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EXECUTIVE SUMMARY

The United States semiconductor industry has been grieviously wounded in
competition with foreign producers. These competitors are now laying the
groundwork to capture the high density chip market in the next decade. By
acting now U.S. industry can catch up with the competition and perhaps even
leapfrog them into the 1990's. Our future competitive position in the whole
field of electronic products is at stake. In addition to telecommunications,
control systems, etc., the domestic production of fifth generation super
computers would be especially impacted. Aside from our competitive ability to
produce commercial and consumer products, our national defense capability
could be compromised.

This trend can be reversed by a concerted effort of the United States
semiconductor industry in cooperation with Government to develop the
technology of x-ray lithography. A key component of this technology would be
a synchrotron x-ray radiation source used in the multiple lithography steps in
the manufacturing and processing of high density semiconductor circuits.
X-ray radiation combined with appropriate masking procedures is required to
achieve the high spatial resolution necessary in the production of these
advanced devices.

The technology required to develop and produce a prototype synchrotron
radiation x-ray source resides in Government supported research laboratories,
especially at the Brookhaven National Laboratory. Perceiving this
opportunity, the Brookhaven National Laboratory organized this workshop to
make the semiconductor industry aware of the interest, willingness and
capability of the Laboratory to effect technology transfer of this leading
edge technology base in an urgent cooperative effort with industry to produce
a suitaDle x-ray source that would be the basis of the new technology. A
second objective of the workshop was to define the precise specifications for
such a device in terras of optimal rates of production and maximum quality of
product. Key staff at the BNL National Synchrotron Light Source, who
organized the workshop, can play a significant role in developing this
radiation source. This group has experience in designing, building and
operating two new storage rings as synchrotron radiation sources at BNL.
Other similar efforts to develop a production radiation source for high
density semiconductor chip manufacturing are underway in Japan and West
Germany. Clearly, these efforts represent technological competition with a
signficant lead time. Fortunately, the existing technology base at the
National Laboratories and in the U.S. semiconductor industry is such that the
lead time can be considerably reduced.

The objective of the workshop was to define a project for the development
of a prototype synchrotron x-ray source in terms of the following:

1. A definition of the needs of the semiconductor industry in terms of
the characteristics and specifications of the x-ray source.

2. The conceptual design of the prototype synchrotron x-ray source.
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3. Understanding the relation of the x-ray source and the interface with
other parts of the manufacturing process, and relative costs.

4. The required time scale for building a prototype.

In order to accomplish these objectives the workshop brought together
representatives of the semiconductor industry to discuss their needs and x-ray
source requirements with an assembly of United States accelerator experts who
could design synchrotron x-ray sources to meet the needs of industry. The
workshop was initially divided into three working groups.

o Lithography
o Machine Design
o Planning

The key interaction at the conclusion of the meeting were between the
Lithography and Machine Design groups. Common issues were surfaced and
enthusiastically discussed, with considerable progress being made towards the
final goal of defining a prototype x-ray source. Upon conclusion of the
meeting it was decided to continue the work of defining the specification of
the x-ray source by appointing a steering committee of leading representatives
from the industry and machine designers. Due to the industry identified
time-scale of a working source available by 1991, the work of the committse is
urgent and should be completed shortly. The overall time scale is reflected
in the report of the Planning group.

Funding for the project is a major concern. The workshop recognized that
the source is only part of the technology and a smaller part relative to other
R&D and equipment required in the overall manufacturing process. In other
countries, government support has been made available to underwrite the
development of all key aspects of the technology. These governments have tied
the capabilities of a national laboratory with both prospective vendors of
machines to semiconductor manufacturers, and the semiconductor manufacturers
as the market for the x-ray source.

In general the discussions at the workshop clearly exceeded the original
scope of the meeting which was to provide a platform for the semiconductor
industry to collectively address and speak on these issues and their needs.
During the meeting the urgency of the program was made clear as well as the
interests of industry to engage in cooperative development of x-ray
lithography using the existing technology base for design of synchrotron
radiation x-ray sources.
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STATEMENT FROM STEERING COMMITTEE

High technology electronics, telecommunications, control systems and
especially supercomputer technology are critical to the maintenance of United
States military leadership, space exploration and the general economic health.

Both Germany and Japan have mounted concerted efforts to develop the
critical technologies for supercomputers and related electronics technology
for use in the next decade. These foreign government supported consortia
incorporate semiconducting manufacturing companies, vendors to these Indus-
tries and government research and development resources. There is clearly a
need for the United States to respond to this challenge and this need is
reflected in the consensus view of the workshop participants.

United States industry has been examining a number of advanced technol-
ogies that might be used to produce the high-density chips for the advanced
electronic and supercomputer applications of the 1990's. The most promising
of these appears to be x-ray lithography employing synchrotron radiation
sources. The Japanese and German efforts are also focused on this technology,
and emphasize the development of a commercial compact synchrotron for use in
the manufacture of advanced semiconductor integrated circuits.

The German program has been in existence for over three years and the
Japanese for more than nine months. These leads are not insurmountable as the
United States can draw upon a substantial technology base composed of the
experience and talent of the semiconductor industry and accelerator technology
derived from over thirty years of intensive government research investment.
Obviously, it is convenient and advantageous to adapt such a frontier tech-
nology, existing in government research laboratories, for industrial
applications.

This workshop, held at the Brookhaven National Laboratory to explore the
United States position in the development of this technology and the actions
needed to assure a competitive position in the early 1990's, concluded that
there is a window of opportunity, but urgent action is needed. Furthermore an
effective response will require novel industry/government relationships if the
United States semiconductor industry is to be in a competitive position in the
early I990's.

The National Laboratories have a technology base for advanced electron
accelerator development. If the semiconductor industry is to make use of this
technology base, a way must be found to transfer this technology and expertise
to industry in the form of the development of a prototype compact synchrotron
x-ray source. The semiconductor industry is now developing the complementary
and supplementary technology necessary for the commercialization of x-ray
lithography and is making use of research synchrotron sources currently in
place in government supported research laboratories e.g., Brookhaven National
Laboratory, Synchrotron Radiation Center, SSRL.
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These facts lead to the following conclusions:

1. If this technology is to be successfully developed ahead of the
foreign competition, cooperation is required within the semiconductor
industry and between industry and national laboratories.

2. Government must make a commitment to facilitate this cooperation, and
industry must make the necessary long-term commitments for the
related R&D to assure success.

3. An overall plan of action is required in which the respective roles
of industry and Government need to be clearly defined.
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COMPACT SYNCHROTRON RADIATION SOURCES:
APPLICATIONS TO LITHOGRAPHY

AGENDA

Berkner Hall, ROOM B
Tuesday, March 4, 1986

9:00 a.m. Welcome (Martin Blume, BNL/Deputy Director)

9:10 a.m. Introduction and Charge (Michael Knotek, BNL, Chairman/NSLS)

9:25 a.m. Perspective from Office of Energy Research (Norman Kreisman,
DOE)

9:35 a.m. Use of Synchrotron Radiation for Lithography (John Warlaumont,
IBM)

10:15 a.m. Coffee Break

10:30 a.m. Compact Storage Rings: Perspective (Ben Craft, BNL/NSLS)

11:15 a.m. Cooperative Research: The SRC Model (William Holton,
Semiconductor Research Corp.)

11:45 a.m. Organization of Working Groups (Gwyn Williams, BNL/NSLS)

12:00 p.m. Lunch

1:00 p.m. Working Group Meetings (Rooms B, C & D)

Coffee Service Available

4:30 p.m. Begin Preparation of Working Group Reports

6:00 p.m. Cocktail Party

7:00 p.m. Bus for Dinner at North Shore

Wednesday, March 5, 1986

8:30 a.m. Working Groups Reconvene and Complete Reports

10:00 a.m. Report of Applications Working Group (Franco Cerrino,
University of Wisconsin)

10:30 a.m. Coffee Break

10:45 a.m. Report of Machine Technology Working Group (Ben Craft,
BNL/NSLS)

11:15 a.m. General Discussion (Gwyn Williams, BNL/NSLS)

12:00 p.m. Summary, Conclusion and Close of General Meeting

12:15 p.m. Lunch

1:15 p.m. Final Meeting with Chairs on Preparation of
Draft Final Report
Optional Tour of Light Source (Please sign up at registration
desk)
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WORKSHOP REPORT, CONCLUSIONS AND RECOMMENDATIONS

The workshop was divided into three working groups addressing project
planning, machine design and machine requirements. The machine design group
was composed of machine physicists who have designed, commissioned and
operated light sources. The machine requirements group comprised lithography
equipment manufacturers and users. Each working group produced a report which
is included in the proceedings.

The workshop concluded that a 10 Angstrom storage ring source is required
and could be built by the target date of 1991. Defining final specifications
of the source requires more work. In particular the choice of superconducting
versus normal conducting magnets must be considered. A superconducting
machine is optimal, in terms of small size, but it is a high risk venture
because it incorporates new technology that has not yet been developed.
A good approach would be to conduct parallel development of both types of
rings. Thus the normal conducting ring based on proven technology could
assure delivery of photons by 1991 and the superconducting ring would be
available sometime later.

If the semiconductor industry pursues x-ray lithography, the semiconduc-
tor manufacturers, or some members of that group, must take action now to meet
the desired 1991 deadline. Financial commitments are necessary by many com-
panies and the government must assure immunity from anti-trust prosecution.
Industry must also proceed to concurrently develop the ancillary chip-making
technology at available sources. A resolution of .5 microns is the lithog-
raphy goal. Although the source is a vital element in achieving this goal, it
represents a relatively small part of the total cost.

The management and staff at the National Synchrotron Light Source at
Brookhaven are willing and able to assist with the x-ray source development as
part of an industry x-ray lithography project. They have available an operat-
ing 50-750 meV injection system that could be used for commissioning and ini-
tial development studies with the new source. By taking advantage of the NSLS
injector, both time and cost can be conserved.

It is also possible to take advantage of the Synchrotron Radiation Center
at the University of Wisconsin. Currently the Center has up to five ports
available for process development. This could also speed up development and
reduce total development costs.

The recommendations of the workshop are:

1. A steering committee be formed to address planning, related issues
and problems.

2. The machine working group and the lithography working group chairmen,
Dr. Ben Craft and Dr. Franco Cerrina, continue to work with each
other to define a viable source by July 1986.
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3. An effort be made to establish the interest and possible level of
support available from Government for a cooperative project with the
semiconductor industry.

4. Immediate access to synchrotron sources must be made available to
interested companies.
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There are three technologies that must be mastered in developing an z—ray
lithography process based upon the use of a synchrotron light source. The
technologies are the light source system, the lithographic technology, and
masking technology. Estimates for the overall technology development cannot
be made at this time. In particular, the cost of developing a dedicated syn-
chrotron x-ray source for lithography cannot be made due to lack of specifica-
tion and certain technical uncertainties, e.g., selection of the injection
system. Development of the masking and lithographic processes can be done
within the current industrial, academic community and national laboratory
infrastructure. However, the available industrial technology base to carry
out the development of a synchrotron x-ray source is limited. Hence, a col-
laborative effort between industry and government is needed for the develop-
ment of the x-ray synchrotron light source.

Chart 1 shows schematically the relative funding roles of government, and
industry. The large block of expenditures up to the present are the his-
torical R&D expenditures of semiconductor manufacturers and vendors and
government support of the National Synchrotron Light Source at BNL. Both
product development and technolog-y development are required for the ultimate
development of an x-ray lithographic system. The workshop has identified the
need for government to make available national laboratory resources and to
share the technology development costs with industry. Once the development of
the prototype light source is assured, industry will, in parallel, fund the
development of the ancillary technology and the associated product develop-
ment. The magnitude of the overall effort is large, whereas the development
of the light source, although critical, is only approximately twenty percent
of the total.

The consensus of the workshop is that there is an economic incentive for
the development of a U.S. based x-ray lithography capability. However, even
if this were not the case, national security might dictate the requirement
that the nation must have the domestic manufacturing capability to mass
produce high density chips.

Chart 2 shows the working relationships between BNL/Government, vendors,
and merchant semiconductor manufacturers. It graphically depicts the rela-
tionships among these participants and the development activities pursued by
each eventuating in an x-ray lithography manufacturing capability.

One approach to implementing the development of a synchrotron x-ray
source is depicted in Chart 3 and is described below:

1. Development of a prototype light source with major industry funding
supplied via SRC, staffing by BNL plus associated industry trainees,
and management and advice from vendors, users, the SRC, BNL and
Government.

2. The establishment of a light source production facility. This would
be a private entity which might be a joint venture of semiconductor
industry vendors. The first product of this facility would be a
pilot line x-ray source.
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3. Development of ancillary x-ray lithographic systems by traditional
semiconductor industry vendors would proceed in parallel.

Alternative development plans are possible and need to be examined and
debated to arrive at a final plan suitable to the interests of national
security, the industry's needs and the capabilities of the program
participants.
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INTRODUCTION

This section will present the results of the discussions among the par-
ticipants to the Application Group. After a lively and sometimes heated dis-
cussion, a consensus was reached on the needs of the semiconductor industry in
the lithography area during the next decade. The problem specifically
addressed in our meeting was that of large scale production of high density
dynamic random access memory devices (DRAMs). Table 1 shows the expected pro-
gression in the DRAM family. For the production of these devices a litho-
graphic tool, capable of defining very high resolution features In a large
scale production environment with reasonable yields, is needed. Although
techniques are available with either high-resolution or high-throughout, the
combinations of the two requirements poses a formidable challenge to the
industries involved in the critical area of memory production. Optical
lithography will probably cease to be a viable technique In the production
line (where the achievable resolution is never as high as the theoretical
limit) at around 0.6 pm.

The participants agreed that X-ray Lithography may be the technique of
choice, in combination with Electron beam lithography for mask production, to
solve the problem. In particular, attention was focussed on the X-ray proxim-
ity exposure approach, implemented in a step—and-repeat exposure tool.

Early in the discussion it was recognized that X-ray Lithography Is not
yet a fully developed technique and that many problems need to be solved
before successful application to production. The aspects of the technique
that require strong research efforts are defined in Table 2. A general con-
sensus was also reached on the necessity of a systems approach, as the failure
of a single step will make the whole process impossible.

The participants agreed on the fact that much progress has been accom-
plished in several key areas, such as mask production and overlay techniques.
However, significant work remains to be done especially in the area of mask
distortion and stability.

After some discussion, it was decided to define the exposure requirement
for a tool capable of defining 0.25 nn lines in a CMOS process. The target
date for the production of the devices would be 1995, meaning that the expo-
sure tool, must be made available by 1991. The requirements on the exposure
tool define in turn those for the X-ray source. For the production scale
requested, it Is clear that only a synchrotron generates a large enough power
to make such production feasible. The requirements for the exposure tool and
for the associated synchrotron are defined in Table 3.

The timetable for the machine design, prototype construction and evalua-
tion by the semiconductor industry is particularly important. The final goal
is to have the exposure tool, i.e., source, beamline and stepper ready by
1991. The participants strongly felt that at least one Iteration in the
design/evaluation process must be performed before the final commercialization
of the source. The timetable that must be respected In order to achieve the
1991 goal is shown in Table 4.
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Another critical problem was found in the need to establish a cooperative
effort in the development of the X-ray Lithography radiation source, with
Brookhaven National Labs playing initially a key role in the design and con-
struction of the prototype, with input from industry and University research
groups. The roles in the other stage of the development of the source are not
as well defined.

The source is only one of the problems to be overcome, although a criti-
cal one, in the definition of a successful X-ray Lithography process. As men-
tioned above, a strong effort must be made in a very short time. In particu-
lar, the participants recognize that the interested industrial users «ust have
ianediate access to synchrotron sources for process development. This access
can be found at BNL and the storage ring of the University of Wisconsin, where
a strong X-ray lithography effort is already in progress and the availability
of ports makes possible the installation of experimental exposure stations in
a short time.

The technical conclusions are summarized in the following sections. The
operational conclusions of the Applications group can be summarized in the
statement that the development of a successful X-ray Lithography process needs
a strong collaborative effort between semiconductor industry, government and
Universities without any further delays.
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STORAGE RING PARAMETERS

The definition of the Storage Ring itself was of course not addressed in
this session. The following list of parameters is the one relevant to the
lithographic exposure system and must be met in order to satisfy the
requirements of Table 3.

a. Power. The requirement of 1.25 W per field of 2.5 x 5 cm2 leads to a
source emission of 250 mW/mrad, if no condensing element is used and
the beamline is 10 m long. Assuming a transmission factor of 0.1, we
obtain a power density of 2.5 W/mrad. The use of a condensing mirror
may increase the power density by a factor of up to 5, while a
shorter beamline may increase it by a factor of two. We can thus
define

2.5 W/mrad > Power Radiated > 0.25 W/mrad

as typical requirements. A lower source power density must be made
up by increasing collection angles and by shortening the headlines,
that in turn may create uniformity and blurring problems.

b. Critical Wavelength. The discussion of the former section indicate a
need for a critical wavelength around 6-10 A, with 12 A being a
maximum. The mask carrier absorbs strongly at wavelengths above
12-15 A, depending on the thickness. Diffraction effects also become
important, so that that part of the spectrum must be rejected.

c. .'Beam Emittance. Simulations indicate that a beam with a o"_ of 1 mm
•* i i i i * »

if fully acceptable for a 250 nm resolution system, 2 mm is
" borderline and 5 mm not acceptable. The vertical divergence of the
radiation does not appear to play a significant role, nor does the
scanning. Similar considerations apply to the horizontal a; however,
in this case, things are complicated by the extended nature of the
source, so that the horizontal divergence is expected to play a
larger role. More accurate modelling is necessary and is being
carried on, but the following parameters are considered likely:

oz < 2 Dim, ideally 1 mm

ffx .1 ̂  mm, ideally 1 mm

d. Reliability. This point is of the utmost concern. An up time of
97%+ is expected for the source. This will correspond to no more
than a total 2 weeks/year of down-time, on the basis of a week of 20
working shifts plus I for maintenance. In order to achieve such a
goal, a modular and standardized construction is a necessity,
together with a "built-in" fast recovery time.
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e. Footprint and form-factor* Ideally, the source should fit on a truck
for easy transportation. Ideally, it should not be larger than 6 m
in diameter. If assembled at the plant, the components should be
containerized with a form factor of 2 x 6 m. However, some of the
participants felt the source size may not be a primary issue, in par-
ticular if it will be installed at a new plant. The length of the
beamlines (5-10 m) may well be the dominant factor.

f. Safety. The machine must be carefully shielded to avoid the risk of
operator exposure. Extremely strict safety rules must be imple-
mented, and will be defined in a further study.
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EXPOSURE TOOL

The goal Is to achieve a fast single-level exposure process. Typical
process parameters will be the use of a high resolution resist of 100 mJ/cm
sensitivity; exposure and alignment times must be short (of the order of 1 sec
per field). The use of large wafers is expected, with diameters of 200 mm and
larger.

The full definition of a "best" X-ray Lithography exposure tool is
process dependent. Some needs are however universal in a high-resolution
process, and the resulting requirements on the exposure tool are summarized In
Table 3. Particularly stringent are the requirements on linewidth control
(250 nm). The figures quoted are all based on a resolution of 0.25 im in the
critical areas of a multilevel process. The use of a mixed-type lithography,
leaving fewer high-resolution steps, would reduce the tolerances. The need to
use large wafers (200 mm+) implies the use of the stepper, since it is
impossible to have a distortion- and defect-free mask over such large
diameters. The use of step-and-repeat technology relaxes the requirements on
the mask but requires a higher power source, in order to keep the wafer
throughput constant. The development of a vertical stepper will also be a
necessary aspect of the synchrotron approach.

In order to define the source needed for such an exposure tool, it Is
also convenient to divide the problem in two: the resolution part (determined
mainly by the photon energy range and source emittance) and the throughput
part (determined by the power density).

The choice of proximity printing put some constraints over the photon
energy range used. The "best" photon energy range is strongly process
dependent, since the final result (production rate at a given yield of
devices) depends on the interplay of mask, source, resist, alignment, etc.
Some considerations are however quite general and can be used to restrict the
field. They are:

a. Diffraction effects. To achieve a linewidth control of the order of
250 nm without pushing the process, wavelengths shorter than 10 A are
needed at a mask-wafer separation of 20 ;m. Larger gaps require
shorter wavelengths, scaling with a square-root law.

b. Photoelectron range effects. The resist is exposed by the shower of
secondaries created by the absorption of the X-ray photon. The
shorter the wavelength, the longer the straggle of these electrons
and larger the blurring. A resolution of 250 nm requires wavelengths
longer than about 6 A (gap independent).

c. Mask contrast. In general, shorter wavelengths give a worse
contrast. Au and W have strong absorption edges around 6 and 8 A,
respectively.
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d. Shot noise. An increasingly smaller number of photons is needed to
expose the resist at shorter wavelengths; when the number of photons
absorbed per pixel becomes too small, longer exposure times are
necessary in order to define the exposed area. For this reason very
sensitive resists would require masks with unrealistic contrast
ratios.

A likely exposure window is in this way defined as the region between
6-10 A (Figure 1).

The finite source dimensions introduce a further source of blurring, a
penumbra-type effect. Computer simulation shows that these effects are not
negligible when very high-resolution is required. The scanning of the
radiation (see below) must also be taken into account. Results indicate that,
for a 20 im gap and a 5 m beamline with 3 m between mask and scanning mirror,
oz of lmm is acceptable (Figure 2). Further calculations are however
necessary. The radiation divergence plays little role up to a ojj of 5 mrad,
the largest value examined (Figure 3). These results are beamline dependent,
as a longer system will obviously relax the requirements on az.

The power needed to expose a field in 1 sec, with a 100 mj/cm2 resist, Is
1.25 Watts at the resist, i.e., after the-iiiask-beamline assembly.

After definition of the process requirements, it is necessary to decide
on how to deliver the X-ray to the mask and wafer assembly. The radiation is
emitted in a horizontal fan, so that it must be verticlaly scanned ever the
exposure field. This can be done in several ways, but the most effective is
probably the one based on the use of a scanning mirror. A full discussion of
beamline design is out of place, but must be addressed in the design state; a
zero-th order beamline will consist of:

a. A Be filter, used to remove the unwanted soft part of the spectrum,
capable of withstanding 10-20 torr of He gas.

b. A scanning Au mirror, operated at an average angle of 89-87°, with a
scan angle not larger than +/-2.5 mrads (0.14°).

c. Fast valves (for protection in case of vacuum failure).

The transmission of such a beamline aay be estimated to be at most 50Z,
the Be window absorbing most of the flux radiated at wavelengths longer than
12 A (the exact cutoff depending on its thickness). The mask carrier also
will absorb a very sizeable fraction of power (the masks are "gray"). It is
not unrealistic to estimate that only 10% of the total power is delivered to
the resist (Figure 4). This raises the radiated power requirements to 12.5 W
per field.
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Table 1
Extrapolated Lithography Needs

1986 1988 1990 1995

1 Mb DRAM 4 Mb DRAM 16 Mb DRAM (64 Mb?) DRAM
Leading
Product

Resolution, pm 1.0

Overlay, urn (3a) 0.2

Linewidth control

Killing Defect, yra 0.1

Wafer Size, ram 150

Field Size Minim

0.8 0.6 0.3

0.16 0.12 0.06

- +/- 10% of resolution

0.08 0.06 0.03

200 200 11

- 25 mm x 25 ram 25 x 50
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Critical Issue

Table 2

I. Masks

a) Fabrication

Patterning E-beara Systems
Material Systems
Fabricational Processing
Inspection and Repair

Distortion Processing
Aging
Radiation Effects

II. Exposure Tools

Alignment systems/techniques (registration accuracy)
Step and repeat systems
Mechanical stability
Automated for high throughput

III. Bright X-ray Sources

Storage rings
Plasma
Electron Impact

IV. Resist Systems

Sensitivity
Resolution
Contrast
Etch resistance
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Table 3
1990 - 1991

X-ray Exposure Tool

Resolution

3a overlay

3 a linewidth

Wafer size

Exposure size

Die size

Resist sensitivity

Throughput at regime

0.25 w

0.05 ym

0.025 jjni

200 ram +

25 x 50 mm

25 x 25 mm

100 raJ/cm2

30-60 wafers/hour/beamline
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Table 4
Timetable for 1991 goal

Identifiable Tasks Required Timeline

Formulate Proposal and
obtain funding

Design & build prototype

Evaluate & redesign

Build 2nd generation

Commercialize Technology

Semiconductor Industry Evaluation

Industry procurement
and installation

Process development at
synchrotron source

3/86 — > 6/86

6/86 — > 6/88

6/88 — > 6/89

1/89 — > 1/90

1/90 — > 1/91

6/86 — > continued
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Source specifications:

RES

g

ST MASK

• if (3O-Q) is the 3cr source size,

30-,=-

a. D= 10m,

b. D=7m, g

— •

1

0

then-.

^-3crB< 0.025 ̂ .m
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= 50/xm
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Divergences (beamline) # v = ±2.5mrod

8H =±2.5mrad

Figure 2. Modeling of Penumbral Blurring for an
SR System.
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THE COMPETITION: PAST AND PRESENT

There are primarily two active efforts towards the development of syn-
chrotron light sources specifically dedicated to x-ray lithography. The more
advanced program is that of the Fraunhofer Institute for Microstructure
Technology in West Germany. The other program is being conducted by Nippon
Telephone and Telegraph in Japan,

Germany

The German program began in 1980-81 at the Technische Universitat Munchen
where the machine concept named Klein ERNA was developed. The concept
involved a 5 Tesla superconducting magnet of cylindrical symmetry with a
massive iron yoke. The design operating energy was 430 MeV resulting in a
critical wavelength of 20 angstroms.

With the commencement of operations at the Berlin Electron Synchrotron
(BESSY) in 1982, a cooperative research effort involving Siemens, Telefunken,
Volvo, and Eurosil was organized by the Fraunhofer Society's Institute for
Solid State Technology. Research on various aspects of the lithography pro-
cess and various approaches to specific aspects of the process was conducted
by the individual members and the results shared.

In 1983, encouraged by their successes of the preceeding year, the group
formed the Fraunhofer Institute for Microstructure Technology. In cooperation
with the scientific staff of BESSY, the first COSY machine concept was soon
developed and research concerning technical aspects of the design began. This
machine concept was similar to Klein ERNA In that It utilized a 5 Tesla
cylindrically symmetric guide field. The major differences were the elimi-
nation of the 35 ton iron yoke and an increase in operating energy from 430 to
560 MeV. The increased energy was chosen to yield a critical wavelength of 22
angstroms.

During late 1983 and early 1984, technical difficulties with the first
COSY design became apparent and a second design was developed. This machine
concept utilized two 180 degree, 5 Tesla bends separated by straight sections
for injection and the rf-cavity.

During late 1984 and early 1985, as the technical difficulties of the 180
degree, superconducting dipoles became apparent, the decision was made to
pursue, In parallel, the development of a machine based on normal conducting
magnets. Besides indicating the magnitude of the technical problems of devel-
oping a superconducting synchrotron, this decision lead to a significant reor-
ganization of the upper level development staff. During late 1985, quadru-
poles were incorporated in the machine design resulting in the third COSY lat-
tice concept. Also during 1985, the consortium constructed a new building
across the street from BESSY to house the COSY machine and provide full sup-
port for lithography production.
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On January 1, 1986, it was announced that the venture company COSY
MicroTec had been formed by Leybold-Heraeus GmbH and would have all
manufacturing and marketing rights for COSY. Continuing the development
contract with BESSY, the company announced plans to begin injection tests with
the normal conducting version during the first quarter of 1986 and to have the
superconducting version operational by the end of 1986.

On April 15, 1986 a Telex from Berlin arrived at NSLS declaring that 0.1
mA had been successfully injected and stored in the normal conducting COSY.
The injection energy was 50 MeV and the lifetime was measured to be 15
minutes.

During September, 1984, a report was published by the Institute for Solid
State Physics (ISSP), University of Tokyo, describing a superconducting
racetrack synchrotron. The unique feature of this machine concept is that the
100 MeV microtron injector is nested inside the storage ring and the normal
conducting microtron dipoles share the iron yoke of the superconducting
magnets.

On October 31, 1985, Nippon Telephone and Telegraph had ground breaking
ceremonies for a new facility and disclosed plans to build four synchrotrons.
The first will be a normal conducting machine aimed primarily at material
sciences. The other three machines will be lithography light sources of a
design similar to that described in the ISSP report. They hope to have the
entire project completed within three years. It is clear that the normal
conducting machine can be used for low energy injection studies and
potentially as a booster injector.
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LATTICE DESIGN

The design of any storage ring, be it for high energy physics or as a
source of synchrotron radiation, is determined by the demands of the final
user. The parameters of the ring can not be determined aprlori. In the case
of a storage ring for X-ray lithography, the industrial users must identify
the properties of the X-ray beam they desire and then the accelerator physi-
cists can begin to design a machine to meet their needs. The process of
design will clearly require iteration, and further meetings between the users
and the accelerator physicists will be necessary for the process to converge.
In the remainder of this section we shall outline some general considerations
and limitations on designing an X-ray lithography source.

The critical wavelength, Ac, of synchrotron radiation emitted from an
electron in a bending magnet is determined by the magnetic field strength, B,
and the electron energy, E, to be

•K s 9 \ 18.6

B(T)E2(GeV)

For X-ray lithography the interesting range is Ac * 5-25 A, with the optimum
value still to be determined, but likely to be 8-10A.

The choice of the magnetic field strength determines the electron energy
and also the physical size of the storage ring. The radius of curvature of
the bending magnet is related to B and Xc by

p(m) =
206.6

AC(A)B
3(T)

1/2

and the electron energy is related to the bending radius by

E(GeV) = .3B(T)p(m).

The minimum circumference of the storage ring, excluding the straight
sections that will be needed for injection of the electron beam and the radio
frequency system, is 2irp. Conventional electromagnets have maximum fields of
about 1.8 T, while superconducting magnets can have fields in the range of 4-5
T. In Table 1 we give a few illustrative examples of how to achieve a desired
critical wavelength with different magnetic field strengths and the conse-
quences for the electron energy and ring circumference.
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AC(A)

5.
5.

12.
12.

25.
25.

B(T)

1.8
4.5

1.8
4.5

1.8
4.5

Table 1

P(m)

2.66
0.67

1.72
0.43

1.19
0.30

2np(m)

16.72
4.23

10.80
2.73

7.48 .
1.89

E(GeV)

1.437
0.909

0.928
0.587

0.643
0.407

It is evident from the table that in terms of physical size that there
are two class of machines. When the straight sections between the magnets are
included the superconducting devices will have "circumferences, C £ 10 m, and
the conventional magnet devices will have C * 20 m. The superconducting
machine may look attractive to the industrial user who hopes to have several
"small" machines instead of fewer large ones, but there are many problems to
be worked out before a superconducting machine is available for commercial
use. It suffices to say that conventional magnet technology is very mature,
while superconducting magnets with a bending radius of .5 m are still in the
research and development stage. In addition, in determining the footprint of
a machine one must include the beamlines, refrigeration system, shielding and
all the other necessary hardware. A more detailed discussion of the choice of
magnet type can be found in the section on magnets.

Putting aside for the moment the choice of conventional or superconduct-
ing magnets, it is of interest to examine how the magnets should be connected
together to form a storage ring lattice. For this discussion we will focus on
three classes of lattices:

1. Weak focusing structures using only dipoles,
2. feeak focusing dipoles and drift spaces,
3. Dipoles, drift spaces and quadrupoles.

The first class is unattractive as one would like to have drift spaces '
available to facilitate injection of the electron beam into the ring, although
some further study should be devoted to this class of lattices before it is
discarded. A complete 360° magnet was the basis of the Germans Klein-Erna
design, which received considerable study but was never constructed.

The introduction of drift spaces into the lattice is straight forward but
not trivial. The length of the drift spaces (L^) is restricted to vary from
zero to a maximum value. The maximum value is determined by the periodicity
of the machine (N s), betatron stability (vx & v y ) , the magnetic field
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index (n - —- — ) and the ratio of the drift length to the radius of
B 3r

curvature of the magnet (Lj/p). It can be shown that the field index must
satisfy n < .75 to have damping of both the synchrotron and betatron
oscillations.

For a two-fold weak focusing structure, i.e., two dipoles separated by
two equal length drift spaces, the maximum drift length occurs for a field
index, n = .5, and is L^ « 1.4 x p. This is the theoretical separation
between magnets, the actual physical length available will be shorter due to
the coils of the magnet. For a superconducting device with p * .435 m this
means the drift space must be less than 60 era.

For a three-fold or four-fold weak focusing structure it is harder to
obtain a simple formula for the maximum drift length but it becomes possible
to have lengths on the order of a meter for the small p machines, and of
course still larger drifts for the conventional magnet machines. In fact for
a fixed periodicity, field index and betatron tunes, the lengths of the drifts
in two machines of different radius are in the ratio

Lk = hi .
Pi P2

This implies that if one simply tries to scale a superconducting machine
(p = .435 m) with a 1 meter drift space up to a conventional magnet machine (p
= 1.72 m) holding n, Xc, vz, vy and the periodicity fixed, the machine
will get rather large because the radii are in a ratio of 1:4. Therefore,
while lattices made up of only dipoles and drifts may make sense for supercon-
ducting machines it is anticipated that one must introduce quadrupoles when
using conventional magnets in order that the circumference of the machine not
be too large. It will probably prove judicious to introduce quadrupoles into
the superconducting machine as well, to improve the flexibility of the
lattice. s-

Before discussing the effects of quadrupoles it is of interest to examine
the beam sizes available in the lattices made up of only dipoles and drifts*
For a weak focusing lattice without quadrupoles the emittance in m-rad is
given to a good approximation by

where Cq = 3.84 x 10" 1 3,

provided the drift length is not too near its maximum value. When the drift
length approaches its maximum value the emittance is considerably greater than
the value predicted from the above formula. As an example, in figure 1 we
plot the emittance versus drift length for three values of the field index (n
= .2,.4 & .6) for a four-fold superconducting machine with E = 587 MeV, p *
.435 m, Xc = 12 A and B = 4.5 T.
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The beam sizes are determined by

4 s < S A + n2<Ti>» ay " %

There are two contributions to the beam size, one due to the emittance and a
second due to the dispersion (n = p/[l-n]). For this class of lattices the
contribution from both sources can be of the same order so it is deceiving to
merely focus on the emittance if it is the beam size that is of interest. The
strong dependence of the beam size on the energy spread, oe, could impose
limits on the amount of current stored in the ring because there exist current
dependent instabilities, in particular the microwave instability, that can
significantly increase the energy spread in the beam and hence the beam size.

As an example of the beam sizes in a superconducting machine ox and
a are plotted in figure 2 as a function of distance around the ring for a
four-fold machine with Xc = 12 A, B = 4.5 T, p = .435 m, E = 587 MeV,
vx = uy = 1.18, n = .5 and x = !• For the same critical wavelength the
beam sizes in a conventional magnet machine will be larger because both the
energy and the dispersion are larger.

For a given lattice and magnetic field strength the emittance varies as
e~l/Xc, therefore if a critical wavelength of 5 A instead of 12 A is needed
the emittance will double. If the resulting beam sizes are too large quadru-
poles must be added to the lattice. The first designs of superconducting
machines by the Europeans and the Japanese did not contain any quadrupoles,
however, the current generation of designs does make use of quadrupoles.

Adding quadrupoles to the lattice increases the flexibility of the lat-
tice and provides for stronger focusing of the beam resulting in smaller beam
sizes. It is impossible to provide simple formulas for this class of lattices
as there are many ways to assemble the elements to form a lattice and one must
resort to a case by case study.

As this report is not attempting to exhaust the subject the discussion at
this point will be limited to conventional magnet machines. Figure 3 is a
plot of the beam sizes for a four fold conventional magnet machine using quad—
rupoles with Ac = 12 A, B = 1.5 T, p = 2.26 m, E = 1.016 GeV, C * 21.6 m,
ux = 1.65, uv = .65, Lj = .8 m and x ~ *•

The example is not intended to be a full-fledged design but to indicate
what is possible with readily available magnet technology. Some earlier
designs of conventional magnet sources can be found in A. van Steenbergen
(BNL) and W. Brobman (IBM), "Storage Ring Design for X-ring Lithography,"
Proc. SPIE, Vol. 448, p. 72, Oct. 1983.

Injection of the electron beam into any of these machines requires fur-
ther study as this will effect the design of the storage ring. A low energy
injection system is attractive when viewed from an economic perspective but
further study is necessary to see if this is a viable option from an
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accelerator physics perspective. The damping times of betatron, T X „, and
synchrotron oscillations, x£, are strong functions of the energy and" can
become exceedingly long for very low energy injection,

= C(m)p(m)

13.2JiE3(GeV)

where the J^ are the damping partition numbers.

It may be useful to separate the commissioning of the storage ring from
the development of the injector. An existing injection system, such as the
booster synchrotron at the NSLS, could be used to study the performance of a
prototype ring and to explore various options for injection without incurring
the cost of building a new injector.

The total power radiated in a storage ring of energy, E, magnet bending
radius, p, and current, I, is given by

P(W) = —
P(m)

If the horizontal collection angle is 9 the power intercepted from the
arc of angle 8 is

>-Ge'v'> 8(mrad)I(ma)

p(m)

Using the definitions of \c and p given earlier one can rewrite the
above in a concise manner as

= 0»0787E(GeV)I(ma)9(mrad)

These expressions can be used to estimate the current needed to achieve a
desired power for a given machine with a critical wavelength Ac and an
acceptance angle 9. Note that for a given current and critical wavelength the
conventional magnet machines will give a factor of about 1.5 more power
because the energy of these machines is higher.

How much current can actually be stored in a given ring is beyond the
scope of the present discussion. The injection process and electron beam
instabilities inherent in a storage ring must be studied in detail for each
particular design. The lifetime of the electron beam is also machine
dependent and therefore precludes our presenting any simple useful formulas.
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MAGNETS

Conventional Electromagnets

Conventional magnet technology is mature and should be given serious
consideration in designing the first generation lithography source. Dipole
fields of up to 1.8 T with uniformities of parts in 101* should be obtainable
from a number of established manufactures with delivery times of 12-18
months. Conventional magnet machines will have a larger circumference (C *
20 m) than their superconducting cousins (C <_ 10 m) but may offer significant
advantages when considering ease of construction, reliability, maintenance and
availability.

Permanent Magnets

Permanent magnets could be used in place of electromagnets to achieve
fields up to 2 T. They offer some simplification and have zero operating
costs but they obviously require a full energy injection system.

Superconducting Magnets

Superconducting magnet technology is in the developmental stage. In
certain areas, such as magnetic resonance imaging, the technology is reaching
maturity. Superconducting magnets have also been used in high energy acce-
lerators, although each machine has required a considerable research and
development effort. Designing and developing superconducting magnets for a
compact lithography source will take at least two years, with a further 18
months being needed to produce the final complete magnet system. Oxford
Superconducting Technologies, as well as several other firms, are already more
than a year into this developmental task. The magnitude of the task is com-
parable with that of producing the superconducting dipoles for Fermilab's
Tevatron accelerator.

In contrast to the dipoles used in high energy accelerators, the dipoles
for a compact lighography source must satisfy two additional requirements.
Firstly, the coils must be curved to fit around the tight bending radius (p *
.5 m). The fringing field at the ends of the magnet will be significant and
must be considered by the accelerator physicist in any design of a compact
source. Secondly, the emerging X-ray beam must not be obstructed by any
conductor or structural material. Unfortunately, the X-ray beam plane is
precisely the location where it would be most advantageous to place conductors
or structure.

Current R&D work on superconducting magnets involves (1) the design of
three-dimensional coil configurations to produce the required field shape, (2)
winding coils of unusual and difficult shapes, (3) locating these coils to the
necessary precision of .1 mm for field accuracy of 10 , (4) supporting the
electromagnetic forces with deflections, 6 j( 0.1 mm, without obstructing the
emerging X-rays and (5) designing a magnet cryostat which is compatible with
the storage ring ultra-high vacuum.
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Despite their need for development, superconducting magnets offer a
number of potential advantages for an industrial lithography source. Due to
the high magnetic fields attainable, B « 4-5 T, the machine can be very
compact with circumferences on the order of 5-10 m, although in determining
the footprint of any machine one must also consider the beamlines, the
refrigeration system, shielding and other necessary hardware. A smaller
circumference machine will have shorter damping time at injection and could
thereby reduce the cost of the injection system. The high magnetic field also
means that the electron energy required to achieve a desired critical output
wavelength will be lower than in the conventional magnet source. This will
reduce the shielding requirement somewhat. A compact source could be
assembled and tested at the vendor's factory and then transported to the final
site as a complete unit.
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INJECTION SYSTEM

Several distinct injection systems are potentially applicable to compact
light sources. The most reliable and mature injection technology is based on
linear accelerators producing energies of 200 to 400 MeV. The beam is intro-
duced into the storage ring using a magnetic septum. The stored beam is
momentarily moved close to the septum using fast magnetic kickers in order to
minimize the residual betatron amplitude of the injected electrons. When con-
sidering a compact light source though, this injection scheme may be far from
optimal. A conservatively designed 200 MeV linac would be about 30 meters in
length and require more floor space and possibly cost more than the storage
ring. On the other hand, if one is planning several storage rings, a linac
which allows on-energy injection might be justifiable. As the injection
energy increases though, the required strength of the septum and kickers
Increases. In very compact rings the strength of these components may be
limited by dimensional constraints.

A possible alternative to a linac based injector is the linac-booster
system. Here a synchrotron is used to boost the energy of the electrons from
a low energy linac before injection. This approach saves money and floor
space relative to a pure linac based injector of the same energy. The trade-
off cost is that the repetition rate of the injector is reduced by 2 to 3
orders of magnitude.

The approach taken by the Germans, at least initially, is low-energy
injection based on a 50 MeV microtron. The cost of and floor space required
by such a microtron are significantly less than that of a linac or linac-
booster injector. The problems with this approach are formidable. First of
all, clearing electrodes must be incorporated into the storage ring to mini-
mize problems due to ion trapping. Though injection at 200 MeV may also
require ion management, the problem is much more acute at 50 MeV. The other
main problems are the damping time, which increases dramatically with decreas-
ing energy and would eventually limit the repetition rate of the injection
cycle, and intra-beam scattering which causes a significant increase in the
beam cross section.

Another approach is that of very low energy injection as was used in
early betatrons and synchrotrons. These involved a simple filament at the
outside edge of the aperature which is pulsed to about 100-200 kV which
sprayed the aperature with many amperes of beam. This beam is then rapidly
damped by adiabatic damping using betatron acceleration. This damping along
with collective effects is used rather than radiation damping to allow some
fraction of the beam to miss the inflector on subsequent turns. This injector
has many advantages: it is simple, it is cheap, it requires no floor space,
it provides plenty of current, and it is easy to operate and maintain. The
disadvantage is that it is not clear that this technique can be combined with
the requirements to operate the ring in a storage mode. In fact, the very low
injection energy implies injection at very low magnetic fields. The perfor-
mance of old betatrons and synchrotrons was strongly correlated with the care
in which the low field properties of the magnets was assured. The use of this
injection mode may require large aperture or very rapid initial acceleration
rates or require other parameters which may cause enough cost increase to off-
set its advantages. Theoretical and experimental studies would be required to
demonstrate the feasibility of this techique.
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CONCLUSIONS

It is clear that both the Germans and the Japanese are ahead of the
United States in their efforts to develop compact synchrotron light sources.
It is not obvious that this lead is of great significance since the semi-
conductor industry in the U.S. probably will not be prepared, in general, to
utilize such a light source until the early 1990's. By this time, a reason-
ably funded effort in this country could be expected to have produced a compe-
titive light source.

- 34 -



X)

2.4e-06

2.2e-06

2e-06

1.8e-06 -

UJ

1.6e-06

1.4e-06

1.2e-06

le-06

fle-07
O.I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

DRIFT LENGTH (M)

Figure 1. Emittance vs. Drift Length NSUP-4 B=4.5 T.

- 35 -



Q) TJ

r QJ

UJ(
Q

co<t"
<o
o r jo
\—GC

oUJDC

0.8

0.6

0.4

0.2

0

- /

1

V

1 1

* *
/

1

\ ,\ /

1 I

\ '•

\

0 1 2 3 4 5

S (METERS)

Figure 2. 12 % Weak Focusing Machine B=4.5 T
RHO=.435 M Fu l l Coupling, X*l.

- 36 -



Figure 3.
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