphological defect densities
and background doping levels. The beam equivalent
pressure remains consistent throughout the life of the
material charge, greatly enhancing reproducibility and
operator convenience. Shutter activation-related flux
transients are virtually undetectable, while providing
state-of-the-art uniformities. All models have large useful
capacities, and configurations available for both
research and multi-wafer systems.

Excellent Material Quality
Extremely Low Defect Densities
Increased Flux to Power Ratios

Long-Term Stability - more consistent
beam equivalent pressures over the
lifetime of the charge

Virtually Undetectable Shutter Activation
Related Flux Transients

State-of-the-Art Deposition Uniformity
Significantly Increased Useful Capacity

If you are looking for a way to maximize your MBE system up-time, increase throughput, improve material quality
and reproducibity, and make your life a little easier, contact vour local EPI sales office for more information about
the EPI SUMO™ Effusion Cell. Be sure to ask for The EPI SUMO™ Application Note, February, 1996.
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quipment based on optoelectronics technology plays an increas-

ingly significant role in the global economy. Some commenta-

tors, grasping for a metaphor, have taken to saying that “opto-
electronics will be to the 21st century what electronics was to the 20th
century”. While that may be a bit of an overstatement, it is still obvious
that optoelectronics-based telecommunications, data-storage and sens-
ing technologies will have great impact throughout the foreseeable
future. As a result, optoelectronic technology offers new wealth-cre-
ation opportunities for component and system manufacturers. The his-
tory of electronics suggests that fierce competition for technological
Jeadership and manufacturing prowess lie ahead for the optoelectronics
industry. Today's policy makers are, therefore, well advised to consider
the steps which should be taken now to help their local/national/region-
al economy to reap the benefit of helping to build the optoelectronics
infrastructure.

Unfortunately for the U.S. manufacturing base, recent history also
shows steady erosion of its once-dominant position. With that in mind,
the Japanese Technology Evaluation Center (JTEC) has released a report
evaluating the competitiveness of the U.S. optoelectronics industry in
comparison with its counterpart in Japan. (See box, page 14.) To pre-

Stephen R. Forrest (Panel Chair)
Princeton University

Report Contribution

Methodology & Summary

Larry A. Coldren Emerging Device Technology
University of California, Santa Barbara

Sadik C. Esener Optical Storage Technology
University of California, Santa Diego

Donald B. Keck Optical Sensors and Specialty Fibers

Optoelectronics Research, Corning, Inc.
Frederick J. Leonberger

Uniphase Telecommunications Products
Gary R. Saxonhouse

University of Michigan, Dept. of Economics
Paul W, Shumate

Bellcore

Guided Wave Devices and
Photonic Packaging Technology

Optoelectronics in Japan: some
Economic Considerations

Telecommunications, Cable
Television, and Data Link Systems

Table One: JTEC Panelists contributing to the report,

12 Compound Semiconductor May/June 1996

pare the report JTEC convened a panel of seven experts (Table One) to
study the relevant literature and conduct site visits at 42 relevant facili-
ties in the U.S. and Japan. The investigations focused on five topical
areas that the panel considered to be most economically strategic to both
Japan and the United States, namely:

1) Optoelectronic systems, with emphasis on telecommunications,
LANs, and optical interconnections;

2) Optical storage technology:

3) Waveguide devices and optoelectronic packaging technology:

4) Photonic devices and materials: and

5) Optical sensor technology. including specialty fibers.

A summary of the major findings in these five areas is given in Table
Two, along with analysis of two “interdisciplinary™ technologies (con-
sumer optoelectronics and custom optoelectronics’), as well as the
panel's assessment of the effectiveness of the overall environment sur-
rounding the optoelectronics efforts in the two countries. As is reflect-
ed in the table, the panel concludes that Japan clearly leads in consumer
optoelectronics and data storage, Japan and the U.S. are both competi-
tive in the areas of communications and networks, and the U.S. leads in
custom optoelectronics. Panel chairman Stephen Forrest notes that there
are always exceptions to the rule: for example, although the panel con-
cluded that Japanese companies lead in consumer optoelectronics, U.S.
manufacturer Hewlett-Packard is undoubtedly the worldwide leader in
the production of LEDs for that same market. Nevertheless, these “big
picture” generalizations help to illustrate the dominant position of
Japanese manufacturers in the global optoelectronic equipment market.

Shedding Light on the Numbers

The fact that Japanese companies have the lead in the consumer
optoelectronics field (which is dominated by CD plavers, both audio and
CD-ROM) is not surprising to anyone who has surveved the brand
names in the local electronics store recently. Nevertheless. the report

! “Interdisciplinary” in the sense that they combine two o
above.

five fields listed
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does highlight some surprising statistics.  For
example, the Japanese optoelectronics industry
is more than six times larger than its American
counterpart (540 billion/year for Japan vs. $6
billion/year for the U.S.). Also, analysts
attribute ~50% of the current market for opto-
clectronic-enabled equipment to consumer
optoelectronics, and another 40% 1o optical
data storage (meaning high density. large scale
bulk storage, as opposed to CD-ROM). As is
shown in Table Two, the JTEC Panel attributes
leadership in both areas 10 Japanese manufac-
turers: therefore, they conclude, “Japan domi-
nates Y0% of the world's optoelectronics mar-
kets. and can be expected to continue its dom-
inance for a number of years.” Panelist Gary
Saxonhouse. a prolessor of economics at the
University ol Michigan, describes the global
market share held by Japanese optoelectronics
firms as “substantially in excess of 350%™, as a
result of explosive growth over the past dozen
vears, during which time the Japanese opto-
clectronics industry grew at an average annual
rate of 23.7%. He notes that such a rapid rate
ol growth is unlikely to continue in the future;
and in the years since 1989, growth has slowed
to an average annual rate of 11.6%.
Nevertheless, this rate is still faster than the
American industry's average annual growth
rate of 9.9% over the same period.

And why do these numbers matter?
Saxonhouse sums up the point neatly,  The

global market for optoelectronic enabled
equipment is forecasted to reach $400 billion
by 2013°. This implies 4 9.5% average annual
growth rate, which is about what the industry
has experienced over the past few years.
However. sustained over a twenty year period.
that rate implies that the industry will grow by
a factor of six. And, most importantly. given
the slow rate ol growth of gross domestic prod-
uct expected for both Japan and the US. over
the next two decades (usually estimated 1o
he ~2% ). it appears that optoelectronics will be
an ever increasingly mmportant part of bhoth
cconomies than it is today.

The Problem with American
Industry

The panel concludes that. but for the
exception of Hewlett-Packard. American man-
ufacturers will concede the consumer field to
their Japanese counterparts.  This 1s symplo-
matic of the existence ol a strong, long-term
commitment to large-scale. low-cost manulac-
turing in Japan that is not equaled in the U.S.
The report launches the familiar criticism of

Including, o order of size i 20030 Displav-enabled
euipment such ay TV and computers (monitors, lap-
Iu!r”\_i,' lli”fn'ri.f COIRIRE T iy, r’ﬂf!.fh'a{! \ff}f‘r!_'\rl‘. f('””]f”l“']'
destr, e and videod; and printingfeeprographics

Research & Development  Manufacturing
Kev Technologies Leader Trend Leader Trend
| Transmission ﬁ_\ stems Japan no change even [ no change |
high capacity networks " even | no L'l;llr,!\.‘ T even T o clw.un;_'u
high capacity interconnects Japan Jupan gaining even | nochange |
Optical Storage Japan no change Japan Japun gaining
Optical Sensors U.S. no change even no change
Emerging Device Technology even no change [ Japan -i_uB W guning |
Waveguide Devices even Japin gaining [ LS Tapi m_'nmlﬂ
Packaging Japan Japan gaming l lapan Jupan w lII'IIII':’
Interdisciplinary Topics
Consumer Optoclectronics Japan Japan gaining Tapan __Jnn umru‘
Custom Optoclectronics Us. i change . LS nj chang I}
General Environment
Infrastructure even Japan gaining Jaapun e chi nge !
Gov't/Industry Support LS. no change us. | no change |
Gov't/University Support (R) Japan gaining | NA T NA i
Univ./Industry [uiu‘ulmn even no change | s no che mge |

U.S. and lap:mew optoelectronics industries.

Table Two: Summary of the JTEC Panel's findings regarding the comparative strengths of the

The panel's overall assessment is that lapan

clearly leads in consumer optoelectronics, Japan and the U.S. are both competitive in the areas
of communicaiions and networks, and the U.S. holds a clear lead in custom optoelectronics.
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American business practices when it says “Management in large Us.
publicly-owned companies is reluctant to take significant. long-term.
and potentially costly risks in new technology ventures. because they
must produce short-term profits for shareholders.” Asa result. it 1s com-
mon for the risk-taking challenge to be shouldered by smaller “spin-off”
companies. But in spite of. or perhaps because of. the diversity of the
American industry, the panel concludes that the U.S. has maintained 2
strong industrial base in optical communications. with se\ eral compa-
nies both large and small that are committed 1o this strategically impor-
tant field. However. they caution that due to a significant erosion in
market share held by U.S. companies. the U.S. no longer enjoys the fully
dominant position in the fiber optic field.

One bright spot for the American industry is custom component
manufacturing, meaning products specifically tailored 10 a customer's
specifications, as opposed to a catalog item. Examples include special-
ized detector arrays or a laser with unique performance characteristics.
The report suggests that this is an area which is well suited to the small-
er, more entrepreneurial spin-off companies in the U.S. optoelectronics
industry. However, the panel notes that there is a fairly low ceiling on
the growth potential for many such ventures. perhaps around the 350
million mark. Nevertheless. the panel concludes that American industry
could capitalize on this capability to gain a key position in the relative-
ly new field of optical sensors. which is described as having “explosive”
growth potential. Another potential opportunity for American industry
may lie in the optical storage area. At present the Japanese photonics
industry is ahead in both manufacturing and R&D. but the panel reports
that “several” opportunities exist for major advances in read/write
devices and in storage media technology. Therefore. they conclude. “the
United States has several realistic opportunities to gain market success
on the basis of rapidly evolving technologies™.

And What About Devices?

Most of the planning and policy-making for the future is. of course,
centered around system-level issues. But the JTEC panel did include
some device experts, including Larry Coldren of the University of
California at Santa Barbara. A summary of his assessment of the rela-

tive strengths of the U.S. and Japanese efforts in device development is
presented in Table Three. He concludes that in most cases the Japanese
component technology is ahead of that found in the U.S.. The major
exception is WDM (wavelength-division multiplexed) transmission
lasers. which have been the subject of several U.S. government-funded
research efforts in recent vears. Bul. regardless of who leads in R&D
achievements. the Japanese optoelectronics industry is well positioned
to commercialize new products because it possess the technology to pro-
duce low-cost. robust and manufacturable device packages. To illustrate
the importance of this technology the panel notes that finding low-cost
packaging solutions can be the key to enormous market growth. For
example, the tremendous growth of the CD market was made possible
not because of the semiconductor laser itself. but because Japanese
researchers solved the problem of positioning the laser. with consider-
able precision, with respect to the disc. In this example, the cost of the
package (~520) is far greater than the cost of the laser itself (~51). The
report indicates that their lead in packaging technology and low-cost
component manufacture is a major advantage enjoyed by the Japanese
optoelectronics industry.

Conclusions

The JTEC panel presents convincing evidence that the Japanese
optoelectronics industry enjoys a significantly superior position with
respect 1o its American counterpart. In explaining why. the report states
that

“Optoelectronics is one of the most important technology
fields currently being supported by the Japanese government.
by Japan’s industrial sector, and by Japanese society in gener-
al. Indeed. in light of the panel’s conversations with Japanese
hosts, it appears that optoelectronics is regarded as a major
vehicle to propel Japanese electronic product dominance
in the next century.” (emphasis original)

In contrast. the panel concludes that in the United States optoelectronics
is not considered to be as crucial. This is attributed in part to the greater
diversity of the U.S. economy. which pursues a more heterogeneous
array of opportunities. The panel advises that the reduced emphasis on
optoelectronics is “a significant long-term problem for the United States
as it struggles to maintain its worldwide leadership n electronics tech-
nologies in the future”.

Device Leader Trend
1. Lasers
Transmission
TDM Japan Japan gaining
WDM Us. no change
Pump Japan Japan gaining
Access Japan Japan gaining
Analog even Japan gaining
Interconnect
1.3 micron Japan Japan gaining
0.98 - 0.85 micron even no change
0.78 - 0.65 micron Japan Japan gaining
Visible
Red Japan Japan gaining
Blue Japan no change
%Anmhﬁwﬁ ﬁwitchﬁ Japan no change
! ivers Japan Japan gaining
4. New Materials even no change

Table Three: Summary of the JTEC Panel's findings regard-
ing the comparative strengths of U.S. and Japanese optoelec-
fronic device development efforts.
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T

“JTEC Panel Report on Optoelectronics in Japan and the
United States”, Stephen R. Forrest, et al, PBY96-152202.
Available from the National Technical Information Service
(NTIS), 5285 Port Royal Road, Springfield. VA 22161 USA,
TEL [1] 703 487 4650, FAX [1] 703 321 8547. JTEC and its
companion world Technology Evaluation Center (WTEC) oper-
ate under the International Technology Research Institute (ITRI)
at Loyola College (Baltimore, MD) in cooperation with the
National Science Foundation (NSF). JTEC/WTEC defines their
mission as “to inform U.S. policy makers. siratcgic planners,
and managers of the state of selected technologies in foreign
countries 1n comparison to the United States™.
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German
GaAs

Key members of the
German I11-V industry
wrap up a five-year
Joint-research program

n mid-March the  Fraunhofer  Institut
Angewandte Festkorperphysik (IAF) in
Freiburg, Germany. announced the successful
conclusion of a five-year program aimed al
developing an infrastructure for HI-V echnology
in Germany. The “II-V Electronics™ program
included 11 participants from industry and acad-
emia (see Table One) and was funded for 150
million DM (5100M). more than half of which
was provided by the German Federal govern-
ment. A total of 23 joint R&D projects were car-
ried out in three major areas,
The first area. high speed ICs, focused on
developing devices for applications such as

One example of developments from the
recently concluded  “I11-V Electronics™
program: A monolithic optoelectronic
receiver 1C (3.0 x 2.0 mm’) for data rates
up to 10 Ghit/s, fabricated by the
Fraunhofer INF. The MSM-photodetector
is located in the upper left corner of the
chip, followed by a transimpedance ampli-
fier, elock recovery (lower left), comparator
and [:4 Demux (right). A serial data
stream of 10 Gbit/s is parallelized into four
channels ar 2.5 Ghitls each.

transportation safety (collision avoidance radar,
navigational systems. and microwave landing
systems). environmental control (through radar
systems. millimeter-wave detectors, and traftic
suidance) and novel communication services
(including short-distance communications at mil-
limeter-wave frequencies, multigigabit per sec-
ond data transmission in optical networks. satel-
lite communications, and wireless LANs). The
specific projects included process development
and optimization, fundamentals ol ultrahigh fre-
quency circuits, device modeling, circuit design,
and simulations and test aiming at the demon-
stration of 1Cs for advanced system applications,
Highlights of the results achieved in this portion
ol the program include:

* A broadband GaAs MESFET power ampli-
fier (4.2 x 4.1 mm*) for a synthetic aperture
radar (SAR) system at 9.5 - 9.7 GHz achiev-
ing top values ol 5.6W ol power output and

33% efficiency. (Siemens AG).

* A multifunctional GaAs MESFET chip (4.3
X 3.0 mm°) for a microwave landing system al
5.0-5.2 GHz. The chip includes monolithic
integration of a power amplifier and 1wo
smuall-signal 1Cs, the first time this has been
achieved in Europe. (Siemens AG).

* A three-stage amplifier (2.6 x 1.7 mm?) for
80 GHz millimeterwave signals 1o be used as
the center of a short-distance radar sensor for
automotive applications. This device was fub-
ricated in InP using HEMT technology with
coplanar waveguides. (Daimler-Benz).

* A GaAs variable gain amplifier (29 x 1.9
mm?) tor 38 GHz signals. 1o be used to inter-
link base stations in mobile communications
systems. (Daimler Benz),

* A monalithic optoelectronic receiver 1C (3.0
% 2.0 mme) for data rates up to 10 Ghit/s, This
device exhibits @ world-class level of inteeri-
tion. as it includes a MSM-photodetector. tran-
simpedance amplifier. clock recoverv, com-
parator and 1:4 Demux. A serial data stream
of 10 Gbit/s is parallelized into four channels
at 2.5 Gbit/s each. (Fraunhofer |AF).

Other work done in this area of the project
included designs at 60 GHz for short-distance
radio (Fraunhofer TAF, Bosch and Alcutel-
SEL). and an A/D converter system aiming al
200 megasamples capacity with a resolution of

10 bits (the measure

the accuracy with
which an analog signal 18 digitized)
(Fraunhofer IAF and Fraunholer 11S)

The road

to better control:
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electronics
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information and communica-
tion solutions — the demands
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Mesoscopic Devices and Polytectic Technologies

The timing of the IC portion of the program was fortunate, as the
market potential for devices such as those described above appears to be
quite good. The program also included two areas aimed at more funda-
mental studies, in hopes of paving the way for the next generation of
devices. The participants in the second area of the program cooperated
to demonstrate IT1I-V semiconductor structures with the smallest dimen-
sions achievable to-date (referred to as “mesoscopic devices™ because
their dimensions are between microscopic and macroscopic). The basic
physics of quantum effects were explored with quantum dots, wires and
wells, and new concepts for the realization of HBTs were also investi-
gated, aiming at applications such as power MMICs.

The third area of the program involved technologies to realize
mesoscopic devices (referred to as “polytectic techniques™). Techniques
for creating fine vertical and lateral patterning were explored, including
in-situ techniques to allow disparate epitaxially-based structures such as
lasers and HEMTS to be combined on the same chip. Another area of
exploration was the fabrication of low dimensional structures without

Area(s) of Participation
Company or High Mesoscopic | Polytectic
Research Institute City Speed ICs | Devices | Techniques
Siemens Munich X X "
Daimler-Benz Research Ulm X X X
Daimler-Benz Aerospace Ulm X
Bosch Telecom Backnag X
Alcatel-SEL Pforzheim X |
Max-Plank-Institute Stuttgart X X
Fraunhofer IAF Freiburg X X ]
Fraunhofer 1IS Erlangen X
Walter-Schottky-Institute |  Munich X X
Henrich-Hertz-Institute Berlin .
Paul-Drude-Institute Berlin X

Table One: Participants in the recently concluded five-year joint effort
on 11I-V electronics in Germany.

the use of lithography. Examples include using focused ion beams to fabricate transistors, or performing epitaxial growth on novel GaAs surfaces

to obtain in-situ fabrication of quantum wires or dots.

Follow-up Programs

Many of the participants in the III-V Electronics Program will also participate in the follow-up programs dealing with the development and
prototyping of low-cost GaAs components, focusing not only on chips but also on packaging. In a joint effort coordinated by Guenter Weimann of
the Fraunhofer IAF, nine industrial and three research partners will develop high frequency components based on a variety of [1I-V MMICs for com-
munications. A follow-up program studying quantum systems in I[I-V semiconductors has also been launched. under the direction of Klaus von

Klitzing of the Max-Plank-Institute.

Spire Receives Contracts to Develop InTIP and InTIAs

pire Corporation [Bedford, MA] has announced the receipt of two

contracts to develop a new III-V ternary materials, indium thalli-

um arsenide (InTIAs) and indium thallium phosphide (InTIP).
The funds are being provided by NASA's George C. Marshal Space
Flight Center. Spire plans to explore whether the new compounds can
be grown by MOCVD for potential uses such as near- to mid-IR lasers
and detector arrays.

According to Harvey B. Serreze, Senior Scientist for Laser
Operations at Spire, the In,Tl,, . P compound is interesting because it is
lattice-matched or nearly lattice-matched to InP over the range of
O< x <1, making it analogous to the AlGaAs/GaAs system. In addition,
the bandgap, in principle, spans the entire range from 1.35 eV to zero,
meaning that emitters which operate from the 1.3 micron range all the
way to far infrared are possible. Thus one might be able to monolithi-
cally integrate disparate emitters and detectors that currently would be
fabricated from the InP. HgCdTe, and GaSb systems. But Serreze is
quick to point out that all of this data is, at present, theoretical only.

~ Serreze will act at the principal investigator on one of the contracts,
which is aimed at fabricating an IR emitter. He reports that Phase 1 of
the contract will concentrate on demonstrating that InTIP can be grown
by MOCVD, confirming some of its basic properties, and then fabricat-
ing a simple emitter, most likely an LED. He notes that one of the draw-
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backs of this new material is the high toxicity of Tl metal. This issue
will be addressed by safety precautions and by using only very small
quantities. The test structures will be much like conventional InP-based
devices, with the use of InTIP restricted to the active layer only.

In the second contract, which will be headed by Nasser Karam,
Spire plans to demon-
strate InTIAs as a can-
didate for high perfor-
mance, medium
wavelength IR detec-
tor arrays. The com-

pany believes that =
InTIAs may offer sev- 'Zi :
eral advantages over g
HgCdTe. including
higher  mechanical

strength, the availabil-
ity of high quality and
lower cost substrates,
and potentially better
compositional unifor-
mity.

voire Corporation

Diagram showing the i/ooretical lattice con-
stant and bandgap of ti- 0 117 system.
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OSA Awards
for Scifres & Kish

he Optical Society of America (OSA) has awarded
medals 1o two leaders in the [11-V optoelectronies field.

The 1996 Edwin H. Land medal has been awarded to
Donald R. Scifres, president and CEO of SDL. Inc.. for “his
pioneering scientific and entreprencurial contributions to the
field of high power semiconductor lasers™.  Scifres received
his Ph.D. in Electrical Engineering in 1972 from the
University of Hlinois. His scientific efforts have led to more
than 300 publications and more than 100 issued patents in the
semiconductor faser field, addressing topics such as DFB
lasers and semiconductor laser arrays for telecommunications
and lasers for high power application and a broad range of
military, industrial and scientfic uses.

Scifres joined Xerox Palo Alto Research Center in 1972 and was given increased responsibility based
on his innovation, prolific writings, and organizational abilities. In 1983 he and Xerox, in a joint venture
with Spectra Physics, founded Spectra Diode Laboratories as the sole supplier of high power semicon-
ductor lasers. In 1992 the company was reformed as an independent company and renamed SDLL alter
Seifres successfully executed a corporate recapitalization. SDL is now a leading supplier ol customized
semiconductor-based optoclectronic and laser products.

Among many honors, Scifres is a Fellow ol OSA and IEEE. He has received various alumni awards
from the University of Hlinois and Purdue University. as well as the LEOS award for Engincering
Achievement in 1994, In 1992, Scifres served as president of LEOS.

The 1996 Adolph Lomb Medal, which recognizes contributions to the field of optics made before the
age of 30, has been awarded o Frederick A. Kish, Ir. of Hewlett-Packard “Tor pioneering work in solv-
ing the problem of replacing the absorbing substrate of red-orange-yellow-green (ROYG) InAlGaP LEDs
by wafer bonding and introducing a new high volume family of ultra high brightness ROYG LEDs
exceeding in performance conventional sources such as the incandescent and halogen lamp™,

Kish began his research career at Amoco Technology Co. working on HI-V semiconductor optical
waveguides and materials characterization technigues. He later joined the Solid-State Device Laboratory
at the University of llinois, studying compound semiconductor optoelectronic devices under the direc-
tion of Prof. Nick Holonyak, Jr. While at the university he researched a variety ol semiconductor laser
device architectures and compound semiconductor device fabrication techniques. including impurity-
induced laver disordering and the native oxidation of Al-bearing 1H-V compounds.  His research led o
the discovery that the Al-based native oxide can be employed to define optical waveguides, facilitating
the fabrication of high-performance index-guided laser diodes and ring luser diodes.

In 1992, Kish joined the Materials Technology Department of Hewlett-Packard’s Optoelectronics
Division. working on high-brightiness ROYG LEDs. He is currently a R&D project manager in the
Materials Technology Department. At Hewlett-Packard he has developed techniques for directly wafer

Donald R. Scifres of SDL. Inc.,
recipient of the 1996 Land Medal
Sfrom the OSA.

bonding compound semiconductor waflers, resulting in the development of transparent-substrate ROYG
AlGalnP LEDs. which are the highest {luminous) performance LEDs. with luminous efficiencies exceed
ing unfiltered 60W tungsten and 25 W halogen incandescent sources. He was instrumental in directing
the development of this technology for release o the commercial marketplace. He is co-author of over

30 publications and seven LS. patents.

In OQur Next Issue

The theme for our next issue is “New Applications for Compound Semiconductors”. Coverage will
include: |
» GaAs power devices |
s [II-V solar cells |
» Wide bandgap materials for microelectronics |
We have much more planned as well. If you want to know what the future of the industry holds, you |
don’t want to miss this issue! !

Please remember that Compound Semiconductor is now available only by paid subscription. T you or
your colleagues wish to subseribe, please use the form on page 25.
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Thomson, Daimler-Benz Launch GaAs Venture

Thomson-CSF of France and Daimler-Benz of Germany are team-
ing up to develop, produce and market GaAs ICs. The joint venture will
be owned 50% by Thomson, with the remainder held by two Daimler
subsidiaries - Daimler-Benz Acrospace (DASA), which will hold 30%.
and Temic Telefunken, which will hold 20%. The venture will combine
the GaAs activities of Thomson's research laboratories in Orsay and
Daimler's Ulm research center. The companies are predicting ~330 mil-
lion in sales by the year 2000 for the new venture.

Philips & TriQuint Team Up

In late March Philips Semiconductors signed a wafer-sourcing
agreement with TriQuint Semiconductor that will give Philips access o
high-volume production capacity for GaAs ICs for RF applicauons.
Under the new agreement Philips will continue to develop and prototype
its own GaAs ICs at Philips Microwave in Limeil. France, drawing on
the company’s 20 years of experience in GaAs IC R&D. Volume pro-
duction will be carried out at both TriQuint and Philips Microwave in
Limeil. TnQuint will produce wafers to Philips™ specifications at is
plant in Beaverton, OR. Philips will assemble and test the circuits and
supply them through its worldwide sales organizanon. The target mar-
kets for the new products that will result from this armangement include
cellular and ¢ ss phones and base stations. WLANS. and high-speed
transmission equipment and satellite communications.

Phulips is already a major supplier of ICs for wireless apphcatons.
This wafer sourcing deal is designed to strengthen its position by ensur-
ing that Phlllps can offer both silicon and GaAs chips which suit their
customer's preferences. “TrnQuint is 3 world leader in GaAs wafer pro-
duction and we are delighted to be working with them™. said Bemnard Le
Henaff. strategic product marketing officer for telecom ICs at Philips.
“Our RF applications specialists will now be able o help customers reap
the benefits of GaAs technology as well as silicon™

“We are pleased to have the opportunity to work with a clobal elec-
tronics company of Philips™ stature.” said Steven Sharp. president and
CEO of TiQuint. “We are excited at the prospect of parmenng with the
technical spectalists at Philips. sharing technologies so that. together. we
can better address communications applications. This agreement with 2

world leader in silicon RF techaology further validates the viabiliny of

GaAs devices for high volume applications™. Sharp declined to ascribe
a dollar value to the pew pact. preferning to charactenze it & 2 “meli-
million dollar™ deal that is more of a partnering amangement than a um-

Philips already owns an equity posiion in TnQuint's sometimes
‘aval Anadigics. but will not be making any direct mvesament =
TnQuint. Philips reportedly selected TriQuint over Amadizics for this
um&&mam between the GaAs processes a

s bas mtroduced 2 pew GaAs IC for use in cable dsoibe-
s for 750 MHz cable (CATV) syseems. The compuny also
ihmammﬁlﬂmmm&m

Scientific-Atlanta contributed to the development of the new chip. The
product has been undergoing field tests since last fall. and production
shipments from Anadigics have already begun.

The new GaAs IC will be used as a line extender and will replace
the conventional silicon hybrid circuits composed of discrete compo-
nents which have been used in the CATV application for over 15 vears.
It is simultaneously being introduced as a surface mount device com-
patible with automated manufacturing processes and offering the possi-
bility of extended frequency range operation up to 1.0 GHz.

“We are very excited about our new GaAs IC because it represents
a broadening of our product offering to the CATV market. Furthermore.
Scientific-Atlanta. the leading supplier of distribution amplifiers. repre-
sents a new major customer” commented Ronald Rosenzweig. President
and CEO of Anadigics. Mr. Perry Tanner. Vice President and General
Manager of Transmission Systems at Scientific-Atlanti. said ~GaAs

amplifiers will allow us improved product performance with lower
installation and operation costs for broadband operators. This develop-
ment is a major advancement for both the CATV und GaAs industries,
as well as an exciting partnership of two dynamic companies.”
According to Tanner. this is not the first GaAs device which Scientific-
‘\E‘i;ﬁ[;‘. its products. but it is the first time that GaAs has
bean applied to broadband RF amplifiers. He explains that the motiva-

s used in

tion to deve lop the circuit was "to address many of the new business
issues our customers face. including meeting emerging market needs for
bandwidth bevond 750 MHz."
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often change with time.
the System changes with you.

As your needs change

ments, a « ].:"-I{ e :'f CI

We offer a two temperature stage for rapid QA measure

mapping stage and a buller amplilier module that ext he measurement
Other products in the range includ RC 2400
Alloying Furnace and the HL3900PC Hall Prc !
Call for details
RC2400
Semiconductor ~ USA
Systems Division
) E-.ll'D';:-I'
Japan
Pacific Rin
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News from Japan

ROHM develops smallest infrared
data communications module

ROHM has developed the mdasiny’s smaliest infrared
data commumications module tha & ﬂ;}dim:- an
infrared LED. PIN photo diode. z2nd modem ciromt in 2
package. The Rpm-80ich conforms o the BDA J 0
standard znd draws 6.25ma_ 1/6 that reguired of its pre-
decessor. a1 9.600bps. s become avalzble in
May at a unit price of 2.000 yen ($18.69). ROHM w1l
launch volume production in Angost 2t 100,000 umits
per month. targeting portzble information and commu-

Matsushita Electronics develops
GaAs power amplifier ICs
only 0.2¢cc in volume

Matsushita Electronics has developed GaAs power
amplifier ICs which are only 0.2cc in volume and con-
sume about 10% less power than conventional prod-
octs. Designed for Japancse digital cellular phones. the
UNOI34FUNO134H (800MHz/1.5GHz) models usc 2
multi-layered ceramic substrate. rather than a single-
sided resin substrate, and are designed using the com-
pany’s proprictary 3D IC iechnology. Matsushita,
which will produce the new ICs at its Okayama plant.
has begun sampling them at 3.000 yen (S28.04) and
will release them in August.

Sharp, Pioneer develop high-output
DVD semiconductor laser

Sharp and Pioneer have jointly developed and will sam-

ip in June a2 write-once DVD semiconductor
laser. Made of AlGalnP. the 635nm red semiconductor
laser generates an average output of 30mW at 30°C in
a single honizontal mode. about six times higher than
play-only semiconductor lasers. and a peak output of
S0mw. The companies have employed molecular beam
epitaxy to develop AlGalnP crystal for use in a laser
chip. The price is yet to be determined.

NTT develops ultra-fast optical
communications transmitter
ntegrating laser and modulator

NTT has developed an ultra-fast optical communica-
tions transmitter which integrates a laser and a modula-
tor on an InP substrate. The laser emits a 1.55-micron
infrared beam. Capable of operating at 25GHz. the
modulator can alter the optical absorption rate by
changing voltage. The transmitter, which makes com-
plicated positioning and the use of a lens unnecessary,
mwmmdmmssmn.anequwalem of
sending five years’ worth of newspapers in one second.
m.ueonﬁdmtﬂmﬂjetrmmmercanbeusedfor

_hﬁnsnmsam,andplansmuseumfumre

NEC develops miniature
milliwave switching IC

Ihwave sw mhm
; carry out the on and
off shared electrodes to
y 2 to 1/5 that of a con-
x 0.17mm.

sew IC 1s 0.7

VES
zh SE = of 2 transistor for switching
20 . The AlG: s h mction device

[ 113 “m\\ at 40GHz.
1 models two years

Matsushita Electric develops next-
generation DVD RAM red
semiconductor laser

Matsuchita Elecinc has developed a next-generation
DVD (dizitz] video disk) RAM red semiconductor
lzser  An enhanced model of the conventional 680nm
CD «=m ctor laser. the newly-developed laser
provides 2 wavelength of 650nm and an optical output
of 30mw. It wses 2 GaAs inclined substrate and a
strained multi-guantum well structure for the active
layer. It starts oscillating at S0ma. Matsushita will has-
ten to develop mass production technology so that the
lzser will be incorporated into a DVD RAM drive the
company plans 10 commercialize in the second half of
1997.

Kanagawa Institute of Technology team
succeeds in forming superconductor
and compound semiconductor thin
films on single substrate

A research team led by Professor Takaragawa at
Kanagawa Institute of Technology has succeeded in
forming superconductor and compound semiconductor
thin films on a single substrate. The team deposited
yitrium-based superconductor thin film on a strontium
litanate subsirate and gallium arsenide thin film over a
GaAs substrate. Then, the team removed the GaAs
film from the substrate using chemical reaction, bond-
ed it onto the strontium titanate substrate. and made
mterconnection between the two films to form a circuit.
The team successfully connected a magnetic flux flow
element on the superconductor film with a diode and an
FET on the semiconductor film and confirmed normal
operation. The technique is expected to pave the way
for the development of new functional elements.

NEC continuously oscillates quantum
dot laser at room temperature

NEC has succeeded in continuously oscillating a quan-
tum dot laser at room temperature. Developed using
the molecular beam epitaxy method. the semiconductor
laser has multiple layers of AlAs and GaAs formed on
a GaAs substrate and has between the layers 11 10nm-
thick InGaAs layers, thus creating a “quantum dot”
structure for enclosing electrons in the multiple layers.
The structure functions as a light emitter and amplifier,
The 960nm operates at a threshold current of 5-6
microA: conventional semiconductor lasers have a
threshold current of over 10 microA.

Sharp develops EL display module
that emits white light

Sharp has developed an electroluminescent (EL) dis-
play module that emits white light. The newly-devel-
oped white-light EL display module uses a two-layer
structure in which l-micron-thick strontium sulfide
containing a very small amount of cerium is vacuum-
evaporated on an insulation layer. over which 0.3-
micron-thick zinc sulfide containing manganese is
deposited through evaporation. Sharp has also devel-
oped a multi-color EL. module able to display red,
green, vellow and black colors. The achievement is
expected to pave the way for implementation of a full-
color EL display based on color filter technology and
allow EL displays to be applied to a variety of uses.

Mitsubishi Chemical to make
full-fledged entry into optical
component business

Mitsubishi Chemical has announced that 1t will make a
full-fledged entry into the optical component business.
The company, which has been working on test fabrica-
tion of optical isolators for laser diode modules and
optical fibers at its Tsukuba research laboratory. will
establish a system for producing thousands of optical
isolators per month by next spring. One of the major
suppliers of compound semiconductor materials,
Mitsubishi is considering entering the optical device
market by commercializing laser diodes and LEDs
based on such materials n growth markets,
the company will expand its product line in the infor-
mation and electronics sectors

Focusing ¢

Mitsubishi Electric to mass-produce
DVD/CD pickups from fall

Mitsubishi Electric will start in early fall to mass-pro-
duce optical pickups that can read both digital video
and compact disks. The company will market produc-
tion to other manufacturers and build it into 1ts own
DVD players, to be launched in fall. Tt has already
begun investing in volume production equipment at its
Nagaokakyo site in Kyoto Prefecture and will make
additional investments as justified by market trends.
The price and production level will be set soon.

Compound semiconductor material
makers expanding production

Japanese manufacturers of compound semiconductor
materials are expanding production.  Sumitomo
Electric introduced 4-inch GaAs epitaxial wafers in
April, while Sumitomo Meial Mining is in the process
of expanding GaP production by 20¢%. DOWA Mining
will further invest in subsidiary DOWA Semiconductor

to boost GaAs wafer ouput. Furukawa and Hitachi
Cable are producing GaAs wafers at their full capacity.
A burgeoning demand [or p phone signal recep-

tion/transmission chips and display LEDs has con-
tributed to increased GaAs and GaP shipments, making
it plausible that compoun niconductor material
makers’ fiscal 1995 shipments will show two-digit
growth to 40 billion yen 527 5 mil)




He knows he's

[f you buy MBE epi GaAs, chances are it
was grown on a V100, Soif you're
thinking of purchasing a production MBE

system, the choice is easy.

All the world's leading epi companies
choose the V100. Not simply because it is
the best product. But also because we
deliver on time, get you up and running
quickly and give you great training and
documentation. Our experienced
worldwide team then provides direct help
with technical and applications
information and fast response for

1

consumahbles and service.

got the world's

best MBE system. Wouldn't
you like that peace of mind?

The V100 has the highest throughput
" 4" and 6" GaAs wafers for

the lowest cost per wafer and the highest

capacity for 3

return on investment. Designed for high

uptime in the production environment, our

simple, uncomplicated designs are rugged.,
reliable and easy to maintain. Our proven
automation technology minimizes wafer
handling for low contamination and

exceptional reproducibility.

Quite simply, the V100 delivers the best

epi material, time and gme again. For more

information on the only MBE systems that
come with peace of mind, why not call us.
Or check us out on the Internet o

htt P/ www.st irface.fisons.co.uk/
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NEWS BRIEFS

Nitride News

Blue Laser News

1. Another Blue Nitride Laser

A second research group has achieved a GaN diode which lases in
pulsed mode al room temperature. Isamu Akasaki and co-workers from
Meijo University reported at the International Symposium on Blue Lasers
and LEDs (ISBLLD, Chiba. Japan, March 5-7, 1996) that they had suc-
cessfully fabricated an InGaN/GaN double heterostructure (DH) laser
which produced wavelengths as short as 376 nm. A unique feature of the
structure was a narmow p-ivpe contact layer created by low energy electron
beam irradiation which lower the threshold cument voltage to 16V. Prof.
Akasaki 1s one of the pioneers in the nitride research field (see CS 1(1). p.
38), whose previous achievements include the first demonstration of acti-
vated p-type doping in GaN via post-growth annealing of Mg-doped lay-
ers.

2. A GaAs Blue Laser (1)

Another gronp in Japan has recenily reporied a blue laser diode which
uses neither the GaN matenial system mor its sometime rival ZnSe.
Norihide Yamada and co-workers from Hewleti-Packard Laboratories,
Japan, recently fabnicated 2 GaAs/AlGaAs/InGaAs VCSEL grown on
(311)B GaAs which wses second harmonic generation to produce short-
wavelength emission. The lasing wavelength of the fundamental light is
965 nm, and that of the SH bine light is 482 nm. The VCSEL lases ander
pulsed operation at room emperature; however, the output is rather weak
The maximum CW output power of the fundamental and the SH light are
1.5 mW and 1.0 oW. respectively. at 135 K. For more information. see

page 41.
3. Variations on the Nichia Laser Diode

Shuji Nakamura and co-workers from Nichia Chemical have pub-
lished three new papers which demonstrate further progress on their break-
through GaN laser diode. At the Chiba conference Nakamura reporied the
successful room temperature operation (pulsed mode) of an InGaN MQW
structure which required only 7 peniods in the MQW stack. compared 10 26
in the original Nichia diode. Other recent papers from Nichia have demon-
strated the first GaN-based laser with cleaved facets. (Jpn. J. Appl Phys.
35, L1217 [15 Febmary 1996]) The onginal Nichia diode was grown on C-
face sapphire and the mirror cavity facets were formed using reactive ion
eiching. In this more recent work the structure was grown on A-face sap-
phire and the mirror facet was formed by cleaving along the R-face - 2
somewhat surprising result. as conventional wisdom holds that sapphire
cannot be cleaved. And. in their most recent work. the Nichia team demon-
strated the growth of an InGaN MQW laser diode on a spinsl (MzALO,)
sntstme_ (Appl. Phys. Lett. 68(15). 1 [8 April 1996]) Spinel has a small-
er mismaich 1o
GaN than the more
commonly used
sapphure (95% vs.
13%). In addition.
it may be more
amenazble o cleav-
mg. However. in
this work polished
facets vsed for the
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Nichia Chemical Mass Produces Green LEDs,
Doubles Production

Nichia Chemical has announced that it has successtully launched mass pro-
duction of the high brightness green LEDs w hich it announced last year (CS
1031 p.5). The GaN- bd\;,d L!L\iLL."- provide 6 Cd of 525 nm light at 20 mA,
hich is ~60 times brighter than the best GaP-based vellow-green LEDs,
le pricing begins at ~¥500/55 each. Total production of nitride LEDs at
1 has more than doubled over the past 12 months, and current capacity for
producing blue, blue-green and green LEDs is 5 million units/month. Nichia
:'e;crutl} phased out all of its InGaN/AlGaN double-heterostructure (DH) LEDs
in favor of single quantum well (SQW) devices. This move provides greater
color purity. as the blue and green SQW structures have a spectrum width of 20-
30 nm. compared to as much as 70 nm for the DH devices

Fujitsu Announces Plans to Develop Laser
with GaN on SiC

Fujitsu Laboratories has announced that it has developed a “blue semicon-
t :r production technique”, based on the MOVPE growth of GaN on SiC
es. The company has used the process to fabricate functioning LEDs and
employ it in future to develop semiconductor lasers. although that work
y be in the basic research stage. Fujitsu chose to base their development
SiC because it is conducive to being cleaved. which should allow the
n of cavity mirrors with superior flatness and verticality.

Electronic Journal for Nitrides

here is no question that nitrides are the hottest research topic in the com-
i conductor industry today. But are they hot enough to support a new
e which employs an entirely new format? The Materials Research
Society is about to find out, because it has launched the “MRS Interner Journal
Nitride Semiconductor Research”™ (MII-NSR). The MRS describes MIJ-NSR
as a “paperless mumui (though that seems an oxyvmoron ). meaning that itis pro-
duced and distributed exclusively via the Internet. Like a traditional journal.
MIJ-NSR is peer-reviewed and archival, but as an electronic journal it can offer

- | new features. For the MIJ-NSR to be successtul it will have to capital-
e new features to woo authors away from the firmly entrenched hier-
journals like Applied Physics Letters and Japanese Jowrnal of Applied

t important Internet-enabled feature is the speed at which papers can
ed”. New works can be posted almost immediately after they have
ed by the peer review process. Authors are also allowed to post their

i prior to acceptance - something yvou won't ever see in APL! But the
m ound difference is that MIJ-NSR is free to anvone with Internet access.
a hich the journal's founders hope will ensure its survival in an era of

ibrary budgets.. The only source of revenue for MII-NSR is charges
rs. which are currently $275 per article

he other new features of MIJ-NSR are familiar to anyone who has ever vis-
WWW site. They include the ability to post full color
and audio \.‘]1.}7.\', links to other relevant sources irchable database:
uve discussion forums, and a bulletin board for news items. In fact. at
the MIJ-NSR looks much more like a “nitrides home page™ than a tech-
H llman of Bell
[ 1BM Zurich and
that the \IH\\R

be required before the idea

fizures. or even

o
= |

nical journal. as it has only published one paper to-duate. Ei
Labs. who helped to found MIJ-NSR along with Toby
Abernathy of the University of Florida, ack
be ahead of its time, and that some patience may
I catch on with the majority of authors in this field
all archival scientific journals will eventually becom
two reasons: the access will [eventually] be univers
will allow better validation. Time will tell it

me. fie encourages evervone to visit the site

he believes that

electronic. for
er. and interac-
In the mean-

The MRS Internet Journal of Nitride Semi
located at hrtp://nsr.mij.mrs.org/

earch Is



ENDOR NEWS

I1-V1 Inc. Awarded DARPA Contract for CdZnTe

"

I Incorporated has announced the award of a $2.3 million research and
lopment contract from the Defense Advanced Rescarch Projects Ageney of
LS. Department of Defense. The contract aims to improve the manufactur
of CdZnTe substrates used in infrared focal plane arrays and is expected o
ompleted in December, 1997

ATMI Partners with MCP Waler Technology
A1 and MCP Waler Technology have signed a strategic partnership agree
torelating 1o compound semiconductor materials. Waler Technology will
ihute SiC and GaN substrates i Europe for ATMIs Epitronics subsidiary.
il also assist Epitronics” European distribution of SO walers from Nippon

1. ATMIE will distribute Water Technology's products in the Eastern ULS. and
ada.

Rhone-Poulenc Steps Up Ga Production

to rising demand. Rhone-Poulene has announced that it will resume galli
extraction at its Pinjarra site in Western Australia. The company currently
s onan extraction facthity i Stade. Germany. and o purification plant in
ndres. Gard. France. The re-opening ol the Pinjarra site has the potential to
case Rhone-Poulenc’s annual capacity for raw material by up to 50 metrie

QED Receives Contracts
ntwm Epiaxial Designs (QED) was recently awarded three U.S. Small
mess Innovation Research (SBIR) contracts o support advanced develop
ol GaAs devices tor military and commercial applicatons. The contracts
ided o Phase 1 award o develop a carbon-doped HBT for power amplifici
ications, and two Phase 1 contracts o further develop the state-of-the-art in
itum well intrared photodetector (QWIP) technology, The first Phase | con

L is for development of a dual band (two color) normal incidence QWIP 1o
ate i the 3253 and 8-12 micron windows. The second Phase | contract is fon
Hlopment of an integrated ocal plane array (FPA} to provide a higher per-

ancefcost elfective sensor, compared 1o existing HgCdTe technology. by
arating a GaAs FPA and a GaAs multiplexer.

RUIPMENT
DIVISION

Aixtron’s Order Book

Aixtron has announced the receipt of several new orders. including the sale of
an AIX 2004 MOCVD system o LG Electronics. Korea. for the growth of
AlGalnP laser structures. primarily for use in the electronic home entertainment
sector. The company also announced the sale of two reactors 1o Kopin [ Taunton,
MA]| that are o be used to grow 47 AlGaAs/GaAs and GalnP-based HBT
walers,

Solkatronic Launches “Blue” Ammonia

Solkatronic Chemicals [Fairfield. NJ| has announced that it is introducing what
it calls “blue™ ammonia (NH3) in response to demand from the research com-
munity to develop a higher purity ammonia for use in GaN growth. The mini-
mum purity 15 99.99994% and Solkatronie guarantees “the lowest levels vet
achieved for oxygen-bearing compounds, water. carbon compounds and met-

als™

Fisons Instruments Sold

Fisons Instruments. which includes the MBE system manufacturer VG Semicon.
has been sold 1o Thermo Instrument Systems. Inc, of Waltham, MA,
was first announced more than one year ago. but was delayed due 1o concerns
expressed by the US and UK anti-trust regulatory authorities.

The sale

Bede Wins Queen’s Award

Bede Scientific has been awarded a 1996 Queen’s Award Tor Technological
Achievement for its D3 X-ray dilfraction system.  This year's award follows
Bede's 1991 both Export and
Technological Achievement.

success inowinning Queen’s Awards  for

EPI Parent Creates New Division
Chorus Corporation. the parent company of the EPI MBE Products Group. has
created a new business unit, Display Technology Systems (DTS), for the design,
sale and manulucturer of UHV testing equipment lor field emitter displays
(FEDs) used to construet Tat panel displays,

Circele 160 on Reader Service (




MARKETS

Growth in the Electronics
Market Spurs Demand for
Optoelectronic Components

The worldwide market for optoelectronic components

rose 20% in 1995 to exceed $6.4 billion.

ROBERT V. STEELE
STRATEGIES UNLIMITED

pound semiconductors (GaAs. GaP and InP) and silicon is growing
rapidly as the demand for products and services enabled by these
components continues to climb. Optoelectronic component shipments
exceeded $6.4 billion in 1995, up over 20% from $5.2 billion in 1994,
Semiconductor-based optoelectronic components include visible LED
lamps and displays, infrared LED lamps and assemblies (e.g. photointer-
rupters, IR data links), optocouplers, laser diodes, detectors, datacom and
telecom modules, and image sensors (e.g. CCDs). Although the market is
heavily weighted toward compound semiconductor devices, silicon-based
devices are important as well, including many types of detectors and CCDs.
Although small in relation to the silicon semiconductor component
industry ($140 billion in 1995), the optoelectronic component business sup-
ports a wide variety of advanced electronic products and communication
services The demand for optoelectronic components is being driven by
rapidly growing markets for personal computers, office automation equip-
ment, high-speed telecommunications and data communications equipment,
and consumer electronics products. For example, growth in the personal
computer market is driving the demand for CD-ROM drives and laser print-
ers (laser diodes), modems (optocouplers), and infrared data links (IR
LEDs). Increasing communications requirements are demanding more fiber
optics for broadband multimedia services in the telecommunications indus-
try, as well as high-speed computer interconnections, including FDDI, Fiber
Channel and ATM. Consumer product applications for optoelectronic com-
ponents include video camcorders, CD players, infrared remote controls,

P'I he worldwide market for optoelectronic components based on com-

and, coming soon, the digital video disk (DVD).

On the supply side the optoelectronic components industry is highly
concentrated, with two-thirds of total worldwide revenues accounted for by
the top 10 companies (see Figure One). and nearly 80 percent accounted for
by the top 15 companies. The remaining 20 percent of the market is shared
by a large number of companies. many of which are small. Nevertheless,
these smaller companies play an important role in developing new tech-
nologies and in supplying components for specialized applications.

The total supply of optoelectronic components is also highly concen-
trated geographically. In 1995, 64.7 percent of the worldwide demand for
optoelectronic components was supplied by Japanese companies, 22.5
percent was supplied by North American companies, 7.6. percent was
supplied by European companies, and 5.2 percent was supplied by compa-
nies located in the Asia-Pacific region (mainly Taiwan and Korea), Among
these four regions, the fastest growing is Asia-Pacific. which saw an
increase in optoelectronic component shipments of over 40 percent from

1994 to 1995,

Strategies Unlimited, a seventeen-year-old market research consul-
tancy located in Mountain View, California, provides market research and
strategic planning services for optoelectronics, wireless communications,
and photovoltaic systems and components. If you would like to receive
more information about their services in the optolelectronics field, circle
9 on the Reader Service Card.

Top 10 Optoelectronic Semiconductor
Component Suppliers in 1995
m qumx QMN Visible LEDs
1 Sharp Japan 25%
2 Hewlett-Packard USA
3 Toshiba Japan
4 Sony Japan
5 Matsushita Japan Iihas
6 NEC Japan Stinos
7 Rohm Japan
8 Stanley Japan
9 Siemens Germany
10 Lite-On Taiwan

1995 OPTOELECTRONIC COMPONENT
SHIPMENTS

Total $6.4 Billion

1995 OPTOELECTRONIC COMPONENTS

BY REGION

Optocouplers
12%

| Europe
|

Japan
Modules 64.5%

4%

=10

Total 56.4 8|

Figure One: Strategies Unlimited’s ranking
of the top ten suppliers of I11-V-based opeto-
electronic components in 1995.

24  Compound Semiconductor May/June 1996

Figure Two: Breakdown of 1995 optoelectron-
ic component shipments by product types. LEDs
account for 38% of this $6.4 billion market.

breakdown of the
‘vetronic com-

Figure Three: Geogiap'
worldwide supply of
ponets in 1995,



COVER STORY

Ultraviolet Detectors

The same physical properties which make GaN
and its related materials suitable as UV emitters
also make them suitable for UV detectors

ROBERT A. MEETZGER

etection of light in the ultraviolel

(wavelength < 400 nm) has a wide

range ol applications, both commercial
and military. particularly in those arcas where
the UV component of light needs to be ana-
lyzed in the presence of large visible or
infrared (IR) backgrounds. In the commerciul
sector these applications include: flame and
heat sensors. medical applications (steriliza-
tion), UV calibration devices (tanning moni-
tors), plasma diagnostics. and engine monitor-
ing. Military applications include: the detec-
tion of missile plumes. missile guidance. detec-
tion of hiological/chemical agents (key absorp-
tion lines are in the UV). secure intersatellite
communications (U'V will not penetrate Earth's
ozone laver)., and underwater/submarine com-
munications svstems.  Most of these applica-
tions require & solar blind detector - one which
detects only in the UV, but does not sense
longer wavelengths.  As an example. an in
flight missile may have an exhaust plume
which extends to distances of up to a mile.
When trying to use a seeker missile 10 shoot
down this missile. if the detector in the seeker
missile senses @ wide spectrum of hight. includ-
ing the visible and the IR, then the missile
appears 1o be almost a mile long due to the
exhaust plume. thereby making it nearly
impossible o target the actual missile.
However, 1t the detector is only sensing in the
UV, it will see the hottest exhaust gases which
are just escaping at the base of the missile, and
strike it there. thereby destroying the missile.
In the same manner. UV detectors can be used
to sense the prosence of a flame (which has a

UV component). rather than just detecting a
hot object which may or may not be associated
with a flame - an important consideration in
fire detection systems.

Alternatives

Traditionally. UV detection has been
accomplished by two different devices - the
photomultiplier tbe (PMT) and the silicon
PIN photodiode. A PMT consists of a photo-
cathode material which emits a photoelectron
when a photon is absorbed.  Photocathode
materials such as SbKCs (bailkali) and CsTe
can be used which exhibit maximum sensitivi-
tv in the range from 400 to 235 nm. respective-
Iv. making them well suited to UV applica-
tions. Once the photoelectron is emitted it is
accelerated by in an electric field (many thou-
sands of volts required) and then run through
photomultiplier, where the signal is amplified,
and then the amplified signal collected. The
complexities of this detector are that detection
and amplification must take place in a vacuum
tube. high voltages are required, the tubes are
physically large and fragile. often need water
cooling. are sensitive to magnetic fields, and
can be expensive. These charactenistics limit
their applications, especially for those requis
ing small devices consuming small power (key
requirements  for most  military
However, the PMT exhibits high gain and low
noise, and when using the appropriate photo-
cathode material, can be fairly solar blind. The
alternative approach has been (o use a 51 pho-
todiode. This device offers the advantages
inherent in a small, solid state device. requiring

needs)

only moderate voltages. Disadvantages of this
approach include the fact that Siis an indirect
bandgap material, so that quantum efficiency is
low (conversion of photons into electron-hole
pairs), and that the peak sensitivity is around
700 nm. so that external filtering is needed 1o
block out the visible and IR light, this adding
both to the expense and volume of the detector
assembly. What is needed is a detector which
combines the best of both of these devices - the
compactness. low voltage operation of the Si
photodiode, with the solar blind capabilities of
the PMT.

The next generation of UV detectors are
those based on wide bandgap semiconductors
(Eg > 3.0eV). Unlike Si which has a bandgap
of 1.12 eV, and therefore allows the detection
of visible and IR light along with UV. those
materials with bandgaps > 3.0 ¢V, can only
detect light with wavelengths < 414 nm. there-
by making them naturally solar blind.  The
bundgap of 3.0 eV represents a lower useable
limit. while for many applications. especially
the military ones. which require wavelengths
of 200 - 300 nm. will require bandgaps which
correspond 1o 6.1 - 4.1 eV, The two material
systems which are being investigated for this
application are those based on SiC (Eg =3.0
- 3.3 ¢V depending on polytype) and AlxGal-
XN (Eg =34 - 6.2 ¢V for D<x<]).

SiC

Dale Brown and coworkers at Lockheed
Muartin [Schenectady. NY/|. Cree Rescarch
[Durham. NCJ. Rensselaer  Polytechnic
Institute [Troy, NY| and Optronic Laboratories
[Orlando. FL| have fabricated 6H-SiC epitaxi-
al based p-n photodiodes for operation over the
200-400 nm range. which exhibit a responsivi-
ty of 175 mA/W at 270 nm. S. Sheppard. M.
Melloch, and coworkers at Purdue University
[West Lafayettte, IN] have Tabricated buried
channel Charge-Couple Device (CCDs) using
6H-SIC. taking advantage of the fact thut SiC
has a stable oxide which can be used in the
CCD structure.  Integrating a SiC photodiode
with these CCDs would result in UV imaging
In addition. Boston Electronics
Corporation [Brookline. MA| now offers SiC
photodiodes grown by Cree,

svstem.

I'hese photodi-
used with and without filters.
where the filters can block out a large amount
of the licht from the 300 - 400 nm region.
Limitations of this device are due to the ndi

odes can be

rect bundgap of SiC (and theretore lowered
quantum efficiency ). and the fact that the 3.0

eV bandgap places it just on the wavelength

edge of bemg uselul as u solar-hlind detector.
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Al,Ga, N

Anis Husain of DARPA, program manager for several key DARPA
sponsored GaN emitter programs, is also initiating GaN-based uv
detector programs. Husain says, "we have not exhaustively looked at
SiC, but feel that AlGaN is the superior choice for this application, since
you can tailor the cutoff wavelength by varying the Al content.” This is
one of the key advantages that AlxGal-xN has over SiC - the ability to
vary the cutoff wavelength from 360 to 197 nm by varying x (Al con-
tent) from 0 to 100%. When this is coupled with high quantum effi-
ciencies due to the material's direct bandgaps. capability to form hetero-
junctions, low surface recombination rates, and stability in harsh physi-
cal and chemical environments, DARPA finds AlGaN the most promis-
ing materials system for UV detection. Husain also says, “all the mate-
rials issues that we are addressing in our GaN-emitter programs, those
of growth, defects and contact layers are the same issues that are faced
in the use of GaN and its alloys for UV detectors. What we learn in
emitters can be applied to detectors.” In addition. he believes that the
development of a compact, low power, reliable solid state UV detector
will open up a whole range of new applications for UV detectors in the
military - both for active guidance systems in missiles, “as well as pro-
viding another dimension in the spectrum of early identification.”

APA Optics

M. Asif Khan of APA Optics [Blaine, MN] has been actively work-
ing on GaN and its related materials for UV detectors since 1980, when
at Honeywell. As Khan describes it, “in the beginning, work was great-
ly hampered by lack of p-type doping in the nitrides. Without p-type
doping p-n photovoltaic detectors could not be made. and Schottky-type
detectors were also limited, due to the inability at that time to make good
rectifying contacts to n-type GaN." Since then the p-type doping prob-
lem in GaN has been solved and rapid progress in detectors has been
made. Khan and coworkers have recently fabricated AlxGal-xN photo-
conductors where the Al content ranged from 5 to 61%. The 61% Al
content device exhibited a cutoff wavelength of 240 nm, a record for the
moment, but one that researchers are quickly improving upon.
Photoresponsivities as high as 300 A/W were obtained for these devices,
One of the critical issues that is being addressed is that of defects and the
effect that they have on the bandwidth of the photoresponse. As com-
pared to a commercially available silicon photodiode, which can operate
at frequencies of 100 kHz. Khan and coworkers find that GaN-based
devices can operate only up to 5 kHz, this speed limited by the charge
which gets stored at defects in the AlIGaN material. Khan says “that
even though the GaN shows twice the responsivity of the SiC photodi-
ode, its speed is greatly reduced by defects - this is an issue which is cur-
rently under investigation.” /APA Optics which has been working on the
fabrication of GaN-based HFET structures, has utilized the HFET (0.2
mm gate length GaN/AIGaN structures which exhibit fmax of 70 GHz
and ft of 20 GHz) as a photodetector. which has exhibited responsivities
as high as 3000 A/W for wavelengths from 200 to 365 nm. These large
responsivities are caused by the photoinduced shift of the HFET's
threshold voltage by the trapped light-generated holes. In terms of
applications and markets for GaN-based photodetectors, Khan says “at
the moment, 30-40 different customers are evaluating our photovoltaic
and photoconductive detectors for a wide range of activities - we believe
that detector applications will be a very good market for GaN-based
devices.”
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Northwestern University

Like the APA Optics effort, researchers at
Northwestern University's Center for Quantum
Devices, lead by Manijeh Razeghi, are active-
ly pursing the development of AlGaN for pho-
toconductive and photovoltaic UV detectors.
Figure | (a) illustrates the ability of altering the
cutoff frequency of AlxGal-xAs by changing
the Al content, where a cutoff frequency of 260
nm was obtained for an Al content of 46%. An
interesting device which the Northwestern
University group is pursuing, is that of the self
filtering detector which gives a very sharp
spectral responsivity. See Figure 1(b) for the
energy band diagram of this detector in which
the n-GaN layer is 0.5 mm thick and the p-GaN
layer is 2.0 mm thick. Utilizing backside illu-
mination through the AIN buffer layer, all light
with energy above 6.2 eV is absorbed by the
AIN, while permitting lower energy light to
pass through. Photons with energy between
34 eV (GaN bandgap) and 6.2 eV (AIN
bandgap) get absorbed in the n-GaN laver.
Because GaN has a very high absorption coef-
ficient (105 ¢m-1) the photons entering this
region all get absorbed within the first 0.1 mm.
The diffusion length of minority carriers in
GaN is much less than the thickness of the n-
GaN region, so the minority carriers recombine
before reaching the p-n junction depletion
region. and as a result produce no photocur-
rent. It is only for light which has an energy
very close to that of the bandgap of GaN (3.4
eV - wavelength 360 nm) that can penetrate
deeper into the device and reach the depletion
region to form electron-hole pairs (light of
lower energy than the GaN bandgap simply
passes through the device) which in turn con-
tribute to the photocurrent.  Therefore. the
responsivity of this detector is essentially tuned
to the bandgap of the GaN. This effect is illus-
trated in Figure 1(c). showing the strong pho-
toresponse at 360 nm. By adding Al to the
GaN in this detector, it should be possible to
shift this self-filtering detector response to
shorter wavelengths.

In the future, all these UV photode-
tectors (PMT. Si. SiC. AlGaN) will be avail-
able. each exhibiting their own particular
strengths and weaknesses. However, for appli-
cations requiring small volumes. low powers,
and the ability o tne cutoff frequencies,
AlGaN based-detectors offer clear cut advan-
tages, which mayv well make AlGaN the mate-
rial of choice [or future UV detectors.
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Full Color
LED Displays
For manufacturers of red, green

and blue LEDs, there are millions
of reasons to love this application

MARIE MEYER

and figuratively. The market is immature, but any medium that

can provide a more attention-grabbing method of delivering adver-
tising and entertainment seems guaranteed to succeed. And a handful of
recently-released products provide evidence for how the hundreds of
millions of red, green and blue (RGB) LEDs that application requires
will be packaged and sold.

l I1ul] color LED-based displays are going to be big - both literally

Integration, of a Sort

There are basically two ways to construct the RGB pixels. The first
is to use discrete LEDs. An example of that method. as executed by
Toshiba, is shown in Figure One. The RGB pixel is formed using one
red, one blue, and two green LEDs, each in its own conventional domed
package. (Why use two green LEDs? More on that later...) The second
way is to package the individual red, green and blue chips together as
one integrated lamp. Sharp's implementation of that method is shown in
Figure Two. (A third method, a "single-chip” RGB LED constructed
using red AlGaAs and green and blue ZnSe emitters grown on a single
GaAs substrate is sometimes discussed, but it is still restricted to the
research-only realm for now.)

Both of the illustrated methods have their own strengths and weak-
nesses. The pixel made from discrete LEDs is best suited for outdoor
applications, because it allows the use of a lens to focus the output. This
has the effect of decreasing the viewing angle (to a cone ~40°), but at the
same time it sufficiently improves the intensity so that the display can be
used even in sunlight. And given that outdoor displays are usually
meant to be viewed from a relatively long distance, the loss of viewing
angle is not considered a fatal flaw. On the other hand, the integrated
lamp approach is more suited for indoor applications. Here the viewing
angle is more important than intensity. since the display won't be com-
peting with sunlight. Sharp specifies 60" for the example shown in
Figure Two, and Siemens offers a surface mount RGB integrated lamp
with a maximum viewing angle of 120°. Total resolution is also more
important for indoor applications, and the smaller size of the integrated
pixel allows ~33% more chips to be packed into the display.

One of the most interesting things about the integrated lamp is the
fact that it is, in reality, not very integrated at all. For starters, there is
the fact that the RGB chips are individually processed (using three dif-
ferent materials systems) and then bonded together. Moreover, each of
the chips has quite different performance characteristics. For example,
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Coming soon to a billboard near you: four of Toshiba's full color dis-
play modules, built using red, green and blue LEDs.
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Figure One: Lower left: photo of Toshiba's full color display; upper
right: schematic of LED placement.
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Figure Two: Schematic of Sharp Corporation's
grated lamp which combines red, yellow-green
into a single package.

LED Chips

* Blue (GaN), 9mCd

* Yellow-green (GaP), 30mCd
* Red (GaAIP/GaP), 16mCd
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‘h'p~ that go into the Siemens integrated lamp. and
ffered in a module by Real Color Displays (RCD),
LZ‘..J_\ of Cree.© The module offered h_\ RCD., con-
natrix of 5.5 mm pixels, is just 1 e¢m thick and
RCD i1s currently demonstrating a 10 foot/3
eo wall” built from these modules which, in com-
is only 3"/7.5 cm thick. And Nichia Chemical, the
1 brightness blue and green LEDs, 1s also offer-
based on discrete LEDs. For outdoor applica-
“LED cluster lamp™ measuring 22 mm per side. con-
¢ green. and three red LEDs. For indoor appli-
m square module.
:r for the modules is a company that specializes
u:‘mﬂ signs. The modules are used like build-
an be placed horizontally or vertically and com-
ber 1o create virtually any size sign. Once you begin
appreciate the number of LEDs that will
ation.  For example: the dimensions of the
28 mm x 256mm, and it contains 2,048 discrete
modest sign of 1.28 meters x 2.56 meters requires
s. or 204. 300 LEDs. Something more impressive,
. 25.6 meters, requires one thousand modules, or more
n LEDx In the Sharp module the pixels are closer togeth-
r resolution is desirable for indoor applications. The
> half that of the Toshiba module, and each contains 312

to produce white light in the Siemens integrated lamp, you must
the red chip with 2 mA. the green chip with 10 mA. and the blue
with 50 mA. It is therefore necessary to supply a separate dnve cir
for each of the chips. For now. the superior resolution and viewing ar
provided by the integrated lamp are enough to compensate fi
complex biasing requirements. But. according 0 I
Senior Product Marketing Engineer for Siemens in Cupertino.
future will require RGB LEDs which provide more closely match
put as well as roughly similar forward voltages. to simplify

From Chips to Pixels to Modules

LED pixels are bnghter than CRT pixels. and they
range of colors to be created than is possible with
tion screen. LED manufacturers calculate that the s
16.77 million colors. However, the electronics wi
execute that range of options are not insignific:
motion video is involved. Although this applic:
stage of its development. it is already apparent that t
keting strategy will be to package the discrete devices
lamps into a "module” that includes built-in dnve cir
at the top of the preceding page shows four of Tosh
are sample priced at ~84.500 each. Similar \r\es of prod
available from a growing numh:r of compan
include an amay of 16 x 32 pixels’. and
enough and light enough to hang on the wall™.
may offer the module directly. or it may W ork thr
For example, like Toshiba, Sharp o '
Siemens has an alliance with Cree n Ae;:
gy (see CS 2(1). p.14), under which Sie

MH on Reader Service Card
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lamps. or 1,536 LED chips. To build the same
“modest” sign of .28 meters x 2.56 meters.
you need 400 modules. containing a total of
614400 LED chips. And to build the same
“impressive” sign of 12.8 meters by 25.6
meters (perhaps for use as a replay screen in a
ballpark) you would need 40,000 modules. or
more than 61 million LED chips. In other
words: each sign requires a lot of LEDs. And
anyone who has ever been to Tokyo's Ginza
district, the Las Vegas strip. or a large sports
arena can also imagine the very large number
of signs that will be required.

Across the “Green Gulf* to White
Light?

Of course this entire application was
enabled by the breakthroughs achieved by
Cree Research and Nichia Chemical in manu-
facturing blue LEDs. Further developments in
the blue regime will certainly be welcome.
For example. Cree's first product was a simple
SiC homojuncton structure. and that is the
chip that Siemens uses in the current version
of its integrated lamp. However. Cree is now
ramping up production of a higher brightness
product made from GaN on SiC, and Siemens
will be switching over as soon as 1s practica-
ble.

However. the real need for improvement
lies with the green LEDs.
Hewlet-Packard describes the current prob-
lem as “the green cull™ high brightness blue
LEDs are now avatlable on the shortwave-
length end of the visible spectrum, and. on the
opposite end. very high quality red LEDs have
been available for sometime. But between the
two lies the green region where direct bandgap
emitters have not been available in mass-pro-
duced form. Thus in the Toshiba example
described earlier it 15 necessary 10 use wo
green LEDs to provide enough output for out-
door use.  According to Siemens' Jonathan
Wafer, “green is the weakest link right now,
and it needs to be improved by at least one
order of magnitude brighter than the current
best”. It appears that help is on the way.

Nichia has recently begun mass production of

6 Cd GaN green LEDs: Siemens hopes to be
using GaN/SiC green LEDs from Cree by
mid-1997.  After that, according to Wafer., it
may be possible. n 4-3 vears. to begin intro-
ducing dedicated white light LEDs that are
sufficiently bright and efficient to compete
with incandescent bulbs, But for now. the dis-
play application should be sufficient to keep
the LED produciion lines running at full
capacity for quiie some time.

For more inforimciion abour blue and green LEDs,

ve page 22

Steve Lester of

DVD Laser Diodes

Decreasing laser diode wavelengths from
780 nm to 650-635 nm greatly enhances
data storage capacity for audio, video
and computer applications

ROBERT A. METZGER

he use of AlGaAS/GaAs-bused infrared

laser diodes operating at 780 nm radi-

cally altered the mode of data storage
in audio and computer marketplaces.  The
once vinyl and magnetic tape dominated
audio market has now been replaced by that
ol CDs. while the magnetic floppy used for
computer data storage has been replaced for
many read only applications by CD-ROM.
The next evolution in the storage of data will
be the advent of the new DVD (digital versa-
tile disc/digital video disc) format. in which
the diode wavelength used in these devices is
reduced from the current 780 nm to the 635-
650 nm region, which promises 10 not only
expand current svstem capabilities (audio and
computer). but open up the video market to
laser-based players.

New standards

There is much more to the new DVD
standard than simply decreasing the laser
wavelength from 780 nm to 635-650 nm. If
that were all that had been done for this new
standard. in which storage density  depen-
dence on wavelength (%) typically increases
by A=, an increase in storage density by only a
factor of 1.5 would be obtained. However,
many other modifications have been incorpo-
rated into the DVD standard in order to fur-
ther increase storage density, Because the
DVD standard specifies that the laser need
only focus to a depth of 0.6 mm beneath the
surface of the disc. as compared to the CD
standard which requires focusing to depths of
[.2 mm. the DVD laser can establish a 0.4 um
spot . while in the CD format. a 0.8 wm spot
is generated. This reduced spot size not only
permits data be compressed within a given
data track. but also allows the tracks to be

spaced more closely together, where in this
case the pitch of the data tracks has been
reduced from 1.6 um to 0.725 um. In addi-
tion. video compression techniques as spelled
out in the MPEG-2 standard (set up by the
Motion Picture Experts Group (MPEG) origi-
nally developed for the transmission of high-
definition TV) will be used in DVD products
which further increases storage capacity.
When all these enhancements are taken
together. it results in the standard 4.75 inch
diameter disc being able to store 4.7 GB of
data - a greater than 7 times increase over the
current CD standard using the 780 nm
AlGaAs/GaAs laser. This improved density
will permit the storage of movies with run
times up to 133 minutes - making DVD video
plavers one of the most visible applications to
utilize the new DVD standard. The key to the
implementation of  DVD technology is the
635-650 nm AlGalnP-bused red diode laser.

Example of typical DVD laser diode. Courtesy
of Toshiba.
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AlGalnP vs AlGaAs

One of the major challenges of manufac-
turing laser diodes for the red portion of the
spectrum is the requirement of using the larger
bandgap AlGaInP materials system (635-650
nm), as compared to the AlGaAs system which
is utilized for the near IR laser diodes current-
ly being utilized for current CD formats (780
nm). The AlGalnP alloy system can be char-
acterized by the expression: (Al Ga, ),sIn, P
where for all values of y, this alloy will be lat-

tice matched to GaAs. Under the conditions of

0<y<0.7 the resultant alloy will have a direct
bandgap (a requirement for laser operation)
which ranges from 1.9 eV for Gaysln,sP to
about 2.3 eV for (Al;-Gayz)yslngsP. where
GagsIngsP will emit in the red region of the
spectrum. The higher bandgap alloys which
contain Al are required for barriers used in
quantum well (QW) structures, as well is in
waveguiding and cladding layers of the device.

As compared to AlGaAs-based het-
erostructures, AlGalnP-based heterostructures
can not obtain as high p-type doping levels.
exhibit very low hole mobilities, have higher
thermal resistivity, and a relatively low con-
duction band offset - all of which make laser
operation more difficult to obtain in this mate-
rials system. For MOCVD growth, in which
Zn is the typical acceptor dopant used. under
the conditions of increasing Al composition,
the acceptor activation energy increases and is
accompanied by a decrease in Zn incorporation
- both effects limiting the upper limits of p-
type doping, which is critical for p-type
cladding layers. Mg and Be can also be used
as acceptor dopants, and do give better hole
concentrations than Zn, but exhibit much poor-
er mobilities. Other difficulties in working
with the AlGalnP system are due to the fact
that the maximum conduction band offset for a
heterostructure in this material system is 270
meV, as compared to 350 meV for the AlGaAs
system, which results in poorer electron con-
finement. This effect worsens at higher Al
concentrations, which are needed for the short-
er wavelength devices needed for DVD appli-
cations. In addition, AlGalnP alloys only span
a bandgap energy of 450 meV, as compared to
750 meV for AlGaAs alloys, which results in
less bandstructure design latitude of cladding
and optical confinement layers. Both of these
bandstructure limitations contribute to an
enhancement of minority carrier electrons get-
ting into the p-cladding layer of a laser diode,
which can then diffuse or drift to the p-contact,
contributing to an electron leakage current
which raises threshold, reduces efficiency, and
makes the threshold a much more sensitive
function of temperature.
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Besides issues of bandstructure, which
make the AlGalnP system much more chal-
lenging for laser applications as compared to
the AlGaAs system, their are unique growth
challenges involved in the AlGalnP system.
During growth, AlGalnP alloys can sponta-
neously order, forming AlGaP/InP superlat-
tices along the {111} direction, which result in
a material which exhibits a bandgap which is
70-100 meV lower than that of a random
AlGalnP alloy. This smaller bandgap energy
alloy can further degrade electron confinement
and degrade laser performance.  Two
approaches have been utilized to minimize
ordered growth in this alloy system - by grow-
ing on misoriented substrates (5-15" from nom-
inal (100) direction) and by growing at high
temperatures. Off-axis growth produces a sur-
face with more atomic steps. which also
improves interface and surface quality. while
also enabling more efficient p-type doping
(while n-type doping with Se or Te becomes
less efficient). High temperature growth
imparts more energy to adsorbed surface
atoms, permitting them to randomly incorpo-
rate, and overriding their tendency to incorpo-
rate into lower energy ordered surface sites.
Both these approaches are now typically used
to reduce. or even eliminate ordered growth.

Further enhancements of laser perfor-
mance are obtained by utilizing strained mate-
rial in order to alter the bandstructure of
AlGalnP alloys. which in turn alter the opti-
cal/electrical characteristics of the material.
AlGalnP alloys typically have higher effective
masses than in the AlGaAs system. which
means that these alloys have a greater density
of carrier states. and therefore require higher
carrier concentrations to reach lasing thresh-
old. However, when these alloys are placed
under compression. the valence band's state
density is reduced. thereby reducing threshold
current. On the other hand. when the material
is put in tension. a very high effective mass
exists at the band edge. but the poorer k-space
overlap of the electron and hole distributions
reduces the spontancous emission coefficient,
thereby reducing threshold currents. The use
of both compressive and tensile strain are rou-
tinely utilized in the fabrication of QW struc-
tures in this alloy system to reduce threshold
currents and improve carrier confinement.

AlGalnP laser structures
Several manufacturers are in pre-produc-

tion and initial production of AlGalnP-based
laser diodes for 635-650 nm operation. includ-
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ing Mitsubishi Electric, Sharp, Pioneer, Sanyo
Electric, Matsushita, Toshiba, Goldstar and
Samsung - where all of these devices are based
on AlGalnP multiquantum well (MQW) laser
diode structures. A typical example is that of
Sanyo's 635 nm laser as shown in Figure 1.
which uses compressively strained QWs (other
manufacturers utilize tensile strained QWs).
As shown in this example. the wells consist of
(Al, ,Gago)g4sIng ssP which result in a compres
sive strain of 0.5%, while the barriers in the
QWs consist of lattice matched
(Al;sGay:<)os0In,sP. In some experimental
device structures being investigated, the com-

pressive strain can be further increased in the
wells. by introducing tensile strain in the barri-
ers, thereby creating strain-compensated struc-
tures. In addition to using the strained MQW
to reduce lasing threshold, a multiquantum bar-
rier (MQB) is introduced between the MQW
and the p-type cladding layer. The MQB struc-
ture consists of Gaysln P wells and
(Aly-Gay 1), sIn, sP barriers which act to reduce
the flow of minority carrier electrons into the
cladding layer and to the p-type contact. which
would degrade laser performance. The active
MQW layer is surrounded by narrow 50 nm
undoped (Al <Gays)ysIng P optical confine-
ment layers, which use the same bandgap alloy
as 1s used in the barriers of the MQW structure.
The active and optical confinement layers are
then surrounded by a larger bandgap
(Al,-Gay 5),sIn, sP cladding layers..

MOCVD growth takes place on vicinal
substrates which are misoriented from 9-15
towards the (011) direction in order to improve
morphology and reduce spontaneous ordering
(some manufacturers such as Sharp utilize
MBE growth). In the case of the Sanyo 635 nm
laser diode, a three step MOCVD growth
process is used to incorporate a selectively
buried ridge (SBR) waveguide - a typical struc-
ture used for DVD lasers. See Figure 1. In the
three step approach, the entire structure
through the top p-type Ga, sIn, sP contact layer
is first grown. Next, a stripe with a width of 3-
5 pm is lithographically defined and patterned
with Si;N; or Si0,. This stripe is then used as
an etch mask, and the material is etched back
into the cladding layer to form the laser stripe.
With the Si;N, or SiO; stripe still in place, a
selective. MOCVD n-GaAs growth is per-
formed to cover the area outside the stripe, as
well as on the stripe sidewall. This sidewall n-
type GaAs layer serves as a current blocking
layer (confining current to the p-type stripe),
and enhances index guiding. The Si;N, or SiO,
stripe is then removed and the final p-GaAs
contacting layer is grown. In the case of the
Sanyo 635 nm laser, the resulting output power
is 5 mW - suitable for reading applications.

Markets

The two major markets for DVD technol-
ogy will be DVD players for video applications
and DVD-ROMs.  Estimates of both the size
and the growth rates of these markets vary
widely. Yoshi Umemoto, marketing manager
for Sanyo Electric. explains "it is difficult to
determine both the size and ramp up rates of
these markets. Many of the manufacturers of
DVD products are also manufacturers of cur
rent technology - especially in the area of CD
ROM. They have large investments in existing

!L'L’I]Hl!ll}l‘:.'l\. and even though they Ity have
the new DVD technology in hand. they may
not want to see it enter the market place until
they have generated more revenues with their

existing technology.” Sony has presented opti

mistic estimates, stating that they believe that
by 1998 that DVD ROMs may capture half of
the estimated 100 million unit ROM market,
while Infotech Inc predicts that DVD-ROMs
will grow very slowly during the next few
years due to the introduction later this year of
enhanced CD-ROMs, which are expected 1o
compete head-to-head with the new DVD
ROMs.  In the area of DVD players. the
Electronic Industries Association of Japan, has
predicted that the demand for DVD players in
Japan 1s expected to grow from 250,000 in fis-
cal 1996 to 2 million in fiscal 2000

Despite the wide vari 1S in esti
mates of market size and growth. all manufac-
turers seem to agree that 1996 will be the
in which DVD technology will first reac .
commercial market place. and this will require
a readily available source of AlGalnP-based
635 and 650 nm lasers. Umemoto of Sanvo
says "we are currently ramping up production
of our 635 nm product. and plan to be at the
500,000/month productior by the end ol
the year." Two major manufacturers of botl
laser diodes and DVD players, are Sony which
has announced that by August they plan to pro-
ducing DVD players at a rate of 100,000 per

month, and Toshiba, which has announced that
by December of 1996 that thev will be produc
ing 300,000 DVD players per month. The
laser diodes for these systems be supplhed
by their own internal sous

It has been reported that a potential
shortage of AlGalnP red
the horizon. especially if 1l timistic market
estimates for DVD-ROMs hecome true.
However, until comme:
enter the market place in the |
and it seen how these

ooming on

roduclts |‘L"'__'1|] (8]
half of 1996,

‘IS compete

against current product as against
enhanced versions of CD- ‘oducts, esti-
mates of market size and i1l be diffi-

cult to estimate.
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Infrared LEDs

Data links will be the next big growth area
in the already large market for IR LEDs;
they may also become a high volume
market for VCSELs.

MARIE MEYER

{all compound semiconductor devices. the IR LED is one of the
most the common.’” Tts most obvious applications are in “low
tech™ items such as TV remote controls. But the most important
application. as 1s shown in Figure One. is computers and office equip-
ment.  According to John Day of Strategies Unlimited. the growing
demand for mobility and low-cost connectivity s creating a dramatic
increase in the demand for infrared products. His firm recently released
areport’ which forecasts a 66.5% compound annual growth rate for IR
LED components tor the period from 1995-1999, which will mean an
increase in value from S685 million in 1994 10 S1.3 billion in 1999
Leading the growth in demand for IR LEDs 1s the relatively
new phenomenon of incorporating IR transceiver modules in various
types of office equipment to allow cordless data transfer. The most com-
mon use today for an IR data link 15 “point and shoot™ file transfer
between peripherals such as a printer and a laptop computer. at a typical
distance <I meter. Much more sophisticated applications are in devel-
opment which will be able to support speedy transter of large files such
as audio and video data. and IR technology developers believe that the
transceivers can be made sufficiently fast and versatile to allow IR data
links to play an important part in wireless local area networks (WLANs).
IR data links have already become standard equipment on virtually all
portable computers. and are also included on most new printer models
and many desktop PCs. Siemens recently announced that it believes the
market for [R data links
will from ~I8
million units in 1995 to
over 47 million units in

arow
Worldwide Market for IR LEDs

1 1997.
£ 1000 Hewlett-Packard
% o " other be:_"..ln. ﬁ\ffcring IR Qasl;l
9 Applications transter on some of 1s
g . calculators as early as
S ER Otfice Eeipmmant [ 1979. However. for
e & Computers many years the technol-
L — oev looked like a good
= “vear | idea which was waiting
- for its time to come.
Figure One: The forecast for the IR LED  Several companies

market, showing total sales and sales for the

hoped to use the tech-
computer/office ¢quipment sector.

Ine of the fastest growing applications for IR LEDs are data
link transceivers (shown on the left) that allow cordless data
transfer between office peripherals at rates up to 4 Mb/s.

nology to help popularize personal-digital-assistants (PDAs). but for the
most part those devices never caught on with the buving public. In 1993
HP took matters in its own hands and set up the Infrared Data
Association (IrDA) to promote open standards for the area. HP's 115.2
Kb/s Serial Infrared (HP SIR) standard was adopted at that time. Since
then the IrDA has grown to more than 100 members, and in April, 1995
it approved a faster standard. The new spec. which was proposed joint-
Iv by HP. IBM and Sharp. runs at 4 Mb/s and 1.135 Mb/s and 1 backward
compatible with the original 115.2 Kb/s

standard. The old standard was aimed at transfer of text files and rela-
tivelv small amounts of information between machines. The new stan-
dard targets more data intensive applications such as networking, and
the transfer of larger amounts of data, including color graphics files. And
the IrDA 15 already exploring another new standard which would allow
data rates of 10 Mb/s and faster. which should enable possibilities such as
IR docking stations. multimedia in computing products. and very fast data
transfer with imaging products.

IR transceivers for use as IR data links are available from several
companies (including HP. IBM. Siemens. TEMIC. Sharp and Rohm) for
$2-85 a piece. Figure Two provides a schematic of HP's HSDL-1000
Transceiver, which contains a 875 nm LED. a PIN Si photodiode. and an
IC containing an LED driver. amplifiers and a quantizer. The module is
designed to interface directly with selected /O chips that incorporate logic
which performs pulse width modulation/demodulation. The AlGaAs LED
in this module uses HP's transparent substrate technology (see C§ 2(11. p.
22) to provide high radiant efficiency over a wide range of currents up to
500 mA peak current. According 1o HP's Northe Osbrink, in the next
generation of IrDA compliant modules (those based on 10 Mb/s transter
rates) will likely see the LED replaced with a IR vertical cavity surface
emitting laser (VCSEL). VCSEL technology is attractive because it is «

et puge 24 for g comparison of the marker for IR LEDs compared 10 other aproels
o conmpanents
Infrared LED and Daita Eink Marker Review and Forecasr 1995 7
trations. Avatlable for 829300 from: Strarecies Lndfisite 201 Sun An Citr 5
205, Monntain View, CA Y4040 TEL [1] 415 9] 3448 FAN (1] 415 941 5120

LeSTrtdtd & neteom. coin



COVER STORY

good compromise between conventional lasers and LEDs. VCSELs
offer the coherent output and high modulation rates of a laser. features
which are believed to be necessary to achieve the higher data rates.
However, VCSELS also maintain the ease of manufacturing and pack-
aging of an LED,
because the mechanical
processing require- |
ments for a VCSEL
chip are much less than
for a non-surface emit-
ter such as a quantum- |
well or double-het- |
erostructure device. HP |
recently introduced its
first  mass-produced
VCSEL product (see
box), and although it is
intended for use in high-
er -end applications, it is
nevertheless said to be
indicative of the likely
direction of the next
generation of IR emit-
ters for the growing data
link market.

Figure Two: Schematic of HP's HSDL-

1000 IrDA-compliant transceiver, which
contains a high speed 875 nm LED, a PIN
Si photodiode, and an IC containing an
LED driver, amplifiers and a quantizer.
The module is designed to interface direct-
ly with selected 1/0 chips that incorporate
logic which performs pulse width modula-
tion/demodulation.

HP Launches VCSEL-Based Transceiver

Hewlett-Packard
has introduced its
next-generation mul-
timode
which enables mult-
mode fiber trans-
ceivers to achieve
gigabit+  data-rate
performance on links
up to 500 meters. Itis
[.:r"__'ulul toward '.i|‘|1h-
cations such as full-
motion  video and
other  multimedia-
information transmis-
sions. This new product is unique in that the light source is a 830
nm VCSEL. The VCSEL is driven by a custom Si bipolar IC ||| 1
converts differential positive electron- coupled logic (PECL)
nals into an analog drive current. HP says that the new transceiy
er will be priced “between the costs of high-speed 1300 nm LED
transceivers at $70 and 1300 nm laser transceiver products at
54007, The company hopes that the low cost (as
models using edge emitting lasers) will pave the way for a number
of emerging applications for gigabit-rate data links. including
mass storage and computer system input/output channels, high-
speed peripheral interfaces, and computer networking equipment.
Volume production is targeted for the second half of 1996.

transceiver

compared 1o
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CVD PRODUCTS is fast becoming THE CHOICE SUPPLIER OF PBN 1o lead-

ing edge technology companies all over the world. We have the experience,
personnel and resources to produce PBN (Pyrolytic Boron Nitride)
components which are the best in the industry. In fact, our Pyrosyl™ PBN
has become the crucible and plate choice for many of the world’s
MBE USERS AND CRYSTAL PULLERS.

We carry common size crucibles, plates and components in
stock for immediate delivery, or we can fabricate to print.
All sales, design and engineering functions are performed
in-house assuring fast responses to inquiries and shorter lead
times for custom parts. Custom packaging is available to meet
your specific needs.

For more information call TOLL-FREE 1-800-700-1CVD and .
request a copy of our free, full-color brochure.

MAKE CVD PRODUCTS YOUR CHOICE FOR PBN.

CVD Products, Ine.

4 Park Avenue Hudson, NH
03051-3927 USA

PHONE (603) 598-9122
TOLL-FREE 800-700-1CVD
FAX (603) 598-9126

&dprodﬁéis




A Different Blue Laser:
Second Harmonic Generation in VCSELSs

NORIHIDE YAMADA AND YASUHISA KANEKO
HEWLETT-PACKARD LABORATORIES

3-2-2 SAKADO TAKATSU KAWASAKI 213 JAPAN
AND

DAN E. MARS
HEWLETT-PACKARD LABORATORIES

3500 DEER CREEK ROAD. PALO ALTO, CALIFORNIA 94304 USA

ecently there has been extensive work on short-waveleneth. com-

pact light sources, These light sources are of great interest for a

variety ol applications such as full-color displays. analytical and
medical measurements. and high-density optical data storage for digital
video disks,

Some of the most promising short-wavelength sources are laser
diodes (LDis) with wide-bandgap semiconductors such as the GaN-
based and the 1I-VI (ZnSe)-based matenal systems. The feasibility of
these devices has already been shown. For GaN laser diodes. sumulat-
ed emission from edge facets was reported by Akasaki er al. in
November 1995, and pulsed operation of LDs at room temperature wis
reported by Nakamura er al. in December 1993, However. at the present
time. there are stll many problems including difficulty in making ohmic
contacts, controlling the doping. and making mirror facets for the laser
cavity. The development of 11-VI LDs 1s much more advanced so far.
Following the first announcement of blue-green lasers in this material
system by Hause e «l. in 1991, several laboratories have achieved CW
room temperature operation with tens of mWs of power output.
Although the Sony Corporation has recently reported I11-VI LDs with
more than 100 hours of operating hfetime, much improvement in relia-
bility is needed for a practical device. Thus. the practical application of
short wavelength LDis is not possible yet.

We have been working on a novel approach to realizing short-
wavelength monolithic compact laser diodes.[1.2] This is based on the
second-harmonic generation (SHG) nside a vertical-cavity surface-
emitting laser diode (VCSEL). We call it an “SHG-in-VCSEL" device.
This type of device should emit coherent laser light at twice the fre-
quency or half the wavelenath of the fundamental laser light. VCSELS
are very suitable for SHG sinee

[} The intracavity intensity of the fundamental light in a
VCSEL is extremely high. This is very favorable for SHG
since the conversion efficiency is proportional to the intensity
of the fundamental light: and

2) VCSELs are usually made from 1I-V or H-VI materials
with a zinchlende crystal structure. These materials have a
rder optical nonlinearity.

large second
wture for an SHG-in-VCSEL device is shown
This structure differs from a typical VCSEL in
ust grow on i substrate with orientation tlted

One favorable
schematically 1
wo ways, Fir e

away from (100) where the nonlinear optical coetficients are zero due to
the crystal symmetry. Second. we incorporate lavers within the cavity
of the VCSEL optimized for the highest overall efficiency in converting
fundamental light to second harmonic (SH) light. We have recently tab-
ricated a VCSEL grown on an n-(311)B GaAs substrite and observed

SH light out

SiO./TiO.DBR
o p-contact metal

/ SHG layer

proton-implanted region
«— p-ALGaAs spacrer layer
~— Iny :Ga, :As/Ga Qws

_.\ n-AlGaAs spacer layer
: ™~ GaAs/AlAs DER

=1— n-contact metal

Figure 1: Schematic of a SHG-in-VCSEL device. Blue light
emission from similar devices has recently been observed for the
first time.

Figure 2: Although the light out-
put power from rhe SHG-in-
VCSEL device iy not very high, it
is visible to the eve, av shown
here.
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SH blue light for the first time.[3] It consists of a GaAs/AlAs semicon-
ductor n-DBR bottom mirror, n-AlGaAs spacer layer. InGaAs/GaAs
QWs, p-AlGaAs spacer layer, p-GaAs cap layer and aSiO/TiO, dielec-
tric DBR top mirror. The top mirror has high reflectivity at the funda-
mental wavelength but transmits SH light. This was our first SHG-in-
VCSEL device and it did not incorporate the optimized SHG layers but
the p-GaAs cap layer and the p-AlGaAs spacer layer. to some extent.
function as the SHG layers. This VCSEL lases under pulsed operation
at room temperature and lases under CW operation only at low temper-
ature (130-270K). The lasing wavelength of the fundamental light is
965 nm, and that of the SH blue light is 482 nm. The maximum CW out-
put power of the fundamental and the SH light are 1.5 mW and 1.0 nW,
respectively, at 135 K. More than 10 nW of SH light is observed under
pulsed operation. Although the blue light output power is not very high.
it is visible to the naked eye, and is shown in the photograph in Fig.2.

Pros and Cons

The main disadvantage of this device technology is the low output
power of the SH laser light. Our simulations indicate that it can be
improved to several hundred uWs by incorporation of an optimized
GaAs/AlAs SHG layer structure.[2] An even greater output power 1s
possible by making the SHG layers of other nonlinear materials more
transparent at the SH wavelength. However: it is doubttul that VCSELs
made from these materials will give much higher power than [ mW
Edge-emitting laser diodes made from [I-VI and GaN-based materials
are likely to provide higher output powers.

However. there are many advantages to the SHG-in-VCSEL device

inherited from all the advantages of conventional VCSELSs such as 1)
wafer level testing and characterization, 2) low threshold current. 3) a
single-mode. single-frequency circular beam, 4) small numerical aper-
ture. 3) 2-D arrays and integration with other devices. and 6) high vol-
ume manufacturability.  Another advantage of the SHG-in-VCSEL
device in III-V materials. is its potentially high reliability. since the fab-
rication technologies are quite mature and devices made from these
materials have been found to be reliable. It should also be mentioned
that SHG-in-VCSEL devices provide coherent light at two wavelengths
simultaneously.

The SHG-in-VCSEL device technology could provide a wide range
of possible wavelengths. since we can obtain a wavelength half of the
fundamental wavelength of any existing VCSEL. For example, when a
660 nm AllnGaP VCSEL can be made, it will provide an SHG-in-
VCSEL device with 330 nm SH light.

Our goal 15 to achieve an SHG-in-VCSEL device with an output
wder of | mW. The key issues are optimization of the
and the SHG layers. and establishment of high-quality
crvstal growth for the necessary non-(100) substrate orientation.

power on th

device siru

[] S Nokagawa N. Yamada. D. E. Mars, and N. Mikoshiba: Appl.
Phys. Letr. 66 (1993) 2159.

[2]1 N Yamada. Y. Kaneko, S. Nakagawa. Dan E. Mars. T. Takeuchi.
N Mikoshita: Appl. Phys. Lett. 68(1996)1895.

3] N. Yamada. Y. Ichimura. S. Nakagawa. Y. Kaneko. T. Takeuchi. N.
Mikoshiba: to be published in Japan. J. Appl. Phys. 35 part.1(1996)

The Cooled IR Detector Market Heats Up

RICHARD H. MILES

HUGHES RESEARCH LABORATORIES, MALIBU CA 90265

ew competition and an evolving market are placing considerable
pressures on conventional high performance detectors in the
mid-wave infrared and beyond. Tradidonally, InSb and HgCdTe
detectors have dominated imaging systems in the 3-5um and 8-12um
atmospheric transmission windows, with extrinsic detectors meeting
requirements at longer wavelengths. However, stringent demands on
system performance, cost, and manufacturability, added to interest in
multispectral imaging. on-chip signal processing. and optical intercon-
nects, have stimulated considerable efforts in alternative technologies.
Narrow gap IV-VT's are once again receiving some attention. but
foremost among the competing technologies are superlattice-based sen-
sors and quantum well intersubband photodetectors, or QWIPs. The two
share advantages of compatibility with established electronic and opto-
electronic devices (unlike the II-VT's and lead salts), but are in other
respects very different. At present, QWIPs appear to offer a near term
alternative to HgCdTe without excessive development costs, while the
superfattices promise higher performance levels but are a less mature
technology.

As illustrated in the figure, superlattice and multi-quantum well

devices employ very different optical transitions, making them analo-
gous in some regards to conventional intrinsic and extrinsic detectors,
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respectively. Considerable differences in expected performances derive
largely from this distinction.

QWIPs employ intersubband transitions, relying on photoexcita-
tion of carriers from conduction or valence band minima to higher lying.
more conductive, bound or continuum states. Fast phonon relaxation
processes typically vield picosecond lifetimes for these excited states.
resulting in detectivities or operating temperatures lower than those of
more conventional structures (see B. Levine and M.A. Kinch. et al..
Appl. Phys. Lett. 56, 2354-6 (1990)). Furthermore. much of the work
on these devices has centered on power-hungry photoconductive detec-
tors, rather than photovoltaics. Nevertheless. AlGaAs QWIPs have
matured rapidly, with imaging having been demonstrated in focal plane
arrays as large as 256x256. albeit at temperatures appreciably lower than
required by HgCdTe systems. Some effort has also been devoted to
Si/SiGe implementations, offering the possibility of monolithic integra-
tion with Si readout circuitry. Anticipated problems such as low quan-
tum efficiencies and considerable cross-talk. deriving primarily from
low normal-incidence absorption coefficients, have been mitigated by
use of 2-D reflective gratings and thinning of arrays. While the impact
of these refinements on manufacturability is unclear, groups at Martin-
Lockheed and elsewhere are gambling on a market cager for alternatives
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to HeCdTe. with the hope that QWIPs might
ultimately better meet multispectral needs and
prove more compatible with read-outs and
optical interconnects. Arguments of incremen-
tal improvements in uniformities have also
been made. although these are suspect as the
advantages appear insufficient to obviate use
of standard gain and offset corrections.

Unlike QWIPs. strained layer superlat-
tices promise state-of-the-art performance. As
in HgCdTe. detection in such a structure
derives from photogeneration of an electron-
hole pair across a forbidden energy gap.
Potential advantages of this approach are both
fundamental and practical.  Auger processes.
increasingly important at longer wavelengths
and higher operating temperatures. are readily
suppressed in appropriately designed superlat-
tices. Tunneling cross sections are often sig-
nificantly lower. reducing junction leakage.
While the magnitude of the benefit 1s highly
system-dependent. both of these effects can
yield operating temperatures and/or detectivi-
ties higher than can be achieved in HgCdTe.
The capability of creating a single I11-V tech-
nology plausibly covering the 3-20um spectral
range is also appealing. and there is promise of
compatibility with III-V electronic and OE
devices for readouts and interconnects. lever-
aging off an established materials processing
and manufacturing base,

Interest in superlattice-based IR detectors
began with work on InAsSb/InSb structures at
Sandia in the mid-1980°s. This research con-
tributed greatly to the maturity of molecular
beam epitaxial growth of antimomdes. paving
the way to today’s record high-speed Sb-based
electronic devices and IR lasers (see CS 1(2).
p. 12). However. work on these particular
detectors has slowed. due in larce measure to
problems of microcracking and the emergence
of more promising GalnSb/InAs superlattices.

The strength of the GalnSb/InAs system
lies in its large band offsets: the availability of
high quality. lattice matched GaSb substrates:
and compatibility with other structures and

devices already demonstrated in the
InAs/GaSb/AISb system. The magnitude of
the offsets vields high optical absorption for
arbitrarily long cutoff wavelengths. and allows
Auger and tunneling processes to be greatly
suppressed. The projected result is operating
temperatures appreciably higher than are cur-
rently available. particularly at longer wave-
lengths. Such an improvement would lower
both weight and power consumption. and
could greatly reduce system price. as cooling
requirements drive the cost of many IR
imagers. Further afield. innovative multicolor
arrays employing wide gap. AISb/InAs block-
ing layers or bistable shunts should make pos-
sible improved spectral discrimination or
detection of three or more spectral bands
employing a single top contact per pixel.

While the theoretical performance of

superlattice detectors makes these attractive
next-generation devices. their comparative
immaturity has lent considerable impetus to the
development of QWIPs. Whether recent
improvements in the quality of GalnSb/InAs
structures are sufficient to reverse this trend
remains to be seen. The performance of single
element superlattice detectors now rivals that
of state-of-the-art HgCdTe arravs at long
wavelengths.  We have measured zero bias
impedances of 10Q-cm* at 85K in 12um
GalnSb/InAs superlattice homojunctions. com-
parable 1o 77K values in HgCdTe arrays. The
speed with which these results can be translat-
ed into 2-D imaging arrays will likely deter-
mine the success or failure of this technology
in conventional IR markets, That quantum
structures will have a role in the increasingly
sophisticated imaging systems of the future
seems more likely.

Richard Miles heads the Superlattice and
Quantum Well Device Project ar the Hughes
Research Laboratories. He received B.S. and
Ph.D. degrees from Caltech.
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Figure 1: A scliematic representation of the fundamentally distinct excitation processes which

distingusih the competing IR technologies.
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OTHER MATERIALS

Silicon on Insulators

Do Silicon-on-Insulator based devices have the
Low Power and RF characteristics to compete

with GaAs devices? Yes!

ROBERT A. METZGER

t is well recognized that one the intrinsic
advantages that GaAs-based devices have

over Si-based devices is the availability of

high resistivity (10° ohm-cm) substrates.
These high resistivity substrates allow devices
to be placed directly on a highly isolating layer,
which can lead to higher packing densities, and
does not require the sophisticated and area
hungry implant schemes required to avoid
latch-up, improve isolation and lessen device
leakage, all of which can be problems in
CMOS and BiCMOS devices. The high resis-
tivity substrate also improves RF performance.
by not only reducing parasitic capacitance, but
by greatly reducing RF coupling to the sub-
strate which can degrade RF signal propaga-
tion. For both high speed and RF applications,
the performance of Si-based devices and cir-
cuits could be greatly enhanced. and the tech-
nology would be much more competitive with
GaAs-based devices, if an equivalent high
resistivity Si-based substrate were available.
In fact, such a substrate is now commercially
available through silicon-on-insulator (SOI)
technology.

SOI substrates

There are two basic methods to fabricate
SOI substrates. The first method to form SOI
substrates is by Separation by Implanted
Oxygen (SIMOX). In this approach, a high
current, high energy O* implantation (100 mA
at 200 keV, for a total dose of 1.8x10'8 cm™) is
performed into a silicon wafer to produce a
buried layer of oxygen below the silicon sur-
face. This implant is typically followed by 6
hours of annealing at 1320°C which regener-
ates the crystalline quality of the silicon layer
remaining over the oxide and drives the forma-

tion of a buried stochiometric oxide layer
(Si0,). This typically creates a 400 nm buried
oxide (BOX) beneath a 200-400 nm single
crystal silicon layer and the process is referred
to as standard dose SIMOX. A lower dose
SIMOX process is also used which utilizes a
total dose of only 4x10' O*/cm?* which pro-
duces a thinner 80 nm thick BOX. Crystalline
defects such as threading dislocations and
small stacking fault pyramids on the order of 3-
I5x10° em™ are typically obtained in the top
silicon layer utilizing this technique. SIMOX
wafers are now commercially available from
such companies as Ibis [Danvers, MA] and
SOITECH [Grenoble, France].

The second method is that of Bond and
Etch Back SOI (BESOI). In this approach, two
silicon wafers, both with thermally grown
oxide layers, are bonded together using Van der
Walls forces, in which the combined oxide
layer formed by the two bonded SiO, layers
will become the BOX. Subsequent annealing
increases the mechanical strength of the bond-
ed oxide interface. After wafer bonding, one of
the substrates is thinned down, such that the
remaining silicon on the thinned wafer is now
situated above the BOX. This thinning process
can be performed by mechanical means (pol-
ishing or grinding). or by wet etch means in
which epitaxial etch stops are placed in the
original wafer prior to oxidation. Final silicon
thicknesses can range from 50 nm to 50
microns, depending on the amount of silicon
etched away, and the BOX can range from 350
nm to several ums in thickness, depending
only on the thickness of the oxide on the origi-
nal wafers. This process requires two starting
waters, adding to the expense of the process as
compared to the one wafer required for
SIMOX fabrication, but offers much greater
latitude in both the final silicon thickness and

BOX thickness. BESOI wafers are now com-
mercially available from such companies as
SiBond [Hopewell Junction, NY| and Hughes
Optical Systems [Danbury, CT].

Variations of these typical approach-
es include the use of H* implantation through
the oxidized layer, such that after wafer bond-
ing. the stresses generated by the H* implanta-
tion cause the H* waler to shear, leaving
behind a silicon layer on top of the BOX. This
BESOI technique. referred to as Smart Cut
Technology. is offered by SOITECH, und
needs only 1 wafer for fubrication. since the
sheared wafer can be reused, unlike the case of
conventional BESOIL, in which the second
wafer is etched back to produce the silicon
layer atop the BOX.

Business

It is estimated by Rose Associates |Los
Altos, CAJ that the current SOl market is at
$40 million per vear and growing at a CAGR
of 40-50%. with an estimated market by the
end of the decade of S400 million. Al Alioto,
Vice President of Sales and Marketing of Ihis
estimates that the current market is 45%
SIMOX-based and 55% BESOl-based. Of all
the SOI approaches. at the moment. the low
energy SIMOX approach is probably the least
expensive, although this approach can only
produce relatively thin Si and BOX layers -
suitable to some applications. but not for all
Alioto says that “our goal is for SIMOX to cost
roughly 3 times that of bulk silicon. and we are
able to do that for large orders™. Tvpical wafer
sizes used in SOI production are the same as
used in conventional silicon production - 150
mm and 200 mm. In the case of SIMOX. Ihis
offers 200 mm SIMOX for $4350 (substrate cost
$120). When using BESOI techniques. this
cost can often be twice as high.  Ibis is not
only using oxygen implantation to produce
SIMOX wafers, but is also manufacturing a
commercial oxygen implanter, the Ibhis 1000.
One of these systems has recently been funded
by Motorola [Mesa. AZ]. in which the
machine will be built and installed at Ihis. but
Motorola will receive its dedicated capacity for
the next five years. Other oxygen implanter
systems are being offered by Hitachi, which
have sold two to date, to Komatsu and Nippon
Steel in Japan.

SOITECH, which had originally been a
SIMOX driven company. actually using the
same type of implanter as [his originally did
(NV-200 produced by Faton). is beginning to
shift its production away rom SIMOX to
BESOI using their Smurt Cut process.
Although currently in the up phase, they
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have produced 2000-3000 wafers with their
Smart Cut process. and plan by the end of 1996
to be at the 20.000 wafer/vear level. with a
capacity by the end of 1997 of 200.000 wafers.
As explained by Andrew Wittkower. president
of SOITECH USA. “we feel that the total
capacity of SIMOX wafers for each O-
implanter is limited to about 15.000 per year.
due to the long implant times. and limited
number of wafers which can be run in each
with each implantation batch (maximum 25).
However. using just standard fabrication
equipment. we believe that each Smart Cut
processing line can produce 100.000 wafers
per year. This is the direction that we plan to
move in.

Subramanian Iver. Vice President and
Chief Technical Officer of SiBond. explains
that the flexibility of using BESOL allows
them to produce a wide range of SOI types.
offering varying thickness of both silicon and
BOX which simply can not be produced by
SIMOX. However. he does agree that if an
application can be satisfied with SIMOX
wafers (thin S1 and thin oxides). that it 1s ven
difficult for a BESOI approach to compete
with SIMOX on @ cost basis. SiBond finds that
the bulk of its market is for silicon thicknesses
greater than 3500 nm. a market which the
SIMOX approach can not produce matenal for.

Applications

Even though the SOI manufacturers all
utilize different approaches in the fabrication
of SOI substrates. thev all seem to agree on
what the key applications are. At the moment.
the driving application is that for low power
electronics - those apphications which include
such things as wireless handsets. pagers. and
any electronic equipment dependent on batter-
ies - the very markets that GaAs is currently
penetrating. The coverning equation of power
consumption (P) for an IC is:

P=CVi+VI_

where C is the total capacitance. V is the sup-
ply voltage. f the operating frequency. and I
is the standby current required when the device
is turned off. As is apparent from this equa-
tion. large reductions in power consumption
can be made by lowenng operating voltages.
The reduction of power supplies from 3 V 1o |
V reduces power consumption by a factor of
2. It is generally felr that conventional
CMOS on bulk or epi wafers will be able to
Operate at turn-on \oltages as low as 1.5 V. but
levels lower than tis will be difficult to
achieve. Using S(: ubstrates. the subthresh-
old slope for ng PMOS and NMOS
devices on and o:: i~ much steeper than that for
devices on conve-iionai Si substrates, thereby

permitting lower turn-on voltages. while at the
same time ensuring that 1., is sufficiently
small when the device is turned off. It is
believed that CMOS/SOI will be able to oper-
ate with supply voltages of 1 V. These lower
voltages become especially critical as the oper-
ating frequency increases (this increases power
consumption). which is the current trend for
many wireless devices. especially cellular
phones and WLAN devices which are moving
from the 800-900 MHz regime and into the
1.8-2.4 GHz range. Due to the buried oxide
layer. both the capacitance. C and the 1., are
reduced, which further reduces the power con-
sumption. 1., <can also be significantly
reduced since the junction area of the device
can now be reduced since it sits directly on an
insulating laver (and no longer requires
implants for isolation). In the case of GaAs.
the semi-insulating substrate serves the same
function to reduce bothC and I_,. DARPA is
very interested in low power electronics for
future military needs. and has established a low
power electronics (LPE) program. with the
objective of reducing power consumption by a
factor of 100 as compared to current systems.
The principal substrate technology that this
program is investigating and investing in is
SOL

Other applications  include  using
CMOS/SOI for radiation hardened ICs. as well
as using thicker Si lavers which can be used 1o
form mechanical structures. such as sensors.
actuators and accelerometers. all of which have
potentially large markets in automotive appli-
cations. A potentially very large application is
that of memony devices and very large circuits
such as microprocessors. Reduction of leakage
currents and the abilitv to design smaller
devices on the insulating oxide are very attrac-
tive characteristics  for
Significant savings in capital investments ma
oceur if the use of smaller devices can forestall
the shift from 200 mm to 300 mm silicon

r {2y 2
Lhu“u (S t= '1\.\.‘

wafers. DRAM and microprocessor manut
turers are currently investigating the use of
SOL. but most SOI manufacturers believe that

this application is at least several vears avway

Commercialization

In licht of the advantages that SOI sub-
strates offer. it is an obvious question to ask
when will commercial devices and ci
available which use SOI substrates? Currently.
Honevwell [Minneapolis. MN] offer
some commercial SOl-basad circuits aimad at
the satellite market. where the low power con
sumption charactenistics of SOI are effectively
used in the power-tight environment of a satel-
lite. In addition. using an in-house SOI cap

rcults be

goes

bility. Harris [Melbourne. FL] offers
CMOS/SOI RF circuits for wireless applica-
tions operating up to 2.4 GHz. This is primar-
ily the extent of commercial SOI at the
moment. However. the technology is poised
for rapid expansion.

An excellent example of this is based on
recent work performed by T. Ipposhi and
coworkers at Mitsubishi Electric [Hyogo.
Japan] and reported upon at the 1993 IEEE
International SOI Conference. Using 2 0.3 um
CMOS/SOI process. they have demonstrated
several kev circuits required in both communi-
cations and computing applications. They have
fabricated a 1:8 frequency divider. a key com-
ponent for communication systems. and a Cir-
cuit which is often fabricated in GaAs for both
telecom and datacom applications. The maxi-
mum operating frequency of the SOI divider is
2.9 GHz at 3.3V. which is wice the speed as
obtained for a bulk Si-divider. Th#\ have also
fabricated a SOI 6<4-bit adder. a key component
for a 64 bit microprocessor. (‘nn\hun» of
3000 transistors, a delay ume of 1.9 ns was
obtained. which 1s 73% of the delay time need-
ed in the same device fabncated in bulk-Si.
Looking at a vanation of the SOI technology.
in which the Si is grown on sapphire (in this
case the entire substrate consists of a low
dielectric material. which improves RF perfor-
mance. rather than just the several microns
available in SOI). R.A. Johnson and cow orkers
from the Naval Command. Control and Ocean
Surveillance Center [San Diego. CA] and
University of California [La Jolla. CA] report-
ed at the 1993 SOI Conference on 0.5 um
NMOS and PMOS devices fabricatad in t

film silicon (50-100 nm) on sapphire. !
devices exhibited ;:- . of 25 GHz and f_.
i while the PVO) devices exhib-

"\'rGHz
f 14 GHz and f_,

1nzed1

Motorola has u
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ertical-cavity surface emitting lasers (VCSELSs) have been the

subject of research for nearly 20 years in laboratories throughout

the world. As their name indicates. the VCSEL light is emitted
perpendicular to the wafer surface in a round beam with low (<8) diver-
gence, in contrast to the elliptical beam emitted parallel to the wafer sur-
face from traditional edge emitting semiconductor lasers,  VCSELs
incorporate more than 100 layers into their epitaxial structure. but
require only standard integrated circuit fabrication technologies.
VCSEL fabrication differs from their edge-emitting counterparts and is
simpler because the need for facet formation by either cleaving or dry
etchine is eliminated. This allows for laser testing before packaging as
well as simple fabrication of dense 2-dimensional arrays. The on-wafer
device testing and batch processing of high density arrays using standard
fabrication technologies enables high volume and low-cost manufactur-
ing. These advantages. combined with low drive currents and small
thermal budgets, make VCSELs very promising for a variety of opto-
electronic applications. Several companies are presently engaged in, or
close to, VCSEL manufacture, with the introduction of several commer-
cial products incorporating VCSELSs now eminent.

The first VCSELs were reported from the Tokyo Institute of
Technology in 1978, though it was not until the latter part of the 1980's
that VCSEL research became prominent in the United States und
Europe. Due to their epitaxial complexity. the development of VCSELs
has depended on scientific and epitaxial growth advances in compound
semiconductor technologies. One key enabling innovation is the semi-
conductor quarter-wave distributed Bragg reflector (DBR) mirror.
These mirrors utilize alternating high and low refractive index layers,
such as GaAs and AlAs, respectively, and are requisite for monolithic
VCSEL structures. In addition, advances in molecular beam epitaxy
(MBE) and metalorganic vapor phase epitaxy (MOVPE). including the
development of in situ diagnostics, have been important. The character-
istics and performance of VCSELs (e.g. threshold current/voltage, effi-
ciency, transverse optical modes, polarization. thermal impedance. etc.)
are strongly influenced by the device structure and fabrication process-
es that are employed. In the following, we briefly review the structure
of a VCSEL, then discuss the fabrication and performance ol state-of
the-art devices. We also indicate the emerging applications of VCSELs
and speculate on the directions of future research.

VCSEL Structure

The constituent elements of a VCSEL. shown in the sketches of
Fig. 1, are two high-reflectivity DBR mirrors surrounding the optical
cavity to form a high finesse Fabry-Parot cavity. The DBR mirrors are
required for longitudinal confinement of light within the laser. They
consist of repeating pairs of quarter-wavelength thick high and low
refractive index layers. made of either monolithically grown semicon-
ductor materials or dielectric materials which are deposited after epitax-
ial growth. The advantage of hybrid dielectric DBR mirrors is that a
large refractive index ratio between the layers can be achieved (e.g. 1.7
for ZnSe/CaF,). enabling high-reflectivity mirrors with only a few num-
ber of periods. Monolithic DBR mirrors typically have lower index con-
trast (e.g. 1.2 for GaAs/AlAs) and thus require o lurger number of peri-

ods. but are easier to fashion and allow for current injection through the
mirror. The composition of the semiconductor layers are chosen to max-
imize their index contrast, and yet be transparent to the laser light. For
example, VCSELs emitting at 980 or 850 nm could use pairs of
GaAs/AlAs or Al,,GaysAs/AlAs layers, respectively. in the DBR mir-

rors. In semiconductor systems which lack hio!
nonlattice matched DBRs can be grown separately

contrast alloys,
I then wafer bond-



(a) Etched Air-Post

Implanted

co1on

(b) Ion Implanted

(¢) Oxide-Contined

Figure 1. Three VCSEL diode structures for obtaining transverse confinement: (a) etched air-post; (b) ion-implanted: and (¢} oxide-apertured

VCSELs.

ed to the optical cavity. For example. DBR
mirrors composed of GaAs/AIAs lavers have
been grown separately and then wafer bonded
to InP active regions to fabricate 1.3 and 1.535
um VCSELs. The heterointerfaces between
the layers of monolithic DBR mirrors are mod-
ified using composition grading or short-peri-
od chirped superlattices. along with specific
doping profiles. to reduce the band offsets and
thus reduce the mirror series resistance. This is
an important consideration for VCSELSs., since
a large mirror series resistance translates to
high parasitic ohmic heating. which degrades
the laser performance.

The optical cavity of the VCSEL is usual-
ly a single wavelength thick. and contains the
active region of the laser. The active region,
which commonly contains one or more quan-
tm wells. is located at the center of the optical
cavity for optimum overlap with the electro-
magnetic fields. The short optical cavity
length implies that a single cavity resonance
will overlap with the laser gain bandwidth, as
depicted in Figure 2: this insures single longi-
tudinal mode operation. Moreover, the single
cavity resonance implies that spectral mis-
match between it and the laser gain will domi-
nant the performance of the VCSEL. For
example. with increasing temperature the laser
gain shifts to longer wavelengths faster than
the cavity resonance. which leads to lower
optical gain and degradation of the laser per-
formance. Because of this. the cavity reso-
nance is often intentionally designed to be at a
slightly longer wavelength relative to the peak
laser gain at room temperature (see Fig. 2). o
that at higher operating temperatures the peak
laser gain actually shifts into alignment with
the cavity resonance to vield optimum laser
performance. The quantum well materials are
selected for the desired wavelength regime:
InGaP, AlGaAs. GaAs, InGaAs, and InP are
used for 650, 780. 830, 980, and 1300 nm laser

emission. respecuvely. As an example of the
epitaxial complexity. vistble VCSELs employ
a  phosphorus-based  opucal  caviny
(AlInP/GalnP). but use arsenide-based DBRs
(AlGaAs/AlAs). implying a complete change
of the group V elements during MOVPE
growth,

To achieve the required transverse optical
and electnical confinement. the various VCSEL
structures shown in Figure 1 have been demon-
strated using a varety of fabrication technolo-
Historically. the evolution of VCSELs

aies.

has been analogous with the development of

edge-emutting lasers.  Etched VCSEL strue-
tures were first demonstrited. followed by 1on
implanted and regrown lasers. and most recent-
Iv. selectively oxidized VCSELs. The simplest
means Lo transversely define the laser cavity 1s
to etch a pillar or post as depicted in Fig. L),
Anisotropic dry etching techmiques such as
reactive 1on etching are desirable to achieve
small cavity diameters and smooth vertical
sidewalls. The former enables low active vol-
ume and thus low threshold current. while
smooth sidewalls are necessary for the mitnga-
tion of optical loss. The strong optical index-
cutding effect present in air-post VCSELs
implies that lasers with diameters > 5 um typi-
cally exhibit several transverse optical modes
just above the lasing threshold.  Thermal
impedance of air-post VCSELs is typically
high (>1000 K/W) due to the removal of heat
sink material around the laser, which can exac-
erbate the thermally-induced spectral mis-
match between the laser gain and cavity reso-
nance. Therefore. etched air-post VCSELs
have the advantages of simple fabrication,
strong index-guiding, and low threshold cur-
rent, Their drawbacks are nonplanar topology
as well as small thermal dissipation and side-
wall scattering loss which can lead 0 poor
laser performance.

A means to achieve a planar VCSEL

topology 18w utlize on
depicted in Fig. 2(b). lmpk
the top DBR can render the matenal arcund the

laser cavity nonconductive 1o funnel the mjec-

tion current into the active reglon. Varous won
species can be emploved (07 N H- L although
proton mmplants are the most common.  The
maximum implant damage s wsually designed
to oceur in the top DBR mirror to avord exces-
sive damage in the quantum wells, This
implies that detnmental current spreading out-
side of the Lser cavity can occur. Although the
implantanion defines an electrical current path,
no transverse optical confinement s provided
by the device structure iself. Inswead. implant-
ed VCSELs require “thermal lensmg.” which
is the formation of a thermally-induced retrae-
tive index gradient to support the lusing mode
Due 1o the thermal nature of thix process,
threshold currents under pulsed and continuous
wave operation can vary signmificantly and tun
on delavs during VOSEL modulanon are
apparent if the laser s not buased to its thresh-
old point. Although this thermal mdex profile
tends o promote the fundamental optical
mode. lli:.‘_hc‘l'—\‘l‘di.‘t‘ transverse modes do anse
with inereasing imjecton current. Finally, i
spite of the erystal damage which s inherent o
this structure. good  laser rehabihiy - for
nuplanted VOSELS has been observed, i anal-
ogy with implanted edge-emittimg Liser diodes.
lon-implanted VOSELS have the advantages of
relatively simple fubrication in o planar geom
etry. enhanced hear sinking. and good device
reliability: their disadvantages include the lack
of any built-in optical confinement to support
the lasing modes.

An opumum VCSE]
which possesses inherent imdex-guiding, but in
a planar configuration for thermal manage-
ment. Regrowth of a lower mdex senticondue-
tor around the VOSEL will accomplish this,
but regrowth on the highly reactive AlGaAs

structure s one
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alloys present in the DBR mirrors has proven
very challenging. A recent innovation to
achieve transverse optical confinement within
a planar VCSEL configuration is to employ
selective oxidation of buried AlGaAs layers.
The electrically insulating low refractive index
oxide layers will confine both the current and
the light of the laser quite effectively. and thus
serve to electrically and optically define the
transverse laser cavity. The improved electri-
cal and optical confinement of oxide-apertured
VCSELSs shown in Fig. 2(c) has lead to record
VCSEL performance, including the lowest
threshold current and the highest efficiency.
Exposing AlGaAs alloys to temperatures
from 350 to 500°C in a steam environment
converts them into an oxide phase which is
mechanically robust, chemically inert, and
electrically insulating with a low refractive
index. The lateral oxidation of buried AlGaAs
layers exhibits a temperature-dependent linear
oxidation rate without any induction time pre-
ceding the onset of oxidation. More impor-
tantly, the oxidation rate of Al,Ga, As is very
sensitive to Al composition, where varying x
from 1 to 0.8 changes the relative oxidation
rate by more than 2 orders of magnitude! Thus
layers within the VCSEL epitaxial structure
can be selected for oxidation through small
variations of Al-content of the layers. As an
example, buried oxide layers can be positioned
on each side of the optical cavity to form
“oxide apertures” which transversely define
the laser cavity as depicted in Fig. 2(c). These
apertures can be made extremely small
(=lum?) enabling low threshold operation.
Oxide apertures have been utilized under both
monolithic DBRs and hybrid dielectric DBRs.
Also, oxidized AlAs layers have been used as
the low index layer in high index contrast DBR
mirrors. Evaluation of the reliability of oxide-

Optical Cavity
Resonance

Laser Gain

=X

Figure 2. A demonstration of the spectral
alignment between the single optical cavity
resonance of the (vertical line) and the broad
VCSEL gain bandwidth. Since the laser gain
shifts faster to longer wavelengths with
increasing temperature, the cavity resonance
overlaps the peak laser gain shift at higher
operating temperature.
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apertured VCSELs is presently underway, and
preliminary results are promising: lifetimes in
excess of 3000 hrs. at room temperature under
constant power operation have been observed.
The impressive performance of selectively oxi-
dized VCSELs has stimulated oxidation-relal-
ed research at all major VCSEL laboratories
around the world.

To summarize, monolithic oxide-aper-
tured VCSELs have several advantages. Oxide
apertures that define the laser cavity provide
efficient current injection into the active
region. eliminating sidewall nonradiative
recombination present in air-post VCSELs and

minimizing lateral current spreading outside of

the laser cavity. In addition, the smaller refrac-
tive index of the Al-oxide layer induces index-
guided optical confinement in a device config-
uration amenable to heat extraction. Oxide-
apertured VCSELSs have been demonstrated at
1300, 980, 850, 780 and 650 nm. indicating the
wide applicability of this VCSEL structure.
Disadvantages of this structure include nonpla-
nar topology. the unknown level of device reli-
ability, and the need for developing manufac-
turable oxidation processes.

VCSEL Performance &
Applications

Because small active region volumes dare
the essential characteristic of VCSELSs, the pri-
mary focus of their development has been
toward low threshold current, low threshold
voltage, low power dissipation, etc. Due to the
advantages discussed above, monolithic oxide-
apertured VCSELs (Fig. 2(¢)) have established
benchmark levels for lowest threshold current
(<10 pA). lowest threshold voltage (<1.33 V),
and highest efficiency (>50 %) reported for
VCSELs. Combining small active volumes
with the typically high photon densities in
VCSELs imply high speed modulation. and
indeed >16 GHz small signal modulation
bandwidth has been observed for oxide-aper-
tured VCSELs. However, because of the rela-
tively small active region volumes, VCSEL
output powers tend to be relatively low as com-
pared to edge-emitting lasers. Nevertheless,
for certain VCSEL diode structures, continu-
ous wave output power of >100 mW has been
obtained from a single broad area laser, and >1
W has been observed from a 2-dimensional
array under pulsed excitation. Finally, electri-
cally-injected VCSELs with various structures
have been demonstrated at near IR and visible
wavelengths, ranging from 1.55 pm to 628 nm.

The first applications of VCSELs are
focused on systems which do not require high
output power, such as laser sources in optical
data links. In this near-term application, the

low drive power, low thermal dissipation. low
divergence circular output beam. and high
modulation speed of I-dimensional VCSEL
arrays are desirable characteristics for coupling
to optical fiber. This view is that VCSELSs will
be well suited for modest (Mbit/sec) data links
that are low-cost. Several companies including
Motorola and Hewlet  Packard, have
announced optical data links which employ IR
VCSELs. An alternative and potentially low-
cost approach is to use 650 nm VCSELS cou-
pled to plastic fiber. An alternative vision for
use of VCSELs is highly parallel multi-
Gbit/sec data links for extremely high (ter-
abit/sec!) aggregate data rates.  These more
forward-looking schemes for data transfer
employ a free-space approach where large 2-
dimensional VCSEL arrays are an cnabling
technology. Other VCSEL applications under
development include compact disk read heads,
copier print heads, optical scanners, projection
systems. and optical displays.  Interestingly.
for most of these applications. the crucial mar-
ket drive toward VCSELs appears to be their
potential for low-cost manufacture. However.,
as VCSELSs become more accepted. it is likely
that new applications will arise that will specif-
ically exploit their low drive power require-
ments.

There are VCSEL
research which require further work. An obvi-
ous need 1s for increased VOSEL output power,
especially into the fundamental optical mode.
Thus. modal control of individual VCSELS and
VCSEL arrays need to be further developed.
perhaps employing leakv-mode strategies
which have proven advantageous for edge-
emitting lasers. Moreover. il modest levels of
raw power can be attained from 2-dimensional
VCSEL arrays, this might enable low-cost
(<$10/W) diode pumps for solid state laser sys-
tems.  Another important rescarch area is
increasing the VCSEL modulation bandwidth
to 50-100 GHz. Whereas such modulation
speeds are theoretically possible for VCSELs.
developing the appropriate microwave struc-
tures is required. Extension of VOCSEL wave-
lengths into long wavelengths (2-10 wm) for
sensor applications and into short wavelengths
(e.g. 550 and 480 nm) for display applications
will also have a large impact. Finally, it is
important to insure that the VCSEL designs,
structures, and the requisite [abrication tech-
nologies can be transferred into robust manu
facturing platforms in order to fully exploit
these devices. In spite of these challenges.
VCSELs are now emerging into the market
place after 20 years of research and will likely
have a defining future role in the optoelectron-
ic industry,

several areas ol
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Quarterlies

The biggest gamners tor the F\i‘n\‘\i were the three GaAs IC

toundries. all of whom tumed in outstanding results for the quarter

ended March 31. Shares in Anadigics were up 64 on profits of 0.2
per share. compared to S0.13 per share for the same peniod lastyear. Net
sales for the first quarter of 1996 increased 245 1o $13.6 million com-

pared to first quarter 1995 net sales of S1L.O mulhion. and net income

nearly doubled. rising to SL8 mullion from S898 thousand in the vear-
ago period.  The company reported that new business for the quarter
including the beginning of shipments of 730 MHz wideband line ampli-

fiers to Scientific Atlanta as part of a one vear. S million contract (see

page ). Anadigics also began shipping power amps for use in GSM
digital cellular phones. as well as driver amplifiers for Qualcomm’s dig-
ital CDMA-1900 PCS telephones and receiver ICs for dual mode
DAMPS cellular base station applications

Vitesse was the next largest gainer. up 34% since March 1. The
company reported revenues of S13.6 million for the first quarter of 1996,
an increase of 36% over the same pertod last vear. Netmncome was 82,0
million or SO.14 per share compared to a net loss of S1.O mullion or $0.07
per share in the vear-ago period. The company also completed a sec-
ondary offering of stock on March 13, raising S43 million. with the pro-
ceeds 1o be used for cash and debt reductnion. TriQuint also reported
impressive results, and its share price rose 329 in the March-Apnil peni-
od. Revenues for the quarter were a record S13.1 million, a 39¢
increase over the $9.4 million in the comparable period of 1995, Net
income was S910 thousand or S0.11 per share. compared to 8227 thou-
sand or S0.04 for the vear-ago pertod.  The company reports that it
scored 28 new design wins for the quarter (20 m wireless. 7 in

telecomms, and 1 in computing). The company also reported that busi-

The Compound Semiconductor Portfolio

Company Symbol* 1/2/96 4/30/96 Change
Alpha AHA 13.625 11.25 -2.375
Industries

Anadigics, Inc. ANAD 21.25 29.56 +8.312
Advanced ATMI 10.375 14.50 +1.125
Technology Materials

Cree Research CREE 14.75 18.25 +335 i
SDL Inc. SDLI 25375 40.75 +15.375
TriQuint TONT 14.25 20.75 +6.5

Semiconductor

Vitesse VTSS 13.125 29.875 +16.75
Semiconductor :
Portfolio Value, 4/30/96 (100 shares of each) 516,493 |
Change since 1/2/96 +52% |
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ness related to the Japanese Personal Handy
Phone market - an area which accounted for
24% of TriQuint’s revenue in 1995 - has picked
up again, after slumping badly in the previous
quarter, and CEO Steve Sharp reports that the
manufacturing problems which plagued the
company in the previous quarter have been
resolved satisfactorily.

The other four companies in our portfolio
also recorded gains in the March-April period.

| - Samiconouctor Sector Index
NASDAD Compoaite

—Aipta (05 20%) IR

—ATMI A |
Crmn {ug 21%)

— S0 (g I1%)

— Anadigics | up B4%)
— TriQuint (up 52%) =H
e Vitmssn (up 54%)
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SDL. which went public just over a year ago at
under $25 a share. ended the period over $40,
an historic high. For the quarter ended March
31 SDL reported revenues of $20.4 million and
net income of $2.2 million, or $0.27 per share,
compared 10 revenues of $10.5 million and net
income of $0.9 million. or $0.17 per share. in
the first quarter of 1995. ATMI revenues were
up 66% to S10 million. and net income was
$469 thousand or $0.03 per share. compared to
a loss of S158 thousand or $0.02 per share in
the year-ago period. Cree reported revenues of
$4 million for the quarter, with net income of
$204 thousand or $0.02 per share, compared to
a loss of S0.01 per share for the same period
last year. Alpha’s quarterly earnings report
was not yet available as this issue went (o
press. but the company did issue a press release
warning analysts that results would be lower
than previously expected due to softness in the
North American wireless market.

Other News

The biggest news from the American
stock market was the spectacular launch of
Lucent Technologies. the spin-off from AT&T
than  includes the  former  AT&T
Microelectronics operations and Bell Labs.
Lucent made its initial public offering (IPO) of
stock in the first week of April, raising 53 bil-
lion for 112 million shares, or approximately
20% of the company. It was the biggest IPO in
American history. AT&T. which owns the
other 80%. will distribute the remaining shares
to its shareholders by the end of this year.

At the other end of the spectrum, diode
manufacturer Semiconductor Laser
International Corporation [Vestal, NY]| con-
ducted its IPO in April [NASDAQ. symbol
SLIC]. SLI is a development stage company
which plans to offer high power semiconductor
laser diodes, manufactured using MBE growth
technology licensed from Wright Laboratories.
The company raised $9 million, which will be
used to build, equip and commence operations
in a new manufacturing facility by the fourth
quarter of 1996.

Cree Update

Our previous issue reported that Cree was
working to overcome the “volatility™ of its epi-
taxial process in order to increase production
of blue LED chips (CS 2(2), p. 49). In its most
recent reports the company is claiming to have
met their goal of shipping 1.5 million chips in
the first quarter of this year, double the output

of the previous quarter. They note that
“repeatability issues remain with [the| epitaxy
process and additional work is needed to refine
this critical part of [the] manufacturing
process”, however, the company reports that it
plans to double production of LEDs in the next
quarter. Cree received $1.1 million in revenue
from LED shipments in the first quarter (equiv-
alent 10 ~$0.74 per chip). compared 1o just
$141.000 in the same quarter last year.

Cree also announced a significant
increase in sales and production of its SiC
wafers. The company shipped a quarterly
record of $1.4 million worth of SiC wafers dur-
ing the first quarter ol 1996, and increase of
58% over the year-ago period. In addition, the
company reported that it produced a record
4,000 wafers in March, eclipsing a previous
production peak of 1,800 in February. The
wafers are used in Cree’s in-house LED pro-
duction and R&D and are also supplied to out-
side customers.,

Also In our previous issue was o promise
from Cree about an announcement regarding
“the first significant microwave device in SiC”
(CS 2(2). p. 49). That announcement came in
mid-April when Westinghouse announced a
prototype for a 1.5 KW power amplifier mod-
ule for HDTV transmission which includes a
500 watt SiC transistor. Cree announced that it
had supplied the SiC wafers that were used in
that work. Neal Hunter, President of Cree. said
“Westinghouse has demonstrated the first of
many systems that will be enabled by SiC
microwave technology. We initially supplied
our SiC material to Westinghouse to meet their
technology development targets and now look
forward to establishing a long term relation-
ship™. However, the company also notes that it
does not have a formal supply pact with
Westinghouse at this time.,

Share Prices for Cree Research
over the past six months
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EMPLOYMENT

Compound Semiconductor
Is now accepting ads
from organizations and individuals
regarding employment opportunities.
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matting (as shown below) are availuble at 52500 per line or fraction thereot (88
characters per line). with o ST00.00 mintmum. To submit vour ad by mail send
the ad copy as a text-only file (<filename>tathon a 337 DOS formatted diskette
w: CS Emplovment. Franklin Publishig, 250 Selhy Avenue, Suite 48, Saint
Paul. MN 33102 USA. You may also submit your ad copy by E mail by sending
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Display Ads

Black and white display ads are available for companies wishing o use
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CALENDAR

UPCOMING EVENTS

3rd Int'l High Temperature Electronics
Conference

June 9-14, 1996 at Albuquerque, NM USA
Contact; Donald King

Sandia National Laboratories

Albuguerque, NM 87185-0744 USA

TEL [1] 505 845 7842

FAX [1] 505 845 7708

9th Int'l Con. on Superfattices,
Microstructures, and Microdevices

July 14-19, 1996 at Liege, Belgm

Contact: Prof, Jean-Pierre Leburton

Univ. of Hlinois

Urbana, IL 61801 USA

TEL [1]217 333 6813 FAX [1] 217 244 4333
Net or Web: leburton@ceg.uius.edu

9th Int'l Conf. on Vapor Growth & Epitaxy
August 4-9, 1996 at Vail, CO USA

Contact: Anthony Gentile

Amencan Assoc. for Crystal Growth

Thousand Oaks, CA 91359 USA

TEL [ 1] 805 492 7047 'FAX [1] 805 492 4062
Net or Web: aacg? @ gramercy.ios.com

9th Int’l Conf. on MBE

August 5-9, 1996 at Maliby, CA USA

Contact: Dwight Streit

TRW. One Space Park

Malibu, CA 90278 USA

TEL [1] 310814 1722 FAX [1] 310 8124378
Net or Web: dwight.streit@trw.com

1996 Topical Workshop on Heterostructure
August 19-21, 1996 at Sapporo, Japan

Contact: Takyiu Liu

Hughes Reseach Laboratories

Malibu, CA 906254799 USA

FAX [1] 310 317 3450

Net or Web:' tliu@msmailr hac.com

26th European Microwave Conf.

Sept. 9-12, 1996 at Prague, Czech Republic
Contact: Nexus Media Lid.

Swanley, Kent BRS 8HY UK

TEL [44] 1322 660070 FAX [44] 1322 661257

Mid-Infrared Optoelectronics Materials and
Devices Conf.

Sept. 17-18, 1996 at Lancaster. UK

Contact: Mrs. J. Hesseltine

Lancaster University

Lancaster LAl 4YB UK

TEL [44] 1524 393651 FAX [44] 1524 844037
Net or Web: jhesseltine@lancasterac.uk

23rd Int’l Symp. on Compound Semicondcutors
Sept. 23-27, 1996 in St. Petersburg. Russia

Contact: V. Grigor vants

Toffe Institute

St. Petersharg 194021 Russia

TEL 7] 812 247 6805 FAX [7] 812247 1017

Netor Web: veng@eouoffersine or
htipy/Avwwoffe rss /1SCS 23/

1996 U.S. Workshop on the Physics and
Chemistry of T1-V] Materials
October 22-24, 1996 a1 Las Vegas, NV USA
Contact: L. Manganiello
Palisades Institone
NewYui.NY

TEL [1]212620 3388 FAX [1] 212620 3579
Net or Web: Imangani @ newyork palissdes org

CALL FOR PAPERS

Ist European Conference on SiC and Related
Materials
ECSCRM 96 will be held October 6-9. 1996 at
Heraklion, Crete, Greece, The scope of the conference
is the entire spectrum of $iC related actvities with an
interdisciplinary approach. Matenals and device stud-
fes, whether theoretical or expenmental. will be con-
sidered.
Abstract Submission Deadline: May 20, 1996
Contact: Georgia Papadaki

FORTH/IESL. PO Box 1527

GR-T11 10 Heraklion, Crete Greece

TEL [30] 81 239779 FAX |30] 81 239 735

Netor Web: georgiat@iesh forth.gr

International Warkshop on Growth,
Characterization and Exploitation of Epitaxial
Compound Semiconductors on Novel Index
Surfaces
NIS 96 will be held Ocrober 7-9. |‘“J'.‘\ in Lyon,
France. The use of substrates onented on non-{ 100
surfaces has rapidly grown duning the last years due to
the novel physical properuies that structures grown on
these substrates exhibit (2.2 oelectncity. dopant
incorporation. ew.). In addition, regrowth on pat-
temed subsirates to achieve low dimensional struc-
tures is accomplished on high index surfaces. The wm
of this workshop s to discuss these aspects and 10 sys-
tematically emphasize pew directions a prospects in
this raprdly growing field. The workshop will p.un;L
a context of iterdisciphnary discussions about the
matenial. technical, device and theorencal aspects
bhetween delegates from acadera and industry
Abstract Submission Deadline: May 13 1996
Contact: Prof. G. Guillot

INSA Lyon. LPM, Bar 502

69621 Villeurbanne, Cedex, France

TEL [33] 72438 161  FAX [33] 72438 551

Email guillot@insansa-lyon.fr

Svmposium On Novel Device Structures

190th Meeting of the Electrochemical Society

The 190th Meeting of the Electrochemical Society

will be held October 6-11, 1996 in San Antonio, TN

USA. Syvmposium L3 Structures”, is

devoted 10 recemt developments in nonel devices

which utilize new matenals, processing approaches

and/or transport mechanisox

Abstract Submission Deadline: June 3. 1

Contact: Apnl Brown or Ke
Georgia Institute of Technolog
ECE Department, Atlanta, Lu-\
TEL [1]404 894 5161 FAX |

Microwaves & RF Conference and ]:\h]hmon
The 1996 Microwaves & RF Conferenc
Exhibition will be held October 8-10,
Wembly Conference : o Center, London,
UK. This is an annual event for companies involved
in RF. microwave and millimetre wave components
and apphcation technologe
Contact: Neus Media Limited

Nexus House

Swanley. Kent BRE 8HY UK

TEL [44] 1322 660070 FAX {44] 1322 661 257

43rd National Symposium of the American
Vacuum Society
The 1996 AVS National Symposium will be held
October 14-18, 1996 at the Penncylvania Convention
Center m Puladelphiz. PA. Papers are solicted in sev-
eral aress including Electromic Matenals and
Processing. Surface Saence. and Magnetic Surfaces
Interfaces and Nanostructures.
Abstract Submassion Deadime: May 10, 1996
Contazct: AVS

120 Wall Street. 32nd Floor

New Yort. NY 10005 USA

TEL [1]212 288 0200 FAX [1]212 2480245

Nei or Web: avs96€ vacoum.org or

hetpo/fwww. vacuum.org

2nd International Symposium On Control of
Semiconductor Interfaces
1SCSI-11 will be held Ocober 28-November 1, 1996 m
Karuizawa, Japan. This sympostum will cover all the
fields concermng solid-solid interfaces hetween semi-
conductor and metal. insulator or semicondugtor, The
scope includes but is not limited to formation and con-
trol of interfaces. characterization, and device related
phenumena
Abstriact Submission Deadline: May 31, 1996
Comact: Prof, T lto

Secretary, ISCS-11

Osaka Unmiv., EE Dept,

| Yamnada-oka, Suia
Osaka 363, Jupan
TEL [R1] 6879 7702 FAN [81]6 879 7704

1996 IEEE GaAs 1C Symposium

The 1996 GuAs IC Symposium will be held
November 36, 1996 in Orlando, FL USA. The focus
of this conférence is on recent developments in mie-

grated cmeuits using Gads, InP, and other compound

semiconductor devices.  Coverage embraces all
aspects of the technology, from materials issues und
device fabrication through IC design and testing, high
volume manufacturing and svstems applicitions,
Late News; August 9. 1996
Contact: Phil Wallsee
Anadigics
Bow 4915, 33 Technology Drive
Warren, NJ 07060 USA
TEL |1]908 412 3985 FAX [1] 908412 5986
Netor Web: wallacepw @ aol com

4th [EEE International Workshop on High
Performance Devices for Microwave and
Optoelectronic Applications
EDMO 96 will be held November 25-26. 19496 it the
University of Leeds, Leeds, UK. The purpose ol
EDMO 96 is 1o provide a forum for microwave and
optoelectronic device fabricators. modelers, designers
and wsers 10 discuss the interaction between system
needs and advanced devices and circuits. There wall
be three main underlving themes to the workshop: 1)
eléct [\‘Tlll. devices for mobile radio and wireless
electronic and photonic devices for optical
(Al """"‘I‘lll.\ in the local |l'\\|'\ and 3
the convergence of microwave. and optoelectronics
technologies
Abstract Submussion Deadline: September 2, 1996
Contact: Struvos lezekiel

Umiversity of Leeds, EEE Dept

Leads LS29IT UK

TEL [44] 113 233 2000 FAX [44] 113233 2032

Netor Web: s.iezekiel@elec-eng.leeds.ac.uk o

www elec-eng Jeeds.bc ukfeenbsi/edmo96 himl

Gallium Arsenide VLSI 96

A course entited “Gallium Arsenide VLSI 96,
Crreuits & Svstems™ will be offered by the Centro
Microelectromica Aplicada on November 26-29, 1496
at Maspalomas, Gran Canaria, Spain.  The course,
which s tught by well-known instructors from
around the world, is directed 1owards digital circuit
and svstem designers and researchers in information
technology, telecommunications, image and signal
processing. and computer and multimedia engineer-
ing

Registranon Deadline: Ociober 1, 1996

Contact: Gallium Arsenide VLSI 96

Centro Microelectromica Aplicada

Universidad de Las Palmas de Gran Canana

Campus Universitanio de Tafira

E-33017 Las Palmas de Gran Canaria Spain

TEL [34] 28451232 FAX [34] 28451243
Netor Web: paas®6@cmaulpge.es or
harpciwww.ema.ulpge es/GaAsVLS196/

1996 Conference on Optoelectronic and
Microelectronic Materials and Devices
COMMAD 96 will be held December 911, 1996 mt
Canberra, Australia. The aim of this conference is
bring together industrial collahorators., scientists, engi-
neers and students 1o discuss new and exciling
advances i the fields of optoelectronic and micro-
electronic materials and devices. It will provide a
foortm te present and discuss recent advances in mate-
rials growth, processing. characierization as well as
device physics, design, Tabrication, testing and appli-
walions,
Abstract Submuission Deadline: September 2, 1996
Contact: C. Jagadish

Dept. OF Electron. Matls Eng

RSPhysSE. Australiun Nl Uniy

Canberra, ACT 02000 Australia

TEL |[61] 6 2449 01363

FAX |61] 6249 O51]

Nl or Web: expl094 phys anu edu.an

9th European Workshop on MBE

Euri- MBE 1X will be hield April 6- 10, 1997 a Oxford.
England. The meeting will be run on o workshop for
it i will cover all matenals svstems produced by
MBE, including TV, TV and elemental semicon
ductors. metal, oxades, insulwors and orgamie films

The man themies will be: an-situ diagnostics. growth
processes, growth o patterned and other non-plana
substrates; ihterfuces and heterojunctions
Contributions on other wopes will be welcome, but
papers on devices will only be considered where o

lurge element of growth s mvolved,
Abstrict Submission Deadline: THA
Contact. Dy Pullars-Mucmullan
Secretury o Euro-MBE IX
Semiconductor Muterials TR
The Blacken Laborutary, Tmpenal College
Prince Consort Rl
London SW7 2 HZ UK
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Would you like your conference to be included in future issues of
Compound Semiconductor? Send the information by E mail to
calendar @compsem.com, or by FAX to [1] 612 227 5499, attention
“Calendar”

Contributions must be received byJune 14 to appear in our next issue.




To Build Your Business
On GaAs Technology, Start With
The Right Foundation.

There’s no 'I'nore solid GaAs
foundation than what you'll find at
M/A-COM. We have unsurpassed
capabilities in substrate manufactur-
ing. That means we can provide the
highest purity, most consistent
SI-GaAs subslrafes available. So you
can provide your: customers w1th

the low—cost, fﬁgh quality :

Cirele 6 on

including ISO 9001. And they deliv-
er unmatched technical performance.

We are also committed to supe-
rior customer and technical support,
regardless of the size of your busi-
ness. We're better able than ever to
quickly process customer requests.
In addition we provide extensive
technical support whether you
require standard or custom products.

When you work with M/A-COM,
you get the expertise that can only
come from being the industry’s most
experienced SI-GaAs supplier. With
a 15-year record of refining and

LN L TV T o

improving the growth of semi-
insulating gallium arsenide.

To learn more, contact us today.
You'll find what we have to say very
constructive.

Call for more information: in
Europe, at 44 (1344) 869 595;in =
the USA at 1-800-366-2266; orin .
Asia/ Pacific at 81 (03) 3226-1671.
Or contact us via E-mailat =~ T3 |
gaas-wafers@macom.coﬁl. :
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World Beating III-V Custom Epltaxy

for a World of Appllcatlons

C-Doped HBTs @

MESFETs =

Gunn Diodes #

Large volume, pilot production or R & D

° .
Multiple 2", 3" and 4" capacity
e

Whatever your epitaxy needs, however demanding, E.P.I1.

can deliver. High or low volume, each wafer is fully supported by
extensive characterisation data and E.P.I1's world leading MOVPE

technology. ensuring absolute quality and ultimate consistency.

Send vour request for quotation to the world’s foremost Custom

Epitaxy service. Contact Epitaxial Products International today.

EriTaxiarL ProbpucTts INTERNATIONAL LTD

U.K /EUROPE U.S.A /CANADA TAIWAN

Epataxial Produsces Intermaniomnzl Epitaxial Products Inc. Conary Enterprises Co. Lid.
Cuypress Drinve Hillsop Center, Building B 14F-3 No. 3

Sa_ Mellomns 136 Harvey Road Lane 407 Min Sheng E. Rmd
Candiflf CF3 0EG Londonderry. NH 03053 Taipei

Wales. UK CsAa y Taiwan

Tk +44 222 04592 Teel: +1 (603) 641 2002 R.O.C. .

Fax- 444 292 770020 Fax- <1 (603) 641 2035 Tel: +886 25093174/5

Circle 34 on Reader Scrvice Card

Fax: +886 25016279
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