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The Soviet Microelectronics
Industry: Hitting a
Technology Barrie

The USSR has an acute shortage of very-large-scale integrated (VLSI)
circuits. These integrated circuits are necessary to meet the challenges
posed by General Secretary Gorbachev's industrial modernization plans
and will be critical to a number of advanced weapon systems the Soviets
are developing for deployment in the 1590s. The manufacture of VLSI
devices requires levels of precision, complexity, cleanliness, and miniatur-
ization that the Soviets have not yet been able to reach in the industry at
large. Although they achieved full-volume production of first-generation
VLSI chips (64K memories) in 1984, device yields remain well under 10
percent (compared with device yields of over 85 percent in US plants) and
reliability is a problem. While the USSR has a dearth of 64K chips, the
West is manufacturing second-generation VLSI devices (that is 256K and
I-megabit memories) in volume

Second-generation VLSI chips present the Soviets with formidable manu-
facturing challenges. Full-scale production requires more sophisticated

‘manufacturing equipment than that used for less advanced ICs. The

Soviets probably have reached a technology barrier at the second-genera-
tion VLSI level; to produce these devices in volume, they will have to
acquire or produce substantial amounts of advanced manufacturing equip-
ment to retool many of their IC production plants

The Soviets have several options for acquiring the technology necessary 1o

retool their microelectronics industry:

« Accelerating domestic development and producuon programs.

« Coordinating research and production efforts with East European mem-
bers of the Council for Mutual Economic Assistance (CEMA).

« Acquiring Western technology, possibly in part through joint-venture
efforts with Western companies

The preferred solution from the Soviets’ perspective is to reequip the
microelectronics industry with indigenous production equipment. Yet,
despite a large industrial infrastructure to support the development and
production of microelectronics manufacturing equipment, the Soviets thus
far have been unable to manufacture high-quality equipment in volume.

[; ,jjepxct a microelectronics equipment sector that turns out

poor-quality products because of resource and labor problems and a
relatively antiquated production environment
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analysis of commercial Soviet ICs produced at the medium- and
iarge-scale levels of integration confirms thc[_ ]asscssment of the
poor quality of indigenously produced equipment. This analysis indicates a
number of equipment deficiencies that suggest manufacturing problems at
the VLSI level of production will be even more serious. Consequently, we
doubt that the Soviets in the 1990s will be able to produce equipment
capable of manufacturing ICs that match the complexity or performance
levels of Western devices. Soviet leading-edge production technology
probably will continue to lag that of the West by one to two [C generations.

To supplement indigenous efforts, the Soviets will continue to pursue
cooperation with the East European member countries of CEMA. Within
CEMA, the USSR can gain most through increased cooperation with East
Germany. The East German combine Carl Zeiss Jena is Eastern Europe’s
leading producer of microelectronics manufacturing equipment, and it
ships approximately 80 percent of its output to other CEMA countries,
chiefly the USSR. East Germany’s success in acquiring criticaf{_

[C production equipment and technology and its resulting success in 198%
of achieving pilot production of second-generation VLSI devices illustrates
the type of access to East European and Western technology. the Soviets
hope to acquire through their CEMA relationships. Soviet benefits from
CEMA cooperation probably will be limited, however, by the desires of the
East European member countries to develop high-technology industries to
support their own objectives N

To compensate for CEMA’s inability to produce high-quality microelec-
tronics manufacturing equipment in volume, the Soviets will continue to
place great emphasis on acquiring Western machinery. We believe that,
since the early 1970s, the Soviets through both legal, licensed purchases
and illicit acquisition programs have acquired enough IC manufacturing
equipment from the West to outfit up to a third of their IC production
lines. Reequipping their industry to support the production of second-
generation VLSI devices could require a similar level of Western acquisi-
tions in the 1990 "~




Reverse Blank

The USSR will continue to exploit any weakness in Western export
controls and may attempt to build a constituency in the West that favors
relaxing the COCOM regulations governing advanced microelectronics
technology. The Soviets may turn increasingly to joint ventures with
Western firms to obtain microelectronics manufacturing technology and
know-how and. in some cases, to facilitate the production and marketing in
the West of Soviet-designed manufacturing equipmen
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Preface

The Soviets are having trouble producing 1Cs at the VLSI level, in large
measure because of inadequate supplies of advanced manufacturing equip-
ment. This paper addresses the nature of the Soviets’ equipment shortfall,
analyzes the reasons for the shortfall, and assesses Soviet options for
overcoming i©

We have conducted a thorough analysis of all reporting on Soviet
microelectronics manufacturing equipment. We have information on the
range of equipment produced in the Soviet Union and the quality and
technology level of Soviet equipment compared with that produced in the
West. We are also able to tie specific products to kev microelectronics
equipment design bureaus and production plant.

We are faced with major information gaps, however, on.the supply,
composition, and application of Soviet microelectronics manufacturing

_equipment and on the organizational dynamics of the sector of the

microelectronics industry that produces this equipment[ j
as long been biased in favor of microelectronics device production

‘in3tex®of production of the equipment that manufactures those devices. In

addition, most reporting on production equipment is fragmentary. descrip-
tive, and inadequate for rigorous analvsic nf Soviet equipment production
capabilities or retooling requirements

Because of these large information gaps, we have had to come to grips indi-
rectly with the nature of the Soviets’ manufacturing equipment shortfall,
as well as the possible reasons for the shortfall. To that end we:

« Analyzed a variety of Soviet ICs—including advanced devices—to
determine the types and quality of equipment the Soviets used to
manufacture them. »

« Examined Soviet-East European cooperative programs in the field of 1C
production equipment to identify areas where the Soviets are attempting
to supplement their indigenous capabilities and their program for
acquiring Western equipment.>’

« Reviewed the Soviets’ technology transfer program to identify trends in
the types and quantity of Western equipment they have acquired over
time and to gauge the progress they have made in overcoming areas of
technological deﬁciencf,

ix Secr
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Microelectronics Jargon

A semiconductor is an element whose electrical con-
ductivity is less than that of a conductor. such as
copper, and greater than that of an insulator, such as
glass.

A transistor is a semiconductor device that acts
primarily as either an amplifier or a switch.

A wafer is a thin disk of semiconductor material on
which many integrated circuits are fabricated at one
time. The circuits are subsequently separated and
packaged individually.

An integrated circuit ([C) is @ semiconductor circuit
combining many electronic components such as tran-
sistors in a single substrate, usually silicon. An IC is
commonly called a chip.

A memory IC stores large volumes of information in
the form of electrical charges.

A DRAM (dynamic random access memory} is a type
of IC in which data are stored by means of a
periodically r_efreshed electrical charge. A 256K
DRAM, for example, stores approximately 256,000
pieces of information. DRAMs are noted for their
speed in storing or retrieving information and their
low manufacturing cost.

A microprocessor is a single IC on which the arithme-
tic and control logic of a computer are placed. It is

sometimes referred to as a “"computer on a chip.”
S

Minimum feature size is the width or diameter of the
smallest element on an IC and is used as a measure
of circuit complexity. Minimum feature sizes vary
Sfrom 10 microns on small-scale integrated circuits to
| miicron on second-generation very-large-scale inte-
grated circuits. A human hair, by contrast, is 100
microns in diameter.

Oxidation is the process of growing an oxide layer on
the wafer surface to serve as a.substrate for the
lithography steps.

Lithography is the process of transferring a’circuit
pattern contained on a mask or stencil 1o the silicon

wafer.

A mask is a transparent plate or stencil covered with
an array of patterns used in making [Cs. The mask is
used to expose a portion of a silicon wafer for
subsequent processing.

Etching is the process of removing a layer or layers of
material, such as oxides or metals, from a silicon

wafer.

Doping is the process in which selected impurities are
impregnated on specific areas of a silicon wafer to
change its electrical characteristics.




The Soviet Microelectronics
Industry: Hitting a
Technology Barrie:

A Struggling Industry

The Soviets, since the early 1960s, have created a
large microelectronics research and development
(R&D) and production program, imported advanced
Western manufacturing equipment, and copied prov-
en Western technology.' Despite their efforts, they
have been unable to produce complex integrated
circuits (ICs) in quantities and qualities commensu-
rate with their large investment in industrial capacity
(see inset, “Integrated Circuits™). Today, the USSR’s
[C production capability is only about one-tenth that
of the United States, and Soviet ICs, on average, are
about nwa generations behind the West in technology
level

Most Soviet ICs are manufactured at the small-scale
(SSI) and medium-scale (MSI) levels of integration.
The Soviets are manufacturing growing numbers of
large-scale integrated circuits (LSI), but are encoun-
tering severe obstacles in manufacturing high-quality
advanced devices, such as memory and microproces-
sor circuits at the very-large-scale integrated (VLSI)
level. Although the Soviets achieved full-volume pro-
duction of the 64K dynamic random access memory
(DRAM) (first-generation VLSI) in 1984, device
yields are well under 10 percent (compared with
device vields of over 85 percent in US plants) and
reliability is a problem.

that the
USSR has a dearth of 64K memory chips, while the
West is marketing 1-megahit devices (second-gcncr.a-
tion VLSI) in large volum

Figure 1 compares production milestones for DRAMs
for the United States and the USSR. The design
structure of DRAMs is simple and repetitive, and
DRAM production is constrained mainly by process-
ing technology. Hence, they are a good indicator of

The werm “Western™ used herein inciudes the United States.,
Westera Europe. gnd the industrialized countrics of East Asiz,
notabiy Jape

Figure 1
DRAM Production Milestones,
US Versus USSR
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the relative technology level of [C manufacturing. As

-the figure indicates, the Soviets narrowed the US tead

in DRAM technology to three to four years in the late
1970s and the early 1980s when they introduced
devices at the LSI and first-generation VLSI levels.
With the emergence of second-generation VLSI-de-
vices, however, that gap has widened to eight to nine
years. The Soviets have achieved only pilot to limited-
volume production of second-generation VLSI de-
vices; we do not expect them to achieve full-volume
production of the 256K DRAM until about 1990 and
produclioni)f 1-megabit memories until the mid-

1990z
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Integrated Circuits

Microelectronics—the microminiaturization of elec-
tronic components in the form of the integrated cir-
cuit—has revolutionized military and commercial
electronics and has spurred most of the world’s tech-
nologica! achievements of the past two decades.

Integrated circuits are electrical devices that combine
many components such as transistors, diodes, capaci-
tors, and resistors into a miniaturized circuit. Many
{Cs are processed on a thin wafer of semiconductor
material, usually silicon. They are subsequently tes:-
ed, separated, and packaged individually.

The semiconductor industry is perhaps the only indus-
try that reports ilts progess on a logarithmic scale. In
1958 an IC contained a single circuit; today's ICs

contain as many as | million memory bits. Integrated
circuits can be defined by their relative level of
integration, that is, the number of circuit functions
incorporated in the device. Increasing circuit density
at a microscopic level results in increased reliability
and performance of the host system, while decreasing
svstem size and power requirements and decreasing
electronics function costs. The level of integration is
usually defined by both the number of transistors per
{C and the minimum feature size—defined in mi-
crons—of circuit elements. (A micron is I-millionth
of a meter.) The levels of IC complexity (Western
lexicon) are keyed to representative device types in
the following tabulation:

Category Tranyistors Per 1C Mininium Feature Representative Device Types
Size (microns)
Small-scale integration (SS1} Less than 1.000 >10 256-bit memory
Medium-scale integration (MS1} 1.000-9.999 9 1K memory
Large-scale integration (LS1) 10.000- 99.999 5-7 4K and 16K memories: 8-bit
microprocessor
First-generatiok very-large-scale 100.000-300.000 3.0-35 64K memory., 16-bit microprocessor
integration (VLSI)
Second-generation VLS| 300.000-3 million 1-3 256K and I-megabit memories;

32-bit microprocessor

« When u.re{_] with memory chip information. K denotes an ability
to siore |.024 bits of encoded daip

Even though the Soviets may soon initiate what for
them may be defined as “full-volume production” of
second-generation VLSI devices, we estimate that
production yields for these devices will certainly be
well under 10 percent. We judge that one of the major
reasons for the Soviets’ low IC yield rates and increas-
ing technology lag is the lack of high-quality manu-
facturing equipment. Second-generation VLSI chips
present the Soviets with formidable manufacturing
challenges. With minimum feature size approaching |
micron and with up to 3 million transistors integrated
into a single chip, requirements for sophisticated
design, processing, and test equipment are heightened

Secrét

substantially. The Soviets appear to have reached a
technology barrier at this level that they may over-
come only by producing or'acquiring more advanced
manufacturing equipment to retool many of their IC
production plants. Failure to keep pace with Western
VLSI technology would limit severely the Soviets’
ability to meet the challenges posed by both advanced
US weapon systems and Gorbachev's industrial mod-
ernization plans. (See appendix A for a discusein~ ~F
the growing Soviet demand for advanced 1Cs




Figure 2

Soviet Microelectronics Equipment Production and Design Facilities
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Microelectronics Manufacturing Equipment:
The Industrial Base

Microelectronics manufacturing equipment is pro-
duced by a sector of the Soviet microelectronics
industry. We have identified 42 Soviet facilities that
are involved in R&D and production of microelectron-
ics manufacturing equipment and in reverse-engineer-
ing and adapting foreign equipment (see figure 2). The
bulk of these facilities—about 80 percent—are subor-
dinate to the Ministry of the Electronics Industry
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(MEP), the defense industrial ministry responsible for
R&D and prodveldia i of-2lectronic components and
subassemblies.

" Three directorates within the MEP are known to be

involved in the design and production of microelec-
tronics manufacturing equipment. Many of the equip-
ment manufacturing facilities are subordinate to the

* The other 20 percent are subordinate to the Ministries of the
Radio Industry. lnstrument Making, Automation. and Control
Systems Industry. Defense Industry. Nonferrous Metatturgy, and
Higher and Secondary Specialized Education Indus Py agud! as
the Soviet and Lithuanian Academies of Scicn g

cret
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The Zelenograd Scientific Center for Microelectronics

The Zelenograd Scientific Center for Microelectronics
is the closest Soviet facsimile to the United States’
Silicon Valley. The Center is composed of several
facilities that are engaged in R&D and production of
ICs, semiconductor materials, and microelectronics
production equipment. Zelenograd is also a focal point
for reverse-engineering Western equipment. Although
none of Zelenograd's facilities are engaged exclusively
in the design and production of microelectronics manu-
Jacturing equipment, two in particular-—the Scientific
Research Institute for the Development of Precision
Machine Building (NIITM) and the Scientific Research
Institute of Precision Technology (NI TT)—have devor-
ed substantial resources to further developing -
USSR's line of wafer-processing equipmemenk

Second Chief Directorate (CD), the organization pri-
marily responsible for developing and producing semi-
conductor devices,.including ICs. The Soviets have
developed key microelectronics centers in Leningrad,
Moscow, Voronezh, and Zelenograd that are orga--
nized under the Second CD (see inset, “The Zeleno-
grad Scientific Center for Microelectronics™). Al-
though the primary function of these centers is to
produce semiconductor devices, many also produce
microelectronics manufacturing equipment. In addi-
tion[: Ja number of facilities
suborcinate 10 tne rouirun and the Sixth CDs are also
involved in the design and production of microelec-
tronics manufacturing equipment

.




Soviet facilities design and produce equipment that is
used throughout the IC production process—from
crystal growth through automated testing of individ-
ual devices. Appendix B identifies all major Soviet
microelectronics equipment design bureaus and pro-
duction planls and correlates specific equipment lines
with each. T

Analysis tndicates that the key facilities for designing,

copying, and reverse-engineering microelectronics

manufacturing equipment include:

« Electro-Technical Institute imeni Ulyanov,
Leningrad.

« Design Bureau for Precision Electronic Machine
Building (KBTEM), Minsk (see inset).

¢ Vilnius Design Bureau.

« Research Design Bureau for Scmigonductor Manu-
facturing Equipment, Voronezh.

« Scientific Research Institute for the Development of
Microelectronics Equipment, Zelenograd.

< Scientific Research Institute of Precision Machine
Building, Zelenograd.

Lypicdl eqUIPMENL UCs>Igh piujclL LAKeS dll average of
18 months—including production of the prototype—
a_nd that the design of a complete IC production line

takes about five years.

copying a piece of foreigu-inave vquipticie van take

as little as eight months. MEP often purchases West-
ern [C manufacturing equipmeprand frsls its design
bureaus to copy the design

Many of the Soviets’ equipment research institutes
and design bureaus have direct links to facilities that
are involved in the series production of their micro-
electronics equipment designs. Analysis indicates that
a handful of plants are the leaders in producing
microelectronics manufacturing equipment. These
are:
« Elektronmash Experimental Production Plant for
Semiconductor Machine Building, Minsk.
« Semiconductor Machine Building Plant, Moscow.
Machine Building and Tool Plant, Riga (see inset).
« Microelectronics Plant Number 111, Voronezh.

[

Sectet

Although we lack comprehensive reporting about the
level of modernization and performance of all the
plants producing microelectronics manufacturing
equipment, reporting on individual plants provides a
picture of a sector ill-equipped to support a world-
class microelectronics mdustry(/:;

many Soviet equipment plants af dagufdby 2 lack
of quality resources and skilled labor, poor mainte-
nance of manufacturing equipment, and a low level of
process automation compared with Western facilities.
resulting in poor quality products

The Technology Level of Equnpment Used in Soviet
Plants

Soviet microelectronics plants are outfitted with both
domestic and Western manufacturing equipment. We
assess that Soviet equipment—which outfits approxi-
mately two-thirds of IC manufacturing lines—is used
to produce primarily standard civilian devices. West-
ern equipment, on the other hand, is usually used to
produce Soviet state-of-the-art, military-specification
ICs

Jnalysis of ICs used in standard civilian
products confirms the(” Jsscssmcnts of the
poor quality of indigenousiy produced equipment. The
characteristics of these ICs indicate that the bulk of
the microelectronics manufacturing equipment: pro-
duced in the USSR generally is well below Western
standards in terms of technology and performance
and lags Western-produced equipment by one to two
generations. To upgrade their average level of IC
production from MSI to LSI and early VLSI technol-
ogy, the Soviets, as did the West, will have to replace
virtg‘ally all of their current equipment inventory.

wn
\°\
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Design Bureau for Precision Electronic Machine
Building

The Design Bureau for Precision Electronic Machine
Building is a major Soviet designer of IC manufac-
turing equipment. This facility was founded in Minsk
in the early 1960s and is organized under the juris-
diction of the Planar Scientific and Production Amal-
gamation and the MEP. Aside from a small depart-
ment that reverse-engineers ICs obtained from the
West, we have no evidence that KBTEM is engaged in
anything other than the design of microelectronics
manwfacturing equipment. KBTEM is colocated with
the pilot production plant Elektronmash, which pro-
duces mockups, prototypes, and experimental-test
lots and performs limited series manufaclure of
products designed by KBTEM. E ro

jdeh
scribed the equipment manufacturing areas as neat,
clean, and efficiently layed out with afull range of
metalworking equipment

. CAlmost all con-
struction efforis were (()mplcle by 1979, a/ul the
facilities w erehpvmluma/[

KBTEM is also associated with three Planar produc-
tion plants in Vitebsk, Riga, and Gor'kiy that are .
involved in the series production of its microelectron-
ics equipment designs. The design bureau is also
associated with and designs equipment for other
production plants and research institutes throughout
the USSR, including the Scientific Research Institute
Jor Micro-Instruments in Riga, the Scientific Re-
search Institute for Micro-Equipment in Yerevan, an
institute in Kiev. the Mikron and Angstrem Plants in

Zelenograd, and a semiconductor plant in Voronezh.
~ —

KBTEM and the Planar Amalgamation specialize in

" the design and production of photolithographic equip-

ment, especially equipment for the production of
photomasks {pattern generators, step-and-repeat
cameras, and mask aligners); wafer scribes; automat-
ic bonding equipment; automatic probes for IC test-
ing; and IC packaging equipment. With few excep-
tions, equipment produced by the Planar complex is
rarely exported outside the USSR because the do-
mestic microelectronics industry consumes almost all
of its output. [; ’ :

Planar’s microelectronics manufacturing equipment
appeared 10 be competitive with state-of-the-art
Western models with respect to raw manu/'aclurmg
capabxluy and level of automation.

JPlanar’s equipment was not compeuuve
with Western equipment with respect to processing
capability for complex IC designs and did not support
rapid conversion from one product design to another.
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Soviet state-of-the-art, military-specification [Cs usu-  production of first-generation VLSI devices, produc-
ally are produced on more sophisticated manufactur-  tion at the second-generationy V€ S§ level will necessi-
ing equipment, much of which has been acquired tate retooling in the 1990: :
illegally from the WeSZC nalysis consistent- :
ly shows that these devices are of much higher quality
than standard chips processed primarily on indigenous  ment of the IC manufacturing equipment that the
equipment—although their performance is substan- Soviets employ in their microelectronics plants (see
tially below that of Western ICs. We judge that, ‘ :

although much of the equipment used for Soviet state-

of-the-art IC production is generally adequate for

This judgment is based on a comprehensive assess-
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Riga Machine Building and Tool Plant

The Riga Machine Building and Tool Plant is the
major Soviet producer of IC test equipment > This
plant was founded in 1966 and has been subordinate
to the Planar Scientific and Production Amalgam-
ation of the MEP since the early [970s. [ts 5,000
employees produce equipment that is designed by the
plant’s Special Design Bureau and KBTEM in
Minsk, which is also a member of the Planar Amal-
gamatior, =

Riga stands out as an exception to ordinary Soviet
equipment production practices. Most precision in-
struments plants perform all equipment manufactur-
ing functions from machining through final assembly.
The Riga Plant, on the other hand, has three branch
plants—in Furmanovo, Vyborg, and Novorzhev—
which ’ i
subconirac JUl INIZU Uy pPCIjUr iy proraas aiy 11iu-
chining functions. There is no finished production at
any of the branches: all eauipment assembly is
performed at Rige..

. 1

Although Riga obtains most of its production ma-

chinery and a significant amount of equipment com-
ponents from Japan, West Germany, France, and the

a This plant—as well as two Planar plants in Vitebsk and
Gor'kiy—are officially and commonly referred 10 as “Machine
Buildins PlaS’ 1o conceal their relationship 1o the electronics
indust.

United States. the plant still lacks adequate quanti-
ties of quality capital equipment. The plant also
experiences problems with poor production tech-
niques. lack of consistent quality control, and bottle-
nerle in the supply of components and spare parts.

Since 1970, Riga has manwfactured exclusively IC
manuwfacturing (and especially IC test) equipment,
some of which is copied or reverse-engineered from
Soreign models. Plant products include laser interfer-
ometers, Zond-series automatic test probes,-and
Okean-, Planar-, and Orion-series microweldersy *
© .7 [plant equ.p-
et orochures frequeniy caugyerate key technical
paramelers by as much as an order of magnitude and
" Athe technological level of Riga’s test
equipment is ahout four 10 five years behind US state
of the art
3
?hr equiprent products are aistriputea 1o uvour 200
electronics manufacturing plants throughout the
Soviet Union, including the Riga Semiconductor
Plant, the Angstrem Plant in Zelenograd, and the
Svetlana Production Association in Leningrad. Riga
also has customers in Bulgaria, East Germany, and
Yugoslavia E
some of ruga’s
rmcroelectronics equipment requires more stringent
environmental controls, such as temperature and
cleanliness requirements, than most of the customer
plants can maintain—preventing them from operating
the equipment at maximum efficiency or for the
duration of the equipment warranties. It is common
practice for customers to order extra 1nits <o they
can cannibalize them for spare parts




figure 3 for a description of the production process
flow for ICs and appendix C for a detailed outline of
IC manufacturing processes and associated produc-
tion equipment). We have ¢xamined each category of
equipment—from crystal growth through IC testers—
to assess its level of sophistication and its ability to
meer 'h~ requirements for production of advanced
IC:

Equipment for silicon production and crystal growth

includes: '

- Furnaces used to convert silicon dioxide {quartz) to
metaltlurgical-grade silicon.

ret

« Disullation equipment that isolates pure silicon \

compounds—usually trichlorosilane—from the met-
allurgieal-grade silicon.

» Reaction vessels that convert trichlorosilane to in-
termediate-stage polycrystaliine silicon.

= Crystal nuiliers that produce monocrystalline silicon
Ingots.

*The Ministry of Nonferrous Metallurgy controls the production of
clectronies-grade polycrystathine and monocrystalline siiicon and
related cquipment. The Ministry s State Scientitic Research and
Design Institute of the Rare Metuls Industry is the primary Soviet
organmization for seniconductor crvstal R&D und oversees the
design and production of cquipment for +' “fication 2nd
preparation of semiconductor materal




The Soviets produce polysilicon with outdated, small-
scale, batch-processing equipment-—much af it nur-
chased from the

before 1980, when COCOM embargoed siticon pro-
duction equipment and know-how.* Although Western
producers in recent years have upgraded their produc-
tion hardware and improved chemical purification
processes to improve silicon output, there is no evi-
dence that Soviet producers have done likewise.

In addition to polysilicon production problems, the
Soviets have a shortage of crystal pullers for volume
production of high-purity, large-diameter (over 4-
inch) silicon ingots (see figure 4). Many Soviet sources
have reported that domestically produced crystal pull-
ers are of poor quality, and COCOM controls present-
ly restrict the USSR’s legal access to Western pro-
cesses and machinery. Soviet problems in controlling
the physical and chemical variables of the ingot
growth process have led t~ 'nw vield rates and low
reliability levels of ICs

Improvements in crystal growth technology, however,
may be on the horizon. In the spring of 1988 at a
Soviet trade exposition in India, the Soviets displayed
an indigenously produced crystal puller with an auto-
mated digital-¢ontrol capability to regulate crystal
cross section and to enhance the purity of the ingot.
The lack of such an automated control capabilit+
reportedly has impeded Soviet IC production

Wafer preparation equipment includes:

« Saws that slice wafers from monocrystalline silicon
ingots. '

< Lapping machines that smooth wafer surfaces and
provide a uniform finish.

* COCOM, the Coordinating Committee responsible for adminis-
tering multilateral export controls, was established in 1949 10 serve
as the forum for Western efforts 1o control the export of military-
related technology to the Soviet Bloc and China. COCOM current-
Iy is composed of the United States, the United Kingdom. Turkey,
Portugal, Norway. the Netherlands, Luxembourg. Jupan. lwaly.
Greece, France. the Federal Republic of Germany. Denmark.
Canada. Spain, Belgium, and Australja

ret

Figure 4. Western crystal pullCit

« Polishers that p;»bducc a flat, mirrorlike surface on
the wafers.

*In the LSSR. the Central Scientific Institute for the Organization
of the Technology of the Production of Control Systems in Gor'kiy.
the Scientific Production Association Svetlana in Leningrad, the
Leningrad Optical Mechanical Plant. and the Georgian Polytechnic
institute in Thilisi have taken the lead in*prod_ucing and/or reverse-
engineering waler-pohishing cquipmcﬁ(:




Figure 3 i . . -
Microelectronics Production Process Flow . .
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The USSR is particularly dependent on Western
wafer-slicing equipment because of the poor quality of
its own machines (see figure 5). Soviet slicing ma-
chines often damage wafers during processing and
encounter problems with vibration that demand fre-
quent blade adjustments. Early attempts to reverse
engineer US machines reportedly were unsuccessful
because the Soviets had difficulty manufacturing and
aligning the diamond-coated saws. The Soviets appar-
ently have decided to continue purchasing the saws
from the United States or West Germany at a cost of
about $100.000 per machine rather than rely exclu-
sively on their own poor-quality ones, whichf

, are more costly to operate in the long uu.

Computer-aided design equipment is used to draw the
specific electrical circuit and to prepare that pattern
for transfer onto a silicon wafer. As ICs, and especial-
ty microprocessors, become more complex, design
time becomes exceedingly long. In the West. comput-
er-aided design (CAD) systems have become essentizi
to the IC development process. ensuring high-quatinn
chips while reducing development times

C
* jhc Soviets produced

LS1 devices using indigenous CaD techniques as
carly as the period 1972-73. Our technical analysis of
Soviet ICs of 1970s vintage is consistent with this
information. CAD programs were used 10 model and
simulate the effect of [C design and architectural
changes, allowing Soviet designers 1o modify Westera
LSI designs 1o meet domestic requirement: -

O\]/r\ 7analysis of 1980s-vintage [Cs indicates.
however, tnat the Soviets' CAD capabiliuies have not
kept pace with design requirements—their recent
CAD programs evidently are not sophisticated enough
to model and simulate the effect of IC changes at the
VLSI level of complexity

L he Soviets have adopted (ne practice of copying

—— ey .

-1

L.
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Figure 5. Western wafer-slicing machin

advanced Western devices. in lieu of developing their

own designs. to avoid increased IC development times

and 1o aid the development of both new ICs, such as

'32-bit microprocessors, and advor~=4 ~r improved

versions of current 1Cs. ™

Evidence of a Soviet lag in CAD capability in the

. microelectronics industry is consistent with evidence

that the Soviets are constrained by poor CAD systems
in other industries. such as aircraft. The Soviets will
be unable to meet projected needs at the second-
generation VLSI level until they develop or acquire
more sophisticated CAD hardwarg ai3¢ <oftware to
improve integrated circuit desig..

Maskmaking and lithography equipment includes:

« Optical pattern generators or electron-beam (E-
beam) mask writers that create a photomask of a
designed [C circuit pattern.

- Step-and-repeat cameras that optically reduce and
reproduce hnal-size master masxs.
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- A variety of increasingly sophisticated lithography
machines that translate the circuit design onto the
silicon wafers.’

Dana’lysis of ICs indicates that shortcomings
ot maskmaking and lithography equipment limit the
performance of standard ICs produced with Soviet
equipment but currently are not a limiting factor in
manufacturing Soviet state-of-the-art ICs at the LSI
level using illicitly acquired Western equipment. -
These state-of-the-art ICs exhibit very good feature
resolution (a measure of circuit density) and align-
ment accuracy, line widths as small
as 2.8 microns ana angnment accuracies on the order
of 0.2 micron. For the next few years, the Soviets may
be satisfied with expanded use of scanning projection
aligners that offer high throughput and resolutions
acceptable for production up to the 256K-DRAM
level. Production of more advanced devices, such as -
|-and 4-megabit DRAMs, however, will require the
Soviets to retool their IC plants with the more
sophisticated stepping projection aligners that can

“ln the USSR, the Moscow Design Burcau of Semiconducior
Machine Building and the Moscow Scicntific Rescarch Insiitute
Pulsar have l:\k@.llfh(@din designing and producing these
cquipment hne

Spefet

handle circuit details at the submicron level and to
acquire E-beam lithograph+ svstems to produce de-
sign masks (see figure 7)

Wafer-processing equipment includes:

« Etching machines that selectively remove patterned
layers of the wafer surface exposed during
lithography.

« Deposition equipment that deposits metallic or sili-
con compound films on the wafer surface.

« Doping systems that introduce precise quantities of
impurities, or dopants, into specific portions of the
wafer to achieve desired electrical characteristics.

Etching, as well as lithography, is a limiting factor in
achieving fine-resolution line widths. Although indig-
enously produced etching equipment limits the perfor-
mance of standard Soviet ICs, Western equipment
now in use contributes to well-defined circuit lines for
Soviet state-of-the-art LSI chips,f_ janalysis
shows that the Soviets can produce cnips with well-
formed, vertical walls, an indication that they have
been successful in applying plasma etching techniques
to their advanced devices vice acid (or chemical)




Figure 7 Wostern-electron-beam lithography
sysyer

etching—an older process that is used for relatively
simple [Cs with line widths greater than 3.5 microns.
We assess that the use of plasma etching systems will
be adequate to meet Soviet processing requirements
for first-generation VLSI devices. The Soviets will
have to acquire the more advanced reactive ion
etching systems to meet upcoming production require-
ments for second-generation VLSI devices. These
systems produce straighter etchine nrn6¥e< and pro-
duce ICs at greater throughputs

The Soviets’ capability in metallization—the deposi-
tion of thin metallic layers on the wafer to intercon-
nect individual circuits on each IC—is perhaps *heir
most serious shortcoming in processing wafers.
Janalysis of [Cs indicates that the Soviets suil use
wie outdated evaporation technique for processing
even their best devices. With evaporation, the Soviets

w

}w\/

have had difficulty controlling alloy composition on
the IC surface, a problem they probably will have to
overcome to produce devices at the second-generation
VLSI fevel. The more advanced sputtering technique
is usually the method of choice in the West because of
its ability to deposit high-quality films at higher rates
and at lower pressures and temperatures than evapo-
ration, thereby simplifying production. Although the
East Germans market sputtering systems, there is no
evidence that the Soviets are yet employing this
equipment in their [C production lines (see figure 8).

C Jmalysis of ICs indicates that the Soviets’
capabinity in passivation—the deposition of an oxide
layer on the wafer surface to protectively seal the
[Cs—also limits the performance of standard ICs
processed on indigenous equipment. IC exploitations
indicate, however, that illicitly acquired Western pas-
sivation equipment is adequate for processing Soviet
state-of-the-art ICs. We assess that this equipment
will probably support production of second-generation
VLSI devices. Current capabilities will probably be
adcquatc until the Soviets begin producing chips at
the 4-megabi1-DRAM_lcvcl——a step beyond second-
generation VLSJ :

Electrical components are created on the silicon wafer
by introducing selected impurities—called dopants—
to areas of the wafer exposed in the pattern etching
process gndicate that the Soviets now
use an 10n implantauon technique in which dopants
are ionized, accelerated in a magnetic field, and then
physically implanted into the silicon wafer. This
technique allows better control of the doping process
than the older, conventional diffusion technique,
which relied on heat to spread dopants from the wafer
surface into the depths of the wafer. [llicitly acquired
Western ion implantation equipment probably is ade-
quate to support production of chips up to the 256K-
DRAM level. But pilot production of 1-megabit mem-
ories will probably force the Soviets to produce or
~rouire equipment with enhanced computer control.

Seefet




Figure 8. East German high-rate sputtering sysien ! —

IC assembly and packaging equipment includes:

- Wafer saws that separate individual ICs on a wafer.
« Dic bondess that attach the functional parts of the
IC 10 a package. )

+ Wire bonders that connect the IC electrically to
terminals leading outside .the package.

» Machinery that encapsulates the IC in a plastic or
ceramic casing

Although the Soviets employ wafer saws that are
commonly used in the West, at times they cut only
about 30 percent through the wafer, even for their
most advanced chips JThe shallow cuts
used by the Soviets result in greater fracturing when
the ICs are broken free, causing a significant decrease
in the number of usable devices. Less advanced Soviet
devices have shown cuts of 70 percent or more. Since
the only practical advantage of the shallow saw cuts is
o prolong blade life, this practice suggests that the L
Soviets gxperience spot shortages of quality saw
blade:




Figure 10. East German automatic wire bond«

Through wire bonding, the IC is connected clectricaE-L

ly to terminals leading outside the [C package (see
figure 10). OU:E ’ 'janalysis indicates that wire
bonders currenay us use limit the performance of
stapdard Soviet ICs assembled with indigenous equip-
ment ganalysis indicates, however. that
licitiy acquu'ed Western wire bonders provide ade-
quate bond strength and shape for most Soviet state-
of-the-art devices. Althoug! E_ bond-
ing problems in some advanceu s tat av wimes have
contributed to device failure[_ we believe
that Western equipment now i1 gacc ey DS margin-
ally adequate to meet bondins [av)én;;;,‘cms for sec-
ond-generation VLSI device:

Testing equipment is used throughout the IC produc-
tion process to measure critical dimensions and to
assess electrical and functional characteristics to iden-
tify bad circuits before time and money are invested
in bonding and packaging.® This is particularly impor-
tant in the USSR where the failure rate of ICs is

[ '}ndicalcs that since the 19705 the Rige

viaenmine suncing ana ool Plant has taken the lead in the
development and production of automated [C testing ccuipment :n
the USST

17
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high. Some tests themselves have been damaging,
however, because of faulty test equipment or proce-
durcsC‘ analyvsis indicates that improperly
adjusicu wuicr test probes sometimes cause signifi-
cant damage to Soviet ICL '

Once packaged, military-use [Cs are subjected to
rigorous testing to identify parts that would fail soon
after first use and to verify that an IC works properly
at its intended operating speed. Soviet scientists claim
that one.of the most acute problems confronting the
Soviet microelectronics industry is the lack of equip-
ment adequate to test LSI and VLSI devices (see
figure 13). Thev allege that such equipment can be
obtatreed ankr from Japan or the United States.

Clean rooms are specially designed areas for wafer-
processing operations that have temperature, humid-

ity, and dust control systems. As [Cs become more

>€Cret
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Figure 13. Western VLSI tester”

complex and device geometries shrink, stringent clean
room environmental control becomes increasingly vi-
tal to achieving high product quality and reliability.
For example, a single bacterium on a 2-micron circuit
line would be equivalent to a large tree across a road.
At | micron, even a particle the size of a flu virus can
disrupt the operation of a chip -

Tet

Figure 14
Clean Room Classifications

Particles cubic foot of air {stated size)

0.1 0.1 0.2 0.5 10 20 50 100

Partical size (microns)

» T

Clean rooms in the microelectronics-industry are
classified in five standard categories: class 10,000;
class 1,000; class 100; class 10; and class 1. The
classes refer to the maximum number of particles of a
0.5-micron size or larger per cubic foot of air (see
figure 14). Wafer-processing clean rooms must be
maintained =t least at the class 100 [evel {ar VLSI
productior. ' few Soviet
IC plants have ciass (uu tacinities; in tne USSR,
microelectronics plants typically opérate clean rooms
at the class 1,000 level or above. The lack of adequate
clean room facilities has long hindered the USSR’s
ability to produce ICs at yield rates comparable to
those achieved in the West. Over the years, analysis of
Soviet devices has shown high levels of device con-
tamination and moisture damage from poor control of
the clean room environment




To improve their clean room technology, the Soviets
need to develop or acquire high-efficiency particulate
air filters and the know-how required to use them in
an overall clean room layout. Beyond air flters and
clean room design, the Soviets must tighten controls
on particulate contamination from incoming gases
and processed liquids and from human operators.
Humans shed an enormous number of microscopic
particulates and have been proved in US studies to be
by fz\x_r_ the greatest pollutant of IC fabrication areas.

Past Efforts To Reequip the Production Base

The Soviets have tried a combination of measures—
domestic R&D and production programs, cooperative
efforts within CEMA, and acquisition of Western
manufacturing equipment—to reequip their industry
1o support production of advanced ICs

Domestic Equipment Industry

i as
stated that 1C producuoun cquipiient uesiguers and
manufacturers are not up to the task of the acceler-
ated development of the Soviet microelectronics in-
dustry or the proposed rates of modernization. He
notes that the USSR produces only about 10 percent
of the volume of IC manufacturing equipment m»-=~

in lhe_.“«’csx.C_

that the Scienuihe- f ecnnical. Asso-
clation racuory tor the Production of Scientific In-
struments in Chernogolovka cannot produce enough
advanced deposition equipment to meet all orders, and
poor packaging and handling procedures at the Go-
mel’ Radio Technical Plant have resulted in the
damage of 70 peccent of all CAD equipment shipped
to consumer

The Soviet equipment production base is insufficient,
in part, because IC producers do not retool often, thus
limiting the demand for more and better equipment.
Reporting indicates that the Soviets expect their
cquipment to operate for about seven years, and
typically it remains in service much longer than this

Sper”

projected lifetime—albeit with extensive downtime
and degraded performance. In contrast, US micro-
clectronics producers gencrally replace 80 percent of
their manufacturing equipment every three to five
vears—each time thev initiate production of a new
generation of device:

" Sluggish retooling schedules reflect, at least in part,

an overriding priority on the part of 1C producers to
meet slate quanttative production plans at the ex-
pense of qualitative goals for more reliable and more
sophisticated devices. In 1985 the Soviets attempted
to correct this situation by introducing a decree that
would allow plants to decrease production quotas in
compensation for time lost in retooling. There is little
evidence that this decree has yet fostered much
industrial retooling, but. if implemented, it could
counteract industrywide preoccupation with meeting
current production schedules and encourage factory
managers In favar jnnovation over maintaining the
status que '

Burcaucratic problems have also thwarted the produc-
tivity and modermzation of the microelectronics in-
dustry. Production targets assigned the MEP have
been overwhelming and unrealisuc. Major elements of
Gorbachev's industriai modernization program arc
intrinsically contradictory.® Industry is being forced to
do everything at once: retool, increasé quality, con-
serve resources, change product mix, and accelerate
producuion. Without 2 coherent, workqble plan. pro-
gress has been slow

In summary, Gorbachev's modernization program has
yet to have a major impact on the Soviet microelec-
tronics industry, which entered 1989 with many of the
same problems 1t had when Gorbachev came to

* The phrase “modernization program’ has olten been used by
Western observers as un umbrella term (o describe any policy
instituted by Gorbachev for dealing with the USSR's ceconomic
problems. As Gorbachev hus used it. hawever, the term has @
limited meaning and refers to his ctforts tu upgrade the country s
stock of plant 2nd equipmert. Basicalls. it involves substantiahiy
increasing the productive cupacity of the machine-building ~ovt
the primary source of mancizauning technology and cquipanie

Mmaore
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power—Ilow wacker productivity, noor-quality ma-
chinerv, and an organizational structure unprepared
for economic reform:

« Gorbachev’s “human factor™ initiatives—discipline.
temperance, and improved work incentives—were
“intended to raise labor productivity for the 12th
Five-Year Plan (FYP) while industry retooled. Im-
proved discipline helped boost productivity in 1986.
but by June 1987 Gorbachev complained that mo-
mentum had been lost.

» Despite rising investment over the course of the
current FYP, the Soviets have fallen far short of
their plan to bring new capacity on stream and to
replace obsolete manufacturing equipment.

)

- Soviet measures to introduce self-financing and
other economic reforms 1o increase operating auton-
omy have caused plant officials to flounder. Con-
fused by contradictory directives from above, many
have struggled to find r~liable suppliers and to meet
contract obligations

CEMA Cooperative Efforts

For over a degade, the Soviets have pursued coopera-
tion with the East European member countries of
CEMA to augment indigenous microelectronics en-
deavors and to acquire Western technology.'® They
have set up an elaborate division of labor within
CEMA to help create a unified basis of IC technol-
ogy, microelectronics production equipment, and
semiconductor materials. As part of this effort, Mos-
cow has initiated a number of multilateral and bilat-
eral cooperative efforts to coordinate the development,
production, and trade of micprzglestronics production
equipment within the Blo

In the early 1980s, the Soviets initiated the Micro-
clectronics Element Base, a multilateral program with
the avowed goal of increasing and modernizing

" The East European countries of CEMA include Bulgaria,
(Cuchoslovukil East Germany, Hungary. Poland. 2nd Romania.

~ CEMA-wide production of microelectronics devices

for computer applications. The participants belicved,
however, that the program'’s underlying purpose was
to match the US Department of Defense’s Very-
High-Speed Integrated Circuit (VHSIC) Program.
Milestones and goals for the Microelectronics Ele-
ment Base =] have been comparable to those
openly published for the US program, namely to
produce {Cs embodying advanced VLSI technology to
meet primarily the high-speed signal processing needs
of next-generation defense systems. To support pro-
duction of these advanced devices, the USSR issued a
catalog of microelectronics manufacturing equipment
requirements to all CEMA participants, using West-
ern—mostly US—equipment as reference systems.

In 1985 the Soviets initiated another major CEMA
cooperation effort, known as the Comprehensive Pro-
gram for Scientific and Technical Progress to the
Year 2000 (CEMA 2000). This program was designed
1o scrve as a blueprint for accelerating the develop-
ment and diffusion of advanced technologies—includ-
ing microelectronics—within the Soviet Bloc. An
ultimate goal of the program is to reduce Bloc
dependence on the West and to increase the region’s
immunity from Western embargoes and boycotts. The
Committee on Cooperation in Electronization is to
coordinate the electronics-related agreements and
goals that are pertinent to the CEMA 2000 program.
By August 1988 this program covered some 35 elec-
tronice-related agreements among the member coun-
trie

We know little about CEMA progress in meeting
multilateral program goals but doubt that these elabo-
rate efforts have contributed much to the advance-
ment of Soviet state of the art in microelectronics
manufacturing equipment. The programs are off to a
slow start, and Moscow has complained of a lack of
tangible results -




In addition to the many multilateral programs the
Soviets have initiated within CEMA, the Soviets in
the 1980s have increased bilateral cooperative devel-
opment and trade accords with its East European
CEMA allies. In fact, Moscow has signed bilateral
agreements, stmilar in form and content to the
CEMA 2000 program, to cover economic relations
with each of its CEMA allies through the beginning
of the next century. Many of these bilateral accords
have included specialization in the development and
production of [C fabrication equipment (see table).

Among the CEMA countries, the USSR can gain
most through cooperation with East Germany. The
East German combine Carl Zeiss Jena is Eastern
Europe's leading producer of microelectronics manu-
‘facturing equipment and is renowned within CEMA
for its lines of maskmaking and photolithography
equipment. It ships much of its equipment output 10
the USSR (see inset, “Carl Zeiss Jena: A Model
Combine;’t

AILNOUEN Cart £e1ss alleges that its equip-
men s within two 1o three years of Western state of
the art, we assess that the combine’s equipment 1s still
substantially less reliable than Western counterparts
and cannot support series production of second-gener-
ation VLSI devices. East Germany's inability to meet
even its own necds for advanced [C manufacturing
cquipment 1s proved out by its h’Qavy reliance on
Western equipment

[ i

L. _]t:ast uermany nas
emerged as tue tecunvogicas ieader in [C technology

within the Warsaw Pact. Acquisition o,'L v
equipment was critical to East Germany's success in
1988 1n initiating production of second-gencration
VLSI devices. Although this equipment most likely
will remain in East German plants, the Soviets
through East Germany mav #ain access to VLSI
manufacturing technolog:

?p(et

Through their relationship with Bulgaria, the Soviets
have hastened production of indigenously designed [C
manufacturing equipment. The Siberian Branch of
the Soviet Academy of Sciences designed the
KATUN-V epitaxy system but was unable to kindle
MEP interest in manufacturing the machine in the
USSR. The Siberian Branch was able 1o reach a
licensing agreement with the Bulgarians, however,
and viewed this cooperative effort as the quickest way
of introducing this advanced technology to industry.
This Soviet-Bulgarian effort has led to the establish-
ment of a joint scientific and engineering center (o
foster development of other manufacturing technol-
ogies

CEMA cooperation and specialization programs have
improved technical capability within the Bloc, re-
duced duplication of effort in equipment development.
increased the level of circuit standardization. and
allowed the Soviets to better manage the legal and
illegal acquisition of Western production equipment.
In addition, by increasing the level of science and
technology (S&T) cooperation with Eastern Europe.
the USSR has the potential to foster greater political
and economic interdependence among the CEMA
countries, conserve scarce hard currency supplies..
lessen dependence on the West, tap into pockets of
technological expertise that exist in Eastern Europe.
and concentrate on more advanced technology devel-
opment programs.'' In many instances, however,
CEMA cooperation has been forced by a heavyhand-
ed USSR that has aroused the resentment of the East
European countries

Acquisition of Equipment From the West

To compensate for their own industry's inability 0
produce high-quality microelectronics manufacturing
equipment in volume. and their inability to satisfy this

[ ausnt
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Carl Zeiss Jena: A Model Combine

East German leaders tend to single out the Kombinat
VEB Carl Zeiss Jena (CZJ) as the model industrial
combine. Looted and completely destroyed by the
Red Army immediately after World War 1I, CZJ
reassembled and strengthened its R&D and produc-
tion programs to become one of the largest and most
technologically advanced enterprises in the country.
The combine, headquartered in Jena and subordinate
1o the Ministry of Electrical Engineering and Elec-
tronics. now employs over 50,000 employees at 24
subordinate enterprises

The combine is recognized as a world leader in optics
technology and its manufacturing range currently
extends to over 800 products—from glass, to fiber-
optic cable, to cameras for remote sensing. CZJ has
become more active in the microelectronics field in
recent years, and microelectronics fabrication equip-
ment is one of its newest product Iinesﬁg

the US emourgu on 1ne
sute uy sucn equipmen (v the Soviet Bloc forced the
combine to develop and manufacture its own line of
machinery. The combine is now the principal supplier
of E-beam lithography systems in the Bloc and
produces a wide range of microelectronics equipment,

including CAD systems, optical lithography equip-
ment, photomask comparators and inspection equip-
ment. resist coating and developing equipment, ion
beam etching systems, chemical vapor deposition
equipment, evaporation and sputtering equipment,
line measurino svereme wire bonders, and IC testing
equipment

CZJ produces over §2 billion worth of electronics and
optics equipment annually.E_

EPurts approxitmuiety ov percent Of 1S microelec-
tronics equipment output to other CEMA countries,
chiefly the USSR. _jlhal Zeiss was in
the process of equipping severat >oviet [C manufac-
turing plants and emphasized the USSR's dependence
on the combine for supply of critical equipment. The
USSR's demand for advanced equipment, hovever,
may be met at the expense of East German domestic
requirements. For example, Zeiss's lithographic-re-
lated products are given priority over optical instru-
mentation products badly needed by East German
lab:

shortfall through CEMA cooperative efforts, the So-
viets have made a major effort to acquire Western
machinery for reverse-engineering purposes and for
direct use in their own plants. The USSR usually
attempts to reverse-engineer the first sample of West-
ern equipment it acquires. The Soviets have been
particularly successful in adapting proven Western
designs and incorporating the adaptations into micro-

clectronies production lines

‘ ~ AR NESE duviel COplES
seldom, if ever, approach thc’quality and productivity
of the Western originals
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Because of time delays and problems in reverse-
engineering Western equipment, the USSR often uses
large numbers of illegally acquired Western manufac-
turing equipment to -outfit its most advanced 1C
production lines. This equipment often is not used to
its full potential, but it nevertheless is more productive
than Soviet-produced equipment. Analysis indicates
that since the early 1970s, the Soviets have acquired
over 3,000 pieces of Western microelectronics produc-
tion equipment, covering the entire spectrum of man-
ufacturing operations. They have acquired most of
this equipment through West European diverters, but
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their use of Asia as a diversion route is growing. The Soviets’ acquisition effort peaked in the 1970s. a
o time when trade restrictions were looser than they are
now and the Soviets had ready access to some of the
most advanced microelectronics technology available
in the West. Although most acquisitions during this
period were legal. licensed purchases, the Soviets

o
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Means and Methods of Equipment Acquisition

The Soviets use a variety of techniques for acquiring  The Soviets have dealt primarilv with West European
Western IC manufacturing equipment. The Soviet trade diverters, E ’ j
Military Industrial Commission (VPK) of the Presid-

ium of the Council of Ministers is responsible for

setting acquisition priorities for one-of-a kind West-

ern equipment that is often used for reverse engineer-

ing Soviet copies. The VPK processes requirements

from the various equipment design bureaus, validates

the requirements, assigns a collection priority 10

each, and designates collection tasks to one or more

organizations. These equipment collectors include the

Soviet Committee for State Security (KGB), Chief

Intelligence Directorate of the Soviet General Staff

(GRU}, Ministry of Foreign Economic Relations (pre-

viously known as the Ministry of Foreign Trade),

State Committee for Science and Technology. State

Committee for Foreign Economic Relations, Acade-

my of Sciences, and the East European intelligence

services. We estimate that the collectors satisfy about

one-third of VPK-issued requirements each year.

L |

The Ministry of Foreign Economic Relations man- Although the Soviets have arranged most equipment
ages the Soviet program to acquire, legally and diversions through Europe,thgir jus¢ ) dsia-ade—t—

illegally, production equipment in large volume for duww-\u-?

direct use. The ministry administers and operates
hundreds of foreign trade organizations and firms
around the world. This global presence and the
ministry's official duties make it a practical cover
organization for hundreds of KGB ~-~ ©:RU officers
involved in technology acquisitio,

The Ministry of Foreign Economic Relations keys its =

acquisition efforts to requirements issued by the The nonindustrialized countries have served primari-
various microelectronics manufacturing organiza- ly as conduits for the transfer to the Soviet Bloc of
tions. Once it approves and prioritizes collection microelectronics technology and equipment illegally

requirements, the ministry arranges for Western con- acquired from industrialized countries. Countries
tract trade diverters 1o work with Soviet foreign trade such as Brazil, South Korea, and India potentially
firms to organize large-scale acquisitions of con- can provide the Soviet Bloc with much needed tech-
trolled equipment. The Soviets engage over 300 firms  nology and would be atiractive acquisition targets
in raore than 30 countries in their diversion schemes.  because of less stringent export control regulations.




maintained an illicit program to acquire embargoed
equipment. Total known acquisitions of major West-
ern microelectronics manufacturing equipment aver-
aged 260 per vear between 1972 and 1982, but ye .
believe that the actual number was higher

Since the early 1980s tighter trade controls—particu-
larly in the areas of microelectronics and computers—
combined with a refinement of the Soviets’ acquisition
effort for microelectronics manufacturing equipment
has resulted in a 30-percent drop in the overall
equipment acquisition rate (see figure 15). The aver-
age rate of known acquisitions fell from 260 per year
to about 180 per year at present,

During this time frame, the Soviets focused their
efforts on obtaining fewer yet more advanced and
productive machines, concentrated in areas of techno-
logical weakness. Analysis indicates that the Soviets
have maintained a much lower acquisition rate for
some equipment types; the rate has fallen almost 70
percent for material preparation equipment and about
50 percent for doping and packaging equipment. They
have maintained a high acquisition rate for oxidation,
lithography, and etching equipment and are placing
an increasing priority on the acquisition of testers.

These acquisition trends are consistent with our as-
sessment of Soviet progress in overcoming technologi-
cal deficiencies. Although the Soviets still have some
problems with material preparation, doping, and
packaging, these problems have lessened in recent

cars. In contrast{_
t ublems persistwill

advanceu uwograpny, ci©liing, and automatic test
equipment—areas where they have maintained high
acquisition rates. Soviet efforts to obtain wafer probes
and advanced IC testers have been especially rigorous
in recent years, and the Soviets have often been
willing to pay twice the list price for Western models

Much of the sophisticated equipment acquired by the
Soviets for VLSI production, however, requires more
stringent environmental controls than most of the
Soviet plants can maintain to operate the equipment
at maximum efficiency and to achieve acceptable IC
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Figure 15
Average Soviet Acquisition Rate of
Microelectronics Production Equipment
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2 Collection of information on Soviet microelectronics
productioni equipment acquisitions through technical

means abruptly dropped by a factor of 2.5 in 1988 and
1989. Our numbers for 1988 and 1989 reflect an offsetting

- compensation for this drop in processing capability, and for

1989, an extrapolation for the remainder of the year based on
the first five months of reporting.
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vicld rates. To complement their cquipment acquisi-
tion program, the Soviets arc also sccking advanced
clean room facilitics from Western firms to outfit
their most advanced plants -

Without their major cquipment acquisition effort, the
Soviets almost certainly would lag further behind the
West in both 1C quality and IC production quantity.
We estimate that, without the acquisition of Western
cquipment for direct use or for usc in developing
cquipment models, the Soviets might not have been
able 1o supply adequatély up 1o SO percent of their
current production lines for SSI and MSI devices.
Without this Western equipment and technology, the
Soviets” production yields for these devices might have
dropped by as much as 50 percent of current values.
The impact of Western equipment acquisitions on LSi
production is even more significant. Without Western
cquipment for direct usc or for use as models, we
believe that the Soviets might have been unable to
supply up to 90 percent of their current production
lines for these devices and that their production yields
might have dropped by as much as 75 percent of
viclds now achieved.” A

To supplement ilhcit equipment acquisition efforts,
the Soviets have begun 10 explore joint ventures with
Western firms to obtain microelectronics technology
and manufacturing know-how and to facilitate the
production and marketing of Soviet-designed manu-
facturing equipment. The available information indi-
cates, however, that few of these attempts at joint
ventures in microelectronics have jelled. Moreover,
the agreements that have been concluded are sull in
the early stages and have yet to make a major '
contribution to meeting production needs:

+ In 1986, in an initial effort to cooperate actively and
legally with Western firms in the electronics field,
the USSR formed the Science Technology Corpora-
tion (STC) to design, manufacture, and market
high-technology instruments. This Leningrad-based
organization reportedly is governed under relaxed
bureaucratic rules governing foreign trade and hard
currency. STC has developed a molecular-bea™

| he derivation of these numbers is cxplained in DI Inlel'lﬁéﬂﬂi
Assessment SW B6-10062 December 1986,
Microelecironics™ Impact of Western Technology Acquisiréns,

epitaxy system that it claims is available for export,
and has concluded a partnership agreement with the
UK tirm Vacuum Generators, L.td. to develop by
1990 advanced metallization and lithography sys-
tems. STC reportedly is interested in forming joint-
development and marketing ventures for advanced
instruments with US firms.

« In 19387 the Soviets formed the joint-venture compa-

ny Interquadro with French and ltahan firms r J
T © < 7 Interquadro will use Soviet
software and French hardware to develop and mar-
ket turnkey workstations for applications such as
CAD and clectronics testing and debugging, to
provide user training, and (0 service its own equip-
ment E - ™~ contributed 70 percent
of the initial capitalization, and profits are to be
shared proportionately with the Western partners.

« A 1989 /zvestiya article disclosed that the Soviets
are negotiating a joint venture for the production of
an indigenously designed epitaxy system with firms
in the United Kingdom, Luxemburg. France, and
Sweden. The article described the KATUN-V mo-
lecular-beam epitaxy machine as a high-quality 1C
processing dcvic_c *equal to prevailing world stan-
dards " '

Plant ‘Modernization Requirements for the 1990s

The Soviets' relatively antiquated 1C production base
will be stressed even further by growing demands for
advanced ICs from both the military and civilian
sectors (see appendix A). To produce high-quahty,
advanced devices to meet future requirements, the
Soviets will have to increase {C yield rates and
improve manufacturing practices for VLSI devices.
This means they must retool a large percentage of
their IC production lines with advanced equipment.

The iack of information on cquipment inventory and
utilization of microelectronics plants precludes quan-
tification of the Soviets' equipment shortfall in micro-
clectronics production equipment and makes it diffi-
cult 10 estimate requirements for equipment to




support future modernization efforts. In an effort to
gauge potential investment requirements for needed
equipment, however, we looked at past Soviet efforts
10 acquire Western manufacturing equipment, much
of which was put to usc in advanced Soviet IC
production lines. Analysis indicates that the 3,000
plus pieces of equipment the Soviets are known to
have acquired from the West since the early 1970s
would be sufficient to outfit approximately 24 IC
production lines like those used in the West. We
believe that the Soviets have illicitly acquired a
significant amount of Western rauipment

E ) and judge taad wie
wlat amvwn oF Vv éstern equipment acquired by the
Soviets could outfit as many as, but probably not
more than, 75 1C production lines—approximately
one-third of their production capacity”

We think it is reasonable to assume that requirements
for VLSI production will require a similar reequip-
ping effort. Analysis E

sjindicates thal (u€ Sovieits have at feast0, and
pussibiy more than 100, microelectronics production
plants. Although we do not know with certainty how
many of these plants are involved in the series produc-
tion of integrated circuits, for the purposes of this
paper we assume that the Soviets have 70 IC produc-
tion plants. If these plants are outfitted in a manner
similar to US plants, we estimate that the Soviets
have approximately 230 IC production lines. If we
assume that the Soviets choose to retool one-third of
those lines for VLSI production,” we estimate that
they could need the following types and numbers of
IC processing equipment:
1,150 projection lithography systems.
» 385 photoresist processing tracks.
< 620 plasma etching systems.
« 2,670 oxidation and diffusion furnaces.
« 330 ion implanters.
1,930 wafer scrubbers.
» 90 epitaxial systems.
160 metallization systems

" In an effort to produce the advanced ICs necessary for modern
military and industrial systems, the USSR will encounter the same
problems faced by East Germany as it pushes its device complexity
beyond its production capability. The result of this push in East
Germany has been to allow production of a few advanced ICs. but
at very low yields. To obtain a large quantity of advanced devices.
the Soviets would be forced to devote a disproportionately large
percentage of its production lings to advanced [C fabrication—
brute forcing the solutien.

)e\{

We estimate that this processing equipment alone
would cost between $1.1 billion and $1.8 billion if
purchased openly on the Western market. This is close
to the amount we estimate the Soviets have spent on
their microelectronics equipment acquisition effort
since the mid-1960s. Acquiring VLSI testers for
advanced IC production lines would add substantially
to the above estimate as each typically costs over §$1
million. In addition to investment for advanced 1C
lines, the Soviets probably also face substantial invest-

‘ment requirements to improve the production yields

and reliability levels of standard, commercial devices,
and to raise their average level of IC manufacturing
technology to at least the LSI level

Soviet Options for Reequipping the Microelectronics
Industry

The options available to the Soviets for retooling their

microelectronics industry for advanced VLSI. produc-

tion are the same as those pursued in the past:

« Accelerating indigenous development and produc-
tion of manufacturing equipment.

« Maintaining research and production efforts within
CEMA.

« Increasing acquisition of Western equipment either
directly or by transfer through joint ventures with
Western companie:

Accelerating Domestic Production

The ideal solution from the Soviets' perspective is to
revitalize domestic production capabilities. A success-
ful program to design and build IC manufacturing
equipment would reduce dependency on foreign tech-
nology, increase the Soviet technological knowledge
base, and improve the microelectronics industry’s
ability to respond to Soviet military and industrial
requirements

Gorbachev’s program to modernize the Soviet ma-
chine-building complex—including initiatives to im-
prove quality control and increase decisionmaking
authority at the enterprise level—no doubt will have
some positive effects on the microelectronics produc-
tion equipment industry. The quality and technology
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level of Soviet microelectronics equipment will surely
improve, especially in the areas of crystal growth,
wafer preparation, and IC assembly, but not as
quickly as will Western equipment. The Soviets,
however, are likely to continue to fall well short in
areas such as CAD, lithography, wafer processing,
and IC testing ~

In the final analysis, improving the technology level of
the microelectronics industry, like other high-technol-
ogy industries, depends on the success of Gorbachev's
reform program. Gorbachev's program is unlikely, in
the near term, to create conditions along the lines of a
Western-style market system that will encourage
enterprises to respond quickly and routinely to de-
mands for new production machinery. As a result, we
believe that Soviet leading-edge production technol-
ogy probably will continue to lag that of the West by
one to two IC generations and that the Soviets, in the
1990s, will continue to rely on outside sources for
much of the equipment required for producing ad-
vanced [Cs

Maintaining Pressure Within CEMA

The Soviets will continue to look to CEMA coopera-
tion to supplement indigenous equipment design and
production efforts and their program to acquire West-
ern technology. The recent success of the East Ger-
mans in acquiring Japanese turnkey IC production
lines, and their resulting success in achieving pilot
production of second-generation VLSI! devices, illus-
trates the type of access to East European and
Western technology the Soviets hope to acquire
through their CEMA relationship

The Soviets, however, probably will encounter grow-
ing resistance from East European countries. Most of
the East European countries have gone along grudg-
ingly, and selectively, with Soviet-initiated coopera-
tion proposals to placate Moscow and to ensure
deliveries of Soviet raw materials. Soviet efforts to
increase S&T cooperation in microelectronics will
probably be most well received by Bulgaria and
Poland——countries that have linked their economies
closely to Soviet development and stand to gain the
most from increased contact and cooperation. Roma-
nia and Czechoslovakia, however, fear losing autono-
my and are less enthusiastic about participating. East

Germanv and Hungary could find new Soviet initia-
tives a threat to their independence, an encroachment
on their proprietary innovations, and a deterrent to
trading opportunities with the West

As revealed at the CEMA Executive Committee
meeting in May 1988, many East European countries
are uncomfortable with the fast pace of Soviet-
inspired initiatives to institutionalize planning coordi-
nation through CEMA. Even Czechoslovakia, which
has been an active supporter of many Soviet-led
CEMA integration initiatives, noted the “complexity”
of reconciling numerous long-range regional plans
with national interests at a time when most CEMA
countries are drawing up their own long-range domes-
tic economic plans and are attempting to restructure
their economies. In the future, many of the CEMA
countries may be increasingly reluctant to surrender
control of domestic high-technology programs to the
Soviets or to commit resources to projects that would
in the end benefit primarily the USSR. To the extent
that the Soviet economic reform movement spreads to
Eastern Europe, the Soviets could find it increasingly
difficult to mobilize CEMA to support Soviet indus-
trial modernization efforty.

Continued Dependence on the West

Although the Soviets originally considered microelec-
tronics technology acquisition to be a short-term fix to
overcoming their technological lag with the West, the
stifling effect this course has had on the development
of their domestic industry has hampered their ability
to narrow the gap with the West over the long term.
For example, our analysis shows that the Soviets
progressed to the level of 64K DRAM production
fairly easily using a combination of indigenous know-
how and Western technology and equipment. At the
256K-DRAM level, however, they experienced in-
creased difficulty in assimilating technology ad-
vances, as evidenced by lengthened device develop-
ment times and delayed production timetables. We
believe that the root of this difficulty can be traced to
the Soviets’ heavy reliance on Western technology. By
employing a follower strategy, the Soviets have failed
to acquire an extensive knowledge base of the produc-
tion of either [C-S or microelectronics fabrication
equipmen
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Soviet leaders seem increasingly concerned about the
dangers of excessive reliance on Western sources for
high technology because of the corresponding depres-
sion of domestic initiative and the creation of a built-
in lag in domestic technology. These effects are
troubling to a leadership that is trying to use a .
reinvigorated S&T sector as the driving force to
improve the economy as a whole. At the 27th Party
Congress held in February 1986, Council of Ministers
Chairman N. I. Ryzhkov warned Soviet industrial
ministers that the party would hold them accountable
for their “eager” pursuit of foreign equipment that
could be developed domestically. While not ruling out
the importation of technology, Ryzhkov called on
Soviet industry to rely principallv on the “vast scien-
tific potential” of the USSR

Despite public pronouncements about the need to rely
on indigenous capabilities, the Soviets will have to
continue relying on the West to acquire advanced
manufacturing machinery to reequip their microelec-
tronics industry. Figure 16 summarizes the technical
capability of the various categories of manufacturing
equipment now in use in Soviet microelectronics
plants and helps identify likely acquisition targets.
The Soviets probably will concentrate on US and
Jabpanese producers to fill their most critical equip-
ment gaps, including CAD, lithography, wafer pro-
cessing, and IC testing equipment -

President Bush announced in May 1989 that the
United States will lift its “no exceptions” policy in
COCOM. Although the Gorbachev leadership proba-
bly views this announcement as an indication that the
USSR will have greater access to controlled Western
microelectronics equipment, we will not be able to
determine the policy’s potential impact on Soviet
microelectronics capabilities until it has been fully
implemented. Meanwhile, the Soviets will continue to
exploit any weakness in Western export controls, as
well as policy differences among member countries of
COCOM, to acquire equipment necessary to produce
microelectronics devices required for military and
civilian programs for the 1990s and beyoné -

In addition, the Soviets probably will push hard to

form joint ventures with Western companies for the
development and production of microelectronics
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Figure 16
Microelectronics Manufacturing Equipment
Limiting Factors for Full-Volume Production
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Wafer processing
Etching machines
Deposition equipment
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Clean room equipment
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equipment. We do not vet know the extent to which
the Soviets will use joint-venture agreements as a way
of acquiring Western production equipment. At a
minimum, such arrangements will provide them the
opportunity to acquire production knowledge that
might otherwise be unavailable to them ¥ =




Appendix A

Growing Soviet Demand
for Advanced ICs

Militarv Needs

Soviet demand for microelectronics devices has been
driven primarily by military requirements. On the
basis of our analysis of the number of Soviet military
systems probably using ICs, we estimate that produc-
tion intended for military use is about 400-500 million
ICs annually, or about one-third of Soviet production
of all types of ICs.

Historically, the military has been the priority con-
sumer of microelectronics devices. The military typi-
cally demands and receives the highest quality ICs
from Soviet productionlincs. We do not expect this to
change -

all Soviet military 1Us unaergo 1uu-percent
rwnability testing. Devices that do not pass military
inspection standards are downgraded to commercial
or export use or are discarded. Chips selected for
military application are submitted to electrical, radia-
tion, mechanical, vibration, heat, cold, humdity, and
resbnance testing well beyond civilian standards.

The Soviet military has long relied on—and invested
heavily in—numerical superiority to offset the West's
technological advantage. The Soviets, however, are
now manufacturing advanced weapons in smaller
quantities and are shifting from well-proven to more
advanced technologies and from simple to more com-
plex weapon designs to improve weapon performance
and to incorporate greater multimission capabilities.
Virtually all of these weapon systems rely on micro-
electronics to provide their expanded capabilitie

We have identified about 30 Soviet military systems
that will be likely to require second-generation VLSI
devices (that is, 256K and 1-megabit DRAMs) when
they are deployed by the year 2000. This represents
slightly less than one-third of the systems we expect
the Soviets to field at that time. Second-generation
VLSI technology, which permits faster data and
signal processing, is needed in complex systems that

")
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must analyze large amounts of data quickly and
accurately. Among its likely weapon systems applica-
tions are satellite navigation for submarines, frequen-
cy-hopping radars, fire-and-forget missiles, passive
sensors, terrain-following radars, and compact elec-
tronics for space-limited applications "

Development of second-generation VLS devices will
be necessary if the Soviets are to achieve the perfor-
mance improvements and capabilities needed to
counter the next generation of US weapon systems.

" This does not mean, however, that the Soviets will

abandon planned systems if they lack the specified
level of microelectronics technology. The Soviets have
often deployed systems with degraded performance
capabilities because of technology deficiencies in kev
subsystems. For example, the Soviets have proceeded
with production of the 11-86 wide-body civilian trans-
port, even though it has limited range, because the
high-bypass turbofan engines required for efficient
operation had not been successfully developed by the
time the 11-86 reached series production. Moreover,
the MiG-29 became operational in 1983 with a less
capable lookdown/shootdown radar than originally
planned. The key factor governing weapon system
development decisions is whether the system contrib-
utes to meeting mission goals. If the system fulfills
mission requirements, it almost certainly will be pro-
duced, even if optimal or intended performance goals
are not met ;

Prime examples of future Soviet weapons systems
likely to require second-generation VLSI technology
to achieve planned performance include:

« Stealth bomber. Second-generation VLS! devices
are necessary for sensing systems that rely on
passive data acquisition (such as infrared sensors) or
on deception (such as a low probability of intercept.
frequency-hopping radar), as well as flight contro!
computers for the Stealth aircraft.
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o Stealth air superiority fighter. A Stealth fighter
requires not only passive surveillance sensors but
also weapon sensors that will not give away its
position. The seeker system for an advanced infra-
red air-to-air missile will probably require second-
generation VLSI devices.

e AT-6 follow-on helicopter-launched anti-tank-guid-
ed missile. The key performance objective of this
system is to achieve a true fire-and-forget capability
‘that would greatly enhance the survivability of the
launch platform. An electro-optical seeker on the
missile 1s a means of acquiring such a capability.
This seeker would probably require second-genera-
tion VLSI devices.

e Nuclear-powered strike cruiser. The signal proces-
sor of an improved naval surface-to-air missile will
probably require second-generation VLSI devices.

o Carrier with conventional takeoff and landing air-
craft. The carrier’s fire control and early warning
radars, needed for an improved surface-to-air mis-
sile system, will probably require second-generation
VLSI devices ~ )

Demands far devices required for the development
and production of advanced weapon systems, com-
bined with growing consumer demands and ambitious
industrial modernization goals will surely stress indig-
enous VLSI production capability *

Civil Needs

Industrial applications account for about two-thirds of
annual Soviet [C output, or about 1 billion devices.
Most of these ICs are directed to dual military-
civilian industrial applications. Soviet use of ICs for
what the West would consider true civilian applica-
tions—such as educational computers (see inset, “The
Soviet Computerization Drive™), hgme Q_pp\iances,'
and automobiles—remains small

Because the USSR’s efforts to develop. its microelec-

tronics industry have been driven largely by military
concerns, historically it has been difficult for Soviet

Seoctet

The Soviet Computerization Drive

During the |2th Five-Year Plan, Moscow plans to
introduce computers throughout the Soviet economy.
The plan calls for production of computer equipment
to grow by 18 percent annually through 1990—a 130-
percent increase over the five years. To support this
computerization drive, the Soviets planned to prolif-
erate microelectronics-based technologies substan-
tially during this five-year period '

The Soviets, however, have had difficulty supplying
enough advanced, high-quality ICs to support this
vast program. M.S. Shkabardnya, Minister of Instru-
ment Making, Automation Equipment, and Control
Systems, stated at the 1988 Central Committee Ma-
chine Building Meeting that the USSR has a specific
shortage of 30 million ICs needed 1o support planned
computer production. This shortage of ICs may have
had particular impact on the Soviets” ability to meet
goals for producing personal computers (PCs '

The USSR has an ambitious, publicly stated goal of
producing 1.1 million PCs by the end of 1990 to meet
demand primarily within its civilian sector. We do
not believe that the Soviets will be able to produce
even half that amount, in part because of IC short-
ages. On average, PCs require what amount to Soviet
state-of-the-art ICs such as 8086 16-bit microproces-
sors and 64K DRAMSs, and the Soviets appear to
have had difficulty supplying their PC programs with
an adequate supply of needed devices. For example,
they have complained about the low reliability of ICs
provided for use in PC production and have reported
that they have been unable to meet production goals
for some models of school computers because of
severe IC shortages

IC producers to ensure adequate deliveries of reliable.
advanced devices for commercial and civilian indus-
trial applications. For cxample[

J'nilitary pri-
ority for acquisition of advanced [Cs has limited their
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availability for use in nuclear power plants. Following
accidents at the Sverdlovsk and Zaporozh'ye plaats, a
special commission reportedly recommended in 1984
-that military grade ICs be suppllcd to nuclear power
plants. This reccommendation, however, was turned
_down bccausc of expense and unavailabilty of parts.

- "] the failure of the computer-
1zea controt system at the Chernoby!’ Nuclear Power
‘Plant in 1986 was caused by poor-quality microelec-
tronic devices, and belicves that this accident proba-
bly has since forced the Soviets to adopt the use of
military-grade ICs in these plants

C

the Soviets have
encountered problems in obtaining electronic compo-
nents to produce new and improved consumer goods.
C jthc Ministry of the Electronics Indus-
try, which has a virtual monopoly on the production of
specialized ICs and other components of automation
equipment, falls far short of meeting component
requirements for the machine-building complex as a
whole. Consequently, the Soviets may be forced to
change historical prioritization schemes to meet grow-
ing IC demands for consumer goods and advanced
prbduction equipmen.

In the West, advanced ICs, especially microproces-
sors, are critical components in modern factory auto-
mation systems—consisting of computer numerically
controlled machire tools, robots, minicomputers, and
microcomputers. The Politburo-endorsed 1989 eco-
nomic plan calls for Soviet industry to increase pro-
duction of factory automation systems by 80 percent.
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‘chinery—up from $ percent in 198¢

By 1990, the Sovicts plan to incorporate microproces-
sors or clectronic controls in one-third of their ma-

o —

The biggest problem the Soviets face in producing
high-accuracy machine tools is their inability to pro-
duce microprocessors comparable to those used in
Western models. Western importers of Soviet ma-
chine tools typically remove the original electronic
controls and replace them with high-quality, more
reliable Western control devices. We believe that—
with certain exceptions—Soviet industrial control sys-
tems are approximately five years behind those pro-
duced in the West. Most of the Soviets® controllers use
8-bit microprocessors and their most recent units are
based on 16-bit microprocessors. By contrast, the 32-
bit microprocessor is becoming the building block for
the West's computer-automated manufacturing sys-
tems. Increasing the integration of the microprocessor
control increases the speed and the flexibility of
operation. It 1s clear that Soviet production of LSI or
VLSI devices will be critical to the success of Soviet
programs to produce and use advanced manufactur-
ing systems

__Secrel
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Appendix B-1

Microelectronics Equipment Research Institutes
and Design Bureaus
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Appendix B-2

Microelectronics Equipment Production Plants
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Appendix C

Microelectronics Production:
Sand to Circuits

Crystal Growth

The basic material for almost all microelectronics
devices is silicon. One of the most abundant materials
on earth, silicon is found primarily in the form of
silicon dioxide, or quartz. Before it can be used for
microelectronics applications it must first be separat-
ed from the oxygen and purified of all other contami-
nants

Metallurgical-grade silicon is produced by smelting
quartz-bearing rock in an electric-arc furnace using
petroleum coke (carbon) as the reactant. Electric
smelting can produce silicon that is up to 99 percent
pure. The metaliurgical-grade silicon is then dissolved
in hydrochloric acid, and the resulting liquid is frac-
tionally distilled to isolate a pure silicon compound—
usually trichlorosilanc%frogxg wide variety of other
silicon-bearing compounds

Trichlorosilane is the standard feedstock for the pro-
duction of electronics-grade silicon. In the Siemens
process, trichlorosilane is vaporized, mixed with hy-
drogen gas, and introduced into a bell-jar reaction
vessel containing an electrically heated filament. As
the reaction progresses, trichlorosilane decomposes
and deposits crystals of 99.999 percent pure silicon on
all heated surfaces. The reaction continues until a
solid rod of silicon has formed around the filament.
This rod is composed of millions of randem!v ~=anted
crystals known as polycrystalline silicon.

A final step is required to transform the intermediate
polycrystalline silicon into finished monocrystalline
silicon. The bulk of the world’s monocrystalline silicon
is produced by the Czochralski method (other meth-
ods include horizontal Bridgeman, liquid-encapsulat-
ed Czochralski, and float zone) whereby chunks of
polysilicon are melted in a crystal puller. This appara-
tus inserts a “seed” of the desired crystal orientation
into the melt and pulls it out slowly, allowing the "
molten silicon to solidify on the seed. Growth rate and
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crystal size are controlled by furnace temperature and
pull rate. The precise electronic characteristics of
each monocrystalline ingot, or boule, are not only
determined by the purity and quality of the polycrys-
talline silicon used in its production, but also by the
amount and type of impurities—known as dopants—
that are deliberately introduced into the meft .

Wafer Preparation

The monocrystalline silicon ingot is machined to a
precise diameter with various flat sides that mark the
wafer crystal orientation. The ingot is then sliced into
thin wafers, usually by annular inside-diameter dia-
mond-coated saws. The saws may be operzted in a
semiautomatic or fully automatic mode following the
mounting of the boule and its placement for cutting.
After slicing, the wafers are cleaned and then lapped
to the desired thickness, usually by a double-sided
planetary unit that removes equal amounts of materi-
al from the top and bottom of the wafer at the same
time. Finally, the wafers are chemically etched to
remove some of the damage caused by lapping and are
polished (using either a single-sided polisher or a

.double-sided rolisher) to produce a smooth. mirror-

like surface

Computer-Aided Design

An IC designer uses a computer-aided design (CAD)
system to devise the electrical circuit desired and to
translate that idealized electrical representation into a
multilevel physical IC layout. CAD systems have
virtually replaced manual drawing of circuit schemat-
ics, whereby individual parts of the IC design were
physically drawn many times the size of the actual
electrical part, and then photographically reduced for




photomask reproduction. The tolerances and geome-
tries used in today’s complex 1Cs make manual
drawing virtually impossible. CAD systems are many
times faster than hand drawing, are more accurate,
and are more reproducible in their results. After the
circuit design has been completed, the CAD system
furnishes a tape that can be input to either an optical
pattern generator, an E-beam maskmaking system, or
a direct-writing system to translate the IC design into
a working circuit

Maskmaking and Lithography

Following circuit design, pattern generation is the
start of optical maskmaking or reticlemaking. An
optical pattern generator is generally used to create
automatically the photomask of a designed circuit
pattern. The output is a master photoplate, usually 10
times (10X) larger than the final circuit. E-beam
maskwriters are preferred for the maskwriting process
of complex IC designs with fine geometries because
the process is accomplished faster than with optical
pattern generators.

Following pattern generation, the master photoplate is
optically reduced and reproduced hundreds of times in
a step-and-repeat process to yield a set of final-size
master masks from which the working masks are
made. Step-and-repeat cameras are capable of achiev-
ing usable line widths of 0.8 micron. Although optical
step-and-repeat cameras traditionally have been used
to produce 1 X master or submaster plates for working
prints, directly stepped working masks (drawn by an
E-beam procesg) may now be an economically viable
application.

In translating the circuit design onto the wafer, an
oxide layer is grown on the wafer surface using an
oxidation furnace and that oxide layer is coated with a
chemical layer called a “‘resist,” which is sensitive to
the radiation source to be used—visible light and
ultraviolet light (optical lithography or photolithogra-
phy), electron beams, X-rays, or ion beams. Photore-
sist processing equipment—often referred to as track
systems—sequentially scrubs, bakes, coats, and devel-
ops the wafer and photoresist. One level of the IC

?ﬁet

design is then patterned onto the resist (device fabri-
cation consists of anywhere from six to 20 photolitho-
graphic steps) using a variety of increasingly sophisti-
cated equipment. Lithography represents one of the
highest cost elements in producing semiconductor
products, and the choice of lithography systems and
exposure tools is a delicate balance between cost,
performance, and productivity:

« Contact-proximity aligners are the oldest and sim-
plest mask-to-wafer pattern exposure machines.
Contact exposureis capable of generating minimum
feature sizes of only some 3.0 to 5.0 microns and can
damage the mask and wafer. Proximity printing
lessens the potential for mask and wafer damage,
and the best proximity aligners are capable of
producing feature sizes as small as 2.5 to 3.0
microns. Top of the line contact or proximity align-
ers using deep ultraviolet illumination sources are
specified to achieve nearly 1.0-micron resolution.
Registration problems, however, increase at these
line widths, especially with larger wafer diameters.
Since the late 1970s, proximity and contact align-
ment techniques have, in general, been replaced by
optical projection lithography in microelectronics
fabrication.

Scanning projection aligners use a 1X photomask
containing the full wafer pattern and expose it onto
a photoresist-coated wafer with a “sweep or scan” of
the illumination source through mirror optics. This
equipment contributes to long mask life and 1s
capable of achieving a resolution of 0.9 micron.
These aligners, however, are relatively expensive,
are sensitive to temperature and vibration fluctua-
tions, and require frequent adjustments.

Stepping projection aligners (steppers) project a
segment of a full wafer pattern from a 1X reticle—
or reduce it from a 10X or 5X reticle—through a
lens while “stepping” across the wafer. The choice
of available reduction ratios generally is a trade-off -
between resolution and field size and can be con-
trolled by throughput considerations. This equipment




contributes to long mask life and limits defects. [t is
very expensive, however, and can be subject to
distortion and stepping errors. Steppers with ex-
cimer laser light sources recently have been intro-
duced that are capable of submicron lithography.
and versions now in development will probably be
able to fabricate circuit lines as low as 0.25 micron.

« E-beam systems have the resolution and alignment
accuracy necessary to achieve circuit dimensions
down to 0.1 micron. They can be used for maskmak-
ing and direct wafer writing. The primary applica-
tions of E-beam direct wafer writing are small-
volume production of custom [Cs, quick turnaround
of new designs, or achievement of submicron geome-
tries. One of the biggest advantages of the E-beam
system is its ability to facilitate changes in a pattern
to meet design and processing requirements readily.
The biggest drawbacks of E-beam systems are
equipment expense, low throughput, and proximity
‘effects.™

X-ray aligners using synchrotrons as light sources
have the potential for high throughput of submicron
feature sizes (below 0.5 micron), but researchers
have yet to resolve mask fabrication problems. US
mdustry experts predict that X-ray aligners will be
necessary for fabricating future 64-megabit memo-
ry devices.

Focused ion-beam systems, now in exploratory re-
search, potentially can be used for direct-writing
free of proximity effects. Throughput with this
system, however, will most likely be low."” The use
of focused ion beams to repair defects in lithograph-
ic masks and I[Cs and to perform failure analysis,
however, has moved rapidly from R&D to manufac-
turing applications

* If two or more pattern geometrics are exposed in proximity, cach
geometry will receive a higher electron dosc than if it were remote
from all other structures. This mutual exposure effect causes the
dimensions of geomelries in proximity to be altered from intended
values

% Comypu.«d with standard optical lithographic systems, E-beam,
X-ray. and focused ion beam systems offer the potential for
producing 1Cs with smaller feature snzcs Standard optical systems,
however, are less expensive, can process more wafers per hour, and
suffer fewer operational problems,
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After each level of the IC is patterned onto the wafer,
either the exposed resist or the unexposed resist is
washed away—depending on the type of resist—
enabling a wafer-processing step to be carried out on
the desired portions of the underlying layer.'* Follow-
ing the processing step, the remaining resist is washed
away. This process is repeated until the entire circuit
has been replicated onto the silicon wafer ’

Wafer Processing: Etching, Deposition, and Doping

Etching

Etching is a process in which patterned layers of the
wafer surface revealed during lithography are selec-
tively removed. Wet (acid or chemical) etching is the
older process that is still used for relatively simple I1Cs
with line widths greater than 3.5 microns. Wet etch-
ing cannot be used much below this feature size
because of its tendency to etch sideways at the same
time as it etches downward, causing the lines to
spread and merge together,

To overcome this drawback, dry (plasma) etching is
used for advanced ICs. Dry etching systems are
required for processing [Cs with feature sizes of 3
microns and under. There are four types of dry
etching systems for thin film etching:

« Barrel systems are used for photoresist stripping
and selective etching of polysilicon and silicon ni-
tride with circuit geometries of 5 microns or greater.

« Ion milling systems have been used to etch gold, . -
platinum, and other materials that are unsuitable
for either chemical plasma etching or reactive ion
etching.

o Chemical plasma etching systems produce an
isotropic etching profile similar to wet etching,
since plasma chemistry is the dominant etching

“ With a positive resist the portion of the resist that the light strikes
is removed: with a negative resist the areas exposed to light remain
after development. Positive resists generally allow for creation of
smaller feature sizes
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mechanism. These high pressure machines process
wafers one at a time and thus have lower through-
puts than batch processing machines.

« Reactive ion etching systems produce a straight
etching profile since the dominant etching mecha-
nism is ion bombardment. These low-pressure ma-
chines process wafers in batches. :

Each dry etching technique has different characteris-
tics of throughput, spread, and material selectivity.
Most systems in production use are highly automated
and do not place great reliance on the skill of the
operator. Chemical plasma etching and reactive ion
etching are by far the most popular dry etching
methods, and current systems are capable of etching
lines down to about 0.2 micron in width—far beyond
what current IC designs require '

Deposition

Deposition of films onto the wafer surface can be
divided into two categories, epitaxial and nonepitax-
ial. Epitaxial growth is the more difficult of the two to
achieve because it requires the crystal structure of the
wafer to be continued through the deposited layer.
There are three basic types of epitaxial deposition:

» Liquid-phase epitaxy (LPE) is the oldest technique,
whereby films are grown by sliding a wafer above
the surface of the melted element or compound that
is to be deposited.

« Vapor-phase epitaxy, which includes metal-organic
chemical vapor deposition, uses vaporized chemicals
to grow films on wafers. This process has, by and
large, overtaken the LPE technique.

« Molecular beam epitaxy (MBE) is the most ad-
vanced epitaxial technique. MBE deposits films on
heated wafers under ultrahigh vacuum conditions.
Film growth, while relatively slow (approximately 1
micron per hour), allows very accurate control of
film thickness and doping profiles and produces
atomically abrupt interfaces. MBE has great utility
for depositing exotic compound semiconductor ma-
terials
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Nonepitaxial chemical vapor deposition (CVD) and
physical vapor deposition (PVD) are less demanding
processes. CVD can be used to deposit many materi-
als, but those generally deposited (other than epitaxial
silicon) are polycrystalline silicon, silicon dioxide, and
silicon nitride

PVD is used to deposit thin layers of metals or
silicides on the wafer to act as interconnects between
individual circuits on each IC. The two methods of -
PVD are evaporation and sputtering. Evaporation is
the conventional method for metal deposition and is
often chosen for processes that require low tempera-
tures or high vacuum. The major drawbacks of evapo-
ration are the difficulty in controlling alloy composi-
tion and the nonuniform coverage of steps on the
wafer surface. Evaporation has, in general, been
replaced by sputtering in advanced applications. Sput-
tering is often the deposition method of choice be-
cause of its ability to produce high-quality films at a
high rate and at lower temperatures and pressures

Doping

Doping is the controlled introduction of precise quan-
tities of impurities, or dopants, into specific portions
of the wafer to achieve desired electrical characteris-
tics. The dopants normally used include boron, ar-
senic, phosphorus, and antimony

The conventional doping system is a diffusion furnace
that relies on heat to spread dopants steadily from the
wafer surface into the depths of the wafer. Selective
masking with a silicon dioxide layer is used to deter-
mine the regions to be diffused. Diffusion of a dopant
into semiconductor. elements is a function of time and
temperature. The greater the desired dopant density,
the higher the baking temperature and/or the longer
the wafer is heated. The majority of new diffusion
furnaces for use in production incorporate computer
process control to ensure a high level of accuracy in
repetitive diffusion operations

The more recent doping technique is ion implantation,

the direct injection of dopant atoms into the wafer.
Automated ion implanters are required for processing
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ICs with feature sizes of 3 microns or less. Manufac-
ture of complex ICs may involve as many as 10
different ion implantation steps. One of the major
advantages of implantation over diffusion is better
control of doping profiles because of lower processing
temperatures

Assembly and Packaging

Assembly is the step following wafer processing. After
the individual ICs on the wafer are sawed apart (using
diamond scribes, laser scribes, or small diamond
saws), the functional parts (see “Testing” section) are
attached to a package in the die-bonding step. Die
bonders may be manual, semiautomatic, or fully
automatic )

)
Die bonding is followed by wire bonding, the major
method used to connect the die electrically to termi-
nals leading outside the package. Wire bonding may
be performed manually, semiautomatically, or auto-
matically. Generally, the higher the degree of auto-
mation, the higher the quality of the bonds

The final step is encapsulation, or packaging, in which
thes IC is enclosed in plastic or ceramic. Most com-
mercial ICs are packaged in plastic using a metal lead
frame designed for automatic assembly. The most
common package type is the dual in-line package
(DIP). Plastic DIPs are cheap and easy to manufac-
ture, but are relafively fragile and have poor thermal
dissipation characteristics. The more costly, but more
durable, ceramic packages are reserved for 1Cs des-
tined for rigorous environments, such as military
electronics systems. High-performance ICs for mili-
tary and space environments require packages that
can protect them from high levels of radiation and
vibration and extreme temperatures.

Testing
IC testers include equipment used to test the wafers
on line during various processing stages and equip-

ment used to test the packaged device. Optical line-
width measurement systems are used on line for the
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nondestructive measurement of circuit dimensions on
photomasks or wafers. Scanning electron microscopes
are replacing optical line-width measurement systems
for inspecting critical dimensions of 1.5 microns or
less

The wafer probe is used for rapid testing of electrical
and functional characteristics of die on wafers. A
small number of tests are made, although not at the
circuit’s operating speed. The purpose of the test is to
mark defective ICs before time and money are invest-
ed in bonding and packaging )

Packaged IC testers include both burn-in systems and -
functional testers. Burn-in systems are used to identi:
fy quickly the parts that would fail soon after first

use. Batches of ICs are loaded into a temperature-
and humidity-controlled chamber, powered up, and
allowed to sit for a length of time to simulate long-
term normal use. Most weak parts fail at this stage,
allowing the IC producer to weed out unrehable
devices

Functional testers are used to verify that an IC works
properly at its intended operating speed. These testers
are usually classified by a combination of two fea-
tures: the maximum number of pins it can test, and
the speed at which it can test the device. These two
characteristics are inversely proportional to each oth-
er (the more pins a device has, the more time it takes
to test it, hence, the need for a faster tester). Some-
times test equipment is also defined by its maximum
memory testing capability, for example, MSI, LSI,
VLSI, and so forth. The most powerful testers can test
devices with 1,024 pins at 200 megahertz. These
testers require extensive computing power and soft-
ware packages that must be updated for each new
product developmen'
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