- o~ —y

< = ——y Ed

AD-A192 613

APRIL TO JUNE 1988 VOL. 13 NO. 2

SCIENTIFIC £
BULLETIN

DEPARTMENT OF THE NAVY OFFICE OF NAVAL RESEARCH FAR EAST
DEPARTMENT OF THE AIR FORCE OFFICE OF SCIENTIFIC RESEARCH FAR EAST
UNITED STATES ARMY RESEARCH OFFICE FAR EAST

)
AESERRO

APPROVED FOR PUBLIC RELEASE: DISTRIEUTION Uiveiwvn TED NAVSO P-3580

3¢ 3 2¢ 20 ¢




UNCLASSIFIED

SECLRITY CLASSFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

ta REPORT SECURITY CLASSIFICATION 1o RESTRICTIVE MARKINGS

Ja SECURITY CLASSIFICATION AUTHORITY 3 DISTR:BUTION/ AVAILABILITY OF REPORT

APPROVED FOR PUBLIC RELEASE;

2b DECLASSIFICATION, DOWNGRADING SCHEDULE
DISTRIBUTION UNLIMITED.

4 PERFORMING ORGANIZATION REPORT NUMBER(S) S MONITORNG ORGANIZATION REPORT NUMBER(S)

ONRFE Yol 13, No. 2

6a NAME OF PIRFORMING ORGANIZATION 6b OFFICE SYMSOL 7a NAME OF MONITORING ORCANIZATION
) (if applicable)
ONR/AFOSR/ARO
fc ADDRESS (City, State, and ZIP Code) 7o ADDRESS (City, State, and 2tP Code)

Liaison Office, Far East
APO San Francisco 96503-0007

Ba NAME OF FURDING: SPONSORING 8b OFFICE SYMBOL § PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)
8¢ ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO NO NO ACCESSION NO
1Y TIT.E (nc'ede Security Classification)

ONR FAR EAST SCIENTIFIC INFORMATION BULLETIN

12 PIRSONAL AUTHOR(S)
George B. Wright, Director; Sandy Kawano, Editor

13a TYPE OF RIPORT 13p TIME COVERED 14 DATE OF REPORT (Year, Month, Day) ['S PAGE COUNT
FROM 70 April-June 1988

10 SUPPLEMENTARY NOTATION

ISSN: 0271-7077

17 COSATI CODES 18 SUBJECT TERMS (Continue on reverse «f necessary and identify by block number)
FIELD GROUP SUB-GROUP Japan Optoelectronic devices Accentors
Japan Prize Diamond semiconductor  Self-compensation
Semiconductors  Shiallow donors Lattice constant

19 ABSTRACT (Continue on reverse if necessary and dentify by block number)

This is a quarterly publication presentiprg articles covering recent developments in Far
Fastern (particularly Japanese) scientific research. It is hoped that these reports (which
do not constitute part of the scientific Titerature) will prove to be of value to scientists
by providing items of interest well in advance of the usual scientific publications. The
articles are written primarily by members of the staff of ONR Far East, the Air Force Office
of Scientific Research, and the Army Research Office, with certain reports also being
contributed by visiting stateside scientists. Occasionaily, a regional scientist will be
invited to submit an article covering his own work, considered to be of special interest.
This publication is approved for official dissemination of technical and scientific informa-
tion of interest to the Defense research community and the scientific community at large.

Subscription requests to the Scientific Information Bulletin should be directed to the
Superintendent of Documents, Attn: Subscription, Government Printing Office, Washington, DC
20402. The annual subscription charge is: domestic, $13.00; foreign, $16.25. Cost for a
single copy is: domestic, $4.50; foreign, $5.65

20 DISTRIBUTION / AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIF'CATION
O UNCLASSIFEDAUNLIMITED £ SAME AS RPT O DTIC USERS

22a NAME OF R7>PONSIBLE INDIVIDUAL 22b TELEPHONE (include Area Code) | 22c OFFICE SYMBOL

DD FORM 1473, 84 MaR 83 APR edition may be 1 enA avilay sy repd SECURITY CLASSIFICATION OF THIS PAGE

All other editions are obsole%e UNCLASSIFIED




iy

18. Subject Terms (Key Words) continued

Science and technology award
Zincblende semiconductor
Chalcopyrite semiconductor
Epitaxial growth

Energy bandgap

Technology transfer survey
Industrial research

University research

Japanese "old-boy" network

R&D management

Hot isostatic pressing technology
Hot pressing ceramics

Gas pressure sintering

Silicon nitride

Silicon carbide

Zirconia ceramics

Whisker reinforcement

Hot isostatic pressing seminar
Megagauss magnetic field research
dc field facilities & research

1 Accecsion For
T—ﬁrzs ORakl

¢ DITT LAl M

i Uhsnownend &

Pdustyitentton

i,. S
Ry, ... _"______ﬁ

L_Distribnt)on/

fvailab!lsty Ol s
Avesl and/or'

;Dlst | Smectsl

- -

A |
b |

Pulsed-field facilities & research
Chevrel phase compounds

Computer modeling

Artificial intelligence

Singular value decomposition

Fuzzy Set theory

High temperature superconductivity
Single crystal measurements

Films

Critical field measurement
Substitution

Oxygen planes versus chains
Magnetism

Thin films

Organic superconductors

Ternary superconductors

heavy fermions

Artificial structures

Oxide superconductors



e i

SN SO S

CONTENTS

The 1988 Japan Prize
Sandy Kawano

This year’s Japan Prize honors the doctors who crusaded against
smallpox and AIDS and the French nuclear phvsicist who
established fast breeder reactor technology.

Growth of Low Resistivity II-VI Crystale at the Tokyo institute of ‘Technology
George B. Wright

New [I-VI materials open the door for optoelectronic applications.

A Survey of High-Technology Transfer Practices
Robert S. Cutler

..................................................

What'’s behind the 'Japanese Miracle,” and can we apply Japanese
high-tech transfer practices to U.S. technologies?

Survey of Hot Isostatically Pressed Ceramics -
Edward Mark Lenoe

Hot isostatic pressing technology has experienced rapid growth
during the past 10 years, particularly in Japan.

Megagauss Magnetic Field Facilities and Research in Japan

Dean L. Mitchell

This article summarizes a survey of Japanese high magnetic field

facilities, instrumentation, and research opportunities for the
megagauss regime.

Self-Organizing Methods in Computer Modeling:
Research and Applications in Japan
Daniel O. Molnar

The original Group Method of Data Handling (GMDH) algorithms,

a form of artificial intelligence, are compared to the Japanese
revision of GMDH and U.S. efforts.

ONRTIE SCi BUL 13 (2) 88 i

..........................................................

....................................................................

......................................................................................................

17

33

77



Page

The 18th International Conference on Low Temperature Physics and the
Yamada Conference XVIII on Superconductivity in
Highly Correlated Fermion SYStems | ..........c..oeuevreeeemeeeeeeeeeeeeeeeeeeeesces e 83
Wendy Fuller

High T superconductivity was the major topic at both conferences
discussed in this article.

International Meetings in the Far East, 1988-1594 ...........coooviiommoooeeeeeeeeee 93
Yuko Ushino

Cover: The statue of Ninomiya Sontoku (1787-1856) is a familiar sight in or near many
elementary schools in Japan. Ninomiya was a farm technologist and the leading agricultural
philosopher of the latter part of the Edo period (1600-1868). His practical and moral teachings,
which urged cultivators to raise output and pay their taxes, helped strengthen the economic
basis of the Tokugawa Rule. Because of these accomplishments, he was later praised as a
paragon of virtue in the national ethics textbooks of the 1930s, thus prompting the placement
of statues in elementary schools to remind children of the virtue of hard work and study. Photo
courtesy of Edward Mark Lenoe.

1 ONRFE SCI BUL 13 (2) 88 iv




P

THE 1988 JAPAN PRIZE

Sandy Kawano

F ive doctors, crusaders against smallpox
and AIDS, and a French nuclear physi-
cist who established tast breeder reactor
technology are this year's winners of the
Japan Prize.

On Thursday, February 4, the
Science and Technology Foundation of
Japan aunounced the winners of the 1988
Japan Prize. The Japan Prize was estab-
lished in 1985 to deepen thc unuerstanding
of the role played by science and technology
in furthering world peace and prosperity.
Drs. Donald Henderson of the United
States, Isao Arita of Japan, and Frank
Fenner of Australia were cited for their
efforts in the eradication of smallpox, a
disease that plagued manki- < for 30
centuries. Drs. Robert C. Gailo of the
United States and Luc Montagnier of
France won the prize for their respective
research in identifying and developing tests
for the Human Immunodeficiency Virus
(HIV), the AIDS pathogen. These five
doctors shared the Japan Prize in the cate-
gory of Preventative Medicine. In the cate-
goryof Energy Technology, Frenchscientist
Dr. Georges Vendryes was honored for his
work in establishing fast breeder reactor
technology, deemed by many to be
mankind’s best energy hope of the future.
This year marks the first time a Japanese
has been chosen as a prize winner, and it is
also the first time awards were made to
French and Australian scientists.
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Dr. Donald A. Henderson, as the
first chief medical officer of the World
Health Organization (WHO) World
Smallpox Eradication Office, dedicated his
efforts to the development of group vacci-
nation programs and contributed to its liis-
torical success through the worldwide erad-
ication of smallpox.

Dr. Henderson received an A.B. in
1950 from Oberlin College, an M.D. in 1954
from the University of Rochester, and an
M.P.H. in 1960 from Johns Hopkins
University, School of Hygiene and Public
Health. His professional career began in
1955, after his internship. From 1955 to
1966 he was responsible for epidemiologi-
cal surveillance at the Center for Disease
Control in Atlanta, GA. From 196710 1976
he was the chief medical officer for small-
pox eradication for the World Health
Organization in Geneva, Switzerland. In
1977 he was appointed dean of the School of
Hygiene and Public Health at Johns
Hopkins University.

Dr. Henderson has been honored
with many awards including the Albert
Schweitzer International Prize for
Medicine (1985) and the National Medal of
Science (1986).

Dr. Isao Arita, as the second chief
medical officer of the WHO World
Smallpox Eradication Office, established
basic disease control knowledge and per-
formed epidemiological analyses as well as
surveys and research into vaccine quality
improvement.
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Dr. Arita received an M.D. in 1949
and a Doctorate in Medicine in 1957 from
the University of Kumamoto, Japan. From
1957 to 1958 he studied communicable
disease control in Denmark, the Federal
Republic of Germany, the Netherlands,
Switzerland, and the United Kingdom.

Dr. Arita began his professional
career with the Public Health Bureau,
Ministry of Health and Welfare, Japan,
where he served as epidemiologist from
1950 to 1962. From 1962 until 1985 he
worked for the World Health Organization
in various capacities. From 1962 until 1964
he was a medical officer at the WHO
Regional Office in Brazzaville, Africa.
From 1964 until 1967 he was a medical
officer in the Virus Program ai WHO
Headquarters, Geneva. In 1967 he trans-
ferred to the Smallpox Eradication Pro-
gram, where he became chief medical offi-
cerin 1977. In 1985 he assumed his present
position of director of Kumamoto National
Hospita!.

Dr. Arita’s major awards include the
Fourth Ohyama Health Award (1978) and
the Asahi Award of Science (1981).

Dr. Frank Fenner, as the chairman
of the WHO Smallpox Eradication Surveil-
lance Committee, supervised implementa-
tion of the global smallpox eradication
program. His consistent efforts greatly
contributed to its success.

Dr. Fenner is a graduate of the
University of Adeleide in Australia. He
studied virology at the Department of
Microbiology, Australian National
Uinvensity, under Professor Burnet. From
1967 he has held various positions with the
Australian National University. From
1949-67 he was professor of microbiology at
the John Curtin School of Medical
Research, assuming the directorship of that
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school in 1967. From 1973-79 he served as
director of the Centre for Resource and
Environmental Studies. Currently Dr.
Fenner is president of the Institute of
Resources and Environment.

Dr. Fenner's awards inciude ihe
ANZAAS Medal (1980) and the ANZAC
Peace Prize (1980).

Dr. Luc Montagnier, as leader of the
joint research staff at the Pasteur Institute
in 1983, became the first researcher in the
worldto discover HIV, the pathogenbehind
AIDS, thus launching the start of genuine
HIV research. He also developed practical
blood serum diagnostic methods for the
establishment of basic preventative
countermeasures.

Dr. Montagnier received a B.Sc. in
1955 from Poitiers and Paris and a
Doctorate in Medicine in 1960 from Paris.
In 1955 he joined the staff of the Paris
University of Sciences as an assistant
professor. From 1960 Dr. Montagnier has
held various positions with the National
Center for Scientific Research, including
head of research (1967), director of
research (1974), and chief of the Associated
Research Unit UA1157 (1984). In addition
to his work with the National Center for
Scientific Research, Dr. Montagnier has
also been associated witn the Pasteur
Institute since 1972, first serving as chief of
the Viral Oncology Division (1972) then as
head of the Virology Branch (1982-85).
Currently he is chief of the Department of
Virus Tumors.

Dr. Montagnier has received
numerous prizes and awards including the
Chevalier of the Legion of Honor (1984)
and the Albert Lasker Prize (1986).

Dr.Robert C. Gallo, leading his own
independent research group, established a
method of culturing human T cells and
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succeeded in isolating the HIV virus,
making a major contribution to analysis of
its relationship with AIDS. He is also a
pioneer in the research and development of
AZT, the most effective AIDS treatment
thus far, as well as in the effort to manifest
a virus gene and realize an AIDS vaccine.

Dr. Galloreceived a B.A. in biology
in 1959 from Providence College and an
M.D. in 1963 from Jefferson Medical
College. He has received numerous
honorary D.Sc. degrees from all over the
world from such institutions as Providence
College; Thomas Jefferson University; the
School of Medicine and Dentistry,
University of Rochester; the University of
Turin, Italy; and the University of Tel Aviv,
Israel (D.Ph.).

After completing his internship and
residency in 1965, he joined the staff of the
National Cancer Institute in Bethesda, MD.
From 1965-68 he was a clinical associate in
the Medical Branch, from 1968-69 he was a
senior investigator in the Human Tumor
Cell Biology Branch, from 1969-72 he was
head of the Section on Cellular Conirol
Mechanisms in the same branch, and from
1972 until the present he has been chief of
the Laboratory of Tumor Cell Biology.

Dr. Gallo’s major awards and
honors include the American Cancer
Society’s Medal of Honor (1983), the Third
Armand Hammer Prize for Cancer
Research (1985), and the Albert Lasker
Clinical Medical Research Award (1980).

The sole recipient in the category of
Energy Technclogy, Dr. Georges Vendryes
has beenhonored for his contributionto the
establishment of the fundamentals of
nuclear power design and the promotion of
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fast breeder reactor development. His
work led to the successful completion of
“Super Phoenix,” the world’s first large-
scale test breeder, establishing practical
technologies for a solution to mankind’s
cnergy problem in the future.

Dr. Vendryes received an M.S.
degree in 1942 from Ecole Polytechnique
and a Doctorate in Physics in 1951 from
Paris University. From 1952 until the
present he has served in various positions
with the Commissariat a I’Energie
Atomique. From 1952-59 he was chief then
head of the Experimental Neutronics
Branch, from 1959-71 he was head of the
Physics Research Department, from 1971-
74 he was director of the Division of Nuclear
Reactors Researchand Development, from
1974-85 he was managing director thenvice
president of Industrial Nuclear Applica-
tions, and in 1985 he wa< appointed scien-
tific advisor to the president.

Dr. Vendryes has received many
awards and honors throughout his career
including the Enrico Fermi Award from the
U.S. Government (1984) and Grand
Officer, I'Ordre du Merite National (1985).

This year’s Japan Prize winners join
the ranks of past distinguished recipients
who have all strived through their research
and accomplishments to improve the
quality of life for all mankind.

Sandy Kawano is the editor of the
Scientific Information Bulletin.  Before
coming to Japan, she worked for the Naval
Civil Engineering Laboratory. Port
Hueneme, CA, as a technical writer-editor.
She has a Bachelor of Arts degree in Liberal
Studies from California State University,
Northridge.
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GROWTH OF LOW RESISTIVITY

II-VI CRYSTALS AT THE

TOKYO INSTITUTE OF TECHNOLOGY

George B. Wright

he possibility of using wide bandgap

semiconductors, particularly the I1-VI
compounds, for optoelectronic devices is a
goal that has eluded workers for three
decades, primarily because of the inability
to develop low resistivity materials of both
n-type and p-type conductivity. The
physical reasons behind this problem, the
models that were employed to analyze i,
and recent breakthrouglis in solving the
problem are the subject of this article.
Possibilities for future developments are
suggested.

INTRODUCTION

Soonaiterthe discoveryof transistor
action in germanium and its extension to
silicon, both elemental semiconductors
crystailizingin the dicmond structure, it was
realized that there are compound semicon-
ductors, such as GaAs, crystallizing in the
closely related zincblende structure, whose
bulk properties seemed to offer high prom-
ise for application in improved devices. In
fact it has proven remarkably difficult to
make Nature deliver on that promise.

Within the zincblende clan, there
are two prominent families, the III-Vs,
exemplified by GaAs and its siblings, and
the II-VIs, represented, for example, by
ZnSe and HgTe. AspectacularIII-V device
success in the early 1960s was the achieve-
ment of semiconductor injection laser oper-
ation in GaAs, simultaneously by groups at
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GE, IBM, and MIT Lincoln Laboratory.
More recently, with the introduction of
GaAs-AlAs superlattices at Bell Labs and
IBM, very high speed field effect transistors
(FET)have been fabricated from GaAsand
named high electron mobility transistors
(HEMT) by the Fujitsu group that first
introduced them. Very successful and
sophisticated laser engineering is now pos-
sible using a wide variety of III-V materials
and structures (Ref 1). Japan is a world
leader in its vigorous pursuit of this impor-
tant field, and the prospect of important
markets has supported heavy investments
in the improvement of growth techniques
forbulk crystals of GaAs, which wiil serve as
substrate materials ior compound seinicon-
ductor devices and integrated circuits
(Ref 2).

In the II-VI family, by contrast, vir-
tually the only successful device application
has been the inirarea actecuns developed
in the HgCdTe alloy system. It has been a
struggle of two decades to make these work.,
and there are still problems with material
instability. The more gencral goal of using
the II-VIs to provide wide bandgap. short
wavelength optoelectronic devices has not
been achieved, and the reason is not far to
seek. To make an efficient semiconductor
light emitting diode (LED) or laser, one
needs low electrical resistance material of
both n-type and p-type. and these have not
been available inII-VI compound semicon-
ductors. The reasons behind this problem,
and a recent research breakthrough at the



Tokyo Institute of Technology that provides
a solution to the problem, will be the sub-
jects of this article.

THE DIAMOND, ZINCBLENDE,
CHALCOPYRITE SEMICONDUCTOR
FAMILY

To understand the problem with
[I-VI compounds, we need first to review a
little semiconductor physics. Germanium
and silicon crystallize in the diamond
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structure, which is composed of two inter-
penetrating, face-centered cubic lattices so
arranged relative to one another that each
atom on one sublattice is surrounded by
four atoms on the second sublattice in a
tetrahedral symmetry. This geometry is
shown in Figure 1a. There are two atoms in
the unit cell, and each atom has four (IV)
valence electrons, sothere are eight valence
electrons in each unit cell. The elements
with fou: valence electrons aie chown in
column IV of the Periodic Table inset in
Figure 1.

Pl Ill]lU U | Ut |Vll

nu | Ha: TI1| Pb
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Na|Mg| Al| Si| P S Cl |
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(a) Diamond.

(b) Zincblende.

(¢) Chalcopyrite.

Figui2 1 The dismend, »inctlendc, chalcopyrite family of crystals.
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To derive the zincblende structure,
we replace the atoms onsublattice Awithan
element from column Il (three valence
electrons) and the atoms on sublattice B
with elements from column V (five valence
electrons). This symmetrical move away
from column IV elements preservesa count
ofeightvalence electrons per unitcell. Now
because the atomson the twosublattices are
difterent, the bonds between the atoms
become polar but retain some of their pre-
vious homopolar character. The energy gap
increases and becomes a direct gap for most
members of the family, in contrast to the
indirect gap of silicon and germanium. This
makes for greater optical transition proba-
bility and makes semiconductor lasers pos-
sible. We could have substituted column II
atoms onsublattice A and column VI atoms
on sublattice B, which would have given a
still wider energy gap and a more polar
bond. These are the H-VI compounds,
which crystallize in the zincblende structure
(Figure 1b) and in a hexagonal form,
wurzite, whichisnotshownin Figure 1. The
atomic coordination is still tetrahedral, and
thereis only one tvpe of bond. the A-Bbhond.
As we move symmetrically from ger-
manium to gallium arsenide to zinc
selenide, the crystal becomes more ionic
and the energy gap increases, but the lattice
constant changes very little.

Finally,inaIl-VI compound, we can
take the A sublattice and subdivide it sym-
metrically between atoms from column |
and atoms from column III to obtain the
chalcopyrite siructure shown in Figure lc.
We have to double the unit cell in the
process, and the composition becomes
I-1- VI, which maintains the same average
electron concentration as before. We could
have done the same procedure on a lII-V
crystaltoobtainall-1V-V chalcopyrite. An
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important new feature in these compounds
is that the symmetry of an atomic site is no
longer tetrahedral; we have introduced
“chemical symmetry breaking™ with impor-
tant consequences for the nonlinear opticul
properties, to which we shall return later.

SHALLOW DONORS AND
ACCEPTORS IN SEMICONDUCTORS

Inagermanium crystal, if we replace
one atom with an arsenic impurity atom,
there is an extra electron present that is
weakly bound to the arsenic stom at low
temperatures, but it breaks free at elevated
temperatures and “donates™ itself to con-
tribute to the clectrical conductivity of the
crystal. The impurity is called a “donor”
and can be modeled as a hydrogen atom
immersed in the dielectric medium of the
crystal with the effective mass of the ger-
manium conduction band. The binding
energy is very much reduced below that of
the hydrogen atom inavacuum, so we speak
of a “shallow™ impurity. If the impurity had
been gallium, there would have been a
deficiency of one electron, which leads to o
“hole™ in the valence band, associated wid
the “uacceptor™ impuritv. This leads to
“p-type T conductivity (positive type). coni-
pared with the “n-type™ conductivity asso-
ciated with donors.  The conductivity is
proportional to the number ot excess elec-
trons or holes piesent, and the <olubility
fints for impurities may be in the range of
10" to 107 /cm’. If we put about 107 /cm’
acceptor atoms into a ZnSe crystal. we
would expect a conductivity of about anc
reciprocala-cm. Instead, conductivities 8to
12 ordersof magnitude fess have otten been
observed! This failure to obtain reasonable
p-type conductivity has been a major
impediment to using the [I-VI compounds
in devices.
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SELF-COMPENSATION

Areduction of p-type conductivity in
a crystal doped with acceptor impurities
occurs if there are also donors present.
Then the electrons from the donors simply
cancel the holes from the acceptors. This
cancellation is termed “compensation.”
This compensation commonly occurs
because there are residual donor impurities
present in even the purest chemical mate-
rials used to prepare the crystal, but usually
the compensation due to this cause can be
reduced far below the intentional doping
level of the acceptors. A more difficult case
todeal withis “self-compensation,” whichis
illustrated inFigure 2. Ithasbeen knownfor
a long time (Ref 3) that a vacancy or inter-
stitial atom in the host crystal may act as a
donor. This is termed a “native” defect
donor because it is not a chemical impurity.
We show in Figure 2 that a native defect
donor can form to compensate a chemical

impurity acceptor if the energy required to
form the defect is less than the energy given
up by moving the electron from the donor to
the acceptor, namely, the energy gap of the
host semiconductor. Another type of self-
compensation has been postulated in the
case of lithium impurities in zinc selenide
(Ref 4). There it was proposed that Li
substituted for a hostatom was an acceptor.
while interstitial Li was a donor, so the self-
compensation would occur by movement of
the lithium atom from a substitutional site
to an interstitial one, followed by a transfer
of the resultant donor electron to a substitu-
tional acceptor. The energy arguments
were unchanged. [t should be noted that
compensation to one part in ten thousand
most probably involves deep donors as well
as shallow donors. This is an issue well
studied in the case of “semi-insulating”
gallium arsenide and is discussed in the
Appendix.

SELF=COMPENSATION IN WIDE BONDGAP SEMTCONDUCTORS

|
|

! [ o T
CONDUCTION FOCONDICT TON 1 CONDUCTION |

N | BoND_ U BoND |
nat tve Q- nalive -0~
defect defoct (+)
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z

SELF-COMPENSATION MAY OCCUR WHEN THE BANDGAP ENERGY IS GREATER
THAN THE ENERGY REQUIRED TO FORM THE COMPENSATING NATIVE DEFECT

Figurc 2. Sclf-compensation in wide bandgap semiconductors,
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These self-compensation argu-
ments, proceeding from equilibrium
thermodynamics, seemed rather over-
whelmingly conclusive against the possibil-
ity of expioiting II-VI compounds in useful
devices, and in the late 196Us and early
1970s support for research programs in
these materials wasrather sharply curtailed
inthe United States. The 1I-VI compounds
had been the premier hosts for research on
excitons, and much pioneering work had
been done to show the value of photolumi-
nescence as a tool for understanding
impurities at very low chemical concentra-
tions. This work row shifted to gallium
phosphide and the II-VIs were largely aban-
doned. InJapan, by contrast, a lively inter-
est was sustained, and when moiecvlar
beam epitaxy (MBE) was introduced,
Japanese workers were among the first to
apply it to 1I-VIs. Plasma chemical vapor
deposition (CVD) and metalorganic
chemicalvapor deposition (MOCVD)were
also applied. We shall see how this persis-
tence paid off with the development of low
resistivity zinc selenide, both n-type and
p-type.

MOCVD EPITAXIAL GROWTH OF
7ZnSe ON GaAs SUBSTRATES

Since most future device applica-
tions are expected to involve epitaxial
growth, research workers had directed their
efforts to achieving growth of high quality
crystalline films at low temperatures on
substrates that will be readily available. For
growth of zinc selenide, the obvious choice
of substrate is GaAs because its bulk
crystals are the most readily available of any
compound semiconductor and because its
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lattice constant of 5.6533 A differs from that
of ZnSe (5.687 A) by only 0.27 percent.
Experiments using MOCVD growth with
dimethylzinc (DMZn) and diethylselenide
(DESe) and a substrate growth tempera-
ture of 400 °C established that the lat:ice
strain is accommodated by misfit disloca-
tions for film thicknesses greater than
0.15 micron, and it was established that the
flow rate of DESe/DMZn shculd be 10:1
(Ref 5).

CONDUCTIVITY CONTROL BY
SHALLOW IMPURITIES

A simple view of shallow impurities
leads us to expect that we could obtain
shallow donors by substituting a column VII
halogen atom on the Se site or a column 11
impurity on the Znsite. In fact Al, Cl, and
most recently iodine have all been success-
fully substituted for Se to produce low resis-
tivity n-type zinc selenide. By analogy the
alkali metals (column I) substituting for Zn
or column V atoms substituting for Se
should produce shallow acceptors, and thus
p-type material. A problem with the alkali
impurities is that they are amphoteric: that
is, they produce both donor and acceptor
centers, with the donor most probably being
an interstitial atom. Nevertheless, p-type
bulk crystals doped with Li were demon-
strated in 1985 (Ref 6 and 7). Nitrogen and
phosphorus have been shown to act as shal-
low acceptors, but with the DESe/DMZn
flow ratio of 10:1 it would be difficult to
incorporate them as substitutes for Se
during MOCVD. Accordingly the group at
the Tokyo institute of Technology chose
Li N as a dopant. Note that Li substituting
on the Zn site and N substituting on the Se
site would both act as acceptors.
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The first successiul MOCVD growth
of low resistivity p-type ZnSe was reported
in 1987 (Ref 8), with the results shown in
Table 1. A p-n junction, fabricated on a
p-type GaAs substrate, exhibited the I-V
characteristic shown in Figure 3, with an
electroluminescence spectrum shown in
Figure 4. An investigation of the acceptor
binding energy in the material suggested
that compensation was still present, and for
the most heavilv doped material an
impurity band probably formed. In retro-
spect, success depended upon the low sub-
strate temperature available through the
MOCVD metiiod; choice of chemically
pure MO source materials, which were also
optimized to produce a high quality host
crystal; and finally, choice of a suitable
dopant. The thermodynamic problem of
self-compensation was overcome by metas-
table growth at the low temperature. In
particular, the deep levels must have been
eliminated; the successful bulk growth of
p-tvpe material took place in an overpres-
sureof Zn (Ref 7), suggesting control of this
factor. High crystalline quality also proba-
bly prevented in-migration or compen-
sating Ga atoms from the GaAs substrate.
With the achieverment of low resistivity
ZnSe of both n-type and p-tvpe, and the
fabrication of a blue-light emitting LED,
the door to optoelectronic applications of
Z.nSe can fairly be said to be wide open.
What possible future directions for devel-
opment may we expect?

Table 1. Li-Doped ZnSe

Carrier
Sample | Concentration | Mob.lity Resistivity
No. (p-tyge) (emZ/V-s) (0-cm)
(cm™7)
1564A-C 6.4 x 1017 39 0.25
155A-C 3.9 x 1017 4y 0.37
164A-C 8.8 x 1017 38 0.19
172A-C 5.9 x 1018 38 2.8
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Figure 3. Current-voltage characteristic of a ZnSe
p-n diode (from Ref 8).
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Figurc 4. Electroluminescence spectrum at 3K K
of a ZnSc p-n diode (from Ref 8).

EPITAXIAL GROWTH OF LATTICE-
MATCHED CHALCOPYRITES

For optoelectronic devices involv-
ing epitaxial films, two very important
design parameters are the lattice constant
of the film and the energy bandgap of the
resulting material. For ease in visualization
of the system to be designed, it is commonto
plot these parameters for the available
materials ina diagram similar to that shown
in Figure S. On this diagram, a line drawn




between two compounds, such as ZnSe and
ZnS, means that as the two compounds are
alloyed together, the lattice constant and
energy bandgap vary as shown. A horizontal
line means that the lattice constant does not
vary. We mentioned earlier that ZnSe has
aslightly larger lattice constant than that of
GaAs, leading to strain in epitaxial growth.
We note that by alloying ZnSe with a small
amount of ZnS, the alloy can be brought
intoabetter matchwith the GaAssubstrate,
leading to better crystal quality of the epi-
taxial layer. Such an experiment has
actually been performed (Ref 9), and the
results are shown in Figure 6, where the
minimum in the diffracted x-ray linewidth
indicates improved crystal quality.
Removing crystalline strain by this method

isvery important for preventionof semicon-
ductor laser degradation under long-time
operation.

On the diagram of Figure 5 we also
note a system based on four compounds:
CuGaSe, CuGaS, CuAlS,, and CuAlSe,.
These are all II-VI derived chalcopyrites,
and their alloys provide an attractive system
to be grown on GaP substrates. As astartin
thisdirection, CuGaS, hasbeen successfully
grown by MOCVD on both GaAs and GaP
substrates despite the substantial mismatch
(Ref 10). Interesting anisotropies in the
growth direction behavior were observed,
related to the nonideal c/a ratio in the
crystal. Quite recently the quaternary alloy
CuGa(SSe), lattice-matched to GaAs has
also been successfully grown by MOCVD
(Ref 11).
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Figure 5. Lattice constant - Bandgap diagram for the I1-VI compounds
and their derivatives (courtesy of H. Kukimoto).
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Figurc 6. Lincwidth (full width at half maximum)
of x-ray rocking curves as a function of
composition in Zn§ Se¢, cpitaxial laycrs
grown on GaAs (100} substrates. Open
and filled circles arc for 2-micron-thick
epilaycrs and their substratces, respec-
tively, and open and filled triangles arc
for a 1.4-micron-thick cpilaycr and its
substrate, respectively (from Ref 9).

In the initial discussion of the
chalcopyrites in connection with Figure 1,
we alluded to the fact that the column VI
element is no longer tetrahedrally sur-
rounded by four identical atoms, as would
be the case for the zincblende structure. In
GaAs, the A-B chemical bond would
actually possess substantial nonlinear opti-
cal propertieswere it not for the tetrahedral
symmetry, which causes cancellation. In the
chalcopyrites, the symmetry is broken, and
this family of materials has some of the
highest known nonlinear optical Figures of
Merit. This means that if these materials
can be successfully incorporated into opto-
electronic devices, then mixers, phase-
conjugators, and other classes of nonlinear
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optical devices become possible. The suc-
cessful epitaxial growth of chalcopyrites by
MOCVDrepresents afirststep in this direc-
tion.

Even without the nonlinear optical
applications, the chalcopyrite system of
Figure S offers the possibility of optical
devices with wavelengths from the near
infrared to the near ultraviolet. Another
possibility apparent from Figure S is the use
of GaAs and GaP substrates to support
superlattices of either GaAs/ZnSeS or
GaP/ZnSeS in lattice-matched composi-
tions. The superlattices can be tailored by
varying the layer thicknesses to give “artifi-
cial alloys” of the desired bandgaps. The
abilityto dope either n-type or p-type makes
possible “doping superlattices” or “nipi”
structures.

This brief list of possibilities and
others that will be invented give some hint
of the great importance that the develop-
mentof MOCVD epitaxial growth of n-type
and p-type II-VI compounds represents to
optical device engineering.
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Appendix

SEMI-INSULATING SEMICONDUCTORS:
Close Compensation and Deep Levels

The high resistivity of many I1-VI
compounds (10° to 10* g-cm) when doped
with substantial amounts of shallow impuri-
ties implies the presence of deep level
impurities/defects that are partially
ionized, in addition to the fully ionized
shallow impurities. To see why this is so, we
discuss compensation, with and without
deep levels.

Since the resistivity of ZnSe with
10" /cm*holes is about 1 o-cm, aresistivity of
107 a-cm implies th~* the hole (or electron)
concentration isonly about 10°/cm*. But the
background impurity concentration of
shallow impurities in ZnSe is unlikely to be
below 10"/cm?, so observation of a concen-
trationfive orders of magnitude lessimplies
a very precise compensation mechanism.

In a semiconductor, the number of
holes in the valence band, and the number
of electrons in the conduction band,
decreasesexponentially with the distance of
the Fermilevel, E , fromthe respective band
edge. In a pure, perfect crystal, the number
of holesequals the number of electrons, and
the Fermi level is at the intrinsic energy, E .
Figure 7ashows alogarithmicplotof carrier
concentration versus Fermi energy. There
N, is the effective density of states in the
valence band and N_is the effective density
of states in the conduction band, while n_is
the intrinsic carrier concentration. The
product np = n? If there are N_ shallow
donorsandN shallowacceptors, we assume
that they are fully ionized at room
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temperature; the donor ions are positive
and the acceptor ions are negative. Then
electrical neutrality requires thut the
positive charge equals the negative charge
p+ N~ =n+N;

We plot these two quantities as heavy lines
in Figure 7a. The Fermi level will adjust to
the position where the lines cross. Then

p~N-N +n/(N-N)

Suppose we try to decrease p by making

= N_.If N precisely equaled N cvery-
where in 1he crystal, then p would be
reduced to n. In fact, even if the average
value of N, and N, were equal. nonunitor-
mity would be at least of the order 10",
thatelectrostaticdifferenceswould dev do]
between different regions, and the bund
edge would fluctuate within the hounds
given by the linesN -E - N

The problem with this method of

compensation came because we were deal-
ing with fully ionized shallow impurities.
represented by horizontal lines on the dia-
gram. As the horizontal lines become cuper-
posed, great fluctuations are possible
because they coincide over a wide range ot
Fermi energies. Suppose we introduce N
deep donors at an energy E_ slightly below
E. For graphical ilmphcrty, assume that
when E is below E_, the deep donors are
fully ionized, while for E above E . the
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ionization falls off exponentially. This is an
approximation that is excellent on our
logarithmic scale. The charge neutrality
equation now becomes

P+ N +N, =n+N

If N, + N_ is less than N, no essential
change occurs,butif N, + N_ isgreaterthan
N, asshown in Figure 7b, then the solution
point for charge neutrality can place the
Fermi energy close to E, and the resultant
p is close to n. The resistance will be high.

Log N
)
N, -_:\
N ) ——NtNa
a
1 DN —,
1
ni r,__.Jr‘_..h_,_._.,,-._E'i.“ PR
E, Ef F,

Fermi Energy

(a) N, shallow acceptors and N, shallow donors
together with p holes and n electrons.

In fact, it doesn’t matter if E is above E so
long as it is not far above. Then we would
have a highly insulating n-type crystal.

We note that since the crossover
point is down the slope from E_, the deep
levels are only partially ionized. This reser-
voir effect is what makes the precise con-
centration of the compensation ievels
unimportant, and in fact makes the high
resistivity possible. It is also important that
E_, notbe too far from E . So finally, “Hhen
high resistivity is present in a material known
to contain shallow impurities - Look for the
Deep Levels!”

Ne

v/
k—n+Na

p+Nd *Ndd -~

Fermi Fnergy

(b) The same as () with the addiiicn of N deep
donors.

Figure 7. The charge concentration in a semiconductor versus Fermi level.
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A SURVEY OF HIGH-TECHNOLOGY

TRANSFER PRACTICES

Robert S. Cutler*

Japan and the United States are
described and compared to determine how
U.S. companies can make better use of the
basic research performed in the United
States and abroad.

INTRODUCTION

A number of reasons have been
offered to explain Japan’s commercial suc-
cess with high-technology products. One
frequently cited is the Japanese ability to
assimilate and apply new technologies
derived from basic research performed in
the United States and Europe. Another is
the policy of the Japanese Government to
organize and stimulate the civilian tech-
nology transfer process.

In this paper, I present some empir-
ical results describing the principal ways in
whichindustrial researchersin Japanandin
the United States use certain new technolo-
gies resulting from university research. The
{findings are from a survey conducted in
Japan and the United States between
October 1986 and December 1987.

. . ‘
he high-technology tiansfer practices of

THE TECHNOLOGY TRANSFER
SURVEY

The investigation involved a com-
parative study of Japanese and U.S. high-
technology transfer practices, particularly
regarding the use of university research in
three fields: robotics, biotechnology, and
ceramic materials.

The focus was on three fundamental
engineering fieldswictc Japanese and U.S.
firms appear to be comparable in terms of
technological capability. I had read in the
press (Ref 1) that former attitudes about
technology transfer were beginning to shift
and, in some new fields, the Japanese were
beginning to innovate, rather than import,
patented technology and to export and
license their latest technology to interna-
tional markets.

During the early part of my 9-month
stay inJapan, I recognized the face of the so-
called “Japanese Miracle,” the rapid eco-
nomic development over the past two
decades based on technology. Ithenset out
to investigate and compare the ways new
technologies are acquired and commer-
cialized in Japan, and hopefully to learn
how it is done so well and so fast.

*The author is a senior staff associate with the Program Evaluation Staff, National Science
Foundation, Washington, DC 20550. He was a visiting Fulbright research scholar at the
University of Tokyo between September 1986 and June 1987. The views expressed are the
author’s and do not necessarily reflect those of the National Science Foundation.
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Technology transfer involves many
functional as well as cultural factors. When
intcipreting the differences observed
between Japanese and American tech-
nology practices, I believe it important to
view the Japanese--their institutions and
their behaviors--from a cultural perspec-
tive.

imply staied, the Japanese have a
different language, a different thought
process, and different social and business
processes than Americans. To attempt to
observe technology separately from its
environment is to lose sight of this larger
picture. Iwassoontodiscover thatthereare
strong cultural elements in the ways the
Japanese acquire, evaluate, and transfer
new technology. | elaborate on those ele-
ments later in this article.

Scope of Survey

My research in Japan primarily
involvedasurveyof Japanese university and
industrial researchers who are working in
three high-technology fields.  Fifty-five
interviews were conducted at 12 universi-
ties, 9 companies, and 6 Government
research and development (R&D) organi-
zations. The parallel survey in the United
Statesincluded Slresearchersat 11 univer-
sities, 8 companies, and 3 Government
organizations. In total, 106 researchers
were polied in the two surveys (Table 1).

The questions focused on the profes-
sional behavior of the researcher himself,
rather than on the research, per se. The
objective was to identify the principal trans-
fer mechanisms used by the particular
researcher in Japan or the United States
and his professional colleagues at universi-
ties and other R&D organizations.
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In addition, information was sought
about career objectives and hiring prac-
tices, awareness of significant research
advances, and attitudes toward collabora-
tive arrangements with foreign counter-
parts.

Approach

First,let me offer the succinct defini-
tion of “technnlogy transfer” that Jecques
Bagur of Gulf South Research Institute
recently presented to members of the
Fedeval Laboratory Consortium:

“Technology Transfer' is the process
by which knowledge concerning the
making or doing of useful things con-
tained within one organized setting is
brought into use within another
organizational context.

The concept of “technology transfer”
that I use in this study consists of several
functional mechanisms that are classified
into three domains:

. Publications--journals, technical
reports, trade press

2. Patents--invention disclosures, patents,
and licenses

3. People Links--meetings, collabora-
tions, joint projects

These domains are operationally
defined by the principal mechanisms used
for communicating, facilitating, or other-
wise moving the results of university
research into industrial application. These
principal technology transfer mechanisms
are as follows:
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Table 1. Survey Samplese
Japan United States
No. of No. of
Place i Place .
Interviews Interviews
Universities
Hokkaido Univ. 1 Carnegie Mellon Univ. 4
Kyoto Univ, 1 Mass. Inst. of Technology 3
Nagoya Technology Inst. 2 Penn State Univ. 3
Nagoya Univ, 1 Stanford Univ. 3
Osaka Unuiv, 1 Rutgers Univ. 2
Saitama Uaiv. 1 Univ. of Arizona 2
Sophia Univ. 1 Univ. of CA/Santa Barbara 2
Tokyo Inst of Technology 2 Univ. of Delaware 2
Tohoku Lniv 3 Univ. of Massachusetts 3
Tsukuba Univ. 2 Univ. of Nebraska 3
Univ of Tnalig 3 Univ. of Utah 2
Waseda niv. 1
Subt lal 21 23
Industrial Laboratories
Hitacht Central R&D Lab 3 Ceramatec, Inc. 2
Hitachi Production Automation 3 Eaton Corp. 3
IBM Tokyo Research Lab 5 IBM Corp. 2
Kvncera Corp., Inc. 1 ICR Associates, Inc. 1
M tishii Metal Corp. 3 Monsanto Co 2
NEC Cerntral Research labs 2 J.D. Searle, Inc. 2
Nippon Steel Co 2 Repligen, Inc. 2
Nissan Motors Co.. Ltd. 4 United Technologies Corp. 1
Smotl Klein Beckman Japan, Ltd. 1
Subktotal 24 14
Government R&D Organizations
Mechanical Engineering Lab (MEL) 4 National Bureau of Standards 4
Electrotechnical Lab (ETL) 2 National Institutes of Health 2
Institute for Agricultural Researcn (NIAR) 1 National Science Foundation 2
Ministcy cf International Trade & Industry (MITID) 1
Ministry of Education and Culture (Monbusho) 1
Japan Research Development Corp. (JRDC) 1
Subtoetal 10 8
Tatal 55 51

ONRIE SCI INFO BUL 13 (2) 88

19




1. Meetings. Seminars, Intensive Confer-
ences

2. Professional Society Meetings
3. Journal Publications, Newsletters
4. International Conferences

S.  Advisory Boards, Councils, Commit-
tees

6. Study Missions, Site Visits, Trade
Shows

7. Patent and Licensing Agreements
8. Consulting Arrangements

9. Joint University/Industry Research
Projects

10. Visiting Scientists and Resident

Researchers

The approach supports the “multiple
factor” philosophy, wherein technology
transfer is seen as a process involving many
functional and environmental factors work-
ing in concert.

AN APPROPRIATE RESEARCH
MODEL

As a researcher myself, 1 was com-
pelled to devise an appropriate model and
to collect relevant data, something useful to
count. From the kinds of program evalua-
tion studies we do at the National Science
Foundation (NSF), I have learned that a
proper evaluation design involves a simple
model that describes the principal factors
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and the relationship of the data to the
results. Here is my reasoning for choosing
the three domains of the model:

1. When one attempts to compare
research activities, albeit there is some
professional controversy as to what things
count, it is generally accepted among
science policy researchers that the publica-
tion of journal articles and citations to those
articlesinotherpublications are reasonable
measures of scicntific advancement and
research productivity.

2. Patent counts are now becoming
useful 10 econometricians who study the
process of technological innovution. The
use of such numbers is less exact than cita-
tions to the literature; nonetheless, some
carefullyselected patent statisticsreflecting
large guantities can be a useful indicator.
There is also new interest in university
patents because such patents can attract
industrial support.

3. The third domain of the model is
what I call “People Links.” From talking
with several policy analysts before going to
Japan, and from my experience asan R&D
engineer in industry and a research admin-
istrator at NSF, I have learned that tech-
nology transfer also occurs in activities such
as professional societies, workshop semi-
nars. and employee mobility.

The three-domain model expresses
the notion that technology transfer is more
than simply the exchange of technical pub-
lications, or the licensing of patents.
Rather, the model of the transfer process
includes various contact mechanisms and
communications activities that essentially




are “person-to-person” linkages.  Such
mechanisms actually serve to bring the
desired technology “know-how” into actual
use.

An interview questionnaire was
designed to obtain information from each
researcher on:

1. Publication activities--which journals
are most frequently read and where
authored articles were most recently
published.

9

Patent activity--whether listed as an
inventor on patents issued within last
Svyears, and whether patents are
licensed or used.

)

Pcople links--whether active in profes-
sional society activities, consulting, col-
taborative work, conferences, and
career mobility.

FINDINGS

Based upon an analysis of the sur-
vevs* conducted in Japan and in the United
States, the following comparative results
are reported.

Publications

w In Japan nearly all (94 percent) of the
researchers surveyed were able to read
and write in English. In the United States
very few (4 percent) of the Americans
interviewed admitted any technical com-
petence in the Japanese language.

» In Japan a majority of those researchers
surveyed (85 percent) published and read
English language journal articles as well
asthose in Japanese. In the United States
few (9 percent) said they read any trans-
lated Japanese journal articles in their
field (Table 2).

s In Japan journal publications do not
necessarily contain new work. Most U.S.
journal editorial policies insist upon new
and original work only.

Patents

s In Japan few university professors
(14 percent) hold patents. In the United
States nearly 46 percent of the university
researchers surveved do.

*Survey sample (n = 106) consists of 55 Japanese and 51 U.S. researchers. The population it
represents would be hard to describe fully, but I hope it is an important part of the university,
industry, and Government R&D organizations performing advanced research in the fields of
robotics, biotechnology, or ceramic materials between October 1986 and December 1987

(Table 1).
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Table 2.

- v

Principal Journals

Mentioned in Survey

Area

Japan

United States W

Robotics

Journal of the Robotics
Societv of Japan
International Journal
Robotics Rescarch

1FEF Journal
and

of

Automation

Robotics

of

s« IEEE Journal of Robotics
and Automation

s ASME Journal of Dvnamic
Systems Measures and Contro]

a International Journal
Robotics Research

ot

Biotechnolopy fa Towrnual of Biovechinoloey o Journal of Biological chewisne
§
R Sciotod v Biochemistry w
!
s oo oof ot Toar e Tournal of Plant Phvelolops
'11\‘ o f;ﬂz‘l U
I
s ol oof the e Jowrnal of the Americ.
RYATRE A% SR S Ceramics Societ
. 2 ! : e 'orrraal oof Materiad S
Srve N ?\x} 11
. . . RESR IR o Jonrnal oof apnTiod Voo
e S i
o [ Japan. between 1UST and [9SS0 the People Links
number of university patents reported to
the Japunese Societs tor the Promotion ot wIn Japan 93 percent of the uiiversin

Science (JSPS) by the top tive universities

nereased

from

24 1o 32 puatents

(6t percent). while licensing agreements

mereased trom 2 o 6.
1081

States,

hetween

In the tnited
and 1983, the

number ofpatents reported by the toptive
research universities increased tfrom 122

to 177 (45 percent).

Licensing for the

samme S ovears increased from 53 to Y96

(81 perecent).
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researchers and SO pereein or e
industrial rescarchers sunveved sad thas
attend technical mectings outside thers
work location atleast twice per month. In
the United States 43 percent of universi,
rescarchers and 17 percent inindustiny
said thev did so.
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= InJapan the average proportion of Ph.D.s
reported in the work unit (Ph.D. ratio)
was 18 percent for the universities,
17 percent forindustry,and 33 percent for
Government labs. In the United States
the ratios were 38 percent for universities,
37 percentfor industry, and 61 percent for
Government labs.

wln Japan 62 percent of the high-
technology university researchers
surveved and 46 percent of those in
industry said theywere involved inatleast
one oint universitv/industry project. In
the United States the level was 84 percent
for universities and 93 percent for those
surveved in industry.

» InJapan 78 percent said they have worked
tor their current emplover since gradu-
ating from college. while 23 percent ot
those surveved in the United States satd
thev did.

s In Japan 39 percent reported having
attended  at least one international
meceting during the past 2 vears. In the
United  States  the  proportion
2N pereent.

was

o InJapan 63 percentof those surveved said
thev spent a vear or more in the United
States orin Europe. In the United States
34 percent said that they had spent more
than one vear abroad: 4 percent had
worked in Japan and 17 percent had
visited Japan for brief periods ranging
from [-3 weeks.,
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Additional Obscrvations

s InJapan 83 percentofthe rescarcherssur-
veyed said they were awure of current
research advances made by foreigners in
their field. In the United States only
30 percent said thev knew of any.

s In the United States the following
attitudes and interests were expressed by
researchers interviewed regarding the
work of Japanese colleagues:

u 68 percent of the university researchers,
35 percent of the industrial researchers,
and 60 percent of the Government
researchers acknowledged having had
at least one Japuanese research col-
league orvistting rescarcher in his labo-
ratony.

78 percentsiid that they wouald welcome
some type of research collaboration
with an appropriate counterpart in
Japan.

= 03 pereent said they would be willing to
work i w labaratory i lapan for an
extended period of time. (Most favored
4 to 6 months.)

a Among those surveved nboth countries,

the mechanisms preferred for
ctfecting high-technology transfer are as

follows:

Mot




In Japan:

s Meetings, seminars (90%)
» Professional conterences (759¢)
» Study missions, site visits (589¢)

In the United States:

» Meetings, talks (847¢)
s Gordon-type conferences (629¢)
» Publications (559%)

In addition, some two-thirds of the
robotics researchers surveyed in Japan
said they currently exchange VCR video
recordings with colleagues in their own
country. However, it was not clear how
widespread the use of VCR tapes is
among U.S. researchers.

CAVEAT ON THE ANALYSIS

Due to limitations in the data and the
sampling method used, one should not draw
definitive  conclusions from this  study.
However, there are some “nteresting find-
ings that are more suggestive than indica-
tive. Morcover, the concept of “technology
transter™ itself is complex and difficult to
define precisely. This Is an emerging area
requiring more study and analysis.

DISCUSSION

Fromthe findings outlinedabove, itis
clear there are similarities as well as some
importantditferencesinthe way technology
i transterred between university and indus-
trial researchersin Japan and in the United
States.
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In contrast to the kinds of scientific
research performed in the United Statex,
most of the research 1 observed inJupanese
universities can be described more accu-
rately as “‘fundamental engineering
science” rather than basic scientific
research. Itusuallyis done in groups rather
than by individual investigators, and it con-
sists largely of experimental verification
work. However, there are a few senior
professors doing some theoretical work wt
the more basic end of the researcl process,

Publications

To deseribe what the Japunese do
ditferently, first Twill discuss journal publi-
cations.

The principal sources of basic
research information for the Japanese
researchers [ interviewed are the journal
articles published by leading university
researchers in the 1'nited States and in
Europe, rather than by other Japancse
researchers.

Japanese enginecring  researchers
work in teams to carry through a particuur
project, from the initial reseurch stage.
through development to prototvping, and
even on to production and marketing. Itis
difficultto track research activities in Japun
because there are no paper trails, no inter-
mediate publication points. On the other
hund, being closely associated with one
particular item or development project
gives the Jupancse researcher a tremen-
dous sense of pride and attachment to the
project and to the final product.
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Journal editors in Japan apparently
do not insist on publishing only original
work. Their journals often consist of prog-
ress reports as well as reports on setting up
and testing methods of experimentation
that may have been published elsewhere.
This practice is related in part to the
Japanese feelings about originality,* which
are quite different from ours, and in part to
Japanese research funding practices, par-
ticularly inuniversities, which require prog-
ress reports to be published.

In the United States. typically, a uni-
versity researcher does the fundamental
work and then publishes his or her findings
in the open literature. From those publica-
tions in the primary literature, another
researcher picks up the new knowledge and
basic ideas which he/she considers to be
feasibie, carries them through the applied
research phase, and again publishes the
results either in the journal literature, as a
company report, or as a patent disclosure.
The industrial R&D community picks
promising projects out of this pool of new
technology. In this process user require-
ments are rarely cited or integrated into the
research.

Patents

Althcugh the proportion of surveyed
Japanese piofessors holding patents is
smaller (14 percent) than that of the
Americans (46 percent), the top five univer-
sities in Japan reported an increase of
66 percent between 1981 and 1985 and the
American top five universities reported a
4S5-percent increase.

The difference between the two
groups in the number of patents acquired
stems largely from the traditional belief in
Japan that universities are primarily for the
teaching of students rather than for com-
mercializing research results, which is the
domainof industry. However, this picture is
now changing.

Although the numbers of Japanese
university inventions since 1981 are smaller
than those for U.S. universities, the JSPS
data show a remarkable increase in the
licensing of those patents during the past
S years.

This increase appears to reflect the
recent shift in the patent policv of both
countries (since 1978 and 1980) that autho-
rized universities and research laboratories
to promote inventions resulting from
Government-funded projects.  Both in
Japan and the United States there are pro-
grams now in place to assist university pro-
fessors to transfer their inventions to com-
mercial use. The Japan Research Develop-
ment Corporation (JRDC) is the agency
responsible for promoting the transfer of
university patents to industry. In the United
States there is no central Government
responsibility for this activity, rather each
research university has its own patent
licensing office.

People Links

[ observed throughout this study that
the most preferred and also the most effec-
tive technology transfer mechanisms are
“people-intensive™ rather than “paper-
intensive.”

*The traditional Japanese attitude about originality is one which prefers to follow a pattern
rather than to break new ground. In Japanese, the term “learn”™ (manabu) comes from

“imitate” (manebu) (Ref 2).
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This conclusion became clear to me
from the amount of time (two-thirds) the
researchers said they devote to exchanging
“new ideas” by participating in talks, meet-
ings, and working with leading colleagues,
as compared to the remaining one-third of
their time spent reading, extracting, or
preparing new information for publication
or for patents. This allocation of time
appears to be as true in the United States as
it is in Japan, at least for the three high-
technology fields surveyed.

Apparently there are strong personal
needs for face-to-face discussionsleading to
bench-to-bench colluboration in order to
better communicate new complex ideas
from one person to another, and then to use
them elsewhere in the research lab or in
another organization or institutional
setting. I conclude that high-technology
transfer is largely a “contact sport™: meet-
ingwithpeople, carrving newideas forward,
and joining individual efforts toward a
common goal.

The rapid transfer of university
research to industrial technology also
requires the necessary “know-how,” which
is askill attribute of aresearcher. Intracing
the transfer paths within the fields of
robotics, biotechnology, and ceramic mate-
rials, in both countries, I find a similarity in
the preferential use of “person-to-person”
contacts for obtaining substantive informa-
tion. Many of these links involve long-term
collaborative work between university and
industrial researchers. Examples of suc-
cessful transfers of university research to
industrial applications can be found in
computer-visionrobotics, geneticengineer-
ing, and functional ceramics.
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FACTORS AFFECTING
TECHNOLOGY TRANSFER
PRACTICES

If one is attempting to compare the
principal technology transfer practices
observed in the two countries, three signif-
icant factors that underlie the Japunese
R&D system are worth mentioning. They
are attitudes about cooperative research,
the “old-boy” network, and R&D manage-
ment styles.

Japanese Technology Transfer and
Cooperative Research

Japanese companies achieve such
effective use of high-technology rescarch
and its transfer between laboratory and
production by holding many more technical
meetings on an industrv-wide basis than
American companies do.  Professor
Thomas Eagar of the Massachusetts
Institute of Technology observed that
“there is not just technology transfer within
a company in Japan, but also between
companies, and companics and universi-
ties, through the many meetings of the vari-
ous professional societies” (Ref 3).

The topics discussed at many of these
meetings include more technical content
and detail than is common in the United
States. In addition. major research labora-
tories become familiar with the work at
other labs, resulting in rapid dissemination
of new results and less duplication of effort.
The meetings also permit researchers to
communicate very effectively their knowl-
edge of work outside of Japan.



There are a number of reasons why
the Japanese meetings system works. One
is the strong leadership of the university
professors who serve as committee chair-
men. There are strong ties between these
professors and their former students that do
not seem to exist in the United States.

Several of the robotics engineers
interviewed inJapan showed me VCR tapes
documenting their current experiments and
work of their colleagues abroad. This low
cost, highly effective, audio-visual reporting
mechanism is yet another example of the
way Japanese researchers rapidly exchange
research results.

I do notbelicve there is such a system
in the United States that pools, analyzes,
and disseminates current information on
international research activities as effec-
tively as the Japanese system does.

The Japanesc Old-Boy Network

The process was described by several
speakers at a seminar on high-technology
competitiveness held by the Japan Tech-
nology Transfer Association in Tokyo on
March 13, 1987, That discussion helped to
crvstathize what T discovered during my four
dozen interviews in Japan.

Japanese industry has two powerful
assets: a cohesive national policy on tech-
nology development and a scientific “old-
boy network,” with links to practically every
hoard room and laboratory in the country.
The Government spends nearly one-third
ofits R&D budget (20 percent of total R&D
spending) at universities and at Govern-
ment research institutes, and nearly all of
thisactivity is centrally coordinated through
Government committees and the scientific
old-boy network.
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Here is how the two circles of power
work. Perhaps you noticed that Japanese
companiesseem tosell similar products. So
much so that it looks like they must be
collaborating on the designs and specs.
Thatisbecause “high-tech™ Jupanisa small
country and the top engineers in the com-
panies all know eachother. For that matter,
so do the company presidents, who most
likely went to the same university at the
same time. When one company starts
something new, the president calls his
friends to discuss it.

Japanese companies do not suffer
from the “not-invented-here™ syndrome,
that attitude which stifles ideas from exter-
nal sources. Instead, they are eager to
please their customers and would rather
have their people involved in making some-
thing better for the marketplace than trving
to capture all of the profits from a new
technology product. In fact, the licensing of
patents from other companies and from
foreign sources is widely practiced.

Many foreigners imagine that
Government officials at the Ministry of
International Trade and Industrv (MITI)
stand over the R&Dstage like grand puppe-
teers, manipulating private industry at will.
Thisis not the case. particularly because the
average MITI officer changes jobs every
2 years.

MITI's method of influence is
through its “committees.” Mixtures of
industrvleaders, academics, and consumers
(users) are selected for dozens of commit-
tees on new technology and industry mat-
ters, ranging from restructuring a weak
industrial sector to organizing a national
program for advanced robotics or for
manned spaceflight.

_ _ - . —



Through committee debate, MITI
helps industry form a consensus on which
areas of new technology it should concen-
trate. By this “committee method” policy is
actually negotiated by the leaders of indus-
try, so it is accepted naturally by all the
companies. That is what I found to be the
secret of Japan’s cohesive industrial policy:
the Government acts as the organizer and
coordinator of private industry action.
Eightypercent of the R&D fundinginJapan
comes from private industry rather than
from the Government.

R&D Management

A final remark about Japanese
methods for running research organizations
and their methods for decision-making.

What I observed closely resembles
what author William Ouchi of the
University of Californiaat Los Angelescalls
“Theory Z” (Ref 4). One main feature of
Japanese society that Ouchi describes as
being essential for the success of each work
unit is the great trust that exists between
superiors and those who work for them.

One of the best inventions of
Japanese industry is the “quality circle,”
where S to 10 workers meet almost daily to
discuss possible improvements in their
work. This method works in Japan where it
serves to give group sanction to innovative
departures from the old ways of doing
things.

There is a general sense of family
solidarity that seems to characterize
Japanese endeavor, whether at home, at
work, or in professional pursuits. The
personal commitment, trust, and desire for
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cooperation among researchers serve as a
glue that keeps the Japanese R&D organi-
zation together. “In Japan it is difficult to
move people, but it’s easy to move ideas,”
one Hitachi laboratory director told me.

Inthe United States the antitrust laws
have required each competing firmto carry
on its own industrial research. Technical
cooperation not only is limited but is often
perceived as unlawful by corporate
management. Recently, however, the law
hasbeenliberalized to allow certain consor-
tia like MCC, SEMATECH, and the Semi-
conductor Research Corporation (SRC) to
be organized.

Things are different for industrial
research in Japan. The Government there
actively promotes the formation of research
associations among leading companies in
particular fields for purposes of developing
and transferring new technologies. Patents
resulting from these arrangements are
pooled for participating companies 1o use.
And there is a remarkably high degree of
communication and collaboration between
professors at leading Japanese universities
and their colleagues who work in competi-
tive companies.

CONCLUSION

This study surveyed a variety of
mechanisms being used to effect high-
technology transfer among, and between,
researchers in the United States and in
Japan. The approach tested the multiple
factor philosophy whereby technology
transfer is seen as a process involving many
functional behaviors working in concert.




The empirical data confirm the con-
ventional view that the flow of new informa-
tion, for the three high-technology fields
surveyed, is largely from U.S. university
researchers to industrial researchers in
Japan. Theratio of Ph.D.researchersinthe
labor force (Table 3) indicates the relative
capacity to do high-technology work
(Ref 5). However, the data also show that
some of the advanced technology used in
the United States increasingly is derived
from research initiated in Japan.

Table 3. Ph.D. Ratio (1) in Laboratories Surveyed

Sector Japan u.s.

(n = 27) (n = 22)
Universities 18 38
Industry 17 57
Government Labs 33 61

Journal publications and university
patents are more widely used in the United
States, where university professors both
teach and do basic research. Meetings and
intensive conferences, however, are by far
the most popular means for technology
transfer among those U.S. researchers sur-
veyed.

In Japan the results of university
research are used primarily in industrial
settings. Typically industry uses outside
professional meetings and close collabora-
tion as the means for translating the scien-
tific knowledge and new engineering
“know-how” into commercial use.
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I conclude that personal communica-
tion and technical collaboration are the key
factors in the rapid diffusion of high-
technology research results in both
countries, rather than widespread avail-
ability of the scientific journal literature and
recentefforts to promote university patents.
The differences observed in practice stem
largely from cultural and institutional fac-
tors.

In the United States Government
agencies support most of the basic and
applied research performed at universities
primarily for public purposes such as mili-
tary defense, public health, and space
exploration. By contrast, mnst of the high-
technology research in Japan is funded and
performed by industrial companies for
commercial purposes. Further, Japanese
Government agencies and professional
societies take a more active role in
organizing and energizing the civilian
technology transfer process than do the
counterpart organizations in the United
States.

This study attempts to plow new
ground in an uncharted and complex area:
the cross-cultural comparisonof technology
transfer mechanisms used in Japan and the
United States. The database was con-
structed from information obtained during
an exploratory investigation of active
researchers who were recommended by
peers in both countries. They were not
randomly selected. Care was taken during
the survey to avoid undue geographic con-
centration and institutional bias. The
results presented, therefore, are indicative,



rather than definitive. Nonetheless, I
believe they represent what is happeningin
the mainstream of the three high-
technology fields sampled.

The author hopes this study is of
interest to science policy observers and to
researchers concerned about the nature of
technology transfer and how it occurs differ-
ently in Japan and in the United States.
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SURVEY OF HOT ISOSTATICALLY

PRESSED CERAMICS

Edward Mark Lenoe

M ore than 30 years have passed since
the original research on gas pressure
bonding was conducted. Since that time
there has been truly impressive growth of hot
isostatic pressing (HIP) technology, partic-
ularly in the last 10years, and particularly in
Japan. Nowadays Japan may well have the
greatest number of high temperature HIP
facilities engaged in ceramics research and
development. In the same time frame and
worldwide there has been extensive activity
in fine ceramics foravariety of applications.
Therefore, this article attempts to survey the
more recent studies of HIPed ceramics and
discussesthe increasing number of ceramics
and expanding complexity of processing
techniques. Examination of the literature
demonstrates that impressive improve-
mients in strength, fracture toughness, creep
resistance, hardness, and wear resistance
have been achieved and that the process
reliability of ceramic components has been
greatly improved. The fundamental ques-
tion remuuns: which of these promising
materials and process combinations can
and will be economically and reliably
scaled-up for meaningful applications.

ADVANCES IN EQUIPMENT AND
GROWTH OF THE TECHNOLOGY

Most workers in this field know that
the hot isostatic pressing (HIP) method
dates back more than 30 years when
researchers in the United States developed
a specific process they referred to as “gas
pressure bonding.” These first experiments

ONRFE SCIINFO BUL 13 (2) 88

33

in 1955 used a hot-walled vessel, heated
externally and pressurized by helium. The
working zone was about S mm in diameter
and 900 mm in length. From that modest
beginning, progress in the technology has
been truly amazing. For instance, Figure 1
illustrates the size increases in HIP units in
the United States, while Figure 2 shows HIP
facilities by size in three industrialized
nations. Figure 3 indicates the wide range of
applications for HIP facilities in Japan, the
United States, and West Germany as of
1985. At that time it was apparent that the
United States was heavily committed to
research and development (R&D) studies
as well as to a variety of industrial tields
including production of cemented carbides,
superalloys, castings, and general HIP ser-
vices.

In 1985 a survey of industrial appli-
cations of hot isostatic pressing in Europe
was conducted by ASEA, AB (Ref 1).
During that period in Western Europe
there were over 50 hot isostatic presses in
operation or on order. About 30 were for
research and the remainder were for pro-
duction. ASEA and ASEA Pressure
Systems supplied at least 50 percent of
these units, followed by Autoclave Engi-
neers (about 29 percent) and National
Forge (8 percent). ASEA’s survey found
that the primary application was postdensi-
fication of cemented carbide. About
600 tons per year were being processed on
13 presses. The second most important
application was specialty steels and the
third was healing of superalloy and titanium
castings.
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Figure 3. Ficlds of application for hot isostatic pressing in several nations.

With the advanced HIP technology
available today, itis evident that production
rates at thousands of tons per year can be
achieved in a single HIP unit. HIP tech-
nology is commonly thought to be a very
expensive and time-consuming process that
is used almost exclusively for cemented
carbide and aerospace materials. Process
costs in these industries as much as $1 to
$10/1b are commonplace. However, for
large-scale alloy steel production, HIP costs
can be reduced to fractions of a dollar per
pound.

Of key importance to reducing costs
are larger presses, better automation, and
vastly improved process controls. Over the
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years refinements to equipment and pro-
cessing methods have led the way notonly in
cost reduction but also to many new appli-
cations for various composites, glasses, and
ceramics. Currently in powder metallurgy
and in ccramics there is a merging of hot
isostatic pressing with sintering as the
increasingly flexible HIP furnaces become
operable with higher pressures and strictly
controlled and variable atmospheres. Fer
metals production there is very strong
competition from a variety of processes.
For instance, some experts think that
improvements in precision casting and
melting technology, rapidly solidified alloy
powders, and other methods may slow down




use of HIP technology. However, a more
likely happening is that any significant pro-
cessing advances will probably be incor-
norated as a substep of the HIP process and
that we will witness ever increasing com-
plexity of the HIP technology as a result.
Therefore, itis imperative that leading HIP
equipment manufacturers not only con-
tinue their research but also seek to expand
into all appropriate areas to significantly
advance the technology. This appears to be
happening worldwide and especially here in
Japan. When [ first visited Japan in late
1983 there were about 50 HIP units, and
now thereare well over 120. Kobe Steel has
played the major role in that market growth
with the largest portion of sales (see
Figures 4a and 4b). The KOBELCO
seminars on hot isostatic pressing, dating
back to 1981, are awell-respected reference
source of leading edge technology (see
Appendix A for a discussion of a recent
seminar).

We have witnessed a phenomenal
growth in the technology of HIP materials
and components. Some experts predict that
inthe nextSyears ceramics willbe one of the
faster growing technology areas. In partic-
ular, new types of electronic and structural
ceramics are expec.ed to be placed on a
production basis soon and are expected to
experience continued growth through the
1990s. Application of hot isostatic pressing
to electronic ceramics continues to grow
and this includes products such as multi-
layer capacitors and magnetic tape heads.
Representative HIP units for ferrite pro-
cessing may have dual capacity ratings such
as 43 ksi/3,600 °F (300 MPa/2,000 °C) and
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14.5 ksi/2,550 °F (100 MPa/1,400 °C) with
80 percent argon/20 percent oxygen envi-
ronment. Hot isostatic pressing results in
higher densities and more unitorm pore-
free mircrostructures that significantly
improve magnetic as well as mechanical
properties. Generally, larger size equip-
ment and higher temperatures and pres-
sures are required for production of struc-
tural ceramics. One of the more advanced
units for structural ceramics operates at
45 ksi/4,000 °F (310 MPa/2,200°C). There
is a wide range of possible methods and
increasing variations in HIP processing.
One of the more popular methods is sinter-
plus-HIP. A summary of the more common
methods and their advantages and disad-
vantages is shown in Table 1.

EARLY DEVELOPMENTS IN HOT
PRESSING AND GAS PRESSURE
SINTERING

Hot pressing ceramics offers the
ability to fabricate dense and strong prod-
ucts with a small amount of sintering aids;
however, lauic@lion s ninuied to relatively
simple shapes. Pressureless sintering can
beused to fabricate ccmplexshapes, but the
components have generally lower densities
and the additives necessary for densifica-
tion usually result in poor high temperature
performance. Gas pressure sintering has
made it possible to sinter a variety of
ceramics and complex shapes with small
amounts of additives. Let us briefly con-
sider the situationofsilicon nitride, inwhich
high pressure nitrogen gas depresses
thermal decomposition at temperatures
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greater than 1,800 °C. Table 2 summarizes
studies of gas pressure sintering of silicon
nitride, an early contender for high temper-
ature applications. These efforts date back
more than 10 years. As can be seen by
examining the table, rare earth oxides were
generally used as additives for improve-
ment of high temperature properties and
enhanced formability. It was learned that
adding a rare earth oxide alone, e.g., less
than 10 wt. %, is not as effective as a sinter-
ing aid. However, concurrent additions of
rare earth oxide (Y,0,and CeO,) and Al O,
or SiO, increase the sinterability. While
addition of Al O, effectively increases sin-
terability, the amount of alumina must be
minimal to improve the oxidation resis-
tance of sintered silicon nitride with Y,0,
additives. It should be apparent that suc-
cessful gas pressure sintering requires
indepth knowledge of sintering response
and precise control of processing conditions
and especially raw materials control. But
even now phase diagrams for many possible
compositions remain unexplored.

PROPERTY DATA AND
PROCESSING PARAMETERS

During the past several years a large
number of papers dealing with hot isostatic
pressing of ceramics have been publishedin
Japan. With our available resources, it is
not possible to translate the reference
material in its entirety; however, we can
discuss property data and processing
parameters, which will prove of use to
researchers in the field.
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Silicon Nitride

Hot Isostatic Pressing and Sinter-
HIP. There is, as mentioned earlier, a
variety of possible production routes, and it
is well known that the properties of HIP-
silicon nitride strongly depend on the pro-
cessing conditions and starting materials.

Postsintered Hot Isostatic Pressing.
High temperature properties of postsin-
tered silicon nitride were investigated by
NTK researchers Shimamori, Matsuzaki,
Kato, Tajima, and Matsuo (Ref 2). The
behavior of post-hot-pressed compacts
started with silicon 