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INTRODUCTION

Welcome!

This Special Issue of Compound
Semiconductor is intended to serve two
purposes. The first is to provide an
overview of a variety of topics of current
importance in the compound semiconduc-
tor industry. It is an exciting time in our
field. and as these articles indicate, rapid
progress is being made and substantial
growth is occurring in several areas.

The second purpose is to provide an
introduction to our magazine. The articles
in this issue were selected as some of
highlights from the first two volumes of
Compound Semiconductor, a bi-monthly
(6 times a year) magazine which covers
new developments in I1I-V, II-VI and IV-
IV semiconductors. QOur coverage. as
well as our readership. is international in
scope. We cover both microelectronics
and optoelectronics, and we track impor-
tant news from both the production and

the R&D areas.

While this Special Issue is represen-
tative of the overall quality of the editori-
al content in Compound Semiconductor,
we do not have room to reprint all of our
interesting articles. Regular subscribers
to Compound Semiconductor enjoy the
benefits of all of the following regular
features:

Advertiser Index
Company Page
Advanced Ceramics 48
AIXTRON 3
American Xtal Technology 13
Bio-Rad Micromeasurements 17
CVD Products 23
Emcore IBC
EPI MBE Products 9
EpiGress 53, 55,57
Litton Airtron i
Solkatronic Chemicals 34
Struers/Logitech 43
VG Semicon [FC
Wafer Technology 0BC

* New Devices: areview of new prod-

ucts from compound semiconductor

device manufacturers.

* Device Feature: a more in-depth
analysis of a particularly interesting
new optoelectronic or microelectronic
device or process.

* Research Review: a three page

report on the most interesting new
compound  semiconductor-related
results to appear in the leading jour-
nals. Areas covered: Optoelectronic
Devices, Electronic Circuits and
Devices: Compound Semiconductor
Materials.

* Nitride News: a special section of

the magazine dedicated to tracking this
exciting niche of the compound semi-
conductor industry.

* News from Japan: we have teamed
up with a Japanese news agency to
gather the latest results from the major
Japanese compound semiconductor
device manufacturers and research
centers.

* Portfolio: we closely track several
publicly-held companies that are
active in the compound semiconductor
field, reporting on both the latest news
and developments as well as share
price activity.

* Patents: a summary of compound
semiconductor-related patents recently
issued by the U.S. patent office.

We hope you enjoy this special issue.
But more importantly, we hope that you
become a regular subscriber to Compound
Semiconductor, so that you can benefit
from our excellent coverage of the indus-
try in the future.

Sincerely,

-~

Mo Mecge
Marie Meyer

Editor

Subscribe to

EOMBOUND

Compound Semiconductor is avail-
able only by paid subscription. We need
the support of subscribers such as your-
self to allow us to provide the high qual-
ity content that has become our hallmark.

Our editorial policies are designed
to ensure that the content of each issue of
Compound Semiconductor is fresh and
interesting to a broad cross-section of the
compound semiconductor industry.
Most trade magazines are filled primari-
ly with articles written by advertisers to
promote their companies and products.
But Compound Semiconductor is differ-
ent - we emphasize "real news" from a
variety of sources around the world, and
we always strive to be useful and infor-
mative.

If you would like to stay abreast of
events in the rapidly changing compound
semiconductor field, then you should act
today to obtain your own subscription to
Compound Semiconductor. Prices start
at as little as $45/year (859 outside of the
US.). An order form is provided for
your use on page 29. If you have any
questions, please contact the editor:

Marie Meyer
Compound Semiconductor
Franklin Publishing
250 Selby Avenue
Suite 48
Saint Paul, MN 55102 USA
TEL [1] 612 227 5397
FAX [1] 612 227 5499
e mail: mmeyer@compsem.com

You can also visit us on the WWW at
the "GaAsNet" site. See

http:/fwww. gaasnet.com

Act today to start your subscription
to the best source for up-to-date
information about the compound

semiconductor industry.
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GaAs Update

It seems that all of the news about GaAs
of late has been good news. For years skep-
tics claimed that “GaAs is the material of the
future ... and always will be". But the industry
has, at last found some high volume niches.
So perhaps it is time to retire that old saw.

We cannot reprint all of the GaAs articles
that appeared in our first two volumes - there
isn't enough room. Instead, we present here
a small selection of some of the most inter-
esting items. Much of the analysis deals with
analog devices, reflecting the nature of the
current market. But, beginning on page 13,
we also make the point that it will be digital
GaAs that propels the industry into the era of
B" processing, which may mark the beginning
of the first mature stage of the industry's

- Expansion Plans - page 5
- Integrated HEMT/HBT Devices - page 6

GaAs On-Ramps to the
Information Superhighway - page 8

Heading for $1 Billion - page 10

progress.

Trends in GaAs & InP Wafers - page 13

Single Chip GaAs RF Front End

The Japanese Personal Handy-Phone System becomes the
proving ground for the most highly integrated analog GaAs ICs.

ost wireless phone manufacturers
build 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 com-
peting standards, it may be an economically
advantageous approach as well. because it is
difficult for the GaAs IC manufacturers to
recover the 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 trans-
ceivers, 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 cellu-
lar phones. PHS handsets need only relative-
ly modest output power (10-80 mW) and are
intended for stationary or walking use, pri-
marily in dense metropolitan areas. PHS was
launched in mid 1995, and by 1996 it had ~1.5
million subscribers, and it 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 Photomicropragh of the new 1.9 GHz GaAs
front-end, containing the LNA, power ampli-  transceiver announced in April, 1996 by
fier and transmit/receive switch. The chip set ~ Mitsubishi for use in PHS handsets.
also includes an Intermediate Frequency
Processing BiCMOS LSI which contains
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up/down converters and phase modulation cir-
cuitry; 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 hand-
set, reducing by half the number of chips typ-
ically required. The chips set also reduces the
board size by 30%, and reduces standby
power requirements to 230 pA, thereby
extending standby time. Mitsubishi will use
the chips in its own phones and make them
available to other manufacturers as well.
Mitsubishi has already demonstrated a very
small PHS handset using this chip set. When
folded, the phone measures 8 x 5 x | cm?, and
it weighs less than 100 g.

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 transceiv-
er 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
circuitry to control other circuits, as well as a
negative voltage generator (NVG), which
thereby enables single power supply opera-
tion. The control logic can select transmitting,
receiving, or standby modes. The NVG oper-
ates only during communication - thereby cut-
ting 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 mea-
sures 2.5 X 2.5 mm?.

Unlike most GaAs device manufacturers
which rely on MESFET technology.
Mitsubishi has chosen to use a self-aligned
gate FET (SAGFET) approach. According to
Nobuyuki Kasai of Mitsubishi, “the recessed
gate MESFET provides higher breakdown
voltage. so these types of FETs are widely
used for high power applications. However.
the recessed gate FETs have poor uniformity
of DC/RF performances due to the low con-
trollability of the recess etching process -
hence from the practical viewpoint of manu-
facturing, recessed gate FETs are a disadvan-
tage.” Therefore, Mitsubishi has gone to a

planar SAGFET process, where DC/RF uni-
formity is obtained by way of ion implanta-
tion, and no recess etching is required. A
buried p-layer (BP) lightly doped drain (LDD)
SAGFET structure is used in the implementa-
tion of the transceiver chip. A WSi/W double-
layer gate structure is used to reduce gate
resistance. By placing the gate closer to the
source than to the drain, and using a SiO side-
walls 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 volt-
ages as high as 20 V were obtained, Using 1.0
mm 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 54% was obtained for 1.9 GHz opera-
tion. 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 circuits, PCSI, a “fabless™ semiconduc-
tor manufacturer based in San Diego, CA, has
been supplying PHS chip sets since 1995.
The four-chip PCSI set includes CMOS and
BiCMOS baseband chips. as well as two
MESFET-based GaAs RF circuits fabricated
by TriQuint Semiconductor. The first GaAs
chip contains a power amplifier, LNA and
transmit/receive swiltch - a chip very similar to
the Mitsubishi transceiver. [n addition, the
PCSI chipset includes another GaAs IC which
contains all up/down converter functions
required for PHS. (Mitsubishi chose to imple-
ment 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
version of the chip set, in which all the base-
band functions currently done in 3 different
silicon chips will be combined into one large
baseband chip, is planned for later this year.

Mitsubishi announced plans to begin
shipping its chip set by mid 1996. with fore-

casts for 300,000 sets per month by the end of

the year. PCSI has demonstrated that integrat-
ed GaAs RF transceivers can not only suc-
cessfully compele in the marketplace, but can
actually dominate. Mitsubishi's aggressive
production estimates demonstrates that they
plan to recreate that experience for itself.

From our May/June 1996 issue.

Good Signs for GaAs

here was much good news for GaAs in

1996. including numerous reports of
companies expanding their processing capa-
bilities. Here are a few of the highlights:

Four new GaAs fabs are being built in the
U.S. Vitesse is launching the industry’s first
6" fab in Colorado Springs, CO. It will have
a total capacity of 600 wafers a week. The
company will also retain its current 4" fab in
Camarillo. CA. TriQuint Semiconductor is
moving into a larger fab in Hillsboro, OR that
will up their capacity to 750 4" wafers per
week. Similarly, Anadigics is expanding its
facilities in Warren. NJ by acquiring an adja-
cent site to allow capacity to be doubled to
around 500 4" wafers per week. And RF
MicroDevices is building the industry’s most
unique GaAs fab: a plant in Greensboro, NC
which will be dedicated to processing HBT
circuits, with a total capacity of 500 4" wafers
a week. From our Sept/Oct 1996 issue.

OKI Electric plans to increase
microwave device production by 50% to 3
million units per month by mid-1997. The
company says the move is in response to
strong demand in the mobile communications
area, especially satellite-based services.
NEC also recently announced plans to
increase capacity for all of its compound
semiconductor activities, in both the opto-
electronic and microelectronics areas.

From our Nov/Dec 1996 issue.

Thomson-CSF of France and Daimler-
Benz of Germany are teaming up for a GaAs
joint venture which will be called “United
Monolithic Semiconductors”. The new
company will be owned 50% by Thomson
and 50% by two Daimler subsidiaries:
Daimler-Benz  Aerospace (DASA) and
TEMIC Telefunken Microelectronic. The
former GaAs production activities of
Thomson-CSF Semiconductors Specifiques
in Orsay and the Daimler-Benz GaAs foundry
in Ulm will be merged. The “front-end™ pro-
cessing activities will be concentrated in
Ulm, where a 4" line will be added to the
existing 3" line. Back-end processing will be
concentrated in Orsay, as well as the design
activities, product line coordination, and mar-
keting. From our July/August 1996 issue.

Recent market research from Dataquest
shows that Fujitsu and NEC are the world’s
top suppliers of GaAs ICs, with market shares
of 32% and 12% respectively. Four U.S.
companies occupy the next spots: Anadigics
(6.3%), Vitesse (5.8%), TriQuint (5.6%) and
M-A/COM (4.8%). Dataquest calculates that
sales of GaAs 1Cs should top $1 billion in
1996. From our Nov/Dec 1996 issue.
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TRW Advances

MMIC Technology with
Integrated HEMT/HBT Circuits

RW is opening up new possibilites

for GaAs MMICs with first produc-

tion ready MMIC which monolithi-
cally integrates HEMTs and HBTS in the
same microwave circuit. This new capa-
bility allows TRW designers to create a
single chip solution which can handle both
faint and strong signals by combining the
low noise and high gain characteristics of
HEMTs with the clean. accurate amplifica-
tion capabilities of HBTs. “We've created
a new family of chips which reduces the
parts count for a typical integrated
microwave assembly by a factor of 30 to
1,” says Dave Vandervoet. vice president
and general manager of TRW's Electronics
Systems and Technology Division. “This
breakthrough not only reduces our assem-
bly costs, but also leads to significant
improvements in the size, power consump-
tion, and reliability of our customer’s sys-
tems.”

Selective Epi

The circuits are fabricated using
selective MBE and a merged process tech-
nology which has been under development
at TRW for the last three years. According
to Dwight Streit, principal investigator for
the project. “the technology has now
matured to the point in which we have cir-
cuits which show clear advantages in
microwave performance as compared to
HEMT-only or HBT-only circuits which
are then externally connected.” The npn

HBT profile is grown first by solid source
MBE using Be p-type doping. The wafer
is then removed from the MBE system,
patterned with PECVD silicon nitride in
the areas where HBTs will be needed. and
the unpatterned areas wet eiched back
down to the substrate. The water is then
reintroduced to the MBE system, and the
GaAs/InGaAs HEMT is grown. The sili-
con nitride overhang created by the retro-
arade wet HBT etch provides a clean sepa-
ration between the HBT island the HEMT
region. The polycrystalline HEMT mater-
ial and the silicon nitride layers are then
removed. A merged device process is per-
formed to fabricate the HEMT and HBT,
with ion implantation used for device iso-
lation within islands, and air-bridges used
for island interconnects.

A schematic of an integrated HEMT-
HBT profile is shown in Figure 1. This
example includes PIN and Schottky diodes
which are easily been fabricated from the
base-collector and collector region of the
HBT. Potential applications for this new
capability include single-chip transmit-
receive circuits (using the HEMT to
receive, the HBT to transmit, and PIN-
diodes in switching functions): HEMT
low-noise amplifiers that use HBT active
feedback along with PIN-diode variable-
gain control: and monolithic gain blocks
that could combine HEMT low-noise
front-ends with HBT high-linearity output
stages.

From our Sept/Oct 1995 issue.

e

,;Q;{BT Materialks

| -ETT Matelrie‘al L

Photograph of TRW’ new integrated
HEMT/HBT technology, impletmented as a
low noise receiver chip.

HBT
HEMT

[ n'InGaAs | PIN DIODE Sotifce Brain
Schottky Implant | n AlGaAs emit‘ter\ Implant p*GaAs <
Diode Isolation TGansb " Isolation » / \ /n*GaAs\ |

* PISAAS DRSS \ # /:\ /SiPlaney  AlGaAs

/nGaas\w ¥ o/  nGaAscollector  \. n"GaAs / InGaAs Channel

+ R
n*GaAs n" GaAs subcollector ; 3 n*GaAs \\ Superlattice Buffer \

(100) GaAs Substrate

Figure 1. Schematic of integrated HEMT/HBT profiles, including PIN and Schottky diodes.
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Litton Airtron (Germany O
Electronics Materials Group
200 East Hanover Avenue
Morris Plains , New Jersey 07950 49-8
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tion equipment, our response
time has been sharply re-
duced. We can easily handle
all of your special requests.
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(150 mm) wafers.

So whatever your gallium
arsenide needs may be, count
on Litton Airtron to deliver.
Because no matter how big
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Growing for You.
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TriQuint’s
GaAs Transceiver
for 622 Mb/s Communications

links between the optics (either the laser/LED transmitter or the
photodetector receiver) and the communications processing
where both switching and digital signal processing takes place. The
heart of a high speed data transceiver is a multiplexer/demultiplexer
(MUX/DEMUX) which converts serial data into a parallel data format
and vice versa. Transceivers of this type require high speed devices.

Oplical communication systems require transceivers to act as

high performance passive elements, and modest gate counts, all of

which make them ideally suited to a digital GaAs process.

TriQuint Semiconductor [Beaverton, OR] has recently intro-
duced a new high speed GaAs transceiver, the TQ8105, which com-
plies with SONET/SDH’ standards and is suitable for both 622 Mb/s
and 155 Mb/s operation’. Besides the 8:1 MUX and 1:8 DEMUX
which is the heart of this device, the circuit also includes
SONET/SDH framing circuitry used to synchronize data boundaries,
and a phase lock loop (PLL) clock synthesizer (running at 2488.32
MHz). This integration approach couples the conversion of serial and
parallel SONET/SDH data with bit alignment and clock synthesis into
a single device. In addition, the TQS8105 has enhanced diagnostic
capabilities which include Loss of Reference (LOR) indications when
the reference clock is absent, Loss of Signal indications producing
both high and low outputs (SOL and NSOL), and Receiver LOCK
(RLOCK) indications, whenever the incoming DEMUX clock drifts
more than 500 ppm from the reference frequency.

The TQ8105, which is fabricated on 4 inch GaAs substrates,
utilizes TriQuint’s new enhancement/depletion ion implanted SCFL
(Source Coupled FET Logic) MESFET process. This process uses 0.6
um gate length transistors which exhibit f, values of 20 GHz. Four
layers of Au coupled with dielectric isolation are used for metaliza-
tion, with each metal layer exhibiting a 4 pwm pitch (2 um line and
spaces). The TQ8105 utilizes 1800 equivalent two input gates and has
an area of 3.56 x 3.43 mm?. It can operate with a single 5 V supply
and dissipates 2.3 W.

Markets

TriQuint foresees a burgeoning business in high speed trans-
ceivers. The reasons include not only the continuing overall growth
of telecommunications, but also the fact that the 622 Mb/s data rate,
which used to be found only in long distance telephone lines, is
becoming common in local networks. According to Andy Turudic,
Strategic Marketing and Applications Manager of TriQuint, “this type
of transceiver was originally used for fiber-based telephony systems.
and this still represents a significant portion of the business for this
device. However, we are starting to see a lot of computer data appli-
cations for this chip. Even though the computer data applications are
still in the embryonic stage, this market is already as large as the more
mature telephony market is for us.” The emerging markets for 155
Mb/s and 622 Mb/s links for data networking is occurring in both
LANSs (local area networks) and WANSs (wide area networks).

Syachronous Optical Network/Synchronous Digital Hierarchy
£ A 622 Mb/s data rate meets SONET OC-12 standards in North America and STM=4 in
the rest of the world, while a 135 Mb/s data rate meets the SONET OC-3 and STM-1 stan-
dards.

—{ SONET/SDH |—p- Opto
Qverhead Electronic —L
Processor TQ8105 Receiver
High Speed
Transceiver
Reference U Rt 0]
CFOCR Transmilier

Schematic of a typical application for TriQuint’s new high speed
transceiver, which acts as a link between the I1I-V optical components
and the silicon data processing chips.

Pricing is a key issue for any GaAs IC which hopes to find a high
volume application. An earlier version of the TriQuint transceiver sold
for $300. The increasing volume in today’s markets and continuing
improvements in yields allows the TQ8105 to be introduced at $53, even
through it has greater diagnostic capabilities than its predecessor.
Turudic says, “this lower price enables people to use this technology in
applications that they had not envisioned before, and this is helping to
fuel the growth in the computer data transmission area.”

The future direction for these transceivers is at higher data rates, the
next being OC-48 at 2.5 Gb/s. Turudic says, “we are not currently pro-
ducing large volumes of 2.5 Gb/s parts because the demand is simply not
there yet. When there is a significant enough market. we will migrate up
to 2.5 Gb/s.” He believes that the technology is available and ready to
used - as soon as the market develops.

Erom our March/April 1996 issue,

Vitesse Sticks with Digital GaAs

Vitesse Semiconductor [Camarillo, CA| should have been rattled by
the demise of the GaAs supercomputer business - but it wasn’t. In 1993
the majority of their revenue came from the computer market. Three
vears later that segment had all but disappeared, but nevertheless com-
pany-wide revenues more than doubled (>$40 million in 1996) on the
strength of Vitesse's telecommunications business. The company is
very satisfied with these turns of events, especially given that the fore-
cast for the amount of data that will be transmitted over phone lines is
forecast to quintuple over the next 12 - 15 years.

Data transmission is much more demanding than voice communica-
tions, creating bottlenecks for the phone company and the local network
administrator. Vitesse believes that it can solve the problems with GaAs
ICs that deliver 2 to 4 times the speed of silicon with half the power con-
sumption, at a comparable price. Of course, at one point it looked like
GaAs would be the solution to supercomputer bottlenecks as well, but it
was eclipsed by silicon parallel processing. But Vitesse CEO Lou
Tomasetta doesn’t think history will repeat itself this time, The differ-
ence, as he sees it, is that in supercomputers the key to the cost of the
system was not the number of channels used. but the cost of the circuits.
But in telecommunications, the use of multiple channels is rarely prac-
tical, because most of the cost of a communication link lies in setting up
the connection. Therefore the customer is highly motivated to move the
maximum amount of data through each channel, and is, within reason,
less sensitive (o the cost of the circuits in it.

Vitesse still manufacturers ASICs for computers and automated test
equipment. But the majority of their internal investment is directed
toward developing standard products for communications. And why
not? That market segment is currently growing for them at around 70%
per year, which is certainly more than enough to make up for the demise
of the GaAs supercomputer.

From our Sept/Oct 1996 issue.




Introducing the New
SUMO™ Effusion Cells from EPI

EPI Redefines Effusion Cell Technology

The EPI SUMO™ Effusion Cells — 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 provides state-of-the-art uniformities
and optimizes material quality, while maintaining very
low levels of morphological defect densities and back-
ground 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. All models have large useful
capacities, and configurations are 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
Siginificantly Increased Useful Capacity

If you are looking for a way to maximize your MBE system up-time, increase throughput, improve material quality
and reproducibility, and make your life a little easier, contact your 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.

EPI

1290 Hammond Road

Saint Paul, MN 55110 US.A.

Phone: (1) 612-653-0488
MBE Products  Fax: (1) 612-653-0725
Group e-mail: info@epimbe.com

EPI Europe EPI Asia/Pacific

147 Chorley New Road Our new office in Taipei,
Horwich, Bolton BL6 5Q Taiwan, will open in the

Greater Manchester, U.K. Second Quarter of 1997

Phone: (44) 1-204-668366 Phone: (1) 612-653-0488
Fax: (44) 1-204-668466 Fax: (1) 612-653-0725

e-mail: europe@epimbe.com  e-mail: asia@epimbe.com
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The Forecast for
GaAs Integrated
Circuits

Four market research firms offer
their views on growth in the
GaAs IC market by the year 2000

nyone who remembers the too-good-to-be-true 1980°s predic-
tions for GaAs is likely to approach the subject of forecasting
with a bit of trepidation. But professional market forecasting
can be indispensable, and even the biggest skeptic may have his curios-
ity stirred by the fact that several consulting firms are once again paint-
ing a rosy picture for GaAs's future. Is it time to shrug off the previous
bad experience and start looking at the bar charts and graphs again?
We recently had the opportunity to discuss the forecast for the
GaAs IC market with four US market research firms. The following is
a brief summary of their views. Each firm has addressed the topic dif-
ferently, and therefore their results should not be compared or contrast-
ed. Butif you look at the subject as a whole. what emerges is picture
of industry which is poised to enjoy growth in the coming years,
although opinions about the extent of that growth vary. ranging from
“solid” to “xpcuiuculan‘"_

Millions of Dollars

© Integrated Circuits Engineering 1995

ICE’s forecast for the worldwide merchant GaAs IC market.
Right: Breakdown of the merchant GaAs IC market by applica-
tion. Source: Integrated Circuit Engineering.

$1 Billion by ‘98

Integrated Circuit Engineering Corporation (ICE) evaluates the
GaAs IC market as part of its annual “Mid-Term” report on the status
and forecast of the entire IC industry. Their figures are derived by ana-
lyzing both external sales and internal consumption for the merchant
fabs. In contrast, all of the production from the captive fabs is exclud-
ed. For these purposes, a “captive” fab is defined as any company
which delivers less than 25% of its production to the open market.
While there are not many companies which fall into this category, those
that do are notable - Hewlett-Packard and IBM are good examples.

ICE valved the worldwide GaAs IC market at $535 million in
1995. They predict that it will pass the $1 billion mark in 1998, and will
reach $1.8 billion by 2000. ICE calculates a 23% compound annual
erowth rate (CAGR) for the GaAs IC industry between 1994 and 2000,
with most of that growth driven by analog ICs (30% CAGR, compared
to 17% for digital).

ICE’s Bill McClean cites the “booming”™ market for communica-
tions equipment as the driving force behind GaAs’s growth. He
believes there is reason “considerable”™ concern about the demand for
digital GaAs ICs, but he thinks that high volume use of analog GaAs
ICs in 2 GHz and higher wireless communications is “almost guaran-
teed”. McClean goes on to say that “analog GaAs ICs have even done
fairly well at penetrating 800 MHz-type applications”, and continued
suceess at lower frequencies is one factor in ICE’s calculations.

ICE includes developmental funding - such as the MIMIC and
MAFET programs - in its definition of the market. However. that por-
tion of the market will decline significantly beginning this year. ICE
also predicts a declining role for military and aerospace applications
among end users. with the difference to be made up by telecommuni-
cations.

Digital Wireless

Kenneth W. Taylor & Associates specializes in strategic informa-
tion for the digital wireless communications (DWC) industry. They
track GaAs ICs only insofar as they are used in DWC; digital GaAs ICs
and analog GaAs ICs used in analog communications are not included
in their forecasts. Company president Ken Taylor believes this
approach is appropriate for his opportunity-identification-based consul-
tancy because “DWC is going to be the most important growth sector
for the GaAs industry”. Both captive and merchant GaAs IC produc-
tion for the DWC are included.

Taylor calculates that the market for GaAs ICs in DWC recently
doubled. growing from $72 million in 1994 to $177 million in 1995,
and that it will continue to grow rapidly reaching an estimated $2.2 bil-
lion in the year 2000. This corresponds to an impressive 76.2% CAGR.
He also predicts that the market will be dominated by “planar” struc-
tures (JFETs, MESFETS), but “heterostructure”™ circuits (HFETS,
MODFETs, HEMTs and HBTSs) will gain ground toward the end of the
forecast period.

According to Taylor, his firm’s methodology focuses on “total
business forecasting”. When preparing their forecast they first ana-
lyzed 17 major applications of the DWC industry as a whole, and then
calculated GaAs's role within it. Given their robust forecast for GaAs,
It is not surprising to learn that the firm believes that the entire DWC
industry has reached the “take-off™ point. They predict that the number
of DWC terminals in operation worldwide will increase from 34.5 mil-
lion in 1994 to 585 million by 2000. Taylor’s firm believes that there
are key DWC applications other than telecommunications that will fuel
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demand for GaAs circuits. For example, he predicts that the largest of
all DWC applications will be radio frequency identification (RFID)
transponders, accounting for 47.2% of all DWC terminals in the year
2000. RFID applications include security, toll collection (“smart high-
ways”') and industrial process controls.

GaAs for Mobile Communications

Another view on the wireless market is provided by Electronic
Tend Publications, an independent market research firm specializing
in computer, semiconductor and telecommunications markets. They
recently analyzed the semiconductor content in a number of mobile
communication products, including pagers, analog and digital cellular
phones, analog and digital cordless phones, and WLANs. They fore-
cast that the total market for all RF/IF circuits (GaAs and Si) for these
applications will increase from $611 million in 1993 to $1.7 billion in
2000 (a CAGR of 15.8%).

What does that mean for GaAs? Forecasting is by nature an inex-
act science, at best. Not surprisingly, Electronic Trend acknowledges
that when one moves beyond asking “how much REF?" and begins to
ask “how much GaAs?”, the margin for error increases. As Murray
Disman, Electronic Trend’s chief investigator on this project, says:
“the markets for the RF/IF functions can be defined fairly accurately.
However, partitioning these functions into specific types of semicon-
ductors and ICs is highly dependent on a number of different factors.
There are numerous ways to partition the circuitry for the same appli-
cation, and the selection of either bipolar silicon or GaAs IC technol-
ogy is not always a clear or obvious choice. The key deciding factors
should be, as always, total cost of manufacture, size, and power con-
sumption. However, the experiences and prejudices of the equipment
designer and the capabilities and overall directions taken by the semi-
conductor producer are also important factors in this decision.”

Disman goes on to explain that in his view the primary drawback
to the use of GaAs, as compared with Si, has been the high cost result-
ing from lower yields and the high cost of wafer material. “But both
of these factors become less important for smaller-size chips. In this
case, a large part of the cost is determined by assembly, packaging,
and testing. The cost of integrated RF functions in GaAs is therefore
not significantly more than the bipolar silicon equivalent, except for
the power amplifier. But in this case, GaAs is often a clear winner on
performance, as GaAs power amplifiers are generally more efficient
than silicon devices, and have better linearity. The disparity in effi-
ciency grows as the operating frequency increases and, obviously,
becomes more important to the total power budget in applications
requiring higher power levels.”

With these and other factors in mind, Electronic Trend has ven-
tured an estimate of the market for GaAs MMICSs as compared to Si in
mobile communications. For this purpose power amplifiers and T/R
switches have been included in the MMIC category, since these parts
contain more than a single transistor. GaAs’s projected market share
by the year 2000 is estimated at 62.5%, which, according to Electronic
Trend, should have a value of approximately $600 million. That same
market is estimated to be approximately $75 million for 1995,

US Manufacturers Lead the Way

The Information Network [Williamsburg, VA| predicts that the
worldwide market - merchant and captive - for digital GaAs devices
will grow from $123 million in 1994 to $333 million in 1999 - a
CAGR of 22.1%. According to Robert Castellano, the firm’s presi-
dent. the market for digital GaAs will be driven by fiber optic telecom-
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The forecast for the worldwide digital wireless communications
GaAs IC market. Source: Kenneth W. Taylor & Associates

D U.S. D Rest of World

100%

90% -+

BO% <+
Silicon

s 62.5%

30% T GaAs

16.2%

0% : : : : -. :
1993 1584 1895 1996 18987 1998 1959 2000

© Electronic Trend Publications

Top: Forecast of the market for all RF/IF Circuits (GaAs and Si)
Sfor mobile communications applications. Bottom: Segmentation
of the market for MMICs in moblie communications between
GaAs and Si. Source: Electronic Trend Publications.
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munications and data networking in applications such as SONET and
FDDI. Also contributing will be demands from the computer industry
for use in high-end supercomputers, workstations. and general pur-
pose compute engines. Growth of a more impressive nature is fore-
cast for analog/microwave GaAs ICs. Their value - both merchant and
captive - is forecasted to increase from $292 million in 1994 to $919
million in 1999 - a CAGR of 25.8%.

The Information Network has also analyzed the market on a geo-
graphical basis. The US commanded the largest share in 1994
(51.1%), and it is predicted to hold the lead throughout the forecast
period. Castellano notes that in the recent past military applications
have accounted for the bulk of the US market, but now that position
has decreased to around 25%, and will continue to shrink. He sees
telecoms, the new driving force in the US, as moving along three
fronts: GaAs ICs for long haul technologies over fiber; the ever-
expanding wireless market, including cellular, set-top boxes. and
LANs as well as ID tags, tolls, and GPS: and the demand for GaAs in
direct-broadcast satellite. Castellano goes on to say that the driving
force in the development of GaAs ICs in Japan will come from com-
munications and consumer applications. The same trends will be evi-
dent in Europe, with some contributions from the weapons industries
in France and Britain. Although these markets will remain smaller
than the US’s, they will grow at a faster pace: a CAGR of 22.3% is
predicted for the US, as compared to 27.1% for Europe and Japan.
This due to the early emergence of the American market. as well as
generally high demand for the new technologies which utilize GaAs.

From our Sept/Oct 1995 issue
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Discrete Inquiry into the Transistor Market

otorola and Hewlett-Packard are the leading suppliers of Si and

GaAs discrete transistors, according to a new study recently
released by Allied Business Intelligence (see box, below). Motorola
tops the Si market. while Hewlett-Packard leads in GaAs. See Figure
One for the top five companies in each category.

According to ABI's Andy Fuertes, the greatest incidence of use of

GaAs transistors is in the 0.5 - 2 GHz range, closely followed by prod-
ucts for the 2 - 8 GHz range. He also notes that “although HEMT and
HBT technologies receive an inordinate amount of attention in the trade
press. the most common GaAs transistor is the FET, by a very large mar-
gin”,

The report demonstrates that the most important application for
both GaAs & Si transistors is communications, which accounts for 41%
of the market. See Figure Two. GaAs has a 22% share of the commu-
nications market. a 28% share of the military market, and enjoys a 50%
share in the satellite market. See Figure Three. Fuertes says “GaAs is
most popular in the satellite application due to its high operating fre-
quency and linearity”. He also points out that discretes will likely
remain viable in the satellite field for some time due to the low levels of
integration found there. In contrast, ABI forecasts increasing competi-
tion for discretes from both Si and GaAs ICs in the other major applica-
tions, which will slow the growth in the discrete transistor area. The
combined market for Si and GaAs discrete transistors is forecast to

exceed $1.2 billion by 2000. :
- From our July/August 1996 issue

“Semiconductors and Amps: Global Markets, Applications and
Competitiors: 1995 to 2000 Analysis", published by Allied Business Intelligence,
Inc., 202 Townsend Square, Oyster Bay, NY 11771-2339 USA, TEL [1] 516 624
3113, FAX [1] 516 624 3115, Web wwiw.alliedworld.com. Published April, 1996,
229 pages, 97 figures, $2,800.

Leading GaAs & Si Transistor Producers

Si Transistors GaAs Transistors
Rank Company Rank Company
1 Motorola | Hewleti-Packard
2 Philips 2 NEC
3 Hewlett-Packard 3 Mitsubishi
4 NEC 4 Hitachi
5 Thomon SGS/Siemens (lie) 5 Toshiba

Source: ABI

Figure One: ABI's rankings of the leading manufacturers of
Si & GaAs discrete transistors in 1995.
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Figure Two: The market for discrete transistors by application.

Source: ABI

| | T T THE®
| =

p 75% | ‘ | . | .GaAs

-}

£

w |

-Es 505

£ . ‘

= 1

=
Source: ABI

Satelite ' Miltary Commun-  Other
Ications

Application

Figure Three: Segmentation of the major applications
Jfor discrete transistors by material type.




GaAs UPDATE

Trends

in Wafer Sizes

Look for 6" GaAs to make

its debut in 1998

tis a well known fact that compound semi-

conductors are 2 - 4 generations behind sil-

icon watfers, and given the enormous dif-
ferences in volume, this is not surprising.
Nevertheless, as the silicon industry prepares
its new 300mm standard, one begins to won-
der when the compound semiconductor indus-
try will begin to migrate to the next generation
of GaAs and InP wafer sizes.

Of the fifty or so GaAs processing lines
in the world, about one-quarter were running
4" wafers (in 1996). As is shown in Figure 1,
most of today's consumption of semi-insulat-
ing GaAs is in the form of 3" wafers. But con-
sumption of 4" GaAs will become dominant
over the next two years, as several Japanese
fabs are said to be planning conversion from
3" to 4". Production runs of 6" GaAs wafers
will debut - albeit in small quantities - around
1998. None of the world's GaAs fabs current-
ly have a 6" line in operation’; but if current
market conditions persist. a few will be com-
missioned before the turn of the century,
beginning in 1998.

Semi-Insulating GaAs:
6" by 1998

Anadigics has been rather slow to convert
to 4" wafers - in fact, they were still doing
some 3" processing in 1996. Charles Huang,
Executive Vice President at Anadigics, attrib-

LA few years ago it looked like Motorola was building a 6"
GaAs line ar its CS-1 Facility in Tempe, AZ. A company
spokesperson confirmed that 6" wafers were manufactired
for Motorola and said thar engineering procedures for
Suture activity are currvently under review. Additional
information was not available,

utes the delay to previously insufficient
demand. However. he says that now “the lev-
els of demand are greatly increased, and if we
could. we would like to skip 4" altogether and
go straight to 6". But we cannot do that, for
technical, not business, reasons. So we will
have to wait for those issues to be resolved.”
Like many others, he identifies the key techni-
cal issues as reliable supplies of quality, con-
sistent 6" wafers, and processing equipment
which has a demonstrated capability for han-
dling 6" GaAs wafers. Looking to the future,
Huang says that “the sooner 6™ processing is
available, the better for everyone. If current
demand patterns hold out, we'll convert as
soon as the technical issues are solved.”

M/A-COM's Rick Hess points out that
there will be processing issues that need to be
addressed in order to make a successful migra-
tion to the larger standard. “Transitions from
2" to 3", and then 3" to 4", were done primar-
ily without a large change in processes. To go
to 6" is a much bigger leap, requiring much
more adjustment. The time and money
involved in developing a 6" process will be
significant.”

An obvious prerequisite for scaling-up is
a reliable supply of quality 6" wafers, at the
right price. It appears that all of the leading
substrate suppliers are at work on the problem.
Mechanical 6" samples are readily available,
but there are some important technical issues
that remain to be dealt with to attain produc-
tion quality material. S. Sawada of Sumitomo
Electric summarizes the key issues in 6" GaAs
production as dislocation densities resulting
from increased thermal stress in the growth
process, and higher residual strain than in 4"
crystals. which can cause problems with slip

line generation and wafer breakage. In addi-
tion, he points out that it is more difficult to
achieve the desired wafer flatness and surface
cleanliness in large diameter samples.
Although all of these problems are
important, none of them seem insurmountable

or prohibitive.  Klaus Jurgen Schoepf,
Technical Manager of Siemens’ GaAs Device
operation, sums up the situation as follows:
“our conversion to 6" depends heavily on the
availability of wafers which meet our specifi-
cations. Those that we have seen now would
not enable us to convert today. But, within 2
years, the suppliers may be able to fulfill our
requirements.” Bob Nunn, Vice President and
General Manager of the ASIC Division at
Vitesse Semiconductor reports that Vitesse
feels confident that there will be a viable sup-
ply of 6" GaAs from multiple suppliers by
1998. Many other fab managers agree. but it
is probably unrealistic to expect a perfectly
smooth transition: JoAnne Dalton, Product
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Figure 1. The worldwide market for semi-
insulating GaAs by substrate size.
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Manager of M/A-COM's GaAs Materials

Group. points out that none of the vendors . .

can completely refine their products until at MaJOI' GaAs Device Manufacturers

least one device manufacturer has begun Waf.
consistently running 6" wafers on production Si ARCT
equipment. She says, “We can develop the GaAs Products ize(s)
product up to a point. but until our customers

start processing the wafers and identify what

the manufacturing issues are, we can't get the

feedback that we need to further our devel-

opment.”

Price is also a major issue. Current
demand is too small to establish the market NORTH AMER[CA -
price of 6" wafers - but no matter where it Alpha Industries \,c“_ .
emerges, the customers will want it to be SME (Misi) = :

: i DT - Anadigics No . .
lower. And, as Schoepf describes it, quality, Celeritek No .
uniformity, and price all go hand-in-hand: Hewlett Packard No .

“A major issue for us is the availability of as HP - Avantek No :

many wafers per ingot as possible. with uni- Heonevwell i Ve .

form performance. Even at 4" there is room Hughes Yes 5

for improvement. and this is naturally even ITT . Yes .

more valid for 6" material. Before we can Litton Solid State Yes .

convert the quality of the 6" material has to Lockheed Martin Yes .

be identical to the current best 4" material, M/A-COM (Mass.) Yes &

and the price per square inch has to be less M/A-COM (Colo.) No :

than for 4 inch.” Microwave Technology No .
Motorola . No .

. . Northern Telecom s Yes .
Die Size and Volume Resthion i o

~ One 6" wafer provides 2.25 ti_mcs more E::t:;“ Miciowave ::: .
surface area than a 4" wafer and 4 times more Tevas IHitritients . Ves SR
than a 3" wafer. A fab manager will want to TriQuint . Ves .
be sure that he has a use for that much real TRW . Yes .
estate before he scales up. Processing lines Vitesse . Yes .
work best when run continuously, with as Watkins Johnson No .
few shut downs and interruptions as possible. Westinghouse No O
Therefore the migration to larger wafer
diameters needs to be perfectly timed with JAPAN
respect to demand. Converting too early - Fujitsu * No 2
before demand levels can support the Hitachi : : NI" .
increased output - represents not only an ‘:;'.Jl‘“‘h"‘.‘ . 50 :

o= . 2 Mitsubishi Electric . No U
unnecessary capital expense but also a possi- Murata Ye -

- . . - . 4 (=1

ble reduction in yield, which is an unpleasant NEC . No .
combination, at best. As M/A-COM's Rick NEL . No .
Hess puts it: “If you gave me my choice OKI . No .
between a 4" fab running at 80% of capacity Sanyo No :
or a 6" fab running at 40%, I'd take the 4" Sharp No .
one.” Sony . No ]

Although the foundries agree that GaAs Toshiba . No .
has finally found some secure niches in high
volume markets. the majority of the man- EUROPE
agers we spoke to also believe that, technical Alcatel Telettra Yes o)
issues aside, current volumes do not justify eEs Yes e I8¢
scaling up at the present time. Ironically. the Du.m,]lcr BWS Yes 3
boom in consumer-driven applications for & Maca ' Yes :

. 3 PP Phillips . Yes .
GaAs RF and microwave products may be Siemens Ve .
p‘uﬂly responsible for Imlt_img down wafer Thomson (Orsay) \“ . :
sizes. Before the commercial markets devel- ' =
oped. virtually everything in the GaAs indus- l
lr'_\" _\\"‘db driven by [_llili[ilr}' applications, Source: Magus Research, from in the Second Edition (1996) of Gads Electronic Materials and Devices, pub-
Filling orders for defense systems usually lished by Elsevier Advanced Technology.
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meant high frequency. high power circuits which required big die sizes.
But the current markets for wireless handsets require lower perfor-
mance devices with lower levels of integration - or even discretes. As
Jim Oakes of Raytheon says, “the move from military to commercial
markets has driven up our volume, but driven down our die sizes,
which means that we can get a lot more out of a 4" wafer”.

Die sizes were an important factor in many of the early 4" to 6"
conversions in the silicon industry. Rob Christ, Senior Applications
Engineer at TriQuint Semiconductor,
recalls his experiences in the silicon

tious optimism, perhaps typified by TriQuint’s plan to build its new fab
(see page 16) around 4" processing, though making provisions for 6"
compatibility at the same time. Incidentally, TriQuint was the first
company to begin 4" GaAs processing, all the way back in 1987, with
full scale production beginning in 1989.

The first company to complete a full 4" conversion was Vitesse -
and they are the lone exception mentioned above. Bob Nunn reports
that Vitesse is “aggressively pursuing” plans for a 6" GaAs fab to be

operational in 1998. It is not surpris-
ing that they would take the lead in

industry in the early 1980's, when
memory chips would only yield 20
dice per 4" wafer: “The benefit of the
6" wafers was much more than just
the 2.25 times increase in area,
because the large die could be tiled
more efficiently. Later. die sizes were
also a big driver for the early 8" wafer
users, even when 6" processing was
cheaper per square inch.” But he does
not see a similar trend in GaAs

Tion in 1996.

Given the number of GaAs processing lines in
‘operation worldwide, it does not seem that industry as
‘a whole suffers from any capacity shortage. There are,

' however, individual manufacturers who are reaching
the limits of their internal production capability. For
example, Siemens, has seen its annual output increase
from around 10 million devices/year in 1994 to 53 mil-

this area, because, as the world's
largest manufacturer of digital GaAs
circuits, Vitesse contends with more
extreme die size pressures than other
fabs. Their biggest chip, an EX gate
array with 1.2 million used transistors
(roughly equivalent to an Intel 386
microprocessor). has an area of 15mm
x 15mm, and therefore yields only 21
dice per 4" wafer. Switching to larg-
er wafers will not only reduce the per-

devices, even when considering a
highly integrated circuits such as a
“one chip” GaAs RF front end for handsets. “TriQuint currently yields
around 1000 dice per 4" wafer on our biggest volume parts. Future
devices, though more highly integrated, will benefit from our next gen-
eration processes that will allow us to further shrink die sizes by 30%.
We do not believe that die sizes in GaAs will grow as quickly as they
did for Si. Therefore. fab capacity will have to be the main driver.”

Given the number of GaAs processing lines in operation world-
wide, it does not seem that industry as a whole suffers from any capac-
ity shortage. There are, however, individual manufacturers who are
reaching the limits of their internal production capability. For exam-
ple, Siemens, which is the largest GaAs foundry in Europe and one of
the five largest worldwide, has seen its annual output increase from
around 10 million devices/year in 1994 to 31 million in 1995 to a fore-
casted 53 million in 1996. And Siemens is experiencing not only vol-
ume demands, but also some pressure with regard to die sizes: some
of their MMICs have reached a complexity which yields only a few
hundred per 4" wafer. It is not surprising, then, to find that they are
one of the companies that are contemplating conversion at an early
date, possibly in 1998.

M/A-COM probably found the

device processing costs, but will also
make state-of-the art processing
equipment available. According to Nunn, “leading edge semiconduc-
tor equipment is becoming hard to find at the 4" level”. And, perhaps
most importantly, strong growth in sales (up 25% over the past 15
months and 35% over the last two quarters) is creating a capacity short-
age at Vitesse's current fab. Nunn reports that “we’ve grown to the
point where we will be over capacity at our current fab by the end of
1998. We believe that the most effective solution to the problem is to
begin construction on a new facility for 6" processing.™ If they adhere
to their timetable, Vitesse seems certain to be the first company (o con-
vert to 6 inch.

Are We Lagging Behind?

Inevitably, one has to make a comparison with silicon. At first
glance, the 300mm test wafers or the 200mm production wafers which
are used in silicon suggest that the compound semiconductor industry
is lagging behind. However, as stated earlier, the enormous difference
in volumes makes such a comparison a bit pointless. Also, if you dig
a little deeper, you will find that the gap is not actually as wide as it

may at first seem. Daniel Rose, a

best possible solution to its capacity
problems when it acquired the
defunct Cray Computer facility in
Colorado in 1995. Rick Hess reports
"We were thinking a lot harder about
6" before the Cray acquisition! That
was an excellent way to increase our
capacity, and it was less expensive

and less painful than a 6" conversion. pressures than other fabs.

Vitesse is “aggressively pursuing” plans for a 6"
GaAs fab to be operational in 1998, It is not surprising
that they would take the lead in this area, because, as
the world’s largest manufacturer of digital GaAs cir-
cuits, Vitesse contends with more extreme die size

Silicon Valley consultant, points ou
that between now and the year 2000
the 6" wafer - seemingly modest by
silicon standards - will in fact be that
industry's workhorse, consumed at a
rate of 1000 MSI (million square
inches) per year, which is about half
of the current annual consumption.
He believes that 6" silicon will not be

Unfortunately, that was probably a
once-in-a-lifetime opportunity.”  So
what lies ahead? Hess states “like many others we are looking at the
1998 time frame as the point when we might need our next capacity
increase...but we won't scale-up until we are sure that we can actually
fill a 6" fab.” Others, including TriQuint, also see 1998 as the "earliest
possible” conversion date. but it appears that no company has set out a
firm time table - with one exception. The overall mood is one of cau-

eclipsed by the 200mm standard until
the year 2000. Rose also notes that
there is still a lot of 4" silicon around, with consumption today at the
surprising rate of 300 MSI per year,

The state-of-the-art standards in silicon are tailored to the
demands of microprocessor and memory chips. The goals in the digi-
tal arena are to produce the fastest, smallest and most tightly packed
transistors, operating at the highest possible speed. and performing the
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GaAs UPDATE

greatest number of logic operations in a given
time. Digital technology “pushes the enve-
lope™ to accommodate small.er transistor
dimensions on wafers of constantly increas-
ing diameter. Therefore it is not surprising
that Vitesse, whose product line is 95% digi-
tal, would be the first GaAs fab to scale-up to
o7

But again, Vitesse is the exception to the
rule. The majority of GaAs fabs produce
mostly or only analog devices. If you look at
their counterparts in the silicon industry. you
will see little interest in those 200mm and
300mm wafers. As Larry Sample, Design
Vice President of Micrel Semiconductor puts
it, “the high-performance silicon analog man-
ufacturers are quite comfortable using wafer
sizes that our digital colleagues abandoned
vears ago”. In the analog side of the busi-
ness, he says, “circuit cleverness is more the
aim than component size or circuil density.”
Analog devices have to accommodate an
often bewildering array of conditions. At the
most basic level, digital circuits do pretty
much one thing: turn transistors on or off
under software or firmware control. They are
required to respond to only a minimum set of
conditions in order to execute these tasks.
Analog circuits, on the other hand, have to
respond to a host of different electrical occur-
rences and must accommodate a wide spec-
trum of voltage, current and frequency condi-
tions. Consider, for example, the large num-
ber of standards currently in use in the wire-
less communications industry. Therefore for
both silicon and GaAs analog device manu-
facturers one can expect to find a larger vari-
ety of solutions. each which sells over a long
period of time but in small quantities com-
pared to digital silicon circuits. This has the
effect of holding down volume demands and
enhancing the attraction of processing on
smaller wafers.

Indium Phosphide

And speaking of processing on smaller
wafers: the optoelectronics side of the com-
pound semiconductor industry consists
almost entirely of discretes, and the number
of devices which can be obtained from a sin-
gle 2" wafer is enormous: 6.000-8,000 lasers,
or 8,000-10.000 LEDs. Therefore motivation
for scaling up to larger diameter semi-con-
ducting wafers is virtually nonexistent.

Although the annual market value of
InP-based devices is >$1 billion, the market
for InP wafers is tiny. The worldwide market
in 1993 (the last year for which complete fig-
ures are available) was just $18 million. In
that year 80% of the world's InP consumption

(183.200 sq. in.) was for optoelectronic
devices. and >90% of the wafers consumed
were 2",

The dominant position of optoelectron-
ics in InP consumption has a negative effect
on the development of InP-based microelec-
tronics. 3" is generally considered to be the
minimum size for even modest volume pro-
duction, but InP is not easy to grow, and 3"
semi-insulating InP wafer technology is very
immature. In addition, many customers want
high quality, “epi-ready” surface finishes,
which adds to the complexity of the problem.
At the same time, wafer manufacturers are
under pressure from their optoelectronics cus-
tomers to improve quality and reduce costs of
their 2" semi-conducting products. Consider
the disparity between the alternatives: (a) InP
optoelectronics, a well established and grow-
ing industry which generates steady demand
for 2" semi-conducting wafers based on
mature crystal growth technology requiring
only incremental improvements to satisfy
customer requirements; or (b) InP microelec-
tronics, a nascent market niche with an as yet
undetermined future, generating low and
unpredictable demand and requiring signifi-
cant investment in crystal growth technology.
[s it any wonder that the substrate vendors
might prefer the lower risk course described
in (a)?

Actually, a surprising number of sub-
strate vendors are already working on 3"
semi-insulating InP. For the consumers - or
potential consumers - the real issue seems to
be the rate of progress. InP substrate technol-
ogy is probably around 10 years behind
GaAs. But since the boom in high frequency
devices is here today. no one wants to wait 10
years for production-quality material. In the
United States it is widely hoped that the
Department of Defense might address the sit-
uation on order to lower the cost and increase
the performance of its high frequency radar
and communications systems.

Thus the trends in wafer sizes in the
compound semiconductor industry seem rela-
tively clear: we should start to see the next
generation in use a few facilities before the
turn of the century, with the caveat that a
change in direction or funding from the US
government could slow down progress in the
InP area. And what will come after that for
our industry? 4" InP? 8" GaAs? Perhaps
even metrification? Someday, undoubtedly -
but for now. the plans in development seem to
be a good start.

From our March/April 1996 issue.

U.S. Getting Ready
for a Semi-Insulating
InP Program

f current funding projections hold out, in

the spring of 1997 the U.S. Air Force,
through Wright Laboratory at Wright-
Patterson AFB, will award a contract or con-
tract(s) aimed at improving the availability
of high-quality, large surface area semi-insu-
lating indium phosphide substrates. The
details of program are currently being
mapped out under the authority of Title IIT of
the Defense Production Act, which allows
the U.S. government to offer appropriate
incentives to develop and expand the pro-
ductive capacities of domestic sources for
critical components and resources essential
for the execution of the national security
strategy.

Title IIT was used previously to improve
the domestic supply of semi-insulating GaAs
wafers. an effort which met with consider-
able success. Less money will be available
this time - around $4 million is anticipated -
and there is more work to be done, so com-
parable results are not likely. However, the
program does have the potential to signifi-
cantly impact the future development of InP
microelectronics, given that the high price
and inconsistent quality of the current sup-
plies of InP substrates are a major complaint
of virtually every researcher working in the
field.

The stated objectives of the project are
“to improve the quality, size, consistency
and availability of (semi-insulating) InP sub-
strates while concurrently reducing the cost™.
This translates into a primary focus on repro-
ducible. consistent, and less expensive 3"
wafers, but the program is also looking
ahead to 4" wafers as well. The project will
consist of one phase lasting approximately
30 months. At a recent conference for poten-
tial bidders on the project, the Title III con-
tracting officers made it clear that the $4 mil-
lion may be divided between two bidders.
They also report that the criteria for the suc-
cess of the program will be “the creation of a
domestic, financially-viable provider of
semi-insulating [nP material, committed to
continuous improvement”,

Proposals will likely be due in early
January 1997. A maximum of two awards is
planned.

From our Nov/Dec 1996 issue.
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Laser Report

The variety of topics that can be
assembled under the heading of
“‘Semiconductor Lasers” is astonishing.
Therefore the following pages contain a
mixture of articles on devices and tech-
nologies in varying stages of production,
development and research, with applica-
tions in a number of different areas. But

we must acknowledge that the most inter-
esting laser story of all - the drive toward
a commercially viable GaN-based short-
wavelength laser diode - is not covered in
detail here at all. The reason? The rate
vaf progress in this area |s S0 r'aprd that
- anything ne;vs itemn from our first ¢ "i’- |

Also in this section:

» Highlights of Semiconductor Laser
Research in 1996- page 20

» DVD Lasers- page 22
» Laser News from Japan - page 23
» The Market for InP Laser Diodes - page 24

Honeywell Micro Switch Offers
VCSEL:s as Catalog Items

Hom.‘} well’s Micro Switch Division [Freeport, IL] has begun offer-
ing 850 nm VCSELSs in TO-46 packages. This is believed to be the
first instance of VCSELs being offered as discrete components. The
devices will be fabricated at Micro Switch’s Dallas, TX facility.

Honeywell is widely recognized as a leader in switching and sens-
ing technology. and the Micro Switch Division is one of the two largest
manufacturers of LANs for datacom, and is already engaged in the
manufacture of LEDs for fiber optic communications. This new prod-
uct announcement marks their first foray into the laser diodes area.

Honeywell's marketing message for VCSELS is simple and direct:
“All the desirable features of an LED with the benefits of a laser diode.”
Characteristics include:

* Low drive current requirements (5 to 15 mA);
* Low EMI/RFI

* High coupled power (> | mW typical):

* High reliability (MTTF > 107 hours): and

* Wide bandwidth (f;> 10 GHz).

Other selling features of the new device will be familiar to anyone
who has been tracking VCSEL development: a symmetrical beam. low
coherence, and a narrow beam angle.
operating characteristics with temperature (see figure), which
Honeywell says “potentially allows operation without continuous pho-
todiode feedback control”, which would simplify drive circuit design.

The new device, which is called the HFE 4080-321, is intended for
high-speed data communications. Data rates can vary from DC to
above 2 GB/s depending upon the application. Honeywell says that it
is specifically designed to interface with 50 micron and 62.5 micron
multi-mode fiber, and that while larger fiber sizes are possible, “essen-

tially of the VCSEL power can be coupled into even the 50 micron fiber

if necessary™.
Technically speaking, this is not the first instance of VCSELs
being commercialized. Hewlett-Packard recently began offering a

VCSEL-based transceiver for gigabit+ data links handling multimedia
information. Similarly, Motorola offers a series of optical interconnects
which they call the “Optobus family™ that are based on 830 nm
VCSELs combined with high performance ICs on a multi-chip module.
However. it does appear that Honeywell is the first company to make
VCSELSs available as standard cat dl{:“ items available from stock. List
price in the U.S. is $24 per piece.

From our Nov/Dec 1996 issue.

Another feature is stability of

HP Launches VCSEL-Based Transceiver

Hewlett-Packard has introduced its
next-generation multimode transceiver
which enables multimode fiber trans-
ceivers to achieve gigabit+ data-rate per-
formance on links up to 500 meters. It is
targeted toward applications such as full-
motion video and other multimedia-infor-
mation transmissions. This new product is
unique in that the light source is a 850 nm
VCSEL. The VCSEL is driven by a cus-
tom Si bipolar IC that converts differential positive electron-coupled
logic (PECL) signals into an analog drive current. HP says that the new
transceiver 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 compared to models
using edge emitting lasers) will pave the way for a number of emerging
applications for gigabit-rate data links, including mass storage and com-
puter system input/output channels, high-speed peripheral interfaces.
and computer networking equipment. Volume production is targeted for
the second half of 1996,

From our Mav/June 1996 issue.
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Semiconductor Lasers:
1996 was a Banner Year

GARY W. WICKS

he past year was quite remarkable year

in the field of semiconductor laser

research and development. New
records were set for both long and short wave-
length performance, and low thresholds and
high efficiencies. In addition, new and poten-
tially significant lasing materials have been
established, and there were even reports on
new types of lasing transitions. In short, there
has been an unusually high level of significant
achievement over the past twelve months. To
commemorate these events, here is an
overview of some of the highlights of laser
diode research in 1996.

Short Wavelengths

Undoubtedly the biggest story of the year
has been the emergence of GaN-based lasers.
Shuji Nakamura and co-workers of Nichia
Chemical Industries [Tokushima, Japan] start-
ed the year off with a bang with their January
15 paper! demonstrating the first nitride-based
laser diode. This first device used an InGaN
strained multi-quantum well active region in a
GaN core with AlGaN clads grown on (0001)
sapphire by MOCVD. Since this orientation
of sapphire does not cleave along planes per-
pendicular to the surface, laser facets were
etched by reactive ion beam etching. With
high reflectivity coatings on the facets, the
device lased at a violet wavelength of 417 nm
under pulsed conditions at room temperature
with a threshold current density, J;, of 4
kA/cm? and a threshold voltage, V,, of 34 V.
Both J; and V;, were fairly high by diode laser
standards, but understandable for a first result.
Not only was this the first report of a nitride-
based diode laser but, at the time, it also repre-
sented the shortest wavelength ever by a semi-
conductor laser. Since then, however, Akasaki
and co-workers of Meijo University [Nagoya,
Japan] have achieved UV lasing in these GaN-
based materials?. Nitride lasers continued
prominently in the news all year as incremen-
tal improvements were made. The most recent
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One of 1996’s highlights: a 515 nm ZnSe-based laser with a lifetime
exceeding 100 hours from Sony Corporation.

report showed that V,;, had dropped to 11 V.
through improved ohmic contacts, and pulsed
lasing up to a temperature of 70°C and contin-
uous (cw) lasing up to T=-40°C had been
achieved. It appears that room temperature
operation under cw conditions will likely be
achieved very soon.

The 1I-VI material system was the first to
provide a shortwave length, bluish-green laser
diode. Now, however, it seems almost forgot-
ten due to the enormous level of interest in
nitride compounds. Nevertheless, a remark-
able leap forward was recorded in this area
researchers from Sony Corporation announced
in February that they had produced a green
ZnSe-based diode laser that operated cw at
room temperature with a lifetime of 100
hours®. The previous best mark for a II-VI
laser had been just 4.5 hours. The Sony laser
had a ZnCdSe quantum well active layer and
lased in the green at a wavelength of 515 nm.
Sony’s data over the last few years shows that

lifetime is increasing each year by an order of

magnitude, which suggests that their target for
commercialization, 10,000 hours, is not far
away.

Long Wavelengths

Short wavelength lasers attracted the
most attention in 1996, but there was also
some considerable activity at longer wave-
lengths. Researchers developing laser diodes
for infra-red wavelengths longer than 3 um
reported a variety of new record performance
levels, new lasing materials. and, most inter-
estingly. new lasing transitions.

The traditional approaches, which use
lead salt or antimonide materials, are still
going strong, and new benchmarks for operat-
ing temperature and power were established
this past year. The new state-of-the-art in V-
VI lead salt lasers was established in a report
from Laser Photonics [Andover, MA] of a cw
4.4 um PbTe laser operating at temperatures
up to 223K?. This work represented the high-

est cw operating temperature of any type of
mid-IR diode laser. In the III-V antimonide
area, researchers at MIT Lincoln Labs report-
ed quantum well InAsSb/InAlAsSb diodes
that lase at 3.5 um. These devices now operate
cw up to T = 175K and pulsed up to 250K. At
80 K these devices emit 215 mW/facet®, which
is 4 new power record for cw power beyond
2.2 um wavelengths.

But 1996 also provided clear evidence
that the lead salts and antimonides are going to
face stiff competition from a relatively new
direction. Until recently, all semiconductor
lasers, regardless of their operating wave-
length, relied upon direct band-to-band transi-
tions in bulk material or analogous transitions
in type I quantum wells. But rapid progress
has been reported this year in mid-IR lasers
based on new types of transitions. The most
notable examples of these new types of lasers
are the quantum cascade laser and the type Il
quantum well laser. Quantum cascade lasers
operale on transitions within the conduction
subbands of multiple quantum wells and have
been pioneered by Bell Laboratories.
Operation above room temperature was
recently reported® for the first time for a quan-
tum cascade laser emitting at 5 um in the
pulsed mode. and up to T=140 K cw operation,
The other new development, the type II quan-
tum wells, involve spatially indirect transitions
between neighboring quantum wells. Reports
were made in 1996 of type II quantum well
lasers in GalnSb/InAs which operate pulsed at
250 K at 3.2 ym?. While these new types of
lasers are still in the experimental stage. they
appear to offer the prospect of more robust
construction and higher temperature operation
than is possible with the materials which have
been used up to this point.

¥ Dr. Wicks is a Professor at The
Institute of Optics at the University of
Rochester, and is the Optoelectronics
Editor for Compound Semiconductor
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Materials for Red and Near-IR

In the red and near IR, the lasing materi-
als are already mature and highly efficient.
Nonetheless, materials improvements contin-
ued in 1996 with the further development of
aluminum-free lasers. In these struc-
tures, the conventional material for the

of the VCSEL work done to date has been on
GaAs, and has therefore involved the 0.7 to
[.] um region - but most telecommunications
applications will require operation at 1.3/ 1.55
pum. Traditionally this has meant that the
device must be fabricated from the InP materi-

more recent demonstrations of mastery over
the GaN system. Is it too much to expect that
there are still more materials systems waiting
to be exploited? There have been recent
reports of two new possibilities. For example,
mixed nitride/arsenide structures, which have
the potential to extend the range of
wavelengths than can be accessed by

cladding and core, AlGaAs, is replaced
with phosphorus-containing alloys
such as GalnP and GalnAsP. Lifetime,
reliability and high power benefits
involve reduced reactivity to oxygen.
University of Wisconsin [Madison]
researchers have recently reported an
aluminum-free laser operating at 980
nm that has a record cw wallplug effi-
ciency of 66%3,

Additional research in near-IR
lasing materials involved quantum dots
constructed of strained InAs islands
grown on GaAs. The islands grow nat-
urally by MBE if the appropriate
growth temperature is selected - no
high resolution processing is required.
Several groups have reported lasers
constructed of one or more layers of
quantum dots inserted into the core of
an otherwise conventional AlGaAs-
based laser’. The interest in quantum
dot lasers is based on several theoreti-
cally predicted advantages. [deal quan-

1996 Semiconductor Laser Highlights

1st GaN Laser - Nichia Chemical
Shortest Wavelength Laser - Meijo University

100+ Hour CW Room Temperature Operation
of a 515 nm Laser - Sony

Highest Temperature CW Operation [223K) of
a Mid-IR Laser (4.4 pm) - Laser Photonics

Highest CW Power (215 mW /facet) for
a Mid-IR Laser (2.2 pm) - MIT Lincoln Labs

1st Room Temperature or Higher Operation
of a Quantum Cascade Laser- Bell Labs

Pulsed Operation of a Type Il Quantum
Well Laser - Multiple

Al-free Laser with Record CW Wallplug
Efficiency (66%) - University of \Wisconsin

Quantum Dot Lasers - Multiple
Long Wavelength VCSELs (>1.3 pm) - Multiple

diodes grown on GaAs (See CS 2 (6),
p- 39). Also, there is an argument that
the addition of thallium to the tradi-
tional III-V materials might have a
similar effect on InP-based lasers. (See
CS 2 (6). p. 34). The practical value of
these proposals remains to be proven.
but their potential is intriguing.

R&D of semiconductor lasers
flourished in 1996. The excitement
surrounding the blue nitride lasers
seems to have spread to the entire field.
And as there are no signs yet of a slow
down, look for the rapid progress to
continue in 1997,

Editor’s Note: Since this article first
appeared in our November/December
1996 issue, Nichia Chemical has
reached another milestone: room tem-
perture CW operation of a GaN laser.
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VCSELSs

The most popular topic in the area of
device design is definitely vertical cavity sur-
face emitting lasers (VCSELs), which are
being enthusiastically pursued for optical
communication and optical interconnects.
They have circular beams and low thresholds,
are amenable to 2-D integration and on-wafer
testing. 1996 saw the first aggressive com-
mercialization of VCSELs. For example,
Hewlett-Packard is offering a transceiver for
multi-mode fiber optic data links that uses a
850 nm VCSEL as the light source, and
Honeywell Microswitch has begun selling
VCSELSs as standard catalog items.
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of refraction’!. Lasing wavelengths around
1.55 um have been achieved using this tech-
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Looking Ahead

It has been 35 years since the concept of
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posed, and next year will mark the 35®
anniversary of the first working semiconduc-
tor laser diode. Looking back across that peri-
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ith the launch of the first DVD play-

ers approaching quickly. much of

the recent compound semiconductor
news from Japan has been related to laser
diodes for optical pick-ups. The DVD stan-
dard will require 635 - 650 nm AlGalnP diodes
as compared to 780 nm AlGaAs diodes which
are used in the current generation of CD play-
ers. Typical output power for the read-only
versions will be ~5 mW. Interestingly, the
roadmap for developing the DVD standard
calls for an erasable version to be available in
I - 2 years time. It is known that such a prod-
uct would require much higher power diodes
(around 35 mW), but many other details
regarding it have not vet been worked out.

Another, rather important. detail which
remains unknown is the size of the market for
DVDs. The current market for the CD-format
1s around 100 million units, + 20%, depending
upon your source. But the experts disagree
about the forecast for DVD players. The low
estimate is 50 million units/year by the year
2000, while the high estimate is twice that.

Between the two of them. Sony and
Sanyo are believed to control around 70% of
the market for optical pickups for these appli-
cations. Last summer Sanyo announced it was
expanding its annual optical pick-up busi-
ness to 55 million units by 1998, up from 45
million scheduled for 1996. The company
estimates that they hold a 30% market share.
Production of DVD lasers at Sanyo. is expect-
ed to reach 500,000 units a month by March
1997. Current production consists of a 645
nm. 5 mW read-only model, and the company
is sampling a 635 nm, 30 mW read/write
model.

Not to be outdone, Sony announced that
it is raising semiconductor laser production.
The company is spending around $100 million
to install a new assembly line at its subsidiary
Sony Shiraishi Semiconductor, which will
allow it to raise output by 40% to 5 million
units/month. The company says that it hopes
to have 60% of the market for optical pickups
by the end of fiscal 1997,

Four other companies also announced
new DVD laser developments. Matsushita
reported that it has launched production of
read-only DVD lasers and that it is develop-
ing a high temperature read/write DVD
laser. While its relative position in the optical
pick-up market is not clear, Matsushita is like-
ly to the be a leading manufacturer of com-
plete DVD systems. The production model is
a 650 nm. 5 mW self-pulsating laser that will
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be used in players produced by Matsushita and
will also be sold to other manufacturers.
Production is currently “tens of thousands™
units per month, and is expected to reach
200,000 units per month by the end of the year.
The new read/write model. which is described
as being “close (o development™, is said to be
capable of operating at over 30 mW for 1,000
hours at 60°C. and is expected to have a life
span of 5,000 - 10,000 hours. According to a
Matsushita press release. the high temperature,
long life operation is made possible by coating
the laser’s edge with silicon hydride film
which absorbs less light.

NEC has announced that it has devel-
oped and started sample-shipping a DVD-
ROM semiconductor laser that operates at
70°C, with plans to produce 50.000 units
monthly. NEC, which earlier unveiled a 635
nm laser that operated at 60°C. reports that it
has optimized the MQW active layer structure
to develop a 650 nm, 5 mW laser that operates
as higher temperatures, targeting PC-use
DVD-ROM drives and DVD-based car navi-
gation systems. An 85°C model will be
brought to market one year from now. NEC
plans to produce 200,000 DVD lasers per
month late this year and expand output to
950,000 units in fiscal 1997.

Rohm announced in July of 1996 that it
has begun sample-shipping DVD read-only
lasers. The company has developed a single-
mode 650 nm AlGaAs laser with an output of
5 mW based on its CD/CD-ROM laser tech-
nology that uses MBE to grow the epitaxial
layers. The current device can operate at up to
60°C. and the company plans to raise the oper-
ating temperature to 75°C by early next year in
order to develop the DVD-ROM market.
Rohm also plans to unveil a multi-mode, 5
mW. 650 nm AlGalnP MOQW semiconductor
laser by November.

And, rounding-out the new announce-
ments. Sharp reports that it is ready to mass-
produce both 650- and 635-nm DVD lasers.
The company says that its DVD lasers are
guaranteed to operate for 10,000 hours and
withstand high temperatures of up to 60-70°C.
The company is currently sample-shipping 5
mW lasers for DVD-ROM and 30 mW lasers
for DVD-RAM. Sharp now has a DVD laser
production capacity of 500,000 units per
month and will be able to produce | million
units monthly from this fall. The company has
spent about 2 billion yen ($18.5 million) on
existing semiconductor laser lines to produce
DVD lasers.

From our Sept/Oct 1996 issue.
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Sharp Doubling Semiconductor Laser Production

harp has announced that it will double semiconductor laser produc-

tion from the current 5 to 10 million units per month by the end of
fiscal 1997. The company says that the focus of its efforts will be on the
production of 635-650nm semiconductor lasers for DVD, CD and MD
(Mini-Disk) players. Sharp plans to invest about Y 10 billion ($91.7 mil)
in its optical device division and expand the investment to Y20 billion
($183.5 mil) in fiscal 1997. The company also reports a growing
demand for its hologram laser, which integrates a signal detection photo
diode and a laser.

Several companies are announcing plans to ramp up semiconduc-
tor laser production in anticipation of the successful launch of the new
DVD optical disk technology. Sharp’s announcement mirrors similar
production forecasts released by Sony and Sanyo, among others. The
DVD standard will require 635 - 650 nm AlGalnP diodes as compared
to the 780 nm AlGaAs diodes which are used in the current generation
of CD players.

From our Nov/Dec 1996 issue

NEC Sets Optical Device Target

EC is aiming to double optical device sales to 40 billion yen ($370

million) by 2000. The company. which provides various devices

fro optical communications and information systems including laser

diodes, photod diodes and optical switches, says it plans to aggressive-

ly devleop new products, lower costs and expand its distribution chan-
nels toward this goal.

From our Sept./Oct 1996 issue.

Nitrogen/GalnP Compound for Laser Diodes

Hi[il\.‘hi and the Real World Computing Program (RWCP), a MITI-
initiated research organization. have jointly developed a new semi-
conductor material which mixes nitrogen with GalnP grown on a GaAs
substrate, The joint research group has created a laser sample which
uses the new material in the active layer. The device continuously oscil-
lated at 1.2 micron at room temperature. They report that the laser is rel-
atively unaffected by temperature changes, and it is suitable for
uncooled operation. According to a MITI spokesperson. adding nitro-
gen as a matrix material increases the energy gap between the active and
cladding layers, making the laser more resistant to changes in tempera-
ture and allowing higher temperature operation.

From our Sept./Oct 1996 issue.
Nitride Laser #3

In September researchers from Toshiba became the third group to
announce the successful operation of a GaN-based laser diode, fol-
lowing Nichia Chemical and Meijo University. Toshiba reported that it
had demonstrated a room temperature pulsed-mode 417nm laser diode
fabricated from a GaN/AIGaN MQW structure grown by MOCVD on
sapphire. Processing included what the company described as “a new
technology for cleaving the GaN crystal grown on the C-face sapphire
substrate and assuring a smooth surface™ Most of Nichia™ work to-
date has involved dry etching of the facets. and conventional wisdom
says that sapphire is not amenable to cleaving. However, Toshiba
believes that it is progressing toward a more manufacturing-friendly
|'.|['E‘L_'L"-\.

From our Novi/Dec 1996 issue.

ou Now Have a Choice

CVYD PRODUCTS is fast becoming THE CHOICE SUPPLIER OF PBN to lead-
ing edge technology companies all over the world. We have the experience,
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The Growing
Market for Indium
Phosphide Laser Diodes

Fiberoptic lasers will see a CAGR
of 18.75%, worldwide market
value of $1.5 billion by 2000

aser diodes based on InP and related compounds occupy an envi-

able niche: they are one of the enabling technologies for single

mode fiberoptic transmission systems. Therefore, as fiber net-
works continue to proliferate throughout the rest of this decade, the
demand for InP lasers will remain steady and strong. resulting in a
worldwide market value of nearly $1.5 billion by the year 2000.

The total market for all single-mode optoelectronic components
used in fiber-optic systems in 1995 was valued at $1.25 billion. That
market should grow at a compound annual growth rate (CAGR) of 20%,
reaching a value of $3.1 billion by 2000, according to a study recently
released by KMI Corporation. KMI's Richard Mack reports that laser
diodes will represent about one half of the total component market. As
shown in Figure One, KMI values the current market for laser diodes
used in fiberoptics at $700 million, with a forecasted CAGR of 18.75%
until 2000.

Mack reports that increased competition among carriers is leading
to fiber-based networks being built in all regions of the world. When
preparing their report. KMI examined all fiberoptic applications.
Obviously, telecommunications is the biggest segment: local. long dis-
tance, and submarine networks were all analyzed. Non-telecom net-
works, such as CATYV (cable television), satellite, radar and microwave
downlinks. and cellular system links were all included: as well as "pri-
vate" networks (operated by an entity other than a public service
provider) including building and campus-wide LANs. They identified
several factors which are contributing to the demand for fiberoptic sys-
tems, including increased requirements for higher-bandwidth transmis-
sion equipment; infrastructure building in developing countries; net-

work architecture improvements which take advantage of fiberoptics in
transport and switching: strong networking standards, and lower costs in
optoelectronics and interconnect products, making fiberoptic systems
more cost effective. In fact, KMI has identified only one possibly stag-
nant area - the submarine cable sector seems likely to see a slowdown
after this year due to a saturation of demand.

Building and servicing the world's fiberoptic networks will require
more than 2.5 million laser diodes per year by 2000. See Figure 2,
which illustrates the total growth in worldwide demand for fiberoptic
laser diodes and also shows the segmentation according to device type.
Fabry-Perot devices will suffice for most applications, but the more
sophisticated distributed feedback (DEB) lasers will be needed for more
demanding cases, especially at high data rates. The use of DFB lasers
will likely be especially prevalent in CATV applications, which demand
very high levels of performance from the fiberoptic system.

KMI has also segmented the market by wavelength. Figure Three
provides the breakdown for 1995. Significant changes to this pattern are
not predicted before 2000, with the exception that 980 nm pump lasers
will likely overtake 1480 nm pump lasers, due to the predicted slow-
down in the submarine market. Of the four categories shown in Figures
One and Three, all but the 980 nm pump lasers are fabricated on InP
substrates.

There are 30 or more manufacturers of diode lasers for fiberoptics
around the world, according to KMI's analysis. The largest among them
(minimum of $20 million in diode lasers for fiberoptics in 1995) include
Alcatel Optronics, AT&T Microelectronics/Lucent Technologies,
Fujitsu Compound Semiconductor. Hewlett-Packard. Hitachi,
Lasertron, Mitsubishi Electronics, NEC, Nortel (Northern Telecom
Optoelectronics), and Ortel. Seven of the ten (all but Hewlett-Packard,
Lasertron and Mitsubishi) also manufacture transmission systems. KMI
characterizes the market for fiberoptic laser dides as "fairly evenly
divided" between merchant and captive production.

Given the generally positive forecast for the market. there should
be opportunities ahead for many component manufacturers, and contin-
uing strong interest in the InP materials system for optoelectronics
applications.

From our March/April 1996 issue.

"Worldwide Markets for Fiber Optic Single-Mode Transmitter
and Receiver Components”, KMI Corporation, America's Cup
Avenue at 31 Bridge Street, Newport, RI 02820 USA, TEL [1]401
849 6771, FAX [1] 401 847 5866.
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When thinking about recent activity in
the field of IV Nitride materials, the word
“frenzy” comes to mind. Over 40% of our
subscribers :ndlcate t:hat at least: part of

Also in this section:

Nitride LEDs from Nichia

.

1‘"“‘""""*""77?

Nichia Chemical

Shm\'n above is the range of LEDs that Nichia Chemical Industries have successful-
ly fabricated from the GaN material system. At the far left is a violet LED with a
peak wavelength of 400 nm; at the far right is an orange LED with a peak wavelength
of 600 nm. According to Nichia’s Shuji Nakamura, all of these LEDs were fabricated
from GaN with single quantum well (SQW) InGaN active layers. The indium mole
fraction is varied between 0.2 and 0.7 to change the peak wavelength from the blue

region toward the yellow region. A noticeable decrease in intensity occurs at the longer

wavelengths, likely due to decreasing crystal quality in the InGaN. caused by lattice
mismatch and the difference in thermal expansion coefficients between the well and the
barrier layers.

Nichia’s first blue and blue-green LEDs were fabricated from InGaN/AlGaN dou-
ble-heterostructure (DH) layers. Although they provided high-power light output (> |
cd), they had a broad emission spectrum (FWHM = 70 nm) with the light output rang-
ing from the violet to the yellow-orange spectral region, making the output appear
“whitish-blue” to the human eye. Greatly improved performance. in terms of both color
purity and intensity, have been achieved using the SQW structures. For example. the
FWHM for blue LEDs (450 nm) has been reduced to 20 nm, with brightness up to 2 ¢d:
while green LEDs (520 nm) with FWHM = 30 nm and luminous intensity of 12 ¢d have
also been reported. Popular applications for these devices. such as full color displays.
are well known: but, according to Nakamura, it is also time to begin thinking about for
the production of white LED lamps for use in place of incandescent light bulbs or fluo-
rescent lamps. Nakamura also reports that, at present, Nichia is not working on com-
mercialization of the vellow LEDs, in favor of concentrating on the blue and green
devices.

From our Nov/Dec 1995 issue.

» European Nitrides - page 26
P Progress in GaN Homoepitaxy - page 26
» White Light LEDs - page 28
» Surface Mount Blue and Green LEDs - page 28
» UV Detectors - page 33

Blue LED #4

Sun_m Electric has announced that it has developed
a blue LED, and that its subsidiary Tottor1 Sanyo
Electric will produce and market blue LEDs lamps
from October 1996 and bring full-color (red-green-
blue) LED displays to market in the spring of 1997.
This would make Sanyo the fourth company to enter
the blue LED market. behind Cree Research, Nichia
Chemical, and Matsushita/Panasonic. No details,
such as active layer materials and performance spec-
ifications, are available at this time, but the company
says that the newly-developed blue LED is brighter
than those from Cree and Nichia, and has a compa-
rable life span. A company spokesperson also
reports that Sanyo will now focus on the develop-
ment of a blue semiconductor laser.

From our Sept/Oct 1995 issue.

Samsung to Pursue
Blue LEDs

Il appears that Samsung’s name should be added to
the growing roster of companies that are pursuing,
or planning to pursue, the blue LED market. The
evidence for this proposition comes by way of
MOCVD equipment manufacturer Emcore. which
recently announced what it calls a “multi-million
dollar multiple system order” from Samsung.
According to Emcore, the order consisted of “a num-
ber” of new systems which “will be used to expand
Samsung’s production line in Kiechung, Korea to
enable the manufacture of GaN blue LED's at pre-
sent with an eye toward laser devices in the future™.
A possible schedule for introducing the devices to
the market was not given.

From our Sept/Oct 1995 issue.
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Europe’s Status in Group III-Nitrides

Markus Kamp
University of Ulm
Ulm, Germany

he First European GaN Workshop

(EGW-1). held in Rigi, Switzerland June

2-4, 1996 provided a unique opportunity
to review the status of Group II-Nitride activ-
ities in Europe. The workshop. which was the
first European meeting dedicated to Group I11-
Nitrides, attracted 140 attendees, 64 con-
tributed presentations, and three invited talks.

The following statistics on the workshop
can be used to help analyze Europe’s relative
position in this field. Seven categories (sub-
strates, growth, characterization, alloys, dop-
ing. processing & devices) are used to describe
activities in GaN research.

Attendees of EGW-1 enjoyed eight
European talks (16%) on substrates and twelve
talks on growth (24%). No talks from Europe
were particularly on alloys. Twenty-one con-
tributions (42%) were presented on characteri-
zation, two presentations (4%) dealt with dop-
ing issues. Five talks (10%) were given on
processing and only two European contribu-
tions (4%) were on devices. The remaining 14
talks were contributed by non-European
researchers. By way of comparison, it is inter-
esting to note that the first MRS symposium on
Group IlI-Nitrides (held last fall in Boston,
MA - see €S 2(1). p. 41) had a significantly
lower number of talks on substrates (3%),
whereas there was a notably higher proportion
(17%) of contributions on devices. All other
topics at that meeting found comparable atten-
tion.

Europe, and especially Eastern Europe,
has a strong background in crystal growth. and
has produced powerful techniques such as the
Czochralski method. Today. the group headed
by Prof. S. Porowski at Unipress (Polish
Academy of Sciences) is leading the field in
GaN substrates (see box). As a further general
trend concerning substrates. SiC seems to be
less popular in Europe than in the USA. The
exceptions to this rule are for obvious reasons:
the Cree Eastern European Division and the
loffe Institute (St. Petersburg. Russia),

The European device activities still suffer
from the belated beginning of GaN research in
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Europe. Whereas the number of American and
Japanese companies which are developing or
offering GaN based devices (LEDs, FETs.
detectors) is increasing, there is still very little
real device activity in Europe. Serious efforts
occur at many places, but only Siemens
(Germany) and the University of Nottingham
(UK) reported electroluminescence from GaN
pn homojunctions. Both of these reports were
based on MBE-grown material. Since the elec-
troluminescence is still weak, these structures
are not yet good enough to yield commercial
products. At the University of Stuttgart
(Germany), researchers have succeeded in
optical pumping of a GaN/InGaN DFB laser.
Although this is not a real device, it does prove
the good quality of the underlying structure.
The two “real” device talks at EGW-I

Institute/Cree EED collaboration.  This group
is active in GaN on SiC. Using HVPE they
succeeded in the direct growth of GaN on SiC
without the otherwise mandatory low tempera-
ture nucleation layer. Chlorine gas is assumed
to play the key role in achieving the direct
erowth with reasonable quality. Since the
GaN/SiC interface is conductive, they can
employ vertical current transport through the
substrate. Currently various heterosystems on
SiC (AlGaN/GaN/SiC, AlGaN/SiC. GaN/SiC).
where SiC acts partly as substrate. and partly as
heteromaterial, are being reported.

The European contributions on character-
ization of GaN have been strong since Prof. B.
Monemar of the University of Linkoping
(Sweden) started optical characterization some
25 years ago. His well-regarded work on pho-

both contributed by the loffe-

toluminescence includes excitonic studies.

Progress in GaN Homoepitaxy

For a long time researchers struggled to
grow high quality GaAs on Si substrates.
Eventually, this work was all but abandoned
because it was not possible to reduce the dislo-
cation densities below 10°-10° cm? due to the
lattice mismatch of 4%. In GaN growth on sap-
phire substrates one has to cope with a 16% lat-
tice mismatch, yielding dislocation densities as
high as 10-10" em*.  However. Shuji
Nakamura of Nichia Chemical has certainly
proved that LEDs and lasers can be produced
nonetheless.

In spite of Nichia’s outstanding results,
there is a consensus that a better substrate mate-
rial could improve the performance of most
devices. The ideal substrate would be conduc-
tive (in contrast to sapphire). thereby allowing
current injection through the substrate. It
should also be highly heat conductive. to facili-
tate high power applications. Additionally, the
crystal structure as well as the lattice constant
and thermal expansion coefficient should be the

same as the epitaxially grown layers, to all
the cleaving of laser facets and 2-dimension
epitaxial growth without dislocations.

Obviously, all of this can be achieved orl,
in case of homoepitaxy, where GaN materid’
are grown on a GaN substrate. Happily, progre
is being made toward that goal. With the ot
standing work performed at the Polish Unipre
Center in Warsaw, the group around P
Porowski for the first time has produced G
substrates in useful sizes - up to 9 x 9 mm wi
thickness around 0.5 mm. Employing a hi
pressure (15000 bar). high temperatu®
(1600°C) method they obtained GaN platelt
from seeded or unseeded Ga melts under
pressure. These crystals reveal dislocation de
sities in the 102 ¢m? range, whereas a hig s
number of point defects still causes backerous
carrier concentration of 10" ¢cm*.

The maximum achievable size is curren
equipment limited, and Prof. Porowski presei
ed an impressive plot at EGW-1 showing i
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strain dependence and time-resolved PL of
undoped and doped GaN. Besides him, Prof.
B. Meyer (formerly Univ. Munich. now Univ.
Giessen) and Dr. U. Kaufmann (Fraunhofer
IAF) performed well-respected studies on deep
levels and excitonic transitions. Serious work
on electrical and optical characterization is
done at Ciudad University (Spain), within the
cooperation of the European LAQUANI pro-
ject.

So far. there are only a few companies in
Europe which are interested in production of
GaN-based devices. The major interest of
European companies is a blue LED, where
both Siemens and Temic (both German) have
research projects. Temic. a subsidiary of
Daimler-Benz. has publicly announced that it
plans to enter the blue LED market with a GaN
on SiC product - see CS 2(4), p. 25. Siemens,
which is a major player in the worldwide LED
market is also quite serious about GaN, and has
invested heavily in a cooperation with Cree,
giving Siemens access 1o their GaN/SiC LED
technology. (See €S 2(1), p. 14.) Thompson-
CSF (France) is working on photodetectors.
Philips (Netherlands) has projects on lasers,
but conducts research in the United States.
One the other hand, several non-European
companies have research activities in Europe,
including Cree (mentioned earlier). IBM (IBM
Zurich) and Sharp (Sharp Research in Oxford,
England).

Beside companies interested in GaN-
based devices, there are several European
equipment manufactures. Certain companies
produce general-purpose semiconductor equip-
ment which can also be applied to GaN, such
as x-ray diffractometers, PL & Hall systems,
etc. Beyond that. there is equipment particu-
larly dedicated to GaN. In Europe this includes
systems from MOVPE manufacturers Aixtron
(Germany) and Thomas Swan (UK) and MBE
system manufacturers VG Semicon (UK) and
Riber (France) and MBE component manufac-
turer Oxford Applied Research (UK). Vendor
interest in the nitride field was revealed by the
strong participation in the exhibit at EGW-1 -
almost 20 companies, or roughly one for every
eight attendees!

Today. almost every major European
country has nation funding projects in the GaN
field. However. most of these projects started
very late. For example, the first significant
German project on GaN was launched two
years ago. Aside from the different national
projects there is one single GaN project of the
European Community - the ESSPRIT project
LAQUANI. mentioned earlier, which is dedi-
cated to laser quality material with one focus
being the development of suitable substrates.

Europe has some 1350 groups working on
GaN, with efforts ranging from basic physical
investigations to unconventional applications
(e.g. carrier injectors to organic LEDs). It is

impossible to make mention of every group.
However. to complete the overview the theo-
retical work by V. Fiorentini of the University
of Cagliari (Italy) and J. W. Orton of the
University of Nottingham (UK) has to be men-
tioned, as well as the activities at universities in
Montpellier (France), Stuttgart (Germany).
Munich (Germany) and at CNRS Valbonne
(France) and the Fraunhofer IAF and PDI
Berlin (both German).

In summary. GaN activities in Europe
started late (except for the area of characteriza-
tion) and are still behind the status achieved in
Japan and the United States. Up to now,
Europe has achieved reasonable results on
GaN growth and excellent research on charac-
terization, and very notable work on GaN sub-
strates from Unipress in Poland. But. there
have been no commercial devices so far.
However, at several European facilities GaN
growth is succeeding to a point where the first
devices can be expected soon.

The GaN activities in Europe will contin-
ue - and so will the European GaN Workshop.
EGW-2 is being planned for June. 1997 by
Prof. J.P. Faurie of CNRS-Valbonne. At that
time we might expect some device work and
will be able to see if Europe is managing to
catch up with Japan and the US in the emerg-
ing field of GaN,

From our Sept/Oct 1996 issue.

almost exponential increase in size with time
(Se¢ Figure One.) So far the crystals. which
usually have a rough N terminated and a smooth
Ga terminated surface, have been used unpol-
ished. With MOVPE excellent optical proper-
ties have been achieved on these substrates
(Pakula et al.), where PL linewidths down to 0.6
meV have been reported at 4K. Recent results

obtained at the University of Ulm (Germany)
revealed record PL linewidths of 0.5 meV on
MBE grown homoepitaxial layers (See Figure
Two). This work. in which ammonia was used
as the N source in an on-surface-cracking
approach, revealed that MBE can deliver high
quality GaN layers at fairly low growth temper-
atures (~ 750°C). However. so far it remains to

be shown that homoepitaxial growth of ternary
alloys will also be significantly improved in
spite of the lattice mismatch or if stress com-
pensated structures have to be employed.
Nevertheless. it seems likely that if the GaN
crystal size and availability can be further
improved, it will have a major impact on many
aspects of the development of GaN technology.
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Figure One: Progress at Unipress in increasing GaN crystal

size. Crystal area doubles every 3-4 months.

Figure Two: PL spectrum of GaN homoepitaxy grown by MBE.

Spectrum taken at 4.2K, excitation 1 mW, HeCd.
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White Light Burning Bright at Familiar Site

Nichia Chemical establishes another “first”
with the release of a white light LED

the blue LEDs must be

{ ¥
wilile
Nakamura hov
ible disadvantage

conversion eticienc

only
one LED, and therefore requires only simple circuitry; in contrast, to produce white
light using LEDs of different colors requires three a sy

the current to each chip to balance their output. Therefore, the 3 color approach will
likely always be more expensive than the phosphor-based white lamp.

Nichia is currently offering the new technology in two packages. The first is a
standard domed LED package as shown in Figure 1. They are sample-priced at ¥ 300 a
piece in lots of 100. The other option is a flat panel, either 40mm x 136mm or
102mm x 126mm in area. These products are shown in Figure 3, and a schematic of
their operation is shown in Figure 4. Nichia reports that their first target markets are
car-mount panels, LED back lights and many other applications

Other Nichia LED News

Nichia has also recently begun shipping blue and green LEDs in surface mount
(SMT) packages, samples of which are shown in Figure 5. This new option is expect-
ed to be popular with manufacturers of color scanners, sensors and indicators, who can
take advantage of the small footprint and easy assembly offered by SMT technology.
The characteristics of the new devices are output power of 2.0 mW and luminous inten-
sity of 45 med for blue, and 1.2 mW and 150 med for green, which is between 50-66%
of the performance of the top-of-line domed models. SMT LEDs are expected to con-
stitute the majority of the LED market within the next two years.

From our Nov/Dec 1996 issue
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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. METZGER

etection of light in the ultraviolet

(wavelength < 400 nm) has a wide

range of applications, both commercial

and military, Most require a “solar blind”

detector - one which detects only in the UV,
but does not sense longer wavelengths.

Traditionally, UV detection has been

accomplished by two different devices - the

| photomultiplier tube (PMT) and the silicon

PIN photodiode. But it is likely that the next
generation of UV detectors will be made from
bandgap semiconductors which can combine
the best of both of these devices - the com-
pactness, low voltage operation of the Si pho-
todiode, with the solar blind capabilities of the

| PMT.

Why are 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 eV can only
detect light with wavelengths < 414 nm, there-
by making them naturally solar blind. The
bandgap 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 to 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 eV depending on polytype) and
ALiGa; N (Eg=34-6.2 eV for O<x<1).

SiC

Dale Brown and coworkers at Lockheed
Martin [Schenectady, NY], Cree Research
[Durham, NC], Rensselaer Polytechnic
Institute  [Troy. NY] and Optronic

Laboratories [Orlando, FL] have fabricated
6H-SIC epitaxial based p-n photodiodes for
operation over the 200-400 nm range. which
exhibit a responsivity of 175 mA/W at 270
nm. S. Sheppard. M. Melloch. and coworkers
at Purdue University [West Lafayettte, IN]
have fabricated buried channel Charge-Couple
Device (CCDs) using 6H-SiC, taking advan-
tage of the fact that 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 system. In addi-
tion, Boston Electronics  Corporation
[Brookline, MA| now offers SiC photodiodes
grown by Cree. These photodiodes can be
used with and without filters, where the filters
can block out a large amount of the light from
the 300 - 400 nm region. Limitations of this
device are due to the indirect bandgap of SiC
(and therefore lowered quantum efficiency).
and the fact that the 3.0 eV bandgap places it
just on the wavelength edge of being useful as
a solar-blind detector.

Al,Ga,; N

Anis Husain of DARPA, program manag-
er for several key DARPA sponsored GaN
emilter 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 applica-
tion, since you can tailor the cutoff wavelength
by varying the Al content.” This is one of the
key advantages that Al,Ga, \N has over SiC -
the ability to vary the cutoff wavelength from
360 to 197 nm by varying x (Al content) from
0 to 100%. When this is coupled with high
quantum efficiencies due to the material's

direct bandgaps, capability to form hetero-

junctions, low surface recombination rates,

and stability in harsh physical and chemical
environments, DARPA finds AlGaN the most
promising materials system for UV detection.

M. Asif Khan and coworkers at APA
Optics [Blaine. MN] have recently fabricated
Al.Ga, N photoconductors where the Al con-
tent ranged from 5 to 61%. The 61% Al con-
tent 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 compared to a com-
mercially 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 limit-
ed by the charge which gets stored at defects in
the AlGaN material. Khan says “that even
though the GaN shows twice the responsivity
of the SiC photodiode, its speed is greatly
reduced by defects - this is an issue which is
currently 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/AlGaN struc-
tures which exhibit ,,, of 70 GHz and f, of 20
GHz) as a photodetector, which has exhibited
responsivities as high as 3000 A/W for wave-
lengths 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 pho-
todetectors, Khan says “at the moment, 30-40
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different customers are evaluating our photovoltaic and photoconduc-
tive detectors for a wide range of activities - we believe that detector
applications will be a very good market for GaN-based devices.”

Northwestern University

Like the APA Optics effort, researchers at Northwestern
University's Center for Quantum Devices, lead by Manijeh Razeghi, are
actively pursing the development of AlGaN for photoconductive and
photovoltaic UV detectors. An interesting device under consideration is
a self filtering detector which gives a very sharp spectral responsivity.
See Figure | for the energy band diagram of this detector in which the
n-GaN layer is 0.5 um thick and the p-GaN layer is 2.0 um thick.
Utilizing backside illumination through the AIN buffer layer. all light
with energy above 6.2 eV is absorbed by the AIN, while permiiting
lower energy light to pass through. Photons with energy between 3.4 eV
(GaN bandgap) and 6.2 eV (AIN bandgap) get absorbed in the n-GaN
laver. Because GaN has a very high absorption coefficient (10° cm!) the
photons entering this region all get absorbed within the first 0.1 um.
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 pro-
duce no photocurrent. Itis 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 contribute to the photocurrent.
Therefore, the responsivity of this detector is essentially tuned to the
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Figure 1. Band diagram of GaN-based self-filtering detector,
Courtesy of Northwestern University.

bandgap of the GaN. By adding Al to the GaN in this detector, it should
be possible to shift this self-filtering detector response to shorter wave-
lengths.

In the future, all these UV photodetectors (PMT, Si. SiC, AlGaN]|
will be available, each exhibiting their own particular strengths and
weaknesses. However, for applications requiring small volumes, low
powers, and the ability to tune cutoff frequencies, AIGaN based-detec-
tors offer clear cut advantages, which may well make AlGaN the mate-
rial of choice for future UV detectors.

From our May/June 19906 issue

Thinking Blue?

Think Blue Ammonia.

If you're thinking blue lasers and blue LEDs, you should be thinking
Blue Ammonia from Solkatronic Chemicals. With a minimum purity of
99.99994%, it's the purest on the market today. We listened and
responded to the research community to develop a higher purity
ammonia for use in ultra sensitive Gallium Nitride (GaN) processes for

the production of blue lasers and blue LEDs.

All Blue Ammonia is packaged in Solkatronic’s microPure® cylinders

to ensure manufacture-to-delivery purity. A Certificate of Analysis, which
comes with a complete gas and liquid phase metals analysis, accom-
panies each shipment. If you're thinking blue lasers and blue LEDs,

think Blue Ammonia from Solkatronic.

| (&) l
soLvaY|

solkalfonic

Solkatronic Chemicals, Inc. * 30 Two Bridges Rd » Fairfield, NJ 07004-1530

Tel: 201-882-7900 * Fax: 201-882-7967 » Toll Free: 800-521-3981

Blue Ammonia Specifications

Argon < 20 ppb
Carbon Dioxide < 100 ppb
Carbon Monoxide < 50 ppb
Hydrogen < 100 ppb
Oxygen < 100 ppb
THC (as Methane) < 50 ppb
Water < 200 ppb




Applications: the Key to
Continued Prosperity

The key to the future success of the com-
pound semiconductor industry lies in exploit-
ing applications with good growth potential. A
statement such as this may seem almost too
obvious to warrant printing, but the truth is
that anyone who has worked in this field for
very long can remember a time when most
people worked on little more than basic
research or low-volume military projects.

Some of the most popular articles from
our first two volumes were reviews of new and
existing applications for compound semicon-
ductor devices and circuits. The following
pages contain five of our favorites, ranging
from cellar phones - everybody's current
favorite - to LED-based displays, power pro-
cessing, and more.

The Three Chip Phone - page 37

Hall Elements from Asahi Chemical - page 38
I1I-V Solar Cells - page 40

High Temperature Applications - page 42
GaAs Rectifiers - page 46 |
Full Color LED Displays - page 49

Cutting the Cord

Wireless communications are freeing analog GaAs
from reliance on low-volume military markets.

ROBERT A. METZGER

microwave and millimeter wave fields have been dominated by

military and large industrial needs. But now a massive RF market
is taking shape which will be driven by the needs of consumers in search
of wireless communications.

Evidence of the exploding market for wireless communications
equipment is readily available in almost any urban area - just look at the
number of people talking on cellular phones. or wearing pagers. There
is also a plethora of other types of wireless equipment: cordless phones.
direct broadcast satellite (DBS) TV. wireless local area networks
(WLANGs), global positioning systems (GPS), mobile computing, etc.. to
name just a few. How big is the market? One research firm, Electronic
Trend Publications [San Jose, CA], estimates that almost 91 million
units of wireless communications & computing devices were shipped in
1995. and that this figure will rise to more than 175 million units by the
year 2000,

Some of the potentially very large wireless applications. such as
WLANSs and other two-way data transfer systems, will operate at high
frequencies (2.4 GHz and above) that are well suited to GaAs's capa-
bilities. But. the most interesting areas at present are cellular and cord-
less telephones, which operate at frequencies <2 GHz, where Si is more
competitive. The huge demand for cellular services is quickly filling up
the 800-900 MHz frequency range - so the companies that provide cel-
lular services in the US recently spent over $7 billion at the FCC
Broadband Auctions for the right to use the PCS frequency band (1800-
2000 MHz) for future cellular/data communications services.

S ince the creation of the first radar systems in the mid-1930's the

Every one of the millions and millions of consumer-oriented hand-
sets requires RF or microwave components. While there are many dif-
ferent types of wireless equipment. each with their own specifications
for operating frequency. output power, etc., all share certain fundamen-
tal building blocks in the RF “front end™ portion. It can generally be
divided into four sections: 1) the receiver, which amplifies the incoming
signal through a low noise amplifier (LNA); 2) the transmitter, which
amplifies the outgoing signal through the power amplifier (PA): 3) the
downconverter, which takes the incoming signal from the LNA, reduc-
ing it to the IF, and then passing it along to the non-RF portion of the
phone. as well as the upconverter. which receives the IF from the non-
RF portion of the phone, increases it back to the RF frequency. and then
passes it into the PA; and 4) a transmit/receive switch to control incom-
ing and outgoing signals.

The RF/IF components used in today’s wireless phones range from
GaAs and Si MMICs to GaAs and Si discretes. Device types used
include Si-BJTs and Si-CMOS. while GaAs-based devices include
MESFETs, HBTs and HEMTs. At the moment. Si-based discrete
devices dominate the RF/IF market, but that fact does not help explain
where the market is going. Depending on the type of wireless device,
its capabilities, its niche in the market place (high-tier or low-tier), and
the quantity of the product being produced, each device type offers
unique advantages and disadvantages. One of the more interesting con-
tests currently being waged is not between GaAs and Si. as one might
expect, but between discretes and MMICs - and some of the more
sophisticated manufacturers are trending toward discrete solutions.
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Natural Place

“GaAs has its natural place and silicon
has its natural place. GaAs must compete
head-to-head with Si only where their capa-
bilities overlap,” says Joe Skovron, marketing
manager of TriQuint Semiconductor
(Beaverton, OR), a GaAs-based MMIC fabri-
cation house, At the moment, there is not one
best set of RF components for a cell phone,
and there will not be one as long as the
requirements and capabilities of the phones
themselves are as varied as they are in the
current marketplace. But by using the guide-
line of finding the “natural” place for a com-
ponent - matching the phone’s needs with a
device’s capabilities - a design approach can
be established. For example, performance
requirements will vary depending on the type
of phone (high-tier or low-tier. analog or dig-
ital). The capabilities of the phone manufac-
turer are also important. Smaller
companies may not be able to afford

natives as well. Silicon bipolars require no
negative power supply and are relatively low
cost, but they have inferior RF integration
capabilities due to the lossy silicon substrate
and have poorly-competitive PAEs (40-50%).
making them ill-suited for high-tier phone
applications. RF MOSFETS require no nega-
tive supply and they suffer from the same
inferior RF integration as silicon bipolars, but
exhibit competitive PAEs (60-70%) and are
very low cost. These different characteristics
make all these devices applicable to some
phone applications and inappropriate for oth-
ers.

Discrete vs. MMIC

Major GaAs producers such as TriQuint
and Anadigics (Warren, NJ). supply a full
range of GaAs-based RF MMICs for cellular
phone applications. According to Jerry

in high volume for the last three years, we
have established a very stable, manufac-
turable process - in which we are running
small enough die so as to get 20,000 LNA per
3 inch wafer. Despite the complexity of the
process, we can sell a PHEMT LNA in vol-
ume quantities for under $1.” Morkner has
found that some customers actually prefer
building blocks in which the LNA and mixer
are sold separately, thereby giving them more
design latitude.

Jack Di Bartolo of Pacific Monolithics
(Sunnyvale, CA) also finds that the best mar-
keting strategy is not to overly integrate their
GaAs-based MMICs. “We don’t want to be
too applications specific,” he says. “If we
over-integrate a device so it meets one phone
manufacturer’s need, then we will not be able
to sell that chip to another manufacturer who
has slightly different needs.”

GaAs houses are not the only MMIC

producers to experience stiff compe-
tition from discretes. Harris

large numbers of designers to opti-
mize a discrete solution, and will
therefore often opt for the MMIC
solution, whereas the larger and
more sophisticated manufacturers
with more design resources may pre-
fer to wring every last drop of per-
formance out of their phones by
assembling more complex solutions
based on discrete devices. Of
course, the availability or lack there-
of of in-house discrete or MMIC
capability is also important.

One of the more interesting contests
currently being waged is not between
GaAs and Si, as one might expect, but
between discretes and MMICs - and
some of the more sophisticated manu-
facturers are trending toward discrete
solutions.

Semiconductor offers a Si-BJT-
based LNA/Mixer - the HFA-3600.
Using a wafer bonded process so
that the entire bipolar sits on Si02,
this configuration cuts down on the
high frequency parasitics which are
normally present in Si-based
MMICs. “Discretes are the chief
competition and will probably dom-
inate for years,” says Wes Kilgore of
Harris. “For the LNA/Mixer, we are
competing against discretes which a
good designer can put together for

Each electronic device also has
its own unique set of capabilities,
which may or may not make it compatible
with a specific phone. For example: there is
widespread agreement that GaAs is a natural
choice for PAs. But what kind of GaAs?
Depletion mode MESFETs and HEMTs pro-
vide the best power added efficiencies (PAEs)
(approaching 80% at 3V operation), making
them suitable in the PAs of many high-tier
phones where long talk time is needed.
However, these devices require a negative
power supply which adds to the cost of the
phone, and in the case of HEMTs, require
sophisticated epitaxial growth capability.
Enhancement mode MESFETs and HEMTs
do not require a negative supply, and they
provide excellent PAEs for PA applications,
but there are limits to their maximum output
power. HBTS require no negative supply,
have very competitive PAEs, and exhibit
excellent linearity, but they also require
sophisticated epi. And there are silicon alter-

Miller, sales manager of Anadigics “we are
currently shipping over 100,000 power
amplifiers for 900 MHz applications
(AWTO0900-series - PAEs of 55% ) a month.
What we find is that our real competition is
not from Si MMICs, but from both Si and
GaAs discretes. Customers add up the price
of the discretes and ask if can you meet the
price - if not. then they’ll go for the discrete
solution.”

While MESFETs are the mainstay of
Anadigics and TriQuint, HEMTS are being
commercially produced by other companies.
Hewlett Packard Communication
Components Division (Newark, CA) offers
an integrated LNA/mixer, as well as the LNA
and mixer alone, all based on MBE-grown
PHEMTs. This part requires 8 mask lavers,
E-beam written gates, as well as a gate recess
etch. Henrick Morkner of Hewlett Packard
says, “because we have been running this part

$0.60-0.80. The advantage that we
have is that we feel the MMIC
approach is more manufacturable, since you
don’t have to worry about matching discretes
which vary from lot to lot.”

Once a part meets operational specifica-
tions, all that matters is cost. When it comes
to cost, it is very difficult to beat a MOSFET.,
Hitachi (Brisband, CA) offers a wide spec-
trum of two and three stage MOSFET-based
power modules. These devices operate at 4.8
V. and can deliver up to 1.2 W at 50% PAE.
Because of these characteristics, Paul
Patterson,  Senior Product Marketing
Engineer, says that “we have obtained a dom-
mant position is GSM systems.” However.
Patterson says that he is the first to recognize
that MOSFETs do not represent “the best
solution to all the customers needs.” But
even though MOSFETs might not meet the
needs of every customer, Patterson feels that
Hitachi’s product line as a whole can do the
job.
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Plenty for All

Companies like Hitachi, Siemens, M/A-COM, Motorola,
Hewlett Packard, and Texas Instruments offer a range of tech-
nologies and device types, i.e. GaAs MMICs, Si-bipolar, or
MOSFET modules. For these manufacturers, the device type
or material used does not really matter. All that matters is that
business is growing.

According to Andreas Nitschke of Siemens, ‘business is
occurring at an unforeseen growth rate - it is booming!™ And
Siemens is not the only company turning in good results. RF
MicroDevices (Greensboro, NC) has seen phenomenal growth
over the last three years. The fabless facility, which sells only
RF MMIC devices. has seen bookings climb from $1.9 million
in 1993 to $9 million in 1994 to projected bookings of $18-20
million in 1995. Jerry Neal. marketing manager of RF
MicroDevices says, “growth is absolutely explosive. We're
experiencing sales that are more than doubling every year and
we will need to double our head count from the present 50 to
100 by the end of the year in order to keep up with demand.”
RF MicroDevices offers a wide range of MMIC technologies,
including HBT-based circuits from TRW, MESFETs from
TriQuint Semiconductor and ITT, and Si-based parts from
IBM. Of the 5 million ICs they project selling in 19935, 60%
of their sales will be due to GaAs-based MMICs with the
remaining 40% due to Si-based MMICs.

Things are also looking good in the GaAs-only camp.
Like Anadigics, TriQuint is having a very good year. They are
currently running more than 10,000 4™ wafers per year. and
are predicting sales in 1995 of $45 million, up by $15 million
from 1994. TriQuint’s most popular RF part, the TQ9203, an
LNA/Mixer for cellular phone operation in the 800-1000 MHz
range, has recently surpassed the 3 million production level
point. TriQuint believes that this growth is tightly coupled to
their 1.0 mm, 13 mask layer E/D MESFET process. which
they think is competitive in performance with the most aggres-
sive bipolar process (which, with trench isolation, is typically
a 21 mask layer process), and just as competitive in price.

GaAs Phone Home

Even though Si-discretes currently dominate the RF/IF
market, this trend is beginning to give way to GaAs-based
MMICs. The current predominance of both discretes and low
levels of integration are a direct consequence of the literally
hundreds of different models of cellular phones, and the more
than a dozen different operating standards which currently
exist. But when a given phone model can be produced in the
hundreds of thousands of unit quantities, then it can make eco-
nomic sense to spend the resources on designing and fabricat-
ing a specific chip set for that phone, where the volume of pro-
duction will drive down costs, allowing the MMIC approach
to not only compele, but to beat the discrete approach.

The GaAs industry has learned from hard experience that
it should always mix some caution in with its optimism.
Nevertheless, when one looks around the cellular, cordless,
and general wireless fields, it is easy to believe that the days
of reliance on low-volume applications are over for good.

From our Sept/Oct 1996 issue.

The Three Chip Phone

n the long, all analysts expect higher levels of integration in wireless
handsets - especially as volumes for individual models increase.

TriQuint Semiconductor rounded out its offerings for the wireless
market by launching a line of GaAs RF power amplifier ICs in late 1995,
amove which is considered to have the potential to add up to $20 million
in sales per year to TriQuint's current total of around $60 million. But
perhaps more interesting in the long run is what it reveals about the com-
pany’s vision for the future of handheld wireless products. TriQuint’s
President and CEO Steve Sharp says “whereas there are typically eight
ICs or more in a next generation phone, we believe that the next break-
through will be a three chip, three technology solution involving a single
CMOS baseband chip, a bipolar of BICMOS IF chip, and a single GaAs
RF chip.” TriQuint is openly critical of the often mentioned “single chip
phone” concept, on the grounds that the variety of functions required in
the handset can be implemented with the optimum price/performance
ratio only by using different technologies. In fact, Sharp believes that
even the silicon parts of the phone will not be integrated in the foresee-
able future. “If a single silicon solution to combine the IF and baseband
portions could be built, it would have to be BICMOS. which would be
more expensive than keeping them separate™ he says.

As for the the RF portion, he envisions “a single GaAs chip that is a
full function RF section which allows low cost and power consumption
and high integration. This will provide the optimum architecture for low
cost. minimal battery requirement phones.” He concludes that his com-
pany’s role in making this vision a reality is “to vigorously pursue a path
of RF LSI to bring wireless equipment manufacturers the same benefits
of integration in the RF section of the phone that is enjoyed in the rest of
the system™.

TriQuint beleives that the overall worldwide cellular and PCS hand-
set volume will exceed 30 million units per year by 1997.

From our Jan/Feb 1996 issue.
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The “three chip phone”: TriQuint’s vision of the future of wirleless hand-
sets as a mixture of GaAs, CMOS and BiCMOS.
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Hall Elements from
Asahi Chemical

The company that claims >70% of the
world market for Hall sensors shows us
their next generation of products

he current status of the market for Hall

elements, as portrayed by Asahi

Chemical Industry Co. [Fuji-city,
Shizuoka, Japan] could be classified as a
"good news - bad news - good news" story.
The first piece of good news is that the market
for Hall elements, in terms of units required. is
huge. approaching 1200 million units in 1995
(see Figure One). Furthermore, demand is
likely to continue to grow, due to ever-increas-
ing sales of audio, video and computer elec-
tronics. These types of equipment need high
performance, finely controlled DC motors to
perform functions like driving and taking up
the tape in a VCR, spinning a CD in an audio
player, and accessing the drives in a personal
computer. It 1s now commonplace for these
motors to be controlled by magnetic sensors
instead of brushes, and the Hall element is the
perfect sensor for the job.

The bad news, at least as far as most read-
ers of this magazine are concerned. is that the
very large majority of this market is served by
a relatively "low tech” utilization of the classic
Hall element material, InSb. Asahi Chemical.
which entered the market in 1980, currently
supplies around 70% of the world's require-
ments for Hall sensors by depositing a 0.8 pm
thick layer of polycrystaline InSbh on mica.
then peeling off the InSb layer and transferring
it to a ferrite substrate. Electron mobilities in
such a device are 20.000 - 30,000 cm? /Vsec,

and the device produces output voltages of

150 - 270 mV. See Table 1. While the devel-
opment of this these Hall elements is obvious-
ly a significant business achievement for
Asahi - last year they sold 800 million such
devices - persons with an interest in science

38 Special Issue 1997

and technology would likely prefer to see
more reliance on state-of-the art compound
semiconductor engineering.

The good news is that the next genera-
tions of Hall elements from Asahi are moving
in exactly that direction, using different mate-
rials (InAs active layers, grown on GaAs sub-
strates), different deposition methods (multi-
wafer MBE growth) and different device
structures (quantum wells) to produce Hall
elements which offer improved characteristics
over current production models.

The Next Generation

Ichiro Shibasaki and his colleagues at the
Asahi Chemical Corporate R&D Facility are
responsible for finding ways to make the next
generation of Hall elements. Like the very
successtul InSh models, the new products will
need to offer small packages. low costs, and
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Figure 1: Asahi Chemical's estimate of the worldwide
market for Hall elements as magnetic sensors.

compatibility with high volume production,
The primary improvements that are sought are
in the area of operating temperature range,
because the one significant weakness of the
established InSb product line is the large tem-
perature dependence of the input resistance,
caused by the narrow bandgap of InSb. This
has the practical effect of restricting their use
Lo near-room temperature conditions. A possi-
ble alternative is to use GaAs. which has a
larger bandgap (1.43 eV, compared to 0.17 eV
for InSb). However. the R&D team at Asahi
concluded that the GaAs Hall elements did not
offer sufficient sensitivity to magnetic fields.
due to GaAs's lower electron mobility com-
pared to InSh. and that they could not be used
where high signal-to-noise ratios are required.

In the late 1980's, work began on another
alternative: Si-doped InAs layers. The struc-
tures, with a typical thickness of 0.5 pum, are
grown on 2" semi-insulating GaAs wafers,
using one of the industry’s first multiwafer
(12 x 2") MBE systems. The variation in
thickness uniformity among the wafers on the
platen is + 3%, which is more than sufficient
for this work. At 300 K and a doping level of
8 x 10" em”, electron mobilities of 11.000
cm?/Vs are obtained. A device fabricated from
these layers in described in Figure 2. The

Properties of InSb, InAs thin film, and InAs QW structures.

Electron Mobility

Electron Density Thickness

Material Doping (em?/Vsec) ( x 10" em+) (pm)
InSb none 20,000 ~ 30.000 2 0.8
InAs Si 11,000 b 0.5
InAs QW none 20,000 ~ 28.000 50 0.015
Properties of InSh, InAs thin film, and InAs QW Hall elements
Driving Hall output voltage  Offset Voltage Resistance
| Material Voltage (mV) (B=0.05T)  (mV) (B=0T) (Q)
InSb [ 150 ~ 270 T 240 ~ 550 |
InAs 6 100 <+ 16 400
InAs QW 6 250 ~ 300 <+ 16 700

Table 1. Selected properties of three different structures and Hall elements fabricated from

them.
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electrode structure allows highly reliable Au
wire bonding using high volume equipment.
Standard epoxy resin processes are used for
packaging. Electron mobilities are ~11.000
em?® /Vsec, and typical output voltage is 100
mV. See Table 1. Although the sensitivity of
these devices is reduced in comparison to the
InSb models. they do offer much greater tem-
perature independence - see Figure 3. This has
helped them find a market niche, and. to date,
Asahi has sold more than 5 million of these
devices for use in brushless motors and as cur-
rent sensors.

The State-of-the-Art

The challenge which is currently being
addressed at Asahi is the development of low
cost product that offers both the wide tempera-
ture range of the InAs Hall elements and the
high output voltage of the InSb devices.

Higher sensitivity. and even lower tem-
perature dependence, could be expected if it
were possible to fabricate high quality ultra-
thin films of InAs (<0.1 pm). However, it is
virtually impossible to do this, because of the
lattice mismatch (7.0%) between InAs and
GaAs. As an alternative, researchers at Asahi
have turned to quantum well (QW) structures,
using InAs sandwiched between insulating bar-
rier layers which are lattice-matched to InAs.
The InAs/AlGaAsSh material system was cho-
sen because of the large conduction band offset
of ~1.3 eV. Experimental results show that the
quality of the InAs layer is very high, yielding
electron mobilties of ~20.000 ¢cm*Vs. Higher
mobilities have been reported for InAs QW
structures which use AISb barriers and buffer
layers, but this approach was considered to
unsuitable for high volume manufacturing due
to the potential for oxidation of the Al-contain-
ing layers.

The typical characteristics of the InAs
QW Hall elements have been found to be
exceptional.  As shown in Table 1. electron
mobilities comparable to InSb have been
obtained, but even higher Hall output voltages
are achieved. According to Shibasaki. the Hall
output voltage for constant drive voltage is as
large as 600 mV @ V,, = 6 V and B=1kG,
which 1s 2 to 2.5 times larger than that of the
Si-doped InAs devices. and 4 or 5 times larger
than that of conventional GaAs Hall elements.
Under normalized conditions (the same Hall
output voltage and the same magnetic field).
the power dissipation of the InAs QW elements
is 1/5 to 1/10 that of commercial GaAs Hall
elements - an attractive feature for use in bat-
tery operated devices.

As shown in Figure 4. Hall output voltage

g Iy Hall element pattern
4 |
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| | b
n ' Z[| InAs thin fim Elactrade

iy i

| '

o | ekt 2 !’_ | GaAs subsirate ‘
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{a) plane view

(b} cross section view
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Figure 2: Top: structure of the InAs thin-

film Hall element chip; Middle: photograph

of an unpackaged chip (actual size = (.36 x
0.36 mm?); Bottom: photograph of the fin-
ished product.
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Figure 3: Temperature dependence of Hall
output voltage for InSb and InAs thin-film Hall
elements. The driving voltage for the InSh
models is 1V, and for the InAs models it is 6 V.

at constant driving voltage decreases monoton-
ically as temperature increases, corresponding
to the monotonic decrease in electron mobility.
The temperature coefficient of Hall output
voltage for voltage driven InAs QW Hall ele-
ments is 0.1%/deg.. which is the lowest figure
for all reported Hall elements. Regarding sen-
sitivity, the InSb devices characterized in
Figure 4 may appear superior; however, Hall
output voltage is proportional to the driving
voltage and the maximum driving voltage for
InSb Hall elements is limited up to 2 V due to
burnout, and the breakdown voltage at room
temperature is 4 or 5 'V due to the negative tem-
perature coefficient of resistance. On the other
hand. a driving voltage of more than 12 V is
possible for InAs QW Hall elements because of
its positive temperature coefficient of input
resistance. Therefore, InAs QW Hall elements
are more than equivalent to InSb hall elements
in their effective sensitivity.

The InAs QW structures are also suitable
for mass production. They can be grown in the
same MBE system which is used to produce
the Si-doped InAs structures, and the growth
time required is only one hour. Shibasaki and
his colleagues believe that the InAs QW strue-
tures are the ultimate solution for industrial
sensors, automotive sensors, and other new
applications for the future. And. given the
characteristics of the device, including its very
high output voltage, low power dissipation, and
small temperature dependence. the evidence
suggest that they may be right.

Editor's Note: Ichiro Shibasaki was awarded
the 1996 Commendation as "the person of sci-
entific and technological merits" for the devel-
opment of high sensitivity thin film Hall ele-
ments by the Japanese Minisiry of State for
Science and Technology.
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Figure 4: Temperature dependence of Hall
output voltage for InSh and InAs QW Hall
elements, with a commercially available GaAs
Hall element shown for comparision. The
driving voltage for the InSb models is 1 V, and
for the InAs QW and GaAs models it is 6 V.



APPLICATIONS

Flying High:
The Commercial Satellite
Industry Converts to

Compound Semiconductor

Solar Cells

They are still more expensive than silicon,
but benefits gained at the system level
make III-V devices competitive

MARIE MEYER and ROBERT A. METZGER

space launch for its massive Iridium project, which is a 66-satellite

network that is scheduled to begin providing worldwide mobile com-
munications services in 1998. On board each of those satellites there will be
24 square meters of I1I-V material, in the form of GaAs-on-Ge solar cells.
And Iridium is not the only GaAs-powered project in the works: experts
estimate that between 50 - 70% of all of the commercial satellites now under
construction will be equipped with III-V solar cells.

The switch to compound semiconductor solar cells is something of a
revolution in the satellite industry. The traditional material of choice has
been silicon. because it is lightweight, reasonably efficient, and inexpensive.
But improvements in I1I-V solar cell design, coupled with demand for satel-
lites with more on-board power, have changed the market dynamics in favor
of compound semiconductor materials. The transition happened so fast that
it may have caught the suppliers by surprise, because by all accounts the
demand for GaAs solar cells is currently outstripping supply.

This winter, if all goes according to plan. Motorola will make the first

Artist’s rendition of an Iridium satellite. Components
include: A = solar panels; B = command module; C =
main mission antenna; and D = crosslink antenna (for
satellite-to-satellite communications).

Benefits at the System Level

GaAs solar cells first became a viable option around five years ago. As
the technology moved into volume production the price of GaAs solar cells
dropped from around ten times the price of Si cells to closer to five times.
However. the current shortages, exacerbated by insufficient supplies of Ge
substrates, are pushing the price ratio back up to around seven or eight 0
one. See Figure 1. This may be the upper limit for GaAs: according to
Klaus Bogus. Head of the Solar Generators Section of the European Space
Agency, once the ratio exceeds 8:1, GaAs ceases to be price competitive
with Si. However, Bogus believes that GaAs has a promising future because
corrections in the Ge substrate supply and increased epi capacity at the man-
ufacturing facilities should improve price competitiveness.

II-V solar cells will never be as cheap as Si on a per/meter sq. basis.
However, price parity in terms of surface area is not the goal. Satellite man-
ufacturers are willing to pay a premium for GaAs because of its higher effi-
ciency. On a laboratory test bench one would likely measure a typical effi-

e Power (Watts) Per One Square Meter of Solar Panel
| J=Sa R o e BQL PO“-'e.r (W) EOL Power (W)/
: /l siracive whet the pica Un-Irradiated 1 MeV Electron Fluence
g 8- i Efficiency? 3x10™ e/em? 1 10%F e/em?
g | Material (%) 28C | s0¢ | 2®°C 50°C 28°C | S0°C
| (— Silicon 14.8° 170.9 149.5 129.0 112.2 13.0 98.8
& Derra‘r::er:na(;a.a:oﬁv:::cr:: cals] GaAs/Ge 18.5 218.1 208.2 |88.1 179.6 166.8 159.3
2 5\ prices drop | GalnP/GaAs/Ge 21.5 2535 242.8 2230 211.9 192.7 183.0
o - — — ‘Mev !:.'.r’c'n_'rrfm Fluence * Minimum Average Cell Efficiency at 28°C.
g g 2 g £ ;ﬁ_ 2 g g g "Values given for silicon are for the best available commercial product. Less efficient models are also available.

Figure One: Summary of price trends for GaAs

Table One: Comparison of specifications for three types of solar cells offered by Tecstar
and Si solar cells in this decade. . s W ol el offored By e

[City of Industry, CA USA]. The power specifications are for output in Watts (W) for a
one square meter solar panel.
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ciency of ~19% for a GaAs cell and ~15% for a Si cell. Thus the “begin-
ning of life” (BOL) difference between the two is ~25%. But satellite com-
panies base their designs on “end of life” (EOL) specifications, because they
need a system that functions properly right through to end of its mission -
anywhere from 5 to 15 years for a communications satellite. Because of its
wider bandgap. GaAs has superior radiation hardness characteristics and
suffers reduced degradation in high temperature operation (in orbit, the typ-
ical ambient temperature for a solar panel is ~50°C). Thus its EOL output
is 40-60% higher than silicon. And new III-V solar cells based on
GalnP/GaAs compounds grown on Ge substrates are now commercially
available, providing even better BOL and EOL performance. See Table |
and Figure 2.

Most commercial satellites share a relatively similar structural frame-
work which allows two wings, each holding up to four solar panels with a
maximum dimension of ~2.5 x 3.5 meters for each panel. A satellite design-
er can take advantage of GaAs’s greater efficiency in two ways. One is to
make use of the full panel area allowed (~ 70 sq. meters) to provide the max-
imum amount of power to the system. Current technology can deliver up to
15 kW (EOL value) to the satellite using GaAs, compared to ~6 kKW for a Si-
powered unit. Among others, Hughes is using this approach to win com-
mercial satellite contracts by offering superior payload power. The other
option is to simply use fewer solar panels, which reduces the materials and
assembly costs for the satellite, and also reduces its overall weight.
Commercial launches currently cost around $20.000 per kilogram. so the
later factor is clearly important.

Practical considerations, not least of which is the need to mesh with
existing commercial launch capabilities, mean that satellite developers will
continue to adhere to this framework for the foreseeable future. But there is
still need for additional development of solar cell technology. For example:
the industry would welcome a high efficiency III-V solar cell that could be
grown on substrate which is more readily available than Ge. Silicon would
be the obvious candidate, but its use requires that techniques be developed
to overcome the lattice mismatch. Also. there may be future requirements
for satellites that can exceed the current maximum power supply. Since
adding more solar panels is not an attractive option, the best way to achieve
this goal is to further increase the efficiency of the cells. Technology which
is not currently price competitive, such as InP-based cells. might be able to
find a niche here. And, thirdly, the availability of a very rugged solar cell
technology would facilitate the use of orbits that intersect the Van Allen
belts. These orbits are attractive for commercial reasons, but are extremely
challenging for the satellite designers because of particle radiation. Whereas
the main body of the satellite can be shielded, the solar cells must, by defi-

nition, be exposed. so superior rad-hard characteristics will be needed to
exploit this niche. (See page 26 for a more complete discussion.)

Constellations of Satellites

The traditional telecommunications satellite is intended for a geosyn-
chronous orbit (GEO), where from one spot it can “see” around 1/3 of the
carth’s surface, Iridium, however. is part of a new class of commercial ven-
ture, the so-called “satellite network”, wherein a chain of interlinked satel-
lites are put into low earth orbits (LEOs)’. The surface coverage of each
satellite is much reduced, but the time required to transmit data is also
reduced, making LEOs well suited for broadband communications. Because
of the reduced coverage of the LEOs satellite, more spacecraft are needed -
which means that LEO projects could be a huge boost for the entire com-
mercial space industry. Two of the highest profile “big LEO™ projects are
listed in the table below. The Iridium projects is the furthest along, but there
is an even bigger one in the developmental stage: Teledesic. a project which
is being developed by Craig McCaw and Bill Gates, requiring a staggering
840 satellites. But even if Teledesic fails to get off the ground, the forecast
for the satellite business looks rather good, with plans for several dozen
units a year for the next several years. Whether I1I-V solar cells can hold
the majority of the market remains to be seen. The typical power require-
ments for a LEO satellite are much lower than for a GEO satellite (1-2 kW,
as opposed to ~6-8 kW), which may make it easier for silicon to recover lost
market share. For now. though. the I1I-V solar cell business is flying high.

' There is also an intermediate range of orhits called “Medium Eath Orbits™ or MEOs.

From our Nov/Dec 1996 issue.

System Proponents # Satellites Orbit Altitude (km)
| Spaceway Hughes 8 35.000 (GEO)
Odyssey TRW 12 10.350 (MEO)
[mmarsat P Immarsat 10 10.350 (MEQ)
Globalstar Loral/Qualcomm 48 1,390 (LEO)
[ridium Motorola 66 740 (LEO)
Teledesic McCaw Cellular 840 700 (LEO)

Table 2. Summary of some of the major satellite communications sys-
tems which are under construction or have been proposed.
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Figure Two: Comparison of the output power of three types of solar cells offered
by Tecstar at different times (BOL or EOL), temperatures (28°C or 50°C) and for

EOL measurements, radiation levels (low or high).

Figure Three: Estimate of the number of commercial
telecommunications  satellites launched/to  be
launched for GEO and LEO orbits. The proposed
Teledesic project, which would require more than 800
LEO satellites, is not included in the forecast.



High Temperature
Semiconductors:

Evolution,
not
Revolution

MARIE MEYER

F'::Jf.‘ lemperature electronics are fre-

quently mentioned as prospective

applications for compound semicon-
ductors. The potential for high temperature
operation is inherent in the wide bandgap
materials such as GaN and SiC, and even in
GaAs (which is, after all, a “wide bandgap
material” in comparison to Si). However,
there are substantial technical and develop-
mental issues that must be resolved before a
sizable market for high temperature com-
pound semiconductors will appear.

The following is a three-part examination
of this topic. First is an overview of the high
temperature materials systems. Next is dis-
cussion of the likely direction of R&D funding
in this area in the U.S.A. And, finally, we pro-
vide a summary of the market for high temper-
ature electronics.

Summary

High temperature electronics are an interesting applic_atinn
for compound semiconductors, but time and effort will be
needed before a sizable market can be realized. Silicon will be
the dominant technology, and even in ten years time the mar-
ket for GaAs and other wide bandgap semiconductors in high
temperature applications will likely be less than $200 million.
Nevertheless, the need for these types of electronics as
enabling technology justifies their development.

Working in conjunction with HITEN News, we present a
three-part overview of high temperature electronics as an
application for compound semiconductor devices. Part One:
A summary of the characteristics of the five major semicon-
ductor materials under consideration (Si, GaAs, SiC, GaN and
Diamond) and the current status of efforts toward their devel-
opment; Part Two: A consideration of the funding policy and
future development path; and Part Three: A survey of the
market for high temperature electronics, including a forecast
through the year 2005.

High Temperature
Electronic Devices
and Technologies

The primary types of devices under con-
sideration for high temperature applications
are sensors and their controlling electronics.
Five major semiconductor materials systems
are being developed for this purpose. (See
Table One on page 50 for a summary of some
of their most important characteristics. )

Over the next 10 years, silicon devices
are expected to dominate demand for high
temperature electronics. Wide bandgap semi-
conductors are expected to make their initial
impact on the sensor market. A considerable
development effort is still required before they
can contribute significantly to active electron-
ics.

Silicon devices can potentially operate at
much higher temperatures than their current

maximum temperature ratings. Si is, of

course, by far the most mature and lowest cost
semiconductor technology. It is. therefore,
expected to dominate most of the market.

At elevated temperatures Si devices show
an increase in leakage currents. However bulk
Si processes such as modifications of CMOS
and integrated injection logic, are being devel-
oped to address this and other issues for high
temperature operation. In addition, leakage

currents can be virtually eliminated by using
silicon-on-insulator (SOI) technology. which
is under development at many companies
worldwide. SOI is especially attractive for
small signal applications, but is less suited to
power devices'.

Gallium Arsenide

One of the intrinsic advantages that GaAs
enjoys over Si in mainstream applications is
the ready availability of a semi-insulating (SI)
substrate. Unfortunately, that SI property. and
hence device isolation, is reduced at higher
temperatures, although GaAs MESFETS have
been  demonstrated up to 350°C.
Heterojunction devices using wider bandgap
material systems such as AlGaAs can poten-
tially resolve the problems, although they will
be more expensive. Large volumes of GaAs
Hall Effect sensors are used in the automotive
industry. and AlGaAs sensors have been
demonstrated up to 500°C.

Only a few companies worldwide are
known to be exploring high temperature GaAs.
The American participants tend to be those
with vertically integrated interests in aerospace
and military systems, such as Honeywell and
Hughes. Europe’s main activity is at the
Technische Hochscule Darmstadt (Germany).
a leading center for the development of high

For a review of SOI technology, page 34
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temperature AlGaAs and GaAs material. In addition, Siemens produces
GaAs Hall effect sensors for the automotive industry. No Japanese com-
panies are known to be putting significant resources into high tempera-
ture GaAs, although several have very strong positions in the synergis-
tic area of high power GaAs transistors.

Silicon Carbide

Of all of the wide bandgap semiconductors, SiC enjoys the leading
position because it is the only one available both in single crystal form
and in good quality heteroepitaxy, and it can easily be doped both n- and
p-type. Its operating characteristics are, in theory. far superior to Si or
GaAs, and devices should be able to function up to at least 600-700°C.

Although it is progressing rapidly. SiC technology today is only
where GaAs electronics were roughly 25-30 years ago. Discrete power
transistors fabricated on l-inch substrates have been demonstrated by
several organizations. The main driver for SiC is high power devices.
and for niche high ambient temperature applications beyond 300°C. SiC
electronic devices could start to be designed into systems within the next
3-4 years. (See page X for an early example.) Of course SiC optoelec-
tronic devices - namely blue LEDs - are already in high volume produc-
tion.

Europe has several strong centers of R&D in the SiC area, espe-
cially ABB. Daimler Benz, Siemens and Thomson CSE. The US is con-
sidered the overall leader in SiC device development, both in terms of
the number of active players and the government resources being
applied to the field. Most prominent are General Electric, Motorola,
NASA, and Westinghouse. as well as ATMI and Cree Research, both of
which supply SiC wafers commercially as well as engaging in device
development. Historically, Japan's main commercial interest in SiC has
been for optoelectronic devices, but corporate interest in electronic
applications is beginning to increase. particularly from automotive com-
panies such as Toyota and Nissan.

Group III-Nitrides

The wide bandgap nitrides. especially GaN and ¢-BN. have out-
standing characteristics, exceeding those even of SiC. and are under
development for several applications including high temperature. The
properties of the GaN system as an optoelectronic material are likely
familiar to anyone with a current interest in the compound semiconduc-
tor industry. But as far as electronic applications are concerned. these
materials are at very early stages in their development. The nitrides are
expected to play only a minor commercial role in high temperature elec-
tronics over the next 10 years.

Nichia Chemical in Japan is the undisputed leader in the GaN field,
but it has no current interest in electronic applications. In the US there
are several efforts underway. led by APA Optics. Cree Research and
ATMI are also active in the field, and General Motors is exploring ¢-BN
for a range of automotive applications. Europe is very weakly repre-
sented in this field, with virtually no corporate activity.

Diamond

Diamond might well be the perfect semiconductor - if only you
could make something out of it. Its figures of merit are superior to all
other semiconductors and diamond devices could theoretically demon-
strate outstanding performance, but there are serious obstacles to realiz-
ing its potential.2 Overall. diamond lags behind SiC for active electron-
ic applications. although intensive efforts from some key groups could
yet close the gap. Passive diamond devices should be the first applica-
tion for this material that makes any market impact. For example, dia-
mond thermistors with fast response times, low heat capacity and high
thermal conductivity could be available shortly.

Funding Policy
and Developmental Paths

Imagine that. due to a prodigious flash of insight and technical skill,
you were able to sweep away all of the device design and manufactur-
ing issues, thereby allowing you to announce the availability of GaN and
SiC semiconductor devices suitable for operation at any temperature up
to 300°C with excellent functionality and reliability. Would the world
beat a path to you door?

Probably not. High temperature semiconductors hold a great allure
for materials scientists as an intellectual challenge, but the market fore-
cast (see page 51) demonstrates that system designers have learned to
live without them, and are likely to continue along those lines to the
greatest extent possible. And in cases of absolute necessity, they can
make-do with a Si solution. Undoubtedly there are many instances
where system design can be improved by positioning electronic sensors
or controls in extreme environments. A report issued last year by the
U.S. National Academy of Sciences’ offers an interesting biological
analogy: just as an animal is more agile, efficient and durable when its
nervous system (sensor signal processing). skeleton (physical structure)
and muscular system (actuator operation) are integrated, so there are
many electromechanical systems that can benefit from such a “distrib-
uted control network”. However, the NAS report acknowledges that “in
all the processes of our economy there are currently few in which inser-

2 For a complete review, see page 52,

T “Materials for High-Temperature Semiconductor Devices”, Copyright 1995 by the
National Acadenmy of Sciences (USA). Available in limired supply from: National Materials
Advisory Board, 2101 Constitution Avere NW, Washington DC 20418 USA, TEL [1] 202
334 3505 FAX [1] 202 334 3718 ¢ matl nmab@nas.edi.
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tion of electronics into [high temperature]
environments is absolutely required to achieve
acceptable functionality.” Therefore a simple
economic analysis which justifies the invest-
ment required to develop high temperature
semiconductors by referencing a market which
can be captured i1s not available. Instead, the
NAS advises that “the determination of
whether the benefits of high temperature elec-
tronics will justify the cost [of developing
them] requires the examination of how prod-
ucts and processes might be improved or even
enabled by high temperature electronics.” The
report advises that the only way to increase
interest and investment in widebandgap mate-
rials for electronic applications is to find “real-
istic, inspiring applications...that can make
system designers aware of the benefits of high
temperature electronics.”

System Circuits

Some applications have already been
identified, and the next article demonstrates
that a limited market for high temperature
semiconductors already exists. However,
broad-scale applications are less apparent.
There are also some technical obstacles that
reduce the market for our hypothetical perfect
300°C semiconductor: the technology does not
exist to build a module or electronic sub-sys-
tem for it. This is not a field where one can hit
a “home run” with advances in semiconductor
technology alone. High temperature electron-
ics is a multi-disciplinary field which requires
contributions from every technology involved
in the design. production and application of
electronic components and subsystems. To
fully exploit the technology, sensors, active
and passive semiconductors, die attachment
materials, wirebonding, encapsulation, inter-
connection and printed circuit boards must all

For more
information about
high temperature

semiconductors and
their applications,
visit the
HITEN Web Site
at
http://www.hiten.com
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be fully characterized for their high tempera-
ture capability, behavior. and reliability. The
technological diversity of the field is a major
barrier to progress since there is a lack of coor-
dinated activities, and insufficient R&D funds
to cover all the necessary areas.

It seems obvious, then, that system design
plus semiconductor development - not just the
later alone - will shape the future horizons in
the high temperature electronics area. But this
leaves unanswered the question of how the
semiconductor research community should
proceed. The most promising route for secur-
ing interest and funding is to link high temper-
ature-oriented work to other projects related to
more immediately promising markets.
Quoting again from the NAS report: “the
shared virtues of radiation hardness, power
handling, and blue-light emission represent an
important leverage for the development of
high-temperature semiconductors™. Or, to put
it differently: if the ability to produce the per-
fect 300°C semiconductor had instead been
turned toward producing a room temperature
blue or UV laser, would the world beat a path
to your door? Most definitely yes....

The NAS strongly recommends that
future research be aimed at exploiting the syn-
ergistic connections between high temperature
wide bandgap devices and their more mar-
ketable counterparts in the optoelectronics and
power fields. As was noted earlier, Si is the

dominate high temperature semiconductor
material, and funds which are earmarked
specifically for high temperature research will
likely go into further Si development.
However, in the optoelectronics area and high
power areas, there are no viable alternatives to
wide bandgap materials. Thus the best strate-
gy for creating high temperature wide bandgap
semiconductors that are commercially viable is
to build upon the funding for other areas which
are dependent on wide bandgap materials.
This should reduce the need for potential users
of high temperature devices to fund the
required materials development exclusively
and therefore render the wide bandgap technol-
ogy more cost effective.

Conclusion

There are many instances of systems cur-
rently in use where III-V compound semicon-
ductors play a pivotal, enabling role. The list
includes wireless and satellite communica-
tions, fiber optic data transmission, and optical
data storage. Various types of high tempera-
ture sensing and control clectronics based on
wide bandgap compound semiconductor mate-
rials may someday play a similar role.
However, it seems that the developmental path
in this area will be more of an evolutionary, as
opposed to revolutionary, nature.

Si/S01 GaAs
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Bandgap (eV) 1.1 1.3
Intrinsic 400°C 650°C
Temperature
Small Signal 300°C 300°C
Devices (Tmax)
Power Devices 250°C 250°C
(Tmax)
Processing Si: Very High  High
Maturity SOIL: Medium
Key Electro- Ohmics,
Development Issues  migration EM
Commercial Considerations
Development Costs ~ Low Medium
Commercial Now Now
Availability*
Synergistic Rad hard, high Power, rad
markets / R&D speed, low hard, opto-
opportunities voltage electronics

operation
*or high remperature applications

High Temperature Semiconductor Materials

Source: HITEN News, May 1995, after Sandia National Labs

SiC HI-N Diamond

29 34-64 5.5

>1000°C 600°C - >1000°C

1000°C

>600°C >550°C n/a

>600°C >550°C n/a

Low Very Low Very Low

Substrates, Substrates, Substrates,

Ohmics Ohmics, EM Dopants

High Very High Very High

1997 2000 Sensors: 1997
Electronics:
beyond 2000

Power. opto-  Opto- Opto-

electronics electronics electronics,
SENSOors

Report SANGL-08504, Direike et al

Table One: Summary of the characteristics and commercial status of the five major semicon-
ductor materials systems under consideration for high temperature electronics.
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‘The Market for High Temperature Semiconductors

he actual world-wide market for high
temperature  electronic  components
(meaning packaged electronic devices
and sensors) in 1994 was just slightly more
than $140 million, and it is forecast to grow to
§435 million in 2000 and to reach $1.011 mil-
lion 2005 - a CAGR of 20%. See Table One,
The great majority of that market will be at
the 125°C 1o 200°C temperature range.
Accordingly. the dominant semiconductor tech-
nologies in this field will be silicon and SOI,
because of their superior price competitiveness.
However, Simon Lande of Magus Research
believes that “GaAs and wide bandgap semi-
conductors such as SiC, diamond and Group
I-nitrides will play a critical role in applica-
tions where temperatures exceed 250°C”, giv-
ing them around 16% of the market by 2005.
This data was compiled as part of a glob-
al survey on high temperature electronics con-
ducted by Magus Research and sponsored by
HITEN, the European Commission’s High
Temperature  Electronics
Excellence. 175 interviews were conducted
within 156 organizations in Europe, North
America and Japan, covering users and produc-

Network  of

ers/developers of high temperature electronics.
The market evaluation was derived from a
compilation of the survey responses, combined
with background research.

One of the most interesting aspects of the
study is the revelation of the very large differ-
ence between the Total Available Market
(TAM) and the Actual Market. The TAM is the
calculation of the maximum market that is the-
oretically available for high temperature elec-
tronics, derived from estimating the value of all
the main potential applications for high temper-
ature electronics. The Actual Market is the per-
centage of the TAM that is actually captured.
To provide an analogy based on GaAs, one
could say that the TAM for GaAs ICs is the
value of all digital logic eircuits plus all analog
devices for RE/microwaves - but. of course. the
Actual Market is significantly less, because
GaAs must compete with silicon at all levels.

In the case of high temperature electron-
ics the competition comes not from another
technology but from what could be called
“work-around techniques™ - in other words, the
avoidance of using high temperature electron-
ics. Thus whereas the TAM is guite large (59.3

World Wide Market for
High Temperature Electronic Components
1994 2000 2005

Actual Market S$140.1M $435.0M 51.011.3M

% of TAM* 1.5% 3.3% 5.8%
By Temperature Range

up o 200°C 02%% 885 81%

200-300°C 8% 11% 14%

>300°C ()% 2% 5%
By Semiconductor Technology

Silicon/S01 By 8O 845

GaAs 12% 13% 119

Wide Bandgap Materials 0% 1% 5%
#See text above for explanation of TAM. Source: HITEN/Magus Research

Table One: The worldwide market for high temperature electronic components
(packaged electronic devices and sensors), with segmentation according to tem-

perature and semiconductor material.

billion in 1994, rising to $13.18 billion in 2000
and reaching $17.4 billion in 2005). the per-
centage of it which is actually captured by high
temperature electronics, i.e. the Actual Market,
is very small (1.5% in 1994, rising to 3.3% in
2000 and reaching 5.8% in 2005). This reflects
the strong tendency in system design to obviate
the need for high temperature electronics by
providing cooling or insulation, or moving the
electronics to a cooler location.

Necessity is the mother of invention, and
it will also be the mother of applications in this
area. As the semiconducior content in all types
of systems increases. the number of instances
where it is desirable to insert electronic func-
tions into extreme environments will increase
until the point where the system designers have
exhausted all of their work-around options.
Lande points out that “the petroleum industry
has been the main driving force and leading
financial sponsor for the development of high
temperature electronics over the past 20 years
because sensors and data acquisition electron-
ics are needed to ‘log’ the environment around
drilling heads in wells. These measurements
are critical, the application is relatively cost
insensitive, and there are few alternatives that
are better than placing the electronics directly
into the extreme environment.” This applica-
tion currently accounts for around 40% of the
high temperature electronics market (See Table
Two). but is not expected to grow significantly.
More promising in the long run are aerospace
and automotive applications, which are forecast
to grow by a CAGR of 34% and 22.5% respec-
tively. In applications such as these. Lande
says, “harsh environments are monitored by
high temperature transducers which are con-

trolled via long cables connecting the higher

order intelligent functions. Wiring and connec-
tor count are thereby increased. resulting in
electromagnetic and RF interference and high
levels of measurement noise. Elaborate and
expensive techniques for thermal management
and cooling of densely packaged devices are an
additional requirement.” Given that these fac-
tors degrade system performance and efficien-
cy (especially with regard to fuel consump-
tion), and increase costs, high temperature elec-
tronics would seem an attractive alternative.

Major Applications for High Temperature Electronics However, Lande cautions that these applica-

1994 2000 2005 CAGR tions will impose more stringent cost and relia-
Well Logaing $£56.7M $93.0M $137.9M 86 bility requirements than the well logging mar-
Ac‘rmp;nhc; L §5.8M $37.5M $145.8M 346 ket, which could impede development.
Automotive S68.6M $274.0M $657.9M 22% For more information about HITEN,
Other* $7.9M $30.5M $69.7TM 224 visit their web site at “http:/fwww.hiten.com™ or
Total Actual Market ~ $140.1M $435.0M $1.011.3M 209 contact Simon Lande at Magus Research,

Rowlandson House, 289-293 Ballards Lane,
London N12 8NP, UK
TEL [44] 181 446 2505
FAX [44] 181 446 6483
email lande@magus.co.uk.

1 Other” applications include military and space,

consumer, industrial process control, and nuclear power. Sonvce: HITEN/Magus Research

Table Two: The major applications for high temperature electronics plus the

value of the actual market for high temperature electronic components. From our July/August 1996 issue.
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Rectifiers:
a New Application
for GaAs

Fast switching speeds, high voltage
capabilities and high temperature
operation make GaAs suitable for

Top Metal (anode)
Proprietary

Schottky barrier - I ;
passivation and field termination

(proprietary Ti alloy)

=

GaAs n epitaxial layer

GaAs ™ substrate

e e e e e e |
Solderable hack metal (cathode)

Figure One: Schematic diagram of Motorola’s new GaAs
Schottky diode rectifier, fabricated from n- GaAs epi grown by

power processing.

VPE on an n* GaAs substrate.

ROBERT A. METZGER and MARIE MEYER

hen the non-optoelectronic applica-

tions for GaAs are discussed, there

are only two categories that come up
regularly: RF and microwave devices and cir-
cuits, and digital 1Cs. But the Motorola
Semiconductor Products Sector is working to
attract attention to another area where GaAs’s
superior properties can be put to good use:
high frequency power rectifiers.

Motorola has been working on the devel-
opment of GaAs rectifiers since 1991.
According to Dr. Ali Salih, Program Manager
for Rectifier Products at Motorola, GaAs
devices working at 3 to 20 amps have been

produced over the 100 to 1000V range. A fam-
ily of 10 and 20 amp, 180V and 250V GaAs
rectifiers have been launched as standard prod-
ucts, and higher voltage (500 - 600 V) products
are planned in the near future. Motorola
reports that it has successtully completed OEM
supply contracts with major power supply
manufacturers, such as Lucent Technologies
and Astec, and that Motorola's GaAs rectifiers
are being used in the field today in power con-
verters that produce 24V, 36V and 48V DC
outputs.

The primary application so far has been in
space-saving high frequency DC-DC convert-

ers where high efficiency is required and where
silicon rectifiers are unable to provide the per-
formance needed. Much of the demand for
equipment of this type comes from telecom-
munications-related systems, such as central
office switches, repeaters, and cellular base
stations. The prices for the GaAs rectifiers
range from $6 - $14, which is a 2-3x premium
over Si rectifiers. According to Scott Delaney,
Marketing Manager for Motorola’s Power
Products Division, that is down from an
approximately 5x premium when the devices
were first introduced in late 1995.

Background: Power Diodes

A rectifier 1s a two-terminal junction diode which is used in step-up
and step down DC - DC voltage conversion. Rectifiers are also key com-
ponents required in the conversion of AC voltage to DC voltage, and are
therefore needed in virtually all non-battery operated electronic systems,
where the incoming AC voltage must be converted to the DC voltage which
is required to bias and operate the electronic devices within the system.

Rectifiers are commonly fabricated from silicon p-i-n diode
structures. This is a minority carrier device in which, under forward bias
conditions, electrons are injected into the p-region and holes are injected
into the n-region. Large junction areas are typically used in order to reduce
the current density in these devices. which in turn reduces device heating,
and helps to prevent thermal breakdown. They are usually packaged as dis-
crete devices, but can be connected in parallel to increase their power
handling ability.

Standard Si p-i-n diodes are generally suitable for the vast majority of
rectification applications at this time. However, a key exception to this rule
is cases where input frequencies are > 10 kHz. When a high frequency

change in polarity (forward bias to reverse bias) is attempted, the reverse
recovery time of the p-i-n diode is too long to keep up with the change in
input frequency because of the amount of time required for the recombina-
tion of the minority carriers stored in the device. This effect can be some-
what compensated for by diffusing gold or platinum into the Si to speed up
minority carrier recombination. Two classes of these special Si p-i-n recti-
fiers are commonly recognized: Fast Recovery devices, which can be
switched in 250 - 750 ns; and Ultrafast or Super-Fast devices, with reverse
recovery times between 25 and 100 ns.

~ Another alternative is to use a Schottky diode structure instead of the
p-i-n structure. In a Schottky diode the electrical barrier is formed between
metal and semiconductor regions, not n- and p-regions. In the absence of
p-n junctions there is no appreciable storage of minority carriers, As a
result, the reverse recovery time of Schottky diodes is much less than those
of p-i-n diodes. Schottky diodes are also capable of providing lower turn-
on voltages than p-i-n diodes. and as a result will dissipate less power and
run at higher efficiencies.
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The Advantages of GaAs

Motorola has been manufacturing Si rec-
tifiers for more than 40 years, and it is their
firm belief that Si is reaching its physical lim-
its in meeting the basic performance require-
ments at high frequencies. including fast
switching speed, low forward voltage drop,
and high temperature capability. According to
Delaney, Motorola’s new rectifier line benefits
from two advantages: the use of GaAs. and the
use of Schottky diode technology.
Conventional rectifiers made from Si p-i-n
diodes are suitable for the majority of applica-
tions, but their switching speed at high fre-
quencies is limited due to minority carrier
charge storage. Silicon Schottky diodes can
overcome this problem: however. they have
limited usefulness above 150 - 200V because
they suffer from large leakage current and
switching losses. But GaAs, with its larger
bandgap, allows the fabrication of Schottky
diodes with breakdown voltages in excess of
1000V. In addition, in a GaAs Schottky the
surface Fermi level is pinned due to a high den-
sity of surface states, resulting less surface
leakage and higher operating voltages.

A schematic of the basic Motorola device
is shown in Figure One. Despite its deceptive
simplicity, Delaney reports that a great deal of
developmental effort was required to produce a
manufactureable product, especially with
regard to the termination, passivation and tita-
nium barrier metal processes. However, the
effort is expected to pay-off, because the abili-
ty to use Schottky devices for high voltage
applications provides faster switching capabil-
ity to a voltage range not previously well sev-
ered by p-i-n diodes. In Si. the switching speed
becomes slower as breakdown voltage increas-

es. In addition, GaAs can endure much higher
temperatures than Si, again because of its larg-
er bandgap. One possible negative attribute of
that larger bandgap is the fact that it also caus-
es the forward voltage drop, Vy, of GaAs to be
large, but this fact is mitigated by the fact that
GaAs has a carrier mobility that is five times
larger than that of Si. The voltage level for
which the V; of GaAs is similar to Si is about
200V: above 200V, GaAs runs lower. This is a
fortuitous circumstance, since Si Schottky per-
formance deteriorates at ~150-200V.

Benefits at the System Level

The argument for using GaAs in rectifier
applications is that the features described
above allow the customer to more than recover
the added cost of the component by reaping the
benefits of a more efficient power supply. The
most outstanding characteristic of the GaAs
diodes is their reverse recovery time. Figure
Two illustrates the reverse recovery waveform
for Motorola GaAs and Si Schottky rectifiers
operating under identical forward biased con-
ditions of 6 amps. The amplitude of the peak
reverse current and duration is much less for
the GaAs device. The recovery time, t,
(defined as the time that it takes for the current
to damp back to zero after it initially crosses
the zero current level) is typically 15 ns for
GaAs and 30 ns for Si at room temperature.
However, it should be noted that these devices
usually operate well above room temperature.
Figure Three shows the leakage current com-
parison of 200V Si and GaAs rectifiers. In the
case of the GaAs rectifier, the leakage current
doubles every time the temperature increases
by 16°C for temperatures up to 100°C and
every 12°C for temperatures between 100°C

and 150°C. In comparison, the Si Schottky
rectifier shows leakage current doubling every
7-8 "Cup to 150°C. Not only does leakage cur-
rent increase at these higher operating temper-
atures, but so does the t,. Figure Two shows
that for GaAs and Si rectifiers operating at
125°C t, increases from 135 to 17 ns for the
GaAs device, whereas the Si device shows a
much larger increase, from 30 to 52 ns.
Motorola’s Salih attributes this to a factor of
three increase in the charge stored in the Si
diode, while there is no significant change in
charge storage in the GaAs device. Another
effect which is illustrated in Figure Two is that
the reverse recovery current fall time of the Si
Schottky rectifier is very steep compared to
that of the GaAs rectifiers. When this high rate
of change in current (di/dt) is coupled with
stray inductances, it causes voltage transients,
as well as ringing in the circuit.

In the final analysis. the most important
characteristic of the GaAs Schottky rectifiers is
how well they improve the performance of
power conversion systems. Motorola has com-
pared the performance of 600V GaAs rectifiers
in DC-DC converters to those using both Si
Schottky rectifiers and Ultrafast Si p-i-n
diodes. The frequency limit for the Si Schottky
device was 100 kHz, while at this level the
GaAs Schottky device was still improving in
efficiency, reaching a maximum efficiency of
94.29% at 300 kHz. In the case of the Si
Schottky rectifier the efficiency was 87.8%.
while that of the Ultrafast p-i-n diode was 81%.
At first glance it may appear that the difference
in efficiency between the GaAs and Si
Schottky devices is not all that great at 6.4%.
However, when operating at 400 W, this means
that the GaAs Schottky converter dissipated
only 23.2 W, as compared to the 48.8 W dissi-
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Figure Two and Three: Figure Two (left) shows the reverse recovery characteristics for a GaAs Schottky diode in comparision to a Si Schottky
diode at room temperature and 125°C. Figure Three (right) shows the leakage current as a function of temperature for GaAs and Si diodes.
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pated by the Si Schottky - nearly twice as
much. This means that using the GaAs device
allows twice the power to be converted for the
same amount of loss - a significant difference.
Also, in compact DC to DC converters, the
power loss has a significant impact on the
amount of heat sink area which is required. In
the current example the heat sink temperature
rose by 50°C in the case of the Si rectifier, but
only 30°C when the GaAs rectifier was used.

GaAs Niche

Motorola’s new GaAs rectifiers are cur-
rently being used primarily in one niche -
telecommunications networks. According to
Delaney, “the initial early acceptance has been
in the high performance end, with Lucent and
Astec featuring the diode in some of their high
end power supplies. Entry into the market via
such a niche is to be expected, because of the
premium that must be paid for the product.”
However, Delaney also reports that volume
manufacturing has been launched’. and this
fact, coupled with increasing vields, is bringing
prices down. He doubts whether GaAs diodes
will be competitive with Si at much less than
200V, but he is optimistic that the lower price

points will bring broader market acceptance at
the higher voltage ranges.

Don’t Rule Out the p-i-n Diodes

While Motorola is clearly far ahead in the
GaAs rectifier field, there are several other
companies which are believed to be exploring
it as well, including Texas Instruments, ABB,
SGS-Thomson, and Fuji. The most unique
entrant into this field is International
Semiconductor Corporation [Santa Monica,
CA], a developmental stage company that
owns a majority interest in GAD
Semiconductors Ltd. [Migdal Ha® Emek,
Israel]. GAD is an |l-employee spin-off from
the Ramot University of Tel Aviv, formed in
1993 for the purpose of developing GaAs p-i-n
diodes as a commercial product. The company
reports that in 1995 it developed a series of 10
amp GaAs p-i-n diodes with switching times
approaching 14 ns. This product is ready to go
into production for Power Factor Correction
(PFC) applications. Earlier this year GAD
introduced a 20 amp model. International
Semiconductor claims to have received a firm
production order for GAD’s GaAs p-i-n diodes
from Motorola. and reports that it recently

received an order for test quantities from SGS-
Thomson. One interesting aspect of the com-
pany’s marketing plan is that they apparently
have their eye on the European home appliance
market. A new European standard proposed
for 1997 would require all appliance to have
PFC capabilities - not a bad idea, given that the
standard European power supply is 220V, com-
pared to the 115V standard found in North
America. The company lists European appli-
ance giant Braun among its prospects, and
reports that it is in discussions with at least one
European distributor about this application.

In the long run. International
Semiconductor and GAD hope that they can
not only find a market for mass-produced
GaAs p-i-n diode rectifiers, but also find other
applications for their core technology as well,
Possibilities they are exploring include switch-
ing transistors, thermosensors, X-ray Sensors,
neutron detectors, ultra-low capacitance capac-
itors, and novel controlled semiconductor
capacitors (varactors). But for now. their pri-
mary challenge is demonstrating that the seem-
ingly simple GaAs p-i-n diode can both find a
market niche and be mass-produced in an eco-
nomical fashion.

From our July/August 1996 issue.
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Boralectric® heating
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Latest generation
MBE crucible

Advanced Geramics developed Boralloy® and is the original
patent holder and innovator of PBN products for MBE. No
other company can match our experience, production
capacity and customer service.

Our technical expertise and commitment to product devel-
opment have resulted in several industry innovations which
have increased crucible life and MBE vields:

. gjoubﬁe-wailedl crucibles that
improve aluminum deposition

* “hot lipped" crucibles that reduce
defects during gallium deposition

. Boralectr‘ic‘?' heaters that improve thermal uniformity
and provide increased durability

= custom surface textures

Most of the world’s leading companies involved in MBE and
crystal growth rely on Advanced Ceramics Corp. Find out
how Boralloy PBN products can improve your operation.

Advanced Ceramics
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CBRPORATION

11907 Madison Ave.

Cleveland, OH 44107 USA

Tel: 800-822-4322 or
216-529-3900

Fax: 216-529-3975
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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

ull color LED-based displays are going to be big - both literally

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.

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 ereen 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 1s
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,

I
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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 full-color LED inte-
grated lamp which combines red, yellow-green and blue LED chips
into a single package.
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to produce white light in the Siemens integrated lamp, you must supply
the red chip with 2 mA, the green chip with 10 mA, and the blue chip
with 50 mA. It is therefore necessary to supply a separate drive circuit
for each of the chips. For now, the superior resolution and viewing angle
provided by the integrated lamp are enough to compensate for the more
complex biasing requirements. But, according to Jonathan Wafer,
Senior Product Marketing Engineer for Siemens in Cupertino, CA, the
future will require RGB LEDs which provide more closely matched out-
put as well as roughly similar forward voltages, to simplify circuitry.

From Chips to Pixels to Modules

LED pixels are brighter than CRT pixels, and they allow a greater
range of colors to be created than is possible with a monitor or projec-
tion screen. LED manufacturers calculate that the size of the palette is
16.77 million colors. However, the electronics which are required to
execute that range of options are not insignificant, especially when full
motion video is involved. Although this application is still at an early
stage of its development, it is already apparent that the preferred mar-
keting strategy will be to package the discrete devices or the integrated
lamps into a "module” that includes built-in drive circuitry. The photo
at the top of the preceding page shows four of Toshiba's modules, which
are sample priced at ~$4.500 each. Similar types of products are also
available from a growing number of companies, and they typically
include an array of 16 x 32 pixels’, and are often described as "flat
enough and light enough to hang on the wall". The LED manufacturer
may offer the module directly, or it may work through a strategic ally.
For example, like Toshiba, Sharp offers its solution as a module.
Siemens has an alliance with Cree regarding Cree's SiC/GaN technolo-
gy (see CS 2(1), p.14). under which Siemens and Cree work together to
create the individual chips that go into the Siemens integrated lamp, and
the lamps are then offered in a module by Real Color Displays (RCD),
a wholly owned subsidiary of Cree.” The module offered by RCD, con-
sisting of a 16 x 32 matrix of 5.5 mm pixels, is just | ¢m thick and
weighs only 8 0z/225¢. RCD is currently demonstrating a 10 foot/3
meter (diagonal) “video wall” built from these modules which, in com-
pletely finished form. is only 3"/7.5 cm thick. And Nichia Chemical, the
undisputed leader in high brightness blue and green LEDs, is also offer-
ing modularized products based on discrete LEDs. For outdoor applica-
tions it offers an “LED cluster lamp™ measuring 22 mm per side, con-
sisting of two blue, three green, and three red LEDs. For indoor appli-
cations it offers a 128 mm square module.

The typical customer for the modules is a company that specializes
in marketing and manufacturing signs. The modules are used like build-
ing blocks, and they can be placed horizontally or vertically and com-
bined in any number to create virtually any size sign. Once you begin
to picture a sign you can appreciate the number of LEDs that will
beneeded for this application. For example: the dimensions of the
Toshiba module are 128 mm x 256mm, and it contains 2.048 discrete
LEDs. A relatively modest sign of 1.28 meters x 2.56 meters requires
one hundred modules, or 204.800 LEDs. Something more impressive.
say 12.8 meters by 25.6 meters, requires one thousand modules, or more
than 20 million LEDs. 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.

' Multiples of eight are preferred for maximum comparibility with MUX/DEMUX
clrenitry.

= Siemens also offers the lamps separately. The author was unable to determine if Toshiba
and Sharp follow a similar policy.

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 manufacturing blue
LEDs. Further developments in the blue regime will certainly be wel-
come. Forexample, Cree's first product was a simple SiC homojunction
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 is practicable.

However, the real need for improvement lies with the green LEDs.
Steve Lester of Hewlett-Packard describes the current problem as “the
green gulf™: high brightness blue LEDs are now available on the short-
wavelength 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-produced form. Thus in the Toshiba example
described earlier it is necessary to use two green LEDs to provide
enough output for outdoor 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 pos-
sible, in 4-5 years. to begin introducing dedicated white light LEDs that
are sufficiently bright and efficient to compete with incandescent bulbs.
But for now, the display application should be sufficient to keep the LED
production lines running at full capacity for quite some time.

From our May/June 1996 issue.

Sharp Goes Into Pachinko Parlors

harp has developed a full color LED display that it will start

marketing in early 1997, promoting it to pachinko parlors and
other entertainment outfits. Three models will be available, rang-
ing in size from 9.2x7.6m t0 4.8 x 3.6m to 1.9 x 1.4m. The later is
shown above - it utilizes just over 49,000 individual LEDs. The
price is 4-8 million yen ($36,697-73.394) per square meter. Sharp
intends to develop the LED display business around this product
into a 10 billion yen ($91.7 mil) business by 2000.




Other Materials

Also in this section:

P Progress and Challenges in Diamond - page 52

P Silicon on Insulator - page 54

P SiGe - the New “Material of the Future? - page 56
P GaAs vs. SiGe from a Market Perspective -page 60

Westinghouse
Lauches First S1C Transistor

estinghouse Electric, through its Communication and

Information Systems Division, has introduced a silicon car-

bide static induction transistor for use in advanced television
transmission. This is believed to be the first commercial application for
a SiC transistor. Westinghouse fabricates the 500 W devices (using 4H
SiC wafers produced by Cree Research) and supplies them as part of a
solid state 1.5 kW power amplifier mod-

casting. A solid-state transmitter based on Si amplifiers costs around $1
million - more than many stations can afford. But, DeGonia says, "by
using the SiC amplifier technology we can reduce the cost of the solid-
state transmitter to $300.000 - 600,000". The keys, he reports, are SiC's
high temperature characteristics. allowing it to withstand junction tem-
peratures up to 300°C, and its much higher power-density capacity - up
to 500 W, compared to 124 - 140 W for
standard Si products. As DeGonia puts it.

ule that will be sold to manufacturers of
digital television transmission equipment.
A complete transmitter would require 200
- 300 of the new devices.

According to Paul DeGonia, Director
of HDTV Development at Westinghouse,
if all goes well, the next few years might
be a heyday for transmitter production.
Regulatory approval for digital TV broad-
casting in the US is hoped for from the

"SiC transistors give us around four times
more power than Si, which allows the use
of far fewer devices. which in turn great-
ly simplifies the design of the transmitter
and lowers its cost”. SiC also provides
excellent linearity. Some of the specifi-
cations for the Westinghouse power
amplifier module are given in Table One.

Westinghouse's SiC device technol-
ogy was developed at its Science &

FCC as early as 1997.

There are around 1500 television sta-
tions in the U.S., and many of them are
relatively small enterprises. Therefore the
cost of a new transmitter is an important consideration. Approximately
two-thirds of the cost of a high power transmitter is in the power ampli-
fiers, and a significant cost driver for the amplifiers is the power tran-
sistors. According to DeGonia, a conventional transmitter using vacu-
um tubes costs around $400.000. but is not suited to advanced broad-

Westinghouse's new silicon carbide static induction
transistor (shown approximately two times actual size).

Technology Center [Pittsburgh, PA] and
was originally intended for military radar.
Last year, Westinghouse's Defense
Electronics business was sold to Northrup-Grumman, and the two com-
panies now jointly own this technology. Westinghouse plans to pursue
further commercial opportunities, and Northrup will take responsibility
for military applications.

From our Julv/Augusr 1996 issue.
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Progress and Challenges
in the Diamond
Semiconductor Field

ROBERT A. METZGER

he most commonly discussed wide
bandgap materials are GaN. SiC. and

ZnSe. However, there is a fourth mater-
ial: diamond (carbon), which not only offers
the intrinsic advantages inherent to a wide
bandgap material, but in addition exhibits
unique thermal and field emission characteris-
tics which widens the range of its potential
applications beyond the realm of a convention-
al wide bandgap material. In many respects
diamond may be the “ultimate” wide bandap
material, but it is extremely difficult to process,
and the technology behind it is immature.

Characteristics

Natural diamond has a
bandgap of 5.45 eV, exhibits
large hole (1600 cm?/V-s)
and electron (2200 cm?/V-s)
mobilities, saturation veloc-
ities of both carriers in
excess of 107cm/sec, as well
as an extremely large ther-
mal conductivity of 2000
W/mK (13 times greater
than Si and 40 times greater
than GaAs). In addition,
diamond can exhibit a nega-
tive electron affinity (NEA -
in which the conduction
band minimum lies below
the vacuum level), which allows electrons to
be emitted from the surface under relatively
low field conditions, making the material quite
suitable for cold cathode applications and field
emission displays. It is these intrinsic charac-
teristics which are driving current research and
development efforts in an attempt to exploit
these impressive properties for the fabrication
of electronic and optoelectronic devices.

Thin film CVD-grown diamond films are
currently limited to only p-type layers, with the
dopant being used that of boron, which has a
relatively deep acceptor level of 365 meV.
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There is currently no suitable n-type dopant for
diamond, which limits the types of electronic
devices which can be fabricated with diamond
to FET-type structures or Schottky-based
diodes. The high acceptor activation energy
for boron in diamond means that full electrical
hole activation does not occur until a tempera-
ture of approximately 500°C is reached. which
means that low resistivity layers are difficult to
obtain at lower operating temperatures. Even
though high temperature operation improves
dopant activation, under these conditions, hole
mobility degrades, exhibiting a value of
approximately 125 em?/V-s at 500°C, as com-

Summary: Diamond, with its many attractive characteristics,
and despite its host of technical problems, is in many ways the ulti-
mate wide bandgap material. Some commercialization (for heat
sink applications) has occurred, and there is ongoing interest in
capitalizing upon its negative electron affinity for use in low power
field emitters. UV detectors and FET-type devices for high tem-
perature operation are also under investigation.
prospects for diamond will require the resolution of several chal-
lenges, including the lack of n-type doping and shallow p-type dop-
ing, and the availability of practical substrate materials.

pared to the best room temperature of 1600
cm/V-s. The pursuit of n-type dopants, as
well as that of shallow p-type dopants is an
ongoing critical area of diamond research.
Three distinct categories of diamond
films are currently being produced, determined
by the type of substrate that is being utilized;
diamond; textured/highly oriented diamond;
and non-lattice matched substrates (Si, metals,
insulators). When used for CVD growth these
substrates produce films which are either
homoepitaxial, highly oriented crystalline. or
polycrystalline, respectively. These three dif-

ferent types of diamond films typically exhibit
hole mobilities of 1500, 230, and 70 cm?/V-s
respectively. As a consequence of these char-
acteristics, the substrate of choice is highly
dependent on the specific application, and 1s a
tradeoff between crystalline perfection and
cost.

Material Applications

The large thermal conductivity of dia-
mond makes it ideally suited as a thermal man-
agement material in applications that would
include those of heat sinks, packaging and in
multichip modules. DARPA is currently start-
ing a diamond program to address thermal
management issues in defense systems focus-
ing in the areas of power electronics and T/R
(transmit/receive) modules. The use of dia-
mond for these applications have already
reached the commercial market place, an
example of which is a product offered by
Diamonix [Allentown, PA], a unit of
Monsanto, which is selling diamond heat sinks
with thermal conductivities > 1300 W/mK.
The area of thermal management should con-
tinue to be a growth area for diamond, requir-
ing only polycrystalline material which can be
grown on relatively inexpensive substrates,
and is not constrained by doping requirements.

A great deal of the interest currently being
generated in diamond work is due to its NEA
capabilities. ATMI [Danbury, CT] and SI
Diamond Technology [Austin, TX], are active-
ly working in this area.
where diamond’s NEA char-
acteristics can be utilized for
low power field emitters
used either in flat panel dis-
plays, or as discrete emit-
ters. In typical operation,
the diamond is used as the
cathode material of an emit-
ter, in which the electrons
can be extracted from the
diamond’s surface through a
field applied by an anode
placed several microns
above it, and the electrons
then used to strike a phos-
phor which excite it, and in
turn cause it to emit a pho-
ton. The work in field emitters can be charac-
terized as being in the experimental/early
development stage, with NEA characteristics
being evaluated and modified as a function of
the diamond field emitter shape, dopant within
the field emitter. as well as altering the surface
emission properties by coating the diamond
surface with such materials as H,, Ti, Ni, Co
and Cu. One of the challenges for this applica-
tion is the need to inject electrons back into
NEA devices so that high current density emis-
sion can be maintained. This has been attempt-
ed by introducing both phosphorus and nitro-

The future
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gen into diamond emitters. As recently report-
ed in Nature (Vol 381, 9 May 1996, pg. 140),
by Ken Okano, a group from Tokai University
[Kanagawa, Japan|, the Japanese National
Institute for Research in Inorganic Materials
[Ibaraki, Japan], University of Surrey [Surrey,
UK] and the University of Liverpool

[Liverpool, UK] used a saturated solution of

urea ((NH,).CO) to obtain N concentrations in
diamond films of 3.5x10%" as determined by
Rutherford Backscattering (the degree of elec-
trical activation of the N was not reported).
Field emitters fabricated from these heavily
nitrogen doped diamond films exhibited a
threshold voltage as low as 0.5 V/um - a value
significantly lower than that previously report-
ed for either boron or phosphorous doped poly-
crystalline diamond films. If this material
were used in the cathode of an emitter, driven
by a commercial battery of 1.5 V, and utilizing
a gap between the anode and gate of 3 um, it
would provide a current density of more than
100 Afem?, a value suitable for use with exist-
ing phosphors.

Device Applications

Besides taking advantage of its intrinsic
conductivity and NEA characteristics in the
pursuit of applications, diamond is starting to
find its way into many other devices. The wide
bandgap of diamond means that intrinsic dia-
mond is highly insulating (> 10'® ohm-cm,
which is 8-10 orders of magnitude greater than
semi-insulating GaAs)., making it well suited
for detectors operating in the UV (> 35.5eV) to
X-ray range, as well as being suitable for
detecting ionizing particles such as alphas,
electrons, neutrons and pions. Researchers at
the University College London [London, UK],
have fabricated both metal-diamond-metal
structures used as photoconductive devices, as
well as Schottky-based photodetectors using p-
type diamond. The photoconductors show a
maximum responsivity peak at 200 nm, with a
responsivity 10° times higher at this wave-
length than in the visible region, making this
material a good candidate for a solar-blind UV
detector (see CS 2(3). pg. 29).

[n the area of diamond-based electronics,
workers at Kobe Steel’s Electronic Materials
Center [Research Triangle Park. NC]| have fab-
ricated FET-type diamond thin films structures
using a microwave plasma deposition system
with metal/insulating diamond/semiconducting
diamond structures and metal/oxide/semicon-
ducting diamond structures. Both these struc-
tures showed interface-state densities of
approximately 10" /em*-eV (some 2 orders of
magnitude greater than that observed in silicon
MOS devices). Due to diamond’s large
bandgap. these FETs exhibited saturation and
pinch-off at temperatures as high as 500°C.
with the best transconductance measured at 1.3
mS/mm, with drain-to-source currents of 10
mA. These FETs were used to fabricate a com-
mon-source amplifier circuit which was char-

acterized using input signals from 20 Hz 1o |
MHz and exhibited DC gain of 5 at 250°C. In
addition, a pair of MOSFETs were configured
as NAND and NOR digital logic gates which
operated at 400°C.

Other device efforts include those of AEA
Technology [Oxfordshire, UK] which has fab-
ricated diamond-based thermistors which show
a temperature coefficient of resistance of 70
kohm/K over a range of 20-300°C. as well
using an insulated diamond gate structure in
the fabrication of a MISFET similar in concept
to those fabricated by Kobe Steel. Taking
advantage of diamond’s large bandgap, and the
high breakdown voltages associated with it,
Sandia [Albuquerque NM] and Alameda
Applied Sciences [San Leandro, CA] have
demonstrated diamond switches which can
operate at 1 kV and 18 A, with future goals for
operation of up to 10 KV and at currents of up
to 100 amp. In addition, diamond has been uti-
lized in the fabrication of surface acoustic
wave (SAW) filters, taking advantage of its fast
phase velocities (10 km/s as compared to the
4.5 km/s in LiNbO; and LiTaO; which are typ-
ically used in SAW devices) with researchers at
Sumitomo Electric [ Yokohama, Japan] having
fabricated ZnO/Diamond SAW devices with
(.75 um interdigitated transducers operating at
frequencies of 3.5 GHz, which if having been
made on the more conventional LiNbO; or
LiTaO, substrates, would have required 0.25
pum IDTs to operate at 3.5 GHz.

Lastly, the issue of the inability of form-
ing p-n junctions in diamond due to the lack of
a method for n-type doping is being investigat-
ed in a novel fashion by workers at Osaka
University [Osaka. Japan]. They have formed
p-n junctions by using a n-type GaAs layer
obtained by lift-off, and wafer bonding it to a
p-type diamond substrate through Van der
Waals bonding, to form a p-n junction. The
electrical junction formed by this technique
displayed a photovoltaic effect, exhibiting a
photovoltage in excess of 0.1 V under illumi-
nation form a 789 nm laser. indicating that a
p-n junction had been formed.

As these applications have shown, dia-
mond has many of the intrinsic characteristics
that make it an outstanding candidate for many
wide bandgap applications. However, as also
illustrated by these examples, a great deal of
research and development work remains to be
done before this material is ready to compete
with the more conventional wide bandgap
materials, The most critical issues which must
be overcome before diamond can effectively
compete with the other wide bandgap materials
is the lack of a n-type dopant, and the challenge
of improving the crystalline quality of thin
films without having to resort to growth on dia-
mond substrates.

From our Julv/August 1996 issue.
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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 densi-
ties, 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% ¢m?)
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 for-
mation 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

3-15x10° 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 (polishing 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 50
nm to several ums in thickness, depending
only on the thickness of the oxide on the orig-
inal wafers. This process requires two starting
wafers. 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 approaches
include the use of H* implantation through the
oxidized layer, such that after wafer bonding,
the stresses generated by the H* implantation
cause the H* wafer 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, and
needs only 1 wafer for fabrication, since the
sheared wafer can be reused, unlike the case of
conventional BESOI, 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, CA] that the current SOI market is at
$40 million per year and growing at a CAGR
of 40-50%, with an estimated market by the
end of the decade of $400 million. Al Alioto,
Vice President of Sales and Marketing of Ibis
estimates that the current market is 45%
SIMOX-based and 55% BESOI-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™.
Typical wafer sizes used in SOI production are
the same as used in conventional silicon pro-
duction - 150 mm and 200 mm. In the case of
SIMOX, Ibis offers 200 mm SIMOX for $450
(substrate cost $120). When using BESOI
techniques, this cost can often be twice as
high. Ibis is not only using oxygen implanta-
tion to produce SIMOX wafers, but is also
manufacturing a commercial oxygen
implanter, the Ibis 1000. One of these systems
has recently been funded by Motorola [Mesa.
AZ], in which the machine will be built and
installed at Ibis, 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 Ibis originally did
(NV-200 produced by Eaton). is beginning to
shift its production away from SIMOX to
BESOI using their Smart Cut process.
Although currently in the start 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/year 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 Of
implanter is limited to about 15,000 per vear.
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 Iyer, Vice President and
Chief Technical Officer of SiBond, explains
that the flexibility of using BESOI, 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 Si and thin oxides). that it is very
difficult for a BESOI approach to compete
with SIMOX on a cost basis. SiBond finds that
the bulk of its market is for silicon thicknesses
greater than 500 nm, a market which the
SIMOX approach can not produce material for.

Applications

Even though the SOI manufacturers all
utilize different approaches in the fabrication
of SOI substrates, they all seem to agree on
what the key applications are. At the moment,
the driving application is that for low power
electronics - those applications 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 governing equation of power
consumption (P) for an IC is:

P=CV3 + VI

where C is the total capacitance, V is the sup-
ply voltage. f the operating frequency. and 1.,
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 lowering operating voltages.
The reduction of power supplies from 5 V to |
V reduces power consumption by a factor of
25. It is generally felt that conventional
CMOS on bulk or epi wafers will be able to
operate at turn-on voltages as low as 1.5 'V, but
levels lower than this will be difficult to
achieve. Using SOI substrates. the subthresh-
old slope for turning PMOS and NMOS

devices on and off is much steeper than that for
devices on conventional Si substrates. thereby
permitting lower turn-on voltages, while at the
same time ensuring that I, 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 I, are
reduced. which further reduces the power con-
sumption. L., can also be significantly
reduced since the junction area of the device
can now be reduced since it sits directly on an
insulating layer (and no longer requires
implants for isolation). In the case of GaAs.
the semi-insulating substrate serves the same
function to reduce both C and 1,.,. 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 layers which can be used to
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 memory devices and very large circuits
such as microprocessors. Reduction of leakage
currents and the ability to design smaller
devices on the insulating oxide are very attrac-
tive characteristics for these devices.
Significant savings in capital investments may
occur if the use of smaller devices can forestall
the shift from 200 mm to 300 mm silicon
wafers. DRAM and microprocessor manufac-
turers are currently investigating the use of
SOI, but most SOI manufacturers believe that
this application is at least several years away.

With major manufacturers such as
Motorola, Analog Devices, AMD, DEC,
Fujitsu, Honeywell, 1IBM, Intel, Mitsubishi,
National Semiconductor. NEC, Philips,
Samsung, Sharp. Tl and Toshiba actively
investigating the use of SOI substrates, it
would appear that the commercialization
of SOI-based devices is near and that GaAs
will be facing competition from this new
technology.

From our May/June 1996 issue,
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Is Silicon Germanium

the New

“Material of the Future”?

R&D groups are fabricating some
very impressive HBTs from SiGe.
However, eight years after the first
reports in this field, there is not a
single SiGe device in production.
Is this about to change?

ROBERT A. METZGER

ince the first report of SiGe HBTs in 1987 there have been numer-
ous demonstrations of its impressive potential: for example, f, and
£ values in excess of 100 GHz. SiGe has often been touted as
the natural compliment to silicon for high frequency applications, and
many believe that it can combine the “low cost” nature of silicon with
the “high performance™ nature of heterostructures, thereby eliminating
the need for GaAs. The symbolic embodiment of this line of thinking
was IBM's decision to disband its GaAs program in favor of SiGe.
Other large companies, most notably Daimler-Benz and NEC, have also
established SiGe development programs. Their results demonstrate
quite clearly that SiGe can out perform conventional Si. However, as
many in the GaAs digital community have learned, performance alone
does not guarantee marketplace success.

As of this writing there are no SiGe devices or circuits on the com-
mercial market, and it may be another 1-2 years before they emerge.
What direction will these initial SiGe offerings take, and what type of
competition will they find from both Si and GaAs? We've all heard it
said at least a hundred times: “GaAs is the material of the future - and
it always will be!" But GaAs is, at last, finding high volume markets -
especially in wireless communications. Can SiGe make the same tran-
sition? Or is it destined to become the new “material of the future”?

IBM

To many people, SiGe has become synonymous with IBM and
Bernard Meyerson. During the mid 1980s, Meyerson pioneered a
UHV/CVD SiGe growth technology at the T.J. Watson Research Center
[Yorktown Heights, NY|, which has now been transferred to IBM's 200
mm BiCMOS line at East Fishkill, NY. Meyerson says that “the SiGe
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Daimler-Benz Research Center

SEM of Daimler-Benz Double Mesa SiGe HBT.

HBT effort has been spun into its own business unit within the
Microelectronics Division at East Fishkill - we are in essence our own
company”. And as with any other company, in order to survive and
grow, it must establish a product and find the customers. At the
moment, that product is not in the form of a specific device or circuit,
but in the form of a technology.

The IBM SiGe HBT approach typically uses a graded Ge profile
in the base, in which a 1-2% Ge content is used at the emitter-base junc-
tion, and increased to 8-10% at the base-collector junction. All aspects
of the SiGe HBT fabrication sequence are compatible with the CMOS
portion of the BICMOS process. The SiGe growth step is inserted into
the BICMOS process flow after the growth of a 7 nm gate oxide for the
CMOS structure and a conventional CVD deposition of a thin polysili-
con layer which protects the gate oxide. This polysilicon layer is then
patterned and removed over the n-p-n active area (where the SiGe HBT
will be fabricated) by a highly selective (polysilicon to oxide) RIE etch.
Exposed polysilicon and silicon surfaces are then hydrogen passivated
and the SiGe epitaxial base is grown by the UHV/CVD process. The
polySiGe which is deposited over the field oxide as the epitaxial SiGe
base is being grown is later utilized as extrinsic base electrodes. The
remaining processing consists of a conventional dual poly BiCMOS
processes, IBM believes that the future of SiGe technology lies in this
merged process - combining high frequency SiGe HBTs for RF appli-
cations, with Si CMOS for digital applications, in which both analog
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and digital functions are capable of high lev-
els of integration. As an example of this tech-
nology. IBM has recently demonstrated 0.25
wm electrical channel length nFET and pFET
CMOS devices fabricated on the same wafers
with SiGe HBTs which exhibit f,,,, and f, val-
ues of 49 GHz and 39 GHz, respectively,
measured at a Vi of 1V. CMOS circuits
including ring oscillators (stage delay of 49
ps) and 64 K SRAMs were fabricated along-
side SiGe HBT analog circuits which includ-
ed ECL Ring oscillators (stage delay 25 ps)
and voltage controlled oscillators. This kind
of capability is in essence the product which
IBM is offering.

In an effort to develop a customer base
for its technology. IBM has been working
with outside companies in the development
and investigation of SiGe-based HBT circuits.
Jack Glenn and coworkers at Delco
Electronics [Kokomo, IN] and the Hughes
Research Laboratories [Malibu, CA] in col-
laboration with IBM. reported at the 1995
BCTM on a 12 GHz Gilbert Mixer, using both
a Si only epitaxial base, as well as a SiGe epi-
taxial base. They found that the Si-only base
Mixer exhibited a f,,, and f, of 50 and 39
GHz, respectively, resulting in a gain-band-
width product of 18.5 GHz, while the SiGe
base mixer exhibited a f,, and f, of 60 and 47
GHz, respectively, giving a gain-bandwidth
product of 22.5 GHz. These results demon-
strate that the SiGe-base structure improved
RF performance by some 10-20%. However,
they also clearly show that IBM’s Si-only
bipolar process, when using an epitaxial-
grown base, is extremely fast. Meyerson
comments on this by saying that “our bipolar
process is outstanding, with the SiGe just one
factor among many which makes it extremely
fast. What the SiGe does is give the Si-only
process an added kick™. [/

Analog Devices

The most prominent among IBM’s col-
laborators is Analog Devices Incorporated
[Norwood, MA]. In 1993 they announced
results on a SiGe-based 1 GHz, 12 bit, current
output, D/A convertor with an ECL interface,
The converter contained 2854 SiGe HBTS,

Delco Electronics
A 12 GHz SiGe-based HBT Gilbert Mixer,
Jointly fabricated by Delco Electronics,
Hughes Research Laboratories and IBM,
exhibiting a voltage-gain bandwidth product
in excess of 22 GHz.

1465 poly-silicon resistors, a patterned p+
ground plane to speed signal settling. and
three levels of metal for interconnections.
This is still the highest level of integration
attained to date for any SiGe technology.
However, that product did not make it to the
market, and since then Analog Devices has
not published any other SiGe-based device
results, Charles Fadel, marketing manager at
Analog Devices, says that “delays occurred
after the initial work on the 12 bit DAC as the
SiGe technology was being transferred from
IBM Yorktown to Fishkill, but a run of
devices has just been completed which
includes LNASs, mixers and prescalers, intend-
ed for 1.8 GHz operation. We will soon be
evaluating their performance.” In the mean-
time Analog Devices’ conventional Si-bipolar
processes have continued to improve. result-
ing in what marketing manager Rupert
Baines, characterizes as “a good 25 GHz [f|]
process”. He goes on to say that, “we thought
we would need SiGe for 1.8 GHz applications,
but now we don’t need it there - conventional
Si can handle it.” For frequencies above the

1 Other recent collaborative work has been performed with a team consisting of Carleton University
and Northern Telecom [Ottawa Canada]. Weinan Gao and coworkers ar Carleton University and
Northern Telecom have fabricated an HBT Comparator which can operate up to sampling rates of 5
GH: using SiGe HBTs with fmax and fi of 50 and 40 GHz, respectively, while dissipating 89 mW from
a 3-V supply. Also reporting at the 1995 BCTM were Mike Case and coworkers at Hughes Research
Laboratories on a 23 GHz static 1/128 Frequency Divider using SiGe HBTs. In order to obtain such

high frequency results on a lossy silicon substrate, it was found necessary to fabricate microwave ele-

ments above a 13 mm thick laver of benzocyclobuten (where the BCB was used for wave propagation).
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NEC Corporation
A cross sectional view of NEC's super self-aligned selectively grown
SiGe-base (SSSB) HBT fabricated on Silicon on Insulator (SOI).

2.0 GHz level Baines says. “it is not clear if we will need SiGe at that
point, but it is not a decision that we have to make now. We feel that.
at the moment, the WLAN market at 2.4 GHz is small and undefined,
and we have the time to make our decision as to which technology to
choose - SiGe or Si.” Baines’ sentiments are echoed by Jerald Fishman,
president and CEO of Analog Devices who has said that he feels that
bipolar in standard silicon is now capable of operating at up to 2 GHz.
while there may still be some opportunity for SiGe in very high-speed
communications.

NEC

The NEC [Kanagawa. Japan| approach relies on the formation of a
selectively grown SiGe base region. Initial work in the early 1990’s
relied on Gas Source MBE to perform the selective work, but this has
now been transferred to a cold wall UHV/CVD system. an approach
which is very similar to IBM’s. NEC utilizes a self aligned structure in
which a polysilicon overhang is placed above the region where the SiGe
base will be grown. As the selective SiGe epitaxial base grows upward.
polySiGe is also selectively being grown downward from the exposed
polysilicon overhang. As growth continues, the single crystal SiGe
from the base and the polySiGe from the extrinsic base contact meet
during selective growth to form the extrinsic base contact. This process
is referred to as the Super Self-aligned Selectively grown SiGe base
(SSSB) bipolar transistor. NEC uses base thicknesses which vary from
45 to 60 nm, using both a graded Ge profile similar to IBM’s, as well
as a trapezoidal-like structure (a combination of the graded and flat Ge
profile), where for both cases, a maximum Ge content ranging from 10-
15% at the collector-base junction is used. Boron base dome is typi-
cally 7x10' em, a value similar to that used by IBM. In order to
improve RF performance, a bonded silicon on insulator (SOI) substrate
with BPSG-filled trench isolation is used to reduce collector-substrate
capacitance. Using the SSSB approach, f,,, and f, values of 50 and 50
GHz, respectively, for Ves of
1 'V, are obtained.

Sato and coworkers at NEC have applied this technology in the
development of the ICs required to implement a 20 Gbit/s optical com-
munications system, as reported at the 1995 BCTM. These circuits
include a SiGe-based HBT preamplifier IC which employs a dual feed-
back loop circuit, and exhibits a 19 GHz bandwidth with a 38 dB-ohm

transimpedance gain, and a decision IC which consists of a gain con-
trollable amplifier, and a D-flip-flop which operates at 20 Gbit/s with
200 mV,,, input sensitivity. In addition, this technology has been
applied in the fabrication of 0.6 um design rule SiGe HBTS in used in
ECL circuits, producing 19 psec gate delays.

Daimler-Benz

The SiGe effort at the Daimler-Benz Research Center [Ulm,
Germany] is based an MBE-grown, mesa-structure HBT. Using 1000
ohm-cm Si substrates, where the high resistivity substrate is used to
enhance RF performance. the typical Daimler-Benz MBE grown HBT
utilizes the flat SiGe base profile. which consist of a 25 nm boron doped
Ix10% em™ SiGe layer. with a 30-40% Ge content. The remainder of
the HBT consists of a 50 nm Si emitter, Sb doped to 2x10" ¢cm, and a
Si collector which may vary in thickness from 130 to 400 nm with dop-
ing ranging from 2x10'° to 5x10'7 em*, where this range is used to trade
f, off against f,,,, an example of which can be seen in Table I.

Daimler-Benz utilizes three different SiGe HBT processes, all
based on MBE growth of the SiGe epi. The first is a non-passivated
double mesa technology, using dry etching and self aligned liftoff to
define the emitter, base and collector: the second is a passivated double
mesa technology, in which self-aligned oxide/nitride sidewall spacers
are used for passivation; and the third is a differential HBT process used
to reduce parasitic collector-base capacitances, where the collector is
grown by CVD, and the base and emitter layers are grown by MBE.
while a recessed LOCOS (Local Oxidation of Silicon) technology is
used to define the active HBT area.

Daimler-Benz plans to announce at the 1995 International
Electron Device Meeting (IEDM) that the double mesa SiGe HBT
structure has achieved a record-breaking f,,, of 160 GHz (with a corre-
sponding f; of 30 GHz) at a Vi of 8 V. However, this high operating
voltage makes this device inappropriate for many wireless applications.
A more applicable structure for wireless applications will also be
reported which utilizes a higher collector doping (increasing from

TABLE 1
DEVICE PARAMETERS

MBE W N¢ 3 Ry iy fni
sample [nm] [em ] {Q/0] [[GHz] [GHz]
B2845(8] 130 ST 22 950 46 49
B 2982 180 Z=40)¢ 32 450 17 55
B2984 250 810" 60 360 30 78
B299] 250 S 60 360 33 2
B2992 300 S-10" 55 340 30 72
B2994 300 5:10" 55 380 34 100
B2993 400 Z=1 018 39 400 32 120

Daimler-Benz Research Center, and IEDM
Table 1. Device parameters for Daimler-Benz SiGe HBT, illustrat-
ing the relationship between f, f,,.. and collector structure. For w,-
collector width, N, - collector doping, - dc current gain, and R,; -
base resistance.
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1.5x10' to 2x10'7) where at a VCE of 3 V,
gives an f,,. of 90 GHz, with a f, of 65 GHz.
Some of the other highlights of Daimler-
Benz's SiGe HBT technology include: a DC-
18 GHz wideband amplifier exhibiting 9.5 dB
of gain while drawing only 50 mW from a 3
V supply: a 26 and 40 GHz VCO which
exhibits a tuning range of more than 3 GHz,
with the output power behind the on-chip 10
dB attenuator reaching -13 dBm; a Ka band
MMIC amplifier producing 4 dB of gain at 26
GHz,; and a C-band (4-8 GHz) power ampli-
fier producing 20 dBm of power at a 30%
PAE.

Daimler-Benz has begun transferring its
technology to its subsidiary, TEMIC
Telefunken [Heilbronn, Germany], to begin
commercialization of both discrete- and cir-
cuit-based SiGe components. TEMIC cur-
rently produces bipolar Si devices with f, up
to 15 GHz for wireless applications. It plans
to implement Daimler-Benz’s technology to
create a UHFSiGe process (f; up to 50 GHz).
TEMIC is currently using the differential
HBT process (MBE/CVD), with CVD
defined collectors for the UHFSiGe process,
but plans in the future to go to complete CVD
structures - a critical step which may prove
challenging when considering how MBE-
dominated the Daimler-Benz effort has been
up until this point. TEMIC is specifically tar-
geting wireless applications. They hope to
begin with production of discrete devices in
the first half of 1996, and to start production
of circuits by the end of next year.

GB1128Z

A DC-18 GHz SiGe-based HBT Wideband
Amplifier, fabricated by Daimler-Benz and
University of Ulm. Providing 9.5 dB of gain
Sfrom DC through 18 GHz, this 3 V supplied
amplifier consumes 50 mW,

Competition

SiGe, Si and GaAs device technologies
compete among each other in two fundamen-
tal categories: performance and cost. Success
in the market place occurs for those who offer
a device at the minimum cost which can just
meet a performance specification. No one is
willing to pay extra for performance that they
do not need. Using these two criteria, how
well does SiGe compete against both Si and
GaAs?

IBM, NEC and Daimler-Benz have
clearly demonstrated that SiGe can produce a
high performance HBT technology. SiGe-
based HBTs exhibit ft and fmax values above
100 GHz (values which are 50% higher than
the best Si-BJT. but some 2-6 times lower
than the best GaAs devices). IBM has report-
ed power added efficiencies at | GHz of 66%,
which is slightly better than the best Si BJT,
but somewhat less than those obtainable in
GaAs. Though somewhat inferior in noise
characteristics over the 1-2 GHz range as
compared to GaAs, SiGe-based HBTS offer
superior corner frequencies, f., with values
down to 100 Hz as compared to GaAs which
generally exceeds 2 KHz. Furthermore, IBM
has demonstrated the capability of integrating
CMOS with SiGe HBTs, where the resultant
SiGe HBTs operated comparably to state of
the art BJT performance levels. These char-
acteristics show that the performance of SiGe-
based HBTS is for the most part superior to
conventional Si BJTs, while in some areas are
becoming competitive with GaAs based
devices. and in the case of f., even superior.

The most important “real-world™ con-
siderations are the characteristics required
for a specific application. IBM and TEMIC
both hope to pursue the RF segment of the
wireless market, which currently requires
discretes and MMICs which can operate
over the frequency range of 900-1900 MHz,
with some small growth starting to occur at
2400 MHz for WLAN applications. SiGe
can readily meet the RF requirements for
most wireless applications in this frequency
range - but so can Si and GaAs. In reality,
competition in this area is not so much
determined by performance, but by cost. As
a result, both Si and GaAs-based MMICS
currently face stiff competition from dis-
cretes. MMICs currently occupy around
25% of the market, and they will be able to
increase their share only if they can compete
on a cost level with discrete solutions, or
offer a needed performance enhancement.
[BM reported at the 1995 BCTM that they
believe that an important application for

their SiGe BiCMOS technology will be “sin-
gle chip solutions™ for wireless - a single SiGe
BiCMOS chip which would handle both RF
and digital functions. But this vision is con-
trary to that shared by the vast majority of the
wireless community, where a “mix-and-
match™ approach is utilized to tailor both dig-
ital baseband circuitry and RF components for
specific phones and applications. It is not
clear at all that the wireless market is looking
for large levels of RF integration, let alone
integration of RF with digital baseband func-
tions. If IBM is correct, then they are far
ahead of current practice.

The first SiGe-based HBT MMICs will
likely be targeted toward a cost/performance
point somewhere between that of Si and GaAs
MMICs. Unfortunately, this region is getting
smaller. Silicon’s performance is improving.
It is already suitable for applications below 2
GHz, and at least one “all-Si"” chipset for 2.4
GHz operation has been announced (see page
14). At the same time, GaAs-based devices
and MMICs continue to get cheaper. TRW's
GaAs HBT Darlington amplifiers are now
being sold through RF MicroDevices for less
than $1 each. Hewlett Packard can sell
PHEMT based LNAs, which are both MBE-
grown and whose gates are E-beam defined,
for less than $1. And TriQuint sells a wide
range of MESFET-based LNAs, as well as up
and down converters for less than $2 each.
[ndustry wide GaAs MMIC production levels
are already approaching 10 million per
month, and will see continuing rapid growth
with the introduction of TDMA and CDMA
digital cellular services, as well as expansion
of cellular services into the PCS band (1800
MHz) within the next two years. This
increase in production will only further
decrease GaAs-based MMIC costs.

Despite having demonstrated a high per-
formance technology. neither IBM, NEC or
Daimler-Benz have yet entered into the phase
where they are producing any MMICs for
insertion into commercial devices. All three
are still in the investigational/demonstration
mode, with Daimler-Benz looking like it will
be the first to enter the market. Those SiGe
parts will enter into a very compelitive arena,
especially if they take another 1-2 years to
arrive. During that time both Si- and GaAs-
based MMICs will continue to improve in
performance, increase production, and drop in
cost. SiGe is undoubtedly capable of produc-
ing a high speed bipolar technology, but it
remains to be seen whether this technology
can make the leap from the laboratory to the
production line.



GUEST EDITORIAL

SiGe HBT and GaAs
MESFET Technologies -
A Market Perspective

Rob Christ, Senior Applications Engineer

TriQuint Semiconductor

iGe HBT technology has garnered a lot of

press during the last year or so. While it

has been touted to be manufacturable and
ready for high volume production, it has not
yet been used for generally available commer-
cial products. The technical aspects, or the
“hows.” of the transistors have been reported
adequately enough, however the marketing
reasons, or the “whys,” have often been
glossed over. Usually the marketing reasons
read something like, “if it's silicon on big
wafers, it must be cheap” and “we could see
‘radio on a chip’ integration soon, because the
integration potential of silicon is well known.”
Unfortunately, there are several assumptions
built into these arguments that don’t stand up to
closer inspection. Let's examine them:

Assumption #1: SiGe HBT offers enabling
performance improvements over other high
performance bipolar processes. The main
advantage of SiGe is that it allows for higher
base doping than is practical in conventional
bipolar transistors. This allows for thinner
bases and lower Ry values. These allow for
higher cutoff frequencies. The more Ge in the
base the better. Unfortunately, there is a prac-
tical upper limit on the Ge concentration in
order to get low defect epitaxy. Therefore, the
performance advantages in practical SiGe
devices are relatively small compared the best
high performance bipolar. To many bipolar
users, there is a real question whether it is
worth investing in a new technology for rela-
tively minor benefits.

Assumption #2: Transistor performance is
the main barrier for integrated silicon to
penetrate wireless RF front-ends. While
transistor performance is an issue, RF isolation
and system costs are much bigger barriers.
Since silicon substrates are conductive, it is not
practical to build high quality passive elements
on-chip. However, much of the cost in current
RF systems using discretes comes from the

passive elements. GaAs IC's are penetrating
RF system designs based on system cost, not
just performance. Integrated GaAs with on-
board passive elements provide much greater
consistency compared to discretes. This often
results in higher radio yields and lower overall
RF system cost.

Assumption #3: All silicon processing is
inherently cheap. Not all silicon process tech-
nologies are equal on a cost basis. High per-
formance bipolar and BiCMOS processes are
more complicated and usually produced in
lower volumes than CMOS memories and gate
arrays. Simple GaAs MESFET processes are
currently cost competitive with high perfor-
mance bipolar and less expensive than
BiCMOS for RF functions. For the same func-
tion, a typical GaAs MESFET process takes
only 13 photolithographic layers compared to
21 layers for high performance bipolar with the
same function. BiCMOS processes usually
have 26 or so layers by comparison. As the
infrastructure for GaAs grows, these differ-
ences will become more and more clear.

Assumption #4: It is always desirable to
maximize the level of integration in RF sys-
tems. Some reporters mistakenly apply the
pervasive digital integration paradigm that has
dominated the computer industry to RF sys-
tems with the notion that “radio on a chip” is
around the corner. Even if “radio on a chip”
integration becomes technically possible, it
would not be cost effective. It doesn’t make
sense to use real estate shared with very high
performance RF transistors for baseband
and signal processing functions. Likewise, it
doesn’t make much sense to force-fit high den-
sity CMOS with RF transistors. It is best to
choose the appropriate technology for each
function for both performance and cost rea-
sons. Where integration is occurring, chip set
makers and mobile terminal designers are
slowly developing a consensus toward inte-

grated GaAs MESFETs for RF front-ends.
Bipolar or BICMOS for IF/Baseband functions
and CMOS for signal processing and logic.
Since the characteristics of each function are so
different, each of these technologies has its nat-
ural place.

SiGe will not replace GaAs in circuit
applications where it has been demonstrated
that GaAs has clear performance and cost
advantages over integrated silicon bipolar.
This is particularly true in RF power amplifiers
for mobile communications. GaAs MESFET
power amps provide greater power efficiency
than bipolar power amps. Also, GaAs MES-
FET technology offers the linearity required
for today’s emerging digital systems. On the
other hand. SiGe provides no such advantage
over silicon bipolar for power amps.

Since TriQuint produces GaAs devices
exclusively, we are sometimes asked whether
we are concerned about the emergence of SiGe
HBT technology. While we are interested in
the developments of this technology, we do not
consider it to be a threat. SiGe HBT is essen-
tially a performance enhancement of existing
bipolar technology with all of its attendant
strengths and weaknesses.

From our Nov/Dec 1995 issue.

Rob Christ is Senior Applications
Engineer at TriQuint Semiconductor in
Beaverton, Oregon. He is responsible for
developing the customer interface and train-
ing customers to use TriQuint’s foundry ser-
vices.  TriQuint Semiconductor, Inc.
designs, develops and manufactures analog
and mixed signal GaAs integrated circuits
for high performance systems in wireless
communications, telecommunications and
computing applications.  TriQuint is listed
on the NASDAQ with the symbol TQNT.
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