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Flip-Chip Connection Materials for Packaging of VLSIs
Operating in Liquid Nitrogen

e Kaoru Hashimoto e Teru Nakanishi ® Masayuki Ochiai

Solder and metallization materials used for flip-chip connections
in liguid nitrogen were studied. Flip-chip connection models
consisting of a GaAs model chip and an alumina substrate were
made using indium (In), In alloys, and Sn-Pb solders. Indium
solder exhibited the longest fatigue life in thermal shock tests
between liquid nitrogen and room temperatures. Wettability and
didsolution tests showed that Au film is well wetted with In
solder and that Pt film is resistant to dissolution into In solder. A
random number generator was assembled from HEMT LSlIs using
flip-chip connections with In solder and Au/Pt/Ti film. The
generator operates correctly after several hundred cycles between
liquid nitrogen and room temperatures, indicating that this com-
bination is suitable for flip-chip connections in liquid nitrogen.
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Laser Welding of Copper and Copper Alloys

® Kozo Shimizu e Kaoru Hashimoto

The laser welding of pure copper and copper alloy is difficult
because of copper’s high thermal conductivity and reflectivity.
To solve this problem, this paper examines the nickel plating of
copper. The paper also examines heat-treatment to obtain a
nickel-copper solid solution to reduce the thermal conductivity.
Because the thermal conductivity of the solid solution is lower
than that of pure copper, the laser penetrates the nickel-plated
copper more deeply. The experimental results indicate that nickel
plating and heat-treatment make it possible to laser-weld copper
and copper alloys.
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High-Efficiency Coolant for Direct-Immersion Cooling

e Mitsutaka Yamada e Kishio Yokouchi ® Nobuo Kamehara

Direct-lmmersion cooling is considered to be one of the most
effective cooling technologies for high-speed computers. However,
there are many problems in practical applications, such as tem-
perature overshoot. To eliminate this problem, using a mixture of
various coolants has been found to provide several benefits. At
room temperature, the temperature overshoot on the chip surface
at the onset of boiling is decreased by using a mixture of coolants
having different boiling points. At liquid nitrogen temperature
(77 K), the maximum heat flux is increased by adding fluoro-
carbon to pure liquid nitrogen. This paper discusses the effects of
using a mixture of coolants and adding fluorocarbons.
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Multilayer Ceramic Substrate for HEMT Packaging
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® Shigenori Aoki @ Yoshihiko Imanaka e Kishio Yokouchi

For flip-chip bonding of HEMTs, the thermal expansion of
zirconia/borosilicate glass composite substrate must match that of
GaAs below room temperature. Normally, zirconium silicate
reduces the expansion of the composite substrate. In this research,
zirconia powder coated with alumina by freeze-drying was used
to prevent the formation of zirconium silicate. By also controlling
the ratio of glass to alumina-coated powder, the difference in
thermal expansions of GaAs and the new composite was limited
to 0.4 x 10™ between 77 K and room temperature. This compares
favorably with the figure for conventional alumina. A test module
of the new composite verified that connection reliability in liquid
nitrogen is greatly improved.
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High-Frequency Response in Bi-Based Superconducting
Microstriplines

® Atsushi Tanaka ® Nobuo Kamehara e Koichi Niwa

The microwave transmission losses and phase velocities of Bi-Sr-
Ca-Cu-O (BSCCO) micro-striplines were measured as a function of
temperature and frequency. Microstrip meander lines 78 mm long
and 200 um wide were prepared using Bi-based superconducting
film. The transmission properties of these lines were studied at
frequencies up to 18 GHz using a vector network analyzer. The
loss in these lines was less than that in a geometrically equipvalent
gold line up to 18 GHz and was 1.5 dB and 10 GHz and 54.6 K
The phase velocity of the BSCCO lines was 1.18 x 10'°® cm/s at
54 K and 1 GHz, which is slightly lower than the figure obtained
for the gold line.

UDC 667.526:681.327.5
FUJITSU Sci. Tech. J., 28, 3, pp. 335-346(1992)

Flash Fusible Color Toner for Color Laser Printers

e Katsuji Ebisu @ Takahiro Kashikawa @ Norio Sawatari

A flash fusible color toner for color laser printers with flash
fusing sub-systems has been developed. This paper describes the
materials developed for the color toner.

Conventional color toners cannot be used for flash fusing be-
cause they do not absorb light energy in the near-infrared region,
where the spectral intensity of flash lamps is high. Therefore a
near-infrared absorbent that enables a color toner to absorb most
of the flash lamp’s light energy was developed. A polyester resin
and an amine-modified styrene-acryl resin for the toner binders
were developed to give the toner good fusibility. The final color
toner has excellent fused fixing quality and brightness.
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High Sensitive Organic Photoconductor

® Tsuneo Watanuki ® Norio Sawatari

This paper reports on experiments performed to determine the
optimal multi-layered organic photoconductor comprising a
phthalocynanine pigment and a carrier transport material. Meta-
stable form titanium oxide phthalocyanine, characterized by its
unique X-ray diffraction pattern, is sensitive enough to near-
infrared light to be used with a compact light source such as a
laser diode (LD). The photoconductor device using this pigment in
combination with a butadiene derivative exhibits half decay
exposure of less than 0.2 uJ/cm?, low residual potential, and
excellent durability.
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High Contrast SSFLC Display Utilizing Naphthalene
Base Liquid Crystal Materials and Conductive Orientation
Films

® Akihiro Mochizuki e Katsusada Motoy oshi

This paper describes the electrical properties of a surface stabi-
lized ferroelectric liquid crystal (SSFLC) display provided by an
almost ideal bookshelf layer structure. The bookshelf layer struc-
ture is produced by using ordinary rubbed polymer film cells to-
gether with a special liquid crystal containing a naphthalene ring.
Both the layer structure of the naphthalene base FLCs and their
electrooptic switching are discussed. Some polarization switching
phenomena in conjunction with the conductivity of the orienta-
tion layer are also shown. A multiplexed FLC prototype was
built with a 640 x 201 pixel display, and this gave a 40 : 1 con-
trast ratio and 40 percent transmittance.
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an NCPT Liquid Crystal

® Akihiro Mochizuki ® Shigeo Kasahara e Yoshikazu Yabe

A multiplexed high luminance liquid crystal projection display
with 2240 x 2240 (5 million) pixels for use with a conventional
overheat projector has been developed. It has been clarified
theoretically and by experiment that the surface effect on the
cholesteric-nematic phase transition results in stable bistability.
Optimizing the hellcal pitch of chiralnematic liquid crystal in
conjunction with the surface anchoring strength has made possible
super-high information content. Moreover the fact that this
display requires no polarizers enables very bright screen images.
These characteristics match with high resolution (typically
300 dpi) printer output. The combined result of the theoretical
investigation and the materials research is a practical high perform-
ance liquid crystal display.
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Polysiloxane as a Bi-Level Resist for VLSI Lithographies
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A newly designed organosilicon resist, three-dimensional poly-
silphenylenesiloxane (TSPS), has been developed for use as a high-
resolution negative bi-level electron-beam resist or KrF-excimer
laser resist. The TSPS molecule is a regid three-dimensional mesh
consisting of a silphenylenesiloxane core surrounded by functional
groups. The advantages of such a structure are low swelling, a
high oxygen-reactive ion etching resistance, and a high softening
temperature. A 0.075 um line-and-space pattern is well-defined
after electron beam exposure. TSPS can also be used as a deep-UV
resist. A 0.25 um pattern can be delineated using a TSPS/novolak
bi-level resist systems with a KrF-excimer laser stepper (NA =
0.37).
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Polysiloxane as an Interlevel Dielectric for VLSI
Fabrication

® Shun-ichi Fukuyama e Michiko Kobayashi ® Yasuhiro Yoneda

A new silylated polymethylsilsesquioxane (PMSS) resin has been
developed and evaluated for use as an interlevel dielectric in VLSI
multilevel interconnections. PMSS has good heat resistance. The
dielectric constant is 3, which is lower than that of conventional
inorganic dielectrics. Degassing from PMSS is very low. PMSS does
not crack even when it is 4 um thick on a 1 um thick metal
topographic substrate that is heated to 450 °C in nitrogen. PMSS
has excellent planarity. Trilevel interconnections using PMSS as
an interlevel dielectric can be fabricated. Well-planarized metal
wiring patterns can be obtained, and no cracks have been found in
PMSS layers.
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Micromachined Clark Oxygen Electrodes and Biosensors

® Hiroaki Suzuki e Akio Sugama e Naomi Kojima

Miniature Clark oxygen electrodes were fabricated using micro-
machining. The type | model has the following components: a
cathode and anode formed in a V-groove made by anisotropic
etching of silicon, a solid electrolyte, and a gas-permeable mem-
brane. Improving the electrolyte and membrane materials pro-
duced excellent long-term storage stability and sterilization
tolerance. The type | model was used to monitor fermentation and
to make miniature biosensors. The type Il model consists of a
glass substrate with detecting electrodes bonded to a silicon
container substrate with V-grooves. The gas-permeable membrane
is thermally adhered fluorinated ethylene-propylene (FEP). Im-
proving the membrane adhesion made the oxygen electrode
tolerant to steam-sterilization.
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FUJITSU Sci. Tech. J., 28, 3, pp. 402-412(1992)

Development of a Molecular Orbital Package for
Spectroscopy (MOS-F) and its Application to Nonlinear
Optics

® Azuma Matsuura ® Tomoaki Hayano

A molecular orbital package, MOS-F (semiempirical Molecular
Orbital package for Spectroscopy-Fujitsu version), has been devel-
oped for high-speed computations for large organic optical molec-
ules, MOS-F has been used to screen and design organic nonlinear
optical materials. A novel electro-optic polymer which shows an
optical nonlinearity almost as large as that of lithium niobate was
found. Using MOS-F, optical nonlinearity of long azomethine
conjugated systems was predicted. Frontier molecular orbital
analysis revealed that donor/acceptor regions are induced in the
main chain without a donor/acceptor substituent. It was also
found that nonlinearity is improved by substituting donor groups
at donor regions and acceptor groups at acceptor regions.
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FUJITSU Sci. Tech. J., 28, 3, pp. 413-421(1992)

Interactive Extraction of Rules Concerning Variations in
Speech

® Shinta Kimura

This paper describes the interactive extraction of rules that
estimate acoustic-segment sequences from an orthography of
Japanese language. The rules are in the format of context-sensitive
rewriting rules and are arranged into four layers. Initial rules are
given by traditional Japanese phonology. In the interactive rule
extraction, top-down segmentation is used to automatically detect
speech data that contains variations that are not described by the
existing rules. In the extraction experiments, 163 rules were
extracted from 1000 Japanese phrases spoken by one male and
255 rules were extracted from 10000 Japanese phrases spoken by
ten males. The rules account for 21 kinds of variation phenomena.
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FUJITSU Sci. Tech. J., 28, 3, pp. 422-438(1992)

Automated MDF System for Switching System

® Shun-ichi Tominaga ® Sadao Fujii ® Akira Fukuoka

This paper describes an automated main distributing frame
(MDF) system designed to provide the MDF system of a switching
system with remote control and automatic jumpering. The MDF
system crossconnects between subscriber cables and office equip-
ment cables by jumpering. Until now, jumpering has been done
manually and,automating this operation for telephone services has
been an objective for a long time. In this system, a high-precision
robot jumpers telephone lines by inserting miniature contact pins
into cross-point holes in matrix boards. A single automated
MDF system can handle up to 2100 office-equipment cable
terminals, and a larger automated MDF system can be realized
by operating multiple systems in parallel.
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This special issue is a collection of papers which illustrate the range of Fujitsu’s
research and development activities in the materials field. Included in this issue are
papers on the development of packaging for main frame computers, a color toner for
high-speed printers, and new types of displays and bio-sensors.

This issue shows that the material group’s activities are not limited to the
development of materials, but also include the refinement of treatment techniques
in manufacturing processes. This issue also shows that materials research and devel-
opment at Fujitsu is often undertaken so that device and systems engineers can meet
our customers’ needs. This collaboration between engineers and customers often
generates novel solutions which surpass the basic goals of a project. Three examples
of Fujitsu’s research and development successes in this field are described below.

1) Fujitsu has developed a unique lubrication method that enables the head of a
magnetic recording system to fly closer to the recording medium in order to
increase the recording density. In this method, specially blended organic com-
pounds and ferrite powder are heat-treated to form evenly distributed pores
which can only be seen under a high-resolution scanning electron microscope.
Tiny amounts of lubricant absorbed in these pores are released continuously
into the head gap. The combination of this lubrication method and the use of
media having superior magnetic properties have enhanced the performance of
Fujitsu’s magnetic disk storage systems.

2) The ceramic printed circuit boards used in supercomputers greatly reduce the
signal propagation delay. However, it has been difficult to incorporate copper
conductors into these boards because the firing processes that effectively decom-
pose the binder compound also unintentionally oxidize the copper patterns.
Now, after painstaking research we have found a unique firing method which
decomposes the binder completely without oxidizing the copper.

3) In most xerographic printing methods, a dry powder ink is fixed onto paper by a
heated roller. However, for high speed printing, it takes a large amount of energy
to keep the roller at the required temperature. The flash fusing method elimi-
nates the roller by using a brief, intense flash of light to heat the powder ink
(called the toner) without over-heating the unprinted paper areas. A new flash
fusible color toner has been developed for high-speed printers that print up to
ten thousand lines per minute. This toner has a high light-absorptivity in the
near-infrared region and does not reduce the triboelectric charging properties.

FUJITSU Sci. Tech. J., 28, 3, pp. 299-300 (September 1992) 205



Fujitsu has had many other successes, some of which have stemmed from a
researcher’s personal interest in a particular phenomenon. The undertaking of a
series of scrupulously careful experiments on the basis of a personal whim may be
peculiar to materials research. A high degree of care and attention to detail is needed
at all stages of manufacture, from the preparation of raw materials to the finishing
treatments. Every variable must be controlled, including the ambient atmosphere
and the presence of dust particles.

Formerly, materials processing and machining were done in different sections of
the factory. Nowadays, however, modern techniques such as the formation of
chemically functional surfaces and highly precise or fine structures involve a wide
variety of chemical and mechanical processes.

Furthermore, the need to minimize waste and to ensure the eventual safe dispos-
al of products have become important issues. Although materials research has
traditionally been at the latter end of the development process, it will play a much
bigger role in the future.

Computer-aided design (CAD) is not yet as popular among materials engineers as
it is in other engineering fields. An article in a latter section reports on the recent
remarkable progress in simulation techniques for molecular dynamics and electron
behavior in organic compounds. These techniques allow researchers to predict the
properties of new materials prior to their actual synthesis. Fujitsu will continue to
provide simulation tools based on products developed for in-house use.

In addition to its many successful innovations, Fujitsu is also developing new
materials that have no current application, which often raises the question of “Seeds
or needs?”. We hope that this issue will encourage people to tell us about their own
special needs.

300 FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Featuring Paper

Flip-Chip Connection Materials for
Packaging of VLSIs Operating

in Liquid Nitrogen

® Kaoru Hashimoto ® Teru Nakanishi ® Masayuki Ochiai

(Manuscript received February 3, 1992)

Solder and metallization materials used for flip-chip connections in liquid nitrogen were

studied. Flipchip connection models consisting of a GaAs model chip and an alumina

substrate were made using indium (In), In alloys, and Sn-Pb solders. Indium solder exhibited
the longest fatigue life in thermal shock tests between liquid nitrogen and room tempera-
tures. Wettability and dissolution tests showed that Au film is well wetted with In solder and

that Pt film is resistant to dissolution into In solder. A random number generator was assem-
bled from HEMT LSIs using flip-chip connections with In solder and Au/Pt/Ti film. The
generator operates correctly after several hundred cycles between liquid nitrogen and room
temperatures, indicating that this combination is suitable for flip-chip connections in liquid

nitrogen.

1. Introduction

High-speed, large-scale computers require
LSIs with many gates per chip and a fast switch-
ing speed. These computers also require packag-
ing technologies which minimize the signal path
length between LSIs. According to Rent’s rule’,
the number of input and output (I/O) terminals
required for logic integrated circuits increases
with the nuber of gates. For future VLSIs, the
number of I/O terminals may increase well
above one thousand in a limited chip area. Com-
pared to wire bonding and tape automated
bonding (TAB), flip-chip connection enables
a smaller bonding area, shorter interconnection
length, and lower inductance. Therefore, flip-
chip connection is favoured for VLSIs having
many I/O terminals.

Also, to obtain higher switching speeds,
GaAs devices will be used, and Si and GaAs

A part of this study was presented at the 1988 IEEE
VLSI and GaAs Chip Packaging Workshop, Santa Clara,
CA, September 12-14, 1988, and also was published
in IEICE Trans., E74, 8, pp. 23622368 (1991).

FUJITSU Sci. Tech. J., 28, 3, pp. 301-309 (September 1992)

VLSIs will be operated in liquid nitrogen, at
which temperature the carrier mobility in
COMS? and HEMT?"*) devices is higher than
that at room temperature.

In anticipation of the above developments,
a study was made to find suitable materials for
flip-chip connections of Si and GaAs chips
operating in liquid nitrogen.

When VLSI chips are operated in liquid
nitrogen, a high stress is induced in the solder
bumps due to the following: the thermal expan-
sion mismatch between the chip and substrate at
the very low temperature, the large distance
between the solder bumps and the neutral
point, and the narrow spacing between the chip
and substrate. Therefore, a new solder with a
longer fatigue life is required. Moreover, the
reliability of flip-chip connections is affected by
the metallization of the bonding pads. Metalliza-
tion materials must have good compatibility
with solders (i.e., good wettability and minimum
dissolution).

This paper reports on studies made to find
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a suitable solder for a liquid nitrogen environ-
ment. Thermal shock tests were performed on
Si and GaAs chips that were connected using
indium (In) alloy solders and Sn-Pb eutectic
solder on alumina substrates in liquid nitrogen.
The elongation and tensile strength of these
solders were measured, and the effects of these
properties on fatigue life were examined. Also,
the metallization materials and the multilayer
structure were examined with respect to wett-
ability and dissolution using the solder that was
found to be suitable for use in flip-chip connec-
tion in liquid nitrogen.

2. Experimental procedure
2.1 Solders and solder bump formation

On the basis of a preliminary study, four
kinds of solder alloys were examined: In,
In-50%Pb, In48%Sn, and Sn-37%Pb (the per-
cent symbol stands for mass percent). Solder
bumps with these compositions were formed by
vapor deposition on chips and substrates using a
metal mask. Si and GaAs chips and alumina sub-
strates were used. Because of the considerable
differences in the vapor pressures of the elemen-
tal metals of the solder bumps, the alloy compo-
sition of the solder bumps was controlled by
correcting the composition of the mother alloy
melted in the crucible during deposition. The
deposition thickness of the solder bumps was
about 100 um.

2.2 Thermal shock tests

Flip-chip connection models were made
using Si and GaAs model chips and alumina
substrates. The bump diameter was 200 um, and
the pitch was 400 um. When the solder bumps
were formed on both the chip and the substrate,
the bump height after flip-chip connection was
about 130 um. The metallization film of bond-
ing pads was gold over platinum with a titanium
underlayer (Au/Pt/Ti).

The thermal shock tests were performed by
immersing the models in liquid nitrogen for
30s, exposing them to nitrogen gas at room
temperature for 30s, and then re-immersing
them in liquid nitrogen. The changes in electrical
resistance at the solder bumps were measured as

302

a function of the number of test cycles. Resist-
ance was measured using the four-point probe
method.

To examine the effects of mechanical prop-
erties on fatigue life, the elongation and tensile
strengths of solders were measured in liquid
nitrogen using an Instron Universal Tester with
a crosshead speed of 0.5 mm/min. The test
samples were prepared by punching pieces from
the cast and rolled sheets of solder, followed by
annealing for 24 hours at room temperature
before testing.

2.3 Wettability and dissolution

Wettability and dissolution were examined
using In solder because this solder exhibited the
longest fatigue life in the thermal shock tests.
The wettability of various metallization materi-
als with In solder was measured using a menisco-
graph (Multicore Universal Solderability Tester,
Multicore Solders Ltd.). The metallization
materials used in this experiment were Au, Cu,
Pd, Ni, and Pt. The thin films were deposited to
a thickness of 1000 A on rectangular Si plates
(5x30x0.3"mm) by electron-beam vacuum
evaporation. The films were treated with a mild-
ly activated rosin flux, and then immersed in
an In solder bath at 20 mm/s to a depth of
5 mm. Wettability was evaluated from the
wetting time defined in Fig. 1. The shorter the
wetting time, the better the wettability.

Wetting time

—\

Force

Time

Fig. 1 —Time-to-wetting curve according to meniscograph
test. Wetting time is defined as shown in the figure.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Dissolution of metallization materials into
the In solder was examined by reflowing the
solder on each type of thin film. Four types of
two-layer metallization films: gold over nickel
(Au/Ni), gold over palladium (Au/Pd), gold
over copper (Au/Cu), and gold over platinum
(Au/Pt) were studied as well as Au, Cu, Pd, Ni,
and Pt films. Metallization patterns (3 x 3 mm)
were vapor-deposited on glass substrates
(10 x 20 x 1' mm) using the lift-off technique.
An In solder sheet (3 x 3 x 2' mm) was placed
on each pattern, then the In solder was melted
with a mildly activated rosin flux by heating it
to 220 °C. As soon as the solder had begun to
wet the metallized film the substrate was tilted
and a timer was started. When the solder lost its
adhesion and ran down the substrate (i.e., be-
cause the metallized film had completely dis-
solved into the solder) the timer was stopped.
The measured time was then recorded as a meas-
ure of dissolution®’. If the solder sample did not

In solder
Flux

Metallization film

)ﬁ’/(}]ass substrate

Hot plate

Immediately after
onset of wetting,
substrate is slanted
and timer is started

Timer is stopped when solder
flows down the substrate
(i. e. when metallization film

the solder)

Fig. 2—Method for measuring dissolution time.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

has completely dissolved into

run after 720 s, the test was discontinued. The
test method is shown in Fig. 2.

3. Results and discussion
3.1 Thermal shock tests

Figure 3 shows an example of an as-deposit-
ed solder bump. Figure 4 shows a close-up of
a typical flip-chip connection model formed
using a GaAs chip and an alumina substrate.

Figure 5 shows the results of thermal shock
tests of a Si chip on an alumina substrate. The
resistance of Sn-37%Pb solder increases after
80 cycles. The resistance of In-48%Sn and
In-50%PDb solders increases after 150 cycles. The
resistance of In remains at its initial value even
after 300 cycles. This indicates that In and In
alloys have a longer fatigue life than Sn-Pb
solder, and that they are suitable for Si flip-chip
connections in liquid nitrogen.

50 gm
Fig. 3—As-deposited solder bump.

Fig. 4 —Close-up of flip-chip connection model consisting
of a GaAs chip and an alumina substrate.

303



K. Hashimoto et al.: Flip-Chip Connection Materials for Packaging of VLSIs Operating in Liquid Nitrogen

In-48Sn

In-50Pb
10

Resistance, R (Q)

Si
RLC
Alumina

1 1
0 100 200 300
Number of cycles
Fig. 5—Changes in resistance during thermal shock tests
between liquid nitrogen and room temperatures
of a Si chip/alumina substrate flip-chip connec-
tion model.

15

Sn-37Pb
In-48Sn

10F In-50Pb

Resistance, R (Q)

3;1

RC GaAs
—=— Alumina

0 L

1 L
0 100 200 300
Number of cycles

Fig. 6 —Changes in resistance during thermal shock tests
between liquid nitrogen and room temperatures
of a GaAs chip/alumina substrate flip-chip con-
nection model.

Figure 6 shows the results of thermal shock
tests of a GaAs chip on an alumina substrate.
The resistance of Sn-37%Pb solder increases
after 100 cycles. The resistance of In-48%Sn
and In-50%Pb solders increases after 200 cycles.
The resistance of In remains at its initial value
even after 300 cycles. Therfore, as with Si chips,
In and In alloys are suitable for GaAs flip-chip
connections in liquid nitrogen.
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30

Liquid nitrogen

Elongation (%)

10F

In In-50Pb In-48Sn Sn-37Pb

Fig. 7—Elongation of In, In-50%Pb, In-48%$Sn, and
Sn-37%Pb solders in liquid nitrogen.

2.0

Liquid nitrogen

15t
<
a
E
s LofF
©
B
(0]

0.5

0 L 1

In In-50Pb In-48Sn Sn-37Pb

Fig. 8 —Elongation to tensile strength ratios (€/0) of In,
In-50%Pb, In48%Sn, and Sn-37%Pb solders in
liquid nitrogen.

The differences in the fatigue lives of the
solders are related to their mechanical proper-
ties. Figure 7 shows the elongation of each
solder in liquid nitrogen. The elongations of In
and In alloy (In-50%Pb and In-48%Sn) are
almost the same and are much higher than the
elongation of Sn-37%Pb solder. Therefore, the
large difference in the fatigue lives of In and
In alloys is not due to differences in elongation.

To explain this difference in fatigue life,
a new factor, the elongation to tensile strength
ratio, €/0®, was introduced. As shown in Fig. 8,
In solder exhibits a higher €/o value than
In-50%Pb, In-48%Sn, and Sn-37%Pb. This agrees

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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well with the results of the thermal shock tests.
Thus, the €/o value is considerd to be useful for
estimating the fatigue life of solder bumps
applied to flip-chip connections.

90
Temperature : 220°C
w60
(9]
£
e
= 30f
0 — == ||
Au Cu Pd Ni Pt
Fig. 9—Wetting time for In solder with various
metallization materials.
800

Temperature : 220 °C
600

400

Dissolution time (s)

200

0 o= | [ ]
Au Cu Pd Ni Pt

Fig. 10—Dissolution times of Au, Cu, Pd, Ni, and Pt
films into In solder.

Glass
‘ substrate

Solder

a) Au/Ni

3.2 Wettability and dissolution

Figure 9 shows the wetting time for differ-
ent films. The wetting time for Au, Cu, and Pb
films is below 1.5 s, which is extremely short
compared with that for Ni and Pt films. The
short wetting time for Au film (0.7 s) makes it
especially suitable for the top layer in multilayer
metallization films.

Au and Cu films tend to dissolve into In
solder as shown in Fig. 10, disappearing in less
than 20 s after the onset of wetting. Pd film
dissolves in 200 s, which is 10 times longer than
the times for Au and Cu films, but is much
shorter than the times for Ni and Pt films. No
diffusion was observed for Ni and Pt films even
after 720 s, the longest measuring time in the
experiment. These results correspond to those
shown in Fig. 9. Au and Cu films exhibit good

800
Temperature : 220 °C
600
®
5 400
2
2
a
200
0 — 1
Au/Cu Au/Pd Au/Ni Au/Pt

Fig. 11 —Dissolution times of Au/Cu, Au/Pd, Au/Ni, and
Au /Pt films into In solder.

Glass
substrate

1 mm L Solder

b) Au/Pt

Fig. 12—Comparison of Au/Niand Au/Pt films on glass substrates after reflowing In solder for 720 s at 220 °¢
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wettability with In solder and readily dissolve
into it. Ni and Pt films have poor wettability and
are extremely resistant to dissolution.

The same dissolution phenomena is observed
with Au/Cu, Au/Pd, Au/Ni, and Au/Pt films, as
shown in Fig. 11. Au/Cu film rapidly dissolves
into In solder, while Au/Pd film dissolves at a
moderate rate. Au/Ni and Au/Pt films, as men-
tioned above, do not dissolve, even after 720 s.
These results indicate that Ni and Pt films are
suitable for the barrier layer in multilayer
metallization films.

To clarify the difference between Ni and Pt
films, glass substrates were used so that the
undersides of the films could be inspected.
Figure 12 shows the undersides of the films on
these glass substrates after the In sodler was
reflowed for 720s. The Ni film in Fig. 12 ap-
pears partly leached at the edge, whereas the Pt
film shows no dissolution at all. Figure 13 shows
the results of EDAX analysis on the cross sec-
tions of connections. When the chip and sub-
strate are connected by heating, most of the Ni
diffuses into the In solder from the initial con-
tact areas of the chip and substrate. The Ni is

therefore widely distributed in the In solder.
The Pt, however, diffuses only slightly into the
In solder, and most of it remains at the initial
contact areas. This suggest that Pt film is superi-
or to Ni film as a metallization material for use
as a barrier layer.

Based on the above observations, Cr and Ti
film were evaluated for use as the underlayer for
adhesion to chips and substrates using Au/Pt/Cr
and Au/Pt/Ti metallization patterns. These
patterns (3 x 3 mm) were vapor-deposited on Si
chips and alumina substrates. The Si chips and
alumina substrates were then connected using In
solder. Tensile tests were then performed on
these models using an Instron Universal Tester.

The tests showed that fractures occur at In
solder junctions with Au/Pt/Cr and Au/Pt/Ti
films, indicating that both Cr and Ti play a role
in the adhesion layer. The average fracture
strength of the ten Au/Pt/Cr films and ten Au/
Pt/Ti films that were sampled was about
5.6 MPa. This figure is slightly higher than that
obtained in a tensile test on a bulk In solder
sample. This difference is probably due to the
finer microstructure of the solder used in this

SEL

Element distribution map

Substrate

Au/Ni/Ti nm—
50 p4m

3R AnnAn nasl

Au/Pt/Ti |
50 pm

Fig. 13—Results of EDAX analysis on cross sections of connections on Au/Ni/Tiand Au/Pt/Ti films.

306

FUJITSU Sci. Tech. J., 28, 3, (September 1992)



K. Hashimoto et al.: Flip-Chip Connection Materials for Packaging of VLSIs Operating in Liquid Nitrogen

1

9000000000000 00000000 _-
n...”.‘.."..."".zm
|® @ |

!........}.;.J.J........ M
. Wgoooooooooo‘ooooooooqglﬁ
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a) GaAs chip

b) In bump

Fig. 14—GaAs model chip with In solder bumps on Au/Pt/Ti metallization pads.

experiment and to rapid cooling after reflowing.

The tensile test results indicate that Au/Pt/
Cr and Au/Pt/Ti metallization films have almost
the same characteristics, and that they are suita-
ble for use with In solder.

3.3 Power cycle tests

The good results obtained from the combi-
nation of In solder and Au/Pt/Ti metallization
film lead to their use in GaAs flip-chip connec-
tions in liquid nitrogen. Therefore, flip-chip
connection models combining In solder and Au/
Pt/Ti metallization film were made. The Au/Pt/
Ti films of these models were formed as bonding
pads on GaAs model chips. Then, In solder was
vapor-deposited on these pads to a thickness of
100 um and a diameter of 200 um. The model
chips and alumina substrates were then connect-
ed to each other. A GaAs model chip with In
solder bumps is shown in Fig. 14. Figure 14
shows the GaAs chip and a close-up of an In
bump after the wet-back treatment.

Power cycle tests were performed on these
GaAs flip-chip connection models in liquid
nitrogen by applying power to heat sources
formed on the chip. Two power levels, 15 W and
30 W, were used to examine the effects of dif-
ferent cooling conditions. Nucleate boiling

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

Heat source

GaAs
R[

~— Alumina

Resistance, R (Q)

3 ﬂ
o IbW
® 0W

0 %5 A
0 5000 10 000

Number of cycles

Fig. 15—Change in resistance during power cycle tests
in liquid nitrogen of a GaAs chip/alumina sub-
strate flip-chip connection model.

occurred at 15 W, and film boiling occurred at
30 W.

Figure 15 shows the results of the power
cycle tests. After ten thousand cycles, the
resistance of the In solder bump was the same as
the initial value. Once again, In solder proved to
be the most suitable solder for use in liquid
nitrogen.
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4. Random number generator

Indium solder and Au/Pt/Ti metallization
film were used for flip-chip connections of
HEMT LSI chips to produce a random number
generator. Figure 16 shows a close-up of the In
solder bumps on one of the HEMT LSIs. Twenty
HEMT LSI chips were interconnected on a
multilayer ceramic circuit board” using flip-chip
connection. Associated resistors and capacitors
were also mounted on the circuit board. Fig-
ure 17 shows the random number generator
fixed to its I/O frame.

The random number generator was cooled to
—196 °C (77 K) using a closed loop cooling
systemg), and was then powered on. The genera-

r———
100 gm

Fig. 16 —Close-up of In solder bumps formed on a HEMT
LSI

Fig. 17—Random number generator made using flip-chip-
connected HEMT LSIs.
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tor operated correctly and generated random
numbers at a clock cycle of 1.49 ns, which
demonstrates the higher switching speed of
HEMTs and the effectiveness of the flip-chip
connections. The generator operated correctly
after several hundred cycles between liquid
nitrogen and room temperatures. These results
indicate that the combination of In solder and
Au/Pt/Ti film is suitable for use in flip-chip con-
nections in liquid nitrogen.

5. Conclusion
A study was made to find materials suitable

for flip-chip connections of VLSIs operated in
liquid nitrogen. Tests on fatigue life during
thermal shock tests, and tests on wettability and
dissolution between various solders and metal-
lization films indicate the following:

1) Indium (In) and In alloy solders are suitable
for GaAs flip-chip connections in liquid
nitrogen.

2) In alloy solders have a long fatigue life when
used with GaAs and Si chips. In solder has
the longest fatigue life of the solders investi-
gated.

3) Fatigue life is closely related to the mechan-
ical properties of the solder. In and In alloy
solder have high ratios of elongation to
tensile strength. This high ratio means that
these solders have a long fatigue life.

4) Au/Pt/Ti and Au/Pt/Cr metallization films
are suitable for use with In solder in flip-chip
connections in liquid nitrogen.

5) An Au top layer has good wettability with
In solder, providing good solderability.

6) Pt film is extremely resistant to dissolution
into In solder, suggesting good barrier layer
characteristics.

A random number generator was made by
mounting HEMT LSI chips on a multilayer
ceramic circuit board using flip-chip connections
with In solder and Au/Pt/Ti metallization film.
The generator operated correctly after several
hundred cycles between liquid nitrogen and
room temperatures, indicating that the combina-
tion of In solder and Au/Pt/Ti film is suitable
for flip-chip connections in liquid nitrogen.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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The laser welding of pure copper and copper alloy is difficult because of copper’s high
thermal conductivity and reflectivity. To solve this problem, this paper examines the nickel
plating of copper. The paper also examines heat-treatment to obtain a nickel-copper solid
solution to reduce the thermal conductivity. Because the thermal conductivity of the solid
solution is lower than that of pure copper, the laser penetrates the nickel-plated copper more
deeply. The experimental results indicate that nickel plating and heat-treatment make it

possible to laser-weld copper and copper alloys.

1. Introduction

Recently laser welding has become widely
used in material processing, such as for hermetic
sealing and for mounting electronic parts. The
advantage of laser welding over electron beam
welding, is that the former does not need
vacuum equipment.

One example of laser welding is that of
bellows. Bellows are used for pressure capsules,
temperature sensors, pressure switches and
cooling devices for electric and electronic equip-
ment. They are generally made of phosphor
bronze, beryllium-copper or stainless steel to
meet the particular requirements, such as a high
degree of elasticity and resistance to corrosion.

The heat generated by electronic devices is
steadily increasing. Therefore future cooling
devices must be highly effective. Such a cooling
device consists of bellows and a cooling plate
called a header. Each part is made of beryllium-
copper having high elasticity, and is laser welded
with high accuracy.

The application of pure copper to the header
is effective because of its high thermal con-
ductivity. In this case, the cooling device con-
sists of beryllium-copper bellows and a pure
copper header. Although beryllium-copper is
relatively easy to laser weld, the laser welding of
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pure copper is extremely difficult because of its
high thermal conductivity and reflectivity. To
solve this problem, the authors studied the
nickel plating and heat-treating of pure copper
before laser welding it.

2. Background
2.1 Bellows

Bellows are mainly used for either a thermal
sensor as shown in Fig. 1a) or a cooling device
as shown in Fig. 1b). In the cooling devices
examined in this study, bellows are used in
combination with a cooling plate called a
header. Phosphor bronze and beryllium-copper
alloys are commonly used for the bellows and
header.

2.2 Beryllium-copper

Beryllium-copper alloys have excellent
fatigue characteristics and greater flexibility
than pure copper. In addition, if the alloys are
subjected to aging treatment'’, they have
excellent resistance to corrosion.

The thermal conductivity of beryllium-
copper (90 W/m-K at 295 K) is less than a
quarter that of pure copper (418 W/m-K at
295 K). This suggests that a greater cooling
capacity is achieved using pure copper.

FUJITSU Sci. Tech. J., 28, 3, pp. 310-315 (September 1992)
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Valve
Bellows

Bellows

[ ~—Header

Electronic
device
a) Thermostat b) Cooling device
Fig. 1 —Examples of bellows.
Laser beam
Weld zone
T =—Nickel plating

N

/ Pure copper

Beryllium-copper

After being laser radiated

; Weld
y

¥ yi
Beryllium-copper \{ Pure copper

Fig. 2—Cross-section of the weld zone and weld.

|=—Nickel plating

2.3 Laser welding of pure copper and beryllium-
copper

The laser welding of pure copper and
beryllium-copper is difficult because their
thermal conductivity differ greatly and the laser
energy absorption of pure copper is low. When
laser is radiated to melt the pure copper, the
beryllium-copper evaporates because of excessive
heating.

There are some techniques to reduce the
thermal conductivity of pure copper and to
increase its laser energy absorption. One tech-
nique is to add silicone or nickel to the weld
zone, and is used in the laser welding of
aluminum alloys for IC packagesz)’”. These
additives form solid solution with aluminum,
which reduces thermal conductivity of the
weld zone and makes laser welding possible.

In the light of these techniques, the authors
tried adding nickel to the weld zone. Nickel
makes a solid solution with copper in all compo-
sitions®. Nickel plating is used to form a nickel-

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

Table 1. Chemical compositions (wt%)
. Elements
Material
Cu Be Fe | Ni+Co
Beryllium- | 9776 | 1.85 | 003 | 0.6
Copper i -
Copper >9996 = e =

Table 2. Electroless nickel-plating conditions

Plating bath temperature o) 65

Plating thickness (um) 0-27

pH 6.9
Mirror

Beam Laser

Lens

Sample

\

Fig. 3—Schematic illustration of laser welding.

copper solid solution phase3). When nickel-
plated pure copper is laser welded, the thermal
conductivity of the weld zone decreases due
to the formation of the nickel-copper solid
solution. To obtain a uniform solid solution
phase, it is effective to heat-treat the nickel-
plated copper before welding. The cross-section
of the weld zone and weld are shown Fig. 2.

3. Experimental procedure

Table 1 shows the chemical composition of
copper and beryllium-copper used in this study.
The nickel layer was plated onto the pure
copper in a Ni-B electroless bath at 60 °C.
Electroless plating makes it possible to obtain
uniform thickness®’. Table 2 shows the plating
conditions.

The nickel-plated copper was heat-treated in
a vacuum (1 x 107 Torr) at a temperature range
of between 800 °C and 1000 °C. The heating
time was varied from 1 h to 10 h.
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Laser welding was done using a pulsed
Nd-YAG laser (a Raytheon MPA-Y550) as
shown in Fig. 3. Table 3 shows the welding con-
ditions.

To examine laser weldability, the joint
strength of the weld was measured with an
Instron Material Tester at a cross-head speed of a
0.5 mm/min using the sample in Fig. 4. The
metal hardness of the weld was measured with
a micro-Vickers hardness tester at a load of 50 g.

Table 3. Laser-welding conditions

Pulse rate (pps) 30
Output power (W) 120
Pulse duration (ms) 2
Spot size* (mm) 0.3
Defocus (mm) 0
Focal length (mm) 100
Welding speed (mm/s) 150
Shield gas Ar
Shield gas flow rate (1/min) 30

*: Spot size of the weld

Beryllium-copper i Nickel-plated copper
Weld

/\\/ T
e

50 (mm)
Fig. 4—Sample for joint strength test.

The micro-structure of the weld was examined
with a microscope, and the nickel content of the
weld was measured with an electron probe
micro analyzer.

4. Results and discussion
4.1 Effect of nickel plating thickness on laser
weldability
As the thickness of nickel plating and the
laser power increase, the joint strength increases
as shown in Fig. 5. In samples welded with a
laser power 60 W, the joint strength is extremely
low. In samples welded with 120 W, the joint
strength increases rapidly with thicknesses above

20

180 W 0

120 W
A/A A

Joint strength (kgf/mm?)

60 W

1 1
0 10 20 30

Nickel-plating thickness (zm)
Fig. 5—Relationship between joint strength and
nickel-plating thickness.

Nickel-plating 0.2 mm
b) Plating thickness 10 um

Fig. 6—Weld cross-sections.

a) Without plating
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¢) Plating-thickness 27 um
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Fig. 7—Relationship between weld metal hardness and
nickel-plating thickness.

20

Nickel content (wt%)
T
HOH
IO\

s

0 10 20 30
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Fig. 8 —Relationship between nickel content and
nickel-plating thickness.

5 um. However, the surface of the weld is rough
at thicknesses exceeding 17 um, due to the
evaporation of the weld. The joins are strong in
samples welded at 180 W, but the surface of the
weld is rough.

Figure 6 shows the cross-sectional micro-
structure of three typical welds. The weld does

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

30
Plating thickness: 10 #m
s
2
; 1000°C
=) e
s 201 D D\
=
g i O
b7 900 °C
= 800 °C
—0
1
)
i 0 5 10

Heating time (h)

Fig. 9—Relationship between joint strength and heating
time.

not penetrate much when the plating thicknesses
is O um, but penetrates a great deal for plating
thicknesses of 10 um and 27 um. Based on the
appearance of the weld surface, the optimum
thickness of nickel plating is 10 um, and the
optimum laser power is about 120 W,

As shown in Fig. 7, the hardness of the weld
metal increases with the nickel plating thickness.
This suggests that solid solution hardening
occurs in the weld due to a structure caused by a
complete solid solution between copper and
nickel®.

The nickel content in the weld is above
10 wt% when the nickel plating is more than
10 um as shown in Fig. 8. The thermal
conductivity of Cu-10 wt% Ni is 61.5 W/m-K at
293 K and that of pure copper is 418 W/m-K
at 295.2 K®. The deep penetration of the weld
at plating thicknesses above 10 um is due to the
decrease in thermal conductivity in the weld.
This result indicates that nickel plating is
effective.

4.2 Effect of heat-treatment on joint strength
Figure 9 shows the relationship between the
joint strength and heat-treating time for the
samples heat-treated before laser welding. Here,
the thickness of the nickel plating is 10 um and
laser power is 120 W. The joint strength increases
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as the heating time and temperature increase.
For samples heated to 1000 °C, the joint
strength is almost equal to the tensile strength of
the parent metal and the tensile strength is
approximately 20 kg/lnm27). Figure 10 shows
the cross-section of the weld.

In this way, heat-treatment increases the
joint strength. Figure 11 shows the cross-
sections of two typical samples with and with-
out heat-treatment. In the sample without
heat-treatment, the pure copper fails at the area
affected by heat. In the sample with heat-treat-

T—
0.2 mm

Fig. 10—Cross-section of heat-treated weld.

ment, however, the failure occurs in the weld.
This difference is related to the uniformity of
nickel distribution in the weld.

When copper with nickel plating is heat-
treated, a nickel-copper solid solution is formed.
If laser is radiated on the area of the sample
which consists of this solid solution, the distri-
bution of the solute (i.e. nickel) in the weld
becomes more homogeneous than that in the
sample without heat-treatment (i.e. no solid
solution before laser welding). This is the reason
why the joint strength in the sample with heat-
treatment is much higher.

5. Conclusion
In the development of a laser welding tech-

nique for pure copper, this paper examines the

laser weldability of pure copper with nickel
plating. The results are summarized as follows.

1) Nickel-plating the pure copper makes it
possible to laser weld pure copper and
copper alloys. This is due to the decrease
in thermal conductivity of the weld by
the formation of a nickel-copper solid
solution.

2) The joint strength in the laser-welded samples
increases rapidly with nickel content above
5 wt%. This is due to the solid solution
hardening in the weld.

3) Heat-treatment of the nickel-plated copper

e e

a) Not heat-treated

b) Heat-treated

Fig. 11 —Effects of heat-treatment.
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before laser welding enhances the joint
strength because of the more homogeneous
distribution of nickel in the weld. In this
case, the joint strength is almost equal to the
tensile strength of the parent metal.
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Direct-immersion cooling is considered to be one of the most effective cooling technologies
for high-speed computers. However, there are many problems in practical applications, such
as temperature overshoot. To eliminate this problem, using a mixture of various coolants
has been found to provide several benefits. At room temperature, the temperature overshoot

on the chip surface at the onset of boiling is decreased by using a mixture of coolants
having different boiling points. At liquid nitrogen temperature (77 K), the maximum heat
flux is increased by adding fluorocarbon to pure liquid nitrogen. This paper discusses the
effects of using a mixture of coolants and adding fluorocarbons.

1. Introduction

LSI chips mounted on circuit boards in high-
speed computers generate large amounts of heat.
The problem of heat dissipation makes cooling
technology increasingly important in high-
density packaging. Recently, the activities in
cryogenic electronics have greatly increased
because operating devices at liquid-nitrogen
temperature (77 K) yield a direct improvement
in performancel)’z). Therefore, power dissipa-
tion at 77 K also increases with faster switching
and shorter gate lengths of devices.

A number of cooling technologies have been
proposed and developed, such as direct or
indirect forced liquid cooling®®). Direct-
immersion cooling is the one of the most ef-
fective techniques for cooling high-density
LSI devices on circuit boards. This technique
transfers the heat at boiling and has a large heat-
transfer capacity. Direct-immersion cooling with
fluorocarbon or liquid nitrogen has about ten
times the cooling capability of forced-air cooling.
However, there are some problems in the practi-
cal applications of direct-immersion cooling in
high-speed computers. One is the temperature
overshoot on the chip surface at the onset of
boiling. The overshoot produces unstable
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cooling, and is an obstacle to practical applica-
tion®). Another is that there are few low-
temperature coolants and their cooling capacity
is too low for cryogenic devices.

To solve these problems, the authors investi-
gated the coolant composition and found
suitable combinations of coolants having differ-
ent boiling points which prevent temperature
overshoot. Furthermore, it was found that
adding fluorocarbons to liquid nitrogen im-
proved the cooling capability on a 77 K GaAs
chip to 60 W/cm?, three times that of liquid
nitrogen. This study discusses the effects of
using a mixture of coolants on cooling at the
boiling point.

2. Experiment

Two kinds of immersion-cooling models
were used to evaluate the effects of using a mix-
ture of coolants. One model uses fluorocarbons
at room temperature, and the other is the 77 K
cooling model using a nitrogen liquefier.

To evaluate the effects on the prevention of
temperature overshoot, the authors used a
sealed 1000 cm® cooling module with a water-
cooled heat-exchanger in the head. Si LSI
models (10 x 10 mm) mounted on the glass-

FUJITSU Sci. Tech. J., 28, 3, pp. 316-320 (September 1992)
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* circuit board

Fig. 1 -Immersion<ooling module for room-temperature
cooling.
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mixture
Gas
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Ay
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Fig. 2—Liquefier for cryogenic cooling.

ceramic circuit board (100 x 100 x 6 mm)7) by
flip-chip bonding are immersed vertically in the
module, as shown in Fig. 1. The gap between
the chip and circuit board is 120 um. The
module is filled with coolant except for a small
space for the vapor. The coolants are mixtures
of two fluorocarbons, FX-3250 (boiling point:
56 °C) and FX-3300 (boiling point: 102 °C).
Coolant FX-3300 was mixed with FX-3250 at
volume ratio from O percent to 100 percent. The
boiling point of the mixture of coolants was also
measured in the module.

The liquefier consisted of a stirling cycle
refrigerator and a high-pressure cylinder contain-
ing mixed gas as shown in Fig. 2. An insulated

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 3—GaAs LSI chip model.

thermostat in the cold head of the refrigerator
was used to evaluate the coolants, pure nitrogen,
and several concentrations of the fluorocarbons
CF, and C,F4 with nitrogen added. The volume
of the thermostat is ¢ 180 x 150 mm?3. A circuit
board with GaAs chips (10 x 10 mm) is im-
mersed vertically in the coolant in this thermo-
stat. The pressure in the thermostat was held at
0.1 MPa. The cooling capability is defined as the
heat flux at the transition point from nucleate
boiling to film boiling. The transition point is
determined by measuring the relationship
between the chip temperature and the power
dissipation. The chip temperature was measured
by the diodes embedded in the chip.

The authors evaluated the cooling capability
using GaAs chip as the model of a high electron
mobility transistor (HEMT) device. The chip
layout is given in Fig. 3. The chips have 215
indium solder bumps 0.2 mm in diameter for
flip-chip bonding, a heater occupying an 8 x 8
mm area, and three diodes, one at center of
chip, and two at the corners. The thermal ex-
pansion of the multilayer ceramic circuit board
(100 x 100 x 5 mm) conformed to GaAs®. The
distance between the chip and circuit board is
120 um, the same height as the bumps.
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3. Results and discussion
3.1 Prevention of temperature overshoot

A typical temperature overshoot phenome-
non on the surface of LSI chip immersed di-
rectly in fluorocarbon FX-3250 is shown in
Fig. 4. Nucleate boiling usually starts at about
65 °C, but the overshoot exceeds 5 K. Figure 5
shows the relationship between the coolant
composition and the degree of overshoot.
Adding FX-3300 to FX-3250 reduces the
overshoot, and the minimum overshoot is
reached using coolants mixed in the ratio of

50

Coolant : fluorocarbon(b.p. 56 °C)

Heat flux (W/cm?)

Overshoot

0" 1 1
22 5 10 20

Superheat 4T (Tewip — Tsaturation) (°C)

Fig. 4 —Typical temperature overshoot phenomena on
chip surface.
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o
g
-
E
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Concentration of coolant FX-3300 in FX-3250 (vol%)

Fig. 5—Prevention of overshoot.
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80:20. This may be due to the onset temper-
ature of nucleate boiling being reduced as
azeotropic boiling occurs. Alternatively, the
material with the lower boiling point starts
boiling before the mixture of coolants having
the typical boiling point. Figure 6 shows the
chip temperature at which nucleate boiling
starts when the pure coolants and the mixture
of coolants are used. For the 80:20 coolant
mixture, the boiling point is only 5 K higher
than that of pure FX-3250, but it creates no
problems concerning the effectiveness of cool-
ing.

3.2 High-capability cryogenic coolant

Figure 7 shows the boiling characteristics of
fluorocarbon containing nitrogen. As low-
temperature coolants are used at boiling point,
the heat is transferred in the nucleate boiling
region. The cooling capability, equal to the
maximum boiling heat that can be transferred,
is the maximum heat flux at the transition
point from nucleate boiling to film boiling.
The maximum heat flux of GaAs chips im-
mersed in pure nitrogen is 20 W/cm?. The cool-
ing capability of nitrogen can barely handle the
maximum power density of 4.1 kgates HEMT,
20 W/cm?2®),

CF, mixed with nitrogen increases the
cooling capability to three times that of liquid

100

Boiling point (°C)
T

-~
1
T

50 1 1 1
0 25 50 75 100

Concentration of coolant FX-3300 in FX-3250 (vol%)

Fig. 6 —Starting point of nucleate on chip surface.
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nitrogen. CF, is able to be dissolved in the
liquid nitrogen irrespective of the concentration.
The superheat of GaAs chips at the transition
point when the film boils is less than 12 K,
which is three times that of pure nitrogen.
In addition, the boiling point is the same as pure
nitrogen, since the only a small amount of
CF, is added. Figure 8 shows the influence of
the fluorocarbon concentration. The maximum
cooling capacity, 60 W/cm?, is attained at
6 mol%. Fluorocarbon containing liquid nitro-
gen is a little thicker, and the bubbles generated

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 9—Relationship between surface tension of liquid
nitrogen and CF4 concentration.

at boiling are smaller and more uniform in size
than those of nitrogen alone. The C,Fg4 solu-
bility in liquid nitrogen is only 0.5 mol%,
because it easily freezes at the boiling point of
nitrogen. Nevertheless, adding C,F, increases
the capability to 40 W/cm?. The superheat and
boiling point are the same as CF, containing
liquid nitrogen.

Some of the factors that improve the cooling
capability are as follows. One is the volume
decrease due to mixing, like that in mixing
water and alcohol. When the mean free path
diameters of molecules differ greatly, the
volume of the mixture is decreased by close
packing. Therefore, the heat of vaporization per
volume increases and this increases the cooling
capability. As the dependency of the CF, con-
centration is a maximum, the effect of the
volume appears to be the cause of the increased
cooling capability. However, the mean free path
diameters of molecules calculated from the
density are very similar to each other.

Another reason for the increase is the re-
duced surface tension. The mixed coolant has
smaller, more uniform bubbles than pure nitro-
gen. The following equation shows the diameter
dg and the bubble generation speed fm).

dg”f=0.56g" =175 cm”s™!
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Because the bubbles destroy the boundary
layer of the coolant, the cooling capability
increases as the bubbles are generated faster.
The surface tension of the coolant mixture is
shown in Fig. 9. The surface tension of the
coolant mixture is lower than those of pure
nitrogen and CF,.

4. Conclusion

A new cooling technique for high-density
packaging and heat dissipation in LSI devices
is the use of a coolant mixture. The mixture
contains two fluorocarbons having different
boiling points and prevents temperature over-
shoot on the chip surface. Furthermore, adding
fluorocarbon to liquid nitrogen increases the
maximum heat flux of liquid nitrogen. By
adding 6 mol% CF, to nitrogen, the cooling
capability on 77 K GaAs chips increases to
60 W/cm?, three times that of nitrogen alone.
The increased cooling capability is thought to
be caused by the decrease in surface tension
when adding CF,.

The cooling capacity is sufficient to disperse
the heat generated by HEMT or CMOS LSIs,
and will contribute to the future development of
cryogenic devices with greater power dissipation
and computers using these devices.
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For flip-chip bonding of HEMTs, the thermal expansion of zirconia/borosilicate glass com-
posite substrate must match that of GaAs below room temperature. Normally, zirconium
silicate reduces the expansion of the composite substrate. In this research, zirconia powder
coated with alumina by freeze-drying was used to prevent the formation of zirconium
silicate. By also controlling the ratio of glass to alumina-coated powder, the difference in
thermal expansions of GaAs and the new composite was limited to 0.4 x 10 % between
77 K and room temperature. This compares favorably with the figure for conventional
alumina. A test module of the new composite verified that connection reliability in liquid

nitrogen is greatly improved.

1. Introduction

To take full advantage of the superior
switching speed of the high electron mobility
transistor (HEMT) in applications such as large
scale computers, packaging technologies that
minimize the signal paths between HEMT LSI
devices are needed. This requirement makes
flip-chip connection a better choice than wire
bonding and tape automated bonding (TAB).

Operation in liquid nitrogen makes the
HEMT computer more attractive because
HEMTs switch faster at lower temperaturesl).
However, because of the large difference in
packaging and operating temperatures, stable
operation down to 77 K cannot be achieved
unless the substrate and chip have closely
matched thermal expansions.

The thermal expansion of GaAs is greater
than that of silicon and other conventional

This paper was presented at the 1991 International
Electronics Packaging Conference (IEPC), September 17,
1991, at San Diego, CA, USA.

FUJITSU Sci. Tech. J., 28, 3, pp. 321-328 (September 1992)

packaging materials; therefore, a new material
is needed. As far as we know, such a material has
not been reported, except one of our previously
proposed composite materials®®) .

This paper describes the fabrication and
performance of the new multilayer substrate
material. This paper also describes a module
that generates random numbers at 77 K. The
module consists of twenty HEMT chips flip-
chip-bonded to a multilayer substrate having
copper conductors.

2. Experiment

Figure 1 shows the thermal expansions of
GaAs, zirconia (ZrO,), and four conventional
packaging materials below room temperature.
As can be seen, the thermal expansion of GaAs
is greater than that of the conventional ceramics
and less than that of zirconia. (Zirconia is one
of the few ceramics that has a greater thermal
expansion than GaAs.) We therefore developed
glass/ceramic composites based on zirconia
and borosilicate glass to obtain a new material
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Fig. 1—Thermal expansions of GaAs, ZrO,, and con-
ventional ceramics below room temperature.

whose thermal expansion is close to that of
GaAs.

2.1 Glass/ceramic composite

2.1.1 Powder processing

The thermal expansion of composites can be
controlled by adjusting the ratio of glass to
zirconia. However, when doing this it is neces-
sary to prevent the formation of a new crystal-
line phase having a thermal expansion other
than the designed value. Therefore, the zirconia
powder was processed with alumina by freeze-
drying prior to mixing with borosilicate glass.

The zirconia powder was partially stabilized
with a 3-mol% Y,0; additive. The average
particle size was 0.8 um. The zirconia powder
was mixed with Al,(SO,4); solution to obtain
a zirconia content of 10 wt%. The suspension
was injected into liquid nitrogen through a
nozzle with a 0.5 mm inside diameter and frozen
into I-mm-diameter particles. The particles were
then freeze-dryed, with the atmospheric pressure
in the dryer kept at 0.1 Torr and the temper-
ature increased gradually over a 50 h period.
Finally, the dried particles were heated at
1400 °C in air to decompose the Al,(SO,);
into Al, Oj5.

2.1.2 Mixing powders and firing

Borosilicate glass, zirconia (as-received),
alumina, and alumina-treated zirconia powders
were used in this experiment. The ratios of the
glass and ceramics used are listed in Table 1.
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Table 1. Compositions of glass/ceramic composites

(wt%)
s Al, O3-
Composite Borols;llscate Zr0, Al, O3 | treated
: | zr0,
GZ 50 50 0 0
GZ+ A 50 40 10 0
GAZ 40-60 0 0 40-60
GZ: Glass and zirconia
GZ + A: Glass, zirconia, and alumina additive
GAZ: Glass and alumina-treated zirconia
GaAs chip Indium solder
Substarate
GAZ
Al,O4
SiO,
e r———— e c—
| | 50 mm

Fig. 2—Construction of thermal shock test samples.

The powders were milled in a plastic mill pot
with a binder and solvent for 20 h. The slurry
was cast using a doctor blade. The cast green
sheets were laminated and fired in nitrogen at
900 °C at the rate of 200 °C/h.

2.2 Evaluation

2.2.1 X-ray diffraction analysis and thermal

expansion measurement

We identified the crystals in the glass/
ceramic composites by X-ray diffraction analysis
(Cu target, 40kV, 20 mA). The thermal ex-
pansion was measured using a push-rod dilatom-
eter between 300 K and 77 K. Fused silica
was used as the standard specimen.

2.2.2 Thermal shock test

A thermal shock test was performed using
a composite of alumina-treated zirconia and
borosilicate glass having an alumina-treated
zirconia content of 50 wt%. Figure 2 shows the
construction of the test samples. The GaAs
chips were flip-chip-bonded to three types of
substrate: the composite substrate, a 99 percent
alumina substrate, and a fused silica substrate.
The GaAs chips were 50 x 5 x 0.6 mm (about

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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ten times larger than LSI chips), and the sub-
strates were 100 x 100 x 3 mm. A thin Au/Pt/Ti
metallization film was formed by sputtering the
polished surfaces of the substrates. The GaAs
chips were mounted on the substrates and
bonded at both ends with indium solder. Indium
was used because of its good fatigue-resistance
in liquid nitrogen.

We conducted a thermal shock test by im-
mersing the models in liquid nitrogen for 30 s,
then exposing them to nitrogen gas at room
temperature for 30 s. The bonding failure rate
was determined from the number of chips that
had detached from the substrates on one or
more sides.

3. Results
3.1 Thermal expansion of the composites

Figure 3 shows the X-ray diffraction analy-
ses of the three glass/ceramic composites listed
in Table 1. The figure shows that zirconium

silicate formed in the GZ and GZ + A compos-
ites but not in the GAZ composite.

Figure 4 shows the thermal expansions of
GaAs and the three composites between 300 K
and 77 K. The thermal expansion of the GAZ
composite was closest to that of GaAs. The
thermal expansions of the GZ and GZ+ A
composites were the lowest.

Figures 3 and 4 suggest that the alumina

O‘/ZrO2

Intensity (arb. units)

o
o o
L_L A h Dy GAZ
& 1
| |
10 30 50 70 90

Diffraction angle 26 (deg)

Fig. 3—X-ray diffraction analyses of glass/ceramic
composites.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

treatment of zirconia powder prevents zirconi-
um silicate formation in glass/ceramic com-
posites, and, therefore, provides thermal ex-
pansion matching.

Figure 5 shows how the content of alumina-
treated zirconia powder in the glass affects the
difference in the thermal expansions (ATE) of
GaAs and the GAZ composite between 77 K
and 300 K. The figure shows that the increase in
thermal expansion varies with the content of
alumina-treated zirconia powder. When the
alumina-treated zirconia content was 50 wt%,
ATE remained within 1 x 107* between 77 K
and 300 K.

3.2 Thermal shock test
Figure 6 shows the bonding failure rates of
the SiO,, Al, 05, and GAZ composite after

GAZ

Thermal expansion 4L/L (x 10%)

GaAs

Temperature (K)

Fig. 4—Thermal expansions of GaAs and glass/ceramic
composites between 77 K and 300 K.

Alumina-treated
zirconia (wt %)

ATE = TE(GAZ) — TE (GaAs)

1 L 1

0 l(l)() 200 300
Temperature (K)

Thermal-expansion difference ATE (X 10%)

Fig. 5—Effect of alumina-treated zirconia on the
difference in thermal expansions (ATE) of GaAs
and GAZ composite between 77 K and 300 K.
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Fig. 6—Bonding failure rates after thermal shock testing.

thermal shock testing. All of the chips on the
fused silica substrates detached after one ther-
mal shock cycle. Sixty percent of all the chips
on the alumina substrates detached after one
cycle, and the failure rate increased with each
cycle. However, only ten percent of the chips
on the GAZ composite substrates detached
after 100 cycles.

4. Discussion
4.1 Thermal expansion matching

Figure 7 shows our model of how zirconium
silicate formation is prevented in the GAZ
composite. In the GZ composite, zirconia
readily combines with the silica in the glass to
form zirconium silicate. In Fig. 7, the diagram
for the GZ+ A composite shows that simply
adding alumina powder does not prevent the
formation of zirconium silicate. However, we
think that the alumina treatment of zirconia
powder creates a thin film of alumina on the
surface of the zirconia powder which acts as a
barrier to the reaction.

The thickness of this film is estimated to be
0.01 um, based on the composition of the
suspension. This can be checked using a method
such as transmission electron microscopy.

The thermal expansion coefficient of com-
posite materials is generally described by

(X:E(O(iViEi)/Z(ViEi), ...... (1)
Where « is the thermal expansion coefficient, V'
is the volume ratio, and E is Young’s modulus®.
The differences in thermal expansions shown in
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GZ GZ + A

AlO; powder

B,05-Si0,

AlO;4 film

Fig. 7—Model of how zirconium silicate formation is
prevented.

Table 2. Differences in thermal expansions (ATE)
between 77 K and 300 K, and bonding failure
rates after 100 thermal cycles

NTE Bonding failure rate
Substrate’ | (79300 K) | after 100 evcles (%)
GAZ 0.4 x 10 10
Al, Os 3.7x107* 90
SiO, 9.6 x 107 100
Fig. 5 closely match those obtained using

Equation (1).

4.2 Thermal shock resistance

Table 2 shows the differences in thermal
expansions (ATE) between 77 K and 300 K
and the bonding failure rates after 100 thermal
shock cycles for GaAs bonded to the SiO,,
Al, 05, and GAZ composite substrates. The
ATE values were calculated from Figs. 1 and
5. The table shows that the bonding failure
rate increases with the difference in thermal
expansions. Ninety percent of the GAZ com-
posite samples survived 100 thermal shock
cycles.

In the thermal shock test, the temperature
was changed from 77 K to 300 K in 30s, and
the test chips were about ten times larger than
LSI chips. These results suggest that reducing
the rate of temperature change and the size of
LSI chips will limit the bonding failure rate to
under ten percent.

The high bonding reliability of the GAZ
composite observed in these experiments sug-
gests that it is the best choice for HEMT packag-
ing.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Alumina-treated zirconia :

Green sheet
50 wt%
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Screen printing
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l
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Fig. 8 —Fabrication of multilayer substrate.
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Fig. 9—Relationship between GAZ composite density
and firing temperature.

5. Application

We developed a multilayer substrate using
the GAZ composite and copper conductors, and
used it to fabricate a HEMT random number
generator. The electrical specifications of this
module in liquid nitrogen were then obtained.

5.1 Multilayer ceramic substrate

Figure 8 shows the fabrication process of the
multilayer substrate. Green sheets of borosilicate
glass and.the alumina-treated zirconia powder
(GAZ) composite (alumina-treated zirconia
content: 50 wt%) were cast, cut into 180 mm
squares, and then drilled. Copper paste was
screen-printed onto the sheets to form the
wiring patterns and to fill the holes. Twenty

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

10 gm

Fig. 10—SEM of polished surface of composite.

500 gm
Fig. 11—Cross section of multilayer substrate.

sheets were aligned and laminated to form
a 5-mm thick sheet. Then the lamination was
fired in nitrogen at 900 °C for 5 h.

Figure 9 shows the relationship between the
GAZ composite density and the firing tempera-
ture. The density exceeded 96 percent at the
optimum firing temperature of 900 °C. Fig-
ure 10 shows the microstructure of the GAZ
composite after firing at 900 °C in nitrogen.
The figure shows that the resulting composite
is dense and homogeneous. Firing under these
conditions enables the composite to co-fire
with the copper conductors. Copper is the most
suitable material for wiring because it is inex-
pensive, has the lowest conductivity of all

metals at liquid nitrogen temperatures), and
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Table 3. Disign values of vias and wiring patterns

Conductor Cu
Via diameter (um) 100
Line width ~ (um) 100
Line spacing (um) 300
Multilayer design
Signal 8 layers
Power 8 layers

COCT-0004-TUB2/02

—
30 mm

Fig. 12—Multilayer substrate prior to assembly.

has a strong resistance to migration.

Figure 11 shows a cross section of the
multilayer substrate. The substrate has 16 thick-
film layers connected by copper conductors.
Table 3 lists the design values of the vias and
wiring patterns.

The substrate is 120 mm square and 4 mm
thick. Figure 12 shows the substrate prior to
assembly. A metallization film for bonding pads
was formed by sputtering both substrate sur-
faces after polishing them so that their rough-
ness was less than 0.05 um Ra"®'?. The metal-
lization film is gold over platinum with a titani-
um underlayer formed by the lift-off process.
The metallization film is 2.5 um thick.

Note) Ra: Average surface roughness
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Fig. 13 —Random number generator module consisting
of 20 HEMT chips. The chips are flip-chip-
bonded to the multilayer substrate®

Fig. 14 —Close-up of the flip-chip bond. GaAs chips are
flip-chip-bonded to the substrate with indium
solder.

5.2 Random number generator

The random number generator module
consists of 20 HEMT chips flip-chip-bonded to
the multilayer substrate®) (see Fig. 13). The
module generates 32-bit random numbers using
a 47-step shift register loop, and is fixed to a
frame for mechanical support and I/O connec-
tion. Twelve of these chips are 8.2-mm-square
logic chips having 124 terminals, and the other
eight are 5-mm-square RAM chips having 72
terminals. Indium was used for the solder bumps
because of its resistance to fatigue in liquid
nitrogen”’. Figure 14 shows a close-up of the
flip-chip bond.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Multilayer
substrate

HEMT :
LSI chip it
Liquid
nitrogen

Cryostat

Fig. 15—Closed-loop cooling system for random number
generator module.

Table 4. Electrical specifications of random number

generator
Resistivity (m&2/cm) 200
?npedance () 50
Dielectric constant 8.9
Tpqg (ns/m) 10
Clock cycle (ns) 1.49

The module was cooled to 77 K over an
interval of one hour using a closed-loop cryo-
genic cooling system (see Fig. 15), and then
powered ups). The module operated stably in
liquid nitrogen for 500 thermal cycles between
300 K and 77 K. Table 4 lists the electrical
specifications of the module and substrate. The
shortest clock cycle was 1.49 ns. The resistivity
of the wiring between chips was less than
200 m&2/cm, and the signal propagation delay
was 10 ns/m.

This module confirms that the new substrate
enables flip-chip connection of HEMTs for
operation at 77 K. However, due to routing
limitations, the HEMT chips in this module
occupy only 16 percent of the available sub-
strate area. Although we can soon achieve higher
packaging densities (either by increasing the
number of wiring layers or by reducing the
wiring line pitch), to approach full utilization
using GaAsg), further refinements in multilayer
ceramic wiring techniques will be required.

6. Conclusion
We developed a new ceramic material

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

composed of glass and alumina-treated zirconia
powders. The thermal expansion of the material
was closely adjusted to that of GaAs by control-
ling the ratio of glass to alumina-treated zirconia
powder. The reliability of flip-chip bonds
between GaAs chips and substrates made from
the new ceramic was high. We built a random
number generator consisting of twenty HEMT
chips flip-chip-bonded to a multilayer substrate
made from the new ceramic. The module stably
generated random numbers at a 1.49-ns clock
cycle at 77 K, indicating that this packaging
technique does not degrade the switching speed
of HEMTs at 77 K.
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The microwave transmission losses and phase velocities of Bi-Sr-Ca-Cu-O (BSCCO) micro-
striplines were measured as a function of temperature and frequency. Microstrip meander
lines 78 mm long and 200 um wide were prepared using Bi-based superconducting films. The
transmission properties of these lines were studied at frequencies up to 18 GHz using a
vector network analyzer. The loss in these lines was less than that in a geometrically
equivalent gold line up to 18 GHz and was 1.5 dB at 10 GHz and 54.6 K. The phase velocity
of the BSCCO lines was 1.18 x 10'° cm/s at 54 K and 1 GHz, which is slightly lower than

the figure obtained for the gold line.

1. Introduction

A thorough characterization of the micro-
wave response of oxide superconductors has far-
reaching implications, both as a tool for investi-
gating the superconducting mechanism and also
as a means of assessing the suitability of these
materials in high-frequency applications. To
date, most studies on the microwave properties
of oxide superconductors have been done using
cavity perturbation methods, focusing mainly on
Y-Ba-Cu-O (YBCO)I)'S). Results have also been
reported for TI-Ba-Ca-Cu-0®"""). The perturba-
tion method is excellent for surface impedance
measurements because the materials couple to
the electromagnetic field without ohmic contact.
However, direct investigation of practical micro-
wave devices such as microstrip transmission
lines, stripline resonators, and delay lines is
more relevant.

The propagation properties of superconduct-
ing transmission lines have been studied by
several researchers® '®. These studies have
shown that superconducting transmission lines
act as low attenuation and frequency dispersion-
less transmission lines up to well-below their gap
frequency, wg. The wg figures for high-T¢
materials are expected to be more than 10 THz.

FUJITSU Sci. Tech. J., 28, 3, pp. 329-334 (September 1992)

High-T¢: superconducting transmission lines will
enhance the performance of high-speed digital
communication systems.

Although Bi-Sr-Ca-Cu-O (BSCCO) is general-
ly more difficult to synthesize”), its high-T¢
phase (Bi,Sr,Ca,Cu;0Ox) has several potential
advantages because its higher T implies less loss
due to thermally excited quasiparticles. We have
studied BSCCO microwave properties and have
reported on microwave transmission through
polycrystalline BSCCO double-sided micro-
striplines”)’”).

This paper discusses the results of microwave
measurements on meander microstriplines that
were made using as-deposited superconducting
BSCCO films. The transmission losses and phase
delays versus temperature of samples produced
on a 0.25 mm thick MgO substrate were ob-
tained for frequencies up to 18 GHz. These
results were then compared with those obtained
for a geometrically identical gold microstripline.

2. Sample preparation and characterization
2.1 Sputtering

Since high-frequency properties in super-
conductors are extremely sensitive to the pre-
sence of intergrowths and impurity phases, the
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Table 1. Sputtering conditions

Item Conditions
Target Bi:Sr:Ca:Cu =3:1.9:2:3.5
Heater temperature (°C) 760
Sputtering gas Ar:0, =1:1
Gas pressure (Torr) 10
f power (W) 25 (0.3 W/ecm?)

. =) N a
N = L=y
S Annealed S S =
g 3
g =S
=
b
E k
g
= As-grown
1 h k
10 20 30 40

26 (deg)

Fig. 1 —X-ray diffraction patterns for as-deposited and
post-deposition annealed films. Each peak is
assigned to the (00n) plane of high-T phase
materials, where » is an even number.

Annealing increases the intensity of the peaks,
but does not significantly change their positions.

synthesis conditions must be carefully moni-
tored and controlled in order to minimize their
formation.

Superconducting films were grown on MgO
substrates by radio frequency (rf) magnetron
sputtering from a composite BSCCO target
(Bi:Sr:Ca:Cu =3:1.9:2:3.5). The deposited film
was slightly Cu-rich but almost stoichiometric.
The sputtering conditions are shown in Table 1.
The substrates were secured to a stainless steel
block that was heated to 760 °C during deposi-
tion. In order to grow a high-7¢ phase film, the
deposition was done at the very slow rate of
0.3 nm/min to 1 nm/min. The total film thick-
ness was about 200 nm after ten hours of
deposition.

2.2 Film characterization

Post-deposition annealing at 850 °C was
done to improve the superconducting properties.
X-ray diffraction patterns showed that the films
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0.8

0.6F As-deposited

Post-deposition-
annealed

Resistivity (107# Q «cm)

0 50 100 ' 1%0 ' 200
Temperature (K)

Fig. 2—Resistivity versus temperature for as-deposited

film and annealed film. Onset temperatures are

97 K and 119 K. T values (R = 0) are

64 K and 89 K.

were nearly single-phase high-7: materials (see
Fig. 1). Figure 2 shows the temperature depend-
ence of the film’s resistivity. Before annealing,
Tc (R=0) was 64 K. This figure improved to
89 K after annealing.

2.3 Fabrication of microstripline

Annealed films were wet etched to produce
a meander line 78 mm long and 200 um wide.
Before making the microwave measurements,
the temperature dependence of the stripline’s
resistance was measured using a simple two-
point probe method.

The onset temperature was 94 K, and 7
(R =0) was about 60 K. After patterning, a
gold ground plane was deposited on the reverse
side of the MgO substrate by conventional e-gun
evaporation.

3. Microwave measurements
3.1 Measurement system
The loss and phase delay between 50 MHz
and 18 GHz were measured using a Hewlett-
Packard HP-8510 vector network analyzer.
Figure 3 shows the schematic diagram of the
measurement system. The sample is placed on a
cold stage in a high-vacuum chamber and cooled
from room temperature to 40 K using a refrige-
rator with a closed helium gas cycle.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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HP-8510 vector
network
analyzer

Microstripline

]<———Cold stage

-—
High-vacuum |
exhaust system

He gas

Refrigerator

Fig. 3 —Schematic diagram of the measurement system.

Fig. 4—BSCCO microstripline mounted on the measure-
ment stage. Midsection is made of invar alloys.
BSCCO meander line is connected to gold micro-
striplines of launcher blocks by gold ribbons.

3.2 Measurement module and calibration

The microstripline was mounted on a gold-
plated stage consisting of a mid-section and two
launcher blocks (see Fig. 4). The launcher blocks
are Hewlett-Packard microcircuit modular pack-
ages. The superconducting line was connected to
the launcher block stripline using silver paint
and gold ribbons. The midsection is made of
invar alloys to accomodate the thermal expan-
sion mismatch between the stage and substrate.
Microwave calibration was done using a through-

FUJITSU Sci. Tech. J., 28, 3,:(September 1992)

reflect-line (TRL) technique at room tempera-
ture. TRL calibration has the advantage that the
measurement’s reference planes are exactly at
the ends of the superconducting microstrip-
line. In other words, the magnitude and phase
delay at the input end of the superconducting
line are unity and zero, respectively, and the
magnitude and phase of the output signal are
measured at the output end of the line. This
allows the transmission loss and phase delay to
be measured without the introduction of errors
from the launcher block striplines and con-
nectors,

3.3 Reference sample

The transmission properties were compared
with those of a geometrically identical 360-nm-
thick gold reference sample on a MgO substrate.
The reference sample was deposited by e-gun
evaporation using a metal mask. The resistivity
of the gold line was 3.0 uf2-cm at 300 K and
1.0 uf2-cm at 95 K.

4. Results
4.1 Transmission loss

Frequency dependent transmission loss
rapidly decreased below the onset temperature
(see Fig.5). The losses at 10 GHz were as
follows: 3.1 dB at 63.8 K, 1.9 dB at 59.2 K, and
1.5 dB at 54.6 K. The low points in transmission
power around 6.5 GHz and 13 GHz were attrib-
uted to resonances in the meader line due to
the high impedance parts at its curves.

The transmission losses of the BSCCO
lines were compared with the loss of the geo-
metrically identical gold line. Up to 18 GHz, the
losses of the BSCCO lines were less than the loss
of the gold line (see Fig. 6).

4.2 Time domain response

The time domain reflection for a step input
was calculated from the frequency domain
response using Fourier transformation (see
Fig. 7). The plots that were obtained exhibit
similar jumps at 0.3 ns and 1.6 ns caused by an
impedance mismatch at the ends of the meander
line. The reflection peaks seen in Fig. 7 corre-
spond to the curves in the meander line. The gold
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Fig. 7—Time domain reflection of BSCCO and gold
meander lines for a step input. The reflection
peaks correspond to the meander line curves.
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Fig. 8 —Phase velocity versus temperature for BSCCO
and gold microstriplines.

line has a DC resistance of 4.2 /cm at 300 K,
and unlike the superconducting line, its time
domain reflection has a positive gradient. The
average propagation velocity was estimated to
be 1.17 x 10° ¢cm/s for the BSCCO lines and
1.18 x 10!° cm/s for the gold line.

4.3 Phase velocity

The phase velocity was estimated from the
measured phase delay. Because the phase delay
was significantly affected by resonance at
6.5 GHz, phase velocity was estimated below
3.4 GHz. Figure 8 shows the temperature
dependence of phase velocity in the BSCCO and
gold microstriplines.

5. Discussion

When the stripline width, W, is much larger
than the thickness of the dielectric, A, the
transmission properties can be roughly estimated
using conventional microwave theoryg). The
attenuation constant, a, and phase velocity, vp,
for a normal metal stripline are given by
Equations 1 and 2 below.

_ 1 Jweegg 2 / Mo A
% h 20 (1+WL1 20(,0) 5 Ll
c ) o -1/2
= B
AR \/e—r(l WL,/ 20(0)
c &g \~1/2
= i BSANSEE e 2)
\/e_r(l h )
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The phase velocity in normal metal is fre-
quency dependent because the skin depth, &, is
frequency dependent. In this study, « and
vp were expected to be only slightly frequency
dependent because the conductor thickness was
less than the skin depth. A simple calculation of
conductor loss showed that the attenuation
constant of the reference sample was about
0.4 dB/cm, which agrees with the attenuation
observed in the low frequency region.

The propagation constant of a superconduct-
ing stripline can be described using a two-fluid
model® as shown below.

2,.3/2 1/243
Opw u(;l EE A R (3)

g (1+ 2;10?;)"‘/2

~

Vv
p T

()

where A is the penetration depth and op is
the real part of complex conductivity in the
superconducting material and said normal
current.

This two-fluid model states that attenuation
is proportional to w?. Measurements showed
that the transmission loss of the microstripline
increases above 9 GHz. However, below 6 GHz,
the loss is only slightly frequency dependent and
does not significantly decrease when the temper-
ature decreases below 59.2 K. The loss in the
low frequency region as extrapolated from the
loss at 10 GHz using the w? rule is much less
than the loss that was actually observed. At
present, other crucial factors, for example, the
contact resistance between the superconductor
and the normal metal, are believed to dominate
transmission loss in the low frequency region.

The phase velocity of a superconducting
transmission line is expected to depend on A and
not on frequency. In other words, a super-
conducting line has kinetic inductance due to
the superconducting current flowing in the
surface layer. Below the onset temperature, the
observed phase velocity increased rapidly and
almost saturated below 50 K. This is partially

WL,

5
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explained by the temperature dependence of the
penetration depth. Below 2 GHz, the phase
velocity versus frequency of the superconduct-
ing line was more linear than that of the gold
line, but was frequency dependent. As men-
tioned above, the measured line exhibited geo-
metrical resonance at about 6.5 GHz, an effect
not eliminated even at this frequency. Further
study using a different BSCCO meander line
pattern is required.

6. Conclusion

We fabricated nearly single-phase high-T,
Bi-Sr-Ca-Cu-O (BSCCO) meander microstriplines
on MgO substrates by rf magnetron sputtering.
The transmission losses and phase velocities of
these lines were measured up to 18 GHz. The
BSCCO lines showed a lower loss than a geo-
metrically identical gold line. Phase velocity in
the BSCCO lines is highly temperature depend-
ent and slightly frequency dependent. These
dependencies can be explained by changes in
kinetic inductance or penetration depth in the
lines. Further study using a sample that is free
from geometrical resonance is required.

References

1) Sridhar, S., Shiffman, C.A., and Hamdeh, H.:
Electrodynamic response of Y,;Ba,Cu;0; and
La; g5S1¢.15Cu0y4.4 in superconducting state. Phys.
Rev., B36, 4, pp. 2301-2303 (1987).

2) Awasthi, A.M., Carini, J.P., Alavi, B.,and Griiner G.:
Millimeter-wave Surface Impedance Measurements
of YBa,Cu30,.5 Ceramic Superconductors. Sol.
State Commun., 67,4, pp. 373-377 (1988).

3) Martens, J.S., and Beyer, J.B.: Microwave Surface
Resistance of YBa,Cu3O04.5. Appl Phys. Lett.,
52,21, pp. 1822-1824 (1988).

4) Kobayashi, M., Okabe, K., Tanuma, S., Sankawa, I.,
Sato, M., Konaka, T., and Ishihara, K.: Microwave
Surface Resistance of YBa,Cu307.5. IEEE Trans.
Magnetics, 25, 2, pp. 997-1000 (1989).

5) Cooke, D.W., Gray, E.R., Arendt, P.N., Elliott, N.E.,
Rollett, A.D., Schofield, T.G., Mogro-Campero, A.,
and Turner, L.G.: Microwave surface resistance of
YBa,Cu; 0, thin films on LaAlO; Substrates.
J. Appl. Phys., 68,5, pp. 2514-2516 (1990).

6) Newman, H.S., Singh, A.K., Sadananda, K., and
Imam M.A.: Microwave Surface Resistance of Bulk

333



A. Tanaka et al.: High-Frequency Response in Bi-Based Superconducting Microstriplines

Tl-Ba-Ca-Cu-O Superconductors. Appl. Phys. Lett.,
54,4, pp. 389-390 (1989).

7) Chang, L.D., Moskowitz, M.J., Hammond, R.B.,
Eddy, MM., Olson, W.L, Casavant, D.D.,
Smith, E.J., and Robinson, M.: Microwave Surface
Resistance in Tl-based Superconducting Thin Films.
Appl. Phys, Lett., 55,13, pp. 1357-1359 (1989).

8) Kautz, R.L.: Picosecond Pulses on Superconducting
Striplines. J. Appl. Phys., 49, 1, pp.308-314 (1987).

9) Hornak, L.A., Tewksbury, S.K., and Hatamian, M.:
The Impact of High-T; Superconductivity on
System Communications. Proc. 1988 Electron.
Comp. Conf., Los Angeles, 1988, IEEE, 1988,
pp. 152-158.

10) Nuss, M.C., and Goossen, K.W.: Investigation of

Atsushi Tanaka

Advanced Materials Laboratory

FUJITSU LABORATORIES, ATSUGI

Bachelor of Applied Physics

The University of Tokyo 1979

Master of Applied Physics

The University of Tokyo 1981

Specializing in Superconducting
Materials

Nobuo Kamehara

Advanced Materials Laboratory

FUJITSU LABORATORIES, ATSUGI

Bachelor of Chemistry

Niigata University 1970

Specializing in Advanced Ceramic
Materials

334

High-Temperature Superconductors with Terahertz
Bandwidth Electrical Pulses. IEEE J. Quantum
Electron., 25, 12, pp. 2596-2607 (1989).

11) Tanaka, A., Kamehara, N. and Niwa, K.: Composi-
tion Dependence of high 7 Phase Formation in
Pb-doped Bi-Sr-Ca-Cu-O Thin Films. Appl. Phys.
Lett., 55,12, pp. 1252-1254 (1989).

12) Tanaka, A., Crain, J., and Niwa, K.: High-Frequency
Transmission through Bi-Sr-Ca-Cu-O Double-Sided
Microstripline on an MgO Substrate. Jpn. J. Appl.
Phys., 30, 4B, pp. L700-L702 (1991).

13) Tanaka, A., Crain, J., and Niwa, K.: Microstripline
of Bi-Sr-Ca-Cu-O and their Microwave Properties.
Proc. 3rd Int. Symp. Superconductivity, Tokyo,
Springer, 1991, pp. 1179-1182.

Koichi Niwa

Materials Laboratory

FUJITSU LABORATORIES, ATSUGI
Bachelor of Physics

Chiba University 1964

Dr. of Eng. in Electronic Ceramics
Tokyo Institute of Technology 1988
Specializing in Electronic Ceramics

FUJITSU Sci. Tech. J., 28, 3, (September 1992)



Featuring Paper

UDC667.526:681.327.5

Flash Fusible Color Toner for
Color Laser Printers

® Katsuji Ebisu ® Takahiro Kashikawa ® Norio Sawatari
(Manuscript received February 3, 1992)

A flash fusible color toner for color laser printers with flash fusing sub-systems has been
developed. This paper describes the materials developed for the color toner.

Conventional color toners cannot be used for flash fusing because they do not absorb light
energy in the near-infrared region, where the spectral intensity of flash lamps is high. There-
fore a near-infrared absorbent that enables a color toner to absorb most of the flash lamp'’s
light energy was developed. A polyester resin and an amine-modified styrene-acryl resin for
the toner binders were developed to give the toner good fusibility. The final color toner has
excellent fused fixing quality and brightness.

1. Introduction

Among the many fusing techniques used in
laser printers, flash fusing has become well
known, especially in high speed printer systems,
for its good maintainability. Flash fusing sys-
tems are easy to maintain because they do not
suffer from many of the problems found in
other systems, for example, toner off set during
heat-roll fusing. Fujitsu’s F6715E and F6700
series of printers employ flash fusing using
xenon lamps. Recently, there has been a demand
for color laser printers that print in different
colors without the need for pre-printed paper.
If color laser printers could employ flash fusing,
they would have a great advantage in the color
printing field. However, conventional color
toners cannot be used for flash fusing. This is
because these toners do not absorb light energy
in the near-infrared region, where the spectral
intensity of xenon flash lamps is high.

This paper describes a color toner technol-
ogy for color laser printers with xenon flash
fusing subsystems. Spectrum analyses were
carried out for several near-infrared absorbents
to make a color toner having a significant ab-
sorption band in the near-infrared region. Other
research was done on the melting behavior of
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the toner binder polymer to achieve better
fusing qualities, for example, good adhesion and
minimal porosity in the fused image.

2. Material for absorbing flash light energy
Fusing is a process of melting a toner image

and then fixing it to paper. The fusing methods
used in printers, facsimile machines, and copying
machines include heat-pressure, oven, pressure,
solvent, and flash fusing. Of these methods, the
flash fusing process is preferred because it has
the following advantages.

1) Flash fusing is a non-contact method, so the
resolution of the developed image is not
degraded.

2) Quick starting is possible because there is no
need to preheat the heater.

3) Even if a paper jam occurs in the fusing
zone, there is no danger of fire.

The spectral intensity of xenon flash lamps
is strong only in the near-infrared region from
800 nm to 1100 nm (see Fig. 1). The intensity
is relatively weak in other regions, including the
visible region from 400 nm to 800 nm. Black
toners absorb light throughout the spectrum,
but conventional color toners only absorb light
in specific visible regions. For instance, the ab-
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Fig. 1 —Absorptivities of toners and spectral intensity of
xenon lamp.

sorption band of red toner in the visible region
is only from 400 nm to 600 nm. To be fused by
flash lamps, the light absorption of the color
toner must be high in the near-infrared region.

We added a near-infrared absorbent to a
toner to produce a high absorption in the near-
infrared region.

3. Near-infrared absorbent
A near-infrared absorbent should have the

following characteristics:

1) Strong absorption in the near-infrared re-
gion.

2) No change in absorptivity due to light
exposure.

3) Weak absorption in the visible region to
avoid changes in the original color of the
toner.

4) No degradation of the triboelectric charging
characteristics of the toner.

Three near-infrared absorbents, ammoni-
umyl salt, aminium salt, and a nickel complex
were selected for study on the basis of these
requirements.

3.1 Molecular structure and absorption spectra
The molecular structures of the near-infrared
absorbents and their absorption spectra are
shown in Figs. 2 and 3, respectively. Ammoni-
umyl and aminium salts have wider absorption
bands than the Ni complex. Ammoniumyl salt
has absorption peaks at 950 nm and 1 600 nm,
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Fig. 2—Molecular structures of near-infrared absorbents.
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Fig. 3—Spectra of near-infrared absorbents.

while aminium salt has peaks at 975 nm and
1 110 nm. The absorption band of the ammoni-
umyl salt is especially wide and is from 800 nm
to 1800 nm. (The absorption peak of a tauto-
meric compound is usually wide.) The wide
absorption peak of ammoniumyl salt is believed
to be due to the presence of multi-isomer
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Fig. 5—Spectrum of red toner containing aminium salt.

compositions having ammonium ions that shift
their molecular positions. Aminium salt has a
very large coefficient of absorptivity at the
maximum absorption peak (designated as Ap,x ).
This coefficient is assumed to be large because
the divalent ammonium ion of aminium salt has
a strong absorptivity in the wavelength region
shown in Fig. 3.

3.2 Flash fusibility

Figures 4 to 6 show the spectra of red toners
containing various quantities of the three near-
infrared absorbents. These figures indicate that
their Am.x have a tendency to saturate at an

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 6—Spectrum of red toner containing Ni complex.

absorbent content of 2-3 wt%. The spectrum of
the toner containing aminium salt is different
from the spectrum of aminium salt and closely
resembles the spectrum of the toner containing
ammoniumyl salt. It is believed that most of the
aminium ions change to more stable ammonium
ions (see Fig.2) during the kneading process.
We conducted a fusing test on these red toners
using a Fujitsu laser printer with a flash fuser
that prints 2 000 lines per minute. The structure
of the flash fuser is shown in Fig. 7 and the flash
drive circuit is shown in Fig. 8. The fuser basical-
ly consists of two flash lamps and a reflector
that focuses the flash light onto the paper. The
most important factor affecting the fixing
quality, especially the quality of adhesion to the
paper, is the flash energy. Therefore the flash
fusibility was assessed by measuring the adhe-
sion of toners that contained various amounts of
absorbent that were fused using various amounts
of flash energy. The flash energy was varied by
varying the voltage applied to the flash lamps.
Adhesion of the fused image to the paper was
measured using the tape adhesion test’) shown
in Fig. 9. In this test, an adhesive tape is applied
to the fused image and then pressed to the paper
by two passes of an iron roller. The tape is then
peeled off at right angles to the paper surface.
The fusibility was calculated from the optical
density values (O.D.) of the original and remain-
ing images as follows:
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Fusibility (%) = (original O.D./
remaining O.D.) x 100.

The results are shown in Figs. 10 to 12. The
fusibility of the three types of toners increases
as the amount of absorbent increases. When the
flash energy is more than 1.2 J/cm?, red toner
containing only 2 wt% of ammoniumyl or
aminium salt has a fusibility above 90 percent.
Toner containing the Ni complex cannot match
this figure even when the Ni complex content is
5 wt%.

The integrated absorptivity of the toners in
the region where the spectral intensity of xenon
flash lamps is high (800 nm to 1 100 nm) were
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containing Ni complex.

calculated. Figure 13 shows the relationship be-
tween the fusibility and the integrated absorp-
tivity. The fusibility increases as integrated ab-
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Fig. 13 —Relationship between integrated absorptivity
and fusibility.

sorptivity increases over the range of 40-80 per-
cent. The fusibility saturates at integrated ab-
sorptivities above 80 percent. The fusibility at
saturation is over 90 percent.

The above shows that a high absorption
from 800 nm to 1100 nm is required for good
fixing quality.

3.3 Light resistivity

The light resistivity of the absorbent is an
important property. A toner that has a high light
resistivity does not lose absorptivity during
toner manufacture and storage. The light re-
sistivities of the three types of absorbent were
evaluated spectrally using a fading-meter during
exposure to ultraviolet light. Figures 14 to 16
show the changes in the spectra of the absorb-
ents under ultraviolet light. The absorption peak
of ammoniumyl salt at 1600 nm decreases
rapidly, while the peak at 950 nm decreases
more slowly. The absorption peak of aminium
salt has a similar tendency to decrease. After
25 h the peak of aminium salt at 975 nm almost
disappears. We measured the absorptivity of
ammoniumyl salt at 950 nm, aminium salt at
1 100 nm, and the Ni complex at 860 nm.
Figures 17 and 18 show the absorptivities and
remaining absorptivities (percentage change in
absorptivity due to irradiation) of the three
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absorbents as a function of exposure time. The
relatively high remaining absorptivity of
aminium salt is due to its high molecular extinc-
tion coefficient. However, the remaining absorp-
tivity of aminium salt after 25 h is only 20 per-
cent. The Ni complex shows the same behavior
as aminium salt regarding changes in remaining
absorptivity. The decrease in remaining absorp-
tivity of the Ni complex is especially remarkable
immediately after irradiation. The remaining
absorptivity of ammoniumyl salt remains
relatively stable and is still 50 percent after 25 h
of irradiation.

IR analyses of ammoniumyl and aminium
salt during light exposure indicate that the
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Fig. 17—Relationship between exposure time and
absorptivity.
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Fig. 18—Relationship between exposure time and
remaining absorptivity.
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decrease in absorptivity is caused by the loss of
divalent ammonium ions. The difference in the
absorptivities of ammoniumyl and aminium salt
is due to the difference in the number of ions in
the two molecules. Aminium salt is unstable
because its molecule contains many ions. An
accelerated test showed that the absorptivity of
ammoniumyl salt drops soon after exposure but
remains stable for at least two years under
normal storage conditions. The above results
show that ammoniumyl salt has a good light
resistivity.

3.4 Affect on color
The low absorption of the absorbents in the

visible region between 400 nm and 800 nm (see
Fig. 3) significantly affects the color of the
finished toner. Therefore, the affect of absorb-
ent content on a color toner containing
anthraquinone pigment was examined.

- A color can be represented by its location in
a three-dimensional color space, the axes of
which are brightness, chroma, and hue (see
Fig. 19). The color difference (4F) of a color is
its distance in the color space from a standard
color. We used the CIE L*a*p* systemz), which
is one of the most popular systems for color
estimation.

Brightness

Chroma

Fig. 19—Three-dimensional color space.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

The 4F is calculated as follows:

E = ‘(AL*)2 + (da*)? + (Ab*)2}1/z 1
L*= 116 (Y/Y,)'? - 16,

a* =500 {(X/X,)"3 — (Y/Y4)V3,
b* =200 (¥ [¥ P = (Z[Z; )13},

where X,, Y,, and Z, are the excitation values
for the complete scattering white board under
the standard light (X, = 98, Y, = 100, and
Zy, = 118).
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Fig. 20—Affect of near-infrared absorbents on the color
of fused red toner.
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Fig. 21 —Affect of near-infrared absorbents on the
chroma of fused red toner.
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Red toner without an absorbent was fused in
an oven and used as the standard color. Then the
L*, a*, and b* values of images formed by flash
fusing toners with various amounts of one of the
three absorbents were measured and the A4FE
values were calculated. The results are shown in
Fig. 20. For the three absorbents, 4E increases
linearly with the absorbent content. However,
the 4Fs of the toner containing ammoniumyl
salt and the toner containing aminium salt were
low.

The affect of the absorbent content on 4C,
the difference between the toner chroma and

the chroma of the standard color, are shown in
Fig. 21. For the three absorbents, 4C increases
with the absorbent content. The ammoniumyl
salt causes the least increase in AC of the three
absorbents. Because the absorbent affects the
toner color, the absorbent content must be
minimized. Using ammoniumyl salt, we can
produce not only bright red but also bright blue
and green.

3.5 Affect on triboelectric charge

Adding an absorbent affects the triboelectric
charging properties. The affect of ammoniumyl
salt content and Ni complex content on
triboelectric charge is shown in Fig. 22. In the
case of the Ni complex, the triboelectric charge
is significantly reduced by the addition of only
0.5 wt%. This is probably due to the high
conductivity of the Ni complex, which contains
metallic components. Triboelectric charge in-
creases with the addition of ammoniumyl salt,
which indicates that ammoniumyl salt can also
be used as a charge control agent. We therefore
compared ammoniumyl salt with polyamine, a
common charge control agent. Figure 23 shows
the affect of ammoniumyl salt content and poly-
amine content on triboelectric charge. Although
slightly inferior to poly-amine, ammoniumy]l salt
provides a sufficiently high charge. The high
charge provided by ammoniumyl salt is due to
the presence of amino groups. We therefore
concluded that ammoniumyl salt is the most
suitable absorbent for color toners in terms of
absorptivity, light resistivity, color characteris-
tics, and triboelectric charge.
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Fig. 22—Affect of ammoniumyl salt content and Ni
complex content on triboelectric charge.
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Fig. 23 —Affect of ammoniumyl salt content and poly-
amine content on triboelectric charge.

4. Toner binder polymer
4.1 Main binder

Most toner binders contain epoxy, polyester,
or styrene-acryl resin. Epoxy and polyester
resins are suitable for flash fusible toners be-
cause they are stable under irradiation by flash
light and have a high melt viscosity. We evalu-
ated the fusibility of epoxy and polyester resins.
(These resins have a melting point of 100 °C.)
Figure 24 shows enlargements of fused images
formed using an expoxy-based toner and a
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Fig. 24 —Enlargements of fused images.

polyester-based toner. Table 1 shows the fusibil-
ities of these toners. The polyester-based toner
has a lower porosity and better fusibility than
the epoxy-based toner. This is because polyester
resin contains many radicals of the ester,
calboxyl, and hydroxyl groups and therefore has
a chemical affinity with paper. Another reason
for the lower porosity is that the hydroxyl
group in polyester resin forms a hydrogen bond
with the cellulose in the paper. Figure 25 shows
the relationship between the temperature and
melt viscosity for each toner. A fused image of
the polyester-based toner is less porous because
polyester has a higher melt viscosity than epoxy
resin, even though it has the same melting point.

Therefore, polyester resin is a suitable binder
polymer for flash fusible color toners because it
has a good fusibility and produces a low-
porosity fused image.

4.2 Polymer additive

Polyester-based toner has a good fusibility
but does not provide a good triboelectric charge.
We therefore examined a polymer additive for
the purpose of increasing the triboelectric
charge. Styrene-acryl resin is polymerized with a
styrene monomer and an acrylic acid ester
monomer. A styrene-acryl resin whose acrylic
acid ester group is a monomer containing an
amino group with a strong electron donative
provides a strong positive triboelectric charge.
However, because its melt viscosity is high, the

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

Table 1. Fusibilities of toners

Epoxy-based toner Polyester-based toner

88% 94 %

108

& A\ Polyester-based toner

Z 0

Melt viscosity (Poise)
L

AN
Epoxy-based toner
L 4
L 4
A
104 l 1
70 80 90 100

Temperature (°C)

Fig. 25 —Relationships between temperature and melt
viscosities.

addition of styrene-acryl resin causes a reduction
in toner fusibility. Styrene-acryl resin with an
amino group (amine-modified styrene-acryl resin)
was therefore evaluated for its affect on fusibil-
ity and triboelectric charge. Figure 26 shows
how the amine-modified styrene-acryl resin
content affects the toner fusibility. When the
resin content is increased above 20 wt%, the
fusibility falls to below 90 percent. The affect of
the amine-modified styrene-acryl resin content
on the triboelectric charge is shown in Fig. 27.
The higher the resin content, the higher the
triboelectric charge. The triboelectric charge
must be above 15 uC/g to allow for the reduc-
tion caused by humidity. The triboelectric
charge increases with the styrene-acryl resin
content. Figure 27 shows that a resin content
of above 17 wt% is required to obtain a tribo-
electric charge of 15 uC/g. Thus, the optimum
amino-modified styrene-acryl resin content is
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Fig. 26 —Affect of amine-modified stryrene-acryl resin
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Fig. 27—Affect of amine-modified styrene-acryl resin
content on triboelectric charge.
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20 wt%. Figure 28 shows two-colored images that provides good fusibility and low-porosity

that were produced using the new color toners.

5. Conclusion

We developed a flash fusible color toner for
color laser printers with flash fusing subsystems.
The toner contains a near-infrared absorbent
which allows the toner to absorb a flash lamp’s
light energy. The absorbent has good light
resistivity and minimal influence on the color

characteristics of the toner.
The main toner binder is a polyester resin

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

fused images. The toner also contains an amine-
modified styrene-acryl resin additive that
improves the triboelectric charging properties.
The toner has excellent fixing qualities and color
brightness.

This toner makes it possible to produce a
high-speed flash-fusing color laser printer.
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This paper reports on experiments performed to determine the optimal multi-layered organic
photoconductor comprising a phthalocynanine pigment and a carrier transport material.
Metastable form titanium oxide phthalocyanine, characterized by its unique X-ray diffrac-
tion pattern, is sensitive enough to near-infrared light to be used with a compact light source
such as a laser diode (LD). The photoconductor device using this pigment in combination
with a butadiene derivative exhibits half decay exposure of less than 0.2 uJ/cm?, low residu-

al potential, and excellent durability.

1. Introduction

In recent years, low cost, small, easily main-
tainable xerographic printers have been a great
demand for office applications. Accordingly
the photoconductor devices using organic mate-
rials that are used in such printers have attracted
much attention because of their ease of mass
procuction, low cost, and worker/user safety.

Most organic photoconductor (OPC) devices
feature a multi-layered structure that consists of
a blocking layer, a thin carrier generation layer
(CGL) and a much thicker carrier transport layer
(CTL) on an aluminum substrate. In this struc-
ture, photoconductivity operates as follows!)*?):
When a charged OPC is exposed to a light
source, the CGL absorbs photons and generates
electron-hole pairs. Then, these charge carriers
(electrons or holes) travel into the CTL from the
CGL, and then to the surface of the OPC. This
neutralizes the OPC surface charges. The block-
ing layer does not contribute to the photocon-
ductivity, but it prevents unnecessary charge
injection from the ground substrate. Although
xerographic characteristics depend on both the
CGL and CTL, spectral properties of the OPC
depend only on the CGL.

Commonly, an LD, emitting close to the
800 nm wavelength light, is used as a compact
light source in desktop laser printers. Therefore,

FUJITSU Sci. Tech. J., 28, 3, pp. 347-356 (September 1992)

carrier generation materials (CGMs) should be
highly active at near-infrared wavelengths. We
investigated 7-form metal free phthalocyanine
(r-HyPc)®® and some types of titanium oxide
phthalocyanine (TiOPc)S)‘”, both of which are
well-known near-infrared sensitive CGMs. We
also studied combinations of CGMs and carrier
transport materials (CTMs) to obtain an op-
timized OPC device. Finally, the optimized OPC
device was tested on a desktop xerographic
printer.

2. Experimental
2.1 Materials
1) Carrier generation materials

We wused commercially available 7-H,Pc
pigment obtained from Toyo Ink Mfg. Co. Ltd.,
and prepared three types of TiOPc pigment from
the crude product purchased from Orient Chem.
Inc. The chemical structure of TiOPc and the
preparatiori procedure of the three pigment
polymorphs are shown in Fig. 1. To produce the
TiOPc pigment polymorphs, a mixture of
arbitrary amounts of the crude TiOPc and 10-
times amount of sulfuric acid was stirred for one
hour at a temperature below 5 °C. This was then
gradually poured into 200-times amount of
water and stirred for one hour at a temperature
below 5 °C. After decantation and filtration, the
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Fig. 1 —TiOPc chemical structute and polymorph
preparation procedure.

(DrCH:N—N
N

a) CTM-1

SO

CHaO—O\
C=CH—CH=N—N
cmo@

b) CTM-2

(C,H;5)N—CH=N—N

c) CTM-3

d) CTM-4

L
I e

(C;H5).N

(C;H;).N
e) CTM-5

Fig. 2—Chemical structure of carrier transport
materials (CTMs).
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residue was washed with water until a filtrate of
pH 6 was produced. Part of this wet precipitate
was dried. The other part was added to 200-fold
amount of solvent tetrahydrofuran (THF) and
dispersed for about three hours. After filtration,
the residue was washed with THF and dried at
110 °C for one hour, producing C-TiOPc. On the
other hand, A- and B-TiOPc were obtained by
treating the dried precipitate with solvents THF
and xylene, respectively. A THF treatment of
the dried precipitate produced A-TiOPc, while a
xylene treatment produced B-TiOPc. These poly-
morphs were confirmed by X-ray diffraction
testing.
2) Carrier transport materials

The chemical structure of the CTMs used is
shown in Fig. 2. Three types of CTMs, 1-phenyl-
1,2, 3, 4-tetrahydroquinoline-6-carboxaldehyde-
1’1’-diphenylhydrazone (CTM-1), 3, 3-bis-(p-me-
thoxyphenyl)-acrolein-1’-amino-1" 2’ 3’ 4’-tetra-
hydroquinolinehydrazone (CTM-2) and p-dieth-
ylaminophenyl (diphenyl) butadiene (CTM-5)
were obtained commercially from ANAN Co.,
Ltd. and used without further purification.
Two types of hydrazone derivatives, p-diethyl-
aminobenzaldehyde-diphenylhydrazone (CTM-3)
and 9-ethyl-3-carbazolecarbaldehyde-diphenyl-
hydrazone (CTM-4) were synthesized®. These
CTMs were yellow crystals, nearly transparent
to near-infrared light. (All CTMs transported
holes, making our OPC devices negatively
charged.)

2.2 Preparation of samples

Three types of OPC were prepared. The
first type was a sandwich cell, for measuring
CTM drift-mobility. OPC was coated on a
transparent indium tin oxide (ITO)-deposited
glass plate and a gold electrode was vacuum-
evaporated on top. The second type was a
convenient film-type device, for measuring
ordinal xerographic properties. OPC was coated
on an aluminum-electrode-evaporated polyester
film. For the last type that is suitable for printer
applications, OPC was coated on an aluminum
cylinder with a diameter of 40 mm.

These OPCs all had the same structure,
consisting of a blocking layer, a CGL and a

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Carrier transport layer
(CLL)

20 um

Blocking layer

Fig. 3—Organic photoconductor (OPC) structure.

CTL in the order shown in Fig. 3. The blocking
layer was prepared from an acetone solution of
cyanoethylated pullulan resin (Shin-Etsu Chemi-
cal Co., Ltd.: CR-S) and 1 wt% polyisocyanate
(Daicel-Huls Ltd.: B1370). The solution was
coated on the substrate by dipping to obtain a
film 1 um thick. The CGL consisted of 50 wt%
CGM dispersed in polyvinylbutyral resin (Denki
Kagaku Kogyo K.K.: #5000A). The pigment
dispersion was carried out in a sand grinder with
organic solvent, polymer and 1 mm-diameter
glass shots. The CGL was coated on the blocking
layer by dipping and the dry CGL was about
0.2 um thick. THF was the solvent for 7-H,Pc
and 1, 1, 2-trichloroethane was the solvent for
TiOPcs.. Other organic solvents gave less stable
dispersion. The CTM and polycarbonate resin
(Mitsubishi Gas Chemical Co., Inc.: Z200) were
dissolved in a mixture of dichloromethane and
1, 2-dichloroethane (1:1 by volume), and the
solution was coated on the CGL using a doctor
blade or dipping. The ratio of the CTM to the
binder resin was 50 wt%, except for that of the
CTM-5 to the binder resin, which was from
10 wt% to 50 wt%. The dry CTL was approxi-
mately 20 um thick.

2.3 Measurement technique
X-ray powder diffraction patterns were

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

measured using an X-ray powder diffractometer
(Mac Science Ltd.: MXPO3VA) that produces
CuK « radiation.

Shapes of individual phthalocyanine parti-
cles were observed using a scanning electron
microscope (JEOL Ltd.: JSM-6400).

Visible absorption spectra measurements
ranging from 1 000 nm to 500 nm of cast films,
7-H,Pc and TiOPc particles dispersed in the
resin were performed using a spectrophotometer
(Hitachi, Ltd.: 330).

The ionization potential of the CGMs and
the CTMs were estimated conventionally using a
surface analyzer (Riken Keiki Co., Ltd.: AC-1 )9).

The hole drift-mobility of the CTLs and its
field dependence were measured using the well-
known time-of-flight (TOF) technique'®'?
A schematic diagram of the TOF measurement
setup is shown in Fig. 4. The strength of the LD
light (wavelength: 780 nm) which excited the
CGM was kept low enough that the transient
photocurrent would not be affected by space
charges.

Xerographic properties were measured using
both a photoconductor analysis setup (Gentec
Co., Ltd.: Cynthia-30), the schematic diagram
of which is shown in Fig. 4, and a prototype
printer. Statis properties, which are conventional
xerographic characteristics, were measured by
the first system as follows: A corona-charged
OPC was placed in the dark for one second, and
then continuously exposed to weak light from a
xenon lamp with monochromator, while its
surface potential was recorded. The exposing
light, except for the spectral measurement
light, had a wavelength of 780 nm, and an
intensity of 2 uW/cm?. Sensitivity (half decay
exposure E,),), residual potential V;, and dark
decay were calculated from the dark decay curve
and the successive photo-induced discharge
curve.

Cylinder-type OPC drums were tested
using a printer (Fujitsu: prototype machine of
RX7100). A light emitting diode (LED) array
emitting 660 nm wavelength light was used as
the writing light sou:ce. Its light energy could be
discontinuously altered from O uJ/cm? to
4 uJ/cm? to measure dynamic photo-induced
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Fig. 4—Photoreceptor analysis and TOF measurement setups.
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Fig. 5—TiOPc X-ray diffraction patterns.

discharge properties, which is the relationship
between light energy and surface potential. Print
tests were carried out using mono-component
magnetic toner with 1.25 uJ/cm? light energy,
and then the optimized OPC drum was tested in
continuous printing. Image quality was based on
the optical density of solid images and 4Y given
by subtracting the optical reflection of the
printed background from that of nonprinted

paper.

350

3. Results and discussion
3.1 Material properties

The X-ray diffraction patterns for TiOPcs
are shown in Fig. 5. The differences in diffrac-
tion patterns for the polymorphs indicate that
the different solvent treatments promote dif-
ferent co-orientation of TiOPc molecules. The
angles of diffraction (26) characteristic for A-
TiOPc are 7.5°, 22.4°%, 25.2°, 26.1°, and 28.6°.
For B-TiOPc, they are 9.3°, 13.2°, 20.7°, 26.3°,
and 27.1°, and for C-TiOPc, they are 9.4°,9.7°,
14.9°, 24.0°, and 27.2°. The polymorphs of
TiOPcs have been well investigated by Hiller et
al®. They found two main polymorphs of
TiOPcs. One, called Phase I, is crystallized as a
monoclinic. The other called Phase 1I is crystal-
lized as a triclinic. The A-TiOPc corresponds to
Phase II and the B-TiOPc corresponds to Phase 1.
The C-TiOPc is a metastable polymorph which
could change to that of B-TiOPc after being
heated above 260 °C. The exact nature of this
metastable polymorph has not been clarified
yet.

Scanning electron microscope (SEM) images
are shown in Fig. 6. A- and C-TiOPc particles are

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 6—CGM SEM images.
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Fig. 7—CGM visible absorption spectra.

almost spherical with a diameter of about
0.2 um. In contrast, B-TiOPc particles are well
crystallized, tetragonal-rod crystals with a diam-
eter of above 5 um. This indicates that THF

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

Table 1. Ionization potential

CIM | (V) CGM I (V)
CTM-1 5.02 THPc | 4.69
_CIM2 | 5.8 A-TiOPc |  5.21
M3 | 5.03 B-TiOPc 532
CTM4 | 522 C-TiOPc |  4.95
S CIMS | 4.90

treatments of A- and C-TiOPc accelerate disper-
sion of aggregated particles as well as individual
co-orientation. A xylene treatment, in contrast,
promotes the growth of the crystal as well as
the co-orientation. Since a CGL is extremely
thin and an increased surface area enhances the
rate of photogeneration, A- and C-TiOPc are
better suited to our needs. 7-H, Pc particles were
rod-line crystallized, but much smaller than
B-TiOPc particles, with a long axis of about
0.5 um and a short axis of about 0.2 um. They
are also suitable for use as a CGM.

Visible absorption spectra of cast films are
shown in Fig. 7. The absorption spectra of
TiOPcs have a maximum at 810 nm which is
red-shifted from the maximum absorption
wavelength of 7-H,Pc. In our intended applica-
tion, a CGM needs to exhibit high absorbance in
the near-infrared region. In this respect, TiOPcs
offer improved performance over 7-H, Pc.

The ionization potential (/p) of the CGMs
and these of the CTMs are shown in Table 1.
CGM I, increases from 7-H,Pc to B-TiOPc and
C-TiOPc has the smallest /, among the TiOPcs.
Of the CTMs, the butadiene derivative has the
smallest 7, , even smaller than that of the TiOPcs.
Hydrazone derivatives, CTM-1, CTM-3, CTM+4,
and CTM-2, in that order, exhibit increasing /.
We will discuss the effects of these differing /s
later.

One of the most important CTM specifica-
tions is drift mobility u. It should be as large as
possible to provide the OPC with a quick re-
sponse required in high-speed printing systems.
Figure 8 shows the field dependence of u.
Only 7-H,Pc was used in this measurement
because CGMs have only a small affect the hole
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Fig. 9—Photo-induced discharge curve.

transport of the OPC, and generally produce the
same results. All the CTMs conventionally ex-
hibit the Poole-Frenkel field dependence of pu,
i.e. log u is directly proportional to the square
root of electric field E'", and exhibit equally
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Table 2. Xerographic characteristics (static)

CGMPQTTI Eip (MJ/cm2)‘l Vr (V) Dark({i;;cay*
7-H, Pc 052 | =11 41
A-TiOPc 04 10 17
C-TiOPc 0.16 ~18 11

#: After one second

good hole mobility, although CTM-5 and CTM-4
have a slightly larger u.

3.2 Xerographic characteristics

The static properties of OPCs that incorpo-
rate the three types of CGMs, and CTM-5 are
shown in Fig. 9 and Table 2, where initial sur-
face potential was approximately —600 V.
C-TiOPc exhibits excellent photo-induced dis-
charge properties, indicating high quantum
efficiency (the multiplied result of carrier
generation and carrier injection efficiency). This
superior OPC device has a half decay exposure
of less than 0.2 uJ/cm?, low V,, and low dark
decay. A-TiOPc and 7-H, Pc are fairly sensitive,
although 7-H, Pc exhibits fairly large dark decay.
B-TiOPc poorly photoconductive and thus
little studied, because its polymorph seemed too
large for it to be applied as a CGM (see Fig. 6).
Results for other combinations are shown in
Figs. 10 and 11. The combination of C-TiOPc
and CTM-5 gave the best results for our needs.
Sensitivity and dark decay depend little on
CTM I, for the same CGM. In contrast, V;
becomes larger in proportion to CTM ,, partic-
ularly notable for 7-H,Pc. Carrier generation
efficiency is clearly equivalent for the same CGL
and all the CTLs exhibit about the same drift
mobility, suggesting that the /, dependence of
V. is due to differences in CGL-to-CTL hole
injection efficieney. Figure 12 shows the energy
diagram of a CGM and a CTM". When the CGM
absorbs a photon, an electron is excited from
the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital
(LUMO) and the remaining hole is injected into
the CTM. The lower the CTM £, is, the more
easily holes are injected. A barrier occurs be-

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 15—Spectral sensitivity of OPCs.

discharge characteristics are determined mainly
by hole injection, although, under a high electric
field, carrier generation efficiency is the control-
ling factor.

We also studied that optimized CTM-5 has
excellent drift mobility and low [,. The con-
centration of the CTM makes a direct contri-
bution toward improved xerographic properties
as shown in Figs. 13 and 14. The concentration
does not drastically change Ey, or V; from
25 wt% to 50 wt% but, at concentrations below
20 wt%, the lower the concentration, the worse
the photoconductivity. This is due to decreased
drift mobility and hole injection at the contact
between the CGM and the CTM. For improved
mechanical durability, the concentration of
small molecules should be low. The optimal
ratio of CTM-5 to the binder resin was deter-
mined to be 25 wt% in later measurements of
spectral. sensitivity, dynamic properties and
durability.

Figure 15 shows the spectral sensitivity of
OPC using C-TiOPc and 7-H,Pc. The spectral
sensitivity curve is almost flat from 600 nm to
850 nm. Thus LDs, LEDs, He-Ne lasers, and
electroluminescence (EL) light sources are
suitable for use with our highly sensitive OPC
device.

Figure 16 shows the dynamic xerographic
properties of cylindrical OPC drums made from
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Fig. 17—Print samples.

CTM-5 and one of two types of CGM. Static
and dymnamic properties differ little, although
the static residual potential is slightly lower than
the dynamic potential when the OPC is exposed
to high energy light. Such a small difference may
be due to reciprocity law failure. The OPC
device made from C-TiOPc and CTM-5 is highly
sensitive and should be able to produce a high
contrast electrostatic latent image. This was
proved in an application to an LED printer.

3.3 Printer applications

The print sample in Fig. 17 shows good
quality, high optical density and low fog.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Figures 18 and 19 show the results of a dura-
bility test involving up to 50000 prints. Little
residual potential accumulated, and neither
sensitivity nor charge acceptance was greatly
reduced. Moreover, image quality remained
stable as shown in Figs. 17 and 19. These
demonstrate the OPC’s durability against light-
induced fatigue, ozone caused by the corona
charger, and mechanical damage.

4. Conclusion

We studied phthalocyanine pigments and
hole transport materials to obtain a highly
sensitive organic photoconductor. Testing the
optimized OPC device using an LED printer, the

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

following was determined:

1) The metastable TiOPc pigment characterized
by its unique X-ray diffraction pattern can
be used to fabricate a highly sensitive OPC
device whose half decay exposure is almost
0.2 uJ/ecm? for light in the 600-850 nm
wavelength region.

2) CTM ionization potential I, makes little
difference to half decay exposure, although
residual potential becomes proportionally
larger.

3) The butadiene derivative is the best material
for a CTM because of its high drift-mobility
and low [, and is effective even in a low
concentration.

4) An OPC device comprising the metastable
TiOPc pigment and the butadiene derivative
provides optimum image quality and dura-
bility.
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This paper describes the electrical properties of a surface stabilized ferroelectric liquid
crystal (SSFLC) display provided by an almost ideal bookshelf layer structure. The book-
shelf layer structure is produced by using ordinary rubbed polymer film cells together with a
special liquid crystal containing a naphthalene ring. Both the layer structure of the naphtha-
lene base FLCs and their electroopic switching are discussed. Some polarization switching
phenomena in conjunction with the conductivity of the orientation layer are also shown.
A multiplexed FLC prototype was built with a 640 x 201 pixel display, and this gave a
40 : 1 contrast ratio and 40 percent transmittance.

1. Introduction

A surface stabilized ferroelectric liquid
crystal (SSFLC) display has great potential for
high performance information displays, offering
high information content, high resolution, a
wide viewing angle, high contrast ratio, and a
fast response time . Although the SSFLC dis-
play has many attractive characteristics, a
practical SSFLC display has yet to be built, and
there are still several difficult problems to
overcome before a commercial SSFLC display is
possible. We have attempted to solve two of the
major problems; firstly, the uniform molecular
alignment of a bookshelf layer structure, and
secondly, elimination of the depolarization field.

A quasi-bookshelf layer structure has been
produced before in a rubbed SSFLC cell after
the application of a low-frequency electric
field?. Oblique evaporation can prevent the
formation of a chevron structure, and this leaves
a uniformly tilted layer structure® without
zigzag defects. The quasi-bookshelf structure
reported by Rieger et al.¥ and Escher et al.®)
was created by using a special liquid crystal and
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alignment material. However, we have created a
bookshelf structure that forms spontaneously
when the ambient temperature is decreased
using naphthalene base liquid crystals.

The phase sequence of ferroelectric liquid
crystals (FLCs) is known to govern the molecu-
lar alignment of an SSFLC display. Rubbed
polymer orientation films are the most likely
material for mass production, and an FLC with
the most common phase sequence: isotropic (I)-
chiralnematic (N*)-smectic A (S, )-chiralsmectic
C (Sc*) is generally believed to provide a clean
molecular alignment. We previously reported,
however, that an FLC with a phase sequence:
I-SA -Sc* and with a wide S, phase temperature
range can provide a better molecular align-
ment®””). Here we describe the uniform molecu-
lar alignment of a rubbed polymer film panel
which uses a special FLC material. This FLC
contains a naphthalene ring in its molecular
structure, has a phase sequence I-S, -S¢, and has
a wide temperature range of the S, phase. In
this paper, we analyze the layer structure by X-
ray diffraction experiments and from the
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molecular structure, verify the bookshelf struc-
ture. The relationship between the electrooptical
properties such as the response time, memory
capability and the layer structure is also dis-
cussed.

The second difficult problem of eliminating
the depolarization field was solved by using an
electrically conductive liquid crystal molecular
alignment film®  This film discharges the
charges which accumulate in the interfacial
regions and form the depolarization fields,
which degrade the memory capability. The
SSFLC display also has good anti-stress prop-
erties; the uniform molecular alignment of the
display provides a high contrast ratio of 40 : 1
and a high transmittance of 40 percent including
two polarizers under a multiplexing drive mode.

2. Smectic layer structure
2.1 X-ray diffraction profiles

The X-ray diffraction profiles of the naph-
thalene base FLC mixture cells indicate that the
naphthalene base mixture provides both a quasi-
bookshelf structure (see Fig. 1) and a bookshelf
structure (see Fig.2). The mixture for Fig. |
contains 80 wt% naphthalene liquid crystals.
The main component of this mixture is shown in
Fig. 3. The mixture for Fig. 2 contains phenyl-
pyrimidine liquid crystals and naphthalene
liquid crystals which have a chiralnematic phase.
The layer structure of Fig.1 is somewhat
different from that of the usual FLCs previously
reportedg). As shown in Fig. 4, the layer tilt
angle increases near the S, to Sc¢* transition
temperature, then decreases with decreasing
temperature. This temperature dependence of
the layer tilt angle does not correspond with the
temperature dependence of the molecular tilt
angle shown in Fig. 5. This non-correspondence
is to be expected when the layer spacing change
is not caused only by molecular tilt from the
layer normal.

As shown in Fig. 2, the naphthalene base
mixture cell has a bookshelf structure. The
smectic layer is almost perpendicular to the
substrates. The bookshelf layer structure is
maintained just below 40 °C during cooling.
During heating, however, the bookshelf layer
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Fig. 1 —X-ray diffraction profile of the Naphthalene base
mixture 1. « is the layer leaning angle.
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Fig. 2—X-ray diffraction profile of the Naphthalene base
mixture 2. «is the layer leaning angle.
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Fig. 3—Molecular structure of naphthalene base material.

structure readily undergoes a change to a chev-
ron structure when heating starts, although the
layer tilt angle remains rather small. Contrary to
Fig. 2, the layer tilt angle shown in Fig. 1 shows
exactly the same temperature dependence in
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Fig. 5—Temperature dependence of optical tilt angle of
the naphthalene base mixture.

both the heating and cooling processes. Thus,
these two naphthalene base mixtures have both
a different thermal hysteresis and a different
structure.

2.2 Layer spacings

Takanishi et al. showed the temperature
depencence of the layer tilt angle of both the
naphthalene base mixture of Fig.3 and the
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Fig. 6 —Temperature dependences of the layer spacings
of the naphthalene base mixture and Chisso
mixture'?,

Chisso mixture (see Fig. 6)10). Figure 6 indicates
that the layer spacing reduction of the naphtha-
lene base mixture is very small from the S,

pﬁase to the S¢c* phase compared to the conven-
tional FLC mixture. Moreover, in the lower
temperature range below 15 °C for instance, the
layer spacing of the naphthalene base mixture
increases, as shown in Fig. 6. This demonstrates
that the quasi-bookshelf or the bookshelf layer
structure of the naphthalene base mixture is a
spontaneous structure caused by decreasing
temperature, unlike conventional FLC materials.

2.3 Phase sequences

It is widely believed that for a rubbed
polymer alignment film cell, a chiralnematic
phase is necessary to obtain a clean molecular
alignment. In the chiralnematic phase, a parallel
molecular alignment is possible, and this parallel
molecular alignment may lead to the formation
of smectic layers. However, we have observed
that several types of FLC materials, such as
naphthalene ring FLCs which have an I-Sy -S¢ *
phase sequence and show a wide temperature
range of the S, phase, also provide a clean
molecular alignment. The bookshelf or quasi-
bookshelf smectic layer structures are also pos-
sible in these materials. In contrast, it is almost
impossible to obtain the spontaneous bookshelf
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structure using FLC materials with the I-N*-S, -
Sc* without an external treatment such as a
high-frequency electric field?). We assume that
the phase sequence affects the smectic layer
structure by surface anchoring caused by rub-
bing. Some liquid crystal molecules are anchored
on the rubbed polymer surface even in the
isotropic phase, as shown in Fig. 7. When the
rubbed polymer film cell is filled with the most
common FLC material of phase sequence I-N*-
Sa-Sc*, a layer structure misfit tends to happen
while cooling from the N* phase to the Sj
phase. This misfit may cause the disordered Su
phase layer structure shown in Fig. 8a). If an
FLC material of phase sequence I-S,-Sc* and
with a wide temperature S, phase range is filled
in the rubbed polymer film cell, even though a
layer structure misfit occurs, the wide tempera-
ture range of the S, phase may relax the layer
misfit, resulting in an ordered smectic layer
structure as shown in Fig. 8b).
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Fig. 9—Two possible liquid crystal molecules configu-
rations in the Sy and S¢* phases.

During the cooling process into the S¢*
phase, the liquid crystal molecules tilt within the
layers and the molecular length projected into
the layer normal reduces. This transition induces
a large amplitude of the density function distri-
bution. To compensate for the density function
distribution, the smectic layers bend and form a
chevron structure'''?). When the smectic layer
structure is disordered as shown in Fig. 8a), this
density function distribution is so large that the
smectic layer tends to turn into the chevron
structure. If the smectic layer structure is or-
dered as shown in Fig. 8b), the amplitude of the
density function distribution is relatively small,
and the bookshelf layer structure which is
formed in the S, phase can remain in the Sc*
phase.

Recently several papers have reported the
formation of a quasi-bookshelf layer structure
using rubbed polymer film cells*5713) The
process described above may explain the forma-
tion of this quasi-bookshelf layer structure.

The mechanism of creating a bookshelf or
quasi-bookshelf layer structure using a naphtha-
lene base FLC mixture is now being investigated.
The constant interlayer spacing of the naphtha-
lene base material shown in Fig. 6 is thought to
maintain the bookshelf layer structure in the
Sc* phase. The constant interlayer spacing may
be provided by the constant effective molecular
length projected into the layer normal. To keep
the molecular length constant, the two liquid
crystal molecule configurations shown in Fig. 9

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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may be possible. One configuration is molecular
dimerization {see Fig.9a){. Liquid crystal
molecules form dimmers in the S, phase, and
the pair of FLC molecules slide over each other
in the Si * phase. This maintains the same inter-
layer spacing in the FLC, and we should be able
to confirm this model by X-ray diffraction. If
the pair of FLC molecules slide over each other,
the liquid crystals will form a sub-layer in the
original layer structure. This should produce a
second order X-ray detected peak. However,
we have not discovered this kind of second peak
in this particular FLC cell.

The other configuration is a molecular
stretch {see Fig. 9b)}. Liquid crystal molecules
have a bend structure in the S, phase. In the
Sc* phase, the liquid crystal molecule stretches.

Thus the same molecular length is projected into
the layer normal as in the S, phase, even though
the liquid crystal molecule tilts. In this case,
it is difficult to obtain direct proof experimental-
ly. It is necessary to know both the inter- and
intro-molecular rotational behaviors in order to
know the molecular length change between the
Spn and Sc™ phases. We are now investigating
this model by solidstate nuclear magnetic
resonance (NMR) and time resolved infra-red
(IR) research, and will report the results in due
course.

3. Electrical properties
3.1 Response times

When an electric field E is applied to an
SSFLC cell, the electrooptical response is
governed by the FLC layer structure. The
first order approximation of the electrooptical

response time can be expressed asl),

where P, m is the spontaneous polarization
and is the viscosity coefficient of the FLC
material. Equation (1) shows that the electro-
optical response speed of the SSFLC cell is
proportional to the electric field strength.
In the past, however, SSFLC cells have not
agreed with Equation (1). In many cases, the
response time is known to be proportional to

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

1500

1 000

7 (us)

500
30°C

35°C
40°C

0 Al
0 0.1 0.2 0.3

1/voltage (V1)

Fig. 10—Electrical response time of the naphthalene base
mixture.

| b Thus, Equation (1) may be better
expressed as,

ST
P

where n is the power of E(n >0). The
existence of domain walls may be the reason
why the electrooptical response is not
proportional to E'®. Domain walls may form
in the layer structure, particularly the chevron
structure, and thus impede polarization switch-
ing. The bookshelf layer structure might
therefore provide a smoother polarization
switching. The electrooptical response of the
naphthalene base mixture is shown in Fig. 10.
This shows that the naphthalene base mixture
undergoes some polarization structure change
between 35 °C and 15 °C. Figures 10 and 4
suggest that the electric field strength
dependence of the response time changes with
the layer tilt angle.

Figure 11 shows, for the naphthalene base
mixture, how the electric field strength required

to induce optical switching depends on the
layer tilt angle!S). This figure suggests that for

small tilts, the optical switching of the naphtha-
lene base mixture satisfies Equation (1), which
was proposed for uniform molecular orientation.

............ (2)

T
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Fig. 11—Layer tilt angle dependence of optical switchings
for the naphthalene base mixture. n is the
power of applied electric field strength to
produce optical switchings.
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Fig. 12—Layer tilt angle dependence of polarization
switching current peak. f,, is the full width
at the half maximum of spontaneous
polarization current peak.

However, we found that the power increased for
a larger layer tilt angle, then decreased drastical-
ly. The decrease in power with layer tilt angle
may be due to the existence of domain walls,
probably caused by the chevron structure. The
drastic decrease with larger layer tilt angle is
curious. To investigate polarization switching
in this layer tilt region, we measured the full
width at half the maximum polarization current
peak, t, (see Fig. 12)!'%). Comparing Figs. 11
and 12, we found that in the E' (n = 1) region,
tw decreases quite slowly as the layer tilt angle
increases. In the n >1 region, f, decreases
somewhat, then remains almost constant. In the
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Fig. 13 —Effective polarization dependence on the layer
tilt angle. 6 is the optical tilt angle.

n <1 region, t,, is thought to be much smaller
than in the n = 1 region. Thus, Fig. 12 suggests
that in the n <1 region, sufficient polarization
switching does not occur. When the Ilayer
tilt is large, the field cannot nucleate or unpin
the domain walls.

This argument is supported by the behavior
of Pg. Figure 13 shows the layer tilt angle
dependence on Pgls). Here, 6 is the optical
tilt angle. The ratio Pg/6 starts to increase as the
layer tilt angle is increased, and reaches
a maximum at the same tilt angle which makes
n>1 in Fig. 11. Thus, at around 7-8°, there
should be some structural change. Although
Pg/0 decreases as the layer tilt angle exceeds
7-8°, Pg /0 is still relatively higher than for a
small layer tilt angle. Therefore even if the
angle is relatively large, Pg is still quite large;
due to pinned domain walls, some Pg domains
cannot switch, resulting in insufficient electro-
optical switching. The optical switching thus
occurs quickly.

3.2 Memory capability

To create a high contrast ratio in the SSFLC
cell, it is necessary to have a good memory
capability. We investigated the dependence of
memory on the layer tilt angle. Memory stability
of the material, which is the ratio of light trans-
mittance 0.5 s after removing the drive voltage,
to the transmittance when the drive voltage
is applied, is shown in Fig. 14'5). This figure
clearly shows that a small tilt angle produces a
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A. Mochizuki, and K. Motoyoshi: High Contrast SSFLC Display Utilizing Naphthalene Base . . .

100

I .\o
Q -
% msl-
= Transmittance \
E _IL{_ N— —})n 5
& 50F — 5 =
g' Drive voltage ~
B 0.5s s 0
g 95k ﬂ_ >, m/s x 100 %
= " memory stability
400 ps—him [
0 L L i L 1
0 2 4 6 8 10

Layer tilt angle (deg)

Fig. 14 —Relationship between layer tilt angle and
memory stability.

more stable memory. Several degrees of layer
tilt indicate a quasi-bookshelf layer structure,
providing more than 90 percent memory
stability.

This correlation of memory stability with
the layer tilt angle can be explained as follows.
The director in the unperturbed memory state
tends to be parallel to the boundary surfaces. In
a perfect bookshelf structure, the direction
orientation under an electric field is the same
as in the memory state, resulting in full memory
stability. In a chevron structure, however, the
apparent tilt angle, which is the projection angle
between the direction and the layer nomal,
in the memory state is smaller than when a
field is applied. The associated change in trans-
mittance by effectively terminating the field
reduces the memory stability. Even though
the layer structure is not a perfect bookshelf,
the memory stability can reach 90 percent
provided the layer tilt angle is kept within
several degrees.

4. Charge transporting orientation polymers
Several papers have reported that the
depolarization field which is induced by the
polarization switching of FLCs destabilizes
the polarization alignment, resulting in a poor
contrast ratio'®'®). This instability is probably
caused by the depolarization field. Conventional
orientation films such as polyimide films are
insulators, and the depolarization field tends to
stay in the liquid crystal cell for a while, causing

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 16 —Setup for the electrochemical synthesis of the
polypyrrole film.

polarization alignment instability.

We tried to eliminate the depolarization field
by using electrically conducting films, and used
the conductive polymer film, polypyrrole,
for the molecular orientation film.

4.1 Preparation of polypyrrole film

We synthesized polypyroole (see Fig. 15)
film by electrochemical polymerization deposi-
tion on a glass plate covered with an indium
tin oxide (ITO) transparent electrode. The
polymerization apparatus is shown in Fig. 16.
The ITO coated glass plate was placed at the
anode, and a fine gold wire coiled quartz plate
was used as the cathode. We used tetrabutylam-
monium perrhenate as the electrolyte and-
acetonitrile as the solvent and controlled the
temperature to 0 °C. The current density for
the electrochemical polymerization was typical-
ly 0.03 mA/cm?, and passing this current for
twenty to thirty seconds was sufficient to obtain
a 300 A (30 nm) thick polypyrrole film. The
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Fig. 17—Definitions of the polarization switching times.

electrical conductivity of the film produced
was about 107° S/cm, and the film is both
chemically and thermally quite stable because
of its anode oxidation polymerization. Moreover,
the electrochemically polymerized pyrrole film
is not soluble in any of the usual solvents
including liquid crystals. The film surface was
rubbed the same with usual polyimide orienta-
tion films. One of the important characteristics
of the electrochemical polymerized pyrrole film
is that the film thickness and the precise surface
flatness can be accurately controlled by adjust-
ing the synthesis temperature and the current
density.

4.2 Polarization switching properties
The polarization switching properties were
investigated using a triangular voltage waveform.
We thought to clarify the relationship between
the electrical conductivity of the orientation
film and the polarization switching times as
defined in Fig. 17.
Each polarization
defined as follows:
t¢: The first half of the polarization switch-
ing time
t;: The last half of the polarization switch-
ing time
ty - Full-width at half the maximum of the
polarization switching current peak.

switching time was
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Table 1. Polarization switching times of the ferroelectric
liquid crystal (FLC) cell with different types

of alignment films (us)
Orientation film te Ty tw tp
Polyproole 1094 94.5 90.7 242
PVA 126.3 161 120 244
PI 135.8 165.8 124.2 272
PVA/SiO, 159 1884 161 435

PVA: Polyvinylalcohol = PI: Polyimide

tp: Switching time from when the applied
triangular voltage changes polarity until
the polarization switching current
reaches its peak value.

Each half of the polarization switching time
for four types of orientation film cell is summa-
rized in Table I. The polarization switching
time, ¢ in Fig. 17, is almost the same for the
four types of cell. However, the last half of the
polarization switching time, ¢, in Fig. 17 has
variations. The value of ¢, for polypyrrole film
which has a higher electrical conductivity than
conventional polymer films®, is almost half
the value of f, for polyvinylalcohol (PVA)
with SiO, film. Polypyrrole film cells also
have a shorter ¢y or polarization switching
time, than any other orientation film cell.
The difference of #,, which is related to the
phase shift of the polarization switching current
peak, suggests that an insulation layer exists
which contributes to depolarization.

The difference of the polarization switching
times may be due to the difference in formation
of the depolarization field. The more electrically
conductive polypyrrole film effectively
suppresses the formation of the depolarization
field, and this allows faster polarization
switching, as shown in Table 1. The difference
of f, suggests that the time taken to form a
depolarization field is equal to the polarization
switching time. It is thus reasonable to assume
that the polarization switching process is
affected by the depolarization field. As the
polarization is rotated, depolarization will be
induced as shown in Fig. 18, When ¢, which
is the rotational angle of polarization in the
smectic layer as shown in Fig. 1919), is larger

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 19—Polarization switching geometry.

than m/2, the induced depolarization field Ey
will suppress depolarization switching as indi-
cated in Equation (3). In contrast, when ¢ is
smaller than w/2, polarization switching may
occur as expressed in Equation (4).

¢ A

n —= P Esin¢ +—EE2 sin? fsingcosg,
ot 4
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This kind of suppression not only destabilizes
the memory, but also disturbs polarization
switching.

4.3 Dynamic properties

The memory characteristics of the multi-
plexed FLC cell are different to the conven-
tional polyimide film cell and the polypyrrole
film cell. Figure 20 shows the change of trans-
mittance of the polyimide film cell with the
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naphthalene base FLC mixture driven by 2-field
multiplexingzo) with a 1/200 duty ratio. This
panel shows a large transmittance change when
a nonselective voltage is applied. The transmit-
tance drops drastically when a half-selective
voltage is applied, so the contrast ratio of this
panel is low at 5 : 1. However, the polypyrrole
film panel shows only a small transmittance
change when a nonselective voltage is applied,
as shown in Fig. 21. Furthermore, the transmit-
tance behavior when a half-selective voltage is
applied is significant. When the half-selective
voltage is removed, the transmittance reduces.
However, this reduction is temporary. When
a half-selective voltage is applied again, the trans-
mittance recovers to its previous level, as shown
in Fig. 21. This cell therefore has a high contrast
ratio, reaching 40 : 1. The temporary transmit-
tance change may well be due to the elimination
of the depolarization field.

5. Prototype

We constructed an SSFLC display utilizing
a napthalene base mixture as shown in Fig. 22.
To avoid an electrical short between the upper
and lower electrodes, a high dielectric constant
insulation layer TayOs**5) was placed over the
electrodes, which also suppresses the depolariza-
tion problem.

A naphthalene base mixture was used for
the FLC. The spontaneous polarization was
17 nC/cm? at 25 °C. This display uses four-slot
multiplexing driving with a 1/201 duty ratio.
This configuration produced a contrast ratio of
40 : 1 and a transmittance of 40 percent includ-
ing two polarizers. This display also showed
almost no image retention when the screen
image was refreshed. The datailed characteristics
of the display are summarized in Table 2.

6. Stability of molecular alignment

The FLC display has a molecular alignment
that is quite stable against mechanical shock.
However, it is still vulnerable to bending stress.
The anti-stress characteristics were measured
using weights as shown in Fig.23 and the
molecular alignment changed as weights were
added. The change of molecular alignment was
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Fig. 22—FLC prototype using the naphthalen liquid
crystal.

Table 2. Characteristics of the fabricated FLC display

Number of pixels (dot) 640 x 201
Effective display area (mm?) 181 x 77
Contrast ratio 40 :1
Viewing angle (*degree) 70
Transmittance (%) 40
Duty ratio 1/201
Addressing time (us/line) 160
Drive voltage (V) 18

90 mm

Weight
Panel | |
|
15 mm
R

Stage of the microscop

Fig. 23 —Setup for measuring the anti-bend stress
properties.

detected by the change of transmittance in
cross-nicols geometry as shown in Fig. 24. The
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Fig. 24 —Molecular alignment change of the fabricated
FLC display by the bending stress.

thickness of the glass substrate of the FLC
display was 0.7 mm. For weights up to 200 g
on each side as shown in Fig. 23, the molecular
alignment recoverd after removing the weights.
However, once 400 g was applied, the molecular
alignment did not recover after removing the
weight.

7. Conclusion

We investigated the relationship between the
phase sequence and the smectic layer structure,
and obtained both a bookshelf and a quasi-
bookshelf layer structure using a naphthalene
base FLC mixture. An electrically conductive
polypyrrole alignment film was used to clarify
the influence of the depolarization field on
polarization switching. The FLC display fabri-
cated using a naphthalene material gives a con-
trast ratio as high as 40 : 1 and a high transmit-
tance of 40 percent. Although the display is still
vulnerable to bending stress, it is tough enough
to withstand mechanical shock. This display also
proves that it is possible to create an ideal book-
shelf structure in a practical SSFLC display with
rubbed polymer alignment films.
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A multiplexed high luminance liquid crystal projection display with 2 240 x 2 240 (5 million)
pixels for use with a conventional overhead projector has been developed. It has been
clarified theoretically and by experiment that the surface effect on the cholesteric-nematic
phase transition results in stable bistability. Optimizing the helical pitch of chiralnematic
liquid crystal in conjunction with the surface anchoring strength has made possible super-
high information content. Moreover the fact that this display requires no polarizers enables
very bright screen images. These characteristics match with high resolution (typically
300 dpi) printer output. The combined result of the theoretical investigation and the
materials research is a practical high performance liquid crystal display.

1. Introduction

Large projection displays are currently
popular for presentations, public announce-
ments, and showing moving pictures. Particular-
ly for presentations, systems consisting of a
liquid crystal display (LCD) pad, a personal
computer and an overhead projector (OHP) are
now widely used. This kind of system may be
called the electronic overhead projector (E-OHP).
The light weight, thin LCD pads are quite con-
venient to carry, and using an overhead
projector keeps the cost of the system low.
Currently available LCD pads use multiplexed
supertwisted nematic (STN) LCDs or active
matrix driven twisted nematic (AM-TN) LCDs.

However, the most popular STN LCD pad
has a dim screen because the two polarizers that
it uses absorb a lot of the incident light. Its infor-
mation content is limited to 640 x 480 pixels”
because of its poor electrooptical threshold
properties. Moreover, its drive voltage shifts
when the pad heats up, and this reduces the
screen display contrast ratio. Also, light ab-
sorption by the polarizers heats up the LCD,
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which deteriorates screen image quality. This
is particularly noticeable with conventional
OHPs, which do not have uniform light intensity
across the display field. The brighter center of
the screen tends to have a lower contrast ratio
than the outer part due to the temperature
distribution in the LCD pad.

We report on a new type of projection
display using a nematiccholesteric phase transi-
tion (NCPT) LCD?* which overcomes these
drawbacks of conventional LCD pads. The
NCPT projection display needs no polarizers,
thus the screen image is bright.

Also, for the same reason, light absorption
does not heat up the LCD pad significantly
so screen image quality does not deteriorate,
even after several-hour continuous operation.
Moreover, NCPT mode uses the memory effect
of the liquid crystal, and the information
content is theoretically unlimited. We have
previously reported a 1120.x 768 pixel NCPT
projection displays). However, recent improve-
ments in data storage systems, for example
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document filing using optical disks, require
higher information content and higher resolu-
tion (i.e. more legible) displays. It is especially
important that such displays, with about a
couple of million pixels, are free of flicker.
Otherwise it is not easy to recognize what is
displayed on the screen. On this point the
NCPT mode, which uses the memory effect of
the liquid crystal, is preferable.

Also, higher information content will extend
the application field of this kind of display.
Potential applications include soft copies for
printer output, image reader output, and fax
output. As previously stated, the information
content of NCPT displays.is theoretically un-
limited. However, a practical high information
content E-OHP display would need improve-
ments in the drive stability of the liquid crystal
electrooptical hysteresis over a wide temperature
range, gray scale capability, and high density
packing technology.

We aimed to develop a large screen display
for E-OHP presentations with the following
general specifications. First, a high information
content of at least 1 200 x 1 000 pixels. Second,
a bright screen using a liquid crystal light valve
with no polarizers. Third, a high resolution: a
fine screen image with gray shades needs both
high information content and high resolution.
Using a printer interface as an input source
needs at least 2000 x 2000 pixels. Fourth, a
flicker-free image is essential for good legibility.
A memory-type LCD is preferable for this
because once written, the image is fixed.

To develop an E-OHP which meets the above
requirements we looked into the electrooptical
hysteresis behavior of nematic-cholesteric liquid
crystals under an applied electric field. Their
hysteresis memory effect makes possible a high
information content, and their non-polarizer
light scattering mode enables a bright screen.
Also, electrical addressing makes it possible to
keep the display small and to connect displays
together into a network system.

2. An NCPT liquid crystal display

An NCPT-type liquid crystal mixture with
positive dielectric anisotropy changes state as

370

H’ H

100
(

] R e Nematic

4
Hysterisis effect

Transmittance (%)

Cholesteric

Rz v
Applied voltage

Fig. 1—Phase transition and transmittance change of
the nematic-cholesteric phase transition (NCPT)
liquid crystal display.

e e

T TTERRRRTRNRLY
)| 'l""||| [l O EEEEEEERNTRNLY

et LRI NN
LT

AV
(NARNRRARNRNRY [AARARRARARNAN!

[LLJ.J.LLLLLLLLLLlllL;LLLLLLLLLU_LLl]

Phase H Phase H’

e

Phase F

T

a) Focal conic
state: state:
transparent

b) Homeotropic ¢) Quasihomeo-

tropic state:

scattering transparent

Fig. 2—Texture changes of the NCPT liquid crystal.

shown in Fig. 1. When the applied voltage is
increased it changes from a cloudy state,
cholesteric phase F, to a transparent state,
nematic phase H. When the voltage is decreased
the mixture changes from phase H to a
metastable transparent state, nematic phase H,
then to phase F. In phase F the liquid crystal in
the panel has the helical structure shown in
Fig. 2a). Because the axis of the helix is parallel
to the glass substrates, incident light is scattered,
making phase F cloudy. In phase H, the liquid
crystal has a homeotropic structure as shown
in Fig. 2b). Incident light passes through the
homeotropic structure, making phase H trans-
parent. In phase H' the structure of the liquid
crystal layer is still homeotropic, but the
molecules in the center are thought to be slight-
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ly inclined as shown in Fig. 2¢). Phase H' is a
metastable, or supersaturated state. Supersatura-
tion may make hysteresis in the nematic-
cholesteric phase transition stable. The stability
of the hysteresis effect is thought to be affected
by the specific balance between surface anchor-
ing and the thermal properties of the helical
structure?):¢)-)

The width of the hysteresis effect is desig-
nated 4 as shown in Fig. 1. That is, 4 is the
difference between the voltage, V,2°, which
gives 20 percent transmittance in cholesteric to
nematic phase transitions and the voltage, V.
which gives 90 percent transmittance in nematic
to cholesteric phase transitions. Figure 1 also
shows how the drive voltage, Vg, is set between
V,2% and V4°°.

3. Addressing method of the NCPT mode

The NCPT panel addressing method uses
electrooptical hysteresis; writing also uses
electrooptical hysteresis behavior. The screen
is written one line at a time. Typical writing
time for each scanning line is 2.2 ms. Thus it
takes 4.9s (2.2 ms x 2240 lines) to write the
whole screen.

The first stage of the writing operation is
initializing all the pixels (see Fig. 3). Sufficient
voltage (usually twice the drive voltage) is
applied to all the pixels to change them from
cholesteric to transparent nematic phase. The
second stage is writing to selected pixels. The

-1,’ Fllullr
()I H || 0 || H
Vi Vi Vi Va Va Va
ol v || 1|l H
—Vd[u H ul — ()| FilullF
2nd stage
~VvyllH |[H]|H o|n F 11]
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-VallH||H|| H Ol H'|| H' || H
o[ Fllull F
shucfAde 4th stage
Ve s —1/1.| il |l u
()I H || 0| v
3rd stage

Fig. 3 —Writing to the NCPT LCD.
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selected pixels are changed to cloudy cholesteric
phase by removing the voltage then applying
drive voltage. The third stage is writing to non-
selected pixels. The nonselected pixels are main-
tained in the transparent nematic phase by con-
tinuing to apply either drive voltage or twice
drive voltage. The fourth stage is maintaining the
written images. Selected pixels are maintained
by continuing to apply drive voltage. Due to
the bistability between nematic and cholesteric
phases, once selected or nonselected, pixels do
not change state. Therefore high information
content is obtained for a virtually unlimited
number of scanning lines.

Partical rewriting also relies on bistability as
shown in Fig. 4. The selected pixels in cholesteric
phase are switched to nematic phase without
disturbing the other pixels by applying 2V then
V4. The selected pixels in nematic phase are
switched to cholesteric phase without disturbing
the other pixels by removing, then re-applying
V.

An NCPT projector with the characteristics

described in chapter 1 needs two further
Vy Va Va
()l Fll w]l r I
o| wll F || v |
0| il | w l
F=H l H 4 F
Va Va =V, Vo —Va—Vy4
*‘*l ullullr | (>| Fllw]l F l
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Fig. 4 —Partial rewriting to the NCPT LCD.
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Fig. 6 —Temperature dependence of helical pitch:
conventional long helical pitch liquid crystal.

developments: first, practical bistability during
writing; second, after writing, enough bistability
to maintain the written image with a good
contrast ratio over a wide 'temperature range.

4. An electrooptical bistability

It is assumed that the liquid crystal’s elastic
modulus and the surface anchoring govern the
stability of the NCPT mode. The molecular
alignment of the chiralnematic liquid crystal
is particularly important for stable hysteresis
behavior. We used a short helical pitch chiral-
nematic lquid crystal which contains two ester
groups in its molecular structure as shown in
Fig. 5. We found that the short (1 um) helical
pitch of the NCPT mixture is associated with
wide electrooptical hysteresis. We also found
that, for a chiralnematic liquid crystal which
contains two ester groups, both hysteresis width
and threshold voltage are largely independent of
temperature over a wide range. We assume
that this is due to the temperature independence
of short helical pitch liquid crystals. Figure 6
shows the temperature dependence of helical
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Fig. 8—Flat helical pitch. Short helical pitch liquid
crystal material with the proper nematic liquid
crystal realizes flat helical pitch over a wide
temperature range.

pitch for an NCPT-type liquid crystal whose
helical pitch at room temperature is 1.5 um. The
helical pitch of this liquid crystal mixture shows
a typical temperature dependence; i.e. it be-
comes longer as temperature increase. This liquid
crystal did not provide enough hysteresis width,
as shown in Fig. 7. The chiralnematic liquid
crystal which contains two ester groups, shown
in Fig. 5, also has a short helical pitch. It has the
flat characteristic shown in Fig. 8.
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In addition to the behavior of the chiral-
nematic liquid crystals, the elastic modulus of
the nematic liquid crystals is another important
factor affecting hysteresis. Our experiments
indicate that a large elastic modulus of bend,
K33, permits a large and stable hysteresis. In
particular, we assume that a specific balance
between the anchoring force and the helical
twisting force governs the threshold voltage
for switching from the homeotropic to the
focal conic state. To increase the threshold
voltage for switching from cholesteric to
nematic phase, it needs a strong helical force with
a large K,,, which is the elastic modulus of
twist. However, a practical NCPT display needs a
low drive voltage in the drive range of
conventional CMOS LSIs, typically 13 V. Thus
we tried to make a specific balance between
the surface treatment and the helical pitch of
the liquid crystal materials. By taking the
temperature dependence of the hysteresis width
into account, we were able to obtain enough
hysteresis width over a wide temperature range
as shown in Fig. 9. A 4 of about 1.5 V is enough
when driving the panel with a V5 of 13 V.

5. The surface anchoring effect on the NCPT

mode
An electric field induced phase transition

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

from cholesteric to nematic is expressed as
1!'2 K22

Ey =—
! PO E()AG

by De Gennes'®, where £, is the threshold

electric field from cholesteric to nematic, Py is
the helical pitch in the absence of the electric
field, Ky, is the elastic constant of twist, €, is
the vacuum permitivity, and 4e is the dielectric
anisotropy of the liquid crystal. However,
experimental results suggest that the threshold
field, Ecyn, should take the surface effect into
account. A surface anchoring energy A, is
assumed to assist the cholesteric to nematic
phase transition when the surface treatment is
homeotropic, because the nematic phase is
equivalent to the whole homeotropic state. This
surface effect, given by 1/d*, is only significant
if d*, the effective liquid crystal layer thickness,
is small, i.e. if the LC layer is thin. Here d*,
equals d — &, where § is the thickness of the
unwound layer of the helical structure. Thus
the surface effect for cholesteric to nematic
is assumed to be

24,
€o de(d — §)

Here 24, means the contributions from
both upper and lower substrates. Therefore Ecy ,
the threshold field which takes the surface effect
into account®’, is given by

24,
e b epde(d —§)
For the nematic to cholesteric phase

transition, Greubel has derived that for
K,, = (PyK;33)/d the threshold E, is expressed
as

Ezzl ; Y]

where K33 is the elastic modulus of bend®.

In this transition, the cell gap influence on
the threshold field is already taken into account
in the E, equation. However, in a usual cell
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configuration, K,, is much larger than elastic constant, K,,, should be modulated by
(PyK33)/d, thus E, is almost the surface effect. Therefore the effective
twist elastic constant, K5, ¥, is expressed as®
™ 4K222
By Sim—limm—rea . g na e (5) o 3
Py €o 4eK33 K22 = K22 1 ———d— e s wEe (6)

The experimental results which show the

Thus the threshold electric field strength of
strong dependence of cell gap suggest that the

the nematic to cholesteric phase transition is
= expressed as

4K 33 (1 7-§>2 . (PO:” )2
Enc =F- I (7)
0 £0 4EK33

The electrical hysteresis width, 4, is

‘/LZ {nan 24, Py } i 24, - 257
2 | g4 2 _ T Kyy ————
Ecn _ Fo 08 wede 6 -9 ~ GOAE{ 27 d -9 }
Enc - 2(1 Ta PoK33 \2 4K222(1_E_)2, (POK33 )2 .
- oL e aT) — ( d ) 1 { d d }
P02 602A€2K332 € de K33
Here, § <d
244 Py’
K33{772K22—2—60—}
s T e T P (8)
B 2 PoK ‘
(13- (B2
22 p d
This equation indicates that the hysteresis width A requires that
244 Py? 2% PyK33 \?
T ), O a8 i S b JOUBRER R AR R e
33{ 22 7r2(61,_5)}>4K22 ( d) < 5 ) (9)
Here, again § <d leads to
2 245 Py*- K33 2 2 PyK33 \2
it 0 . Ml e W et O e P B 10
22K33 1 22( d)( d)' (10)

This equation suggests that large £ provides a wide hysteresis.
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6. A 5 million pixel NCPT projector

We aimed to develop an LCD pad with
2240 x 2240 pixels to use with a conventional
overhead projector; thus the effective display
area of the LCD pad to be 240 x 240 mm.
Accordingly, we fabricated a 10-line/mm pitch
electrode pattern panel. The LCD and the
drive circuit are connected by a chip on a
flexible printed board. The controller and the
drive circuit are connected with the panel on
four sides as shown in Fig. 10.

The screen image data created on the
personal computer are transferred to the image
processor of the NCPT panel through the printer
interface. To make the screen image, the
processed character codes, image data and
control codes are sent to the LCD panel in
24-line groups. Our improvements to the liquid
crystal material and the packaging technology
have enabled us to construct a stable driven
S million pixel NCPT electronic OHP display
with a screen image five times brighter than
the conventional STN-LCD. Figures 11 and 12
show example screen images. The display
characteristics are summarized in Table 1.

The high resolution of the developed NCPT
display makes possible gray scale images like
those shown in Figs. 11 and 12. Although the
NCPT display uses the bistability of nematic-
cholesteric phase transition type liquid crystal,
the use of dithering produces a flicker-free gray
scale image. Moreover, because the NCPT

Image signal
Host PEOCESSOL Drive controller
computer
MPU, ROM, RAM
="
Jl X-driver I
Printer interface | 1
€1 Ncpr £
= LCD-panel ]
Job— 2240 x 2240-dot | -
X-driver

Fig. 10—Block diagram of the NCPT projector.
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projector uses no polarizers, there is no colora-
tion. When the liquid crystal is in the homeotropic

Table 1. Characteristics of the 5 million pixel NCPT

projector

Number of pixels [ 2240 x 2240
Pixel size (um?) 85 x 85
Display areazof the 224 x 224

panel (mm~) ‘
Screen size (in) 100
Contrast ratio ‘\ 4:1
Screen luminance (cd/m?) 800

(1.2 kW OHP, screen gain 8)
Transmittance of the 60

LC panel (%)
x-y color chart x:0.419, y:0.38
Line addressing time (us) 2.2
Screen addressing time (s) 49

Fig. 11—Screen image of the 5 million pixel NCPT
electronic OHP display (picture).

Fig. 12—Screen image of the 5 million pixel NCPT
electronic OHP display (characters).
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state the incident light passes straight through
the panel, thus the screen is the same color as
the light source.

7. Conclusion

The developed NCPT technology provides a
bright, 5 million pixel, high resolution E-OHP
display. Although the LCD pad uses the
bistability of the nematic-cholesteric phase
transition, its high resolution and high informa-
tion content make it possible to create a gray
scale by dithering. The LCD pad will be extreme-
ly cheap to produce compared to a laser beam-
addressed liquid crystal projector with the same
order of information content. The NCPT display
is suitable for CAD/CAM uses.

The low cost, high resolution E-OHP display
has potential for graphics and documentation
displays, for example as an output device for
document filing systems using optical disk
memory. In addition, this type of E-OHP display
is quite suitable for view-graphsin a presentation.
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A newly designed organosilicon resist, three-dimensional polysilphenylenesiloxane (TSPS),
has been developed for use as a high-resolution negative bi-level electron-beam resist or KrF-
excimer laser resist. The TSPS molecule is a rigid three-dimensional mesh consisting of a
silphenylenesiloxane core surrounded by functional groups. The advantages of such a struc-
ture are low swelling, a high oxygen-reactive ion etching resistance, and a high softening
temperature. A 0.075 um line-and-space pattern is well-defined after electron beam expo-
sure. TSPS can also be used as a deep-UV resist. A 0.25 um pattern can be delineated using
a TSPS/novolak bi-level resist systems with a Kr F-excimer laser stepper (NA = 0.37).

1. Introduction

Because the minimum VLSI pattern size is
now in the sub-half micron region, conventional
monolayer resists can no longer satisfy all VLSI
fabrication requirements. Due to the excessive
absorbency and the light reflected from the
patterned substrates, it is difficult to control the
pattern profile and line width using a monolayer
resist.

In a typical bi-level resist process’), a thick
bottom layer coats the wafer providing a uni-
form surface. Then, a thin resist layer is spun on
the bottom layer. After exposure, the upper
resist pattern is developed and the bottom layer
is etched by oxygen-reactive ion etching
(0,-RIE). The bi-level resist system has many
advantages over a monolayer resist system, for
example, planarization of substrate topography,
reduction of light reflected from the patterned
substrate, and fine pattern fabrication with
a high aspect ratio. To be suitable for sub-half
micron fabrication, a bi-level resist must meet
many requirements, for example, high sensitivity,
high resolution, and resistance to O,-RIE.

A number of polysiloxane resists?)"®) have
been proposed as a top imaging resist layer for

FUJITSU Sci. Tech. J., 28, 3, pp. 377-384 (September 1992)

bi-level resists because their high silicon content
makes them resistant to O,-RIE. However, due
to the increased proximity effect and resist
swelling, it is difficult to obtain pattern spacing
closer than 0.2 um.

We developed a negative organosilicon re-
sist, three-dimensional polysilphenylenesiloxane
(TSPS). TSPS is a three-dimensional mesh
consisting of a silphenylenesiloxane core sur-
rounded by functional groups. TSPS is more
rigid than conventional linear and ladder-siliox-
ane resists because bulky aromatic rings are
introduced into the three-dimensional mesh core
to correct the Si-O bond angle. The advantages
of this rigidity are improved resist contrast,
suppressed swelling, and improved thermal
stability.

2. Experiment
2.1 Synthesis

Figure 1 shows the synthesis flow of TSPS.
To synthesize the TSPS core, we hydrolyzed
1, 4-bis (trialkoxysilyl) benzene, followed by
dehydrated condensation polymerization using
an acid catalyst. After core polymerization,
residual silanol groups around the core were

377



K. Watanabe et al.: Polysiloxane as a Bi-Level Resist for VLSI Lithographies

“O-~g; 0-Si~ 4
St =0 )
/ B A )
, & @h],{)i\g. ¢
/ , O o G V.
0 R . o P g >0
—_— Si

Q

Fig. 1—Synthesis flow of TSPS.
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Fig. 2—Bi-level resist process.

terminated with triorganochlorosilane.

The mixture was washed several times with
water, then poured into acetonitrile to isolate
the solid polymer. The original TSPS polymer
was fractionated to obtain a narrow molecular
weight distribution.

2.2 Bi-level resist process

Figure 2 shows the bi-level resist process. We
dissolved the TSPS resist in methylisobuthylke-
tone (MIBK), spin coated a 0.1-0.2 um thick
TSPS top layer on a 0.5-1 um thick hard-baked
nobolak resist (Shipley: MP-1300) bottom layer,
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and then prebaked the structure at 80 °C for
20 min.

The TSPS resist was exposed using an
electron beam lithography system (Elionix:
ELS-3300, 30kV) and a KrF-excimer laser
stepper (248 nm, NA =0.37). The exposed
resists were spin-developed in alcohol mixture
solvents.

The resist pattern was transferred to the
bottom layer by O,-RIE (Anelva: DEM-451)
at an oxygen pressure of 2.6 Pa, a gas flow of
10 sccm (standard cm® min™!), and an applied
power density of 0.16 W/cm?.

3. Results and discussion
3.1 Molecular structure

We studied the TSPS structure using
298i-NMR (Nuclear Magnetic Resonance) (Jeol:
GX500) and GPC-LALLS gel-permeation chro-
matography equipped with a low-angle laser
light scattering photometerg) (Tosoh: HLC-
8020, LS-8000). Figure 3 shows the 2°Si-NMR
spectra of TSPS. In the intermediate state of
synthesis, the spectrum showed two broad peaks
centered at —60 ppm and —70 ppm. These peaks
indicate the presence of residual SiOH and
Si(OH), groups. As synthesis advanced, silanol
groups were dehydrated. In the final state of
synthesis, the peaks due to the silanol groups
had almost completely been eliminated.

Figure 4 shows the GPC-LALLS chromato-
grams of TSPS and ladder-polysilphenylene-
siloxane {SPSS)} . Elution curves were obtained
using a LALLS photometer (LS) and refractom-
eter (RI). The LS peak of TSPS appears before

FUTITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 3—2°Si-NMR spectra.
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Fig. 4—GPC-LALLS chromatograms.

the RI peak. The average molecular weights
(My,) of TSPS and ladder-SPS as determined
using a conventional GPC calibrated with
polystyrene and GPC-LALLS are shown in
Table 1. The M,, of TSPS as determined using
GPC-LALLS is higher than that of ladder-SPS;
whereas the M, of TSPS as determined by
conventional GPC is lower than that of ladder-
SPS. This suggests that TSPS’s M, is higher than
that of ladder-SPS, even though its molecular
size is smaller. It may therefore be concluded
that the TSPS molecule has a closely packed
three-dimensional mesh structure (see Fig. 5).

3.2 Electron beam contrast and sensitivity
Figure 6 shows the sensitivity curves for
TSPS and ladder-SPS with a dispersion of 1.6.
The functional groups of both TSPS and ladder-
SPS are methyl. The film thickness was mea-

FUTITSU Sci. Tech. J., 28, 3, (September 1992)

Table 1. My, of TSPS as determined using conventional
GPC and GPC-LALLS

Material Conventional GPC GPC-LALLS
TSPS 4.5x10% 1.7 x 10°
Ladder 5.8 x 10* 1.2 x 10°

z & N
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0° :
0 O \
®) o) O 0 "()-S,Q ,0-Si~g Q’I
1 51703~ 6
Uity 0 ey
R N\
R-S:i—()— =
R --0-si
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aghs

a) Functional b) Rigid silphenylene core

Fig. 5—Structure model of TSPS.
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Fig. 6 —Sensitivity curves for electron beam exposure

sured using the alpha-step (TENCOR). The TSPS
gamma value obtained from the sensitivity curve
is about 2.8. The gamma of ladder-SPS is about
1.6. The contrast of TSPS is higher than that
of conventional siloxane negative resists such as
linear and ladder types. The electron dose
for a residual 50 percent resist thickness is
28 uC/cm?. Introducing more sensitive function-
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al groups, for example, chloromethyl, produces
an even higher sensitivity.

“J\ O O O

TSPS

Etching depth (zm)

MP-1300

B L

1 L I
0 10 20 30 10

Etching time (min)

Fig. 7—0,-RIE rates.

Table 2. Softening temperatures

Softening temperature (°C)
Molecular weight (M, ) — —r—

3.3 O, -RIE resistance and thermal resistance

Figure 7 shows the oxygen plasma etching
rates for TSPS films and the hard-baked MP-
1300 resist bottom layer. The TSPS resist was
etched at about 10 A/min (1 nm/min) and the
MP-1300 at 1 000 A/min (100 nm/min), making
the rate for the TSPS resist one one-hundredth
of the rate for MP-1300.

Table 2 shows the softening temperatures of
TSPS and ladder-type polysiloxane | polymeth-
ylsilsesquioxanes)}. TSPS has no softening
temperature under 400 °C, but the ladder-
type’s softening temperature at these molecular
weights ranges from 150 °C to 360 °C. This
suggests that TSPS exhibits high thermal stabili-
ty due to its rigid structure.

3.4 Resolution

Table 3 shows the molecular particle sizes of
TSPS and ladder-type polysiloxane when they
are dissolved in a poor solvent, isopropylalcohol
(IPA), and a good solvent, methylisobuthylke-
tone (MIBK). The particle size was determined

Table 3. Particle sizes in solvents

TSPS ] Ladder
- 53007 o | 75 460' ‘ 175077 B . jol\fnt N 717 7Lac?delnn2 l TSPS(imL
10000 > 400 210 Poor (IPA) | 16.2 16.5
50 000 ‘ >400 | 360 Good (MIBK) | 54.2 | 173

e

a) TSPS

b) Ladder

Fig. 8 —Resist patterns after electron beam exposure.
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0.5 pm

a) 0.1 um line-and-space

0.5 pm

b) 0.2 um space

Fig. 9—Bi-level resist patterns.

using a dynamic light scattering system (Otsuka
Electronics: DLS-700). Due to swelling of the
ladder-polymer’s random coil structure, the
molecular size of ladder-siloxane is larger in the
good solvent than that in the poor solvent. In
contrast, TSPS shows little variation in particle
size, indicating that swelling is suppressed due to
its rigid structure. Figure 8 shows the imaging-
layer resist patterns of TSPS and ladder-type
polysiloxane after electron beam exposure.
TSPS exhibits a higher resolution with its well-
defined 0.2 um line-and-space pattern. The
increased resolution is a direct result of the
suppressed swelling because of polymer rigidity.

Figure 9 shows bi-level resist patterns
obtained using the TSPS/MP-1300 bi-level
resist system. The TSPS functional groups are
methyl and chloromethyl groups, and the expo-
sure dose was 16 uC/cm?. Using O,-RIE, 0.1 um
line-and-space patterns and 0.2 um space patterns
can be transferred accurately to the bottom
layer without thermal deformation. Figure 10
shows 0.075 um line-and-space patterns obtained
using the TSPS/MP-1300 bi-level resist system.
These patterns are possible because of the small
particle size of TSPS.

FUTITSU Sci. Tech. J., 28, 3, (September 1992)

e
100 nm

Fig. 10—0.075 um line-and-space patterns.

3.5 Application as a KrF-excimer laser resist
TSPS can also be used as a negative bi-level
deep-UV resist when suitable functional groups,
for example, vinyl and phenyl, are introduced.
These functional groups make the TSPS sensitive
to a KrF-excimer laser. Figure 11 shows the
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Fig. 11—Sensitivity to deep-UV light of TSPS plus DMPA.
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Fig. 12—2°Si CP-MAS NMR spectra.

KrF-excimer laser sensitivity curves for TSPS
with a M, of 1.3 x 10% To increase TSPS
sensitivity, a free radical photoinitiator was
incorporated into the polymer. We selected
2, 2-dimethoxy-2-phenyl acetophenone (DMPA)
as a photoinitiator because it is compatible with
the polymer, and solvents containing DMPA
formed a uniform film upon spinning. Adding
10 percent of DMPA increases TSPS’s sensitivity
by a factor of about 20.

Figure 12 shows the 2°Si CP-MAS NMR
(Jeol: EX-270) spectrum of the exposed TSPS
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Fig. 14 —Relationship between correlation time and

temperature.

resist with and without DMPA and that of the
unexposed resist. We found that exposure
produced methylene groups and reduced the
number of vinyl groups. These changes are more
dramatic when DMPA is added. This suggests
that DMPA acts as a catalyst for the cross-
linking of vinyl groups.

DMPA efficiently generates a benzoil and
substituted benzylic radical with deep-UV
irradiation'®. The benzylic radical rearranges to

FUTITSU Sci. Tech. J., 28, 3, (September 1992)
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a) 0.25 um line-and-space
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b) 0.35 um hole

Fig. 15—Bi-level TSPS resist patterns exposed using KrF-excimer laser.

give a highly reactive methyl radical which
diffuses readily and initiates crosslinking of the
polymer. This means however that the cross-
linkage efficiency is limited by the polymer
structure. Adding DMPA to ladder-siloxane
having vinyl and phenyl functional groups” had
little effect on sensitivity (see Fig. 13).
We studied the difference in crosslinkage effi-
ciency using spin probe analysis’ Y with electron
spin resonance (ESR) spectrometry (Jeol:
JES-FE3XG). Figure 14 shows the relationship
between the correlation times of TEMPO probes
dispersed into the polymers and the tempera-
ture. The correlation time of the TSPS is shorter
at 0 °C to 80 °C, indicating that the probe in the
TSPS is more mobile than the probe in the
ladder siloxane. This suggests that radicals
generated by exposing the DMPA in TSPS can
readily diffuse around the vinyl functional
groups of the polymer. Thus, cross-linking can
be initiated easily.

Figure 15 shows bi-level TSPS resist patterns
that were exposed using a KrF-excimer laser.
A 0.25 um line-and-space pattern and a 0.35 um
hole pattern can be delineated using the TSPS/
MP-1300 bi-level resist system with a KrF-
excimer laser stepper.

FUTITSU Sci. Tech. J., 28, 3, (September 1992)

4. Conclusion

We developed a organosilicon resist, three-
dimensional polysilphenylenesiloxane (TSPS),
for use as a negative bi-level electron-beam resist
or KrF-excimer laser resist. The TSPS molecule
is a rigid three-dimensional mesh consisting of a
silphenylenesiloxane core surrounded by func-
tional groups. The structure’s advantages are
high contrast, low swelling, and high thermal
stability. A 0.075 um rectangular pattern is
easily delineated using a TSPS/MP-1300 bi-level
resist system. TSPS can also be used as a nega-
tive bi-level deep-UV resist when suitable func-
tional groups, for example, vinyl and phenyl,
are introduced. These functional groups make
TSPS sensitive to a KrF-excimer laser, enabling
a 0.25 um pattern resolution. Bi-level resist
systems using TSPS show high sensitivity and
high resolution. TSPS has great potential for
applications in quater micron ULSI chip produc-
tion.
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A new silylated polymethylsilsesquioxane (PMSS) resin has been developed and evaluated
for use as an interlevel dielectric in VLS| multilevel interconnections. PMSS has good heat
resistance. The dielectric constant is 3, which is lower than that of conventional inorganic
dielectrics. Degassing from PMSS is very low. PMSS does not crack even when it is 4 um
thick on a 1 um thick metal topographic substrate that is heated to 450 °C in nitrogen.
PMSS has excellent planarity. Trilevel interconnections using PMSS as an interlevel dielectric
can be fabricated. Well-planarized metal wiring patterns can be obtained, and no cracks have

been found in PMSS layers.

1. Introduction

The fabrication of multilevel interconnec-
tions requires a planarized interlevel dielectric
layer. Inorganic chemical vapor deposition
(CVD) dielectric materials such as silicon di-
oxide (SiO, ), silicon nitride (SiN), and phospho-
silicate glass (PSG) have been widely used.
However, these materials conform to the surface
topography of the substrates, which leads to
severe step-coverage problems with metalization
patterns.

Spin-coating resins have been used to flatten
the surface’?) because they can be easily spun
on wafers and make planarization relatively
easy. Spin on glass (SOG) materials are widely
used for planarization, but they usually easily
crack when cross-linked by heating on the
substrate at temperatures of 350 °C and above.

Siloxanes are useful for interlevel dielectrics
and are expected to exhibit a high crack resis-
tance. Conventional carbon-based resists can be
used as masks for subsequent dry etching
because siloxanes are easily etched by fluoro-
carbon gases. Siloxanes adhere to inorganic
materials such as SiO,, SiN, PSG, and wiring
metals.

Siloxanes do not readily adsorb water, so

FUJITSU Sci. Tech. J., 28, 3, pp. 385-392 (September 1992)

the increase in contact resistance of vias caused
by outgassed moisture from polymers can
be avoided. The low dielectric constants of
siloxanes should also reduce the interconnec-
tion delay.

However, all current siloxane polymers
undergo thermal decomposition in their organic
side chains at temperatures above 400 °C. There
is therefore a need for a new interlevel dielectric
layer that can be heated above 400 °C without
decomposing.

In this study we developed a silsesquioxane
resin for use as an interlevel dielectric that does
not readily crack, even when heated to 500 °C
in nitrogen. We synthesized a silylated poly-
methylsilsesquioxane (PMSS) resin and ex-
amined its properties.

This paper describes the polymer design,
preparation, and properties of PMSS and dis-
cusses its application as an interlevel dielectric.
This paper also describes a trilevel interconnec-
tion that we fabricated.

2. Methods

PMSS was prepared as explained below
(see Fig. 1). Methyltrichlorosilane (I) was
dissolved in a solvent, to which water was slowly
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CH, CH, CH; CHs
| < =30°C | A | |
Cl—Si—Cl HO—
| H,0 | —-H,0 | |
Cl OH OH OH
(I) Methyltri- (1) Hydrized
chloro- monomer
silane

added in drops at a temperature below —30 °C.
Then the monomers were hydrized (II). The
reactant temperature was then gradually in-
creased to room temperature, and the hydrized
monomers were polymerized at 90 °C for 2 h.
Silylation was carried out using trimethyl-
clorosilane as a endblocker. A PMSS polymer
powder was obtained by freeze-drying, and the
appropriate molecular weight was achieved by
fractional precipitation.

Molecular weights were measured by gel
permeation chromatographic (GPC) analysis
relative to polystyrene standards using differ-
ential refractive index detection.

Fourier transform infrared reflectance (FT-
IR) spectra were examined using a JEOL:
JIR-100 FT-IR spectrometer. The films used in
the measurements were spun on Si wafers to a
thickness of 1 um.

The 2?Si-MMR (nuclear magnetic resonance)
spectrum of a PMSS powder dissolved in cloro-

form-d was examined using a JEOL: Gx500
NMR spectrometer.

Thermogravimetric analysis (TGA) was car-
ried out in a nitrogen flow of 100 cm?/min.
The heating rate was 10 °C/min. All samples
were ground into a powder in a mortar.

The melting temperature was measured
using a microscope equipped with a hot plate.
Samples were fabricated below 1.3 polydis-
persity.

The stress was measured with a stress gauge
(ionic systems). PMSS was spun on a Si wafer to
a thickness of about 1 um and cured at 350 °C
for 1 h in nitrogen. The difference in the warps
of Si wafers having PMSS films and bare Si
wafers was measured and used to calculate the
stress value. Conventional organic SOG material
was used as a reference.

386

90°C

CH; CH; CH; CH;,

| | | |
+++0—Si—0—Si—0- ++:0—Si—0—S8i—0--Si(CHs)s

| | A | |

Si—OH C———,> HO—Si—0—Si—OH ——> 0 0 B> 0 0

| | CISi(CHy)s | |
+++0—Si—0—S1—0-- +++0—S8i—0—SI1—0:---Si(CH3)s

| I I |

CH;  CHs CH; CHs

Fig. 1 —Synthesis of PMSS.

The dielectric constant was measured using
an LCZ (reactance capacitance impedance)
meter. PMSS was spun on an Si wafer on which
a metal layer was deposited as a bottom elec-
trode. Then the wafer was heated for 1 h in
nitrogen. The upper metal electrodes were
deposited through a mask with holes. The
measured capacitances were used to calculate
the dielectric constants. Measurements were
made at 1 MHz,

Degassing was evaluated by inserting a wafer
coated with a 1 um PMSS film into a vacuum
chamber after curing and then monitoring the
pressure. The wafer temperature was increased
in the chamber by microwave irradiation.

We examined the crack resistance and
planarity of PMSS films on Si wafers with
1 um thick aluminum wiring patterns. The
patterns consisted of line-and-space patterns,
isolated lines, and isolated spaces. The width
of the patterns ranged from 0.5 um to 10 um.
To check for cracks, PMSS layers of various
thicknesses were spun onto these wafers, then
the wafers were heated to various temperatures
in nitrogen for 1 h. The check for cracks was
done using an optical microscope. The planarity
of these wafers was evaluated from scanning
electron microscope (SEM) photographs of
cleaved sections.

3. Results and discussion
3.1 Polymer design

Ladder siloxanes are thermally resistant
silicones. Polyphenylsilsesquioxanes have been
synthesized by Brown et al®*. The ladder
structure of polyphenylsilsesquioxanes contrib-
utes to the high rigidity of their macromolecular
chains. Also, these materials do not decompose
when heated to 500 °C. However, despite their

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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excellent thermal resistance, phenyl groups
make siloxanes very brittle, which decreases the
spin-coatability and makes them unsuitable as an
interlevel dielectric. We therefore chose a PMSS
with methyl groups as side chains because of its
good thermal resistance and spincoatability.
Because they have many cross-linkers
(Si-OH), SOG materials crack easily when they
are cross-linked by heating. The number of
cross-linkers determines crack resistance in
siloxanes. A PMSS with only a few cross-linkers
was synthesized by silylation. Silylation of
silanol groups is commonly used to make them
stable. Silylation can also be used to control
residual silanol groups, so PMSS can be hardened.

3.2 Polymer preparation

PMSS was synthesized from methyltrichlo-
rosilane (I). The weight-averaged molecular
weights of polymers obtained were 5 x 103 to
5 x 10%. Polymerization for longer than 3 h
at 90 °C yielded polymers with a molecular
weight of more, than 1 x 10® that were still
soluble in some solvents. When the hydrolysis
was carried out at high temperature or water was
introduced rapidly into the flask, insoluble
compounds were formed. These insoluble
compounds were probably three-dimensional

compounds that formed because of the rapid
random condensation. We determined the
structure of these compounds from their IR
spectra (see Fig. 2). However, the exact molecu-
lar structure of PMSS is still unclear. Figure 3
shows the 2?Si-NMR spectrum of non-silylated
PMSS. The figure shows a broad peak from
—51 ppm to —60 ppm, corresponding to the
presence of residual silanol groups. The ratio of
silanol to silicone units of PMSS is about 0.16.
The ideal molecular structure of PMSS is shown
in Fig. 4. Silylation was done using trimethyl-

Tetramethylsilane
(TMS)
CH;Si(O-),

CH;Si(0-),0H

<
g
=
=
g
<
'L-q
Si-CH;,
—: Non-silylated PMSS -Si-O-
—— Three-dimensional polymer
1 1 | |

4000 2000 1600 1200 800

Wavelength (cm™)

Fig. 2—1IR spectra.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

1 L ! 1 L L 1 L 1

0 —20 —40 —60 —80
ppm
Fig. 3— 29 Gi.NMR spectrum of non-silylated PMSS.
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Fig. 4—Ideal molecular structure of PMSS.
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Fig. 5— 2°Si-NMR spectrum of PMSS.

387



S. Fukuyama et al.: Polysiloxane as an Interlevel Dielectric for VLSI Fabrication

chlorosilane as an endblocker and pyridine as
catalyst. The 29 Gi-NMR spectrum (see Fig. 5)
showed that almost 80 percent of the silanol-
groups had been replaced by trimethylsilyl-
groups.

3.3 PMSS properties

3.3.1 Thermal resistance

We compared the thermal resistances of a
PMSS and a non-silylated polymer using thermo-
gravimetric analysis. Figure 6 shows that PMSS
exhibits substantially no weight loss up to
600 °C in nitrogen. However, the non-silylated
polymer begins to lose weight at 350 °C. This is
because non-silylated PMSS has many silanol
groups which hydrate easily on heating.

PMSS

90+ Non-silylated polymer

—
(=
o

Ratio of residual weight (%)

1

1 1 1
0 200 400 600 800
Temperature ('C)

Fig. 6 —Results of thermogravimetric analysis (TGA) in
nitrogen flow. Heating rate was 10 °C/min.

400

Melting temperature (°C)
oo w

(=] (=4

o o

T T

T

100

0 1 | L
10° 104 10°

Weight-average moleculer weight
Fig. 7—Melting temperature of PMSS powder in nitrogen
flow. Heating rate was 10 °C/min.
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3.3.2 Melting temperature

When a PMSS polymer with a weight-
averaged molecular weight of less than 3.5 x 10%
is heated at 350 °C, it melts. But non-silylated
PMSS polymer does not melt because of cross-
linking by the dehydrated condensation of the
silanol groups that do not react during poly-
merization and remain in polymers (see Fig. 3).
Because a small number of silanol groups still
remain in the silylated polymer (see Fig. 5), the
PMSS is cured by heating it above its melting
temperature. When a polymer powder is heated,
it becomes a transparent viscous liquid before it
becomes insoluble. Figure 7 shows the relation-
ship between the melting temperature and
molecular weight. Even PMSS with a molecular
weight as high as M,, = 3.5 x 10* melts below
350 °C, which makes it easy to planarize the
topography using PMSS. Planarization is dis-
cussed in detail in subsection 3.3.8.

3.3.3 Stress

Table 1 shows the stresses in PMSS film and
a conventional organic SOG film (OCD-TYPE7:
Tokyo Ohka Kogyo Co., Ltd.). Both films are
tensile and the stress in the SOG film is five
times as large as that in the PMSS film. This
difference in stress is probably related to the
densities of cross-linking. Because SOG origi-
nally has a large quantity of silanol and alkoxy
groups, it should become a highly cross-linked
layer after condensation and have a high tensile
stress when heated.

Silanol groups are very rare in PMSS, so the
density of cross-linking is very low. Thick SOG
films crack easily. SOG films are usually applied
up to about 0.5 um thick on the metal topo-
graphic substrates. High crosslinked SOG is very
brittle and cracks because of the thermal expan-
sion of the metal. PMSS films are more flexible
because of their low cross-linking density and
are clearly less susceptible to cracking than SOG
films. Crack resistance is described in detail in
subsection 3.3.7.

Table 1. Stress in PMSS and SOG films

Samples Stress (dyne/cm?)
- PMSS 3.2 x 10° (Tensile) o
SOG 1.6 x 10° (Tensile)
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Table 2. Dielectric constants of PMSS and other
inorganic materials after curing

B Eamplis Dielectricﬁconstants
3 (350°Cin N,)

PMSS | 3 (500°CinN;)

7 6.8 (450 °C in Air)
s ] 2 &
SiN' B i
e &

Table 3. Heating conditions for samples used in
degassing measurements

Samples Heating conditions
PMSS 350 °C, 30 min in N,
SOG 450 °C, 30 min in N,

3.3.4 Dielectric constant

So far, interlevel dielectrics have been used
only for planarization and insulation. However,
to satisfy the growing demand for faster devices,
dielectric constants must be reduced in order to
reduce the interconnection delay. In convention-
al multilevel interconnections, chemical vapor
deposition (CVD) of SiO,, SiN, and PSG has
been used for interlevel dielectrics. The die-
lectric constants of SiO, and PSG are about 4,
and that of SiN is about 7.

Table 2 lists the dielectric constants of PMSS
and other inorganic materials after curing. The
dielectric constant of PMSS is 3 after heating in
nitrogen at 500 °C and 6.8 after heating in air
at 450 °C. This shows that PMSS can be heated
in nitrogen to up to 500 °C without decom-
posing.

Except when heated to 450 °C in air, PMSS
never decomposes. This shows that the dielectric
constant of PMSS is intrinsically 3.

The dielectric constant of PMSS is very low
compared to that of SiO,, SiN, and PSG — even
when heated at high temperatures. Therefore,
PMSS should reduce the interconnection delay
when used as an interlevel dielectric.

3.3.5 Degassing

Reducing degassing from an interlevel
dielectric resin is important for good conductivi-
ty in vias®).

Samples were cured as shown in Table 3
before being placed in the chamber. After a
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Fig. 8—Degassing from a SOG film cured at 450 °C and a
PMSS film cured at 350 °C.
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Fig. 9—MS intensity of H, O from SOG and PMSS films.

sample was inserted, the chamber was evacuated
for 15 min to about 5 x 107° Torr. The wafer
temperature was then raised to 500 °C by micro-
wave irradiation and .aaintained for 5 min.

The wafer temperature and the pressure of
the vacuum chamber during heating were
recorded. During heating, the mass spectrum
(MS) intensities of MS No. 18, 28, and 44 were
measured.

There is considerable degassing from a SOG
film during heating (see Fig.8). The main
outgassed component is water (see Fig. 9). The
pressure curve is similar to the MS intensity
curve of water. Degassing from PMSS is as low
as that for a bare Si wafer, indicating that PMSS
provides better conductivity in vias than SOG.

There are two possible explanations for the
very low degassing from PMSS. The first is that
PMSS film has a hydrophobic surface, so water
is not easily produced by dehydrated condensa-
tion. SOG, on the other hand, contains a large
quantity of silanols and alkoxy groups and has
a hydroscopic surface. Therefore, SOG readily
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produces water, which causes a lot of degassing.
The second explanation is that PMSS has a high
film density. The film density of SOG should be
low because it contains a lot of alkoxy groups
before heating, and heating generates large
spaces into which water molecules can easily
enter.

3.3.7 Crack resistance

Figure 10 shows the maximum usable film
thickness of PMSS on wafers with 1 um high
aluminum wiring patterns. We define this maxi-
mum as the thickest PMSS film that can be
heated to a given temperature without cracking.
Heating was done at various temperatures for
1 h in nitrogen. Since the film thickness depends
on the pattern profile, the values on the y-axis
are for PMSS thicknesses on bare silicon wafers
which were coated with PMSS and heated under

Maximum usable film thickness (zm)

0 L 1
350 400 450 500

Temperature (°C)

Fig. 10—Maximum usable film thickness of PMSS on
wafer with 1 um high aluminum wiring patterns
as a function of heating temperature.

a) 10 um line

H

the same conditions as these topographic wafers.

PMSS films up to 4 um can be heated to
450 °C without cracking. If the heating tempera-
ture is decreased to 350 °C, the PMSS film can
be more than 10 um thick. PMSS therefore has
considerable crack resistance.

3.3.8 Planarity

The best planarizing resins are believed to be
resins whose thermal flow and hardening steps
can be separated"’)'”. We therefore propose the
following tentative explanation of PMSS planar-
ization: PMSS first melts into a low viscosity
liquid, flows into cavities, attains well-planarized
surfaces at the earlier stages of the heat treat-
ment, and then hardens. Figure 11 shows the
dependence of the final step height on the
thickness of PMSS layers coated over a substrate
having a stepwise difference in height of 1 um.
One curve indicates the final step height of spin
coated PMSS over the substrate before heating.
The other curve indicates the final step height of

0.5F [ ]
Before heating
= 04k h =1 pm (width 5 zm pitch)
L S
c ’ —
2 osf . [ar] I
= -
=) A ® Substrate
]
I
a 0.2F \ \
Q ®
17 \
I
s 0.1f A [
i \A \.
ok \A A A>‘ 2
After heating
1 1 1 1

1 2 3 4
Thickness of PMSS (zm)
Fig. 11—Dependence of final step height on the
thickness of PMSS layers coated on a 1 um
high topographic substrate

PMSS

6.03KX 1. .66V

b) 1.5 um lines and spaces

Fig. 12—Planarized profiles of PMSS.
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15KV

Fig. 13 —Trilevel interconnection.

PMSS after heating above the melting tempera-
ture. The planarity can be improved by melting
the silylated polymer. The final step height of a
1.2 um thick PMSS film on the substrate was
less than 0.1 um. On the other hand, the final
step height of the non-silylated PMSS was more
than 0.3 um.

The SEM photographs in Fig. 12 show the
planarity of PMSS on topographic substrates.
The film thickness is 1.8 um as measured on the
bare Si substrate. Heat-treatment was done at
350 °C for 1h in nitrogen. Several patterns are
shown, and all patterns were almost perfectly
planarized. Even on the isolated pattern (the
most difficult to planarize), the planarization is
almost perfect {see Fig. 12a)}.

3.4 PMSS as an interlevel dielectric

The properties described in the previous
sections make PMSS suitable as an interlevel
dielectric. An SEM photograph of a trilevel
interconnection (see Fig. 13) also shows the
suitability of PMSS. It is therefore clear that
this method yields excellent planarization. For
example, the remaining step height of a 1.6 um
thick second interlevel PMSS layer over 1 um
thick metal is less than 0.1 um. No cracks were

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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found in these PMSS layers even when a 3.5 um
thick PMSS layer was used to form the metal
layers.

PMSS is a promising resin for interlevel
dielectrics for VLSI multilevel interconnec-
tions®).

4. Conclusion

A new silylated polymethylsilsesquioxane
(PMSS) resin has been developed and evaluated
for use as an interlevel dielectric in VLSI multi-
level interconnections.

PMSS has good heat resistance. The stress is
108 dyne/cm?, which is lower than that of con-
ventional SOG materials. The dielectric constant
is 3, which is lower than that of conventional
inorganic dielectrics. Degassing from PMSS is
very low. PMSS has good resistance to cracking.
It does not crack even when it is 4 um thick on a
1 um thick metal topographic substrate that is
heated to 450 °C in nitrogen. Its planarity is
excellent. A trilevel interconnection using PMSS
as an interlevel dielectric can be fabricated. Well-
planarized metal wiring patterns can be ob-
tained, and no cracks have been found in PMSS
layers.
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Miniature Clark oxygen electrodes were fabricated using micromachining. The type I model
has the following components: a cathode and anode formed in a V-groove made by
anisotropic etching of silicon, a solid electrolyte, and a gas-permeable membrane. Improving
the electrolyte and membrane materials produced excellent long-term storage stability and
sterilization tolerance. The type I model was used to monitor fermentation and to make
miniature biosensors. The type Il model consists of a glass substrate with detecting elec-

trodes bonded to a silicon container substrate with V-grooves. The gas-permeable membrane

is thermally adhered fluorinated ethylene-propylene (FEP). Improving the membrane
adhesion made the oxygen electrode tolerant to steam-sterilization.

1. Introduction

The Clark oxygen electrode is an electro-
chemical oxygen sensor. The original design
consists of a cathode and anode, an electrolyte,
a gas-permeable membrane, and a container for
these components. The electrode produces
current by electrochemical oxygen reduction
at the cathode. The electrode does not suffer
from cathode fouling and features room temper-
ature operation, amperometric detection, and
stable use in an aqueous solution. The electrode
can therefore be applied in fields such as
fermentation, clinical diagnosis, and biosensing’ )

A miniature disposable oxygen electrode is
required in the clinical and biosensing fields.
Currently available oxygen electrodes are rela-
tively large and are too expensive to be
discarded after single use. A typical electrode is
the size of a fountain pen and costs from several
hundred to several thousand dollars. Therefore,
several miniature oxygen electrodes were de-
veloped including several Clark oxygen elec-
trodes?)").

Micromachining has great potential in the
development of miniature chemical sensors, and
its use in the fabrication of miniature physical

FUJITSU Sci. Tech. J., 28, 3, pp. 393-401 (September 1992)

sensors and actuators has increased over the last
decade®.

The basic techniques include anisotropic
etching of silicon, direct and field-assisted
bonding, etchstopping, and conventional
photolithography. This paper discusses the
miniaturization of the Clark oxygen electrode
using these techniques and the incorporation of
the electrode in several biosensors.

2. Type I miniature oxygen electrode
2.1 Structure of the type I oxygen electrode
Figure 1 shows a diagram of our typel
miniature Clark oxygen electrode. The electrode
was fabricated on a 2 mm x 15 mm x 400 um
nondoped (100) silicon substrate. The sensitive
area, which contains the essential components
of the Clark-type electrode (i.e., the cathode and
anode, electrolyte, and membrane), is
0.2 x 2mm. The electrolyte 1is contained
in two anisotropicallyetched 0.2 x 0.7 mm
V-groovess)'lo). The anode was formed in the
grooves and the cathode was formed on the area
between the grooves. The cathode and anode
consist of a 400 nm thick gold film with an
intermediate 40 nm thick chromium adhesive
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layer. The cathode area exposed to the electro-
lyte is 0.08 mm?. The cathode and anode are
connected to pads to which a constant voltage
is applied and from which the oxygen reduction
current is detected. All areas other than the pads
and the sensitive area are covered with negative
photoresist. The sensitive areas are filled with
electrolyte and then sealed with a gas-permeable
membrane.

The type I oxygen electrode is polarograph-
ic; that is, it generates a current proportional to
oxygen concentration under the applied voltage.
The current is generated by electrochemical
oxygen reduction at the cathode. The applied
cathode-to-anode voltage is typically —1.2 V.

2.2 Electrolyte and gas-permeable membrane

materials

Table 1 gives details on the electrolyte and
gas-permeable membrane materials that have
been tried up to now. The gas-permeable
membrane must be hydrophobic so that it passes
only gaseous materials and rejects other materi-
als dissolved in an aqueous solution. It must also

Anode

Gas-permeable membrane

v/siliC()ll substrate
a a

~<—[nsulator

| —Sensitive area
- a'

Cathode

15 mm

Electrolyte (PVEP) Cathode (Au)

LG ﬁ o Jwom

Anode (Au)

?mm

Fig. 1—Oxygen electrode. Cross-sections along the lines
aa’and bb’ are shown on the right,

be chemically and physically strong, have a good
adhesion to the substrate, and should be easy to
form into patterns. The membranes for these
electrodes were made using silicone rubber and a
negative photoresist to which we made slight
improvements in terms of strength, adhesion,
and other properties.

We chose electrolyte materials that are more
compatible with the wafer process. At first, we
used an electrolyte impregnated with a gel. We
then developed a process that enabled us to
form the electrolyte layer on the sensitive area
only. We found that forming the gas-permeable
membrane on a gel containing water produced
a membrane that was weak and incomplete, and
had poor sterilization tolerance and long-term
stability.

To solve these problems, we used an electro-
lyte made of poly (vinyl-4-ethylpyridinium
bromide) (PVEP) and a double-layered gas-
permeable membrane. The oxygen electrode
thus produced exhibited good tolerance to
steam-sterilization and long-term stability (see
Sec. 2.4). It was difficult, however, to batch-
fabricate electrode chips on a wafer because the
electrolyte and gas-permeable membrane layers
could not be formed on certain areas of the
wafer.

To solve this problem, we screen-printed a
pottasium chloride (KCI) electrolyte suspended
in polyvinylpyrrolidone (PVP). The pattern
formation problem of the gas-permeable
membrane was solved using a screen-printing lift-
off technique.

2.3 Fabrication of the type I oxygen electrode
The body of the oxygen electrode including

Table 1. Electrolytes and gas-permeable membranes

Electrolyte pattern ‘

negative photoresist

Electrolyte Matrix foriation | Membrane Sterilization
| Agarose BN gNot possible Negative photoresist J_ Not tolerant
0.1 MKCl Polyacrylamﬁe 1 Possible \k Negative photoresist | Not tolerant
iC;cium alginate T PossiTle N i= Silicone resin Not tolerant
PVEP = R Not possibk;i J N ﬁg;ﬁ r;;lhbtlc):r:;/sist | Tolerant
KEIL * F/P pas; - PossiT)le . J\ Sitictne i E

l Tolerant

#: Concentration can not determined.
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Anode Cathode Photoresist Electrolyte

(Gas-permeable membrane Steam

b) Electrolyte layer
formation and baking

a) Groove and electrode
formation

¢) Gas-permeable membrane

d) Activation

formation and baking (water incorporation)

Fig. 2—Fabrication of the type I miniature oxygen electrode with a polyelectrolyte.

the silicon container and electrodes was made by

ordinary photolithography. The method is de-

scribed elsewhere”). Our first oxygen electrodes
with the PVEP polyelectrolyte were made as
follows'"{ see Figs. 2a)-d)}:

1) The body of the oxygen electrode with the
sensitive area delineated by the negative
photoresist was prepared.

2) The electrolyte layer was formed by apply-
ing an aqueous solution of the polymer to
the sensitive area with a small rod. Then, the
water in the electrolyte was completely
removed by baking the electrode at 120 °C
for 10 min.

3) The double-layered gas-permeable membrane
was formed on the electrolyte by applying
liquid resin with a small rod. The membrane
was then baked to make it stronger and
more durable.

4) Since the oxygen electrode does not produce
a current if there is no water available in the
electrolyte for oxygen reduction, water was
incorporated into the sensitive area by
sterilizing the electrode in steam at 120 °C
and 2.2 atm for 15 min.

To solve the problems regarding batch-fabri-
cation and pattern formation, steps 2) and 3)
were modified as follows:

2') We used an electrolyte consisting of KCl and
phosphate salt in the form of precipitated
powders having a particle size of less than
10 um suspended in a PVP paste. The phos-
phate salt was added to adjust the pH. The
viscosity of the electrolyte was adjusted
using PVP of various molecular weights. The
electrolyte was screen-printed onto the
sensitive areas of the electrodes on the
wafer.

3") Before applying the gas-permeable mem-
brane resins, the pad areas were protected

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

lcm

Fig. 3—Miniature oxygen electrodes on a three-inch
wafer.

with a screen-printed removable paint which
was baked at 150 °C for 10 min. The double-
layered gas-permeable membrane was spin-
coated onto the substrate. The lower layer
was the negative photresist layer and the
upper layer was a silicone membrane. The
membrane was baked at 70 °C for 60 min in
a humid atmosphere, and then baked at
150 °C for 30 min. Finally, the paint was
removed from the pad area along with the
gas-permeable membrane. Figure 3 shows a
completed three-inch wafer.

2.4 Characteristics of the type I oxygen
electrode
This section mainly describes the character-
istics of the oxygen electrode having the PVEP
polyelectrolyte and double-layered gas-perme-
able membrane.
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Fig. 4—Calibration curve of the type I oxygen electrode.
Calibration was done in 10 mM phosphate buffer
(pH 7.0,27°C)

Provided the substrate is well insulated the
oxygen electrode has a very good response with
no appreciable noise. The average 90 percent
response time is 80 s. The average response time
of an identical electrode made using a single-
layered gas-permeable membrane is 30s. The
response time of our electrode is therefore
mainly determined by the rate of oxygen
diffusion through the gas-permeable membrane.

Sensor response in applications in which the
dissolved oxygen concentration level is relatively
low (e.g. fermentation) is largely determined by
the level of residual current at zero oxygen con-
centration. Hence, the residual current must be
as small as possible. The residual current of this
electrode is ten percent of the difference be-
tween the levels at oxygen saturation and zero
oxygen concentration.

Figure 4 shows a typical calibration curve of
generated current versus dissolved oxygen
concentration. The curve shows good linearity
below 7.9 ppm, at which point the oxygen con-
centration is saturated at 27 °C. Electroactive
materials produced from the gold anode are
reduced on the cathode, which causes an in-
crease in residual current and a deterioration in
linearity. However, the curve in Fig. 4 shows
only a slight non-linearity at lower oxygen
concentrations. We have found in another study
that electrochemical crosstalk'?) in the type I
electrode is small but not negligible”)'”).

Two of the most important requirements for
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Fig. 5—Long-term stability of oxygen electrodes.
Circles indicate stability of the oxygen electrode
with the polyelectrolyte and double-layered
membrane. Triangles indicate stability of the
electrode with a 0.1 M KCl electrolyte impreg-
nated with calcium alginate gel and a single-

layered membrane. Measurements were done in
10 mM phosphate buffer (pH 7.0, 27 °C).

practical use of electrodes are long-term storage
stability and sterilization tolerance. The most
dominant factor affecting these properties is the
strength  of the gas-permeable membrane.
Figure 5 shows the long-term stability of two
oxygen electrodes having different electrolytes
and gas-permeable membrane materials. Both
electrodes were stored in deionized water at
room temperature when not in use. Water was
incorporated into the membrane of the poly-
electrolyte electrode before the experiment was
started.

The oxygen electrode with the gel electro-
lyte and the single-layered gas-permeable mem-
brane frequently malfunctioned, mainly because
of deterioration of the membrane and adhesion
between the membrane and the substrate. The
membrane was quickly deteriorated by the
water in the electrolyte and the solution used
for measurement”’. This deterioration occurred
because the gel electrolyte was difficult to bake
at a high temperature. The soft gel electrode
could not be used for more than a month be-
cause its membrane broke. However, the output
of the oxygen electrode with the PVEP polyelec-
trolyte and double-layered gas-permeable
membrane was stable after nine months of
storage. The fluctuation in output current after
250 days occurred not because of membrane
deterioration but because the oxygen electrode
cell was near the end of its life span. The elec-
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trode also exhibits a normal response after at
least six months of dry storage. For conveni-
ence, an oxygen electrode that is steam-ster-
ilized and then discarded after a single use can
be stored dry and activated with steam just
before use.

Problems related to long-term stability are
closely associated with sterilization tolerance.
When we sterilized electrodes having the PVEP
electrolyte and a single-layered gas-permeable
membrane, the membranes easily broke. Where-
as the double-layered membranes survived at
least one sterilization with no breaks.

Similar results were obtained for the oxygen
electrodes having the screen-printed electrolyte.
(We are still refining the performance of these
electrodes.) We have resolved all major problems
related to the fabrication of type I oxygen elec-
trodes.

2.5 Application to fermentation monitoring
For this application, the oxygen electrode

= /Anode
| —Cathode

Gas-permeable membrane

Anode
Electrolyte Cathode SiO,

Si

15 mm

i | |
|r 10 mm 4_!

Fig. 6—Miniature oxygen electrode for fermenter. Cross
section on the right is similar to the one along
line bb" in Fig, 1.

Enzyme

B

does not need to be small. However, an inexpen-
sive disposable oxygen electrode will simplify
maintenance and handling because gas-perme-
able membranes are often seriously damaged
during incubation. Because our miniature
oxygen electrode can be steam-sterilized we
made a S-electrode model that was specially
designed for use in a fermenter (see Fig. 6).
Endo et al. have used this sensor to monitor the
variations in dissolved oxygen concentration in a
fermenter during incubation of Escherichia coli,
Saccharomyces cerevisiae, Aspergillus niger, and
Azotobactor vinelandii. Their observations show
a good correlation with the output of a com-
mercially available electrode’®. The electrode
operated for 125 h. They also monitored the
variations in oxygen concentration in a similar
experiment done in a test tube.

2.6 Application to biosensors

Using the type I miniature oxygen electrode
shown in Fig. 1, biosensors for glucose, CO3,
L-lysine, and hypoxanthine were developed by
immobilizing enzymes or microorganisms on the
sensitive area. The structures of the sensitive
areas of these sensors are shown in Fig. 7.

The glucose sensor was made using the
oxygen electrode having the PVEP polyelectro-
lyte!?). Its operation is based on the fact that
the sensor detects variations in oxygen concen-
tration following glucose oxidation by a glucose
oxidase enzyme. Before forming the enzyme-
immobilized membrane, 98 percent ~y-amino-
propyltriethoxysilane (y-APTES) was applied to

Enzyme

S

/

il

i
Y

L

Oxygen electrode
a) Glucose sensor and hypoxanthine sensor

b) CO, sensor

L
L
L5

Bacteria
¢) L-lysine sensor

Bacteria

Fig. 7—Cross-sections of sensitive areas of the biosensors. The lower part of each figure is the same as that of the
oxygen electrode shown in Fig. 1 with the exception that the cathode areas of b) and c) have been etched.
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Fig. 8 —Calibration curve of the glucose sensor.
Calibration was done in 10 mM phosphate buffer
(pH 7.0,37 °C).
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Fig. 9—Long-term stability of the glucose sensor.
Measurement was done in 10 mM phosphate
buffer (pH 7.0, 37 °C).

Glucose concentration was 4 mM.

the gas-permeable membrane to improve the
adhesion of the enzyme-immobilized matrix to
the membrane. The enzyme (from Aspergillus
niger activity: 106 unit/mg) was dissolved in a
solution containing one percent bovine serum
albumin (BSA) and one percent glutaraldehyde.
The enzyme concentration was five percent.
After mixing, the solution was immediately
applied to the sensitive area of the oxygen elec-
trode at room temperature. The electrode was
then allowed to react overnight at 4 °C, after
which it was rinsed in deionized water.

The response time of this sensor was from
60s to 110s. Figure 8 shows a typical calibra-
tion curve. The sensor has good linearity in
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Table 2. Characteristics of biosensors

Sensor Resp(c;rrllis:l:)time Linearity Stability
Glucose n 1 l(?.06—71.1 mM | 30 da&

CO, I 13 | 0.53mM | 7 days
L-lysine 3 25-400 uM | 8 days
Hypoxanthine 5 6.7-180 uM | 2 days

glucose concentrations between 56 uM and
1.1 mM at 37 °C, pH 7.0. Figure 9 shows the
long-term stability of the sensor. Treating the
membrane surface with y-APTES before forming
the BSA matrix extended the lifetime to about
one month. After one month the BSA matrix
also detached from the gas-permeable mem-
brane.

The CO, sensor was made by immobilizing
CO, using autotrophic bacteria (S-17) in the
groove of the miniature oxygen electrode with
calcium alginate gel“”. The L-lysine sensor was
made by immobilizing L-lysine decarboxylase on
the sensitive area of the CO, sensor'”). This
sensor indirectly monitors L-lysine concentra-
tion as follows: the L-lysine decarboxylase de-
composes L-lysine, and the resultant CO, that is
evolved is monitored by the bacterial CO,
sensor. Suzuki et. al. used this oxygen electrode
to make a hypoxanthine sensor to monitor the
freshness of fish'®). This electrode has xanthine
oxidase on its sensitive area. It monitors the
oxygen consumption of an enzyme in a way
similar to the glucose sensor described above.
The characteristics of these sensors are summa-
rized in Table 2 and are discussed in detail
elsewhere!®)18)

3. Type Il miniature oxygen electrode
3.1 Structure of the type Il oxygen electrode
Although we successfully developed the
type 1 miniature oxygen electrode shown in
Fig. 1, several problems remained. The most
serious of these problems was the electrochemi-
cal crosstalk between electrodes that was
mentioned in Sec. 2.4. To obtain the best re-
sponse time, calibration, and long-term stability,
the crosstalk must be minimized. There also
remained several problems regarding fabrication.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Sensitive ~ 2mm
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a-— -a
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Working electrode

Gas-permeable membrane
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Electrolyte
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Fig. 10—Type I miniature oxygen electrode.

Two surfaces bonded

= | _—Working electrode
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| _—Reference electrode

D
X : s
Small grooves to incorporate =} Pad

electrolyte solution
A

a) Silicon substrate

b) Glass substrate

Fig. 11—Silicon substrate with grooves and glass
substrate with electrodes.

Therefore, the oxygen electrode shown in
Fig. 10 was developed.

This electrode consists of two bonded
substrates and is 2 x 15 mm. Silver working,
gold counter, and Ag/AgCl reference electrodes
are formed on a 500 um Pyrex glass substrate
(see Fig. 11). The electrodes were formed at the
bottoms of etched grooves 9 um deep. Unlike
the type I oxygen electrode, the bottoms of
these grooves are almost flat, so electrode
pattern formation is much easier and more
accurate.

The container for the electrolyte solution
0.1 M KCl in 50mM tris-(hydroxymethyl)-
aminomethane/HCI buffer (pH 8.5) | was made
by anisotropically etching a 400 um silicon
(100) substrate. To eliminate crosstalk between

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 12—Calibration curve.
Calibration was done in 10 mM phosphate
buffer (pH 7.0, 25 °C).

electrodes, the grooves were formed only over
the electrode areas and the electrodes were con-
nected via long grooves. Also, the area of silicon
substrate surrounding the working electrode was
thinned to reduce the distance between the elec-
trode and the gas-permeable membrane to
150 um. Bonding was done by applying 1 200 V
between the two substrates in a nitrogen atmos-
phere at 250 °C.

A 12-um-thick gas-permeable membrane
(fluorinated  ethylenepropylene: FEP) was
thermally adhered by melting it over the work-
ing electrode (see Fig. 10). The membrane is
physically and chemically strong, and is there-
fore durable over long periods. To improve
adhesion, we removed the fluorine atoms from
the FEP membrane using an agent containing
metalic sodium, processed the membrane with
v-APTES, and then adhered it at 280 °C in a
vacuum.

The oxygen electrode chips were cut using a
dicing saw before electrolyte incorporation. The
electrolyte solution is easily incorporated via the
long grooves into the small cavity by dipping the
chip into the electrolyte solution and placing it
in a chamber which is then evacuated. Typically,
the voltage applied to the working electrode
with respect to the reference electrode is —0.6 V.

3.2 Characteristics of the type II oxygen

electrode
The 90 percent response time of the type Il
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electrode is 30s, the residual current at zero
oxygen concentration is negligible, and the
linearity between zero oxygen concentration
and saturation at 25°C is very good (see
Fig. 12). Due to the low crosstalk between
electrodes the linearity over multiple tests is
very stable.

We studied this electrode’s tolerance to ster-
ilization using high pressure steam. Completed
oxygen electrodes were sterilized in an autoclave
at 120 °C and 2.2 atm for 15 min, and then
checked for damage to the gas-permeable mem-
brane by adding 2 mM Kj3Fe (CN)g. If the
sensitive area is not completely covered with the
gas-permeable membrane, the KjFe (CN)g
reaches the working electrode, causing an elec-
trochemical reaction and a consequent increase
in current. After sterilization, all of the mem-
branes that were not treated with the agent had
detached. Whereas all of the treated membranes
remained attached, proving that the treatment
improves adhesion.

4. Conclusion

Miniature Clark oxygen electrodes were
fabricated. One type of oxygen electrode was
made using anisotropic etching of silicon. By
using a polyelectrolyte and a double-layered gas-
permeable membrane the characteristics of this
electrode were improved, especially the long-
term stability and sterilization tolerance. The
oxygen electrode was applied to fermentation
monitoring and was used to fabricate biosensors.
To further improve performance another minia-
ture oxygen electrode was developed using
anisotropic etching and field-assisted bonding.

The sensor structures and techniques de-
scribed here can also be used to fabricate
chemical sensors other than the Clark oxygen
electrode.
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A molecular orbital package, MOS-F (semiempirical Molecular Orbital package for Spectros-
copy-Fujitsu version), has been developed for high-speed computations for large organic
optical molecules. MOS-F has been used to screen and design organic nonlinear optical mate-
rials. A novel electro-optic polymer which shows an optical nonlinearity almost as large as
that of lithium niobate was found. Using MOS-F, optical nonlinearity of long azomethine
conjugated systems was predicted. Frontier molecular orbital analysis revealed that donor/
acceptor regions are induced in the main chain without a donor/acceptor substituent. It was
also found that nonlinearity is improved by substituting donor groups at donor regions and

acceptor groups at acceptor regions.

1. Introduction

In recent years, computational chemistry
based on molecular orbital (MO) calculations
have been used as a design and screening tool for
organic materials such as nonlinear optical
materials’)"®).

The MO methods are classified as being non-
empirical (ab initio) or semiempiricalg). In the
ab initio MO methods, the correct Hamiltonian
is used and all integrals which express electron-
electron repulsion, electron-nucleus attraction,
orbital overlap, and so on are derived by pure
calculation. However, although the results of
computation are reliable, the ab initio methods
are prohibitively time consuming. In contrast,
semiempirical MO methods omit or parametrize
many integrals, and are therefore much faster
and better suited to the computation of large
systems. The semiempirical MO methods are
especially advantageous in the computation
of optical properties such as molecular absorp-
tion spectra and polarizabilities, Two of the
common semiempirical MO methods which give
a good account of the electronic spectra for
organic systems are the Pariser-Parr-Pople (PPP)
method'?'?) with singly excited configuration
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interaction (SCI), and the spectroscopic version
of the complete or intermediate neglect of
differential overlap method with SCI { CNDO/
S-CI'*'¢) | INDO/S-CI'"}. The CNDO/S-CI
and INDO/S-CI methods have several advantages
over the PPP method in that they can be applied
to a nonplanar molecule. However, there is no
readily obtainable CNDO/S-CI package that can
be applied to organic molecules having more
than 30 carbon atoms. To realize high-speed,
large-scale CNDO/S-CI calculation, we developed
the “‘semiempirical MO package for Spectro-
scopy-Fujitsu version” (MOS-F), which can be
applied to a wide range of organic optical
materials.

One of the most important applications of
computational chemistry is in the design of
organic nonlinear optical materials. Nonlinear
optical polymer, which will be used in mono-
lithic light modulators and optical switch
arrays in optical circuit boards, is a key material
for the optical interconnection of future com-
puter systems operating at high bit rates. As is
well-known, the macroscopic optical non-
linearity of a material is closely related to the
hyperpolarizabilities of the constituent mole-

FUJITSU Sci. Tech. J., 28, 3, pp. 402-412 (September 1992)
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cules”. In order to find molecular structures

which improve optical nonlinearity, the frequen-
cy-dependent hyperpolarizabilities of organic
molecules have been extensively calculated using
the semiempirical molecular orbital methods
mentioned above.

In this paper, we describe the features and
performance of the MOS-F package in terms
of the frequency-dependent hyperpolarizability
calculation. Then, we report on the computation
of frequency-dependent first hyperpolariza-
bilities for the electro-optic Pockels effect,
B (—w; 0, w), in azomethine systems using the
MOS-F package, and clarify the donor/acceptor
site-dependence of  (—w; 0, w).

2. MOS-F package
The main function of the MOS-F package is

to assist in the screening and molecular design of
organic functional dyes, especially organic
nonlinear optical molecules. To increase the
speed of computations for large organic mol-
ecules, the MOS-F package features the follow-
ing:

1) The introduction of the acceleration algo-
rithms used in the ab initio methods, i.e.
the four index transformation method'®
and the density matrix extrapolation pro-
cedure! 9), into a semiempirical method.

2) Fujitsu’s SSL2/VP scientific subroutine
library.

3) Processing of all scratch data on the memory
space, i.e. no write operation of data in the
scratch file.

4) Maximum use of available memory space by
using the INCLUDE statement of FORT-
RAN.

From the physical point of view, the MOS-F
package features the following:

1) The CNDO/2%?, CNDO/S, CNDO/S2*", and
CNDO/S3%") semiempirical MO methods.

2) SCI calculation for singlet and triplet states.

3) Frequency-dependent first hyperpolarizabili-
ties for electro-optic Pockels effect (EOPE),
second harmonic generation (SHG), and
optical rectification (OR) using the sum-
over-states method!)+2):22).

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 1 -MOS-F flowchart.

4) Analytic”), Pariser-Parr“), Nishimoto-

Mataga“) (includes new formula), Nishi-

moto—Mataga—Weiss”), Ohn024), Ohno-

Klopmanzs), and DasGupta-Huzi11aga26) for-

mulas for evaluation of the two-center

electron repulsion integrals.

5) Analytic computation of the one-center
dipole integrals over the atomic orbitals in
the evaluation of electronic transition
moments'® .

The flowchart of the MOS-F computation is
shown in Fig. 1. MOS-F contains FORTRAN
codes, quoted from or copied from Quan-
tum Chemistry Program Exchange (QCPE)
programs’9)’27)'32).

3. Performance of MOS-F

Table 1 shows the memory size required by
MOS-F in the Fujitsu FORT77/VP V10L30
FORTRAN compiler. Using a main memory
resource of 256 Mbytes, the MOS-F package can
theoretically be applied to a molecule of 1250
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Table 1. MOS-F program size

Maximum number of ‘ ;
T ————— Program size
| Excited

\ Atomic

Mbytes)
Atoms orbitals L states J (Mby -
100 250 | 225 2.7
100 250 400 ‘ 4.5
150 300 400 4.6
300 600 | 400 | 12,6
600 1200 ‘ 400 | 483
1 000 2000 400 | 133.1
|
1250 2500 400 207 .4
1250 | 2500 2500 ’ 207.5
Computational process Package
Molecule building Q\O Anchor II
Determination of % MOPAC

equilibrium geometry

Excited state .

Ground state ¥

C@ MOS-F

Computation of total
wavefunctions for
the ground and excited states

Computation of electronic
transition moments

Evaluation of 8 B=F (¥, ¥y) J

Fig. 2—Outline of hyperpolarizability calculation.

atoms and 2 500 atomic orbitals, which corre-
sponds to C4;6Hg34 (1250 atoms, 2 498 atomic
orbitals, molecular weight: 5837.26). This
means that MOS-F can be applied to molecules
that are as much as about six times the size of
common molecules having molecular weights
less than 1 000. In the case of the paraffin hydro-
carbon with 50 carbon atoms, ie. CsoH,g,
(152 atoms, 302 atomic orbitals), the required
memory size is about 6 Mbytes. An engineering
work station (EWS) such as the S-4/2 can be
used for MOS-F calculations for these large
molecules.

The computation of the frequency-depend-.

ent first hyperpolarizability for EOPE, g (—w;
0, w), was performed for various kinds of organic
nonlinear optical molecules. The hyperpolariz-
ability calculation is outlined in Fig. 2. The
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molecules were built using Fujitsu’s Anchor II
package. The Austin model I (AM1)33) and
parametric method 3 (PM3)34) MO calculations
for the geometry optimization of the molecules
listed in Table 2 were done using MOPAC
Version 5.0°%). In the SCI calculation, all of
the possible singly excited configuration state
functions (CSFs) formed from the ten highest
occupied orbitals and the ten lowest unoccupied
orbitals were employed; therefore, the number
of singly excited CSFs was 100. The computa-
tion of § (—w; 0, w) was done in 0.05 eV steps
over the range of 7ico =0 to the vicinity of the
transition energy of the lowest excited state.
Details on the computation of 8 (—w; 0, w)
using the CNDO/S-CI sum-over-states method
are given in the appendix.

B (—w; 0, w) calculations for 50 organic
molecules were carried out using the VP-200
supercomputer system. The average number of
atoms and atomic orbitals of these molecules is
37 and 108, respectively. In the CNDO/S-CI
calculation, the main factor affecting CPU time
is the number of atomic obitals and excited
states. One hundred and eight orbitals corre-
sponds to the paraffin hydrocarbon with 18
carbon atoms, i.e. C,;gH;g. Table 2 shows the
CPU times for MOS-F computations of 8 (—w;
0, w) for the 50 molecules. The total and
average CPU times are 344.7s and 6.90 s,
respectively, i.e. the 8 (—w; 0, w) calculations
for the 50 molecules is completed within six
minutes. MOS-F is therefore fast enough for the
screening of candidate molecules.

Tables 1 and 2 show that MOS-F is an
excellent tool for the design and screening of
large organic molecules with optical functions.

4. Application to nonlinear optics

In this chapter, we report on an application
of MOS-F to nonlinear optical materials develop-
ment to demonstrate the power of computa-
tional chemistry for material research. All MO
calculations were performed using Fujitsu’s
VP-200 system, M-380 system, and S-4/2 EWS.

4.1 Pendant-attached poled polymer
Poled electro-optic (EO) polymers with

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Table 2. CPU times for MOS-F computations of f(—w: 0, w) using Fujitsu’s VP-200
supercomputer system with FORT77/VP V10L30 FORTRAN compiler '

Molecular information Molecular information
e ’ Number of CPI(JS;Ime Number of PEme
Stoichiometry | Atoms | Atomic orbitals Stoichiometry ‘, Afoms] Atomic srbitale (s)

Ci16H 9O, N, |30 90 5.53 CisHi303N;3 34 97 6.25
C;1HgON; ‘ 24 69 431 Ci4H;9O;N, 28 82 542
Ci12H 0O, N, | 28 82 440 CisHoO4N 29 89 5.85
Ci2H gO3N, 29 86 4.39 CiaH;; 05N, 30 87 5.74
Cy1HgNsCl 27 78 4.03 Ci4H; 1O, N3 30 87 5.66
C11Hg O, Ns 27 81 4.10 Cy3H,{,0N,S; 32 92 6.22
Cy,H;; O, N; 30 87 4.54 Cy4H;,ON,S; 32 92 6.03
C13H,004Ny 31 94 4.80 C13H,pO0;N, 27 78 4.85
C36H33 04N, | 82 214 17.66 C,3H;;N 25 67 5.14
Ci3H;oO;N, | 28 82 “ 4.67 CisH 3N3 31 85 5.28
Ci6H19O3N;, .30 90 6.66 CysH;,0,N, 33 96 5.26
C,,H;(ON, 25 70 4.14 CysH;,0,N, 33 96 6.10
C;3H;;ON | 26 71 4.36 CisH,0,N, 33 96 4.94
C19H;¢ON, 38 104 6.03 Cy5sH;,0,Ny 33 96 5.93
CisH 40N, 37 106 5.56 CisH{,0,N, 33 96 5.83
Cy7H;30,N; 37 109 6.06 CisH;,0,N, 33 96 5.83
Ci4H;,0,Ny 32 92 5.54 C,9H,3 N5 57 159 9.16
C,3HyON 24 69 4.57 C,7H,,0gN; 67 205 13.35
C,;5sHyON 26 77 4.90 C,9H,308N,3 73 223 15.97
C,3HyON 24 | 69 4.72 Ca5H3505Ni3 73 223 15.56
C,3H,;;ON 26 | 71 4.83 Cy0H,304 Ny 65 191 11.95
CigH60,N; 38 104 6.33 C,y9H,308N;3 73 223 14.87
C,sH,40N,S, 34 94 5.55 Cys a5 0:Nis 73 223 15.35
C1,Hg Oy Ny 24 78 5.70 Cy9H,304Nyg 65 191 11.80
CiaH;20,N, 30 84 548 Total 1861 5419 344.76
CisH1002 N, 32 98 | 78 Average 37 108 6.90

The number of CSFs in CNDO/S-CI calculation is fixed to 100. f(—w; 0, w) is calculated in 0.05 eV steps over the
range of 7ico = 0 eV to the vicinity of the lowest excited state transition energy.

organic nonlinear optical side-chains, i.e. pen-
dant-attached poled polymers, have been inves-
tigated35) because of their high performance
and good processability. In this system, one of
the dominant factors affecting the EOPE, which
is a second-order nonlinear optical effect, is the
magnitude of the hyperpolarizability for side-
chain molecules. Therefore, it is important to
screen candidate side-chain molecules when at-
tempting to improve EO materials by calculating
the molecular hyperpolarizability using theoreti-
cal computation. In theoretical prediction using
semiempirical MO methods, however, we need to
verify the reliability of the hyperpolarizability.
In this section, we first examine the EO

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

coefficients, which are macroscopic quantities
corresponding to the molecular hyperpolarizabil-
ities for EOPE, of a pendant-attached poled
polymer with a screened side-chain molecule.
Then we verify the reliability of the calculated
B(—w; 0, w) using two different types of side-
chain molecules.

4.1.1 Screening of side-chain molecules

B(—w; 0, w) at fiw = 1.96 eV, which corre-
sponds to the photon energy of the He-Ne laser,
was calculated for the 50 molecules listed in
Table 2. All the computational procedures were
the same as those described in Chap. 3. It should
be noted that some of these molecules cannot be
synthesized. We found that diacetylene deriva-
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OH OH

NO,

a) PNA polymer

CHs

()/\(\N 0
OH OH

O CHy  CH, CH,

NO,
b) DA polymer

Fig. 3—Two types of EO polymers.

tive 1-(4-aminophenyl)4-(4-nitrophenyl)-l, 3-
butadiyne (DA) has the largest f(—w; 0, w) of
all the synthesizable molecules.

Then we measured the EO coefficients for
DA-bonded epoxy polymer (DA polymer) film
using a conventional simple reflection tech-
nique36) after the poling procedure. We found
that the EO coefficient of DA polymer is
25 pm/V and is about as large as that of lithium
niobate, which is the commonest commercial
inorganic optical material. This
demonstrates that the screening of organic non-
linear optical molecules using the MOS-F
package is very useful in the development of
nonlinear optical materials.

4.1.2 Reliability of calculated

hyperpolarizability

To verify the reliability of the calculated
hyperpolarizability, we compared the calculated
B(—w: 0, w) of side-chain molecules with exper-
imental EO coefficients of poled polymers for
two different types of side chain molecules.

nonlinear
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Table 3. Calculated f(—w; 0, w) for DA and experimental

EO coefficients for DA polymer at 7w =1.96 eV

R 7 B EO coefficients
DA 8.8 4.17
p-nitroaniline 1 1

The values listed here are values relative to p-nitroaniline
or PNA polymer.

Figure 3 shows the structures of pendant-at-
tached EO polymers. One is DA polymer and
the other is p-nitroaniline-bonded epoxy poly-
mer (PNA polymer). In the computational
procedure, fB(—w; 0, w) for two side-chain
molecules, i.e. p-nitroaniline and DA were calcu-
lated after determining their stable structures
under the constraint of C,, symmetry using the
AMI1 method.

Table 3 shows the calculated relative value
of B(—w; 0, w) for DA and the experimental EO
coefficient for the poled DA polymer. The
calculated and experimental values indicate that
DA has a larger optical nonlinearity than
p-nitroaniline. Therefore, the calculated optical
nonlinearity is in qualitative agreement with the
experimental values. It should be noted that
statistical treatments are required for a quantita-
tive prediction since an EO coefficient also
depends on the orientation and density of the
nonlinear optical molecules in the material.

4.2 m-conjugated polymer

Recently, it was reported that terephthalal-
dehyde and p-phenylenediamine are connected
by an azomethine bond (RCH = NR") through
-CHO and -NH, groups to form polymer films
via chemical vapor deposition (CVD) and
molecular layer deposition (MLD)37) (see Fig. 4).
These methods of deposition enable monomol-
ecular-order control of a one-dimensional
polymer structure. Therefore, the design of
constituent molecules and the resultant polymer
structures by theoretical computation play an
important role in the enhancement of the
nonlinear properties of polymer materials.

In this section, we report on an application
of the MOS-F package to m-conjugated systems
containing azomethine bonds and clarify the

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 4 —Layer by layer growth of azomethine polymer
film using MLD.

b) DADA
X {
/
X ¢
p !
V4 < >
N -D: NH,
c) HHHH -A: NO,

Fig. 5—Structural formulas of the model molecules
containing azomethine bonds.

donor/acceptor site-dependence of hyperpo-
larizabilities.

4.2.1 Model molecules

Figure 5 shows the structural formulas of
the model molecules. These molecules differ
in their substitution sites of donors and ac-
ceptors. D is the donor (-NH,), 4 the acceptor

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

. (MOS-F)and . . .

Table 4. Bond lengths of donor (-NH, ) and acceptor
(-NO,) in A units

p-dinitrobenzene

p-phenylenediamine

Ryno Ren Rnu Ren
1.200 1.492 0.983 1.383

The values are taken from AM1 optimized geometries
for planar p-dinitrobenzene and p-phenylenediamine,
both of which belong to the D,y point group.

(-NO,), and H the hydrogen atom. Molecule
HHHH has neither a donor nor acceptor.

Our purpose was to investigate the relationship
between the magnitude of § and the donor/ac-
ceptor substitution sites. Full geometry optimi-
zation for all the model molecules complicates
the above relationship due to geometrical dif-
ferences such as conformational dependence of
B and the geometrical change versus the type
of donor and acceptor. Therefore, optimized
geometry of HHHH was used throughout when
calculating B for all the model molecules
so that we could focus on the site depend-
ence. The semiempirical AM1 method was
used to optimize the geometry of molecule
HHHH. All the benzene rings were fixed to a
planar structure. The bond lengths of -NH,
and -NO, were taken from AMI1 optimized
geometry for planar p-phenylenediamine and
p-dinitrobenzene, respectively. (Both of these
molecules have D, symmetry during the opti-
mization procedure.) The bond angles were
fixed to 120 degrees. The bond lengths are
shown in Table 4. In the SCI calculation, all of
the possible singly excited CSFs formed from
the 20 highest occupied orbitals and the
20 lowest unoccupied orbitals were employed;
therefore, the number of singly excited CSFs
was 400.

4.2.2 Effect of donor/acceptor substitution
sites on the calculated hyperpolariza-
bilities

We will now discuss the relationship between

the magnitude of B and the donor/acceptor
substitution site. Table S shows the calculated
B(—w; 0, w) for the model molecules and
p-nitroaniline (p-NA), a common nonlinear
optical molecule, at 7w =1.96¢eV, which

407



A. Matsuura, and T. Hayano: Development of a Molecular Orbital Package for ... (MOS-F)and . . .

Table 5. Calculated f(—w: 0, w) at iw =1.96 eV
B

Molgcule | 8%53})“;;;’ ‘/‘l‘s‘l";) |Relative value® :
ADAD | 2426 [ 386
DADA 18.34 | 2.92
HHHH ‘ 14.52 231
p-nitroaniline | 6.291 | 1

*: Value of molecule with respect to p-nitroaniline.

10%

DADA

) %

B (107* cm®/esu)

HHHH

10 L L L
0 0.5 1 L5 2

Frequency (eV)

Fig. 6—f(—w; 0, w) for the model molecules.

corresponds to the photon energy of the He-Ne
laser. The donor/acceptor substitution sites have
a big influence on the magnitude of B(—w; O,
w). The magnitude of pB(—w; 0, w) for
ADAD is the largest of the four and is about
40 times the magnitude for p-nitroaniline.
In contrast, despite its many donor/acceptor
substituents, the magnitude for DADA is small.
We also found that the magnitude of B(—w;
0, w) for HHHH, which has neither a donor nor
acceptor, is more than double the magnitude
for p-nitroaniline.

Figure 6 shows (—w; 0, w) over the range
of w=0¢eV to 2eV for the three model
molecules. The B(—w; 0, w) values are consistent
over this 7w region, ie. at any 7w, B(—w;
0, w) for ADAD is greater than that for DADA,
which is in turn greater than that for HHHH.

4.2.3 Frontier MO analysis

In this subsection, we discuss in detail the
site-dependence of f(—w; 0, w) using Frontier
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Table 6. Frontier orbital energies and their energy gaps,
de, in eV units

Molecule EHOMO €LUMO Ae
 ADAD —8.17 —B8.51 460
DADA -8.82 ~3.04 5.78
HHHH -8.36 —2.20 6.07

MO analysis®®’. Table 6 shows the energies for
the highest occupied MO (HOMO), the energies
for the lowest unoccupied MO (LUMO), and
the energy gaps between these two orbitals.
ADAD has the highest HOMO energy, the lowest
LUMO energy, and the smallest energy gap.
In general, a donor raises the energy level of the
HOMO and an acceptor lowers the energy level
of the LUMO. Thus, in ADAD, donors and
acceptors are substituted at sites which make
the donor/acceptor properties large. Conversely,
in DADA, the HOMO energy, despite the many
donor/acceptor substituents, is lower than that
in HHHH. Moreover, from Table 5 and 6 and
from Fig. 6, we find that molecules with a
smaller energy gap between the HOMO and
LUMO tend to have a large f(—w: 0, w). This
suggests the importance of investigating the
energy gap when enhancing molecular optical
nonlinearity.

Figure 7 shows the Frontier electron densi-
ties (FEDs) for the constituent heavy atoms of
HHHH. The FED of atom A for the ith Frontier
MO, f4, is expressed as follows:

fa= ‘EA(C,“?) y

where C,; is the MO coefficient, and u runs

over the atomic orbitals belonging to atom A.

In this paper, the summation of FEDs over all

constituent atoms is normalized to unity.

From Fig. 7, we find the following FED char-

acteristics:

1) FEDs for the HOMO are localized in ben-
zene ring 2.

2) FEDs for the LUMO are localized in benzene
ring 3 and in the two azomethine regions
bonded to benzene ring 3.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 7—Frontier electron densities of heavy atoms, fAi,
of model molecule HHHH. The summation offAi
over the constituent atoms (i) is normalized to
unity.

Fig. 8—Donor/acceptor regions of model molecule
HHHH as predicted by Frontier MO analysis.

As is well known, the regions in which the
LUMO are localized have an acceptor property
and the regions in which the HOMO are local-
ized have a donor property. Thus, we find that
HHHH, a molecule with no donor/acceptor
substituent, can be divided into donor and
acceptor regions as shown in Fig. 8. This is
the origin of the donor/acceptor site-depend-
ence of B(—w: 0, w), and is consistent with the
discussion on the relationship between the

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

magnitude of B(—w; 0, w) and the HOMO/
LUMO energies. Actually, the computational
results mentioned above show that the substi-
tution of donor/acceptors for hydrogen atoms
without cancellation of the main chain donor/
acceptor properties increases the value of
B(—w; 0, w). B(—w; 0, w) for ADAD, which
locates donors in the main chain donor regions
and acceptors in the acceptor regions without
canceling the main chain donor/acceptor proper-
ties, is much larger than (—w; 0, w) for DADA,
which locates donors in the main chain acceptor
regions and acceptors in the donor regions,
thus canceling the donor/acceptor properties.

From the above discussion on site depend-
ence, it is clear that the investigation of donor/
acceptor regions in a molecule using Frontier
MO analysis is a powerful method of locating
the donor/acceptor substitution sites which
enhance the optical nonlinearity of molecular
systems.

5. Conclusion

A spectroscopic version of the semiempirical
MO package, MOS-F, has been developed for
the design and screening of organic optical
materials. When used with a main memory
resource of 256 Mbytes, MOS-F can be applied
to extremely large molecules, i.e. molecules
corresponding in size to a paraffin hydrocarbon
containing more than 400 carbon atoms.
Using MOS-F, it takes 344.76s in the CPU
time to calculate the frequency-dependent
first  hyperpolarizabilities for electro-optic
Pockels effect on a Fujitsu VP-200 supercom-
puter system for 50 organic molecules whose
average size corresponds to that of the paraffin
hydrocarbon with 18 carbon atoms. We used
MOS-F to screen the side-chain molecules of EO
polymers for nonlinear optical properties. We
found a novel polymer with the large EO co-
efficient of 25 pm/V, which is about as large
as that of lithium niobate. We also used MOS-F
to predict optical nonlinearity in m-conjugated
systems containing azomethine bonds. Frontier
MO analysis indicated that a molecule with no
donor/acceptor substituent can be divided into
donor and acceptor regions. Study of the
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relationship between optical nonlinearity and
the substitution sites of donors and acceptors
revealed that the investigation of donor and
acceptor regions in a molecule using. Frontier
MO analysis is a powerful method of locating
the substituents that enhance the optical non-
linearity of a molecule. MOS-F is an excellent

1

B(—w;0,w)=v/B2+p2+p2 |

Bi (—w; 0, w) = %{ Bixk * Brix + Brki) »

Bu (—010,0) = ¢ 3 [(<ijk>+<kji > |
+(<jik >+ <jki>) |

+(<ikj>+<kij>){

where,

tool for the design and screening of large organic
molecules with optical functions.

Appendix
CNDO/S-CI sum-over-states method

B (~w; 0, w) was evaluated using the sum-
over-states method. In this method, the expres-

sion for f(—w; 0, w) is written as follows:

1 1
(E,~hiw) (E, —lw) N (Ee thw) (E, + ﬁw)}

1 + 1 }
E (Ee—Tiw)  E,(E. +hw)

v (A1)

1 1
(E,—hw)E,. i (E,+ hWw)E, }'

ik >= < W W W > < W 5[ ¥ > < Uo [y | >,

ﬁi = I:‘i* < w‘g/l:li/w-g =,

N .
M= —eld g,
§=1

where w is the angular frequency of the incident
light; £, and E, ' are the electroic transition
energies; 7= h/2m is Dirac’s h; ¥, is the total
wavefunction of the ground state; ¥, and ¥, -,
are the total wavefunctions of the excited
states; subscripts i, j, and k are the Cartesian
components; g; is the dipole operator for the
ith component; i is the ith component of
the position vector of the sth electron; and NV is
the number of electrons in the molecule. Unlike
Ward’s ex pression®?), Equation (A-1) is multi-
plied by a factor of —1/4 to equalize f(—w:; 0,
w) with the frequency-dependent hyper-
polarizability for second harmonic generation
over the limit w — 0. The basic quantities in
Equation (A-1), ie. E,, ¥,, ¥., and <ijk>,
can be evaluated using MO calculation. The
CNDO/S-CI method was employed using
Chang’s atomic parametersls). The two-center
Coulomb integrals, v, g, are evaluated using the

NM formula, which is expressed as follows:
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) 14.399
Rap +28.797/(yaa *+7BB)

YAB

where Rpp is the distance between atom A
and atom B, and 5 o is the one-center Coulomb
integral. The units for energy and bond length
are eV and ,&, respectively.

In the transition moment calculation, the
one-center dipole integrals over atomic orbitals
are evaluated analytically.
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This paper describes the interactive extraction of rules that estimate acoustic-segment
sequences from an orthography of Japanese language. The rules are in the format of context-
sensitive rewriting rules and are arranged into four layers. Initial rules are given by traditional
Japanese phonology. In the interactive rule extraction, top-down segmentation is used to
automatically detect speech data that contains variations that are not described by the exist-
ing rules. In the extraction experiments, 163 rules were extracted from 1000 Japanese
phrases spoken by one male and 255 rules were extracted from 10000 Japanese phrases
spoken by ten males. The rules account for 21 kinds of variation phenomena.

1. Introduction

To realize a continuous speech recognizer,
we must develop a highly accurate phoneme
recognizer. The major problem in achieving this
is how to treat variations of phonemes in con-
tinuous speech. When the phonemes in con-
tinuous speech vary, they are not recognized
using the registered phoneme templates; there-
fore, the input speech cannot be correctly
recognized. The variation of a phoneme depends
on its phonemic context.

Using a large speech database, we investi-
gated which kinds of phonemic contexts cause
the phonemic variations. We extracted comput-
er-readable rules that represent the phonemic
variations. To efficiently extract the rules from
the speech database, we constructed a support
system using top-down segmentation. This paper
focuses on the extraction process of the rules
concerning the phonemic variations in con-
tinuous speech and the extracted rules.

The rules hypothesize the phonemic varia-
tions in top-down manner. That is, the rules
convert a Japanese orthography to phonemes,
then the phonemes to allophones, and finally
the allophones to acoustic segments. The acous-
tic segment (a new speech unit which we have

FUJITSU Sci. Tech. J., 28, 3, pp. 413-421 (September 1992)

defined) represents physical phenomenon in
speech. In speech recognition, the acoustic
segment can be easily recognized by machine.
In our method of using the acoustic segments,
the boundaries of phonemes are not always
consistent with those of the acoustic segments.
This is because a glide between phonemes is
represented as an acoustic segment.

The top-down segmentation system used to
detect the variations that are not represented by
rules are described in chapter 2. The basic
concept of rule extraction is described in
chapter 3. The support system for rule extrac-
tion is introduced in chapter 4. The rule-extrac-
tion experiments are described in chapters 5
and 6. Early reports on the work described in
this paper can be found in references 1) and 2).
See also references 3), 4), 5), and 6) for our
related work.

2. Top-down segmentation
2.1 Outline

The idea of top-down segmentation was first
introduced by Aikawa, Sugiyama, and Shikano”’.
Their system segments speech into phonemes.
Phoneme segmentation, however, is very dif-
ficult because phoneme boundaries are not
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Orthographic expression

Variation ) Acoustic-segment
rules s hypothesizer
G *
o X ;
3 = Segment-boundary
= hypothesizer
Segment-
duration *
rules Result
~— Segmentation
Accepted
i .
\ rejected
Acoustic > Acoustic labeling I
templates
p/
Speech data
Fig. 1 —Top-down segmentation.
Table 1. Structure of variation rules
Layer From To [ Variation

0 Orthographic| Phoneme : -

|
1 Phoneme Phone | Obligatory allophone
2 Phoneme Phone ‘ Optional allophone
Acoustic- .
3 Phone segment ! Glide

always consistent with the positions of acoustic
events. This is especially true when speech
includes phonemic variations.

Our top-down segmentation system seg-
ments speech into acoustic segments by
matching the speech data and hypotheses of
acoustic segments. The hypotheses of acoustic
segments are automatically generated from the
orthographic expression of the speech data using
rules that account for the variations in the
speech data. The flow diagram of the top-down
segmentation system is shown in Fig. 1. The
function of each part is described below.

2.2 Variation rules

The rules are described using the format of
the context sensitive rewriting rules, and are
arranged into four layers as shown in Table 1.
Some examples of the variation rules are shown
in Fig. 2. The rules in layer O translate an ortho-
graphic expression of the speech data into a
phonemic expression.

The rules in layer O are well formulated by
traditional Japanese phonolqus)’g). The rules in
layers 1 and 2 translate a phonemic expression
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Example 1: Lengthening of vowel

O; W= O U. » 024
Example 2: Diphthongization

A I, = (AL L, , A
Example 3: Glide between vowels

! - e%/1._A ;

A, L U,E, and O.:
Japanese short vowels
02 : Japanese long vowel of O.
Aj : A diphthong like the English closing diphthong/ai/
!¢ A null symbol
e% : An acoustic segment in a transition that has the
spectrum of vowel E.

Fig. 2—Examples of variation rules.

into phonetic (allophonic) hypotheses. The rules
in layer 1 translate a phoneme into an obligatory
allophone. The rules in layer2 translate a
phoneme into two or more optional allophones.
Most rules for obligatory allophones and some
rules for optional allophones are also formulated
by traditional Japanese phonology. The rules in
layer 3 translate a phonetic hypothesis into
acoustic-segment hypotheses. If a rule in layer 2
or 3 is applied once, two or more hypotheses are
generated. All of these hypotheses except one
have variations. The 111 acoustic-segment
symbols are used to represent the speech that
contains Japanese-language phonemes and their
variants.

2.3 Acoustic-segment hypothesizer

One or more lists of acoustic-segment
hypotheses are generated by applying the varia-
tion rules to the orthographic expression of the
speech data. The method of generating the
acoustic-segment hypotheses is shown in Fig. 3.

2.4 Segment-duration rules

The segment-duration rules are based on
isochronism of Japanese-language syllables.
Some rules account for variations of segment
duration in particular phoneme contexts and in

allophonic variations. Some examples of the
segment-duration rules are shown in Fig. 4.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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SIKASI (orthographic expression)

Applied rules in layer 0

<word head>— ##, S— S,
I-1,K->K,A—>A, 6 S—> S,
[—- 1, <word tail>— ##

.

(Phonemic expression)

Applied rules in layer 1

#S. 1K A S. I ##

S.— SH/_I; palatalization of consonant

'

## SH.I. K. A. SH L. ## (Phonetic hypothesis I)

'

Applied rules in layer 2

SHI. —
(SHI. , SH-I)/(__<voiceless consonants), _ ##)
; devocalization of vowel

'

## SH I K. A. SH L. ##
## SH-1 K. A. SH I. ##
## SH 1. K. A. SH-I ##
## SH-1 K. A. SH-I ##

(Phonetic hypothesis II)

'

Applied rules in layer 3

1= (Q., ?? Q. )/ <vowels> _ <voiceless stops>
; glotal stop and closure before stops
1= Q. / _ <voiceless stops>; closure

SH-1— SI; devocalized syllable

¢

# SHI1 Q K. A. SH I ##
# SHI 2 Q. K. A. SH I ##
# SI Q. K. A.SH L. ##

# SH 1. Q. K. A. SI ##

## SH I 22 Q. K. A. SI ##

## SI Q. K. A. SI ##

(Acoustic-segment hypotheses)

Fig. 3—Generation of acoustic-segment hypotheses.

2.5 Segment-boundary hypothesizer
Segment-boundary hypotheses are generated
by applying the segment-duration rules to

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

Example 1: Relative duration of typical vowels

(I,E, A, 0, U )>20;

Example 2: Relative duration of vowels at word tail

(L, E, A, 0, U )30/ #;

Fig. 4 —Examples of segment-duration rules.

acoustic-segment hypotheses. A segment-bound-
ary hypothesis represents the end positions of
individual hypothesized acoustic segments. An
end position of a segment is described using a
relative frame number.

2.6 Acoustic templates

The acoustic templates mainly represent the
place of articulation. Twenty one categories are
defined in the acoustic templates. Each category
consists of multiple templates to represent the
minor spectrum variation of the category. Each
acoustic template consists of a 16-channel FFT
(Fast Fourier Transform) power spectrum (see
section 2.7). Speaker-dependent acoustic tem-
plates are generated from 100-word training
data®. To generate the templates, each training
token is segmented by a rough top-down seg-
mentation method that uses the speech power
data and rules on the power shape around the
phoneme boundaries. The result of the seg-
mentation is checked by segment-evaluation
rules. The segment evaluation rules reject 5
percent to 15 percent of the segmentation
results of the training data. If the segmentation
result is accepted, the acoustic templates are
sampled at the plural frames in the individual
segments. Template-extraction rules define the
places of the sampling frames in the segment.
For example, the rule for vowels is that their
acoustic templates are sampled at 25 percent,
50 percent, and 75 percent positions in the
vowel segment.

2.7 Acoustic labeling
Speech data is sampled at 16 kHz and
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Fig. S—Example of acoustic labeling and segmentation result.

quantized to 16 bits. The power spectrum of
each frame is calculated by a 512-point FFT.
The frame length is 32 ms, and the interval is
5 ms. The 257 components of the FFT power
spectrum are compressed to 16 channels equally
spaced on the mel scale.

The distances between each frame of input
speech and the acoustic templates of individual
categories are calculated using the K-nearest
neighborhood method (K = 3). An acoustic-label
lattice that contains the distance of each label is
constructed as shown in Fig. 5. The labels in the
lattice of Fig. 5 are aligned in order of distance.
In Fig. 5, if the distance of the label is greater
than a threshold, the label is not indicated.

The acoustic segment-boundary hypotheses
are aligned with the acoustic-label lattice using
dynamic programming. In this process, an island-
driven method is employed to avoid propagating
errors in segment-boundary hypotheses. That
is, silence portions before voiceless stops and
voiceless fricative portions in speech data and
in segment-boundary hypotheses are time-
aligned to make them anchor points. The speech
data and the segment-boundary hypotheses are
divided into islands by the anchor points, and
segment-boundary hypotheses are aligned island
by island using dynamic programming. If the
distance between the acoustic label lattice and
the hypotheses in the island, which is calculated
in time alignment using DP (dynamic program-
ing), is greater than a threshold, the alignment
fails. If the alignment of every island succeeds,
the segment boundaries are output as a result of

segmentation. In other cases, the segment-
boundary hypothesis is rejected. If all the
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segment-boundary hypotheses are rejected, the
top-down segmentation fails.

3. Basic concept and procedure of rule extrac-

tion

The rule extraction is based on the facts that
top-down segmentation fails if the speech con-
tains variations that are not represented in the
existing rules, and that new rules can be ap-
pended until the top-down segmentation
succeeds. Rules concerning variations whose
production mechanisms cannot be explained,
however, are not appended. This is because our
current target is not to find new variation
phenomena but to translate our knowledge
about the variations into machine readable rules
in order to use them for speech recognition. To
perform this interactive rule-extraction, we use
various resources, for example, the experience of
speech researchers and papers on phonol-
ogys)'m). We detect a variation phenomena in
the segment labeling or in the spectrogram of
speech data whose top-down segmentation fails,
and translate each phenomenon into a rule. At
this stage, the rule is called a “‘rule candidate™.

The system generates acoustic-segment
hypotheses using the existing rules and the rule
candidate. To check whether each variation
hypothesized by the rule candidate generally
occurs in speech data, the hypotheses are
matched with several utterances that contain the
contexts in which the variation may occur.
From the result of the check, we can determine
the generality of the rule candidate. If the rule

candidate is a general one, it is regarded as a
meaningful rule and is registered in the system.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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4. Support system for rule extraction
4.1 Overview

We have developed a support system to effi-
ciently extract the rules from a large speech
database. The support system is implemented on
a Fujitsu M-780 large scale computer connected
to a workstation for A/D and D/A conversions.
The system consists of a speech database man-
agement subsystem, a rule database management
subsystem, and an automatic rule evaluation
subsystem.

4.2 Speech database management subsystem
This subsystem quickly selects speech data
that contains phonemes in the specific contexts
we want to investigate, and displays the wave-
forms and the spectrogram of the speech data on
a 960 x 672 bit-map display terminal. Currently,
the speech database contains 96 000 utterances
of 6 females and 40 males (two sets of
1000 Japanese phrases per speaker), and
20000 utterances of 5 females and 5 males (two
sets of 1000 city names per speaker). All the
speech data were recorded in a sound-proof
room and automatically segmented into phrases
or words using an ordinary speech boundary
detection algorithm. After the segmentation
results are checked by human operators using
the display and the D/A conversion system, the
segmented data are stored with a label.

4.3 Rule database management subsystem

This subsystem consists of the rule tracer,
the rule counter, and the rule editor. The tracer
displays how the rules are used in the top-down
segmentation process, and displays the rules
used to generate the accepted hypotheses. The
counter measures the frequency of use of each
rule in the accepted hypotheses.

4 .4 Automatic rule evaluation subsystem

This subsystem automatically evaluates the
existing rules. Using the top-down segmentation
with the existing rules, this subsystem segments
the speech data selected from the speech data-
base, and offers the speech data whose segmen-
tations fail. Then, new rules can be extracted
from the offered speech data.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

5. Rule extraction from a male speaker

The numbers of variation rules that were
extracted from 1000 phrases of Japanese
spoken by a male speaker are shown in Table 2.
This male speaker is referred to as speaker #0. In
layers 1 and 2, rules concerning well-known
variation phenomena, for example, the devo-
calization of vowels, are extracted. In layer 3,
many rules concerning semivowels, on-glides
(vowel to consonant transition), and off-glides
(consonant to vowel transition) are extracted.
Since each vowel-consonant-vowel syllable or
vowel-semivowel-vowel syllable has a different
glide pattern, the number of rules is large. All
the speech data from which these rules are
extracted are correctly segmented into acoustic
segments using these rules. It is not necessary to
extract the rules concerning unknown variation
phenomena.

By examining the frequency of use of each
rule that generates a hypothesis whose segmen-
tation succeeds, we can estimate the occurrence

Table 2. Numbers of variation rules

' For For
Layer Variation phenomena one ten
male | males
Allophaone of syllabic naséi 2 2
1 ' Palatalization of consonant 1 1
Devocalization of vowel | 21 23
Neutralization of vowel 20 i 20
Falling of closure 7 I 19
Rounding of vowel 3 3
Lengthening of vowel 3 3 ;
Buzz bar - 1 8
, | Nasalization of /g 1 B
Assimilation of vowel — 2.2
Nasalization of vowel - | 18
Assimilation of consonant — 13
Addition of'aspiration - 5
Diphthongization = 3
Insertion of closure — 2
Vocalization of /h/ - 1
On-glide and off-glide 44 46
Glide of semivowel 31 31
d Glide between vowels 10 10
Glide of /y/ compound sound 15 22
Total 159 | 255
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Table 3. Estimated occurrence probabilities of
variation phenomena of speaker #0

[ Number | Occurrence
Variation phenomena of | probability

| phonemes (%)
Aaidx(l)(;g-ionfjgzlz\zrotijzgd stops | 148 243
Vowel lengthe;ing /OU/ k' 226 | 969
Vowel lengthening /EI/ | 41 0
Devocalization of vowel | R 259 20.8
On-glide /a/ = /m/ Iy | ste
Off-glide /m/ - /a/ BT 115
Off-glide /d/ > /a/ 59 88.1
Glide between vowels la] = [i] | 119 95.8
Glide between vowels [i/ = /a/ 5 100
Nasalization of word-medial /g/ 110 85.5

probability of each variation. Table 3 shows
examples of the variations detected in
1 000 phrases of speech data, the numbers of
the phonemes in which the variation is hypoth-
esized, and the estimated occurrence probability
of each variation.

6. Rule extraction for multiple speakers
6.1 Questions and experiments

After the rules for speaker #0 were formu-
lated, the following questions were raised:

Q1. Are the rules for speaker #0 enough to
represent the variations in the speech of
other speakers?

Q2. Does the number of rules converge to a
reasonable number when extracting the
new rules for multiple speakers?

Q3. On average, how many of the rules for
multiple speakers are used for an individual
speaker?

To answer these questions, the following
experiments were conducted:

E 1. Evaluation of the rules for speaker #0 using
46 000 phrases spoken by 46 speakers

E 2. Extraction of new rules by investigating the
variations in 10000 phrases spoken by ten
males

E 3. Extraction of a new-rule subset for each
speaker
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Fig. 6 —Distribution of correct segmentation rates
(rules for speaker #0).

6.2 Evaluation of the rules for speaker #0

The rules extracted for speaker #0 were
automatically evaluated by the top-down seg-
mentation of 46 000 Japanese phrases spoken by
46 speakers (1000 phrases per speaker). As
shown in Fig.6, 11.5 percent of the
46 000 phrases could not be segmented with
the rules for speaker #0. This indicates that
the rules for speaker #0 are not capable of
segmenting the speech of other speakers.

6.3 Extraction of new rules for ten males

First, we randomly selected ten males from
the 46 speakers and extracted new rules for
multiple speakers. Then, 1112 phrases which
could not be segmented using the rules for
speaker #0 were automatically selected from the
10000 phrases spoken by those ten speakers.
Finally, we investigated the variations in the
1 112 phrases and extracted new rules.

Figure 7 shows the extraction process for
new rules. The new rules were extracted sequen-
tially for speakers #1 to #10. Before we ex-
tracted new rules for speaker #n, all rejected
data of speakers #n were segmented again using
the rules extracted for speakers #0 to #,.,.
Then, we investigated the data that were rejected
again. In this way, the number of phrases to be
investigated was reduced from 1112 to 334.
The continuous line in Fig. 7 represents the
investigation rate. The investigation rate is the

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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a : Number of rejected phrases
b : Number of investigated phrases
IR : Investigation rate defined

as b/a x 100

100 /IR ’— —1200 g
! — ] 8
< 1 =
=t m I U
o =]
. 1 &
& 501 ] 100 ~
2
2 L =
>
5 E |
i .—.\ v-.‘/ _b i
0 I 0

1 2 3 4 5 6 7 8 9 10
Speaker #

Fig. 7—Extraction process for new rules.

Total : 36 speakers
Average: 976 %

Number of speakers
[$2]
T

0 I 1 1 I | ! ! | | I I
70 80 90
Segmentation rate (%)

100

Fig. 8 —Distribution of correct segmentation rates
(rules for ten males).

ratio of the number of investigated phrases, b,
to the number of phrases rejected by the rules
for speaker #0, a. This rate decreases drastically
at speaker #5. After speaker #5, the number of
error phrases for a new speaker (represented by
the dark portions of the bar graph) is about 30,
which is three percent of 1000 phrases. From
this trend in the investigation rate, we can
assume that the number of rules does not
increase drastically when new rules are extracted
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Table 4. Segmentation rates for males and females

’ Number of speakers Average segmentation
\[ rate (%)
Males | 30 97.04
Females ‘ 6 98.71

for multiple speakers.

Using the above-mentioned extraction pro-
cedure, we obtained a total of 255 rules in
layers 1 to 3. These rules concern 21 kinds of
variation phenomena. The numbers of rules that
were extracted from the ten male speakers are
shown in Table 2.

Several variation phenomena were appended
to these rules, for example, diphthogizations,
vocalization of glottal fricatives, nasalization of
vowels, assimilation of consonants, addition of
aspirations, and insertion of silences. (These
variation phenomena were not appended to the
rules for speaker #0.) Layer 3 has the greatest
number of rules.

We evaluated the new rules using 36 000
phrases spoken by 36 test speakers (6 females
and 30 males). Figure 8 shows the distribution
of the correct segmentation rates. Of the 36 000
phrases, 97.6 percent were correctly segmented
by our top-down segmentation system using the
rules extracted from the ten speakers.

Table 4 shows the correct segmentation rates
obtained using the new rules for females and
males. As the table shows, there is no significant
difference between the rates for males and
females.

6.4 Extraction of new-rule subset for each

speaker

Using the support system, we can auto-
matically obtain a subset of the rules for each
speaker. While the speech data for each speaker
is being processed, the support system counts
the frequency of use of each rule in layers 2
and 3. The system then rejects the rules whose
frequencies are zero to obtain a subset of the
rules for the speaker. Each subset contains all
the rules in layers O and 1. Figure 9 shows the
distribution of the rule utilization rate for each
speaker. The rule utilization rate is defined as
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Fig. 9—Distribution of rule utilization rates.
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Fig. 10—Distribution of occurrence probabilities of
vowel devocalizations.

the ratio of the number of rules in the subset to
the total number of rules for multiple speakers.
On average, each subset contains 53.2 percent of
the rules for multiple speakers.

Using the method described in chapter 5 (see
Table 3), we can estimate the occurrence prob-
ability of each variation for multiple speakers.
Figure 10 shows the distribution of the esti-
mated occurrence probabilities of vowel devocali-
zations for the 46 speakers.

7. Conclusion

The interactive extraction of the rules for
estimating the variationsin speech was described.
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We proposed aninteractive method for extracting
the rules that account for the variations in
speech data, and developed a support system for
rule extraction. We experimentally determined
that the rules for individual speakers cannot be
applied to other speakers, but the rules for ten
male speakers can be applied to multiple male
and female speakers. Furthermore, we found
that the number of rules does not increase dras-
tically when rules are extracted for multiple
speakers, and the rule subset for each speaker
contains about half of the total rules for the ten
male speakers.

We have presented our evaluations of the use
of the extracted rules in large vocabulary speech
recognition in recent paperss'(’). These evalua-
tions indicate that the rules are very promising
for use in speech recognition.

In the future, we will use our support system
to study speech data that contains phonemic
contexts that are not included in the 1000
phrases used in this work.
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This paper describes an automated main distributing frame (MDF) system designed to pro-
vide the MDF system of a switching system with remote control and automatic jumpering.
The MDF system crossconnects between subscriber cables and office equipment cables by

jumpering. Until now, jumpering has been done manually and automating this operation for

telephone services has been an objective for a long time. In this system, a high-precision

robot jumpers telephone lines by inserting miniature contact pins into cross-point holes in
matrix boards. A single automated MDF system can handle up to 2 100 office-equipment
cable terminals, and a larger automated MDF system can be realized by operating multiple

systems in parallel.

1. Introduction

To process a service order for a new sub-
scriber, the MDF must connect the subscriber’s
cable to the switching system.

The switching systems have evolved from the
crossbar system to the analog electronic switch-
ing system, then to the digital switching system.
This has improved the operability and maintain-
ability of switching systems.

The connection terminal boards in the MDF
have been partially revised but are still depend-
ent on manual labor. This has prevented the con-
nection of new subscribers from being complete-
ly automated and controlled remotely. There-
fore, there have been various problems, such as
reduced efficiency, increased annual MDF opera-
tion costs and delays in connecting new sub-
scribers for telephone services.

Matrix switches are needed for connecting
any subscriber to a switching system. Relays are
generally used to compose the matrix switch.
But, because the number of relays increases
substantially as the number of connection termi-
nals increases, matrix switches using relays are
not practical.

The automated MDF system is realized by

422

utilizing the following three kinds of compo-

nents')" ).

1) A matrix board consisting of a printed wir-
ing board with cross-point holes used as
matrix switches

2) Miniature contact pins

3) A high-precision robot to insert and extract
the contact pins
These components are highly reliable, cost

effective, and able to be mass produced. They

were developed by Fujitsu together with the

Nippon Telegraph and Telephone Corporation

(NTT) and Oki Electric Industry Co., Ltd. based

on fundamental technology held by the NTT.

The automated MDF is small enough to perform

automatic remote-control jumpering.

This automated MDF system has been devel-
oped for public switching systems, but it can
also be applied to PBX use.

The main technologies used in the auto-
mated MDF system are described in chapters
3 and 4. Chapter 3 describes the contact pins and
the matrix boards. Chapter 4 describes the high-
precision robot.

FUJITSU Sci. Tech. J., 28, 3, pp. 422-438 (September 1992)
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2. System overview
2.1 System configuration

Figure | shows a block diagram of the
automated MDF system4)’5). The automated
MDF system consists of a modem, a system
controller, a robot mechanism, and a connection
mechanism. The modem is an interface between
the automated MDF system and the operation
terminals through the telephone network. The
system controller manages and controls the
whole system. The robot inserts and extracts the
contact pins into and from the cross-point
holes of the matrix board.

The connection mechanism has a three-stage
link configurationl)’z) for two reasons:

Modem
Telephone network D
Operation
terminal
Automated MDF
system
Modem
System controller
Robot mechanism
Subscriber 3
cable —— Connection.
Lmechamsm
ﬁ n Switching
CN| [AR CN system
A ' iy
Transmission
CN: Connector AR: Arrester equipment

Fig. 1—System block diagram.

1) To reduce the number of cross-points to
make the automated MDF system smaller.
2) To reduce the jumpering time.

The three-stage link configuration has about
one-ninth the number of cross points of the non-
link configuration, where the inlets and outlets
are connected by a one-stage matrix switch.

A remote operator can connect an operation
terminal, such as a personal computer, to the
automated MDF system through a modem and
the telephone network. When an operation ter-
minal is connected to the automated MDF
system, an identification (ID) check is executed
to ensure safe transmission through the tele-
phone network.

2.2 System specifications

Table 1 lists the automated MDF system
specifications?”®. The specifications in Table 1
ensure that the system will be used in the same
way as a switching system. The external dimen-
sions, weight, and power supply are designed to
comply with the switching system installed on
the same floor. The switches form a three-stage
link configuration so that the inlets and outlets
can be connected arbitrari1y6). The matrix
boards are split and located on both sides of the
robot to halve the robot’s movement. The jump-
ering time is designed according to human
interfaces. The mean time between failures

Table 1. System specifications

Type 1 I m
; Subscriber cable 1000 1 800 3600
Number of terminals : :
accomodated Office-equipment 540 1000 2100
cable
Length 1500 1 800 2800
External dimensions Breadth T - 76 00
(mm)
Height 1 800
Weight (kg) About 480 | About 530 | About 780

Switch configuration

Three-stage link (non-blocking)

Number of matrix boards used

s

216

108

Matrix board mounting

Number of pin-supply matrix boards

Jumpering time

Double-sided (fréhi and back)
2

3 min or less

Power supply

48 VDC 600 W or less

MTBF

2000 h

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Switching system Matrix board

Subscriber cable

Cross-point hole

Contact pin

Fig. 2—Principle of jumpering.

(MTBF) is calculated by the robot’s mechanical
operations.

2.3 Jumpering function

Figure 2 shows the principle of jumper-
ingl)"”. The matrix board has many closely
spaced cross-point holes configured as matrix
switches. The subscriber cables are connected
to the switching system by inserting contact pins
into the cross-point holes.

The robot of the automated MDF system
inserts one contact pin per stage. Therefore
three contact pins are subsequentially inserted
into each cross-point hole per jumpering opera-
tion.

2.4 Hardware configuration
Figure 3 shows the automated MDF sys-
24 The system consists of a system
controller, a robot mechanism, a connection
mechanism, and a modem. The system control-
ler consists of a robot mechanism control unit,
an alarm panel, an amplifier unit, a control unit,
and a power unit. The control unit accommo-
dates a microprocessor unit (MPU), one mega-
byte of main memory, a forty megabyte hard
disk, and a floppy disk drive. The alarm panel
indicates the alarm status.

The robot mechanism consists of a transport

tem

424

Robot Matrix board
mechanism
control unit
Alarm panel

Amplifier
unit

Control unit

Power unit

Modem

Head unit

Transport unit Link cable

Fig. 3—Automated MDF system.

unit and a head unit.

The connection mechanism connects the
matrix boards between the first and second
stages, and between the second and third stages,
installed at the front and back, with link cables.
The link cables are routed through the lower
part of the system controller to connect the
front and back matrix boards.

3. Contact pins and matrix boards

The requirements of the MDF system are
as follows: To connect any subscriber cable
terminal to any office-equipment cable terminal,
to be able to handle a pair of wires because a
telephone signal is a balanced transmission sig-
nal, and to be small. Therefore, MDF needs a
high-density matrix switch in which pairs of
wires are handled by each unit switch. Contact
pins and matrix boards were developed for use
in the high-density matrix switch in the auto-
mated MDF system (see Fig. 4).

A pair of switches can be closed by inserting
a contact pin with two contact springs into a
hole in the matrix board. These holes have
divided through-hole contacts, which are con-
tacts on the inner layer edges of an unplated
drilled hole in a multilayer printed wiring
board”"?) (see Fig. 5).

The automated MDF system uses laser track-
ing to find the target hole and then inserts a
contact pin into the hole. Laser tracking requires
a special optical pattern on the matrix
board!®11)

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Table 2 lists the functions of the matrix
board and contact pin.

Fig. 4 —Matrix board.

Divided
through-hole

Contact ring

+

Matrix
board
TS
A,-layer
A,-layer
I/
—
B,-layer
B,-layer

Lines A and B form a pair of
wires for balanced signal
transmission.

Fig. 5—Insertion of contact pin into divided through-

hole on matrix board.

Table 2. Functions of matrix board and contact pin

3.1 Miniature contact pin”’"%

Figure 6 shows the structure and dimensions
of the miniature contact pin. The technology to
make the contact pin core requires precision
plastic molding with engineering plastics. The
contact pin has a pair of springs. The spring has
a ring shape to give it enough contact force and
to produce a stable contact resistance with the
opposed ring-type contact in the matrix board.
Additional reasons for using the ring-shaped
springs are to simplify presswork in mass pro-
duction and to provide a close match with the
core design. Both sides of the ring-shaped spring
are narrow for assembly with the core, as shown
in Fig. 6. The dimensions of the core and the
spring were determined as shown in Fig. 6. This
design ensures there is enough contact force and
stable contact resistance by compensating for
variations in mass production. The spring speci-
fications are given in Table 3.

The communication system requires highly
reliable contacts. The main considerations in
designing the contacts are: i) cross-rod type
contact, ii) twin contacts, iii) sliding contact,

8.57
0.4 0.39

#0.9

- =
——ll—al "}

e [T

e

|
i

X}j() . P Rl !

A-A cross-section

I/

-

1.04

: T
Device |pnetion New technology (Unit: mm)
name
Technology to make a divided Fig. 6 —Structure and dimensions of contact pin.
through-hole contact
Contuct Contact technology with a
| contact pin - Table 3. Spring specifications
Matrix ~ |Speech | Technology to reduce cross- Item Specifications
board path talk loss in a speech path .
H — N——l flecti —— Plate thickness 70 um
Optical | Tracking | Normal retiection . .
: TN — Spring width 1.18 mm
device pattern hffused reflection p. 5
== — = Stiffness 3000 gf/mm
Contact Confact Technology to make a miniature i . >
pin oMt | contact pin with micro springs Limit of spring 160 kgf/mm
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iv) the contact force, and v) the contact material.

The spring has two projections that make
two cross-rod type contacts with the opposed
ring-shaped contact on the matrix board. Fur-
thermore, this cross-rod contact provides a
sliding contact during insertion and extraction
of the contact pin, which removes the contami-

Surface (% 400)

nation film that is naturally formed. The contact
is gold-plated to ensure reliability and to make
the conductivity of the electric contact stable.

3.2 Matrix board

1) Process technology to make divided through-

hole contacts”"®’

(x 37.5) B, (x 400)

Surface

B.

Fig. 7—Cross-section of ring-shaped contact of divided through-hole.
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The major problems are the formation of a
cross-rod type contact with the spring of the
contact pin and the connection of these contacts
to make a matrix.

Making a matrix involves making X- and
Y-axis contacts. Furthermore, the method
should be suitable for mass production. To solve
these problems, multilayer printed wiring board
technology is employed. Process technology was
developed to make contacts on the edges of
layers in a drilled hole. This involves a Cu, Ni,
and Au plating process. Figure 7 shows the cross
section of the ring-shaped contacts that make
cross-rod contact with projection contacts of the
spring of the contact pin. The Au plating process
was also developed so that the contact edges and
surface patterns are formed in one process. The
surface patterns have good reflectivity for the
optical tracking pattern.

The through-hole diameter and pitch was
minimized to reduce the MDF size. However,
they must ensure contact with a reasonable con-
tact force. A small contact force makes the con-
tact conductivity unstable, and a large contact
force will crush the contact pin. It is necessary
that these design conditions are realized, even if
the dimensions of the ring-shaped spring and
matrix board contact vary during production.
To solve these problems, the through-hole
diameter was set to 0.96 mm and the pitch to
1.5 mm.

"

J

O

2) Contact technology using the matrix board
and contact pin®’

The divided through-hole of the matrix
board and the contact spring of the contact pin
form an electrical contact. Inserting the contact
pin into the divided through-hole closes the con-
tact, and extracting the contact pin from the
divided through-hole opens the contact. Fig-
ure 8 shows the contact force as well as the
insertion and extraction force for mass produc-
tion giving the experimentally estimated data as
a reference. The contact force is over 100 gf,
which is sufficient for telecommunications
equipment. The insertion and extraction force is
less than 500 gf, which is small enough to ensure
that the contact pin is not broken.

When the contact pin is inserted in the
divided through-hole, the contact spring is fixed
only in the radial direction by the ring-shaped

=
(=3
=4
(=]

Insertion and extraction force (gf)

Contact resistance Tnsertion and

extraction force

Experimental
estimation data <500

Contact resistance (Q)

I 1

1L
300

1
200
Contact force (gf)

1 1
0 100

Fig. 8 —Contact force, and insertion and extraction force.

c

a) One-sided contact (bad contact)

I3
v.

b) Sample of simulation

Fig. 9—Contact force when diameters of two ring-shaped contacts are different.
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Table 4. Qualification test of matrix board and contact
pin (contact pin inserted into divided through-

hole)
Test item . \ - Tﬁcondition
Temperature-humidity | —10 °Cto+65°C 90-98%*,
cycle test 30 cycles

Galvanic corrosion test | 40 °C 90% 1000 h
2

I

W

ke o

Sulfur dioxide test T §O2C 57050%h 25 ppm
] ,

- 10 cygles of =10 °C to
+65 "C 90-98%%*, and

after 200 ppm
H,S 500h

Mixed accelerated
deterioration test

High temperature o )
creep test J 85 C 1000h

*: MIL STD 202 METHOD106

|
(S
T

—40F

gk 160.5 kHz

—75.5dB=—=

Crosstalk loss (dB)

=80

—100L 1
J

L L N Ly L
10 20 30 50 100 200 300

Frequency (kHz)

Fig. 10—Crosstalk loss of matrix board.

‘contact of the matrix board. Therefore, if a pair
of ring-shaped contacts have different diameters,
one of the contacts might not have enough
contact force as shown in Fig. 9a). To get a
balanced contact force, the authors determined
the contact force by computer simulation as
shown in Fig. 9b). This simulation calculated the
allowable variation in the diameter of the ring-
shaped contact.

The reliability of the matrix board and
contact pin was evaluated by the acceleration
tests listed in Table 4.

3) Technology to reduce crosstalk loss in the
speech path”)'”)

Since integrated service digital network
(ISDN) subscriber circuits may be connected,
the MDF crosstalk loss should be under 70 dB in
a band of up to 160 kHz. To secure the crosstalk
characteristics, the pattern width and line pitch
of the internal layers in the matrix board were
optimized. Figure 10 shows the actual measure-
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ments of the matrix board. The pattern width,
line pitch, and matrix board thickness were
determined to minimize the size of the matrix
board under these conditions.
4) Surface finish technology

The laser tracking pattern should have both
normal and diffused optical reflection charac-
teristics. The normal optical reflection charac-
teristic is used for the robot sensor to track the
route and find the center of the target hole. The
diffused optical reflection characteristic is used
to measure the distance between the robot hand
and the surface of the matrix board.

The normal optical reflection characteristic
depends on the luster and thickness of the Ni
under the plating and the material characteristics
of the surface Au plating14). The authors
developed the optimum Ni and Au plating for
the matrix board surface finish by optimizing
these factors. The Au plating has a sufficient
normal optical reflection rate. To ensure
uniformity in the normal optical reflection over
the entire surface of the matrix board, a process
was developed that limits the damaged areas to
less than 100 um.

There are two methods to make a surface
with a diffused optical reflection:

i) using optical refraction, reflection, and
scattering of a laser beam through a
transparent thin film, and

ii) making a rough surface.

Both methods produce a sufficiently dif-
fused optical reflection surface. To simplify
mass production and to ensure long-term relia-
bility, the rough surface method was employed.
A process was also developed to control the
surface roughness of the matrix board. Using
these techniques ensured satisfactory uniformity
of the diffused optical reflection characteristics
of the matrix board. Figure 11 shows data on
mass-produced matrix boards.

S) Long-term reliability of optical characteris-
tics

The authors verified the long-term optical
reliability of the matrix boards using accelerated
aging tests, which were equivalent to leaving the
matrix boards in a machine room atmosphere
for ten years.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)
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Fig. 11 —Optical reflection characteristics of the surface of matrix board.

4. High-precision robot
4.1 Outline of the robot

The robot’s function is to insert and extract
contact pins in a matrix board. Because of the
three-stage link configuration, three contact pins
are inserted to form a connection circuit for
each subscriber. For quick service, the three
contact pins must be inserted within three
minutes.

The robot has vertical and horizontal trans-
port units, and can move 1400 mm vertically
and 2 000 mm horizontally. To reduce the work
space and to increase the installation capacity,
up to 216 matrix boards can be installed on each
side of the transport unit. The head unit,
another component of the robot, consists of a
handling subunit, a precision positioning
subunit and a laser sensor. To enable access to
both sides, the handling subunit can turn
through 180 ° while holding a contact pin.

4.2 Technical requirements

The automated MDF robot must meet the
following performance requirements:
1) High-speed precision positioning

The robot must move over a work area
holding up to 216 matrix boards and insert or
extract three contact pins within three minutes.
Each matrix board has about 5000 cross-point

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

holes. The cross-point hole pitch is 1.5 mm
and the contact pin diameter is 1.04 mm. To
correctly locate a target hole and to insert or
extract a contact pin positively, the positioning
error must be *0.35 mm or less over in the
whole work area. Therefore, the robot must
cover a large work area at high speed and locate
a target hole in the specified matrix board ac-
curately.
2) Contact pin insertion and extraction

Considering of the contact force, a contact
pin must be inserted with a force of 500 gf to
ensure a stable contact. Since the pin diameter is
0.58 mm at its thinnest part, a radial force of
110 gf breaks the contact pin. It is necessary to
ensure that the radial force does not exceed
110 gf at the maximum misalignment of the
contact pin with the center of the hole
(0.35 mm) when the contact pin is inserted with
the maximum force.
3) High reliability

In the automated MDF system, extracting
the wrong contact pin breaks a necessary chan-
nel, and inserting a contact pin into the wrong
hole cannot make a channel. Since the system is
installed in a remote location, troubleshooting
and recovering from errors will take many hours
and a lot of expense to go there. Therefore, the
system must be able to insert and extract the
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contact pins with high reliability and to recover
automatically from minor errors.

4.3 High-speed precision positioning

Since the robot must move about 2 000 mm
horizontally, a high-speed transport unit and a
precision positioning subunit are installed and
driven by separate servomotors. The high-speed
transport unit (X-axis, Y-axis) enables the robot
to move to the target matrix board at 500 mm/s.
The precision positioning subunit (AX-axis)
moves the robot within the same matrix board.
The laser tracking mechanism reads the reflec-
tion from the plated pattern on the matrix
board to position the robot at the target cross-
point hole. High-speed precision positioning is
achieved by two positioning mechanisms'®>!"
(see Fig. 12).
1) High-speed movement

The system is too large to determine the
mounted positions of the matrix boards with
high precision. The robot learns and stores all
the matrix board positions when the system is
installed. When inserting or extracting a contact
pin, the head unit of the robot is moved to the
target matrix board according to learned data at
high speed for rough positioning. The motor
encoder is used for the positioning and the row

Fig. 12 —X-axis and AX-axis.
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and column marks are counted to double check
the position.
2) Tracking!®-'V
The robot must access the specified cross-
points on the matrix board correctly. A path
pattern is printed on each matrix board to help
the robot to locate the target cross-point by
scanning it with the laser sensor. The reflection
from the pattern is detected and compared with
the expected data. The laser tracking mechanism
enhances the reliability of positioning at the
target cross-point.
3) Precision positioning
The robot measures where the origin mark
of the matrix board is on the robot coordinate
system by cross scanning vertically and horizon-

10),11)

2.5
; Origin mark area
=
2t Y !
e
= 15F
=
%
(e
0.3 Threshold \
h . . LA
72 74 76

X position (mm)

Fig. 13 —Reflectivity of origin mark.

Matrix board

|
Handling subunit

Origin
mark

Cross-point hole

Pattern

Fig. 14—Positioning at cross-point hole.
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tally with the laser sensor. This obtains correc-
tion data for the matrix board coordinate
system. Figure 13 shows an example of the data
output from the laser sensor when the origin
mark is scanned.

The robot is positioned precisely at the
target cross-point hole. While monitoring the
matrix board surface pattern with the laser
sensor, the robot moves to the target cross-point
calculated from the correction data. For exam-
ple, to position at target cross-point P (coordi-
nate X, Y, ), the robot moves a distance of Y,
vertically along the ID pattern, then a distance
of X, horizontally as shown in Fig. 14. During
the movement, deviations from the pattern and
the number of holes passed are checked by
tracking. This enhances the positioning preci-
sion. Figure 15 shows the sensor output data
when the robot moves horizontally. Similar data
is also output when the robot moves vertically.

Finally, the target cross-point hole is located
by cross scan measurement and the hand is
positioned over the center of the hole with high

= Pattern area Hole area
2F
=
~
0.5¢ Threshold
L QA AU SUE QMU B
0 20 40 60

X position (mm)

Fig. 15—Reflectivity during X-scan.

ny

Pattern

Y-axis scan

%

Cross-point hole
\

Fig. 16 —Cross-scan measurement.

X-axis scan

N
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precision. The hand is positioned with an error
of 0.35 mm or less so that the contact pins can
be inserted or extracted smoothly. Figure 16
shows the laser scanning for cross scan meas-
urement, and Fig. 17 shows an example of laser
sensor output.

4) Laser sensor for positioning

The robot calculates the displacement from
the encoder data. It also checks the matrix
board mounting status, measures the cross-point
hole positions, and confirms the contact pin
statuses before and after insertion and extrac-
tion. To do this, the robot needs an eye to
recognize the target position. Therefore, the
authors developed the laser sensor shown in
Fig. 18.

A laser beam is emitted from the laser diode
toward the surface of matrix board. Its normal
reflected light is measured by the photodiode
where the intensity is converted into an electric
signal. The diffused reflected light is converged
to the position sensitive device. The distance
from the matrix board is measured by using the
principles of trigonometry.

14)-16)

25
. Hole area F
| 1
2k m
S
=z 15
R
g
= 1f
%
~
95F Threshold }
()J L L Lﬁ— T T .J L L il
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Fig. 17—Reflectivity at cross-scan measuring.
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t
b%:ﬂﬁ [?] Photo diode
: Collimator
- - - Laser diode
\\

S Prism

\\
Position sensitive device

Fig. 18 —Block diagram of laser sensor.
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This sensor is attached to the robot to locate Cross-point hole
the mounted position of the matrix board, to ‘ . /l
measure the distance from the matrix board, to “omact pin _§_

detect patterns, to locate the cross-point hole

position, and to detect the contact pins. /AVAVA\/
4.4 Contact pin insertion and extraction

Even after the robot is positioned at the Grasping assembly P g
target cross-point with the laser sensor, the ey \\
center of the contact pin may not match the Comipliance wssembly
center of the cross-point hole. If the contact pin 4) Holding 2 contact pin

is then forcibly inserted, it will be damaged. To
prevent this problem, a handling subunit was
developed, equipped with a compliance assem-
bly, to move the contact pin to the center of the
cross-point hole!"!®)

1) Compliance assembly

The handling subunit consists of a grasping
assembly, a compliance assembly, and a pivot.
The grasping assembly holds a contact pin with
four fingers. The compliance assembly flexibly
supports the grasping assembly, and aligns the
contact pin with the hole. The pivot precisely b) Insertion with misalignment
positions the grasping assembly.

Since a contact pin has two contact rings
slightly larger than the cross-point hole in the L)/ é
matrix board, they must be inserted with
500 gf. In Fig. 19a), the grasping assembly \
is pressed against the pivot by the rear spring of AL
the compliance assembly until immediately v
before the contact pin is inserted.

In Fig. 19b), if the robot begins to insert the I\\ §

AAL

contact pin in the cross-point hole off-center,

the grasping assembly and contact pin follow

and rotate towards the cross-point hole. ¢) Correcting misalignment
In Fig. 19c), if the robot keeps inserting the

contact pin, the rear spring contracts due to the

insertion force of the contact spring. This causes B pishie

the grasping assembly to come away from the l/' g
pivot. The grasping assembly and contact pin
then move in the direction of the center. I} \Q‘\ A

In Fig. 19d), even if the contact pin is in- e

serted as in Fig. 19c¢), the contact pin is loaded
with the pressure difference between the upper §

and lower springs, the grasping assembly opens

in the middle of insertion and the contact pin d) End of insertion

is only inserted by the pin pusher.

2) Efficiency of compliance Fig. 19—Compliance assembly.
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Fig. 20—Bending moment.

As mentioned before, the breaking strength
of a contact pin is 110 gf. The narrow part
(4.67 mm from the tip) of the contact pin re-
ceives a bending moment of about 500 gfmm.
If the handling subunit does not give a greater
bending moment, the contact pin will not be
damaged.

Figure 20 shows the measured bending
moment when a contact pin is inserted. The
deviation of the contact pin from the center of
the cross-point hole is 0.35 mm. The horizontal
axis indicates the insertion distance and the
vertical axis indicates the bending moment. Fig-
ure 20 also shows the release position and the
end position of insertion. The graph indicates
that the maximum bending moment of the con-
tact pin is about 160 gfmm, well below the
upper limit of about 500 gfmm. The compliance
assembly keeps the bending moment stable
during insertion. The bending moment is almost
zero when the grasping assembly is opened. This
indicates that opening the grasping assembly to
insert a contact pin is very effective.

4.5 High reliability

The automated MDF system does not
permit erroneous insertions or extractions.
However, since it is not possible to reduce the
number of errors to zero, the erroneous inser-
tion and extraction rate was set to 4 x 107 . This
is almost the same value as the line fault rate of
200 FIT. As matrix board patterns are tracked
by laser, however, no erroneous insertions and
extractions can occur unless a pattern or a
nonpattern is erroneously recognized. Therefore,
the erroneous pattern recognition rate (P, ) per
line should be lower than the erroneous inser-
tion and extraction rate.

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

Py=axNx (Pp+Py)<4x107,

a: Contact pin insertion and extraction

count per line,

N: Cross-point pass count per contact

pin insertion or extraction,

Py . Erroneous pattern recognition rate per

pitch,

Py . Erroneous cross-point hole recognition

rate per pitch.

During tracking, patterns and cross-point
holes appear alternatively. Each area is sampled
and patterns and holes are recognized to identify
the correct path. The off-track status is judged
if more than half the sampled areas are errone-
ously recognized. So the relationship between
the erroneous pattern recognition rate per
pitch and that per sampling becomes as follows:

Bo= 2 ,Coppt( —pp)',
s=n/2
P o C m
= S -8
H= &, mospu(L—pu)™™,

n: Effective sampling count per pattern

area,

m: Effective sampling count per cross-

point hole area,

pp: Erroneous pattern recognition rate per

sampling,

pu: Erroneous cross-point hole recognition

rate per sampling.

The erroneous pattern recognition rate
is dependent on the pattern reflection rate.
According to the above expressions, the errone-
ous insertion and extraction rates are reduced
to 4 x 107 or less by improving the pattern
reflection rate.

In addition, the rows and columns are also
counted to confirm that the robot has stopped
at the specified matrix board. On the matrix
board, the cross-point holes are counted and
the parity holes are checked to enhance the
reliability of locating holes.

5. Mounting technology

The automated MDF system is a precision
machine consisting of electronic and mechanical
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Table 5. Main mounting technologies

Description

The matrix boards are allocated at both sides of the robot to reduce the distance
the robot covers and the space occupied by the system.

Technology pt
Developing the miniature contact pin and matrix board
Optimizing the matrix board layout
Miniaturization

system controller.

Sharing cable accommodation space )
Accommodating the link and external interface cables at the front of the matrix board.
Sharing a link cable space connecting the front and back at the lower part of the

Earthquake protection

Earthquake protection control
Retract the head unit when an earthquake begins.
Restart and continue the operation after it ceases.

Earthquake resistant structure to prevent destruction
Reinforcing the framework and the robot structure.
Optimizing the distance between the robot and matrix boards.

Table 6. Earthquake protection specifications and solutions

Earthquake protection Robot operating
specifications state

Problems caused
by earthquake

Solution

No operational problem
at 80-250 gal (cm/s?)

ground surface acceleration Standby, moving,

or inserting or
extracting

No communication failures contact pin

at 250-400 gal (cm/s?)

ground surface acceleration

(Quality deterioration is
acceptable)

Collision
between robot,
contact pin, and
matrix board

Destruction
of framework or
robot itself

Earthquake protection control?
(Retracting the robot in case of an
earthquake)

Reinforcing the framework and the robot

Optimizing the distance
between the robot and the matrix board

technologies in one frame. The system must
accommodate many matrix boards with link
cables and must also accommodate interface
cables from outside.

To develop this system, the matrix board
size must be reduced and the matrix boards
and cables must be installed compactly. This
reduces the space required to install the system
and minimizes jumpering time.

Since Japan is subject to earthquakes, the
system must be protected against them. There-
fore, the framework needs to be able to with-
stand the force of an earthquake, and the
robot must not strike the matrix boards if an
earthquake occurs during operation.

The major mounting technologies unique to
the automated MDF system are miniaturization
and earthquake protection technologies. Table 5
outlines the technologies. The mounting tech-
nologies related to the contact pin and matrix
board were explained in chapter 3. This chapter
gives details of the earthquake protection
technologies.
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5.1 Details of earthquake protection technology
Table 6 gives an outline of the earthquake

protection specifications and solutions. The

solutions are detailed below.

1) Earthquake protection contro

If an earthquake occurs while the robot is
inserting or extracting a contact pin, the robot
must not collide with the matrix board.

There are two solutions to this problem:

i) Make the framework and robot strong
enough to withstand the force of an
earthquake.

ii) Retract the robot and the contact pin in
its hand to a safe place.

The latter solution is called ‘‘earthquake
protection control”. If an earthquake occurs,
the jumpering is temporarily suspended and the
head unit is retracted a safe distance. Once the
earthquake ceases, the operation can continue
normally. Table 7 gives an outline of the earth-
quake protection control.

2) Reinforcing the framework and robot
To protect the framework and robot from

)
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Table 8. Automated MDF FEM analysis results

Analysis items

Analysis results

Earthquake Earthquake protection control
condition Stage
Just after 1 Detects the earthquake with
start internal sensor
Suspends jumpering.
Locks the operating robot
In progress 2 (Y-axis)
Retracts the head unit to
’ a safe distance
End 3 R_estarts _and continu_es
‘ jumpering automatically
Framework

Opposed securing point

Fig. 21 —Automated MDF finite element method
(FEM) analysis model.

being destroyed by an earthquake, they should
be reinforced to increase the natural frequency
of the equipment. Resonance between the vibra-
tions in the floor and equipment can then be
avoided during an earthquake. The authors
created the structural model shown in Fig. 21
and analyzed the displacement, stress, and
natural frequency of each section by the finite
element method (FEM). Table 8 lists the results
of analysis. The displacement and stress con-
firmed that the framework withstands an earth-
quake sufficiently. The primary natural
frequency of the framework became 11.96 Hz,
higher than the natural frequency of the floor
(about 5 Hz) where the equipment is installed.
3) Optimizing the distance between the robot

and the matrix board

Even when the framework and robot are
reinforced, they move differently when an
earthquake occurs. If the robot and the matrix

FUJITSU Sci. Tech. J., 28, 3, (September 1992)

- Y-axis | Framework
Maximum | X direction | 0.196 mm 1.219 mm
displace- | Y direction | 0.014 mm 0.306 mm
ment 7 direction | 0.207 mm | 1.797 mm
o X direction |9.81 kgf/mm?|9.86 kgf/mm?
aximum S S—
erne | Y direction |0.37 kgf/mm? 2.13 kgf/mm?
Z direction |3.08 kgf/mm?|8.74 kgf/mm?>
Primary 4345 Hz 11.96 Hz
Natural 1
frequency Secondary 58.17 Hz 16.74 Hz
Tertiary 118.41 Hz 25.79 Hz

Note: The acceleration was set to 1 G considering the
response magnification of the floor on which
the equipment is installed.

Framework

Y-axis

2.8 mm

Fig. 22 —Results of analyzing the distance between
Y-axis and framework.

board are close to each other, they may collide
with each other and be damaged.

To prevent such a collision, there must be
sufficient clearance for the robot and the matrix
board to move independently without colliding.
Therefore, the displacements of the robot and
the framework were analyzed by FEM, using the
structural model.

The analysis data indicates that the distance
between the Y-axis and the framework de-
creased by up to 2.8 mm as shown in Fig. 22.
The distance between the tip of the contact pin
in the robot’s hand and the matrix board was
therefore set to 10 mm or greater for safety.
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Table 9. Earthquake test results

| & .
] Robot [ Maximum acceleration Test-resulis
Test items olatatingAtLS . Waveform | (3 dimensions at once) P
‘ Maximum response magnification
Framework: 10.2
: ‘ Y-axis: 9.2
Function ( Not operating Sine wave 0.1G Head unit: 10.7
measurement ‘ ‘ Primary natural frequency of
‘ the equipment:
‘ | 8.9 Hz
T g 3 {
Not operating gz;tzvzsése l 0.1G No bit error
. T R e — No DC resistance change
Lonaeciec pat Not operating | Earthquake wave IE* B z:)t connected path &
Operating J Earthquake wave 1 G*
Earthquake ' )
protection Not operating Earthquake wave 1 G* No physical damage
performance ‘
Earthquake ‘ Earthquake protection control
protection Operating Earthquake wave 1 G* stage 1, 2, and 3 was normal
control 1 (see Table 7)

* . The acceleration was set to 1 G considering the response magnification of the floor on which the equipment

is installed.

5.2 Earthquake protection tests
The tests were performed on the actual sys-
tem to verify the earthquake protection. The
earthquake protection specifications were all
satisfied, as follows:
1) The primary natural frequency of the
equipment was 8.9 Hz,
2) No momentary line disconnection due to
earthquake vibration,
3) No damage to the construction due to earth-
quake vibration, and
4) The -earthquake protection control was
normal.
Table 9 lists the test items and their results.

6. Software
6.1 Function outline

The automated MDF system supports three
dedicated software programs, one each for the
operation terminal, the system controller, and
the robot mechanism.
1) Operation terminal software functions

The operation terminal displays instructions
issued to or responses received from the auto-
mated MDF system. It is designed to be easy-to-
understand. The database in the system control-
ler is also backed up.
2) System controller software functions

The system controller software is the

436

nucleus for controlling the automated MDF
system. The software has a database to manage
free and blocked cross points in a network
consisting of three-stage links. It also has an
algorithm to select a cross-point to connect a
subscriber cable terminal with an office-equip-
ment cable terminal while checking whether the
cross-point is being used.
3) Robot mechanism software functions

This software responds to instructions from
the system controller. It provides fine control to
move the robot at high speed, track the matrix
board to the target cross-point, and precisely
position the robot.

6.2 Operation outline

This section outlines the operations of the
automated MDF system by using path connec-
tions as an example.

First, the operator must access the auto-
mated MDF system at the remote location by
inputting a message at the operation terminal
and then transmitting it through the telephone
network. Then the operator specifies the sub-
scriber cable number and office equipment
terminals number and requests a path connec-
tion.

The system controller selects the free cross-
points in the three-stage link to create a connec-
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tion path from the specified subscriber cable
terminal to the specified office-equipment cable
terminal. To connect terminals at a selected
cross-point, the controller instructs the robot to
extract a contact pin from the pin-supply matrix
board. The system controller then orders the
robot to insert a contact pin into the target
cross-point.

The robot extracts a contact pin from the
pin-supply matrix board and moves to the target
cross-point by tracking the matrix board. It then
inserts the contact pin into the cross-point.

6.3 Error recovery functions

If a fault occurs while the robot is tracking
the matrix board or handling a contact pin, the
software programs work together for hierarchi-
cal error recovery. By using path connection as
an example, this section explains how each type
of software performs error recovery when the
cross-point is faulty.
1) Error recovery by robot mechanism software

The software positions the robot at the
matrix board cross-point specified by the system
controller. If the robot fails to insert a contact
pin, the software returns the robot to the origin
mark. It then moves the robot to the same cross-
point again to insert the contact pin (failure
retry). If the contact pin cannot be inserted the
second time, the matrix board inclination is
measured and the robot is self-diagnosed. The
fault is then attributed to the contact pin,
matrix board, or robot, and reported to the
system controller.
2) Error recovery by system controller software

The software instructs the system controller
to abandon the contact pin and try with a new
contact pin (failure retry). If the error recurs,
the software determines that the cross-point
hole is faulty and closes it. If the contact pin is
already inserted, it is extracted. The result of
operation is then reported to the operation
terminal.
3) Error recovery by operation terminal soft-

ware

The software checks the error report from
the system controller. If the error is located in
the third step, the software selects a new office-
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equipment cable terminal and issues the instruc-
tion again.

7. Conclusion

An automated MDF system has been devel-
oped by integrating switching technology, robot
technology, and printed wiring board tech-
nology.

The automated MDF system is now operat-
ing without any problems. We believe the
automated MDF system is making a major
contribution to providing a quick and efficient
service'?.

This automated MDF system was developed
for small unattended offices handling 540,
1000, or 2100 office-equipment cable termi-
nals. The authors are now developing a larger-
scale automated MDF system. An automated
MDF system for a small office can be installed in
parallel to increase the capacity. Presently, the
authors will start developing a multiple-robot
control system which integrates control func-
tions for medium-sized and large offices.
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