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Editorial Note 

This special issue introduces the recent progress in Fujitsu 's semiconductor technology . 

Because of the severe competition , ad va nces in semiconductor technology are being made every 

day. This is also true a t Fujitsu where some new products are co ntinuo usly crea ted and marketed. 

In th is sense , this special issue can only introduce a momentary feature of the technology. 

Nevertheless the semiconductor technology consists of many different fi elds of engi neering 

and progresses with a consis tent unifica ti on of these fi elds. It is therefo re necessary in an issue to 

incl ude wide range of th ese fields in order to have a better introductio n of the technology. This 

iss ue tries to cover as many topics as possible ranging from the la test device and manufa cturing 

technologies to simulatio n technology . To tal of 21 papers are thus fi eld in this volum e to represent 

m ost of these fi elds, in which review papers of individual technology of F uji tsu and original 

reports are properly con tained . 

These papers are devided into 6 gro ups to give an easier vision of th e whole co ntents. Three of 

these groups deals with the device t echnology . The first is th e High Sp eed Devices which F ujitsu 

has the better reputatio n than any o ther company . Here the technologies representing three 

different fields of high speed device, namely those of Si, compound semico nductor and J osephso n 

Junctio n (JJ ) , are reviewed. JJ device is included because it falls into th e same ca tegory in the 

sense of high speed integrated circuit. Representing high speed compo und semiconductor devices, 

HEMT is included because it has dra wn great a tt ention as Fuj itsu 's original technology. 

Memories, ASICs, microprocessors, and o ther devices of the advanced technology are gro uped 

in to Large Scale Devices. These represent the Si technology as a main stream of th e present semi­

conductor technology. Total of 5 papers are list ed here co ncerning the most advanced VLSI 

technologies developed a t Fujitsu including those of Mbit DRAM , 32-bit microprocessor , and 

100-K gates gate array , each of these being at the level of the world larges t scale. 

Third gro up of the device technology is the Co mpound Se miconductors. Review papers o n 

two m ost pop ul ar device applications where Fujitsu has an excell ent engineering carrier are given 

there together with a work on material characterization. 

Papers rela ted to p roductio n techniques are devi ded in to th e Process Technology and the 

Ma nufac turing Technology fo r convenience sake. Those directly concerned with the wafer process 

are included in the former , where 4 topics on adva nced bipolar process and others are in cluded 

toge ther with a review pap er on sub-micron lithography technology. The la tter contains those 

related to the man ufacturing and mass productio n of th e products, and t wo review papers on mask 

and packaging technologies and o ne reliability paper are included. 

Finall y, two papers are in the Simulation Technology gro up. Included here are a report on 

circuit simulation system and a work on ASIC design tool. With these all contained , this issue is 

considered to cover all the supporting fields for the semiconductor technology . 

This concludes the outline of the aim and contents of this issue. We sincerely hope tha t this 

issue will be useful to all users of Fujitsu 's semiconductor products. We also hope that this issue 

will benefit to the o ther engineers and thus co ntrib u tes to furth er advancement' of the semicon­

ductor technology. 

Dr. Takahiko Misugi, Associated Editor Dr. Ryoiku Togei, l·:dilo rial l{1·pres1·11Lati ve. 

Special Editor of this Issue 
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FUJITSU Sci. Tech. J., 24, 4, pp. 265-270(1988) 

High-Speed Bipolar Logic IC 

• Ken- ich i Oh no • Hirofum i Takeda 

Continuing advances in silicon technology have produced IC 
devices with increasingly high speed, high density, and low power 
dissipation. 

This paper reviews the trends at Fujitsu in high-speed bipolar 
logic IC devices . 

Methods suggested for improving the speed of ECL LSI devices 
are also outlined, and a 1 OK-gate ECL gate array of 100-ps and 
a 2 .7 GHz prescaler are given as examples of advanced bipolar 
logic IC devices . 

UDC 621.3.049.771.14:621.382.3 

FUJITSU Sci. Tech. J., 24, 4, pp. 271-283(1988) 

Ultra-High-Speed HEMT LS I Technology 

• Masayuki A be • Takash i M imura • Masaaki Kobayashi 

High Electron Mobility Transistors (HEMTs) are very promising 
devices for ultra-high-speed LSI / VLSI because of the supermobili ­
ty GaAs/AIGaAs heterojunction structure . 

This paper discusses the current status and recent advances of 
HEMT technology for high -performance VLSI with a focus on 
materials, self-alignment device fabrication, and H EMT LSI im ­
plementations . 

HEMTs have already been used to develop a high speed 16 kbit 
static RAM and a 4 .1 k-gate gate array . 

UDC 537.312.62 

FUJITSU Sci. Tech. J , 24, 4, pp. 284-292(1988) 

Recent Advances in Josephson Junction Devices 

• Shinya Hasuo • Takesh i Imamura • Nori o Fujimaki 

This paper describes recent advances in high-speed digital circuits 
using all niobium (Nb/AIOx/Nb) Josephson junctions. The world's 
fastest logic gate Modified Variable Threshold Logic (MVTL) is 
described. The MVTL gate family has been applied to various logic 
circuits such as a 16-bit ALU (Arithmetic Logic Unit) and a 4-bit 
microprocessor. The high-speed performance of Josephson junc­
tions in LSI level circuits has been verif ied using these circuits . 

A new type of high sensitivity magnetic sensor, SQUID (Super­
conducting QUantum Interference Device), has also been invented . 
It is called "a single-chip SQUID ", because all the circuits neces­
sary for its operation have been integrated into a single chip . 

UDC 621.377:681.327.67 

FUJITSU Sci. Tech. J ., 24, 4, pp. 293-300(1988) 

Self-Timed RAM : STRAM 

• Chika i Ohno 

A STRAM is different from conventional RAMs because it has 
synchronous operation and an on-chip write pulse generator. 
Three wpes of STRAMs are presented in this paper. Each type is 
a standard device and has unique features which are useful in 
various applications. 

A system model using STRAM was eva luated and it was shown 
that STRAM can improve the system level cycle speed to twice 
that of a conventional RAM. Using already established process 
technology , Fujitsu has developed a 1Kx4 standard STRAM hav­
ing a cycle time of 9 ns and 4K x 4 STRAM having a 13 ns cycle 
time. 

UDC 621.377.621:681.327.67 

FUJITSU Sci. Tech. J., 24, 4, pp. 301 -317 (1988) 

3D Stacked Capacitor Cell for Mega Bit DRAM 

• Tomio Naka no • Takash i Ya bu 

T his paper discusses the three-dimensional stacked capacitor (3D 
STC) cell technology that Fujitsu used in 1-Mbit DRAMs (Fujitsu 
was the first to do this), and the development of 1-Mbit and 
4-Mbit DRAMs using the 3D STC technology. 3D STC technology 
is the key to cell area reduction enabling densities higher than 
1-Mbit. Th is technology provides mass production capability and 
a high immunity to alpha-particle-induced soft errors. To respond 
to market demands for low power consumption , high speed , and 
high reliability, 1-Mbit DR A Ms were designed using CMOS tech­
nology. A 4-Mbit DRAM having an access time of 56 ns and low 
power consumption of 175 mW was also developed. 

UDC 621.3.049.774 

FUJITSU Sci . Tech. J ., 24, 4, pp. 318-327(1988) 

Development of Sea of Gates 

• Yosh iy uki Sueh iro • Nobutake Matsum ura • Gensu ke Goto 

Sea of gates was introduced as an LSI that can integrate circuits 
of system level including memory functions . With this new type of 
LSI , highly integrated and high-performance CMOS LSI of 30K to 
160K gates have been successfully developed. The LSls are fabri­
cated with 1.0 µm or 1.2 µm CMOS triple-metal -layer process 
technology, An orig inal basic cell structure makes it easy to con­
struct both memories and random logic circuits on the LSI chip. 
Furthermore, the unique structure of an 1/0 buffer cell and the 
improvement in assembly technology realized multiple pins . 
Cavity-Gown packages of up to 401 pins were developed . 

UDC 621.3.049 774:681323 

FUJITSU Sci. Tech. J ., 24, 4, pp. 328-334(1988) 

Development of Microcontroller : F2 MC 

• Jyo ji M ura kami 

The Fujitsu Flexible Microcontroller (F 2 MC) has been developed 
to meet the market's need for a high -performance application 
specific controller. This microcontroller features high-speed 
(0 .33 µ s cycle time), efficient object code, and flexible design and 
can be applied to many areas . 

The CPU architecture, design philosophy, and technology fea­
tures of the CPU are described and various application products 
are shown . 

UDC 621.3.049.774:681.323 

FUJITSU Sc i. Tech. J ., 24, 4, pp. 335-344 (1988) 

Development of 32-Bit Microprocessor Family Products : 
GMICRO F32 

• Sh osuke Mori • Ko ichi Fujita • Haruyasu ltoh 

The technological trend toward higher integration and expanded 
functions of microprocessors has become increasingly important 
in the des ign of workstations and embedded controllers. 

This paper outlines the GM1CRO F32 and key technologies for 
its development . 
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UDC 621.383.5:621 .391.6 

FUJITSU Sci. Tech. J., 24, 4, pp. 345-358(1988) 

Lightwave Semiconductor Devices 

• Haruo Yonetani • Akira Fukushima • Keiji Satoh 

Lightwave semiconductor devices are one of the keys to building 
lightwave communication systems . In this paper Fujitsu lightwave 
semiconductor devices now being produced, are reviewed accord­
ing to individual device characteristics and system applications. 

UDC 621 .3.049.774 

FUJITSU Sci . Tech. J., 24, 4, pp. 384-390(1988) 

High -Speed BiCMOS Technology with Polysilicon Emitter 
Structure 

• Hiroyuki Fukuma • Tsunenori Yamauchi • Yoshinori Okajima 

This paper describes a high-speed BiCMOS technology which 
consists of bipolar process technology using polysilicon emitter 
and CMOS process technology using the 1.0 µm-rule . 

The high-speed characteristics of the BiCMOS were obtained : 
The cutoff frequency (fT) of the bipolar npn transistor was found 
to be 6 GHz with a propagation delay time (tpd) for the CMOS 
gate of 0 .5 ns . The high performance of the conventional bipolar 
device and CMOS device were also maintained. 

The BiCMOS technology has been applied to fabricate a 2 000-
gate gate array and a 256-Kbit SRAM. The results of these devices 
are also reported . 
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UDC 621 .382.3:621 .396.6.029.6 

FUJITSU Sci . Tech. J., 24, 4, pp. 359-371 (1988) 

Microwave Semiconductor Devices 

• Kiyofumi Ohta • Kenji Yano • Y utaka Hirano 

T his report describes the state-Of-the-art Fujitsu microwave semi­
conductors. The important parameters of GaAs power FETs are 
efficiency, linearity and reliability. The design philosophy for 
these parameters and performance are discussed. Low noise per­
formance of HEMTs has been demonstrated and a new 1 /4 µm 
gate HEMT has been developed having a 0.58 dB noise figure and 
12 .35 dB of associated gain at .12 GHz. MMICs have high potential 
for wide band , small size, and lightweight equipment. GaAs FET 
modules and amplifiers are also described as examples of actual 
applications. 

UDC 621 .315.5:620.187 

FUJITSU Sci . Tech. J., 24, 4, pp. 372-378(1988) 

Characterization of Compound Semiconductor Materials 
by Transmission and Reflection Electron Microscopy 

• ltsuo Umebu 

The interface structures of the Ga As/ Al As super lattice were 
analyzed by Transmission Electron Microscopy (TEM) with the 
help of computer simulation . The bright spot arrays which appear 
on the uppermost AIAs layer are shown to be a good indicator for 
this analysis. Atomic layer steps occur at in tervals of 3-10 nm. The 
surfaces of MBEijrown GaAs layers were analyzed in detail w ith 
Reflection Electron Microscopy (REM). The surfaces consist of 
undulations and small steps. Anisotropic surface roughness may be 
due to anisotropic Ga surface diffusion . Atomic ordering in lnGaP 
mixed crystals was analyzed by cross-section TEM , and a crystal 
model with double periodicity is proposed . 

UDC 621.3.049.774.3:621.7.04 

FUJITSU Sci . Tech. J., 24, 4 , pp. 379-383(1988) 

Ultra High -Speed Bipolar Process Technology : ESPER 

• Tatsu ya Deguchi • Hiroshi Goto 

This paper describes an ultra high-speed bipolar process technol ­
ogy using en Emitter-base Self -aligned structure with Polysilicon 
Electrodes and Resistors (ESPERs) . This structure, combined with 
trench isolation, drastically reduces parasitic capacitances and 
resistances, realizing a sub-40 ps EGL circuit and high-performance 
bipolar devices. 

UDC 621 .382.33:621 .7.04 

FUJITSU Sci. Tech. J., 24, 4, pp. 391-397 (1988) 

Characteristics of S i H BT with Hydrogenated Micro ­
Crystalline Si Emitter 

• Hirosh i Fujioka • Kanetake Ta kasaki 

An npn Si HBT has been fabricated using hydrogenated micro­
crystalline Si as a wide gap emitter . It shows much higher common 
emitter current gain than a conven t ional homo-junction transistor . 
The measured common emitter current gains of the fabricated 
HBTs having intrinsic base sheet resistance of 14 kO/D and 
95 .11/ D are 1 500 and 18. respectively . The present HBT can per · 
form normal operation eve n at liquid nitrogen temperature . 

UDC 621 .382.32:621 . 7.04 

FUJITSU Sci. Tech. J., 24, 4, pp. 398-407 (1988) 

Application of EB-Lithography for Fabrication of 
Submicron-Gate-MOSFETs 

• Shuzo Ohshio • Tets uo lzawa 

The characteristics and the proximity effect of resist in electron ­
beam direct-writing was studied to form submicron patterns . 
MOSFETs were obtained with an effective channel length down to 
abo ut Lett; 0 .32 µm . The transistors fabricated using this tech ­
nique operate well without punch-through . By evaluating the 
dispersion of many transistors, it was found that there is a strong 
possibility that devices with a minimum pattern size of 0.2-0.3 µm 
can be manufactured for practical use. 

The influence of the electron-beam direct -wr iting on the relia · 
bility of devices was studied and it was confirmed that this 
method is sufficient ly reliable when used for gate-electrode forma­
tion. 

UDC 621 .382.2:621 .7.04 

FUJITSU Sci . Tech. J., 24, 4, pp. 408-417(1988) 

SOI-Device on Bonded Wafer 

• Hiroshi Gotou • Yoshihiro Ar im ot o 
• Masashi Ozek i • Kazunori lmaoka 

The bonded wafer technique to fabricate SOI (Silicon On Insula ­
tor) devices has been extensively studied. This technique has been 
successfully applied to fabrication of a 64-Kbit SOI -DRAM, which 
exhibits a low soft error rate up to 1 /7 that of conventional 
DRAMs, depending on the substrate thickness of the bonded 
wafer . It was found that the soft error depended on the base sub­
strate bias voltage. 

It is also shown that the bonded wafer technique can solve the 
latchup problem in CMOS, and is advantageous when used in the 
fabrication of SOI bipolar devices . Two new types of bipolar tran­
sistor are proposed. 
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UDC 621.3.049.774:621.7.04 

FUJITSU Sci . Tech. J., 24, 4, pp. 418-431 (1988) 

Overview of Mask Technology 

• Kimio Yanagida • Takao Furukawa • Takeo Kikuchi 

Mask -making technology plays an important role in generating 
the patterns for devices used in semiconductor fabrication. Fujitsu 
recognizes the importance of this technology and has developed it 
from the early days of semiconductor fabrication. 

This paper describes the mask-making technologies currently 
being used : data processing, exposure, process and inspection 
technology. Th is is followed by a discussion of the future trends in 
mask -making technology . 

UDC 621 .3.049.76 

FUJITSU Sci . Tech. J., 24, 4, pp. 432-445(1988) 

Packaging Technology for ASI Cs 

• Michio Sano 

The use of ASICs is rapidly progressing and expanding_ ASIC 
packaging technologies are also enabling higher densitY , diversifica­
tion , and customization . This review introduces the package line ­
up and AS IC packages currently offered by Fujitsu, then describes 
current technological problems and future trends. 

UDC 621.3.049.774 

FUJITSU Sci. Tech. J., 24, 4, pp. 446-455(1988) 

Reliability on Short-Channel MOSLS ls 

• Ken Shona • Kenji Ishida • Nagao Yamada 

This paper describes the reliability problems associated with the 
scaling down of MOS LS I. Because the power supply voltage is not 
scaled, the internal electric field increases , causing reliability prob­
lems such as degradation of MOSFET due to hot carrier generation 
and electric breakdown of the gate oxide. Furthermore, the high­
speed operation and narrow metalization width requires the 
current density to increase, w hich reduces the interconnection 
reliability . 

These problems can be overcome by improving the device struc­
t ure and fabrication technology . 

UDC 621.3.049.774.3 

FUJITSU Sci . Tech. J., 24, 4, pp. 456-463(1988) 

Bipolar Circuit Simulation System Using Two­
Dimensional Device Simulator 

• Shigeo Satoh • H ideki Oka • Noria ki Nakayama 

To accurately estimate bipolar circuit performance , two circuit 
simulation systems using a two-dimensional device simulator have 
been developed and compared. One uses the table method and the 
other uses the direct method. 

The direct method was found to be superior to the table meth­
od . Using the direct method, the propagation delay time of an 
ECL gate has been estimated and the influence of extrinsic ele­
ments and collector impurity concentration on delay time were 
investigated. 

UDC 621 .3.049.76:681 .323 

FUJITSU Sci . Tech. J., 24, 4, pp. 464-468(1988) 

Speed Tunable Finite State Machine Compiler : 
ZEPHCAD™ . 

• Hitomi Sato • Y oshihide Sugiura • Masahiro Fujita 

This report describes a personal computer based state machine 
compiler. This system transforms the finite state mach ine descrip ­
tion, Boolea n equations, or truth table into net lists of the CMOS 
gate array or standard cell. 

A new feature of this system is the capability to tune the circuit 
speed from the user side by selecting the number of logic levels 
when running the system . 

This report includes bench mark results. 



Preface to the Special Issue on 
Semiconductors 

• Hiroyuki lno General Manager of Semiconductor Group 

Due to remarkable developments in the electronics technology, modern society continues to 

evolve and grow at a much higher speed than we previously expected. Electronics products are 

now widely used in our daily lives at work and at home . Present society has thus become highly 

information oriented, which in turn has stimulated industries to expand even more. Needless to 

say, the semiconductor technology is the basic technology supporting this information oriented 

society and these industrial developments. 

Fujitsu quickly recognized the importance of semiconductor technology at an early time and 

thus started its research and development in as early as l 950's. Since then the semiconductor 

development at Fujitsu has formed one of the three major business areas of the company together 

with those of computer and communication. As a consequence, the semiconductor technology at 

Fujitsu has grown to become the key to Fujitsu's high-quality electronics products . For example, 

the 100 gates ECL gate array developed in 1973 enabled realization of a full scale LSI computer 

for the first time in the world. Since then Fujitsu semiconductor technology has made it possible 

to develop a series of computers with steadly increased performance and scale. Then , after having 

accumulated technological improvements of this period , Fujitsu started full-scale supply of the 

semiconductor products to domestic market about 15 years ago, and then to overseas market 

about 10 years ago. We have now established customer support systems in North America , Asia 

and Europe by the three subsidiaries of FMI, FMP and FMG, respectively. 

With this historical background, Fujitsu semiconductor technology has always progressed with 

the aim of producing most advanced devices of the time in terms of performance and scale of 

integration. Following the development of world's first bipolar gate array in 1970's, Fujitsu has 

continuously introduced high speed and large scale gate arrays. For example, in late l 970's we 

developed 400 gates ECL gate array that has the highest speed in the world at that time. Presently , 

ultra-high-speed gate arrays of 4 500 gates and 10 000 gates are in the products list. This year, a 

CMOS gate array of 100 000 gates was developed and distributed to the customers. With all of 

these, our gate arrays are favorably received by many international customers and have the No. 1 

market position in the world. In addition, we now began commercial production of Standard Cell 

and has already developed 60 000 gates general purpose DSP. 

Outstanding achievements have also been made in the field ot memory. For example, in 1978 

Fujitsu was the first in the world to commercially produce a 64 Kbit DRAM, and now we are 

developing a 16 Mbit DRAM following the shipment of the 4 Mbit DRAM. Also in the begining 

of l 980's an ECL DRAM with world fastest access time of 5 ns was developed, and presently a 

256 Kbit ECL RAM made by BiCMOS technology is supplied to the market. 

Fujitsu microprocessor has new family of 32-bit in addition to 4-bit , and 8- and 16-bit micro­

processor families. Two types of the new families are developed and introduced to the market , one 

is the GMICRO series based on the TRON architechture and the other is SP ARC series based on an 

ultra high speed architechture (RISC). 

263 
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Fujitsu compound semiconductor also have No. l or 2 market share in the field of microwave 

and optical communication applications . Our activities in this area range from those of basic 

research to application technology. This has resulted in great developments in new compound 

semiconductor products, and has led to Fujitsu's invention of the HEMT and the RHET. 

Although Fujitsu always aims to develop devices of the most advanced level, we believe that 

achieving high reliability of the device is even more important. As the scale of devices increases and 

their fun ctions become more complex , high reliability becomes extremely important. This concept 

fo rms one of the important policies for the development of Fujitsu semiconductors . 

This special issue has been published to introduce some of these Fujitsu semiconductor tech­

nologies to our international clients. It contains various articles from a wide range of technology 

fields. It includes in particular the latest device technology and process technology, and Rand D 

results of advanced device technology . We hope that this issue will be useful in the designing 

electronic equipment and systems, and that it will assist future development plans. 

Fujitsu will continuously endeavor to develop devices with high performance and high re ­

liability at a low cost in order to meet the requirements of clients. 
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High-Speed Bipolar Logic IC 

• Ken-ichi Ohno • Hirofumi Takeda 
(Manuscript recr;ived September 6, 1988) 

Continuing advances in silicon technology have produced IC devices with increasingly high 

speed, high density, and low power dissipation. 

This paper reviews the trends at Fujitsu in high-speed bipolar logic IC devices. 

Methods suggested for improving the speed of ECL LSI devices are also outlined, and a 10K­

gate EC L gate array of 100-ps and a 2.7 GHz prescaler are given as examples of advanced 

bipolar logic IC devices. 

1. Introduction 
Transistor-transistor logic (TTL) and emitter­

coupled logic (ECL) are the main circuit types 
of bipolar logic ICs. Bi-CMOS, a combination of 
bipolar and CMOS circuits, will become widely 
used in the medium-speed regions between 
ECL and the higher-speed CMOS and TTL. 

Due to their high-speed operation , ECL 
integrated circuits (ICs) are now used in high­
performance systems such as super computers , 
general purpose mainframes, communications 
equipment , and LSI testers. These !Cs are being 
targeted for use in other equipment , including 
super minicomputers and engineering work 
stations. 

This paper focuses on the trends in ECL 
high-speed bipolar !Cs and introduces the ECL 
technology developed at Fujitsu. 

2. History of Development at Fujitsu 
2_1 High-speed bipolar logic IC applications 1), 2 ) 

Table 1 outlines the 20 years of develop­
ment of high-speed bipolar logic ICs at Fujitsu. 

Fujitsu's first ECL prototype was developed 
over 20 years ago. The MB700 series of ECL !Cs 
went into mass production in 1970. 

The 126-gate gate array developed in 1970 is 
the original gate array configuration. The circuit 
type was non-threshold logic (NTL). ECL 
standard ICs of 2 ns and 126-gate NTL gate 
arrays were used in the F ACOM 230-75 , Fujitsu's 
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highest performance computer at the time . 
The 100-gate ECL gate array 3

) was devel­
oped in 1973. This was the first real gate array 
and was named the MB 11 K series. This array 
was used for the first all-LSI computer , the 
FACOM M-190. 

ECL gate arrays have been used in top-of­
the-line computers since 1973. For example , the 
400-gate ECL (MB l 2K)4

) is used in the F ACOM 
M-380 . The 3K-gate ECL (MB38K), and l .2K­
gate ECL with l 6K-bit RAM (MB77K) are used 
in the FACOM M-7805 )_ 

We developed the ET series (ET3000 and 
ET4500) in 1986 for the general market. 

This series was based on the ECL gate array 
technology developed for the computers men­
tioned above and on the original general-purpose 
gate array (MB33K). The original ET is a typical 
general-purpose ECL gate array with mixed ECL 
and TTL I/O interface levels. The ETM series 
(ET2009M and ET3004M) developed in 1987 is 
an ET with ECL RAM on a single chip . The ETH 
series (ETI OOOOH) 6 ) developed in 1988 is a 
higher-speed ET. 

In addition to these gate arrays, high­
performance prescalers were developed using 
silicon ECL technology 7 ). 

2.2 Trends in high -speed bipolar logic ICs. 
Figure 1 shows the trends in basic propaga­

tion delay time (Tpct) for the Fujitsu products 
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Table 1. Development of high-speed bipolar logic !Cs at Fujitsu 

Years Standard IC family Gate arrays and gate masterslices Others (e.g. ASSP) 

1969 2 ns ECL (MB 700) 

1970 I ns ECL (MB800) 126-gate NTL (MB9200) 

1972 2 ns ECL (MB I OK) 

1973 100-gate ECL (MB! lK) 

1975 0.5 ns ECL (MB8 l 0) 

1978 400-gate ECL (MBl 2K) 

1982 1 GHz prescaler (MB501) 

1983 lK-gate ECL (MB33K) 

1984 3K-gate ECL (MB38K) 1.1 GHz prescaler (MB501L)7
) 

1. 2K-gate ECL with RAM (MB77K) 

1985 1.6 GHz prescaler (MBSOS) 

1986 3K-gate ECL (ET3000) 2.4 GHz prescaler (MB506) 

4 .SK-gate ECL (ET4500) 

1987 0.15 ns ECL (MB880) 2K-gate ECL with RAM (ET2009M) 

3K-gate ECL with RAM (ET3004M) 

1 Gbit/s ECL gate masterslice (E32) 

1988 I OK-gate ECL (ET! OOOOH) 1.1 GHz prescaler with PLL (MBlSOl) 

2 .5 Gbit /s gate masterslice (El 28H) 2.7 GHz prescaler (MB510) 
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Fig. I - Trends in basic propagation delay time (Tpd) . 

listed in Table 1. As shown in Fig. l , ECL tech­
nology is making steady progress in improving 
propagation delay time. In 1987 8

) , 40 ps ECL 
samples were obtained experimentally ; this 
strengthened this trend . 

The Tpct per gate depends on the circuit 's 
power dissipation (Pd). The relation between the 
Tpct and Pct of the devices in Fig . 1 is shown in 
Fig. 2 . Figure 2 also shows the trends of these 
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Fig. 2 - Tpd vs . Pct per gate. 

two features in internal gates and external gates 
of ECL ICs . Progress is being made towards 
higher speed and lower power dissipation 
internal gates . For external gates, progress is 
being made towards higher speed only . 

High-density devices with high gate counts 
per chip are e ffec tive in systems that require 
high speed, low cost , small size , and high reli­
ability. Figure 3 shows that the gate counts per 
chip for the above ECL gate arrays are increasing 
steadily at about 40 percent a year. 
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3. Speed Improvements in ECL LSI 

3.1 ECL circui ts 
Figure 4 shows three examples of ECL cir­

cuits. An ECL circuit consists of a current 
switch , an emitter follower, and a common 
circuit to generate bias vo ltages. The main 
advantages of the ECL circuit are high-speed 
operat ion and strong logic functions. 

Figure 4a) shows an example of an external 
basic gate used for an outp ut gate terminated 
outside the chip. The external gate has a high­
power dissipation of more than 20 mW per gate 
because it drives a low-resistance terminator 
equal to the transmission line impedance. 

Figure 4b) shows an example of an internal 
basic gate with the same threshold voltage and 
lower signal voltage swing as the external gate. 
The internal gate is terminated by a high-value 
on -chip resistor. Low power dissipation can thus 
be selected based on the Tpct required and on 
the water process technology used. 

A series-gate ECL circuit can implement 
complex logic functions such as a D-latch with 
reset as shown in Fig. 4c) . 

Table 2 lists examples of typical signal 
voltages for the external ECL and internal ECL 
gates of Fig. 4. 
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GN D 

} - OUT NORIN, ~-------...~ 
b /?T 

Vd -2 VJ 

VEE(-5.2V) 

a) External basic ECL gate (3-input OR/NOR gate) 

0 T NOR 

/ EF 

V.., ( -2.0 V) 

GN D 

v •• , (-2.0 V) 

Vm (-5.2 V /-4.5 V) 

b) Internal basic ECL gate (4-input OR/ NOR gate) 

GND 

v •• , (-2 \ ') 

v •• , (-5.2 V /-4.5 V) 

c) Internal series gate ECL (D-latch with reset) 

Fig. 4 - Examples of ECL circuits. 

Table 2. Examples of typical signal voltages for ECL 
in Fig. 4. 

Gate 
Voltage 

External (V) Internal (V) 

High-level output (VoH) - 0.85 - I.OS 

Low-level output CVoL) - 1.75 - 1.55 

Input threshold ( VTH) - 1.3 - 1.3 

3.2 Major factors in basic propagation delay 
time 
Table 3 lists the major electrical factors 

affecting internal basic delay. The factors are 
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Table 3 . Major factors affecting ECL circuit 
propagation delay time 

Factors Symbol 

Circuit configuration 

Circuit Power dissipation (Circuit current) Po 
Signal voltage swing Vs 

Cutoff frequency f t 

E-B junction capacitance CEB 
Transistor C-B junction capacitance Cc B 

Device C-1 junction capacitance Cc1 
Base resistance RB 

Resistor Stray capacitance CR 

Meta 
Stray capacitance CM 
Metal resistance RM 

E : Emitter B: Base C : Collec tor I : Isolation 

classified into those of circuit design and device 
technology . 

Circuit design is mainly affected by circuit 
configuration, power dissipation , and signal 
amplitude. Faster speed can normally be gained 
by a higher power dissipation and smaller signal 
amplitude. 

To improve the speed , the cutoff frequency 
(j1) must be increased and the junction capaci­
tance, base resistance of the transistor, and stray 
capacitance of the resistors must be decreased. 
To do this , Fujitsu has developed a fin e pattern 
process and improved device structures such as 
the oxide surrounded transistor (OST) 4

) , U­
grooved isolation with thick field oxid e (U­
FOX)9) , and emitter-base self-aligned structure 
with polysilicon electrodes and resistors 
(ESPER)8 ) . 

The high-speed bipolar wafer process tech­
nology is discussed separately in this issue 1 o) . 

3 .3 Main load delay factors 
The real gate delay of a chip consists of the 

basic delay and load delay. The main load delay 
in ECL LSI is the propagation delay time 
through wires connecting gates on the chip. This 
load delay depends on : the drivability of the 
driver gates, the wiring line capacitance , and 
wiring line resistance of connections from the 
driver gate to the receiver gates on the chip. 
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Fig. 5 - Propagation delay time vs. wiring length in 
ET 1 OOOOH internal gate . 

Due to progress made in shortening the basic 
delay and increasing chip density , the wiring 
delay has become relatively longer as compared 
to the basic delay . An example of the wiring 
delay is given in Sec . 4.1 . 

4 . Examples of advanced bipolar logic IC 
devices 

4 .11 00 ps ECLgate array (ETl OOOOH) 
A 100 ps 1 OK-gate ECL gate array with 

mixed ECL and TTL interface levels was devel­
oped for the general market in 19886 ) . 

The internal basic gate is a 4-input OR/NOR 
gate. Complex logic functions are realized by 
using a series-gate circuit. The sample circuits are 
the same as those of Fig. 4 . To increase and 
adjust the drivability of the internal gate , four 
types of emitter follower current (JEF) are 
selected by changing the resistance of RT , 

shown in Figs. 4b) and 4c) . 
Figure 5 shows the variations of the delay 

du e to chip wiring line length in this device 
(ETl OOOOH). The basic Tpct is 100 ps, the 
average Tpct with 3 mm wiring , 3-fan in (F /I) , 
and 3-fan out (F /0) is about 300 ps at an 
emitter follower current of 0.8 mA. 

The wafer process technology used for the 
ET 1 OOOOH is the ESPER 8 ) process. This process 
realizes an emitter width of 0.5 µm and three­
layer metallization. 

Figure 6 shows the 13 mm x 13 mm chip. 
The chip is mounted on a 208-pin pin grid 
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Fig. 6 - ETI OOOOH chip (13 mm0 ). 

Fig. 7- PGA208-packaged ET! OOOOH. 

array package (PGA208) or a 260-pin quadruple 
flat package (QFP260) . Figure 7 shows a PGA-
208-packaged ETlOOOOH. The chip has a power 
dissipation of 13 W and has a low thermal 
resistance of 2.4 °C/W in an air flow of 5 m/s. 

A comprehensive computer aided design 
(CAD) program has been developed for the 
ETl OOOOH. This enables devices to be laid out 
and fabricated after logic design with a short 
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SW MC Divide ratio 
H H 1/128 
H L 1/144 
L II 1/256 
L L 1/272 

Fig. 8- MBSIO prescaler logic block diagram. 

Imm 

Fig. 9 - MBS 10 prescaler chip (1 .3 5 mm x 1.3 mm). 

turnaround time and without errors. 

4.2 2.7 GHz prescaler (MBSIO) 
Fujitsu has developed a series of prescaler 

ICs by using the high-speed characteristics of 
bipolar ECL technology. The first gigahertz 
prescaler was the MB501 developed in 1982. 
This device was a 1 GHz pres cal er with 15 0 mW 
per chip . A high level version of the MB501 , the 
MB501L; with higher speed and lower power 
consumption was developed in 1984. This device 
was a 1. l GHz prescaler operating up to l .6 GHz 
at 50 mW per chip7

). 

One of the newest prescalers is a 2.7 GHz 
model called the MB5 l 0. It was developed in 
1988 and operates up to 2.7 GHz at 50 mW per 
chip . Some devices even operate at 3 .6 GHz. 

Figure 8 shows the logic block diagram of 
the MB5 10 prescaler. Each D flip-flop is formed 
by two series-gate ECL circuits, and Fig. 9 shows 
the 1.35 mm x 1.3 mm chip . The packages are 
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Fig. 10-MBS 10 prescaler packages. 

8-pin DIPs and 8-pin small outline packages 
(SOP8), shown in Fig. 10. 

5. Conclusion 
Over the last 20 years Fujitsu has developed 

high-speed logic ICs (mainly ECL type) and 
continues to achieve higher speeds and densities. 

Fujitsu has, and will continue to use its 
experience to develop and market high-perform­
ance ECL gate arrays, ECL gate masterslices, 
and gigahertz prescalers for high-speed computers 
and other equipment requiring high-speed 
devices. 
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High Electron Mobility Transistors (HEMTs) are very promising devices for ultra-high-speed 

LSI/VLSI because of the supermobility GaAs/AIGaAs heterojunction structure. 

This paper discusses the current status and recent advances of HEMT technology for high­

performance VLSI with a focus on materials, self-alignment device fabrication, and HEMT 
LSI implementations. 

HEMTs have already been used to develop a high speed 16 kbit static RAM and a 4.1k-gate 

gate array. 

1. Introduction 
Eight years have now passed since the 1980 

announcement of the High Electron Mobility 
Transistor (HEMT) 1

). HEMT technology has 
opened the door to new possibilities for ultra­
high-speed large-scale integration (LSI)/very 
large-scale integration (VLSI) applications2 >. 
The evolution of high-speed HEMT integrated 
circuits (!Cs) is the result of continuous progress 
in the utilization of supermobility in the GaAs/ 
AlGaAs heterojunction structure. Electron mo­
bility in the conventional GaAs metal semi­
conductor field-effect transistor (MESFET) 
channel with typical donor concentrations of 
around 1017 cm-3 ranges from 4 000 cm 2 /V · s 
to 5 000 cm 2 /V · s at room temperature. Because 
of ionized impurity scattering, the mobility in 
the channel at 77 K is not much higher than it is 
at room temperature. However, in undoped 
GaAs, electron mobility of 2 to 3 x 105 cm/V · s 
has been obtained at 77 K. The mobility of 
GaAs with feasibly high electron concentrations 
(i.e. feasible for device fabrication) was in­
creased by using the modulation-doping 
techniques that were demonstrated in GaAs/ 
AlGaAs superlattices3>. The first application of 
these electron-mobility-enhanced phenomena to 
the new transistor approach was a high electron 
mobility transistor (HEMT). This device was 
based on modulation-doped GaAs/ AlGaAs single 
heterojunction structure 1) and had a greatly 
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improved 77 K channel mobility. 
HEMT technology shows promise in ultra­

high-speed LSI/VLSI applications 1>. 4
)-

6
) . Due 

to the supermobility GaAs/ AlGaAs heterojunc­
tion structure, the HEMT is suitable for 
operation at liquid nitrogen temperature. 
In 1981 a HEMT ring oscillator with a gate 
length of 1.7 µm demonstrated a switching delay 

of 17 .1 ps with a power dissipation of 0.96 mW 
per gate at 77 K. This indicated that switching 
delays below 10 ps are achievable with 1 µm 

gate devices 4>. Switching delays of 5.8 ps with 
a power dissipation of 1.76 mW per gate at 77 K 
and 10.2 ps with a power dissipation of 
1.03 mW per gate at 300 K have been achieved 
with a 0.35 µm gate device 7 )_ Even at room 
temperature, a switching delay of 9 .2 ps with 
4.2 mW per gate has been obtained with 
a 0 .28 µm gate device 8>. 

For LSI level complexity , HEMT technology 
has been used to develop a 4 kbit static 
RAM 9 ) , to) a 16 kbit static RAM 11

) as a memo-
' 

ry circuit , and a 4 .1 k-gate gate array with a 
16 x 16-bit parallel multiplier12 > as a logic 
circuit. The 4 kbit static RAM has an address 
access time of 500 ps with a power dissipation 
of 5. 7 W per chip. This device has ECL com­
patible levels 10 >. The 16 x 16-bit parallel multi­
plier designed on a 4.lk-gate gate array has a 
multiply time of 4.1 ns with a power dissipation 
of 6.2 W. HEMT technology has already entered 
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the LSI/VLSI application field. 
This paper first presents the performance 

advantages of HEMT approaches with a focus 
on scaled-down device structure in the sub­
micron dimensional range. Next we will describ e 
a HEMT technology for VLSis including materi­
als and self-alignment device fabrication tech­
nology. We will review the current status and 
recent advances in HEMT logic and memory 
LSI circuit implementation and project future 
HEMT VLSI prospects in ultra-high-speed 
computer applications. 

2 . Performance advantages of HEMT approaches 
HEMT technology presents new oppor­

tunities for high-speed low-power LSI/VLSI. 
This section describes the principles of the 
HEMT and the HEMT performance when it is 
scaled-down to the submicron dimensional 
range. 

2.1 HEMT principles 
Figure 1 shows a cross-sectional view of the 

basic HEMT with a selectively doped GaAs/ 
AIGaAs heterojunction structure. An undoped 
GaAs layer and an Si-doped n-type AlGaAs layer 

are successively grown by Mo lecular Beam 
Epitaxy (MBE) on a semi-insulating GaAs sub­
strate. Because of the higher electron affinity 
of GaAs, free electrons in the AlGaAs layer 
move to the undoped GaAs layer and form a 
two-dimensional high-mobility electron gas with­
in 10 nm of the interface. 

As the temperature decreases, the electron 
mobility, which was about 8 x 103 cm 2 /V·s at 
300 K, increases dramatically and reaches 2 x 

105 cm 2 /V·s at 77 K due to reduced phonon 
scattering. A further increase with a considerable 
gradient occurs below 50 K. A maximum value 
of 1.5 x 106 cm 2 /V ·s in the dark and 2.5 x 
106 cm2 /V ·s under light illumination is attained 
at 4 .2 K. 

In HEMT structures , the AlGaAs layer 
heavily doped with donors like Si contains DX 
centers 13

) that behave as electron traps at low 
temperatures. Certain anomalous behavior at 
low temperature is believed to be related to 
these traps. These phenomena include: distor-
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Semi- insul ating GaAs substra te 

Fig . I - Cross-sectional view of the basic structure of a 
HEMT with a selectively doped GaAs/AlGaAs 
heterostructure. 

tion of drain I-V characteristics, an unexpected 
threshold voltage shift at low temperatures, and 
a highly sensitive and persistent photoconduc­
tion . We have found that the distortion of 
drain I-V characteristics is related to the type of 
device structure_ To eliminate drain current 
collapse at low temperature , we have adopted 
a self-aligned gate structure as shown in Fig. 1. 
The n-AlGaAs layer is completely covered by 
the n-GaAs top layer. There are no exposed 
surfaces at the drain end of the gate. In the 
structure, high energy electrons can easily pass 
through the thin (30 nm) n-AlGaAs layer with­
out being trapped and can reach the n-GaAs top 
layer; this eliminates the anomalous drain I-V 
characteristics at low temperature. 

2 .2 HEMT perfo rmance in the submicron dimen­
sional range 
HEMT has a performance advantage over 

conventional devices. This advantage comes 
from the superior electron dynamics of HEMT 
channels and the unique electrical properties 
of the HEMT structure. During switching, the 
speed of the device is limited by both low-field 
mobility and saturated drift velocity. A low­
field mobility of 8 000 cm 2 /V·s at 300 K and 

40000 cm2 /V·s at 77 K is routinely obtained. 
A saturated drift velocity of 1.5 to 1 .9 x 
107 cm/s in HEMT structures at room tempera­
ture has been reported. These superior transport 
properties of HEMT channels result in a high 
average current-gain-cutoff frequency fT value. 

The logic voltage swing of LSI circuits with 
low power dissipation should be minimized . A 
high transconductance gm with a small logic 
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Fig. 2- Current-gain cutoff frequency vs. gate length of 
experimental HEMT and GaAs MESFET. 

voltage swing is achieved. The transconductance 
gm in gradual channel approximation is given by 
gm = K (VGs - VT) , where notations have their 
usual meanings. K is given by K = (€µ 11 WG / 
2dLG ), where € is the dielectric constant , 
µ 11 the electron mobility, WG the channel width, 
d the spacing between the gate and channel, 
and LG is the gate length. The K value of a 
0.5-µm-gate HEMT at 77 K is calculated to be 
900 mA/V2 per millimeter of gate width. This 
K value is about eight times higher than for 
conventional GaAs MESFETs. The smaller level 
of logic voltage swing requires more precisely 
controlled threshold voltages with a smaller 
standard deviation. State-of-the-art standard 
deviation of threshold voltage of enhancement 
mode HEMTs is 11 mW over a full 3-inch 
diameter wafer (described in the following 
section). This value indicates a controllability 
of less than two percent for a logic voltage 
swing of 0.8 V. 

In Fig. 2, the current-gain cutoff frequency 
h versus gate length summarizes the typical 
performance of experimental HEMTs and GaAs 
MESFETs reported so far 14

)-J S). At room 

temperature, the values of h were 38 GHz 14
) 

and 80 GHz16
) for HEMTs with gate lengths of 

0.5 µm and 0.25 µm respectively and were about 
twice the values for GaAs MESFETs. No signifi-
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Fig. 3 - Dependence of threshold voltage VTH on gate 
length LG for HEMT and GaAs MESFET. 

cant variation of threshold voltages with gate 

length was observed in the range from LG = 
1.4 µm to LG = 0.28 µm8

). This horizontal 
sensitivity indicates that reducing the geometry 
of HEMTs increases performance without 
causing short-channel effect problems. 

The short channel effect is one of the most 
serious problems of applying submicron FET 
devices to integrated circuits. However, the 
HEMT structure has the inherent advantage 
of reducing the short-channel effect. This is 
because the gate-to-channel capacitance can be 
increased by raising the doping concentration 
of the n-AIGaAs layer by using the modulation 
doping technique. This shields the drain fields 
without degrading the semiconductor mobility . 
This will enable easily-designable and stable 
current-voltage characteristics for gates in the 
submicron range. Figure 3 shows how the thresh­
old voltage varies with gate length for HEMTs 
and self-aligned gate GaAs MESFETs 1 

s) . It can 
be seen that the threshold voltage variation 
of submicron gate HEMTs is much smaller 
than that of GaAs MESFETs. The variation of 
HEMTs is less than 30 mV when the gate length 
is varied from 1.4 µm to 0.28 µm. Therefore, 
existing HEMTs can potentially allow produc­

tion of LSI designed with a 0.25 µm rule. To 
suppress the short-channel effect in the further 
scaled-down HEMT, the thickness of the AlGaAs 
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layer must be reduced to raise the aspect ratio 
(LG /d). Even in this case , the electron mobility 
in the HEMT channel does not decrease with 
increasing doping concentration in the thinned 
AlGaAs layer. This is because electrons in the 
channel are spatially isolated from the doped 
AlGaAs layer. 

Figure 4 shows the dependence of the K­
factor and transconductance gm of E-HEMTs on 
gate length at 77 K and 300 K. Dashed lines 
show the LG -i dependence of the K-factor and 
gm expected from the gradual channel approxi­
mation. Below a gate length of 1 µm at 300 K, 
the K-factor and gm deviate from the LG -i 

dependence. Velocity saturation effect and 
parasitic source resistances probably play a 
significant role in these results. The 0.5 µm 

gate E-HEMT at 300 K has a gm of 330 mS/mm 
with large enough noise margins to allow stable 
LSI operation. 

3. HEMT technology for VLSI 
The development of high-performance VLSI 

requires new technological breakthroughs. This 
section describes the state-of-the-art HEMT 
technology including materials and the self-

274 

alignment-device fabrication technologies. 

3.1 Material technology for HEMT fabrication 
To grow high-quality material by MBE, we 

optimized the buffer layer between the semi­
insulating GaAs substrate and the two-di­
mensional electron-gas channel layer. The 
thickness of this layer is 0 .6 µm . The electron 
mobility in this optimized heterostructure was 
8 x 103 cm 2 /V · s at 300 K. This increases to 
l.2 x l0 5 cm 2 /V·s at 77K due to reduced 
phonon scattering19

) . 

The surface defect problem of MBE is a 
serious one at the LSI-level of complexity20 >. 
The surface irregularities are called oval defects. 
The oval defects are typically from less than a 
micrometer to several micrometers in size, and 
are comparable in size to LSI devices in circuit. 
These oval defects seriously affect the current­
voltage characteristics of HEMTs21

). We have 
already achieved a density of less than 10 cm-2 

with a size of over 20 µm 2 by optimizing the 
growth conditions. This is required to develop 
an LSI with lOk-gate logic and 64 kbit static 
RAM circuits. 

An important aspect of HEMT LSI fabrica­
tion is the achievement of highly uniform 
epitaxial wafer growth with high throughput 
and large size. We optimized the geometrical 
configurations between source and substrate 
in the molecular beam epitaxy (MBE) system 
and optimized the growth conditions for highly 
uniform epitaxial layers on a 3-inch diameter 
semi-insulating GaAs substrate . These opti­
mizations resulted in a high throughput and 
high quality. Selectively doped GaAs/n-AlGaAs 
heterostructures were grown on semi-insulating 
GaAs substrates mounted on a subtrate holder 
with a diameter of 190 mm 22

). The substrate 
temperature during growth was held at 660 °C. 
To control the threshold voltage of HEMT 
characteristics a uniformity of ± 1 % for the 
thickness and the carrier concentration of the 
AlGaAs layer is required. 

The epitaxial growth of LSI quality material 
with AlGaAs/GaAs heterostructure has also 
been achieved using atmospheric pressure 
OMVPE technology. To achieve the highly 
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uniform material characteristics required for 
LSI fabrication, three multi-wafer growth was 
performed using an rf-heated graphite suscepter. 
The stage of suscepter and each wafer rotate 
· I 2 3) s1mu taneously . The stage rotates at 8 rpm 

and the wafers rotate at 20 rpm. The Cr-doped 
GaAs substrates were oriented 2.5° off the 
( 100) towards the <I IO>. The source materials 
used in the hydrogen carrier were trimethyl­
gallium (TMG), trimethylaluminum (TMA), 
AsH3, and Si2 H6. 

The growth temperature was 600 °C. The 
growth rate of GaAs was 58 nm/min , and the 
growth rate of Alo.2s Ga0 .72 As was 21 nm/ min. 
To achieve abrupt interfaces, the composition 
of the source gas was changed instantaneously 
by the "vent /run" method. The uniformity of 
the thickness and carrier concentration of the 
n-AIGaAs film across a two-inch wafer was 
·better than ±2.0% and ±1.5% respectively. 
The sheet carrier concentration was 1.1 x 
I 0 12 cm-2 and the electron mobility was 
6 400 cm 2 /V·s at 300 K for an AIGaAs/GaAs 
selectively doped heterostructure with a 2.5 nm 
spacer. At 77 K the sheet carrier concentration 
was 9 .3 x I 0 11 cm-2 and the electron mobility 
was 46 000 cm 2 /V·s . Increasing the spacer 
thickness to 7 .5 nm increased the electron 
mobility at 77 K to 90 000 cm 2 /V·s. To check 
the quality of wafers grown by this system, we 
used them to fabricate HEMT inverters with 
E-HEMTs and D-HEMTs. The standard devia­
tions of threshold voltages across a two-inch 
wafer were 23 mV for E-HEMTs and 35 mV 
for D-HEMTs. The transconductance was 
250 mS/mm and the current-gain cutoff fre­
quency was 23 GHz for an OMVPE-grown 
HEMT with a gate length of 0 .8 µm. These 
values compare favorably with those of an MBE­
grown HEMT. 

3.2 Self-alignment device fabrication technology 
Figure 5 shows a cross-sectional view of a 

typical self-aligned structure of enhancement­
mode (E) and depletion-mode (D) HEMTs. The 
structure forms an inverter for a DCFL circuit 
configuration 24). 

The basic epilayer structure consists of 
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E- HEMT 0- HEMT 

Interconnecting meta l 

---~-----------

Undoped GaAs 
Electron layer 

Sem i- insulating GaAs substrate 

Fig. 5- Cross-sectional view of a typical self-aligned 
structure of E- and D-HEMTs forming an inverter 
for DCFL circuit configuration. 

a 600 nm undoped 

Alo.3 Gao.7 As layer 
2 x 10 18 cm-3 , and a 

GaAs layer, a 30 nm 
doped with Si to 
70 nm GaAs top layer 

grown successively on a semi-insulating substrate 
by MBE. The low-field electron mobility was 
found from Hall measurements and was 
7 200 cm 2 /V ·sat 300 K and 38 000 cm2 /V ·sat 
77 K. The concentration of the two-dimensional 
electron gas (2DEG) was 1.0 x 10 12 cm-2 at 
300 Kand 8.2 x 1011 cm-2 at 77 K. The AlAs 
mole fraction was 0.3 . It can be expected that 
higher AIAs mole fractions will increase the 
maximum achievable concentration of 2DEG 
and will therefore result in an increase in 
transconductance of HEMTs. However, 
Alx Ga1-x As with a high AlAs mole fraction 
exhibits inferior surface morphology and an 
increase in deep traps, making device fabrication 
difficult. A thin Alo3 Ga0.7 As layer acting as a 
stopper against selective dry etching is embedded 
in the top GaAs layer to fabricat e E- and 
D-HEMTs on the same wafer. By a dopting this 
new device structure, we can apply the selective 
dry etching of GaAs to AlGaAs and achieve 
precise control of the gate recessing process for 
E- and D-HEMTs. 

Figure 6 shows the self-aligned gate process 
used in the fabrication of E- and D-HEMTs 
forming an inverter for a DCFL circuit configu­
ration. First of all , the active region is isolated 
by implanted oxygen at 130 keV to a dose of 
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Fig. 6 - Basic processing steps for HEMT LSI. 
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Fig. 7- Histograms of threshold voltages for D-HEMTs 
and E-HEMTs over a full 3-inch diameter wafer. 

101 2 cm-2
. Th.is makes a planar structure. The 

source and drain for the E- and D-HEMTs are 
metalized with Au Ga/ Au to form ohmic co n­
tacts. Next, fine gate patterns are formed for 
E-HEMTs and the top GaAs layer and thin 
Alo_3Gao.7 As stopper are etched off by non­
selective chemical etching . Using the same resist 
after the formation of gate patterns for D­
HEMTs, selective dry etching is performed to re­
move the top GaAs layer for D-HEMTs and to re­
move the GaAs layer under the thin Al03 Ga0_7As 
stopper for E-HEMTs . Next , Schottky contacts 
for the E- and D-HEMT gates are made by 
depositing Al ; the Schottky gate contacts and 
Ga As top layer fo r ohmic contact are self-aligned 
for high-speed performance. Finally, Ti/Pt/ Au 
electri cal connections from the interconnecting 
metal to the device terminals are made through 
contact holes etched in a crossover SiON insula­
tor fi lm deposited by plasma-enhanced CVD. 

This method combines a unique e.pistructure 
with self-terminating selective dry recess etching 
to enab le simultaneous fabrication of su per­
uniform E- and D-HEMTs with the uniformity 
of MBE-grown epitaxial films . The key tech­
nique for stable fabrication of self-aligned gate 
HEMTs is the selective dry etching of the 
GaAs/ AlGaAs layer. Etching characteristics of 
CC 1 2 F 2 + He discharges achieved a selectivity 
ratio of more than 260. The etching rate of 
Alo.3 Gao.7 As is as low as 2 nm/ min (the rate for 
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i.......i 
0.5 µm 

Fig. 8-Cross sectional SEM microphotograph of a 

HEMT with a gate length of 0.5 µm. 

Dra in 

GaAs is about 520 nm/ min). Figure 7 shows 
a histograms of threshold uniformities for E- and 
D-HEMTs over a full 3-inch diameter wafer. The 
standard deviations of threshold voltages are 
11 mV for E-HEMTs and 14 mV for D-HEMTs. 
The ratio of the standard deviation of threshold 
voltage (11 m V) to the logic voltage swing 
(0.8 V for DCFL) is 1.5 percent. This indicates 
excellent controllability of MBE growth and the 
LSI fabrication process. This strongly recom­
mends these technologies for fabrication of lCs 
with LSI /VLSI-level complexities. The vertical 
thresho1d sensitivity is calculated to be 
70 mV/nm 24

) at a VT of 0.13 Vanda carrier 
concentration of 2 x 1018 cm-3 . As shown in 
Fig. 7, the deviation in threshold voltage over 
the wafer for the E-HEMT is 60 mV at a VT of 
0.28 V. This corresponds to a thickness 
deviation of only 1 nm over a 3-inch wafer, 
indicating excellent controllability of MBE 
growth and the device fabrication process. 
Figure 8 shows a cross sectional SEM micro­
photograph of a HEMT with a gate length of 
0.5 µm. 

4. HEMT LSI ci rcui t implementations 
This section reviews and discusses the cur­

rent implementations and recent advances in 
HEMT logic and memory LSI circuits. 
4 .1 Logic circuits 

A HEMT 4.1 k-gate gate array with E/ D type 
DCFL circuits was designed and fabricated for 
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Fig. 9- Microphotograph of a HEMT 4.lk-gate gate 
array. The array measures 4.8 x 6.3 mm 2 and 
contains 17 692 E- and D-HEMTs. 

use in logic circuits. 
Figure 9 shows a microphotograph of a 

4.1 k-gate gate array 12
). This gate array consists 

of 15 6 1/0 cells and 4 096 basic cells. The basic 
cell includes one depletion mode D-HEMT and 
three enhancement mode E-HEMTs with a gate 
length of 0.8 µm. It can be programmed as a 
3-input NOR gate. The cell is 37.5 µm x 45 µm. 

The gate array consists of 32 columns with 128 
cells in each column. Between the columns there 
are 15 interconnection tracks, each track is 2 µm 

wide with a 2 µm spacing. The chip of this gate 
array has 1 00 pads; 72 for I/O signals, and 28 
for power supply. To obtain a sufficient noise 

margin , the Vnn voltage drop and GND voltage 
rise has been minimized by careful arrangement 
of the power supply pads. Therefore the chip 
has a relatively large number of power supply 
pads. The chip measures 6.3 mm x 4.8 mm and 
contains 17 692 devices. The average delay time 
is 2 7 ps for the inverter and 40 ps for the basic 
gate. The difference between the two values is 
due to crossover capacitance between the gate 
electrode and power supply lines. The basic 
gates are covered with power supply lines in 
order to make the array more compact. 

The 4.1 k-gate gate array uses a 16 x 16 bit 
parallel multiplier as a test vehicle. The 
16 x 16 bit multiplier uses 98 percent of this 
array and consists of: registers for a 16 x 16 bit 
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multiplier, 15 half-adders, 210 full-adders, and 
a carry look ahead circuit. A multiplication time 
of 4.1 ns at 300 K, including a 5-stage 1/0 buffer 
delay, was achieved with a supply voltage VD D 

of 1.1 V and a total chip power dissipation of 
6.2 W. This is the fastest multiplication time 
ever reported for a 16 x 16 bit parallel multi­
plier. From a simulation using a SPICE Il 
program, we confirmed that, with a fan-out of 
2.6 and a 363 µm interconnection line , the 
multiplication time was about 49 times the 
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Fig. 12-Propagation delay time of a DCFL gate circuit 
as a fun ction of loading conditions. 

typical gate delay of 80 ps. This simulation gave 
an 1/0 buffer delay of about eight percent of the 
multiplication time. The intrinsic multiplication 
time was 3.8 ns. Figure 10 compares the gate 
delay and the power dissipation of the state-of­
the-art GaAs MESFET25l , 26l and HEMT multi­
pliers12) , 27) -30)_ 

Performance of the half-micron HEMT 
DCFL gates was measured by using different 
types of ring oscillators. The basic propagation 
delay time fpctO was 22.5 ps with a power 
dissipation of 3 .9 mW/gate and a supply voltage 
Vnn of 2 V. The standard deviation of fpctO was 
1.0 ps over an area of 30 mm x 30 mm. The 
noise margins of the basic inverters were 220 mV 
(NMd and 280 m V (NMN ). Figure 11 shows 
the dependences of fpct as a function of the 
supply voltage. Figure 12 shows the propagation 
delay time as a function of the loading condi­
tions for a DCFL gate circuit. The loaded delay 
time (F /I = F/O = 3, l = 1 mm) is 84 ps. The 
measurements of the RAM were made on a 
wafer at room temperature using coaxial probe 
cards. 

A multibit data register circuit using HEMTs 
with a gate length of 0.5 µm has been devel­
oped31l. The register is designed to synchronize 
data signals for data transfer in systems with a 
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Fig. 13 - Block diagram of a multibit data register 
circuit . 

Fig. 14 - Microphotograph of a multibit data register. 

Data-out 

high-clock rate . Figure 13 shows the block 
diagram of a multibit data register circuit. The 
clock pulse is applied to each latch through the 
clock chopper. Then , 4 x 9 bit latched input 
data is transferred to the output ports and 
synchronized by the clock signal. The input and 
output buffers provide signal levels compatible 
with the ECL interface. Figure 14 shows a 
microphotograph of the multibit data register. 
The chip contains 1 137 gates , 99 signal pads, 
and 36 power supply pads; it measures 6.1 mm x 
6.2 mm . This chip was designed to minimize 
differences of the propagation delays from the 
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Fig . 15 - 0scillograph showing the delay time through 
the critical path from the clock input to data 
output . 

clock-input to each output. The width and 
spacing of the interconnecting lines are both 
2 µm . The logic circuit is 2.4 mm x 2.4 mm and 
includes 3 335 HEMTs. The standard supply 
voltages are - 2 V and - 3.6 V. The speed of the 
multi-bit data register was measured as the delay 
time from clock-input to data-output at room 
temperature using a coaxial probe-card. Figure 15 
is an oscillograph showing the delay time from 
the clock-input to the data output . The delay 
time is 490 ps at room temperature and the 
power dissipation is 4 .12 W. The gate delay 
through the path from clock-input to data­
output was estimated to be 43 ps/gate . 

Performance of HEMT VLSI for future high­
speed computers is projected and discussed 2

) ' 
32

) , 

based on the results with the HEMT perform­
ance described above. Chip delay time is the 
sum of intrinsic gate delay , logic layout delay on 
fan-out capability , and the delay of the wiring 
on the chip. Chip delays were calculated based 
on experimental data for HEMTs with a gate 
length of 0.5 µm at 300 K and 77 K. Here we 
assume that the fan-out is three logic swing is 
0 .8 V, wiring capacitance is 100 fF/mm, average 
line length in the chip is 1 mm , and the heat flux 
for liquid cooling is 20 W /cm 2

. For 104 gates, 
the chip delay is 70 ps at 300 K and 40 ps at 
77 K. This sub" lOO ps performance is sufficient 
for future high-speed computer requirements. 
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Fig. 16 - Microphotograph of a HEMT 1 k-word x 4 bit 
static RAM. The array measures 2.6 x 3.0 mm 2 

and contains 29 994 E- and D-HEMTs. 

4.2 Memory circuits 

A 1 k-word x 4 bit static RAM using 0 .5-µm 

gate HEMT technology was designed and fabri­
cated 1 

o). Figure 16 shows a micro photograph of 
the RAM. The layout design rule of 1.5 µm-lin e/ 
2.0 µm-space was used for interconnections. The 
minimum through-hole is 2 µm x 2 µm . The 
memory cell is 24.5 µm x 23 µm ; this is very 
small for a GaAs memory LSI. The chip meas­
ures 2.8 mm x 3.0 mm. 

Figure 1 7 shows the block diagram of the 
1 k-word x 4 bit static RAM. The memory cell 
array is divided into four 1 kbit memory planes, 
each plane has 32 rows and 32 columns. This 
configuration reduces interconnections and 
access time. The RAM has ECL-compatible 
1/0 interface circuits and has supply voltages 
of - 2 V and - 3.6 V. The E/D type DCFL was 

used for the basic logic gate and the memory 
cell. Source follower buffers were used for the 
driver circuits and level shifters. The data line 
equalization technique was adopted to reduce 
the address access time . The address transition is 
detected by the Address Transition Detector 
(ATD). An ATD pulse is generated and used for 
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Fig. 1 7-Block diagram of a HEMT 1 k-word x 4 bit 
static RAM. 

the Data Line Equalizer (DLE), as shown in 
Fig. 1 7. In the circuit simulation , a propagation 
delay of 22 ps was obtained for the basic DCFL 
gate (F / I = F /0 = 1 ). The simulation used an E­
HEMT threshold voltage of 0.2 V and a D-

HEMT threshold voltage of - 0 .6 V. Using this 
DLE technique , the address access time was 
reduced from 0.68 ns to 0.54 ns. The design 
value of the chip power dissipation was 5 W. 
This power dissipation was rather large but can 
be reduced to less than 2 W by using a supply 
voltage of - 1 V. 

An address access time of 0 .5 ns was achieved 
at room temperature with a chip power dissipa­
tion of 5. 7 W. The chip select access time was 
0 .25 ns . Figure 18 is an oscillograph of the 
superimposed 32 address signals and 32 outputs 
(Dout 1 ). The variation of the address access 
time in the 1 kbit memory plane was about 
O. I 5ns. 

A HEMT I 6k-word x 1 bit fully decoded 
static RAM was developed using the E/D-type 
DCFL circuit configuration ll). D-HEMTs were 
used for load devices and E/D-type DCFL cir­
cuits were used for the basic circuit. The memory 
cell is a six-transistor cross-coupled flip-flop and 
uses switching devices with gate lengths of 
1.2 µm . The chip size is 4.3 mm x 5.5 mm, the 
RAM cell size is 23 µm x 30 µm (690 µm 2 

). The 
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500 ps 

Fig. 18-0scillograph of memory address access opera­
tions. Oscillograph shows the superimposed 
signals of address access in a lkbit memory 
plane. The access time is 500 ps. The horizontal 
scale is 500 ps/div. 

Fig. 19 - Microphotograph of a HEMT 16k-word x 1 bit 
static RAM. The RAM measures 4.3 x 5.5 mm2 

and contains 107 519 E- and D-HEMTs. 

RAM has a total device count of 107 519. 
Figure 19 shows a microphotograph of the 
l 6k-word x 1 bit static RAM. Dynamic perform­
ance of the HEMT 16 kbit static RAM (e.g. ad­
dress access time) was evaluated both at room 
temperature and at liquid nitrogen temperature. 
The minimum address access time obtained was 
3.4 ns with a chip dissipation of 1.34 Wat 77 K. 
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The GaAs MESFFET 4k-word x 4 bit static 
RAM with 1 µm gate length devices has an 
address access time of 4.1 ns with a cl}.ip power 
dissipation of 2.52W at 300K 33

). Sub-nano­
second address access time can be projected for 
a 64 kbit static RAM using 0.5 µm gate device 
technology. 

5. Conclusion 
This paper discusses the current status and 

recent advances of HEMT technology for high­
performance VLSI with a focus on materials, 
self-alignment device fabrication, and HEMT LSI 
implementations. 

HEMTs are very promising devices for VLSI 
because of their ultra-high speed and low power 
dissipation. A fundamental switching delay 
below 10 ps can be obtained for HEMTs. This 
performance target is suitable for VLSI. The 
gate length dependence of threshold voltage and 
the K-factor of short-channel HEMTs were 
evaluated. Short-channel effects were not found 
to be a problem in microstructures in the sub­
micron dimensional range . 

Since development of the first HEMT inte­
grated circuit in 1981 , there has been a rapid 
and continuing growth in device, circuit design , 
processing and material technologies. As the 
HEMT technology shifts from the research and 
development phase towards production, new 
developments in material technology or alterna­
tive growth techniques will be required. These 
developments are needed to enable production 
of highly uniform epitaxial materials of LSI 
quality and for the large quantity production of 
wafers. 

A HEMT 4.1 k-gate gate array with a 16 x 
16 bit parallel multiplier has been developed to 
achieve a multiplication time of 4.1 ns. A HEMT 
4 kbit static RAM with an address access time of 
500 ps and a 16 kbit static RAM with an address 
access time of 3.4 ns have been developed to 
demonstrate the feasibility of high performance 
VLSis. We believe that sub-nanosecond access 
operations can be achieved in a 64 kbit HEMT 
static RAM using 0.5 µm gate device technology. 
Using the experimental data on HEMT logic , we 
project an optimized chip delay of 70 ps for a 
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1 Ok-gate VLSI at room temperature. This per­
formance will achieve speeds required for future 
large-scale computers. Based on the results 
described above, it is a certainty that HEMT 
technology will grow into one of the most 
important semiconductor technologies m the 
twentieth century. 

The present research effort is part of the 
National Research and Development Program on 
the " Scientific Computing System'', conducted 
under a program of the Agency of Industrial 
Science and Technology, Ministry of Inter­
national Trade and Industry , Japan . 
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This paper describes recent advances in high-speed digital circuits using all niobium (Nb/Al Ox/ 
Nb) Josephson junctions. The world's fastest logic gate Mod ified Variable Threshold Logic 

(MVTL) is described. The MVTL gate family has been applied to various logic circuits such as 

a 16-bit ALU (Arithmetic Logic Unit) and a 4-bi t microprocessor. The high-speed perform­

ance of Josephson junctions in LSI level circuits has been verified using these circuits. 

A new type of high sensitivity magnetic sensor, SOU ID (Superconducting OUantum Inter­

ference Device), has also been invented. It is called "a single-chip SQUID", because all the 

circuits necessary for its operat ion have been integrated into a single chip . 

1. Introduction 
Performance of integrated circuits having 

Josephson junctions has dramatically improved 
since niobium junctions have become avail­
able1>-3> . Before niobium junctions, lead-alloy 

junctions were mainly used for integrated 
circuits. Those were the dark ages for researchers 
because circuits seldom worked well. Most of 
the difficulties . originated from the unstable 
characteristics of lead-alloy junctions. 

At the end of 1983, just after the use of 
lead-alloy junctions was abandoned , niobium 
junctions became available for integrated 
circuits. After applying the niobium junctions 
to integrated circuits, various kinds of circuits 
were realized. These circuits operated at a much 
higher speed than those using lead-a lloy junc­
tions. This is because of the small scattering 
of junction characteristics . Thus , the inherent 
performance of Josephson junctions could 
actually be attained. 

At present, we can make LSI level circuits 
which contain severa l thousand junctions. 
A small-scale Josephson computer ca n now be 

envisioned . It will operate more than one order 
of magnitude faster than a semiconductor 
computer. In this paper , we describe recent 
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progress in Josephson IC technologies developed 
in our laboratory . Chapter 2 describes fabrica­

tion technologies for integrated circuits using 
niobium junctions (i .e. Nb/ AlOx /Nb junctions). 
The fastest logi c gate including semiconductor 
gates is our MVTL (Modified Variable Threshold 
Logic) gate . It is described in Chap . 3 . Chapter 4 
describes various high-speed logic circuits. 
A shift registor , 16-bit ALU (Arithmetic Logic 
Unit) , 4-bit microprocessor and other circuits 
are described . A large amount of electronics 
has been integrated into a single chip using 
superconducting technology. This single chip 
SQUID (Superconducting QUantum Inter­
ference Device) is also introduced in this 
chapter. Conclusions are stated in Chap. 5. 

2. Fabrication process 

This section describes the fabrication of 

circuits constructed using Nb/ AIOx /Nb 
Josephson junctions. 

The characteristics of niobium junctions 
have recently been greatly improved. The excel­

lent characteristics of Nb/ AIOx /Nb junctions 
were demonstrated by Gurvitch et al. 4

) and 
further improved by Morohashi et als) ,6

). Thus, 

we anticipate their use in high-speed digital 

FUJITSU Sci. Tech. J., 24, 4, pp. 284-292 (December 1988) 
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Table 1. Materials and gases for RIE 

===-------- Material Gas for RIE 

Josephson junctions Nb /AlOx/Nb CF4 + 02 
Wiring Nb CF4 + 02 
Insulation layers Si02 CHF3 + 0 2 
Resistors Mo CF4 + 02 

circuits and other applications. The controllabili­
ty, stability , uniformity, and reproducibility of 
Nb / AlOx /Nb are much better than lead-alloys. 
Therefore we have applied the Nb/ AlOx /Nb 
junction in the fabrication process of various 
high-speed digital circuits. 

The materials and gases used in the Reactive 
Ion Etching (RIE) technique are listed in 
Table 1. Metals were deposited by DC 
magnetron sputtering in an Ar gas atmosphere 
at deposition rates of 200 nm/min for Nb , 
130 nm/min for Mo , and 6 nm/min for Al. 
Si02 was deposited by RF sputtering in an Ar 

atmosphere at a deposition rate of 8 nm/min. 
The Al film surface was oxidized in ambient 
Ar+ 10% 0 2 gas at room temperature. The 
typical time required for the oxidation was 
60 min. We can control the critical current 
density from 500 A/cm2 to 5 000 A/cm 2 by 
changing the gas pressure from l 00 Pa to 40 Pa. 
Thickness of the Mo resistor is typically 100 nm 
and its sheet resistance is 1.5 .Q/ O. 

3. MVTL gate family 
Josephson logic circuits are usually com­

posed of OR and AND gates. They are operated 
in a dual-rail manner because there is no 
INVERTER without a timing signal. An AND 
gate is usually driven by the output signals of 
OR gates because an AND gate by itself cannot 
isolate the output signal from the input signal. 
The MVTL gate family we designed consists 
of OR, AND, and 2/3 MAJORITY gates. The 
TIMED INVERTER is sometimes combined 
with an OR gate and another signal junction. 

The MVTL OR gate has an asymmetric 
interferometer and a magnetically coupled 
control line . The control current is injected 
into the interferometer after magnetic coupling. 

FUJITSU Sci. Tech. J., 24, 4, (December 1988) 

In 
Bias 

Out 

11 '------~,__ __ __J J, 

a) Equivalent circuit 

10 µm 

b) Photomicrograph 

Fig. 1- MVTL OR gate. 

Figure 1 a) shows the equivalent circuit of the 

MVTL OR gate . The output current is isolated 
from the injected control current using the 
single junction 1 3 and resistor Ri. Figure 1 b) 
is a photograph of the OR gate . This gate has 
three Josephson junctions. The diameters of 1 1 

and 1 3 are 2.5 µm. The diameter of 12 is 4 µm . 

The gate size is 31 x 41 µm 2
. The fastest gate 

speed obtained was 2.5 ps for a gate with a 
minimum junction diameter of 1.5 µm . The 
power consumption was 17 µW /gate 7 )_ This 
gat e is faster than any other logic gate including 
semiconductor gates. The relation between the 
gate delay and the minimum junction diameter 
is shown in Fig. 2. These Josephson logic gates 
can attain a gate delay of less than 10 ps/gate 
without using sub-micron processing technology. 
Figure 2 suggests that gate delay times less 
than 1 ps can be achieved if we fabricate a 
0.6 µm minimum diameter junction . 

The AND gate is simply constructed using 
a single junction . It is always driven by the out-
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Fig. 2 - Relation between gate delay and minimum 
junction diameter for MVTL OR gate. 
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/? p 

} , } p 

[ n 

Bias 

Fig. 3 - Equivalent circuit of unit cell. 

put signals of the OR gates. This is because 
the AND gate has no function to isolate the 
output signal from the input signal. Unit cells 
are combined using two OR gates and an AND 
gate . Figure 3 shows the equivalent circuit of 
the unit cell. The area of the fabricated unit cell 
is 82 x 132 µm 2 when a minimum junction 
diameter of 2.5 µm is used. The gate delay 
of the unit cell was 16 ps when a minimum 
junction diameter of 4 µm was used , and 11 .5 ps 
for a minimum diameter of 2.5 µm 8

). 

In an LSI logic circuit, the carry signal of 
a full adder can be obtained using only one 2/3 
MAJORITY gate. The 2/3 MAJORITY gate of 
the MVTL gate family is basically the same as 
the unit cell except that another OR gate is 
connected to junction la. The opera ting margin 
of this gate is the same as that of the unit cell 
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Bias 

Fig. 4 - Circuit diagram of T_IMED INVERTER. 
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c,, 

Cn+1 
T 

Fig. 5- Block diagram of 1-bit ALU. 

F ,, 

because the margin is determined by la . The 
operating speed of the 2/3 MAJORITY gate 
was only evaluated for a gate having a minimum 
junction diameter of 4 µm . The gate delay was 
measured to be 21 ps8

). 

The Josephson logic gate requires a timing 
signal for inversion . Therefore , an INVERTER 
gate must be constructed using the timing 
signal. This is called a TIMED INVERTER (Tl), 
and is constructed as shown in Fig. 4 . The TI 
operates correctly on ly when the signal current 
is applied before the bias current rises. 

4. High-speed logic circuits 
Using the above gate family , we fabricated 

various logic circuits to test the feasibility of 
these gates . They are a 16-bit Arithmetic Logic 
Unit (ALU) 1

) , an 8-bit shift register2
) , and 

a 4-bit microprocessor3
). Performance of these 

circuits is described below. We also fabricated 
a single-chip SQUID 9

). The basic idea of the 
SQUID is also described below. 

FUJITSU Sci. Tech. J., 24, 4, (December 1988) 
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Fig. 6 - Photomicrograph of 16-bit ALU. 

-¢,--r/J,--rp,-
s 

DS 

L 

DL 

H 

Fig. 7 - Circuit diagram of 1-bit shift register. 

4 .1 16-bit ALU 
We fabricated a 16-bit ALU which performs 

eight arithmetic and four logic functions . 
Figure 5 shows the block diagram of a I -bit 
ALU. Eighteen unit cells were integrated in 
the block. The unit cell used in this circuit 
is the same as that described in the previous 
section. A multiple bit ALU can be achieved 
by serially connecting multiple blocks of 1-bit 
ALUs. For circuit layout simplicity , no special 
high-speed operation algorithm such as carry­
look-ahead was adopted in the ALU. Therefore , 
the delay time on the critical path of the ALU 
is the sum of the delays in carry signal propaga­
tion in the adder mode. 

The 16-bit ALU chip is shown in Fig. 6. 
The circuit size is 0.85 x 8.2 mm 2 . There are 
900 gates in the ALU, including 36 gates for 
measuring the critical path delay . 

The critical path delay was measured to be 
0.86 ns. The signal path during this operation 
included 83 stages of MVTL OR and AND gates. 
After subtracting the propagation delay of 
the interconnecting lines in the signal path 
which was calculated to be about 95 ps, the 

FUJITSU Sci. Tech. J., 24, 4, (December 1988) 

Fig. 8 - Waveforms of three phase power. 

average gate delay was estimated to be 9 .2 ps/ 
gate. The total power consumption of the chip 
was IO . I mW or an average of 11 .3 µW /gate. 

We have also fabricated a 16-bit multiplier 
critical path model 8

) . The model includes 828 
MVTL gates, which are extracted along the 
critical path from the multiplier in order to 
estimate the multiplication time. The observed 
multiplication time was 1.1 ns . 

4 .2 8-bit shift register 
We also designed an 8-bit shift register using 

MVTL gates. It has the SHIFT, LOAD, HOLD, 
and CLEAR functions . Figure 7 shows the 
circuit for a I-bit shift register. S , L , and Hin 
the figure represent the control signals for 
SHIFT, LOAD , and HOLD. DS and DL 
represent the data for SHIFT and LOAD. 

Five unit cells which are the same size as 
those in the ALU and multiplier model and one 
TI in each I -bit shift register were used . They 
were supplied with three-phase power: ¢ 1 , ¢2 , 

and ¢ 3 . The waveform of each phase is sinusoidal 
with DC offsets and the phases are 1 20 degrees 
apart as shown in Fig. 8. These sinusoidal wave 
forms can be replaced by trapezoidal waveforms. 
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The operating margin is slightly larger for the 
trapezoidal waveforms. However, it is easier to 
provide sinusoidal waves at high frequencies . 

Figure 9 shows a photograph of the 
fabricated chip. The circuit area is 1.1 x 2.1 mm 2 

and it contains 112 gates. The critical current 
density was 1 700 A/ cm 2 , while the design 
value was 2 100 A/ cm 2 . We confirmed that 
the 8-bit shift register operated correctly for 
all stages of all the control signals using an 80 µs 
clock speed. 

High-speed operation was tested for this 
chip. The SHIFT function operated correctly 
up to a 2.3 GHz clock frequency. There is 

Fig. 9 - Chip photograph of 8-bit shift register. 

Data in 

Function 
control 

Carry in 
Output control 

a voltage peak at the clock when the first 
stage is switched due to the voltage change 
of the chip ground induced by control and 
data signals. The total power consumption 
was 1.8 mW. 

We also developed a pseudo random bit 
squence generator 10>. The circuit is constructed 
using nine stages of the one-bit shift register 
described above, with the output signal being 
fed back to the 5th stage through an exclusive­
OR gate . Thus it can generate a pseudo random 
number with a 511-bit sequence. We confirmed 
that it operated correctly up to 2.2 GHz. 

4.3 4-bit microprocessor 
We have fabricated a 4-bit microprocessor3> 

This is the first instance of applying Josephson 
devices to a microprocessor , so we wanted to 
verify the feasibility of the chip in comparison 
with a typical microprocessor constructed 
using semiconductor devices. We selected chip 
functions that were similar to those of the 
AM2901 microprocessor manufactured by 
Advanced Micro Devices Inc. This micro­
processor has come to be regarded as the 
standard 4-bit microprocessor slice. 

Figure 10 shows a block diagram of our 
microprocessor. It has a dual memory set which 
is used as a 16-word by 4-bit two-port RAM 
with a RAM shifter , an 8-function ALU, a Q 

ll Address 

Q 
REG 

Destination 
control 

Source 
control 

Output 0 Carry out 

Fig. 10 - Block diagram of 4-bit microprocessor. 
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Fig. 11 - Photomicrograph of 4-bit microprocessor. 

regist er with a Q shifter , and several co ntrol­
lers. This circuit is driven by three-phase power: 
¢ 1 , ¢ 2 , and ¢ 3 . Dual-rail logic was adopted 
in th e ALU and controllers of the micro­
processor, and complementary signals are 
generated from the input signals using Tis 
powered by ¢ 1 . Decoding operations are run 
in ga tes powered by ¢ 1 , reading memory data 
by ¢ 2 , and modifying and writing data by 

¢ 3. 
Both the minimum junction diameter 

and line width are 2 .5 µm . The interconnecting 
lines are 4 µm wid e. Figure 11 is a photogra ph 
of the fa bricated chip. The basic gate is the 
MVTL as mentio ned above, and the t otal 
num ber of ga tes is 1 841 . 

All fun ctions and source combinations 
were confirmed at a clock frequency up to 
100 MHz. The clock frequ ency was limited 
by the maximum clock of the word pattern 
generator. The operation along the critical 
path of the chip was tested using a high-speed 
pulse generator , and confirmed to operate 
correctly up to a clock frequency of 770 MHz. 
The ga te power dissipation was 3.6 µW /gate, 
and the total power consum ed by the chip 
was 5 mW. 

We verified that the Josephson micro-

FUJ ITSU Sci. Tech. J. , 24, 4, (December 1988) 
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Table 2. Performance of 4-bit microprocessor 

Device Sinote l Ga Asnote2 J osephson 

Maxim um 30 72 770 
Clock (MHz) 

Power (W) 1.4 2.2 0 .00 5 

note 1: AMD, 1985 data book 
not e 2 : Vitesse, 1987 GaAs IC Sym posium 

Out put pulse sequence 

Pick up 
coil 

SQU I D ~M_a_gn_e_ti_ca_l_c_o,~1p_li1_1g __ ~ 
sensor 

F lux 
quanta 

- -- Sensor - - - - Feedback c ircuit --

Chip 

Fig. 12-Circuit of single-chi p SQUID. 

processor operated at one-ord er fast er clock 
frequency and consum ed three-orders less 
power than a semiconductor microprocessor. 
Performance of AM2901 t ype microprocessors 
fo r three different materials are list ed in Table 2 . 

4.4 Single-chip SQUID 
SQUID is a very high-sensitivity magnetic 

sensor. We expect it to be applied as an image 
sensor in medi cal and other applications. We 
fa bricated a single-chip SQUTD 9

) which contains 
entire circuits such as the pickup coil , SQUID 
sensor , and fee dback circuit . Conventional 
RF and DC SQUID magnetometers use analog­
fee dback circuits such as lock-in-amplifiers 
that make integration difficult . We introduced 
a digital feedback circuit and a superconducting 
storage loop . These made it possible to integrate 
SQUID onto a single chip. 

The single-chip SQUID magnetom eter 
requires only an AC bias, produces a digital 
output using no other electroni cs and operates 
at room temperature. The output pulse can be 
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Superconducting 
storage loop 

I , 

Fig. 13 - Photograph of single-chip SQUID. 

processed by a digital processor, or can be 
output to a display unit through a counter for 
direct monitoring of the input magnetic field 
waveforms. 

Figure 12 diagrams the circuit. The figure­
eight pickup coil transmits the magnetic flux 
to be measured to the SQUID sensor through 
two 20-turn integrated coils. The digital feed­
back circuit was fabricated using a super­
conducting storage loop and an interferometer 
as a write gate. The write gate receives a pulse 
sequence and writes a positive or negative flux 
quantum to the storage loop when a pulse 
arrives. Figure 13 shows the chip which uses 
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Nb/AlOx /Nb junctions having a minimum 
diameter of 2.5 µm. The chip area is 3 .0 mm x 
3.5 mm. This includes the pickup coil which 
is 1.1 mm x 3.2 mm. The pickup coil is coupled 
magnetically to the SQUID sensor using two 
20-turn winding coils made of a niobium line of 
2.5 µm wide . 

Magnetic flux coupled to the SQUID sensor 
as low as 7 x 1 o-s ¢ 0 /y!HZ was measured , 
where ¢ 0 is the flux quantum (2.07 x 10-15 Wb). 
This corresponds to a magnetic field of 
4.7 x 10-12 T .jHZ, and a magnetic field 
gradient of 4.5 x 10-9 T/my!HZ at the pickup 
coil. The sensitivity can be further improved 
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because we believe the experiment was limited 
by environmental noise, not by device noise. 
In any case, this device is more sensitive than 
magnetocardiograms which can only measure 
several 10-11 T. 

5 . Conclusion 

We have described recent advances of our 
Josephson IC technologies . Our technologies 
have progressed rapidly since we changed the 
junction material from lead-alloy to niobium. 
We view the niobium junction like a wild horse, 
that once tamed becomes quite gentle and 
reliable . We can now control this wild horse . 
We have not described it in this paper, but 
Josephson memory circuits are also feasible up 
to 4K bits with a half nano-second access time. 
Thus, we believe there is no problem in develop­
ing chips containing LSI circuits with ten 
thousands of junctions. The next step is to 
set these LSis in a refrigerator and demonstrate 
their high performance. 

The present research effort is part of the 
National Research and Development Program 
on "Scientific Computing Systems", conducted 
under a program set by the Agency of Industrial 
Science and Technology , Ministry of Inter­
national Trade and Industry . 
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Self-Timed RAM: STRAM 

• Chikai Ohno (Manuscript received September 6, 1988) 

A STRAM is different from conventional RAMs because it has synchronous operation and 

an on-chip write pulse generator. Three types of STRAMs are presented in this paper . Each 

type is a standard device and has unique features which are useful in various applications . 

A system model using STRAM was evaluated and it was shown that STRAM can improve the 

system level cycle speed to twice that of a conventional RAM . Using already established 

process technology, Fujitsu has developed a 1 K x 4 standard STRAM having a cycle time of 

9 ns and 4K x 4 STRAM having a 13 ns cycle time. 

1 . Introduction 
With the increasing system speed of high­

performance data processing equipment, there is 
a corresponding need for high-speed memory 
devices. Improvement of the memory speed has 
mostly been achieved by the introduction of 
new process technology , but this is becoming 

increasingly difficult . Even if a high-speed 
memory device can be developed , it is ques­
tionable whether the device performance will be 
optimized at the system level. For conventional 
RAMs, timing requirements, including on-board 
signal skew, and the difficulty of generating a 
narrow write pulse under a heavy on-board load 
have made it difficult to improve the system 
level performance as much as the speed of the 
memory devices. 

For these reasons, the " Self-Timed RAM" 
(STRAM) has been developed as a synchronous 
RAM having a new circuit architecture which 
can improve overall system performance 1) . The 
STRAM is built using the same process tech­
nology as conventional RAMs. 

In this paper , the basic structure of the 
STRAM is described in Chap. 2 and the Latch 
and Register are defined in Chap. 3. In Chap. 4 , 
three different STRAM configurations and their 
functions are explained based on the informa­
tion given in Chaps. 2 and 3. Chapter 5 shows 
the advantages of STRAM over conventional 
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RAM by comparing these two types of RAM 
using a system model. The 1 K x 4 and 4 K x 4 
STRAMs that Fujitsu has developed are intro­
duced in Chap. 6. 

2. Basic structure 
The basic block diagram shown in Fig. 1 

shows that STRAM differs from a conventional 
RAM in the following ways : 
1) STRAM has a circuit which temporarily 

stores the input and output data 
The input buffer gate of each input of the 

conventional RAM : Address input (ADD), Data 
input (DIN), Chip Select input (CS) , Write 
Enab le input (WE), is replaced by a data store 
circuit in the STRAM. For output, STRAM also 
provides a data store circuit in front of the out­
put buffer gate. 
2) STRAM has an on-chip write pulse generator 

Due to the internally generated write pulse, 
it is no longer necessary to externally control 

- -
the write pulse width using the WE input. WE in-
put only provides state information to the RAM 
whether it is in the read cycle (WE= high level) 
or write cycle (WE = low level). 
3) STRAM has a clock (CLK) input 

The data store circuit and internal write 
pulse generator for articles 1) and 2) above are 
controlled by the clock (CLK) input. STRAM 
has synchronous read and write cycles. 
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Main circuit s 

and memor y Dour 
array 

a) Con ven tional RAM 

Main circuits 
and memory 
array 

Wri te pulse 
generator 

b) Self-timed RAM 

Fig. 1- Basic block diagrams of conventional RAM and 
STRAM 
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t, 

LD = 'L". Latch= 'Transparent' 

I eve 

Fig. 2 - Latch (Level sensitive type la tch ). 

STRAM variations base d on the type of data 
store circuit are described in the followin g sec­
tions. 

3 . Definition of latch register 
The data store circuits shown in Fig. 1 can 

be a latch type or register type. 
These two types are described below. 

1) Latch 
The latch defin ed here is a D-latch type or 

" level sensitive" type latch . Figure 2 shows that 
the input data (D) is controlled by the level of 
the LD input.Dis transparent to the output (Q) 
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Clock signal 
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Fig. 3 - Register (Edge sensit ive type latch). 

when the LD input is low (L) . The latch is 
closed and D cann ot pass through the latch 
when the LD input is high (H ). 

The LD input is controlled by the clock input. 
Timing references between the external clock 
input (CLK) , input data (D ), and output (Q) are 
shown in Fig. 2. ts is the setup time and ftt is 
the hold time of input (D ) with respec t to the 
rising edge of the CLK input. These provide the 
required conditions for the latch to hold the 
assigned input data . 
2) Register 

The register defin ed here is a pair of latches 
conn ected in series . One latch is controlled by 
the LD input and the other by an inverted LD 
input . Figure 3 shows the timing references 
betwee n the CLK input , input (D ), and output 
(Q). The register is edge sensitive and controlled 
by the edge of the CLK input. Therefore, output 
(Q) remains stable throughout the cycle (tc y c) 
for the register, unlike the data-through mode 
fo r the lat ch . 

These latch and register structures are 
advantage ous for chip layout because the latch 
or regis ter can be easily built-in using metal 
option techn ology. Therefore , the different 
STRAMs explained in later chapters can be 
easily manufactured. 
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4. Types of STRAM 
Various types of STRAMs can be manu­

factured depending on the type of input and 
output data store circuits. Use of the latch or 
register explained in the previous chapter is 
optional for the input and output data store 
circuits. Figure 4 shows three typical STRAMs 
that are described in this chapter. Figure 5 
shows the timing charts of these STRAMs. 
1) LL-mode 

In the LL-mode STRAM, latches are used 
for both the input and output data store circuits. 
The latches are controlled by the internal clock 
signal. The clock signal to the output latch is 
inverted. Table 1 lists the input and output 
latch functions with respect to the CLK input. 
This table shows that the input latch and the 
output latch operate opposite to one another. 
For example, during the high CLK input state, 
the input latch is closed , the output latch is 
transparent , and data is read out at the output. 
Therefore, any change in the input state does 
not influence the output data. During the low 
CLK input state , the input latch becomes trans­
parent, and data from the memory cell tries to 
pass through to the output. However, data read 
out does not occur before the next high level 
CLK input because the output latch is closed 
during that period. 

A feature of the LL-mode STRAM access 
mode is that output data can appear at the out­
put independent of the clock edge when the set­
up time for address inputs is controlled to a 
relatively small value. This through-mode access 
UA (ADD)) shown in Fig. 5 is the same as the 
address access time of a conventional RAM. 

In the write cycle, write operations must be 
completed during the high CLK input state only 
when the address data is fixed in the latch as ex­
plained in Chap. 3. Both read and write opera­
tions of the LL-mode STRAM are performed 

Table 1. Input and output latch operation in LL-mode 
STRAM 

CLK input Input latch Output latch 

'L' Transparent Closed 

'H' Closed Transparent 
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Fig. 4 - Types of STRAM. 
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Fig. 5-Timing charts of three types of STRAM. 
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Table 2. Summary of features of three types of STRAM 

~ LL-mode RR-mode RL-mode 
s 

Min required 
time to 
guarantee 
complete 

Clocking read or write Duty ratio Duty ratio 
operation free free during high 
CLK input 
high state. 

Address Data is Data is 
access mode available in available in 
identical to the next the same 
the conven- CLK cycle, CLK cycle, 

Read cycle tional RAM but high- but it is an 
address speed access access mode 
access time from the from the 
(tAA) is CLK edge is CLK edge. 
possible . imple-

mented. 

Write Write Write 
operation is operation operation 

Write cycle executed can be can be 
only for a executed executed 
CLK high through out through out 
state. the cycle. the cycle. 

during the high CLK input state. Thus, there is a 
minimum required time for the CLK input high 

duration CtwH(CLK))· 

2) RR-mode 
The RR-mode STRAM uses registers for 

both the input and output data store circuits. 
A feature of the register , as stated in Chap. 3 , 
is that both holding the input data and reading 
the output data are controlled by the CLK 
input edge, but the output data corresponding 
to specific input data does not become available 
due to the same CLK edge. In a RR-mode 
STRAM, the read out data is available in th e 
next cycle as shown in Fig. 5. High-speed read 
operation is enabled because there is only a 
delay in the output register UnR) without 
going through the memory cell array. 

In the write cycle, unlike the LL-mode , 
there is no minimum required time for twH (CLK) 

to guarantee the complete write operation 
because input data remains stable throughout 
the cycle . 

As stated above , duty ratio free CLK input is 
enabled in the RR-mode STRAM because read 
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and write operations are initiated by the CLK 
input edge. 
3) RL-mode 

The RL-mode STRAM uses a register for the 
input data store circuit and a latch for the out­
put data store circuit. Holding the input data 
and the write cycle is the same as for the RR­
mode. It is different from the RR-mode STRAM 
in that output data is available in the same CLK 
cycle because the output latch is transparent 
during the low CLK input state. This is shown in 
Fig. 5. 

Duty ratio free CLK input is also enabled in 
the RL-mode STRAM as in the RR-mode 
STRAM. 

The main features of these three types of 
STRAMs are summarized in Table 2. 

5. Comparison between conventional RAM 
and STRAM in a system model 
To verify the advantages of STRAM over a 

conventional RAM on the system level, they 
were both applied in the system model shown 
in Fig. 6 and evaluated. Figure 6 shows a system 
model in which several RAM arrays are con­
trolled by the CPU. The CPU driver generates 
an Address signal, CS signal, DrN signal, and 
WE signal which are conveyed to each RAM 
array. These signals are generated synchronously 
by the system clock signal. Read out data from 
each RAM array is returned to the CPU and is 
held in the latch. This chapter compares the 
conventional RAM and STRAM for read cycle 
performance and write cycle performance when 
each device is used as the RAM array in this 
system. The LL-mode STRAM was used in this 
comparison. The same comparison can be 
made using the other two types of STRAMs. 
For simplification, clock skew and skew 
between the system clock and STRAM clock 
are ignored here. Only the essential signals 
required to understand system operation are 
considered. 
I) Read cycle for conventional RAM 

Figure 7 shows the timing diagram when 
conventional RAM is used in the system model. 
Address signals forwarded by the system clock 
run along the signal transmission paths to reach 
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Fig. 7 - System read cycle for conventional RAM. 

a RAM array in fPD (min ) for the fastest case an d 

t pn (max) for the slowest case . 
This propagation distribution mainly occurs 

due to the following fa ctors: 
i) Each RAM has a different length signal 

transmission path from the CPU. 
ii) Input capacitance of the RAM varies be­

tween the maximum and minimum 
values. 

iii) Speed of the CPU latch and CPU driver 
also have maximum and minimum values . 

iv) The unit speed of the signal transmission 

path itself has a certain distribution. 
by the system clock , RAM output data becomes 

valid aft er the skew between the RAM minimum 

access time (t A (min)) corresponding to the 

fast es t address signal (tpn (min )) and the RAM 

maximum access time (tA( max)) corresponding 

to the slowest address signal CtPD cm ax))· In Fig. 7 , 
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tA(m in) is assumed to be zero for simplifica t ion. 
After the RAM output becomes valid , it must 

be held at the output for a certain period of 

time so that the CPU can lat ch the data. This 

time is called fHo LD, 

The system cycle time CtcYCCSYS)) fo r 
conventional RAM is expressed as follows. 

tc YC(SYS) = fp D(skew) + fA(max) + fH OLD , 
where tp n (skew) is the skew of signals transmitted 
in thesystem andis givenby tpn (max) - tpn (mi n) · 

As an example, we applied the fo llowing 
assumptions to estima te the ac tu al read and 
write cycle times in o ur system . 

tp n(skew) = 10 ns: 
The transmission skew from the CPU to each 
RAM and from each RAM to the CPU is 
assumed to have the same value. 

fA (max) = 10 ns: 
A RAM having an access time of 10 ns is 

assumed. 

[H OLD = 13 ns: 
A RAM output valid t ime of 3 ns is assumed 

fo r the CPU to latch the data from each 

RAM . Thus, a data hold time o f 13 ns 

is required for the RAM because of the 

previously assumed I 0 ns transmissio n skew 

(tPD(skew)) from the RAM to the CPU. 
Based o n these assumptions, the system cycle 

time is as follow s. 

tc YCCS YS) = 10 ns + 10 ns + 13 ns = 33 ns. 
Although these values partly depend o n each 
system design, this result implies tha t RAM 
having an access time o f 10 ns is degraded to 
about a three times slower cycle time in the 
sys tem. 
2) Read cycle fo r LL-mode ST RAM 

The system cycle time when a STRAM is 
used in the same system is evaluated below. 
F igure 8 shows the timing diagram . The address 
signals are conveyed to the STRAM with the 
same skew as assumed fo r the conventional 
RAM. After the STRAM clock edge is inserted 
within the required setup time Us) and the 
address data is lat ched in the STRAM, RAM 

output data is read out within the address 
access time during the high CLK input stat e. 

When the CLK input goes low after t A (max) , 
(i .e. aft er the output data beco mes valid) the 
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Fig. 8- System read cycle for LL-mode STRAM. 

data remains on the output for the data hold 

time CtH010) because the output latch is closed . 
When the CLK input is high , the input latch is 
closed . Thus, address signals can be changed to 
prepare for the next address after the required 
hold time (t8 ) expires. 

Based on the function s described above, 
the system cycle time for the STRAM is 
expressed as follow s. 

t c Y C(SYS ) = tA (max) + tHOLD - ts , 
or, 

tcY C(S YS ) =ts + ttt + tpo (skew ) · 

The equation having the larger value domi­
nates the cycle time. A smaller value of tH can 
shorten the cycle time as indicated by the latter 
equation , ts affects the cycle time calculation 
in opposite ways for the two equations. If we 

assume tH (min ) = 2 ns and tA ( max), tHOLD and 
tpo (skew ) have the same values as for the con­
ventional RAM, we can obtain the optimum 
t s which minimizes the cycle time for both 
equations. That is, 

ts = 5.5 ns. 
Using this value, the system level cycle time 

for the LL-mode STRAM is as follow s. 

tc Y C( SYS ) = 10 ns + 13 ns - 5.5 ns= 17.5 ns. 
As described above, using STRAM can 

result in a faster system cycle time than conven-
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Fig. 9 - Sys tem write cycle fo r conventional RAM. 

tional RAM under the same system conditions. 
Although these two types of RAMs have similar 

system access time (t A (SY s)) as shown in Figs. 7 
and 8, STRAM can improve the system cycle 
time due' to the timing overlap fea ture that 
enables the address to be changed before system 
access becomes available. 
3) Write cycle fo r conventional RAM 

Figure 9 shows the write cycle timing diagram 
for conventional RAM when address signals and 
the WE signal are transmitted to each RAM with 
the same amount of signal skew. It is well known 
that for write cycle timing in a conventional 
RAM , the required conditions for the add ress 
signal setup time Cts A(min )) and hold time 
UHA (min ) ) with respect to the WE signal and 
minimum pulse width Ctww (min )) of the WE 
signal must be guaranteed. To meet these 
conditions in the system, the following timing 
conditions must be met (see Fig. 9): 

i) ts A (min ) during t po (min ) of WE signal after 
tpo (max) of the address signal 

ii) fH A(min ) during fpo (min ) of the address 
signal after tPD ( m ax) of WE signal. 

iii) tww (min ) between fPD (min ) and tpo(max) 

of WE signals 
The system cycle that satisfi es these condi­

tions is expressed as follows. 

f c Y C(S YS ) = f c Y C(device) + 3 X fPD (skew) , 

the t c Y C(device) is the write cycle time of each 
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Fig. 11 - lK x 4 STRAM chip (4.5 mm x 3.5 mm). 

RAM. It is given by tsA(min) + tww(min ) + 
fttA (min )· Let us assume that t c YC(device) is 
10 ns. 

tcY C(S YS) = 10 ns + 3 x 10 ns = 40 ns. 
This indicates that the system level cycle 

time can be as mu ch four times that of the device 
level. As the device performance is improved , 
the ratio of signal skew in the total system cycle 
time becomes larger. The other problem asso­

ciated with the write cycle time of high-speed 
conventional RAM is the difficulty in generating 
a narrow write pulse width under a large load 
in the system. Even if this is possible, it is 
very expensive. 
4) Write cycle for LL-mode STRAM 
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Fig. l 2--4K x 4 STRAM chip (6 .1 mm x 4.5 mm). 

The timing diagram shown in Fig. 10 shows 
that the skew of the address signals and WE 
signal can overlap because the WE signal is 
held at the STRAM CLK input edge in addition 
to the address signals. Immediately after receiving 
the low WE signal , the internal pulse generator 
automatically starts operating to guarantee an 
internal write pulse that satisfies the required 
conditions for the internal setup time and hold 
time with respect to the address signals. These 
operations are implemented during the CLK 
input high state with respect to the internal 
Address and WE timings as shown in Fig. 10. 
The LL-mode STRAM write operation can be 
completed within the same CLK input high 
state period as the read cycle because a general 
characteristic of RAM devices is that tww (min) 

is almost the same as t A (m ax)- This means that 
STRAM enables a write cycle time equivalent 
to the read cycle time . Using the values pre­
viously obtained as the STRAM read cycle time , 
tcYC(SYS) of the STRAM write cycle can be 
expressed as follows. 

tcYC(SYS) : WRITE= t cYc(sYs ) : READ 
=17.Sns. 
As mentioned before, use of STRAM reduces 

the system level write cycle time to less than 
half that of conventional RAM. 

6. Development of 1 K x 4 and 4K x 4 STRAM 
Figure 11 is a die photo of a 1 K x 4 STRAM 

and Fig. 12 is a die photo of a 4K x 4 STRAM. 
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Fig. 13 - Pin assignments. 

Based on this die , three variations for the LL- , 
RR-, and RL-mod es can be manufactured using 
metal option technology. Both 1 OK ECL I/O 
and 1 OOK I/O can be supported for each mod e. 
Figure 13 shows that the pin configuration is 
common to each mode. Expansion from 1 K x 
4 to 4K x 4 is possible. 

Two CLK input pins can implement high­
speed clocking by using the CLK input and 
CLK input simultaneously in the differential 
mode. Single ended mode of the CLK input or 
CLK input is also possible by co nnecting CLK or 
CLK to the internal reference voltage (VBB) . 

The process technologies used are the 
currently mature IOP-II (Isolation by Oxide and 
Polysilicon) technology and 1 µm lithography . 

The main characteristics for the LL-mode 
STRAM are listed in Table 3. 
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Table 3. Main characteristics of lK x 4 and 4K x 4 

LL-m ode STRAM 

Parameter Symbol 
1 K x 4 4K x 4 

STRAM STRAM 

Cycle time tcvc 9 ns min 13 ns min 

Clock pulse 
twH(CLK) 6 ns min 10 ns min width high 

Address access time tA(ADD) 7 ns max 10 ns max 

Power supply 
JEE - 380 mA min current 

7 . Conclusion 

This paper introduces STRAM as a RAM 
having a new circuit architecture that can 
provide higher performan ce in the system than 
conventional RAM . This is achieved by adding 
relatively simple on-chip latch or register circuits 
and a write pulse generator using the same 
process technology. A system model is used to 
show that STRAM can improve the system cycle 
speed by more than twice that of conventional 
RAM. Thus, we can expect that STRAM will be 
widely used as a standard device in the future 
as a substitute for conventional RAM. STRAM 
will gain a reputation as an indispensable tech­
nology especially for higher-speed RAM devices 
because STRAM ca n avoid signal skews that are 
becoming a major factor in limiting the improve­
ment of system performance2

). 
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This paper discusses the three-dimensional stacked capacitor (3 D STC) cell technology that 

Fujitsu used in 1-Mbit DRAMS (Fujitsu was the first to do t his), and the devel opment of 

1-Mbit and 4-Mbit DRAMs using the 3D STC technology . 3 D STC technology is the key to 

cell area reduction enabling densities higher than 1-Mbit. This technology provides mass 

production capability and a high immunity to alpha-particle-induced soft errors. To respond 

to market demands for low power consumption, high speed, and high reliability, 1-Mbit 

D RA Ms were designed using CMOS technology. A 4-Mbit DRAM having an access time of 

56 ns and low power consumption of 175 mW was also devel oped. 

1. Introduction 

Since the 1-Kbit dynamic memory (DRAM) 
was developed, the density and performance of 
MOS DRAMs have steadily improved and have 
led the semiconductor technologies of Fujitsu. 
In 198 5, a three-dimensional stacked capacitor 
cell was developed l) and first used in a 1-Mbit 
DRAM. 

The three-dimensional design of a capacitor 
using this cell technology results in a large cell 
capacitance in a very small cell area and high 
scalability . These features have attracted much 
attention to this cell technology and it is being 
widely used for 4-Mbit DRAMs2

) .
3
). This 

report discusses the three-dimensional stacked 
capacitor cell (3D STC) technology and the 
1-Mbit and 4-Mbit DRAMs that use this tech­
nology. 

2. Development of DRAMs having capacities 
up to 256 Kbits 
Figure 1 shows the DRAM developments by 

Fujitsu . Since the development of the 1-Kbit 
DRAM in 1971 , integration has quadrupled 
every three years . A 4-Mbit DRAM may be 
introduced to the market in 1989. The major 
points of this steady progress in high integration 
is reviewed below. 

Figure 2 shows that the cell area has been 
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reduced by a factor of 400 in the last 18 years. 
This area reduction was mainly due to the 
progress in fine lithography techniques, cell 
structure , and circuit technology . The standard 
DRAM design rule for fine lithography has been 
to make the lithography 0.7 times finer in 
each generation. The 4-Mbit DRAM must 
now be processed in units of submicrons. In 
each generation of DRAM, a cell area reduction 
technology has been developed (see Table 1 ). 

The general progress of DRAMs can be 
viewed as the advance of memory cell tech­
nology. The memory cell of a 1-Kbit DRAM 
consists of three (or four) transistors (see 
Fig. 3a)4

). Although this cell has a large area, 
it has the advantages of a current amplification 
capability and is easy to read. In the single­
transistor cell system that was first incorporated 
in the 4-Kbit DRAM, a one-bit memory cell 
consists of a transistor as a switch and a capaci­
tor that stores information as an electric charge 
(see Fig. 3 b ). 

Because the single-transistor cell does not 
have current amplification capability , the 

signal voltage on a bit line is very small ( 100 m V 
to 200 mV). Advances in circuit technology , 
including the sense amplifier , has enabled this 
small signal to be detected at high speeds and 
ha~ provided the basis for DRAMs ever since. 
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Table 1. Development of DRAM technology for each generation . 

Lithography technology 
Capacity Design rule Cell structure Circuit technology (bit) Etching 

(µm) 

lK 9 Wet 3 transistors pMOS dynamic 

4K 8 Wet 1 transistor nMOS dynamic 

16K 6 Wet Double poly-Si MPX add. 16 pin PKG 

64K 3 Dry Double poly-Si Single 5 V supply 

256K 2.5 Dry Triple poly-Si Redundancy , high speed 

lM 1.8 Dry 3D STC cell CMOS dynamic 

4M 0:8 Dry 4 layer poly-Si STC Blocknized peripheral 

16 M 

4M 

lM 
c: 
~ 256 K 
:::; 
e 
o 64 K 
-;:; 
"' 0. 

J 16K 

1970 1975 1980 

Year 

1985 1990 

Fig . 1- DRAM development of Fujitsu. 

The following section explains the principle of 
operation of the sense amplifier for the single­
transistor cell using the circuit of the 256-Kbit 
DRAM MB8 l 256 5

) as an example. 

2.1 Sense amplifier for single-transistor cell 
Figures 4 and 5 show the major circuits of 

the sense amplifier and their operating wave­
forms . A sense amplifier consists of a dynamic 
flip-flop circuit having a pair of transistors (Q1 

and Q1 ) . A small differential voltage between 
the left and right bit lines is quickly amplified. 
That is, sense amplifier activation clocks A and 
B are set to a high level sequentially at time t1 
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Fig. 2- History of cell area reduction (Cell area reduced 

by a factor of 400 in 18 years) . 

(see Fig. 5), and the differential voltage between 
nodes N 1 and N 2 increases. At time t2 after 
amplification , the active restore circuit operates 
to recharge the bit line to the high level Vee, and 
the series of read operations is completed. 

The cell read signal voltage can significantly 
affect the stability of sense amplifier operation. 
This is analyzed in a simplified manner below . 
In Fig. 4, the bit line capacitance is CB L, cell 
capacitance is Cs , dummy cell capacitance is 
Co , and the cell potential at time to is V5 • The 
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Fig. 3 - DRAM memory cell circuit. 

BL : Bit line 
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DWL : Dummy word li ne 
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Fig. 4 - Sense amplifier circuitry of 254-K DRAM. 

potential difference (or signal voltage) Vsig 

between sense amplifier input nodes N 1 and N 2 

at time t 1 is determined by the ratio of cell and 
bit line capacitances and is expressed as follows. 

Cs 
Vsig = - (Vee - V s ) · 'Y + 

CBL +Cs 
Cn 

+ Ve e · 'Y ± Vn · 
CBL +Cn 

In the above expression, 'Y is the cell read 
efficiency and Vn is the noise voltage to the 
sense amplifier. From the above expression and 
the MB8 l 256 cell capacity , the relation between 
cell potential V s and signal voltage Vsig is 
obtained as shown in Fig. 6. In this example, 
the reference voltage is set to 2 V and the read 
margin at the high level is set above the read 
margin at the low level because of the leakage 
at the p-n junction and the cell charge loss due 
to alpha particles6

). 

2.2 DRAMs and cell technology before 1-Mbit 
DRAM 
The 64-Kbit DRAM can be operated by a 
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Fig. 5- 0perational waveforms of sense amplifier. 
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Fig. 6 - Relation between Veell and Vsig (Dummy cell 
is adjusted to fit Vref = 2 V). 

single 5 V power supply while conventional 
DRAMs require three power supplies (+12 V 
±5 V). This design enabled the DRAM to be 
connected to peripheral circuitry more easily 
and expanded the field of DRAM applications 
from main storage in large computers to person­
al computers. This resulted in a dramatic increase 
in the demand for DRAMs. nMOS technology, 
which had been used for DRAMs having ca­
pacities of 4 Kbits to 256 Kbits, was replaced 
by CMOS technology when 1-Mbit DRAMs 
were developed to reduce power consumption 
and increase speed. 

The objective of cell structure development 
at this time was the promotion of multilayer and 
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three-dimensional designs. For DRAMs having 
4 Kbits or less , the capacitor and transistor 
consist of a single poly-silicon layer whose 
capacitor area occupies only a small portion of 
the cell area. Double poly-silicon layer tech­
nology was first used for a 16-Kbit DRAM. 
The double poly-silicon layer structure provides 
the first-layer for the capacitor electrode and 
the second layer for the transistor gates. This 
increases the capacitor area occupancy ratio . 
In addition, the function of each poly-silicon 
layer can be limited , enabling the optimum 
gate oxide thickness for the capacitor and 
transistor to be selected individually . Thus the 
maximum capacitance can be provided in a very 
small cell area. 

The multilayer poly-silicon design was 
further advanced. The resulting three-layer 
poly-silicon technology developed for the 
256-Kbit DRAM has increased the speed even 
more. This technology provided the basis for 
the smooth development of 1-Mbit three­
dimensional stacked capacitor (3D STC) cells. 
The cells of DRAMs having 256 Kbits or less 
use the surface of the silicon substrate for the 
capacitor and transistor and are classified as 
planar cells. If the cell area was reduced by 
using only fine lithography together with the 
planar technique to obtain capacities of 1 Mbits 
to 4 Mbits , the cell capacity required to guaran­
tee immunity from alpha-particle-induced soft 
errors could not be achieved. To solve this 
problem, the three-dimensional design was 
employed based on the concept of a stacked 
capacitor cell which overlays the capacitor on 
the transistor for efficient use of the silicon 
surface. 

3 . Stacked capacitor cell technology 
3.1 Features of mega bit DRAM cells 

Various cell structures have been proposed 
for mega bit DRAM memory cells having three­
dirnensional structures. The stacked cell forms 
a capacitor on a single-transistor cell access 
transistor. The trench cell forms a capacitor 
in a trench dug in the silicon substrate. Many of 
the suggested cell structures were trench cell 
types, but planar cells, which were mainly used 
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for DRAMs having capacities of 256 Kbits or 
less , are generally used for the 1-Mbit D RAMs 
now in mass production . 

However, the planar cell is reaching the 
limit of its capability. When the future capacity 
of DRAMs is considered, it is now necessary to 
select other cell types as the memory cells for 
4-Mbit to 16-Mbit DRAMs. Recently , the 
developments in stacked capacitor cells have 
gained attention for their applicability to fine 
lithography and high scalability. 

Fujitsu led other manufacturers by develop­
ing the three-dimensional stacked capacitor 
cell and using it for 1-Mbit DRAMs. Fujitsu 
subsequently developed a memory cell for a 
4-Mbit DRAM having the smallest cell area 

reported so far using fine lithography tech­
nology. Furthermore, Fujitsu has promoted 
the development of stacked capacitor cell 
technology combined with a dielectrically 
encapsulated trench (DIET) capacitor cell 7

) 

which combines the advantages of trench cells 
and stacked cells. 

3.2 Three-dimensional stacked capaci tor cell 
The memory cell structure is most important 

for the design of a DRAM. The memory cell 
almost determines the performance and mass 
producibility of the DRAM. The memory 
cell size of the 1-Mbit DRAM must be reduced 
to about one-third that of the 256-Kbit DRAM . 
The memory cell size of the 4-Mbit DRAM 
must be reduced to about one-third that of 
the 1-Mbit DRAM by using a scaling factor 
of 0.6 to 0 . 7. When Fujitsu developed the 
1-Mbit DRAM, it planned to develop a basic 
structure for the memory cell that could be 
used for at least two generations. After investi­
gating various memory cell structures such as the 
stacked cell, trench cell, and planar cell, Fujitsu 
selected the stacked capacitor cell structure due 
to its high scalability and thus the expandability 
to 4-Mbit DRAMs. 

3.2.1 F olded bit line configuration 
The basic idea of a stacked cell has existed 

since 1978 8
) ,

9
). This idea , however, simply 

stacks the capacitor on the access transistor of 
the cell and has an open bit line configuration. 
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Fig. 7- 3D stacked capacitor cell. 

Fujitsu has also used the open bit line 
configuration for its 64-Kbit and 256-Kbit 
DRAMSs. However, mega bit DRAMs which 
have reduced memory cell size require a cell 
structure that enables the folded bit line 
configuration for an improved noise margin. 
Fujitsu has improved the conventional stacked 
capacitor cell structure by locating word lines 
under the second polysilicon layer that forms 
the charge storage electrode (see Fig. 7). This 
structure forms a memory cell at every other 
intersection of a bit line and a word line and 
enables the folded bit line configuration. 

3. 2 .2 Cell size 
A planar cell forms a flat capacitor on the 

surface of a substrate. The capacitor area is 
reduced in proportion to the reduction of 
memory cell size. Even when the fine lithog­
raphy technique is fully implemented, it has a 
limited ability to provid e a large capacitance 
in a small area. Because a trench cell has a 
trench in the substrate in which the capacitor is 
formed , the capacitor is also formed on the 
surface of the side walls within the trench. 
If the trench is deep, a relatively large memory 
cell capacitance can easily be provided. 

A stacked cell forms the capacitor on the 
access transistor. Therefore, the memory cell 
capacitance can be increased because the 
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Fig. 8-Comparison of cell size for three types of cell 
structure. 

capacitor is formed on the top and sides of the 
poly-silicon layer for storage node. The bent 
shape of the storage node also contributes to the 
capacitance increase. 

The memory cell areas of the stacked cell, 
trench cell , and planar cell were compared when 
the same lithography technique was used and 
the capacitor areas were the same (see Fig. 8). 
The results show that the three-dimensional 
stacked capacitor cell is the best for reducing the 
memory cell size. 

3.2.3 Soft error immunity 
A soft error is an event in which cell infor­

mation is destroyed. The charge generated by an 
alpha particle beneath the charge storage region 
of the cell is absorbed in the diffusion layer, 
and the voltage potential of the cell is lowered 
causing cell information to be destroyed. 

The first method to prevent soft errors is 
to suppress the generation of alpha particles by 
increasing the purity of the package material 
or by preventing alpha particles from entering 
the silicon substrate. The second method is to 
increase the charge storage capacitance to reduce 
the adverse effect of the charges generated by 
the alpha particles. The third method is to 
design a memory cell structure having high 
resistance to soft errors by lowering the charge 
collection efficiency of the diffusion layer. 
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To increase the storage capacitance, the 
thickness of the capacitor film must be reduced 
and the storage electrode areas must be in­
creased. To lower the charge collection efficien­
cy, the diffusion layer area must be reduced or a 
potential barrier must be form ed. For example, 
a HiC structure10

) or memory cell formation in 
a p-well 1 1

) is required . 

When the stacked capacitor cell was de­
veloped , three test devices having the stacked 
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capacitor cell , planar cell , and trench cell struc­
ture were made and actual soft error rates were 
measured (see Fig. 9). The results show that the 
stacked cell causes fewer soft errors even though 
it has a small memory cell capacitance. 

Because the capacitor is formed on poly­
silicon in the stacked cell structure , its diffusion 
area is very small and the collected charge 
amount is reduced. On the other hand , the 
capacitor area in a planar or trench cell is 
equivalent to the diffusion layer area and the 
edge of the drain is added to this area. The 
diffusion layer in the charge storage region 
is therefore enlarged and the collected charge 
amount become large. Although a large memory 
cell capacity can theoretically be maintained by 
the trench cell structure, the critical charge 
amount must be increased because the diffusion 
layer area increases according to the increase in 
the capacity . For this reason , an additional 
countermeasure, including a potential barrier 
on the side walls of the capacitor, is required . 

This characterist ic can also be illustrated 
by the results of an experiment in which col­
lected charge amounts are measured using 
test devices having various junction areas (see 
Fig. 10). If the junction area is small in com­
parison to the charge amount to be collected, 
the collected charge amount is reduced be­
cause the effective funneling length is shortened 
by the electric field distortion at the junction 
edges, and because adjacent cells partially 
absorb the charge. 

3.2.4 Charge retention characteristic 
The charge retention characteristic of the 

memory cell is important in relation to the 
refresh time of the DRAM. In a 256-Kbit 
DRAM , the refresh time is 256 cycles/4 ms . 
That is , 1 024 memory cells are refreshed by 
one refresh operation and the operation must be 
executed 256 times in 4 ms. In a 1-Mbit DRAM, 
the refresh time is 5 12 cycles/8 ms, and the 
refresh time of a 4-Mbit DRAM is 16 ms if the 
refresh overhead time is the same as that of the 
1-Mbit DRAM. The refresh time doubles for 
each DRAM generation. 

To prolong the charge storage time, all 
sources of leakage current must be reduced. 
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Fig . 11-Threshold voltage as a function of gate length . 

When compared with other cell structures, 
the stacked capacitor cell has a small p-n junc­
tion area of the capacitor and lower leakage 
current. The stacked capacitor cell can also 
incorporate conventional isolation techniques , 
resulting in sufficient isolation width and a 
lower leakage current. 

The leakage current of the capacitor di­
electric film on the poly-silicon is not more 
than 10-16 A per cell when the film thickness 
is 5 nm (effective oxide thickness) and the 
electric field in the insulating film is 5 MV /cm. 

When the transistor becomes very small, 
the characteristic degradation due to hot carri­
ers and short and narrow channel effects become 
a problem. The stacked cell can use a large 
access transistor in comparison with the planar 
and trench cells. Alternatively, if the same 
size transistor is used , the stacked cell can 
have a smaller memory cell size than that 
of other memory cell structures. Figure 11 
shows that the subthreshold swing even in the 
submicron gate length is 80 m V /decade and 
the leakage current can be suppressed enough 
to eliminate the adverse effect on the charge 
retention characteristic. 

3.3 Development of 4-Mbit DRAM memory cell 
A 4-Mbit DRAM memory cell was developed 
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by further scaling the three-dimensional stacked 
capacitor cell developed for 1-Mbit DRAMs. The 
basic memory cell structure is common to 
1-Mbit and 4-Mbit DRAMs. The 1-Mbit DRAM 
incorporates three-layers poly-silicon and one­
layer Al process technology, where polycide 
is used for word lines, and Al wiring is used 
for bit lines. The 4-Mbit DRAM uses further 
advanced technology having four-layers poly­
silicon and a one-layer Al process. 

In the 4-Mbit DRAM , contacts with the Al 
word lines are made at eight positions in the cell 
array to minimize the delay time due to the 
polycide word lines on the first poly-silicon 
layer. The bit line is formed by the 4th layer of 
polycide on which it is easy to form a fine bit 
line pitch. This eliminates stray capacitances 
that would be occur if thick Al bit lines were 
formed. This design resulted in a ratio of bit line 
capacitance to cell capacitance C8 /Cs of about 
eleven , which is sufficient for signal sensing. 

In addition, a cell capacitance of 27 fF was 
realized by the development of a capacitor 
insulating film having a thickness of 10 nm 
(effective exide thickness) or less and by virtue 
of the three-dimensional structure of the stacked 
cell. Thus, a 7 .5 µm 2 cell was developed and put 
into use in a practical device . 

3.3.1 Four-layer poly-silicon process 
Figure I 2 shows the process to make the 

4-Mbit DRAM memory cell. The substrate is 
p-type silicon. After isolation and formation of 
the n-well of CMOS for peripheral circuitry 
using conventional methods, gate electrodes, 
including those for the access transistor , are 
formed on the first poly-silicon layer (polycide). 
Then the source drain area is formed by ion 
implantation in Fig. I 2a). After an oxide film 
is grown by the CVD method and the contact 
holes are formed by imprinting a mask pattern , 
the second poly-silicon layer for the storage 
nodes is grown. To process the second poly­
silicon layer, which affects the storage capacity , 
accurate patterning was performed while 
avoiding the influence of the first poly-sylicon 
layer in Fig. l 2b). For this process, new lithog­
raphy and etching techniques to delineate 
an exact pattern of the reticule and a new 
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Fig . 12-Schematic veiw of 3D stacked capacitor cell 
and fabrication process. 

technique of producing accurate and defectless 
reticules were developed. 

After the capacitor dielectric film is formed , 
the third poly-silicon layer for the cell plate is 
grown. After the oxide films between layers are 
grown, the bit line contact holes are opened 
and bit lines are formed by the fourth silicon 
layer (polycide) in Fig. l 2c). Then, aluminum 
word lines are formed by the conventional 
method in Fig. l 2d). Figure 13 shows the cross­
sectional SEM view. 
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c 

Fig. 13 - SEM cross sectional view of 3 D stacked 
capacitor cell. 
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Fig. 14- Leakage current of capacitor film. 

3.3.2 Capacitor dielectric film 
A key technique of the process for the 

stacked capacitor cell is the formation of the 
capacitor dielectric film on the poly-silicon. 
The 4-Mbit DRAM requires a film thickness not 
more than 10 nm (effective oxide thickness). 
There is also a physical limit for the silicon 
oxide film thickness. When the thickness be-
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comes 5 nm or less , the conductivity mechanism 
of the film is changed and its dielectric charac­
teristics rapidly deteriorate. Therefore, the film 
cannot be thinner than this limit. 

To determine the minimum limit of film 
thickness , 1-V characteristics were measured as 
shown in Fig. 14 using a film 5 nm thick (effec­
tive oxide thickness) which is close to the 
physical limit, and by using a test pattern 
having a 40 mm 2 capacitor area and having 
the equivalent steps as a 4-Mbit DRAM. 
This measurement confirmed that the leakage 
current per cell under the device operating 
conditions is not more than 10-16 A. 

In addition , the time dependent dielectric 
breakdown (TDDB) of the capacitor film was 
estimated by an accelerated test using constant­
current stress (see Fig. 15). The operating 
life of the capacitor film calculated using the 
current acceleration factor obtained from the 
test result was essentially infinite even for a 
film thickness of 5 nm. 

The results of these measurements showed 
that the capacitor dielectric film on the poly­
silicon has sufficient charge retention character­
istics and operating life even when its thickness 
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Fig. 16 - Master slice/wire bond option control circuitry. 

is close to the physical limit. Consequently, a 
capacitor film having a 7 nm to 8 nm thickness 
was selected considering fluctuations in the 
production process. 

4. Development of mega bit CMOS DRAM 
4.1 Eight types of 1-Mbit DRAM on the same 

chip 
This section explains the circuits and 

features of Fujitsu's CMOS DRAMs that use the 
three-dimensional stacked capacitor cell and 
CMOS peripheral circuits described in the 
preceding chapter. 

The MB81Cl 000/ l /2/3 series having 1-Mbit x 
1-bit organization and the MB8 l C4256/7 /8/9 
series having 256-Kbit x 4-bit organization from 
eight different types of 1-Mbit DRAM fabricated 
on the same bulk chip. The type of DRAM 
product is selected by means of the aluminum 
master-slice and wire bonding in the assembly 
step . Figure 16 shows the control circuit for 
these DRAMs. When FP2 and FP3 are pulled 
up to Vee or down to V55 , the FAST PAGE 
(FPG) , NIBBLE (NB) , STA TIC COLUMN (SC) , 
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Fig. 17 - Address counter block diagram for nibble mode and serial access mode . 
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Fig. 18-Compariosn of row decoder between nMOS and 
CMOS. 

or SERIAL ACCESS (SA) mode can be selected. 
Figure 1 7 shows the address counter con­

nections to provide the SA mode. In the 
256-Kbit x 4-bit organization, continuous 
2-Kbit data can be accessed at high speed by 
operating all counter bits A0 C to A8 C. If the 
two low-order bits of this counter are used , the 
NB mode can be provided. In the 1-Mbit x 1-bit 
organization, the counter operation is the 
same as in the 256-Kbit x 4-bit organization 
except that the address boundary is AoC to A9C. 

4. 1.1 Power consumption 
The MB81Cl000 series uses a p-type sub­

strate and n-well CMOS technology to provide 
low power consumption and high speed oper­
ation at the same time. Figure 18a) shows the 
circuit of the row decoders used in MB81256 
based on conventional nMOS technology. 
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During address decoding in MB 81256, all 
other decoders except the selected one repeat 
charging and discharging at every memory cycle. 
In the MB81Cl000 shown in Fig. 18b), only the 
selected 1-bit decoder repeats charging and 
discharging. All other decoders are in the stand­
by state (NODEN1 = H). Because of this feature , 
the gate capacitances of large transistors Q 1 to 
Q4 are not charged and discharged every cycle , 
and unnecessary power consumption is avoided. 
Furthermore, ground noise and substrate noise 
caused by discharging can be eliminated , result­
ing in stable operation of the sense amplifier. 

Because the reset level of the bit lines is set 
to about 1 /2 Vee, the charging and discharging 
current (which significantly affects the power 
consumption of the DRAM) is reduced to about 
35 percent that of the conventional Vee resetting 
method. In addition, each bit line is divided 
into four sections by the shared sense amplifiers 
located on both sides of the column decoder 
in the middle. This enables the elimination 
of charging and discharging bit lines that are 
not operated for reading and writing. With 
this design an effective reduction in power 
consumption is also achieved. 

4.1.2 Reliability 
Setting the bit line reset voltage to 1 /2 Vee 

results not only in low poer consumption but 
also in improved reliability . 
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Fig. 19-Photomicrograph of 4M DRAM (Chip size is ( 4.92 x 13 .22 mm2 
). 

First, by making the voltage potential of 
the bit line reset level equal to that of the 
capacitor plate of the cell, the electric field at 
the capacitor film is reduced by half. This 
enables the capacitor film to be much thinner, 
reduces alphaparticle-inducec soft errors, and 
improves the time dependent dielectric break­
down (TDDB) of the capacitor film itself. 

Second, the potential of the capacitor 
plate of the cell and the bit line reset voltage 
are set to follow the fluctuation in the power 
supply (Vee). This stabilizes the read signal 
voltage to the sense amplifiers regardless of 
fluctuations in Vee, and makes the device 
highly resistant to Vee noise (V bump). 

Third, boost circuits, including the word 
driver, cah be eliminated and fully static circuits 
are used for all internal circuits. As a result, 
the memory not only has the advantageous 
feature of a CMOS circuit that is highly resistive 
to small leakage current but also eliminates the 
characteristic degradation, including that due to 
hot carriers. 

The fourth advantage of the 1 /2 Vee reset 
system is the reduction in the peak current of 
the Vee power supply. Excessive peak current 
causes noise which adversely affect memory 
device operation. This has frequently caused 
troubles in users' boards. 

In the MB8lC1000 series, the peak current 
is lowered to 100 mA or less by using the 
1 /2 Vee reset system as well as other techniques, 
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making it possible to produce a device easy to 
use. 

4.2 Development of 4-Mbit DRAM MB814100/ 
814400 series 
A 4-Mbit DRAM that can be mounted in a 

300 mil dual in-line package (DIP) has been 
developed 12 > through the incorporation of a 
memory cell having the three-dimensional 
stacked capacitor structure using four-layers of 
poly-silicon and the scaling of CMOS devices. 
Figure 19 shows a photograph of the chip. 

The major technical issue when mounting a 
4-Mbit DRAM to a 300 mil DIP is how to assure 
the cell area under the restrictions imposed by 
the package while maintaining cell capacitance 
and immunity to alpha-particle-induced soft 
errors. Considering the immunity to alpha­
particle-induced soft errors of the stacked 
capacitor cell, Fujitsu has set the cell area at 
7 .5 µm 2 ; this is the minimum reported cell 
area for a 4-Mbit DRAM. This cell area was 
selected because it enables a chip area of less 
than 70 mm2 and because the memory device 
can be mounted in a conventional package. 

The development of the 4-Mbit DRAM 
MB814100/814400 series had three objectives: 
1) Electric characteristics, including the alpha­

particle-induced soft error rate, must be at 
least equivalent to those of existing DRAMs. 

2) The 4-Mbit DRAM must be compatible with 
various packages and capable of being 
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1-Mbit blocks has its own clock generator). 

produced in various types. 
3) High-quality and inexpensive memory must 

be supplied to users by using stacked ca­
pacitor cells which have already been mass­
produced. 
4.2.1 Design concept of 4-Mbit DRAM 
The chip area of the newly developed 4-Mbit 

DRAM is small (65 mm). It can be mounted 
not only to the 300 mil DIP but also to various 
packages such as the Small Outline J-leaded 
package (SOJ) and Zigzag In-line Package (ZIP) 
which have the same size as a 1-Mbit DRAM. 
The circuit design followed that of the 1-Mbit 
DRAM as much as possible but with improved 
power consumption and operating speed. 
The design improvements are the 1 /2 Vee 

reset system for the cell plate and bit lines, 
determination of word x bit organization 
by wire bonding, and positioning of partial 
peripheral circuits in the middle of the chip. 

For a large-capacity DRAMs of 1-Mbit or 
more, the division of the memory cell array is 
very important for determining the overall 
characteristics of the DRAM. This is because the 
length of aluminum wiring in a chip is increased 
to 10 mm to 20 mm and the delay time in 
wiring becomes an important factor in the 
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DRAM speed. In many cases , the power supply 
and ground line may receive the noise generated 
when all decoders and sense amplifiers in the 
array are operated at the same time. This 
restricts the margin of device operation. In 
addition , electro-migration must be considered 
in order to determine the power line width. 

4.2.2 1-Mbit blocking organization 
Because the sense amplifier pitch in the 

4-Mbit DRAM can be reduced due to the use 
of polycide bit lines, 1 024 sense amplifiers 
are positioned in an array in the Y direction 
(direction of shorter side) . Therefore, the length 
of the shorter side of the chip is 4.84 mm ; this 
is less than the maximum length for a plastic 
300 mil DIP. A cell array of 1 024 columns x 
512 words (512 Kbits) is considered a unit. 
Eight blocks of this array are laid in the X 
direction (direction of longer side) to configure 
a 4-Mbit array. When compared with the I -Mbit 
DRAM, the chip area of the 4-Mbit DRAM is 
increased by only 28 percent (comparison 
between Fujitsu products). 

Although the bit line reset voltage is set to 
l /2 Vee to reduce the power consumption, the 
charging or discharging current of bit lines 
reaches 70 mA CtRc = I 80 ns) when all arrays of 
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Fig. 21 - Timing diagram of 16-bit multi bit test Ww , DR , DE are write, read, expected data) . 

the 4-Mbit DRAM operate at the same time. 

In the 1-Mbit DRAM, the charge and discharge 
current were reduced to three-fourths of the 
conventional value through the divisional 
driving of arrrays. In the 4-Mbit DRAM, only 
one-fourth of the arrays are driven and the 
current consumption by bit lines is reduced to 
about 18 mA. After current consumption by 
arrays is reduced, the power consumption of 
peripheral circuits becomes the next problem. 

The increase in power consumption due to 
the increase of DRAM capacitance, and the 
deterioration in access time due to the wiring 
delay time have been suppressed by improving 
the DRAM performance through the scaling 
of the transistor size. However, for a large 
capacity of 4 Mbits, the improvement in memo­
ry device performance made only by scaling 
the transistor is approaching its limit. This 
is because the wiring delay time becomes the 
dominant performance factor as described 
before. 

To solve this problem, the blocking of 
circuits, including peripheral circuits, is used 
and the power delay product in the peripheral 
circuits is greatly improved (see Fig. 20) . A 
1-Mbit array containing a cell array and a 
clock generator circuit to drive the array is 
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considered a unit block. The 4-Mbit memory 

is configured by four such blocks. During 
normal reading or writing, only· the selected 
1-Mbit block is operated. Consequently , the 
chip can maintain high speed and low power 
consumption because it operates under an 
internal load as small as that of a 1-Mbit DRAM. 

4.2.3 Test mode 
Since the development of the 1-Mbit DRAM, 

the issue of increasing the test time as the 
memory capacity increases has arisen. This is 
a serious problem even for the 4-Mbit DRAM . 
For example , when a DRAM of 4-Mbit x !­
organization is tested with a cycle time of 
300 ns, a test time of about 15 s is required 
even when a simple marching pattern is used. 
For the 1-Mbit DRAM, the parallel test mode is 
activated by applying a voltage higher than 
Vee to the Test Enable (TE) pin which used to 
be an NC pin. However , for the 4-Mbit DRAM, 
reduction of the test time is strongly desired at 
the board level and there is no unused pin. 
Therefore, the 4-Mbit DRAM is designed to have 
an 8-bit parallel test mode controlled by the 
TTL logic input. 

Table 2 lists the test functions employed for 
the 4-Mbit DRAM. Figure 2 1 shows their 
timing charts. The parallel test mode entry is 
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Table 2. Function of Multi bit test 

Organiza-
Test entry Test exit Result 

No. of 
ti on MBT 

-- -
WE,CAS CAS before Pass= 1 

4-M x 1 
before RAS or Fail= 0 

8 
RAS RAS only from 

(WCBR) refrech Dout, 

Pass= 1 
1-M x 4 Ditto above Fail= 0 8 

from DOs 

Fig. 22 - 0utput wave form operating in a fast page 
mode. 

done by the WE, CAS before RAS (WCBR) 

cycle. The exit cycle is done by the RAS 
only refresh or CAS before RAS cycle. During 
test mode operation, refresh can be executed 
in either the simple read cycle or WCBR entry 
cycle. 

For the test result output, the Dout pin 
outputs "l" for "pass" when all data of the 
eight paraliel read bits matches, and "O" for 
"fail" when at least one bit of data does not 
match. The 3-state output method which uses a 
high impedance state for test result output is 
not used, thus the test can be executed easily 
on the borad. 

4.3 Characteristics of 4-Mbit DRAM 
The 4-Mbit DRAM designed as described 

above operates at high speed with low power 
consumption. Figure 22 shows the output 
waveform of the DRAM in the fast page mode. 
The measurement conditions are: power voltage 
Vee is 5 V, ambient temperature is 25 °C, and 
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Fig. 23 - Average Vee current Ucci) vs Vee voltage. 
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Fig. 24 - Average Vee current Ucci) vs operational 
frequency. 

RAS-CAS delay time tRcD is lRcD max . As 
shown in the figure, the RAS access time is 
typically 56 ns. This is faster than that of 
256-Kbit and 1-Mbit DRAMs. 

Figure 23 shows the average operating 
current (Vee) dependency of the power voltage 
Ucci). Figure 24 shows the cycle time de­
pendency of feel· For reference, data of a 4-Mbit 
DRAM is compared with data of a 256-Kbit 
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Cycle time (µs) 

Fig. 25 - Accelerated alpha particle induced soft error 
result . 

DRAM (MB8 l 256) using nMOS technology. 

Under typical conditions, the operating current 
of the 4-Mbit DRAM is 34 mA, while that of 
the 256-Kbit DRAM is 48 mA. The comparison 
reveals a large reduction in the operating cur­
rent. This results from the array division. The 
memory cell array is divided into eight sections 
and configured in four blocks consisting of 
independent 1-Mbit blocks, including the 
peripheral circuits to drive the arrays. 

The 4-Mbit DRAM has the same power 
consumption as a 1-Mbit DRAM because it 
executes operations equivalent to that of a 
1-Mbit DRAM using its internal circuits, includ­
ing peripheral circuits. This is a large advantage 
for PC board assembly. The memory board 
capacity can be increased four times by using 
the 4-Mbit DRAM without changing the power 
supply or cooling system. 

The peak current of the 4-Mbit DRAM is 
rather low (100 mA) compared to a 256-Kbit 
DRAM. 

Reduction of the alpha-particle-induced soft 

error rate is a large problem if the reliability of 
mega-bit DRAMs is to be increased. Figure 25 
shows an example of the test results for soft 
errors using an accelerated test. In this test , alpha 
rays were irradiated onto the chip surface and 
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the soft error rate was measured while altering 
the DRAM operation cycle time. As shown in 
the figure , the major cause of soft errors is the 
bit line mode. Few soft errors are observed in 
the cell mode partly because only a small charge 
is collected by the stacked capacitor cell 13) : It 
has already been confirmed that the soft error 
rate of the 4-Mbit DRAM is lower than that of 
the 1-Mbit DRAM because of the scaling of the 
p-n junction area 14

). 

Regarding the packages for the MB8 l 4 l 00/ 
814400 series, the 300 x 67 5 mil 2 SOJ can be 
used as described previously. In addition, new 
300 mil DIP and 400 mil ZIP are under develop­
ment. The JEDEC standard for the 4-Mbit 
DRAM package has not yet been established 
(except 350 x 675 mi1 2 SOJ) because of the 
large restriction imposed by the various chip 
sizes of different manufacturers. If the JEDEC 
standard is established , Fujitsu will develop 
the corresponding package. In addition , Fujitsu 
plans to study the possibility of using a 300 mil 
SOJ having compatibility with a 1-Mbit DRAM 
in order to realize a single in-line module (SIM) 
mounted with 4-Mbit DRAM. 

5. Future objectives 
Currently, 1-Mbit DRAMs are mass-produced , 

4-Mbit DRAMs are being accepted in the mar­
ket , and the concept of 16-Mbit DRAMs is 
being considered. In this age of mega-bit capaci­
ties , the device and process technologies are 
changing rapidly . 

As the process technology improves , a new 
concept of memory cell technology is required . 
Fujitsu plans to promote the further miniaturi­
zation of stacked capacitor cells to be used for 
16-Mbit DRAM memory cells. 

As a part of this advance in technology , 
Fujitsu presented a DIET capacitor cell at 
IEDM in 1986. DIET combines the advantages 
of both the stacked cell and trench cell. It can 
theoretically achieve a large cell capacitance and 
could be realized by burying a three-dimensional 
capacitor cell into an insulated trench capsule. 
In addition, a system to supply cell-plate voltage 
from the capsule layer in the substrate has been 
developed . To supply cell-plate voltage from 
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inside the substrate is a new system. 

As shown by the above discussion , the 
process technology to realize a new memory 
cell must be found by trying various process 
technologies and looking at all possibilities. 
Such methods of development do not determine 
one choice only , but also expand the overall 
potential. Fujitsu will continue to develop the 
technologies for those device designs that 
respond to the diverse needs of the market. 

In device technology, Fujitsu plans to 
develop products having added value and more 
functions in the field of ASICs (including 
video products) that are based on the general­
purpose products described in this report . 
Fujitsu will continue to introduce high-quality, 
high-performance devices for the market. 

6 . Conclusion 

Quadruple integration every three years has 
still been maintained in the Mega bit era. The 
3D STC was the key technology for this steady 
progress of DRAM development. To develop 
this type of DRAM cell , over-all process design 
was needed , such as fine lithography , ultra 
thin capacitor film, cell capacitance , and a­
immune cell structure. 

Combining the high performance CMOS 
DRAM circuits with the STC cell technology , 
we developed the industry's smallest 4-Mbit 
DRAM having an access time of 56 ns. 
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Sea of gates was introduced as an LSI that can integrate circuits of system level including 

memory functions. With this new type of LSI , highly integrated and high-performance 

CMOS LSI of 30K to 160K gates have been successfully developed. The LSls are fabricated 

with 1.0 µm or 1.2 µm CMOS triple-metal-layer process technology. An original basic cell 

structure makes it easy to construct both memories and random logic circuits on the LSI 

chip. Furthermore, the unique structure of an 1/0 buffer cell and the improvement in 

assembly technology realized multiple pins. Cavity-down packages of up to 401 pins were 

developed. 

1. Introduction 
Because of advances in the LSI design 

environment, customer design of LSI has 
become comparatively easy and there are an 
increasing number of engineering work stations 
(EWS) in use . At the same time as these im­
provements, customer-specific LSI devices called 
Application Specific Integrated Circuits (ASICs) 
have been developed . These devices significantly 
reduce the cost of the products and are unique 
to the customer. Due to their high integration 
and short delivery time, the CMOS gate array 
in particular now has a strong position in the 
ASIC field as the products of related electronic 
equipment diversify and their life cycle is 
shortened. 

Larger scale and higher-performance CMOS 
gate arrays are now possible because of advances 
in LSI design technology and semiconductor 
manufacturing technology. To make them 
compact, high density , large-scale systems using 
LSI, logic circuits and memory functions such as 
RAM and ROM must be packaged onto the 
LSI chip. Taking this into consideration, we 
studied the production of a CMOS gate array 1> 
with a RAM built into a dedicated area . How­
ever, these approaches could not adequately 
meet the various system requirements because 
of severe restrictions on the number of memory 
devices to be packaged and on the bit/word 
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configuration. The Sea of Gates is a new CMOS 
gate array chip architecture designed to over­
come these problems. In the Sea of Gates, 
we used the triple-metal-layer process technolo­
gy. This technology has been used successfully 
in the mass production of 20K-gate CMOS 
gate arrays and in production of basic cells 
with structures suitable for memory cell 
configuration. Firstly, five types of CMOS 
gate arrays with 30K to lOOK gates were 
produced as the AU series. The l 60K-gate Sea 
of Gates was then developed using 1 .0 µm 

process technology. 
The Sea of Gates can be used in such areas 

as industrial computers, high performance 
metrological equipment, and in digital audio 
equipment such as VTR and DAT. 

This paper describes the development 
and features of Fujitsu's Sea of Gates. It also 
discusses future problems. 

2. Description and development of the Sea of 
Gates 

2.1 Sea of Gates 
As shown in Fig. 1, Fujitsu CMOS gate 

arrays incorporate the latest in process tech­
nology. They are highly-integrated high-speed 
devices. A fixed channel CMOS gate array is 
used for devices containing up to 20K gates. 
This LSI device consists of many basic cells 
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of a 2-input NAND gate. Circuits are configured 
by arranging the cells into columns and then 
wiring them on a standard silicon chip that has a 

Fig. I - Trend of speed and complexity in Fujitsu CMOS 
gate arrays. 
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Wiring channel 

Basic cell column 
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wiring channel area between the columns. 
The Sea of Gates is also called a channel­

less type gate array . The basic cells are 
distributed over the entire internal chip area 
without any wiring area between the cell 
columns. The customers' circuits are obtained by 
simply using the wiring process by which the 
standard silicon chip is provided. This method 
is exactly the same as that use for the fixed 
channel type CMOS gate array. Figure 2 shows 
the configuration of the fixed channel type gate 
arrays and the Sea of Gates. 

The wiring channel region of the fixed 
channel type gate array has a redundancy that 
allows a computer to automatically connect 
complicated wiring. Because of this , the integra­
tion cannot be increased . However the wiring 
channel width and position of the Sea of Gates 
can be freely set by using the area over basic 
cells as wiring regions when required . For this 
reason , integration is higher than in fixed chan­
nel type gate arrays. Since the Sea of Gates can 
spread a hard macro such as a multiplier circuit 
including RAM and ROM over two or more 
basic cell columns, a high-performance hard 
macro can be obtained with a high area ef-

D 
D 

D 
DD 

I/0 buffer cell 

Basic cell column 

Basic cell 

b) Sea of gates 

D 

D 

D 
D 

D 

Fig. 2- Comparison of chip configuration. 
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ficiency and an optional size . 
with a high area efficiency and an optional size. 

As shown in Fig. 1 , we were the first in 
the world to use the triple-layer-metal process 
technology in a 20K-gate CMOS gate array 
and apply it to the Sea of Gates. Because the 
wiring length exponentially increases with the 
gate scale, the integration does not increase 
for the conventional double-layer-metal process 
technology. Large-scale cells such as RAM and 
ROM can often be packaged into the Sea of 
Gates. In double-layer-metal process technology 
the wiring is blocked by these cells. This con­
siderably reduces the wiring efficiency. In 
triple-layer-metal process technology, if these 
cells consist of the first and second metal layers, 
the reduction in wiring efficiency can be 
prevented because the third metal layer can pass 
over the cells. 

Figure 3 shows the total wiring length of 
an LSI device versus the integration of Fujitsu's 
CMOS gate array. The total wiring length of 
the LSI device increases exponentially with 
the integration of the LSI device. In areas in 
which the integration exceeds 10 000 gates, 
the wiring efficiency can no longer be increased 

by the double-metal-layer wirings only. 
As can be seen from the figure that com-
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Fig. 4- CAP LSI. 

pares the double and triple-metal-layer wirings, 
the wiring efficiency is improved by the triple­
metal-layer wirings. The triple-metal-layer tech­
nology is especially effective for the Sea of 
Gates. 

2.2 Details of development 
First, we manufactured a prototype Sea of 

Gates of 29 234 basic cells on a 13 x 13 mm 
chip2

) with a gate length of l .8 µm using the 
double-metal-layer process. The basic cells 
had a total of eight transistors, four n-channel 
transistors, and four p-channel transistors. 

These Sea of Gates were used to manufac­
ture an approximately 24K-gate cellular array 
processor (CAP) LSI device3

).
4
). Figure 4 shows 

a photograph of the chip (CAP LSI). Although 
we used the double-metal-layer process, we 
achieved a high basic cell utilization of about 
71 percent. This was achieved by packaging 
cells that could be repeatedly used as the hard 
macro such as first-in-first-out (FIFO). 

Next, when marketing these devices, we 
improved the basic cells. The basic cells were 
structured so that the hard macro of the con­
ventional Fujitsu CMOS gate array could be 
used when logic cells (hereafter referred to 
as a unit cell) such as 2-input NAND gates 
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Fig. 5- Structure of basic cell. 

were formed . The cells were also structured 
so that the SRAM and ROM memory cells 
could efficiently be configured. By using this 
basic cell structure, we achieved a high-order 
compatibility and sharing of libraries for our 
fixed channel type CMOS gate array. 

We developed a CAD tool (cell compiler) 
that automatically generates the SRAM or ROM 
required by the customer as the hard macro. 
We also developed a layout program for the 
triple-metal-layer technology. 

We then put the AU series on the market 
as our first Sea of Gates. 

3. Features of our Sea of Gates 
3.1 Basic cell and metal wiring 

Figure 5 shows the basic cell layout pattern 
and its equivalent circuit . The basic cell consists 
of two types of elements, types A and B. 
Type A is composed of two pairs of n-channel 
and p-channel transistors with a common gate 
electrode. Type A has the same shape as our 
fixed channel type CMOS gate array basic cell. 
Type B is composed of four n-channel 
transistors with small channel widths. The gate 
electrodes of adjacent type Bs are common. 
The two adjacent type Bs are of a point sym-
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Fig. 6- Placement of unit cells and channel allocation. 

metrical type for the center of the layout 
pattern so that they can be laid out even if 
the cell containing them is rotated by 180 °. 

Since the conventional unit cell is 
constructed using type A only, type B adjacent 
to it is used as the wiring channel region . 
Figure 6 shows examples of the unit cell layout 
and wiring channels. If the wiring channels 
are insufficient in such placement of unit cells 
as shown in Fig. 6 a), the type A section is 
also used as a wiring channel as shown in 
Fig. 6 b ). The triple-metal-layer process increases 
the vertical wiring channel by about 50 percent. 
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Fig. 7- Memory cells of dual-port SRAM. 

USER :FU JIT SU ; 

SYSTEM :MB63x999; 
REVISION : 0 0 0 1 
DATE '.8 8/ 11 / 18; 
DE SIG ER :FUJ IT SU 

NAME :RAMOO 
FUN CT IO : PC RAM 
SEGME T 
BIT I 2 
WORD I 0 2 4 
COLUMN 
ENDSEGMENT; 
ENDNAME 

ENDUSER ; 

Fig. 8- Description example of input data for the cell 
compiler. 

3.2 Memory cell 
The type B section of the basic cell was 

added to efficiently configure the SRAM 
memory cell; type B is used as the transfer 
gate of an SRAM memory cell. In the memory 
cell, type A is used to form a latch. One basic 
cell can configure one bit of a single-port SRAM 
memory cell. Figure 7 shows the layout pattern 
and an equivalent circuit of the dual-port SRAM 
memory cell. Also in the dual-port SRAM, 
one basic cell can create one bit of the SRAM 
memory cell. By configuring the memory 
cell as described above , the single-port SRAM 
using the Sea of Gates can be made in an area 
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of about 2.5 times, in ease of a l 6K-bit SRAM, 
as compared to the area required when using 
the same process technology of our standard 
cell method. If a circuit equivalent to the single­
port SRAM is constructed by combining circuits 
in a fixed channel type CMOS gate array, 
the area will exceed three times that of the 
Sea of Gates. 

The ROM memory cell can create four 
bits with a single basic cell. In this case, only 
the type B n-channel transistors are used. 

SRAM and ROM are automatically 
generated by the cell compiler described below. 

3.3 Cell compiler 
When packaging SRAM or ROM in an LSI 

device , the bit/word configuration normally 
differs according to the customer's require­
ments. Therefore, SRAM or ROM required by 
the customer must be created at the beginning. 
For this purpose , we developed a cell compiler 
for SRAM and ROM . An example for SRAM 
is shown in Fig. 8. The cell compiler automatical­
ly generates the layout pattern and the libraries 
such as the cell simulation model used in logic 
simulation by wiring and entering the cell 
specifications in a simple language. Figure 9 
shows a layout example of a single-port SRAM 
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Fig. 9-Layout example of single-port SRAM 

(8-bitx 128-word). 

Basic cell array 

Fig. 10- Placement example of 1/0 buffer cells. 

generated by the cell compiler. 
We have been working towards automatic 

generation of up to four types of layout patterns 
for one logical specification of these cells. 
Such generation increases the layout efficiency 
of the LSI chip when SRAM or ROM is used. 

3.4 1/0 buffer cell 
The I/O buffer cell of the internal/external 

circuit interface of the LSI device is made by 
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Fig. 11-Circuit example of I/O buffer cell . 

dividing a cell into a dedicated cell (external 
I/O) laid out on the chip peripheral region and 
logic cell (internal I/0) laid out on the basic 
cell region; these two cells are then connected 
to each other. The internal 1/0 consists of type 
A basic cells. Figure 10 shows a layout example 
of an 1/0 buffer cell of an actual chip. The 
internal 1/0 is best laid out close to the external 
I/O to be connected to avoid reduction in the 
I/O buffer cell performance. 

Figure 11 shows a bi-directional buffer as 
an example of an 1/0 buffer cell. 

In the conventional CMOS gate array lay­
out, the 1/0 buffer cell region in the chip 
periphery uses all the circuit elements to form 
the bi-directional buffer. However, since the 
chip peripheral region in this system only uses 
the circuit elements that form the external I/O 
in Fig. 11, the area of the peripheral region of 
the chip occupied by a single I/ O buffer cell 
can be reduced. As a result, the number of 1/0 
buffer cells (number of I/O pads) of the chip 
and the number of signal pins were increased. 
The lOOK-gate AU series has 400 I/O pads 
including the power supply pads on a 14.5 x 
14.5 mm chip. 

The internal 1/0 is a unit cell and can 
easily be configured using basic cells. I/O buffer 
cells with various functions can easily be created 
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by changing the internal and external 1/0 combi­
nations. 

With the increasing speed of devices, mal­
functions caused by simultaneous switching 
noise and ringing noise of output pins are 
becoming apparent. We have solved these 
problems by providing various noise reduction 
circuit buffers. 

3.5 Package 
To cope with an increase in the number 

of I/O pads in the Sea of Gates, we have 
developed pin grid array (PGA) packages. 

These packages are available with 299, 3 21, 
361 and 401 pins in addition to the standard 
packages of up to 25 6 pins. 

The 299-, 321-, 361-, and 401-pin packages 
use a cavity down method to improve the heat 
dissipation and can be fitted with cooling 
fins. 

To guarantee the quality of the LSI device, 
the LSI chip junction temperature during 
operation must be kept below a certain value. 
We recommend a maximum junction tempera­
ture of 150 °C for ceramic packages. 

The chip junction temperature increases 
with the power consumption of the LSI device. 
In the Sea of Gates, the power consumption 
may exceed 5 W depending on the number of 
gates and the operating frequency . Figure I 2 
shows the relationship between integration 
and the calculated value of power consumption 
during operation of the AU series of the Sea 
of Gates. However, assume that about half 
of the number of gates are occupied by SRAM 
and that the number of I/O signal pins of the 
LSI device is the maximum in the series. 

At a power consumption of 5 W, a still 
air heat resistance (ceramic package) of 22 °C/W 
and an ambient temperature of 70 °C, the junc­
tion temperature reaches I 80 °C. If fins are 
fitted and the LSI device is forcibly cooled 
with air at 3 m/s, the junction temperature 
can be kept below 100 °C. 

Figure 13 shows a photograph of the 40 I -
pin PGA package. Wire bonding is used. 
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Fig. 13- A 401-pin PGA package. 

3.6 AU series 
Table 1 lists our AU series CMOS Sea of 

Gates. 
Since a single basic cell can create one 2-

input NANO gate (actually only type A is used) , 
one basic cell is equivalent to one gate. 

Table 2 lists the main features of the AU 
series. Table 3 lists the AU series package 
options. 

3.7 160K-gate Sea of Gates 
3.7.1 Features of LSI device 
To expand our Sea of Gates series we 

' 
developed a Sea of Gates with about 160 000 
basic cells on the chip 5

). This LSI device has 
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Table 1. AU series CMOS sea of gates 

Number Usable 
of basic basic cells Number 

Device name Part number cells on logic with of I/O 
chip SRAM or pads 

ROM 

C-lOOKAU MB630XXX 102 144 76 608 400 

C-75KAU MB631XXX 75 140 56 355 344 

C-50KAU MB632XXX 52 164 39 123 288 

C-40KAU MB633XXX 41 184 30 888 256 

C-30KAU MB634XXX 31 500 23 625 224 

Table 2. Main features of AU series 

Process 1.2 µm triple-metal­
layer CMOS 

2-input NAND gate delay 
(F/O = 2) 

Power 2-input NAND gate 
delay (F/O = 2) 

18 Kbits single-port SRAM 
Access time 

0.8 ns 

0.58 ns 

21 ns 

Configurable SRAM, ROM 
Single, dual & triple-port SRAM 
ROM 

32 bits-18 K bits 
128 bits-MK bits 

Gate utilization 
Logic with SRAM or ROM 
Logic only 

75% max 
50% max 

Table 3. AU series package options 

Device Ceramic pin grid array package 

name 
135 179 208 256 299 321 361 401 

C-lOOKAU 0 0 0 0 0 0 0 0 

C-75KAU 0 0 0 0 0 0 0 

C-50KAU 0 0 0 0 0 

C-40KAU 0 0 0 0 

C-30KAU 0 0 0 

Plastic 
flat 

package 

120 160 

0 0 

0 0 

a gate length of 1.0 µm and was obtained using 
the most advanced process technology with 
greater microminiaturization than that of the 
AU series. Table 4 lists the basic features of 
the l 60K-gate Sea of Gates. The actual measure­
ment results of the ring oscillator show that 
the propagation delay time of the inverter 
with a fan out of 1 is 230 ps. The maximum 
number of usable basic cells is about 120 000 
(75 percent) when SRAM or ROM is used. 
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Table 4. Basic features of 160K-gate sea of gates 

Technology p-substrate, twin-tub 

Gate length 1.0 µm 

First metal pitch 2.9 µm 

Second metal pitch 3.8 µm 

Third metal pitch 5.8 µm 

Chip size 14.5 mm x 14.5 mm 

Total basic cell counts 160, 170 

Total I/O cell counts 400 

Supply voltage 5V 

Inverter delay (ring oscillator) 230 ps 

Fig. 14-FDSP4 on sea of gates. 

3.7 .2 Test chip 
Our 160K-gate Sea of Gates achieved the 

same circuit function as that of our 32-bit 
floating point digital signal processor (FDSP 4: 
MB86232). Figure 14 shows the FDSP4 realized 
on a Sea of Gates. RAM and ROM were auto­
matically generated by the cell compiler. The 

decoder section of the original LSI device 
was composed of nine PLAs. However, for this 
test chip, the decoder section is composed of the 
logic gates that have been expanded using our 
logical synthesizer system "ZEPHCAD6

) ". 

Table 5 lists the circuit organization of the 
test chip. The basic cell utilization is 72.5 per­
cent. 
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Table 5. Circuit organization of the test chip 

32-bit x 512-word dual-port SRAM x 2 55 384 basic cells 

32-bit x 16-word dual-port SRAM 5 292 basic cells 

32-bit x 1 024-word ROM 12 672 basic cells 

Random logic 42 798 basic cells 

Total basic cell counts 116 146 
basic cells 

Basic cell utilization 72.5 percent 

4. Future problems 
The high integration and speedup of the 

LSI device have raised various problems with 
LSI design and practical use. The Sea of Gates 
is no exception to these problems. This section 
describes the problems and methods of solving 
these problems. 

A increase in LSI circuit scale significantly 
decreases the development efficiency. This is 
because of a large increase in the work required 
for logic design, logic simulation, and test data 
creation and in the time required for computer 
processing. To make the most of the Sea of 
Gates' advantage of quick prototyping, the 
development time including the logical design 
time must be reduced. 

To achieve these targets, the following 
should be considered: 
1) Logic design 

i) Use of a tool that automatically 
generates FIFO and ALU. Use of library 
such as the functional blocks. 

ii) Use of logical synthesizer system 
This system writes the LSI logical circuit 
specification with a high-level language 
such as the finite state machine language 
and then automatically converts it to 
the logical circuit that uses the LSI 
cell library . 

2) Logic simulation 
For logic simulation of an LSI device 

exceeding several tens of thousands of gates , 
the simulation tool must process large amounts 
of data and must therefore be speeded up. 
The use of the dedicated system called the 
simulation accelerator also helps us to solve 
these problems. If this system is used, the 
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processing time will be reduced up to least ten 
times that of EWS simulation. 
3) Test data creation 

The work required to create the test data 
increases greatly as the circuit scale increases 
and can no longer be handled manually. 

To solve this problem, the following should 
be considered : 

i) Logic design that uses scan-flip-flop and 
automatic generation of test patterns 7) 

ii) Built-in test circuit 8
) 

iii) Unit test of megacells. 
This method configures the circuit so that 

megacells such as RAM and ROM packaged 
on the LSI device can be tested directly using 
the LSI external pins. 
4) Use of automatic layout tool 

To achieve high performance of a large­

scale LSI device , the layout of the LSI device 
is best designed by a logic designer. Recently , 
a dedicated automatic layout tool that can 
be used by the customer has been developed. 
We think that this tool will be increasingly used . 

The Sea of Gates has the following 
problems : 
1) Increase in power consumption 
2) Switching noise resulting from the speedup 

of the LSI output buffer. 
The high-speed operation of the output 

buffer causes noise in the PC board on which the 
LSI device is mounted. This noise causes various 
problems. There are two types of noise: simul­
taneous switching noise and a ringing/reflected 
noise. The first type is suppressed by reinforcing 
the ground inside the LSI device and by restrict­
ing the number of simultaneous switching pins 
for each ground. The latter is caused by the 
high-speed switching of the LSI device, stray 
capacitance of the PC board, and impedance. 
This noise is suppressed by connecting damping 
resistors and terminating resistors on the PC 
board. 

5. Conclusion 
A variety of large-scale ASICs containing 

more than lOOK gates have been able to be 
developed using the Sea of Gates. These devices 
can be manufactured in a short period and also 
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in small quantities, as required. 
Although there are problems such as the LSI 

development efficiency and packaging noise 
for the large scale ASIC, we believe we can 
solve these problems and develop the Sea of 
Gates that meets the customer's requirements. 
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Development of Microcontroller: F2 MC 

• Jyoji Murakami (Manuscript received September 6, 1988) 

The Fujitsu Flexible Microcontroller (F 2 MC) has been developed to meet the market's need 
for a high-performance applicat ion specific controller. This microcontroller features high­

speed (0.33 µs cycle time), efficient object code, and flexible design and can be applied to 

many areas. 

The CP U architecture, desi gn philosophy, and technology features of the CPU are described 

and vari ous appl ication products are shown. 

1. Introduction 
Microcomputers have been used in various 

types of electronic equipment since the 4004 
microcomputer was introduced in 1971. De­
pending on the application , microcomputers can 
be classified as data processors (MPU) such as 
the CPU used in personal computers, and real­
time processing controllers (MCU) that are built 
into household appliances and office business 
equipment. The MCU integrates the CPU and all 
control and storage circuits including those for 
peripheral hardware devices and memory on a 
single silicon chip. It is also called a single-chip 
microcomputer. 

To meet the above requirements, we devel­
oped an 8-bit CPU core having a 16-bit internal 
processing feature called the Fujitsu Flexible 
Microcontroller (F2 MC). Based on this CPU 
core , we have developed various MCU products. 
Chapters 2 to 4 outlines the CPU core and its 
features. Chapter 5 introduces the various MCU 
products. 

2 . Architecture of F2 MC CPU 
2.1 Market requirement 

Figure 11) shows the market shipment sta­
tistics and forecast for this classification. The 
figure shows that market demand for 8-bit MCUs 
is very strong because the application fields have 
expanded . Many new technical requirements are 
now desired; these are summarized below. 
1) High-speed performance corresponding to 

the high performance of the system. 
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2) High efficiency of object codes suitable for 
single-chip structure . 

3) MCUs that form the foundation of Applica­
tion-Specific Integrated Circuit (ASIC) 
microcomputers that enable the system to 
be differentiated . 

4) Debugging capability that facilitates the 
development of complex programs. 

2.2 Development goals 
To determine the F2 MC CPU architecture , 

we established the following goals according to 
the market demand described in section 2 .1. 
1) Realization of high-speed performance 

High-speed instructions must be achieved. 
High-speed performance when the task environ­
ment is switched (i .e. high-speed response for 
interrupt processing) must also be achieved. 
2) Improvement of object code efficiency 

A single-chip microcomputer in which the 
capacity of mounted ROM is physically re­
stricted requires high object code efficiency. 
This is especially true if it is to be economical. 
3) An ASIC design and manufacturing processes 

that can quickly cope with the market and 
user requirements must be developed. 

4) Improvements in debugging 
A system that can debug a realtime process­

ing program even in the mounted state must be 
realized. 
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Fig. 2- Resister set of F2 MC. 

2.3 Implementation of architecture 
This section describes how the goals de­

scribed in section 2.2 have been achieved. 
1 ) Register set 

Figure 2 shows the F 2 MC register set. The 
accumulator of this register set has a unique 
design. In addition to the conventional accumu­
lator (A), a temporary accumulator (T) is pro­
vided . When data is transferred to A, the previous 
contents of A are automatically transferred to T. 
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The example of logical AND of # 74 and # 05 is 
shown below. 

a) MOV 

b) MOY 
A. #74 

A. #05 
c) ANDW A 

The dataflow of operations a) to c) are as follow: 

a) # 74 is transferred to A, and at the same time 
the contents of A are saved in T. 

A I 7 : 4 

t 
# 74 

TI * : * I 

b) # 05 is transferred to A, and at the same time 
the contents of A (#74) a re saved in T. 

A I 0 : 5 

t 
#05 

TI 7 : 4 I 

c) The logical AND of A (#05) and T (#74) results 
in A, where as the contents of T holds the same 
va lue. 

05 n 74 

+ 
04 

+ 
A I 0 : 4 I 

Fig. 3- 0peration of temporary accumulator. 

Instructions are provided so that two-term oper­
ations having low frequencies of use can be 
executed between A and T. Thus, two-term 
operations can be executed without deterio­
rating the object code efficiency. 

Another feature is that the register size that 
changes with the size of the task can be adjusted 
in the built-in RAM by providing the register in 
memory. At the same time, the overhead for 
task switching is reduced. 

Also, the pointer register can use memory 
registers RWO and A in addition to the one 
index register. Figure 3 describes an example of 
a term operation between A and T. 
2) Instruction set 

Several benchmark tests were performed to 
determine the instruction set. As a result of 
these tests, short codes were assigned to the 
transfer and branch instructions that occur 
frequently in the applications that occur fre­
quently in the MCU application program. 
However, even if branch instructions did not 
occur frequently (such as in multiplication and 
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division) there were cases in which the speed 
and object code efficiency of the two-term 
operations severely deteriorated when the in­
struction function was not provided. To avoid 
this, the A-T operation instructions described in 
article 1) were used. Figure 4 shows the occur­
rence frequency in comparison with a general 
8-bit CPu2>. 

The result is a powerful instruction system 
including the operation of a 16-bit register that 
is successfully contained in an 8-bit operation 
code (see Table 1 ). 
3) Interrupt 

Because a high-speed interrupt was con­
sidered important, the save/return path when 
an interrupt occurs uses a direct path with a 

I I 
11 :~,:, , S bll ~I \ 

I standard CP U 
0 50 100 

Percent 

D: Mathematical type D: T ransfer type 

0: Branch type D: Other types 

Fig . 4 - Constitution of instruction set. 

32-bit RAM instead of the conventional 8-bit 
data path. For this reason , the stack pointer uses 
a hardware stack pointer that is independent of 
the software stack pointer for subroutine calls. 

Using this mechanism, registers A, T, PC, 
and PS were able to be saved within four bus 
cycles. 
4) Mode 

To expand the applications of the CPU, 
various modes including an external memory 
mode are required. 

A conventional MCU sets the modes by 
controlling the pins. However, the pins are an 
important resource in a single-chip microcom­
puter. Therefore, only the vector was fetched at 
the start (either internally or externally from 
the chip) by controlling the pins. The mode is 
assigned from the third byte of the vector at the 
start. 

As a result, many modes can be provided 
including a test mode and one-time ROM mode. 
5) Debugging 

To improve the debugging efficiency during 
program development , we used a system in 
which the debugging signal was sent to and re­
ceived from the emulator using the pins at the 

Table I. Operation code map 

~ 0 I 2 3 4 5 6 7 8 9 A B c D E F 

0 
NOP PF! DECW INCW CBN E XC HW XORW ANDW MOV MOV MOV MOV ADDW SUBW 

IX IX RO ,#, rel A, T A A @A , T dir , A @lX+off, A @RWO lX, A IX , A 

I 
PFO TEST DECW INCW CBNE EXT ADDW SUBW MOV MOV MOV MOV CMPW CMP 

A A A RI , #, rel A A A ,@A A , dir A,@IX+o ff A,@RWO A A 

2 
MOVW MOVW RORC ROLC CBN E MOV ADDC SUBC ADD ADD ADD ADD ADD DC SUB DC 
IX , A A, IX A A R2,#, rel HSP,A A A @A A, d ir A,@IX+o ff A, @RWO A A 

3 
MOVW MOVW SHRW SHLW CBN E MOV ORW NOTW SUB SUB SUB SUB DIVU MULU 
SP, A A, SP A A R3,#, rel A, HSP A A @A A ,dir A,@IX+o ff A,@RWO A A 

4 
MOVW MOVW ADDW SUBW CBNE MOVW DECW INCW MOVW MOVW MOVW MOVW SWAP 
RWO, A A, RWO A,RWO A, RWO R4 , #, rel RWO,# RWO RWO @A , T dir , A @IX+o ff, A - RWO , A 

5 MOVW MOVW ADDW SUBW CBNE MOVW DECW INCW MOVW MOVW MOVW MOVW RETI BRA 
RWl , A A, RWI A , RWI A, RWI RS,#, rel RWI ,# RWI RWI A ,@A A , dir A ,@IX+o ff A ,@RWO rell 0 

6 
MOVW MOVW ADDW SUBW CBNE MOVW DECW INCW CBNE JMP JMP SWAPN 

RW2,A A, RW2 A , RW2 A, RW2 R6,#,rel RW2,# RW2 RW2 A,#, rel ext @A 

7 
MOVW MOVW ADDW SUBW C BN E MOVW DECW INCW CWBNE CALL XCHN CALLY MOVN RET 
RW3, A A , RW3 A, RW3 A, RW3 R7,#, rel RW3,# RW3 RW3 A,#, rel ext A ,@RWO vet A,#4 

8 
MOV MOV ADD SUB DBNE MOV DEC INC SETB MOV MOVW MOVW PUSH BZ/ BEQ 
RO, A A , RO A , RO A,RO RO, rel RO,# RO RO bit A,# A,# ext , A A rel 

9 
MOV MOV ADD SUB DBNE MOV DEC INC CLRB MOV MOVW MOV PUSHW BNZ/BN E 
Rl , A A, Rl A, Rl A, Rl RI , rel RI ,# RI RI bit RP,# IX,# ext , A A rel 

A 
MOV MOV ADD SUB DBNE ~~ DEC INC MOVB ADD ADDW MOVW PUSHW BC/ BLO 
R2,A A,R2 A , R2 A R2._ I R ? '"' R2 R2 bit, A A,# A,# A, ext IX rel 

BMOV ~ ~ 
SUBW MOV PUSHW ~ R3,~ A,# A, ext PS 

vV ill (a)IX ~ 
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DUE89700 
buffer box 

a) DIP type 
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DUE89700 
buffer box 

User sys tem 
Emulat ion MCU 

b) QFP type 

Fig. 5- Piggy back devices interfacing the emulater. 

upper part of the package in the piggyback 
mode. 

Therefore, a piggyback-chip for evaluation 
can be used for both EPROM-installed packaging 
evaluation and break and trace debugging by 
connecting the emulator (see Fig. 5). 

In addition , the debugging efficiency in 
realtime processing was improved by adding 
functions· that enabled the internal time base 
timer to temporarily halt when a break occurred. 
6) Test 

The CPU runs in the test mode according to 
the contents of the third byte of the vector as 
explained in article 4). An important feature of 
the test mode is that the bus connected to the 
CPU inside the device is disconnected from the 
CPU in this mode. Memory devices and pe­
ripheral resources other than the CPU can be 
directly tested from the device pin via the bus 
without CPU instructions. This system achieves 
compression and portability of the test patterns. 
This system is especially suitable for manufac­
turing systems such as for an ASIC that com­
bines peripheral hard ware devices according to 
user's requests. 

3. Hardware design 
3.1 State machine and PLA 

This CPU design is based on a 5-bit state 
counter and a PLA control circuit that includes 
an instruction decoder. The PLA system was 
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I 
I 
I A I B 
L __ .J 

A B 

PLA c 

PLA 

Fig. 6- 0ptimization of PLA (The long routing area is 
reduced by adding one redundant decoding) . 

used because it has only a few complicated 
instructions such as multiplication and division. 
The advantages of speed and cost were also 
considered. 

One advantage of the PLA design is that 
redundant decoding is possible according to the 
layout. For example, Fig. 6 shows that when the 
decoder output is located far from the last gate, 
the wiring area can be reduced by decoding at 
another decoder location. 

To achieve high-speed performance, a I -byte 
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Data 
RAM • 

A 

RP CCR 

ID 

Address bus 

Fig . 7- Block diagram of CPU. 

ex 

c 
R : Resisti ve inverter 

a) Reduced latch circuit 

ex 

~ 
c 

I ~ p-channel t ransistor 

I~ n-channel transistor 

b) Clock latch circuit 

Fig . 8- Static latch circuits . 

queue is provided and instructions are prefetched 
in the non-memory cycle. The queue was not 
made any longer because of costs and to prevent 
debugging from getting too complicated. 
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3.2 Bus and register 
Figure 7 shows the configuration of the re­

gister and ALU inside the CPU. The accumulator 
(A) and ALU are connected using two 16-bit 
buses (A and B). A and T are actually placed at 
the edge of the RAM. The CPU and RAM are 
connected using a 3 2-bit bus and can be saved 
and returned at high speed during interrupt. 
Therefore, although the RAM has a circuit 
configuration that can be accessed from both 
the bus and CPU, it is not a dual port RAM 
because it cannot be accessed simultaneously. 

3.3 Static design 
The design goal of this CPU is to have a high­

speed area within its application range and to 
include portable equipment in its applicable 
range. Thus, the CPU must have a wide range of 
operation speed (including low speed) and low 
voltage and low current operation. A static 
design was used to satisfy these requirements. 
For example, Fig. 8 shows that the design uses a 
latch circuit to maintain the static characteristics 
without increasing the size of the circuit. 

3.4 Test circuit 
As explained in chapter 2, this CPU enters 

the test mode using the third byte instruction 
when it is started. In the test mode, the CPU can 
externally drive a bus by setting the bus buffer 
in tri-state. 

The interrupt test is also important because 
an interrupt can be caused by many factors. In 
the conventional test method , a great number of 
test vectors must be recreated each time the 
peripheral resource is changed. This is because 
the CPU uses a multiple interrupt to make its 
levels programmable. To avoid these problems, 
we have provided an interrupt register and have 
separated the interrupt processing in the CPU 
from interrupts caused by peripheral resources. 
This method enables portability of the interrupt 
occurrence test vector of peripheral equipment. 

4. Technology and performance 
Table 2 lists the CPU hardware specifications 

used in the actual design . Although a 1.5 µm 

CMOS process having two Al layers is currently 
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being used (design rules allow a reduction up to 
about 1.0 µm) , manufacturing using a 1.3 µm 

process is being evaluated . Currently , the 
12 MHz clock (330 ns cycle) is the maximum 
operating frequency. We expect to achieve 
20 MHz by applying the 1 .3 µm process. 

5. Application and products 
Using the completed F 2 MC CPU core, we 

developed various types of general-purpose and 
dedicated microcomputers3

). Table 3 lists the 
F 2 MC series products . When developing these 
products , we reduced the layout area by using 
the circuit elements shown in Fig. 8 in the 
peripheral hardware devices to be mounted. 
We also reduced the development turn around 
time by sharing general-purpose peripheral 
devices such as timers and Universal Asynchro­
nous Receiver Transmitters (UARTs). Figure 9 
shows an example of the products. 

Development of various types of products is 

Table 2. Hardware specification of F2 MC series 

It em 

PLA 
Resister, ALU, random logic 
Interrupt control 
Process 
Area 

Contents 

18 000 transistors 
I 0 000 transistors 

l 700 transistors 
1.5 µm , 2-layer metal 
11 .8 mm2 

J. Murakami: Development of Microcontroller: F 2MC 

continuing. We plan to work further on a 
method to enable quick development of an 
ASIC microcomputer to meet the user's require­
ments. 

The F 2 MC CPU core design can be used to 
developed such an ASIC microcomputer. 

6. Conclusion 
This paper describes in detail the F2 MC 

microcontroller developed by Fujitsu. Its 

Interna l data bus 

Interrupt 

#¢ 

Peripheral 
c ircuits Interrupt 

#I 

Interrupt 

# 15 

Register 
# 0 

Register 
#I 

Register 
# 15 

Selecter 

Fig. 9- lnterrupt test circuit diagram. 

CPU 

Interrupt 
cont rol 

Table 3. Prod ucts of F 2 MC series 

Product 
ROM RAM Timer Serial 1/0 

Additional Package Application 
number hardware 

8-16 Kb ytes 256-5 12 bytes 

MB 897 1X 
(internal) (internal) 16-bit x 4 UART PWM timer 64 SDIP General 

64 Kbytes 64 Kbytes (input and output) 8-bi t x I A/ D converter 64 QFP purpose 
(external) (external) 

MB8973X 
8- 16 Kbytes 256-512 bytes 8-bit x 1 A/D converter 

64 SDIP VFD display (internal) (internal) 16-bit x I 
-

YEO driver 

16 Kb ytes 5 l 2 bytes 

MB 8976X 
(internal) (internal) 8-bit x 2 UART A/ D converter 

80 QFP Servo control 64 Kbytes 64 Kbytes 16-bit x I 16-bitx I PWM timer 
(external) (external) 

Remote- and 

MB89795 
16 Kbytes 5 12 bytes 8-bit x I 

8-bit x I 
disk-control 

80 QFP (internal) (internal) 16-bit x 1 circuits 
Video disk 

A/ D converter 

FUJITSU Sci . Tech. J., 24 , 4, (December 1988) 
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architecture reflects the market's requirements 
for microcontrollers. The F2 MC uses the most 
advanced design and technology and is also 
optimized for use in ASIC microcontrollers. 

Products have already been developed for 
some application areas, and the CPU core will 

continue to be used in various applications in 
the future. 
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Development of 32-Bit Microprocessor 
Family Products: GM1cRo F32 
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The t echnological t rend toward higher integration and expanded f uncti ons of microproces­

sors has become increasingly important in the design of workstati ons and embedded con­

trollers. 

This paper outlines the GMIC R O F32 and key technologies for its development. 

1. Introduction 
The functions and performance of infor­

mation processing units such as the latest 
office computers and workstations has recently 
greatly improved. The performance of con­
ventional microprocessors is insufficient for 
them to form the nucleus of these devices. 
Thus, development of 32-bit microprocessor 
family products having high performance 
and expanded functions to meet the needs of 
the l 990's is required. 

Fujitsu has developed the GMICRO F32 
32-bit microprocessor family products to meet 
these needs. 

This paper describes an outline of these 
products and the key technologies required 
for their development . 

2. Background and deveopment objectives 

2.1 GM ICRO F32 family 
The GMICRO F32 family products make up 

a total system consisting of a high performance 
32-bit microprocessor unit (MPU), peripheral 
LSis, support software, and board computers 1>. 
This MPU is the first one having architecture 
that conforms to the realtime operating system 
nucleus (TRON) proposed by Sakamura1>- 3 >. 

To broadly meet the future requirements 
of the diversified market for 32-bit micro­
processors, three versions (high performance 

FUJITSU Sci. Tech. J., 24, 4, pp. 335-344 (December 1988) 

version, standard version, and low cost version) 
of the MPU have been developed. Emphasis 
has also been placed on the compatibility of 
register sets, instruction sets, addressing modes, 
and data formats. 

The GMICRO F32 family peripheral LSI 
was developed to provide a system with a well­
balanced configuration that makes use of the 
high performance GMICRO MPU. 

The basic objective of the development 
of support tools was to provide an environment 
that is easy for the users to use by taking ad­
vantage of the MPU's features. 

3. Configuration of GM 1 cRo F32 family prod­

ucts 
3.1 MPU 

There are three current versions of the 
MPU : F32/300, F32/200 , and F32/100. These 
MPUs conform to the TRON specification, and 
the register sets, instruction sets, addressing 
modes, and data formats are compatible be­
tween each version2 >. The outline of each MPU 
is described below. Figure 1 shows the relative 
capabilities of each MPU. 

3.1.1 F32/300 
The F32/300 has the highest performance 

of this family of products because of the in­
creased built-in cache memory capacity and the 
enhanced built-in memory management unit 
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0... 4.5 

300 K 700 K 900 K 

Transistors 

Fig. ! -Positioning of GMICRO MPUs. 

(MMU) functions. This product also has en­
hanced decimal instructions for the mini­
computer-class throughput-oriented market and 
can effectively execute COBOL3

). It contains 
approximately 900 000 transistors and can 
execute 12 MIPS (at 20 MHz operation) in the 
EON benchmark. 

3.1.2 F32/200 
The F32/200 is the intermediate perform­

ance product. It also has an internal 6-stage 
pipeline structure and incorporates several 
types of cache memory. This product contains 
approximately 700 000 transistors (see Fig. 2) 
and can execute 7 MIPS in the EON benchmark. 

3.1.3 F32/100 
The F32/ 100 has good performance at a 

low cost. It is supported only by real storage. 
This product contains approximately 300 000 
transistors and can execute approximately 
4.5 MIPS in the END benchmark. 

The biggest difference between the F32/ 100 
and the two family products described earlier is 
that the F32/100 incorporates the peripheral 
functions in the chip with the MPU to form the 
core. Therefore, this product can satisfy the 
market trend towards application specific ICs 
(ASICs). 

3.2 GMICRO F32 peripheral LSI 
Table 1 lists the GMICRO F32 family LSis 

that are now being developed. Figure 3 shows 
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Fig. 2- F32/200 MPU (chip size: 14.0 x 14.l rnrn 2
) 

an example of a system configuration com­
prised of these LSis. The peripheral LSI devices 
connected to the system bus are treated as 
system components ; this is a new concept. This 
enables a high-performance total system to be 
constructed taking advantage of the yearly 
improvements in the performance of the MPU 
resulting from, for example, the use of built-in 
cache memory and a pipeline control system. 

The concept of system components includes 
the MPU, peripheral LSI devices, and various 
support tools. The system components are 
designed to be used as components in which 
the LSis themselves determine the system 
instead of the device products. This differs 
from the image of a component currently held 
by conventional system designers. 

Consequently, the system designer can 
easily design an optimum system having good 
performance by combining these system com­
ponents. 

The outline of each LSI is described below. 
3.2.1 Floating point Processing Unit (FPU) 
The FPU executes high speed arithmetic 

operations and floating point operations of 
functions as the MPU coprocessor. The FPU 
has a special high speed communication protocol 

FUJITSU Sci . Tech. J., 24, 4, (December 1988) 
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==-------
Product 

F32/300 

MPU 
F3 2/200 

r-
F32/l 00 

FPU 

DMAC 

IRC 

Peripheral 
LSI CPG 

TAGM 

CCM 

G,11 cRo/200 
CPU 

Loca l bus 

!RC 
(IRG) 

Remote bus 
(S ub-channel bus) 

Table 1. GMICRO F32 family LSI 

Function 

3 2-bit MPU: high end version 
20 MHz/ 1 2 MIPS 

3 2-bit MPU: standard version 
20 MHz/ 7 MIPS 

3 2-bit MPU: low end version 
20 MHz/4.5 MIPS 

3 2-bit floating point processing unit 

32-bit DMA controller 

3 2-bit interrupt request controller 

Clock pulse generator 

Tag memory 

Cache controller & memory 

!RC 

Program mable t imer 

Remote 
memor y 

Transistor 

900K 

700 K 

-300 K 

- 550 K 

380 K 

9 200 

- 100 

220 K 

- 1 200 K 

Realtime clock 

Cache memory control 
Ma in memory cont rol 
BUS control 

Fi le 
controller 

1 Sta ndard 
I 
I 
I 
I 

Remote 
l/ O 

Technology 

CMOS 1.0 µm 
Al 3-layer 

CMOS 1.0 µm 
Al 2-layer 

CMOS 1.0µm 
Al 2-layer 

CMOS 1.0 µm 
Al 2-layer 

CMOS 1.2 µm 
Al 2-layer 

CMOS 1.2 µm 
Al 2-layer 

Bi-polar 

CMOS 1.0 µm 
Al I-layer 

CMOS 1.0 µm 
Al 2-layer 

CCM 

TAGM 

DRAM 
control 

Communica t ion 
contro ller 

Per i pher~ I LS ls 

Remote 
l / 0 2 

Package 

PGA-179 

PGA-135 

PGA-13 5 
QFP-1 60 

PGA-135 

PGA-1 79 

SDIP-64 
PLCC-68 

DIP-12 

PGA-64 

PGA-1 24 

S RAM 

DRAM 

Display 
cont ro ller 

D GMI CRO LSI 

Fig. 3 - Application system configuration of GMICRO family products. 

with the MPU. The command sets from the 
MPU to the FPU are padded in the MPU instruc-

FUJITSU Sci. Tech. J., 24 , 4, (December 1988) 

tion sets (reserved from the start). 
This FPU provides the main features such as 
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Fig. 4-F3 2/DMAC (chip size: 11.14 x 10.46 mm2 ). 

the product and sum operations required for 
image display and the area decision instructions 
that are effective for clipping processing. 

3.2.2 Direct Memory Access Controller 
(DMAC) 

This controller supports data transfer 
between a peripheral device and memory or 
inter-memory data transfer (see Fig. 4 ). There 
are four channels, and each channel can operate 
independently. Transfer units of 8, 16, 32, and 
64 bits can optionally be selected and can be 
transferred between two separate buses in the 
remote and subchannel modes . The subchannel 
in which each MPU exists in the two buses 
incorporates the interrupt control feature used 
for inter-MPU communication and the message 
buffers. 

Figure 5 shows the internal block diagram. 
The DMAC consists of three units: transfer 
request control unit , micro sequence control 
unit , and data handler unit. The gate control 
PLA section performs the complex control 
of the micro sequence control unit that con­
trols the transfer. The PLA section degrades 
the performance. In other words, the design 
load is increased if the section is composed of 
random logic, also the step is increased and 
performance degrades if it is composed of 
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Address 
bus 

Clock 

Transfer 
request 
signal 

1/0 
cntl 
signal 

Bus 
Interrupt Bus arbitration 

request cntl cntl Data bus Exception 

Data bus 

Address bus 

Counter Error 
cntl test 

Micro sequence cntl unit 

Fig . 5- Block diagram of F32/DMAC. 

microprograms. 
For basic operation, when the transfer 

request control unit accepts a transfer request 
from an external microprocessor, the unit 
sends a transfer start request to the micro 
sequence control unit. The micro sequence 
control unit uses the error test section to check 
the validity of the transfer request parameter. 
If the transfer parameter is valid, the micro 
sequence control unit uses the gate control 
PLA section to activate the transfer sequence 
unit . The DMAC acquires the bus rights to 
execute the DMA transfer. The bus arbitration 
control section of the data control unit executes 
this processing according to the indication of 
the transfer request control unit. The bus 
arbitration control section issues a bus rights 
arbitration request to the bus master, obtains an 
acknowledge signal, and acquires the bus rights. 

After data transfer is started, the counter 
control section updates the transfer source 
address and transfer destination address . In 
this case, the data control unit can use the 
internal 4-byte data holding register (data 
swapper) to freely reassign 4-byte data in units 
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of bytes according to the indication of the 
gate control PLA section. 

The gate control PLA section monitors the 
remaining transfer byte counts of the counter 
control section. When the counts are set to zero, 
the PLA section terminates the transfer opera­
tion. 

As a result of the above configuration, a high 
speed data transfer of 27 Mbyte/s at a clock 
frequency of 20 MHz is achieved. 

3.2.3 Interrupt Request Controller (IRC) 
Figure 6 shows a fabricated IRC chip. The 

IRC expands interrupt requests and generates 
interrupt vectors in a system that uses the MPU. 
A single IRC can expand up to seven interrupt 
requests and can perform multiple interrupt 
processing at high speed using the high speed 
daisy chain connection. The IRC can set the 
interrupt levels for each interrupt input, trigger 
mode and vector processing, and support the 
mode in which as interrupt vector corresponds 
to each function of the MPU. 

Figure 7 shows the internal block diagram of 
the IRC. The IRC consists of seven sections: 
local interrupt input , bus interrupt input , level 
conversion, interrupt output, acknowledge 
control, vector generation, and bus interface. 

3.2.4 Clock Pulse Generator (CPG) 
The CPG provides the MPU and peripheral 

LSI devices with the standard operation clock 
signals. The base oscillating frequency is 
40 MHz. 

3.2.5 Tag Memory (TAGM) 
T AGM enables the 2- or 4-way set associ­

ative configuration by selecting the external 
terminals. It also enables a high speed access of 
27 ns from the address to the bit information 
output. A high performance and compact cache 
memory system can be constructed by com­
bining another high speed SRAM and control 
circuit4

) (see Fig. 8 ). 
3.2.6 Cache Controller and Memory (CCM) 
The CCM consists of tag data memory , other 

circuits, and control circuits. It has a 16-Kbyte 
physical address capacity. The memory con­
figuration is 4-way set associative. The main 
storage is updated in the write through mode 
that always writes new data in main storage. 
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Fig. 6-F32/IRC (chip size: 4.05 x 3.75 mm 2
). 
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Table 2 . GMICRO development support tools 

Cross development support t ool 

c 
Module-2 

Cross machine 
Assembler r AX/VMS Cross support 
Linkage editor 

software M series 
Librarian FM R series 
Simulator debugger 

Workstation 
Load Module converter 

Host emulator 

System (Software) 

debugger In-circuit emulator 
(Hardware) 

The CCM is used in the BUS watch mode 
that detects when another bus master such as 
DMAC overwrites memory. 

4. Support tools 

Table 2 lists the GMICRO F32 family sup­
port tools. These tools are as follows: the cross 
development support tools for developing 
programs using the host computer, an emulator 
that debugs the system on the target system, and 
the resid ent development support tools con­
structed on the board computer that installs this 
family of microprocessor. 

These support tools enable effective develop­
ment of today 's increasingly large-scale software. 
They are designed to take advantage of the 
features of the GMICRO family products. 

The cross development support tools include 

a C compiler which enables debugging and pro­
gramming to be performed integratedly using a 
high-level language , mainly at the C language 
level5

). 

Figure 9 shows the development procedure 
when the user uses these support tools to 
develop software. 

The features and outlines of the main 
support tools are described below. 

4. 1 C compiler 
The language specification conforms to 

the American National Standards Institute Draft 
X3Jl I (ANSI Draft) specified as the inter-
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Fig. 9-GMICRO F32 programs development procedure. 

national standard. This complier also has many 
optimization levels and is designed to generate 
efficient object codes by using the various MPU 
and FPU features. 
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The specific optimization items are as 
follows : 
1) CONSTANT FOLDING 
2) COMMON SUBEXPRESSION ELIMINA-

TION 
3) UNUSED DEFINITION ELIMINATION 
4) STRENGTH REDUCTION 
5) BRANCH TAIL MERGING 
6) REGISTER COLORING 
7) PEEP HOLE OPTIMIZATION. 

4.2 Assembler 
The assembler notation is based on the IEEE 

standards and takes the improved program 
description into consideration. 

Its features include high-level language type 
structured assembly functions such as FOR 
and WHILE and SWIT-CHCASE statements. The 
macro function and conditional assembly 
functions are also included. 

Instructions having a high frequency of 
usage have multiple formats for shorter MPU 
instructions. The assembler has a function to 
automatically select the shortest and fastest 
instruction formats for the same instruction 
description to make use of the instruction 
formats mentioned above. 

4 .3 Simulator debugger 
The simulator debugger executes MPU and 

FPU instruction operations of the GMICRO F3 2 
family on a pseudo virtual system of the host 
computer. 

Figure 10 shows the configuration of the 
virtual system section . 

The virtual MPU and FPU simulate the MPU 
and FPU instruction operations. The virtual 
MMU simulates the MMU function and operates 
in the same way as the actual MMU for address 
conversion and memory protection. The com­
bined virtual MPU and MMU sections corre­
spond to the actual MPU. 

The virtual memory , interval timer and 
system call functions simulate memory, inter­
rupt and I/O operations , and the basic hardware 
installed on the target board. 

The simulator debugger can sample the exe­
cution flow and access results and the internal 
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Fig. IO - Virtual system section of simulator debugger. 

states of the MPU and FPU in detail. It can also 
output various types of information when 
execution of the program is interrupted or 
terminated. 

Typical examples are: 
1) Display of the trace results (execution 

history) 
2) C 0 or C 1 coverage. 

4.4 Emulator 
The emulator debugs the program and 

system by connecting the target system. 
The main functions of the emulator include 

the alternate execution of the MPU and memo­
ry, and execution control. 

Since this emulator performs the highest 
speed of MPU emulation and enables debugging 
of the section in which timing is required for the 
target system , both the hardware and software 
can be easily verified at the highest speed of 
emulation. 

It can set various break conditions such as 
instruction break, operand break , and bus break 
for the execution break function using the 
debug support function provided by the MPU. 

The emulator can set break-points for both 
logical and physical addresses in the logical space 
program . It also supports debugging of the 
multiple logical space system. 

5 . Key technology 
The key technologies for the development of 

this LSI (especially peripheral LSI) are intro-
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duced below. 

5 .1 Process technology 
This extremely important technology im­

proves performance by reducing the delay time 
per gate, reduces the gate length of the MOS 
transistor for large scale integration, and effec­
tively uses the wiring layer. Process technology 
is especially required for an MPU having many 
elements. The F32/300 uses the advanced wafer 
process technology of the CMOS 1.0 µm gate 
and uses three metal wiring layers. 

5 .2 Design method 
The GMICRO F32 family LSI design method 

combines the advantages of the full custom de­
sign method (high density packaging) and the 
standard cell design method (short development 
time). In a block such as the register and ALU in 
which repetition occurs frequently and per­
formance greatly affects layout design, the full 
custom design method is mainly used. The 
standard cell-like short turnaround automatic 
wiring design method is used in random logic 
blocks such as the control circuit. 

5 .3 PLA technology 
The design method used for PLA has the 

following advantages compared to the design 
method used for random logic: 
1) Since the design method used for PLA has 

good uniformity , it can reduce th e area 
occupied by the metal wiring and has better 
element density than the random logic 
design method. 

2) The design method used for PLA can easily 
be used for large changes in the design. 
Due to advances in process technology and 
circuit technology, large scale PLA that can 
respond at high speed was realized on the 
LSI. 
The largest scale PLA was developed for the 

DMAC having 28 bits of input, 30 bits of out­
put, and 3 411 product terms. The response 
speed of this PLA was 12.1 ns (typical) from the 
input of the AND array driver to the output of 
the OR array sense amplifier. 

The compression and dividing technology 
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Fig . 11 - Effect of improved DA method on layout design 
efficiency. 

becomes important in PLA development. The 
number of product terms of the DMAC can now 
be reduced from 7 306 to 3 411 by the Fujitsu 
compression tool and was divided into 20 PLA 
blocks. 

The gate scale was calculated assuming that 
the above PLA is designed using random logic . 
This calculation confirmed that the PLA for 
3 411 product terms corresponds to a random 
logic block of approximately 15 000 or more 
gates. When random logic is used , it was con­
cluded that the PLA design method is better 
than the random logic design method from 
the viewpoint of layout area. The proportion 
occupied by the wiring area in addition to the 
area occupied by the original gate increases 
according to th e increase in the number of 
elements. 

5.4 Design automation (DA) technology 
In the verification stage of logical design , a 

mix level simulator that can verify dynamic 
transistor circuits even when gates and transis­
tors coexist was developed. 

For layout design, an intra-block and inter­
block automatic wiring tool was developed . The 
reliability of the LSI design was improved sig­
nificantly by fully automating the verification of 
the layout pattern. 

The entire design time was reduced to ap­
proximately two thirds that of the conventional 
layout design method. Figure 11 shows the 
effect of the reduced layout design time. Full 
DA verification of the automatic wiring and 
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logic diagram layout pattern that uses the layout 
design method based on cells greatly contributed 
to the reduction of the design time . 

6. Future product expansion plans 
The GMICRO F32 family products will be 

expanded emphasizing the following points: 
1) Upward and downward expansion of the 

MPU 
Performance requirements are increasing 

year by year and the advent of microprocessors 
having a 100 MIPS processing speed is expected 
by 2 000 A.D. These requirements will also 
apply to the GMICRO F32 microprocessor 
family. As the architecture is improved and the 
technology advances, high-level processors than 
the F3 2/3 00 will be developed in the future to 
improve the current MPU functions and per­
formance. 

It is expected that MPU chips that can use 
peripheral circuits (because of high integration 
technology based on improved semiconductor 
technology) will form an important future 
market independent of improvements in per­
formance. 

For this purpose , downward expansion and 
broader applications of multifunction micro­
processors with excellent cost effectiveness 
based on the GMICRO F32/l 00 MPU core will 
be developed to meet the ASIC requirements. 
2) Expansion of peripheral LSI 

MPU performance greatly depends on the 
functions and performance of the peripheral 
LSI. Peripheral LSI devices having improved 
functions such as image display , processing 
controllers, and bus peripheral control LSI 
devices will be developed in the future to 
improve the throughput of the entire system. 
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3) Enhanced support tools 
The 3 2-bit microprocessor software will be 

made large-scale and more complex . 
How well a high-reliability program can be 

quickly developed greatly depends on the state 
of the development support environment. All 
support tools will be further enhanced and 
advanced by improving man-machine interfaces 
and providing all the necessary support tools. 

7 . Conclusion 

The concept of the GMICRO F32 family 
products and an outline of the products have 
been described. 

The demands of the microprocessor market , 
especially for 3 2-bit microprocessors based on 
TRON architecture, will continue to expand . 

Related products will be sequentially de­
veloped and provided at the same high level of 
quality and performance. Thus , the total system 
will be supported. 
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Lightwave semiconductor devices are one of the keys to building lightwave communication 

systems. In this paper Fujitsu lightwave semiconductor devices now being produced, are 

reviewed according to individual device characteristics and system applications. 

1. Introduction 
The use of lightwave communication systems 

has grown rapidly. Their use in different types 
of systems such as high-speed, long-haul trans­
mission systems, local area networks (LAN), 
and subscriber loop systems has also been 
carefully studied 1). A decision as to the type of 
lightwave device to be used in the system must 
be made. That is, whether to use a Light Emitting 
Diode (LED) or Laser Diode (LD) as the emitter, 
and whether to use a PIN Photodiode (PIN 
PD) or Avalanche Photodiode (APD) as the 
detector must be decided. The diode having the 
characteristics required for the optical com­
munication system must be selected according 
to cost. (Because the characteristics and cost 
between a LD and LED or between a PIN PD 
and APD differ greatly.) 

Fujitsu lightwave semiconductor devices 
can be used in a wide range of lightwave com­
munication systems from LANs to multigiga 
bit transmission systems, to submarine cable 
systems which require high reliability. 

The development of Fujitsu lightwave 
semiconductor devices closely reflects the 
development of lightwave communication sys­
tems. At first 0 .8 µm wavelength range devices 
·such as GaAlAs lasers2 ),3>, LEDs4 > and silicon 
PDs5 > were developed. However, communication 
systems using the 1 .2 µm to 1.6 µm wavelength 
range are becoming more important for large­
capacity, long-haul communications than com­
munication systems using the 0.8 µm wave­
length range because optical fibers have lower 
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loss and minimum dispersion in this range 6 >· 7 )_ 

High-speed, long-haul lightwave communication 
systems using this wavelength range have been 
developed. For these applications, Fujitsu has 
produced InGaAsP LDs and LEDs; InGaAs 
PDs and APDs; and Ge PDs and APDs. Charac­
teristics of the devices, especially 1.2 µm to 
1.6 µm wavelength range devices, are described 
individually in the following chapters. 

2. Emitters 
LEDs and LDs are important because their 

appearance has enabled lightwave communi­
cations. LEDs are simple electroluminescent 
devices. They are economical and easy to use. 
LEDs are used in small-capacity, short-distance 
communication systems. Laser diodes emit 
coherent light and are used in all lightwave 
communication systems from LANs to multi­
giga bit transmission systems. 

2.1 Laser diodes 
Fujitsu manufactures two types of LDs. 

One is a Fabry-Perot (FP) laser and the other 
is a distributed feedback (DFB) laser. FP lasers 
emit multi-mode light and are used in a few 
hundred mega-bit systems. DFB lasers emit 
single-mode light and are used in multi-giga bit 
systems. Fujitsu's FP LD is referred to as a V­
grooved substrate buried heterostructure laser 
(VSB LD), and DFB LD is referred to as a flat 
surface buried heterostructure distributed feed­
back laser (FBH-DFB LD). 
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2.1.1 VSB LD 
The laser characteristics required for light­

wave communication systems are low threshold 
current , high efficiency , stable transverse and 
longitudinal mode oscillation, high speed, and 
reliability. These characteristics are fulfilled 
by a VSB LD. 

Figure 1 shows a schematic structure of the 
VSB LD8). A crescent-shaped active region is 
buried in the V-shaped groove. The surface of 
the V-groove is exactly (11 I )B InP surface. 

p-side electrode Dielectric fi lm 

p- lnGaAsP 

p- lnP 

n- lnP 

n- InP substrate 
p- lnP 

n-side elect rode 

Fig. 1- Structure of VSB-LD. 
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This fact is important to high reproducible 
fabrication and excellent transverse mode 
characteristics. A p-n-p-n structure is used 
outside the active region to effectively confine 
the injection current in the active region. For 
high speed applications, a mesa structure is 

Tc= 25 ·c 
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Forward current (mA) 

Fig. 2- 0ptical output characteristics of VSB-LD for 
various operating temperature Tc . 
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Fig. 3- Far field patterns of VSB-LD. 
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80 T, = 50 ·c . P0 = 5 mW 
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Fig. 4- Result of reliability assurance test for VSB-LDs. 
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(
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(
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FLD150D4SJ - A 

FLD130FlBJ 

FLD1 30F !SJ -A 

FLD150F!BJ 

FLD1 50FI SJ -A 

Fig. 5- List for main products of Fujitsu 's LD. 

applied to reduce the capacitance associated 
with the p-n junction in the current confinement 
layers. The width of the mesa is optimized to 
15 µm. 

Figure 2 shows typical 1-L characteristics. 
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Fig. 6 - Laser packages. 

The CW threshold current and slope efficiency 
at 25 °C are 15 mA and 0.25 mW/mA. Even at 
I 00 °C, stable CW operation is observed. 

Figure 3 shows far field patterns both parallel 
and perpendicular to the junction plane. The far 
field patterns are smooth and there is no peak 
shift from low output power to high output 
power. The full widths at half maximum of the 
far field patterns are 25 ° for parallel to the 
junction plane and 32 ° for perpendicular. 

Figure 4 shows the result of the reliability 
assurance test for VSB LDs under the aging 
con di ti on where the LDs are driven at a constant 
power of 5 mW at 50 °C. Stable operations are 
observed and high reliability is expected. If the 
laser life is defined as the time up to when the 
operating current reaches 1.5 times the initial 
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value, the median lifetime is estimated to be 
5 x 10 5 h at 50 QC by assuming linear increase 

in the operating current. 

As described above , a VSB LD has enough 
lasing characteristics and reliability for a few 
hundred mega-bit lightwave communication 
systems. Figure 5 is a list of the various types 
of packaged devices sold by Fujitsu . Figure 6 
shows some of these packages. 

2.1.2 FBH-DF B LD 
The laser characteristic required for a bit 

rate exceeding 1 Gbit/s is exceedingly stable 
single longitudinal mode operation because of 
color dispersion of silica optical fiber. The 
FBH-DFB LD has been developed for such 
systems. The FBH-DFB LD shows hig11 fabrica­
tion yield, stable single mode operation, high 
frequency response, low noise property, and 
high reliability. Both 1.3 µm and 1.55 µm 

wavelength FBH-DFB LDs are available . 
Figure 7 shows a schematic structure of the 

FBH-DFB LD9
) . 

A first-order corrugation is fonned on the 
n-lnP substrate. The corrugation periods are 
200 nm for 1.3 µm , and 240 nm for 1.55 µm . 

The currugation depth is 40 nm , which optimizes 

a coupling efficiency of the feedback. Further­
more , a p-n-p-n structure outside the active 
region and a mesa structure are also employed 
for the same reason as the VSB LD (to restrict 
the current to the active layer). The features of 
the FBH-DFB LD are as follows: 
1) Side walls of buried active region mesa are 

shifted from (111 )A lnP surface to achieve 

AR coat ing film 

Electrode ( +) 

In P substrate 
p- lnGaAsP 

p- InP 

lnGaAsP 
\:=======1/ (active layer) 

Electrode ( - ) 

n- InGaAs P 
(guide layer) 

Cor rugation 

Fig. 7- Structure of FBH-DFB LD. 
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low threshold current, high quantum effi­
ciency , and high fabrication yield. 

2) Thickness and carrier concentration of the 
current confinement layers outside the 
active region are optimized to reduce leakage 
current. 

3) The strength of distributed feedback (KL) 
are optimized; KL= 0.5-1.0, which enables 
high single mode operation yield even at 
high output power. 
Figure 8 shows the CW 1-L characteristics 

of the 1.3 µm FBH-DFB laser at various tem­
peratures. A CW threshold current of 15 mA 
and slope efficiency of 0.3 mW/mA are achieved 
at 25 QC. 

Figure 9 shows the lasing spectra at 25 QC. 
Exceedingly stable single longitudinal mode 
operation with side mode suppression ratio of 
3 5 dB is attained under CW condition and 
3 Gbit/ s modulation. 

Figure 10 shows the pulse response of a 
narrow mesa type (5 µm width) FBH-DFB 

laser. A rise time and a fall time of less than 
100 ps are attained. A 3 dB bandwidth at 5 mW 

30 

~ s 
iii 
~ 
0. 

20 :; 
0. 
:; 
0 

<ii 

·" 0. 
0 

10 

Forward current (mA) 

Fig. 8-0ptical output characteristics of FBH-DFB LD. 
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Fig. 9- 0ptical spectra of FBH-DFB LD. 

output power on small signal frequency response 
is more than 6 GHz . 

The low noise characteristic is also obtained 
as shown in Fig. I 1. Relative in tensity noise 
(RIN) at 8 mW as low as - 160 dB/Hz is observed 
for the bandwidth of 900 MHz. 

These experimental results confirm that 
FBH-DFB lasers are most suitable for multi-giga 
bit optical communication systems. 

The result of the reliability test was fully 
satisfactory in the same way conventional 
VSB-LD. The FBH-DFB lasers show stable 
operation under high temperature aging tests 
in terms of not only operating current but 
lasing spectra. In particular, the expected life 
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Fig. 10- Pulse response waveform of FBH-DFB LD. 
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Fig. 11 - Relative intensity noise of FBH-DFB LD. 
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under the operating condition of 5 mW at 
70°C is longer than 8 .5 x l0 5 h 10l. Figures 
shows the main products of the DFB lasers. The 

FBH-DFB lasers are used for large-capacity 
long-haul transmission systems , especially sub­
marine cable systems. 

2.2 LED 
Although LEDs have a dis advantage of lower 

overall output than LDs, LEDs still provide the 

best cost performance in short-distance trans­

mission systems. 
In addition to laser diodes , LEDs are also 

candidates for the light sources used in optical 
LANs and optical data link systems. Like FDDI 
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Fig. 12- Structure of high speed LED. 

Spher ical lens 

Mini- lens cap 

Fig. 13 - Structure of high-speed LED package. 

systems, the demand for low-cost, high-speed 
light sources requires the development of high­
speed InGaAsP LED 11 l. 

The InGaAsP LED was thus developed to 
meet this need. Figure 12 shows the device 
structure. The InP/InGaAsP layers are grown on 
an n-InP substrate by liquid phase epitaxy (LPE). 
The growth sequence of each layer is as follows . 
The first layer is an n-InP buffer. This layer is 
followed by a p + -InGaAsP active layer with the 
alloy composition adjusted to 1.3 µm emission. 
The next layer is a p-InP cladding layer. The 
final layer is a p+-InGaAsP contact layer. 

To improve the response speed , the InGaAsP 
active layer is heavily Zn doped (8 x 10 18 cm-3 ) 

to reduce the injected carrier lifetime. The size 
of the emitting area has also been reduced 
(diam= 22 µm, thickness= 0.5 µm). The small 
emission diameter enables highly efficient 
coupling of LEDs to optical fiber cables and 
compensates the deterioration of the optical 
output caused by high Zn doping. 
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Fig. 14- Cou plin g characteristics. 

The method of coupling an LED chip and 
multi-mode fiber (MMF) is an important tech­
nique for obtaining sufficient and stable coupled 
power 12

) . Figure 13 shows the unique LED 
package; a modified T0-46 case with a mini-lens 
cap fixed by harmetic sealing. This package 
can be effectively coupled to MMF directly 
without GRIN-lenses or spherical lenses to 
construct a simple, economical, and reliable 
module. 

The trace of ray is as fo Uows. 
At first , the light generated in the emitting 

area is collimated through the spherical lens 
(n = 1.5 , diam= 400 µm) mounted directly 
on the chip . Next, the collimated beam is 
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120 

converged through the second lens (n = 1.45) 
on the cap. Figure 14 shows the alignment 
tolerances. The focal length is 1 mm from 
the tip of the second lens and is long enough 
to adjust the position when the chips are made 
into modules. For axial and lateral movement, 
0.5 dB loss corresponds to a displacement of 
0.2 mm and ±13 µm . These wide alignment 
tolerances have the advantages of easy module 
construction and high reproduction yield for 
connector insertion. 

The transmission ability of high-speed 
LEDs is determined by the total performance 
of coupled power, spectral width, and response 
speed. 

Figure 15 shows typical power launched 
to a graded-index (Gl-50) fiber of 50/125 µm 

and 0.21 N.A. as a function of injection current 
at various temperatures. The values of coupled 
power for GI-50 and GI-62.5 (0.275 N.A.) 
MMF are typically 22 µW (- 16.6 dBm) and 
56µW (- 12.5dBm) at lOOmADC, 25°C. 
The temperature dependence of the coupled 
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T ime (0.5 ns/cli\') 

Fig. 16- Pulse response of LED . 

Table 1. Specifications of high-speed LED 

Absolute maximum ratings (Tc= 2S ° C) 

Parameter Symbol Condition Ratings 

Storage 
Tstg - - SO to +I SO temperature 

Operating 
Top - - 40 to +90 temperature 

Forward current IF cw 120 

Reverse voltage VR - 1 

Optical and electrical characteristics (Tc = 2S ° C) 

Parameter Symbol Test 
min Typ. condition max 

Peak 
wave- Ap 1 270 1 300 1 340 
length 

Spectral 
width AA - 140 160 
(FWHM) IF= 

Optical 100 mA 
output Po 0.1 S 0.2S -
power 

Power 
launched 

P1 IS 22 into GI- -

SO fiber 

IF= 
lOOmA + 

Cut-off 20mAp-p, 180 240 frequency f c - 1.S dB -

from 
I MHz 

Rise time tr IF= - 1.5 -

Fall time t f 
0-1 OOmA , 
10-90 % - 2.S -

Forward 
VF 

IF= 1.5 2.0 voltage 100 mA -

Capaci-
Ct 

f= 1 MHz, 
- 300 400 tance VR = 0 V 

Unit 

oc 

oc 

mA 

v 

Unit 

nm 

nm 

mW 

µW 

MHz 

ns 

ns 

v 

pF 

GI-SO fiber: Graded-index fiber, core diam= SO µm, 
cladding diam= 12S µm, N.A. = 0.21 
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power is - 0.51 %/°C (normalized at 25 °C) 
at 100 mA up to 90 °C. 

The peak wavelength and the spectrum 
half width at 25 °C are typically 1 300 nm 
and 140 nm at 100 mA DC. The temperature 
dependence of the peak wavelength and half­
wid th of the spectrum is 0.35 nm /° C and 
0.2%/°C (normalized at 25 °C). 

By applying 100 mA step pulses without 
prebias to this LED, the rise time and fall time 
are measured to be 1.5 ns and 2.5 ns, as shown 
in Fig. 16. This high-speed response enables 
high-speed transmission up to 200 Mbit /s. 

FED130K4PC FED130K4TF 

Table 1 lists the LED specifications. Fig. 17-High-speed LEDs. 

Figure 17 is a photograph of the LEDs. 
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Since the system reliability is generally 
influenced by the reliability of the light source, 
the reliability of the light source must be fully 
estimated according to the life test. The large­
scale acceleration life test was performed at 
ambient temperatures of 90 °C and 120 °C 
under a constant current of 120 mA (current 
density of 32 kA/cm 2 ). The number of samples 
tested were 145 and 144 pieces, respectively. 
As shown in Fig. 18 , sudden deterioration 
cannot be observed up to the aging time of 
2 000 h. If the end of life is defined as the point 
where a 2 dB drop in output power is observed , 
the estimated values of median life at 90 °C and 
120 °C are 6.5 x 104 h and 1.4 x 104 h. Thus 
the activation energy is 0.69 eV, and the 
projected median life at 35 °C and 100 mA 
(duty 50 percent) is 4.8 x 106 h. Moreover, 
19 FIT have been predicted for the products 
in several lots for a service time exceeding 
15 years. This outstanding reliability is achieved 
by structural simplicity , which in turn yields 
a high reproducibility in fabrication, and con­
firms that this LED is suitable for applica­
tions which require very high reliability , such 
as 1/0 channels of large computers. 

3. Photod iodes 
The performance limitation of germanium 

photodiodes was broken through by using 
InGaAs photodiodes . Because InGaAs photo­
diodes have a lower dark current , lower multi­
plication noise, and higher optical sensitivity 
at 1.55 µm wavelength. As shown in Fig. 19, 
Fujitsu offers a full line-up of photodiode (PD) 
products with the addition of new InGaAs 
photodiodes, including PIN PDs for low operat­
ing voltage and Avalanche photodiodes (APD) 
for higher sensitivity . Devices with differnt 
photosensitive diameters and with various 
housings are offered for various applications. 
Figure 20 shows the detector housings. 

3.1 InGaAs PIN PD 
Several operational advantages make InGaAs 

PIN photodiodes the most common detectors 
not only for the optical receiver front end but 
for the optical sensing head of measuring equip-
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Material Structure Photosensitive Part number 
area in diam 

Photodiode Si 

Ge 

lnGaAs 50 µm FID13S51WS 

FIDJ3S51TX 

FIDJ3S51JT 

FID13S51SR 

80 µm FID13S81WS 

FID13S81TX 

FID13S81JT 

FID13S81SR 

300 µm FID13S32WS 

FID13S32TX 

FID13S32TU 

1 000 µm FID13Sl3ST 

FID13Sl3TX 

50 µm FPD13U51WS 

FPD13U51HT 

FPD13U51JT 

FPD13U51SR 

80 µ m FPD13U81WS 

FPD13US1SR 

Fig. 19- Photodetector products line-up. 

JT TX ws SR 

Fig. 20 - Photodetector packages. 
(JT: With multi-mode fiber pigtail, 
TX : Modified T0-18 package, WS: Small 
precision package with sapphire plate window, 
and SR: Alumina chip carrier with low 

parasitic capacitance) 
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p+-InP (Zn) 

n- InP 

n-GalnAs 

n+-I nP substrate 

Fig. 21 - Cut-away view of InGaAs PIN photodiode. 
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Fig. 22- Dark current characteristics of InGaAs PIN 
photodiode for different temperature Tc. 

ment. The InGaAs PIN PD has the advantages 
of low operating bias voltage, low dark current , 
and high sensitivity at wavelength regions over 
1 µm (1.0-l.6µm) 13

),l
4 l. The key technology 

for constructing this diode is chloride vapor 
phase epitaxy (VPE), which can produce high 
quality, very low carrier concentration InGaAs 

and InP layers15 l. 
Figure 21 is a cut-away view of an InGaAs 

PIN photodiode. A very low carrier concentra­
tion n--InP buffer layer (No< 1x1015 cm-3 ) 

is grown on the n+-InP substrate by VPE, 
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Fig. 23-Eye pattern of 50 µm diameter lnGaAs PIN 
photodiode at 5 V and at the wavelength of 
1. 5 5 µm . The average incident optical power is 
-20 dBm and the signal is amplified by a broad­
band amplifier. The upper pattern shows driving 
current wave of 1.55 µm DFB-LD. 

followed by a n- -InGaAs light absorption layer 
(No= 1-2 x 1015 cm- 3 , 2.0-2.5 µm thick) and 
an n-InP window layer. The diode has a planar 
structure for long term durability and electrical 
stability. The surface of the diode is coated 
with plasma-CVD silicon nitride film for passiva­
tion and antireflection . 

The incorporation of an InGaAs absorption 
layer and InP window layer provide nearly flat 
sensitivity within a 1 µm wavelength region up 
to 1.6 µm. Sensitivity of 0.8 A/W is obtained 
even at the 1.55 µm wavelength. The InP 
window layer is also useful for reducing the dark 
current. Figure 22 shows the best characteristics 
of dark current of a 50 µm photosensitive area 
diameter device at various temperatures from 
- 10 °C to 84 °C. At room temperature, the 
measured dark current is as low as 10 pA 
at 5 V of the reverse bias voltage (typically 
50 pA). Due to the large band gap energy of InP 
( 1.34 e V), the surface leakage current (genera­
tion current) is effectively suppressed at the low 
bias voltage. The low carrier concentration of 
epitaxial layers achieves a low capacitance at a 
low operating voltage . For example, the result 
is 0.4 pF at 5 V operation for 50 µm photo­
sensitive diameter devices. The diode was 
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Fig. 24- Median life vs . reciprocal temperature. 

mounted on the 50-ohm micro strip line and its 
response was evaluated. The resultant eye pat­
tern for 1.55 µm pseudo-random optical pulse 
at 565 Mbits is shown in Fig. 23 . The response 
speed is limited by the CR time constant. 

The reliability was investigated by conduct­
ing accelerated aging tests at 100, 150, 200, 
and 227 QC and 30 V of reverse bias. The 
result of the median life was plotted as a 
function of the reciprocal temperature as shown 
in Fig. 24. The median life expected at 25 QC 
can be as long as 1.8 x 108 h when the activa­
tion energy is assumed to be the worst value 
of 0.84 eV. 

Due to this extra-long life time and the 
refined production control the device has been 
applied to T AT-8 optical fiber submarine sys­
tems16) . The device technology has advanced 
to the point that the photodiodes are expected 
to be the major photodiodes in the coming 
wide-spread lightwave system market. 
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1-(lll) A 
n+-[nP substrate 

Fig. 25 - Cross-sectional view of InGaAs avalanche 
photodiode. 

3.2 InGaAs APD 
lnGaAs APDs with the lnGaAs light absorp­

tion layer separated from lnP multiplication 

layer, have been considered to be the most 
effective detector for the receiver front end 
in the long wavelength region ( 1.3 µm and 
1.5 5 µm). A number of improved receiver sensi­
tivity data from giga-bit rate optical transmission 
experiments using InGaAs APDs have been 
reported 17 ) . 

A cross-sectional view of the InGaAs APD is 
shown in Fig. 25 18

). The n-lnP multiplication 
layer is completely embedded in the low carrier 
concentration n-InP layers to achieve a successful 
guard-ring effect. This type of structure is called 
the "buried structure". The wafer is fabricated 
in two steps by liquid phase epitaxy (LPE). 
At the first epitaxial growth , the n-InP buffer 
layer, n-InGaAs light absorption layer, n-InGaAsP 
intermediate layer, and n/n--InP layers are 
grown on a (111 )A faced lnP substrate. After 
selective mesa etching of the top n-lnP layer, 
the second growth is made and the mesa is 
covered with a low carrier concentration n- -InP 
layer. The active pn junction and the guard­
ring are formed by thermal diffusion of Cd 
and ion-implantation of Be, respectively 19

). 

Figure 26 shows the photocurrent multiplica­
tion characteristics at 1.55 µm. The separated ab­
sorption and multiplication layer configuration 
results in unique multiplication characteristics. 
Onset of photoresponse is observed around 
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Fig. 26- Photocurrent multiplication characteristics and 
spatial distribution of mult iplication of InGaAs 
APD. 

30 V of reverse bias. At this bias , the depletion 
layer reaches the n-InGaAs absorption layer 
and photogenerated carriers (hole) are injected 
into the multiplication layer . As the bias voltage 
is increased , the mu ltiplication factor increases 
and the maximum attainable multiplication of 
50 is achieved at primary photocurrent of 2 µA . 
A quantum efficiency of more than 80 percent 
at I. 5 5 µm -is obtained. The inset of Fig. 26 
shows a two dim ensional spot scanned photo­
response at multiplication fac tor M = 10. One 
advantage of a hurried structure20

) is a 
uniformity of mu ltiplication distribution in 
the photosensitive area. 

A thin InGaAs intermediate band gap layer 
is inserted between the InP and InGaAs layers 
to buffer the large valence band discontinuity . 
This is the main design to achieve a wide band 
width by eliminating the hol e pile-up effect 

at the hetero-interface . 
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The small signal frequ ency respon se of 
50 µm photosensitive area diod e at various 
mu ltip lication factors is shown in Fig. 27 . 
The load resistance was 50 ohms and the light 
wavelength was 1.55 µm . In Fig. 28 , th e cut­
off frequ ency is plotted as a function of the 
multip lication factor. Even at a low multipli ca­
tion region (M = 5), the cut-off frequ ency 
exceeds 3 GHz. Above M = 10, the cut-off 
frequency is limited by the avalanche built-up 
tim e. The linear extrapo lation to unity multi­
plication gives a gain-bandwidth product of 
30 GHz. These feasible frequency responses as 
well as a high qu antum efficiency at 1.5 5 µm are 
characteristic of InGaAs APDs. Low multipli ca­
tion noise is another charact eristic advantage 
of the InGaAs APD becau se of the comparative 
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Fig. 29- Result s of aging test. 

large hole to electron ionization coefficients 
ratio of lnP. The excess noise factor is about 
5 at M = I 0, which is about a 3 dB improvement 
of noise power compared with a conventional 
Ge APD. 

Figure 29 shows the accelerated aging test 
results at 150 °C. The diodes were operated 
under the breakdown condition at 100 µA of re­
verse current. The dark current at 90 percent of 
the breakdown voltage, which is the most 
sensitive parameter for aging, maintains a 
constant valu e for 30 samples after 3 000 h 
of aging. 

InGaAs APDs are recognized as a promising 
candidate for the detector of multi-giga bit 
lightwave systems. Work is being continued to 
improve the response characteristics21

),
22 >. 

4. Conclusion 

Due to the expansion of optical fiber com­
munication systems, demands for optical devices 
have been increasing rapidly. 

Fujitsu has been developing many products 
to meet these demands. The proqucts include 
DFB LDs and InGaAs APDs for high-speed, 
long-haul systems and LEDs for optical LAN 

FUJITSU Sci. Tech. J., 24 , 4, (December 1988) 

systems. 
These devices offer not only good electrical 

and optical characteristics but also high re li­
ability. 
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This report describes the state-of -the -art Fujitsu microwave semiconductors. The important 

parameters of GaAs power FETs are efficiency, linearity and reliability. The design phi ­

losophy for these parameters and performance are discussed. Low noise performance of 

HEMTs has been demonstrated and a new 1/4 µm gate HEMT has been developed having a 

0 .58 dB noise figure and 12 .35 dB of associated gain at 12 GHz. MMICs have high potential 

for wide band , small size, and lightweight equipment . GaAs FET modules and amplifiers are 

also described as examples of actual applications . 

1. Introduct ion 

Microwaves are used in telecommunication , 
radar, and in other systems. In telecommunica­
tion applications, coaxial cable systems and 
optical fiber systems are widely used as well as 
microwave radio. People involved with these 
systems are concerned about the cost per unit 
of data transferred over a specified distance . 
Optical .communication systems are improving 
in terms of data transmission cost. 

However, microwave systems still have 
many advantages in several applications. Satellite 
and mobile communication are good examples. 
Satellite communication systems including 
broadcasting delivers information to many 
terminals located over a wide area at the same 
time. Radio frequency can only be used in 
portable terminals, but radar and other elec­
tronic warfare equipment are designed to fully 
utilize microwaves. 

High bit rate digital radio systems like the 
256 QAM can compete with optical systems 

in many cases. It has long been desired to 
replace microwave electron tubes with solid 
state devices because of the high speed and 
controllability of solid sta te devices. The GaAs 
power FET, first reported in 1973 1

), has enabled 
realization of an amplifier to replace the Travel­
ling Wave Tube Amplifier (TWTA). Low noise 
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HEMTs with excellent performance are now 
being made. These HEMTs will help in system 
design. 

Solid state equipment of small size and 
weight will become more and more important 
in the future. Microwave Monolithic Integrated 
Circuits (MMICs) will make an impact in this 
area. 

Although much equipment still needs 
electron tubes, microwave semiconductors are 
surpassing their performance and will replace 
them in the future. Furthermore, new applica­
tions will be realized using such devices. 

In this paper, the design , fabrication tech­
nology and performance of GaAs power FETs, 
low noise HEMTs, and MMICs are described. 
Modules and amplifiers are shown as examples 
of their applications. 

2. GaAs power FETs 
2.1 GaAs FET design 

Galium Arsenide (GaAs) is a very good 
material for microwave devices because it has 
a high electron mobility and can easily be used 
to make a high-resistance layer or substrate. 
A field effect transistor using this material 
was first proposed in 19662>. 

Figure 1 shows the structure of a GaAs 
FET and its small signal equivalent circuits. 
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Drain at high voltage (C) of the load line. 

n- layer 

i-buffer layer 

i-subst rate 

Fig. I - Structure of GaAs FET and its small signal 
equivalent circuits. 

~', 
Forward gate current 
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Drain-source voltage 

Reverse gate 
current 

Fig. 2- DC characteristics and large signal operation 
of a GaAs FET. 

To obtain high gain at microwave frequencies , 
a short gate length is required. For a low-noise 
small-signal FET, the gate length is the only 
major parameter. On the other hand , many 
things must be taken into consideration for 
a power FET. 

Figure 2 shows the DC characteristics and 
large signal operation of a power FET. In 
Fig . 2, A is the bias point and the optimum 
load line (B-C) is obtained for the maximum 
output power. When the input signal increases , 
the output signal swing reaches the regions of 
high current at low voltage (B) and low current 
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After reaching B and C, the forward and 
reverse gate current start to flow and the drain 
current and voltage clipped. The maximum 
linear output power , P1max , is given by the 
following equation. 

P1max =l /8Uos1 - Ios2) x (Vos2 - Vos1). 
The maximum saturated power, Psat , is 

derived by Fourier expansion of the distorted 
waveform (finally a rectangular form) , and is 
calculated to be 2 dB higher than P1m ax. The 
maximum channel current Uos1 ), knee voltage 
( V0 s1 ), break down voltage ( Vos2 ), and 
leakage current (!082 ) , depend on the carrier 
density and the thickness and structure of the 
channel layer. 

Generally , leakage current Uos2) and 
knee voltage ( V 081 ) conflict with each other 
and must be optimized. Fujitsu power GaAs 
FETs use a recessed gate structure which is 
optimized for high drain-source breakdown 
voltage and high gate-drain breakdown voltage. 
This optimization enables high voltage (10 V) 
operation3

). 

To obtain high output power, we must 
increase Vos1 . However, the channel strucrure is 
optimized for Vos1 and los2 as discussed 
above, and los1 per gate width is set to 
300 mA/mm . Therefore , the gate width must 
be made wider to increase los1 . 

A GaAs FET has three terminals on one 
surface as shown in Fig. 1. In order to make a 
wider gate, a cross over structure is required . 
Fujitsu has used an interdigitated pattern which 
includes an insulator or air gap cross over. 
In this pattern , the unit gate width (= finger) 
length) and gate-gate separation are optimized. 
The unit gate width depends on the operational 
frequency. For example, the gate width is 50 µm 

for devices designed for Ku-band operation and 
240 µm for L- or S-band operation. 

For high power GaAs FETs, thermal design 
is also important. This is because the reliability 
of GaAs FETs is primarily depends on the 
channel temperature. This is the same for 
other semiconductor devices . The thermal 
conductivity of GaAs is 0.46 W/m/ °C and is 
one third that of silicon . 
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The thermal resistance of a GaAs FET 
having an interdigitated pattern is expressed by 
the following formula. 

Rth = 
104 1 

2 x 046 x {n(l - a) 

1 

b 
log e ----­

a (b - a+ l) 

+ - ------
(n - 1) b +a - l 

1 nb (2t + l) } 
og e 2t +a + (n - 1) b (b - a + l) ' 

where a : gate length (µm) 

b: gate-gate-gate ~eparation (µm) 

l : unit gate width (µm) 

n: number of gate fingers 
t : thickness of GaAs (µm) . 

It is obvious that the thermal resistance can 
be significantly reduced by reducing the thick­
ness of the GaAs substrate. Of next importance 
is the gate-gate separation. Fujitsu GaAs power 
FETs used a "Plated heat sink" structure in 
which the GaAs substrate is lapped and etched 
to a 25 µm thickness and a thick (35 µm) gold 
heat sink is formed. The total thermal resistance 
includes that of the FET chip itself and it's 
package. Since a GaAs FET chip has an insulated 
substrate, the FET chip can be mounted directly 
on the copper heat sink of the package. 

This is much easier than for a silicon bipolar 
power transistor as it has a collector substrate 
and must be mounted on an insulated substrate 
such as beryllium oxide (BeO). The other advan­
tage of a GaAs FET's thermal properties is that 
the thermal coefficient of the drain current is 
negative as in other field effect transistors. 
Therefore, th ermal run away is suppressed. 

2.2 Fabrication technology 
To realize a device based on the design men­

tioned above, the following wafer process 
technology is used. 

First, a high resistive buffer layer and n-type 
active layer are grown sequentially on a Cr 
doped semi-insulating GaAs substrate by vapor­
phase epitaxy. After mesa formation, source and 
drain ohmic contacts are made using alloyed 
Au/ Ge or Au/ Ge/Ni. 

Next , a recessed channel is formed between 
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35 µm Plated heat s ink (PH S) (Au) 

j 

Fig. 3 - Structure of Fujitsu Ga As power FET. 

the source and drain electrodes and an alumi­
num gate is evaporated on the recessed channel. 
In Ku- and Ka-band devices having a very short 
gate length (about 0.25 µm), a mushroom 
shaped multi-metal layer (WSi/ Ti/ Au) structure 
is applied to reduce gate resistance and prevent 
the metal voiding discovered in long term life 
tests of aluminum gate FETs4

). These processes 
use an electron beam exposure technology. A 
silicon nitride passivation film is applied on the 
channel region and electrodes. A multi-layer of 
Ti/Pt/ Au is then formed for source and drain 
electrodes which require low current density and 
bonding pads. 

After finishing the top surface and probing 
of each chip, the GaAs substrate is lapped and 
chemically etched to obtain a 25 µm thickness . 
Source contact is made on the back side of the 
wafer via through holes, and a heat sink of 
plated gold is formed . The structure of the 
Fujitsu GaAs power FET is shown in Fig. 3. 
Chip separation is performed by chemical etch­
ing. The individual chips are 100 percent visually 
inspected and are mounted in a package. 

High power FETs that deliver more than 
three watts have internal matching circuits in 
the package. These circuits make them easy to 
use and yield a high gain , high power and broad 
bandwidth . Figure 4 shows the internal view of 
a 6 GHz 18-watt device (FLM5964-14D). 

This device uses two chips in parallel and the 
total gate width is 57.6 mm. The drain and gate 
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Fig. 4 - Internal view of FLM5964-14D. 

patterns of the two chips are connected together 
to prevent low frequency oscillation. The pack­
age used is designed for stable operation at high 
frequencies. It has RF feedthroughs made using 
alumina ceramics in a metal wall. 

The matching circuits consist of several 
materials selected for optimum power output, 
gain, and bandwidth. 

2.3 Performance of GaAs power FETs 
Of the many parameters of a GaAs power 

FET, efficiency is considered to be the most 
important one. 

When GaAs power FETs are used in a 
satellite transponder, DC power is limited by 
the solar cell system. A high efficiency also helps 
maintain a low device channel temperature and 
so prolongs the device life time. 

Figure 5 shows the output power Pout and 
power added efficiency r/add of the FLM3742-10 
as a function of the input power Pin· A power 
added efficiency of over 50 percent is obtained. 

For terrestrial communication, a high trans­
mission capacity is required to reduce costs. A 
64 QAM digital radio system has been developed 
in many companies to compete with optical 
fiber transmission systems. A high capacity 25 6 
QAM system is currently being investigated for 
the next generation system. 

In this application, intermodulation distor­
tion is the critical parameter to obtain a low bit 
error rate. Figure 6 shows the third and fifth 

362 

42 V05 =10V 

40 

E 38 co 
:g, 

J 36 

34 

!= 3.95G H z 

20 22 24 

60 

20 

26 28 30 32 
P,0 (dBm) 

Fig. 5- Pin vs.Pout and power added efficiency of 
FLM3742-10. 
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Fig. 6-IM3 and IM 5 of FLM5964-14D. 

order intermodulation distortion (IM 3 and IM 5 ) 

of the FLM5964-14D. An IM 3 of - 45 dBc and 
an IM 5 of - 70 dBc were obtained at Pout = 

31.5 dBm for a single carrier level using a two 
tone test. 

The other application of GaAs power FETs 
is for pulse operation such as in a radar system. 
A GaAs FET amplifier can operate with very 
fast pulse switching. Figure 7 shows the pulse 
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Fig. 7- Pulse power performance of FLM5359-20P. 
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Fig. 8- 0utput power of a 0.25 µm power FET. 

18 

performance of the FLM5359-20P. Its power 
and gain are much improved compared to CW 
operation. This improvement results from the 
lower channel temperature of pulse operation. 
A device for higher frequency application was 
also developed . The output power at 18 GHz 
and 38 GHz are shown in Fig. 8. The FET has 
a WSi/Ti/ Au gate with dimensions of 0.25 µm 

x 600 µm . 
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Fig. 9-Top view of 0 .25 µm gate HEMT. 

Fig. I 0 - Cross sectional view of 0 .25 µm gate HEMT. 

3. Low noise HEMTs 
3.1 HEMT design and fabrication technology 

A low noise performance HEMT was first 
reported in 1983 s). Since then , there have been 
many important technical improvements in the 
quality and structure of molecular-beam-epi­
taxial growth (MBE) 6 > and in th e precise control 
of the process 7 >. Based on these improvements, 
a new low-noise HEMT was developed in 1988 
using an optimized MBE wafer and a quarter 
micron mushroom gat e structure . 

Figure 9 shows the top view and Fig. 10 
shows the cross-sectional view of the newly 
developed 200 µm gate width HEMT. The 
quality of the Two Dimensional Electron Gas 
(2-DEG) in the intrinsic GaAs side at the inter-
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face of the n+ doped GaAlAs/ i-GaAs is one of 
the key parameters for low noise performance. 
Using this improved MBE technology , we fabri­
cated an n+ AlGaAs layer having a controlled 
doping level and thickness and a pure intrinsic­
GaAs layer having a sharp transition at the 
interface. 
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Fig. 11 - Effects of gate length on Cgs and gm . 
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These layers were also optimized to reduce 
the short channel effect. (This becomes serious 
as the gate length is red uced.) A quart er micron 
gate provides a lower gate-capacitance (Cgs) and 
high transcondu ctan ce (gm) ; these are the two 
most important device parameters for a low 
noise device. The quarter micron gate is fabri­
cated using electron beam lithography (EBL) 
and has good reproducibility. A mushroom 
shaped gate was fabricated using a double layer 
of Au and WSi. The WSi fo rms the Schottky 
interface and the Au reduces the gate resistance 
(Rg) as shown in Fig. 10. The effect s of gate 
length on Cgs and gm are shown in Fig. 11. The 
effect s of Cgs and gm on the noise figure and 
associated gain are shown in Fig. 12. 

3.2 Performance of low noise HEMTs 
Figure 13 shows the minimum noise figure 

CF min) and associated gain (Gas) vs. drain current 
Uos) at 12 GHz of a quarter micron HEMT 
compared to those of a half micron HEMT. 

Figure 14 shows Fmin and Gas vs. frequency 
(f) at fo s = 10 mA, and Vos = 2 V of a quarter 
micron HEMT. The optimized Fmin was 0.58 dB 
at 12 GHz and 1.0 dB at 20 GHz. The associated 
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Fig. 12 - Effects of gm and Cgs on noise figure and associated gain . 
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Gas is 12.35 dB at 12 GHz and 9.0 dB at 20 GHz. 
Remarkable improvements in Cgs and gm were 
confirmed for a quarter micron gate HEMT 

while Rg was kept low as a result of the equiv­

alent circuit analysis. 
No remarkable short channel effect was 

observed in the DC characteristics of the quarter 

micron HEMT due to the ep itaxial layer opti-
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Fig. l 5- C35 vs. F 0 for quarter micron and half micron 
HEMT. 

mized by MBE. 
One method of analyzing the noise charac­

teristics is to consider the noise power (P 11 ) 

generated in the device 8
) . Figure 15 shows 

G as vs. Fmin of a quarter micron and half micron 
HEMT at various values of P11 and frequency. 

Since the extrinsic regions are almost the 

same for a half micron and quarter micron 
HEMT, the difference in P11 between the two is 

clearly due to the intrinsic regions. In conclu­
sion, reducing the gate length of a HEMT results 
in an improvement in the noise figure and 
associated gain . 

Further improvement can be expected from 
a shorter gate device (e.g. 0.1 µm gate width) 

together with precise control of the wafer 
process and an optimized epitaxial layer. 

4. GaAs MM ICs 
4.1 Basic concep t 

Microwave Monolithic Integrated Circuits 
(MMICs) are now in demand for microwave 
communication systems and electronic war­

fare (E/W). The process technology , electrical 
characteristics, and uniformity of GaAs FETs 

have greatly im proved , and MM I Cs are now 

feasible. 

In MMICs, several d iffe rent compo nents 

(such as FETs, resistors, capacitors and indu c-
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Fig. 16- Schematic circuit diagram of FMM02 l 806XV. 

RF,n 

l l I I 
Fig. 17- Input circuit of FMM021806XV. 

tors) are fabricated on one chip. The use of a 
GaAs substrate has many advantages compared 
to a Si substrate because of its high bulk re­
sistivity and high electron mobility. This results 
in less transmission loss, less leakage current 
and a higher cut-off frequency than convention­
al FETs. 

GaAs MMICs have the following advantages 
over hybrid ICs: 
1) Reduction of system size and weight 
2) Improvement of broadband performance 
3) Improvement of high-frequency performance 
4) Enhanced inherent reliability 
5) Uniform electrical characteristics. 

Several types of MMICs have already been 
developed at Fujitsu including wide-band distrib­
uted amplifier chips, 14 GHz and 20 GHz gain 
block amplifiers and prescalers. This report 
introduces the FMM02 l 806XV distributed 
amplifier developed for wide-band operation 
from 2 GHz to 18 GHz. The distributed ampli­
fier (travelling wave amplifier) is used as a wide­
band MMIC for the following reasons: 
1) Ultra wide-band characteristics 
2) Less critical in scattering of parameters 
3) Easy to monolithically fabricate on GaAs 

subst<rate. 
Article 2) is especially superior to other 

types of amplifiers such as reflection or feed-
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Fig. 18 - Top view of FMM021806XV 
(chip size : 15 x 2.5 mm) . 

back type amplifiers. 

4.2 Circuit design 
Figure 16 shows the schematic circuit dia­

gram of the FMM021806XV chip. The input 
circuit forms a low-pass filter as shown in 
Fig. 17. The cut-off frequency mainly depends 
on the length of the transmission line and gate­
to-source capacitance Cgs of the unit FET. 
If the cut-off frequency is set sufficiently high 
and the characteristic impedance is set to 
50 ohms, the return loss of the input port is 
very low over a wide frequency range. A similar 
situation exists for the output port. 

This is the essential point of the distributed 
amplifier. When designing a distributed ampli­
fier, the key points are as follows: 
1) Unit FET size, which determines C gs 

2) The number of FET linkages, which is deter­
mined by the target gain and gain flatness 

3) Phase matching of FET operation 
4) Cut-off frequency of the FET and in/out 

signal lines 
5) Circuit structure of termination including 

the biasing circuit. 
These points are optimized by using micro­

wave circuit simulation software. The equivalent 
circuit of a unit FET is determined by the 
S-parameter for up to 26.5 GHz. The terminat­
ing circuit and in/out transmission circuit are 
optimized separately. Then, the total circuit is 
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optimized. Pattern layout is optimized so that 
the elements do not interfere with each other. 
In and out ports of the RF signal are placed at 
opposite sides of the longer line for cascadeabili­
ty . Figure 18 shows the top view of the chip. 

4.3 Fabrication technique 
1) FET 

The important requirements for MMIC 
fabrication are the uniformity and reliability of 
the elements. The active region of the FET is 
formed by selective ion-implantation for uni­
formity. 

Dispersion of the saturated drain current is 
about 10 percent or less. The Shottky gate metal 
is refractory WSi covered by Ti/ Au to achieve 
high reliability. The built-in potential is 0.70 V 
± 0.02 V and the ideal factor is 1.10 to 1.20. 
Figure 19 shows the FET channel structure. 
Offset n+ implantation techniques are used to 
reduce the source resistance and to increase 
output resistance. The source electrode is 
grounded by a through hole to reduce source 
inductance and to increase the degree of free­
dom for pattern layout. 
2) Resistor 

A resistor is formed using the n+ implanta­
tion region. The sheet resistance is 200-210 D. /D. 
Dispersion of the sheet resistance in a wafer is 
less than one percent. 
3) Capacitor 

The capacitor has a Metal-Insulator-Metal 
(MIM) structure. The insulator is amorphous 
SiN and its thickness is set to 15 0 nm. 
4) Other elements 

The transmission line is fabricated using 
multi-layer metallization on a GaAs substrate. 
The air bridge technique is used to connect 
overlay metals. 

4.4 Electrical characteristic 
Figure 20 shows the return loss and gain 

of the FMM021806XV. In/out return loss of 
less than - 10 dB is achieved over the entire 
frequency band from 2 GHz to 18 GHz. This 
means that the FMM02 l 806XV can be cascaded 
directly. The small-signal gain of two-stage 
cascaded FMM02 l 806XV chips was measured 
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Fig. 19- Structure of FETs used in a MMIC. 
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Fig. 20 - Return loss and gain of FMM021806SV. 

to be 9 dB. This is twice the gain of a single 
chip. A gain flatness of less than 1 dB was 
obtained. Figure 21 shows the power output 
and noise figure. A P1 ct 8 of 20 dBm was achieved 
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from 6 GHz to 18 GHz using highly doped FETs. 
MMICs of a distributed amplifier having a 

lower noise figure , wider band , and higher power 
are now under development. 

Furthermore, MMICs having other functions , 
such as a phase shifter and a switch will be devel­
oped. 

5. GaAs FET modules and amplifiers 

5.1 GaAs FET modules 
GaAs FET modules have been developed for 

a new generation of microwave amplifiers that 
overcome the disadvantages of conventional 
amplifiers (e.g. bandwidth , size and development 
time). 

Fujitsu GaAs FET modules were designed 
using the technologies described below. 
1) Impedance matching (RF circuit) 

The load conditions necessary to obtain 
maximum gain for small signals differ from 
those required for large signals. The impedance 
matching circuits are designed by CAD using 
small signal and large signal S parameters. 
Figure 22 shows the fundamental single stage 
circuit. 
2) DC bias circuit 

In the design of a microwave transistor 
amplifier, transistor operation must be stable 
in the range from DC to the maximum oscilla-

a) Input side b) Output side 

Fig. 23 - Unstable regions of GaAs FETs. 
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Fig. 24-Internal view of 23 GHz amplifier module. 

tion frequency. Figure 23 shows the unstable 
regions on a Smith Chart calculated using S 
parameters. The unstable region is larger at 
lower frequencies. 

The impedances at lower frequencies deter­
mined by the bias circuit in the amplifier mod­
ules do not enter the unstable regions and 
always offer stable performance at the operat­
ing conditions. 
3) Structure design 

Figure 24 shows the inside view of the 
23 GHz amplifier module. Microwave amplifiers 
are formed in hermetically sealed metal-ceramic 
package integrated circuits having a DC bias cir­
cuit. RF terminals are positioned at the center 
of the package and DC bias terminals are placed 
at the sides. Not only the amplifier but a varia­
ble attenuator or other type of circuit can also 
be installed in the package. Using these modules, 
a designer can make an amplifier in a very short 
turnaround time. 

5.2 Amplifiers 
Since the development of the microwave 

radio system, there has been a demand for high 
reliability, small size, and low power consump­
tion equipment. In pursuit of this goal, electron 
tubes have been replaced by microwave semicon­
ductor devices. The introduction of the world's 
first high power GaAs FET from Fujitsu in 1973 
have enabled realization of all-solid-state micro­
wave radio systems. 
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Fig. 25 - Four-stage 6 GHz I-watt amplifier. 

Fig. 26 - 4-8 GHz 5-watt amplifier. 

In 1975, the first 6 GHz 1-watt high power 
multi-stage GaAs FET amplifier available for FM 
multiple radio systems was developed. This 
amplifier exhibited excellent signal transmission 
characteristics9 >. This led to the replacement of 
the Travelling Wave Tube in many microwave 
application systems10>. This amplifier was fabri­
cated on a Teflon-glass-fiber printed-board 
having micro-strip circuits. It is shown in Fig. 25. 

Microwave amplifiers of microwave multiple 
radio systems still had to be improved interms of 
output power, linearity, efficiency , and band 
characteristics. 

To realize these requirements, Fujitsu made 
an amplifier using GaAs FET chips and MIC 
technology. Figure 26 shows a 4-8 GHz 5-watt 
power amplifier11>. However, this structure was 
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Fig. 27 - 4 GHz 5-watt amplifier. 

Fig. 28 - 14 GHz i-watt amplifier. 

difficult to repair because it was sealed as a total 
amplifier. 

Therefore, we have developed a new genera­
tion microwave GaAs FET amplifier. It consists 
of a driver stage amplifier using GaAs FET mod­
ules and a booster stage amplifier using internal­
ly matched GaAs power FETs. Many kinds of 
amplifiers have been developed having high relia­
bility, small size, low power consumption, low 
cost , and good maintainability in the 2-23 GHz 
range. Figure 27 shows a 4 GHz 5-watt amplifier 
and Fig. 28 shows a 14 GHz I-watt amplifier, 
both having the new design mentioned above. 
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6. Conclusion 
Fujitsu has developed GaAs power FETs, 

low noise HEMTs, broad band MMICs, and mod­
ules for microwave equipment. Further improve­
ments in performance and cost will make system 
design even more simple and practical. 
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Characterization of Compound 
Semiconductor Materials by Transmission 
and Reflection Electron Microscopy 

• Itsuo Umebu (Manuscript received June 29, 1988) 

The interface structures of the GaAs/AIAs superlatt ice were analyzed by Transmission 

Electron Microscopy (TE M) with the help of computer simulation. The bright spot arrays 

whi ch appear on the uppermost AIAs layer are shown to be a good indicator for this 

analysis. Atomic layer steps occur at intervals of 3-10 nm. The surfaces of MBE-grown 

GaAs layers were analyzed in detail with reflection electron microscopy (RE M). The surfaces 

consist of undulations and sma ll steps . Anisotropic surface roughness may be due to an­

isot ropic Ga surface diffusion . Atomic ordering in ln Ga P mixed crystals was analyzed by 

cross-section TE M, and a crystal model with dou ble periodicity is proposed. 

1. Introduction 
The trend toward miniaturization in micro­

electronics demands that devices and materials 
be analyzed at the atomic level. Transmission 
Electron Microscopy (TEM) and Reflection 
Electron Microscopy (REM) are the only 
methods for such analysis that provide images 
with atomic-order resolution as well as informa­
tion on crystal periodicity . 

This paper discusses recent topics on high­
resolu tion TEM and REM used to observe 
the cross sections and surfaces of compound 
semiconductor materials. Chapter 2 deals with 
the supercomputer simulation of TEM images 
for GaAs/ AIAs superlattices , and then analyzes 
the atomic structures of GaAs/AIAs interfaces 
grown by Molecular Beam Epitaxy (MBE) 
with the help of the simulation. Chapter 3 
gives an analysis of the surface of MBE-grown 
GaAs by REM . This way of observation is shown 
to be very sensitive to surface roughness. The 
" natural superlattice" generated spontaneously 
during the growth of mixed crystals has been 
the focus of interest for researchers because it 
may degrade the characteristics of the materials 
or lead to the development of new materials. 
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Chapter 4 shows a cross-sectional image of the 
natural superlattice and a proposed crystal 
model. 

2 . GaAs/AIAs superlattice heterointerface 
2.1 Computer simulation of the lattice imagel) 

High resolution TEM images are produced 
by the interference of electron waves with their 
phases modulated by the potential in the 
sample. The images are drastica lly altered by 
such observation conditions as sample thickness 
and defocus of the object lens . Simulations 
of various observation conditions made in 
advance are a great help in understanding 
and analyzing TEM images. Simulations are 
indispensable when observing new materials 
or new structures for the first time. 

TEM images were calculated by the Cowley­
Moodie multislice method2

) with a F ACOM VP-
400 supercomputer. The parameters of the 
electron microscope used daily were taken in 
the calculation: an accelerating voltage of 
200 kV, a spherical aberration coefficient of 
0.4 mm, a chromatic aberration coefficient of 
0.8 mm, and a beam divergence of 0.6 mrad. 
This gives a point-to-point resolution of 0.18 nm . 

FUJ ITSU Sci . Tech . J., 24 , 4, pp. 372-378 (December 1988) 
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Fig. I -Simulated GaAs/ AlAs TEM images for 6.4-nm, 11.2-nm and 16.0-nm-thick samples. Bright spot 

arrays are visible for the uppermost AlAs layer for 6.4-nm-thick sample. 

Figure 1 shows the sample-thickness 
dependence of lattice images of a ( 110) cross 
section of 9-monolayer GaAs/9-monolayer AlAs 
superlattices calculated at an optimum defocus 
of 38 nm . Comparing the input crystal model 
and output images shows that the dark and 
bright bands correspond to GaAs and AlAs. 
Each spot corresponds to a Ga and As pair, or 
an Al and As pair , since the resolution of 
0.18 nm is bigger than the projected distance 
of 0 .14 nm onto the ( 110) observation plane 
between the Ga and As or between the Al and 
As atoms. There are arrays of bright spots on 
the uppermost AlAs layer of at a sample thick­
ness of 6.4 nm but not at 11 .2 nm and 16 .0 nm. 
The bright spots were visible in the range of 
sample thicknesses from 6 nm to 10 nm. The 
bright spot arrays were found to be a good 
in di ca tor for the location and configuration of 
the heterointerfaces . The bright spot arrays 
run on only one side of the two interfaces 
because the arrangement of Al atoms is different 
at the two interfaces . When observed from the 
perpendicular direction , the bright spot arrays 
can be seen only on the bottom of the AlAs 
layers. 

Figure 2 shows a lattice image of the hetero­
structure with a mixture of monolayer steps 
(height: 0.28 nm) whose fronts are perpendicu­
lar and parallel to the direction of the electron 
beam. Doubling of the bright spot arrays can be 
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Ga As 
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. . . . .. ··············· .... ················. ..................... . .. ..... ............ . . . . ................. . 

Al As 

Fig. 2 - A simulated TEM image and a GaAs/AlAs model 
with two types of atomic layer steps : ta = 6.4 nm, 

tb = 4.8 nm. 

seen at the left on the uppermost AlAs layer 
and the layer beneath it. The step-shaped arrays 
of bright spots can be seen at three edges. This 
indicates that even a single monolayer fluctua­
tion at the heterointerface can be clearly 
reflected onto the configuration of the bright 
spot arrays. 

Thus with the help of these kinds of simula­
tion , unknown atomic structures at the interface 
can be estimated. 

2.2 TEM observation of GaAs/AlAs superlattices 
gorwn by MBE1

) 

GaAs/ AlAs superlattices with a period of 
nine GaAs monolayers and nine AlAs mono­
layers were grown on (001) GaAs substrates 
at 500 °C and 700 °C by MBE. The transmission 
electron microscope used had the same specifica-
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Fig. 3-Lattice image of a GaAs/AIAs superlattice grown 
by MBE at 700 ° C. The bright spot arrays shown 
by arrows are visible at regions A and C but not 
at region B. 

tions as in the previous section. 
Figure 3 shows a cross-sectional TEM image 

for the sample grown at 700 °C. All features 
of the image coincide with the computer 
simulation . The dark bands correspond to GaAs 
layers and the bright bands correspond to AlAs 
layers. Ga and As, or Al and As are visible as 
pairs due to insufficient resolution. Very bright 
spot arrays indicated by arrows in the figure 
run on only one side of the two AlAs/GaAs 
and GaAs/ AlAs interfaces. The thickness of 
the sample increases from bottom to top. 
The bottom is the thinnest region where the 
very bright spots can be seen. After appearing 
in the thinnest region , they disappear and 
again appear with increasing thickness. 
Doublings and steps are seen in the bright 
spot arrays, which suggests the existence of 
atomic layer steps at the heterointerface. The 
superlattice grown at 700 °C was estimated to 
include steps at the interface at intervals of 
less than 3 nm and the superlattice grown at 
500 °C was estimated to include steps at 
intervals exceeding 10 nm . The difference in 
the two samples appeared as the difference 
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Fig. 4 - lmages taken by a) SEM, and b) REM for a GaAs 
surface grown by MBE at 600 ° C. 

in the transition layer thickness at the hetero­
interface through Raman spectroscopy and 
small-angle X-ray reflectivity analysis3

) . 

The different lattice images of superlattices 
grown at 700 °C and 500 °C at the same thick­
ness were compared using the fact that the 
bright spot arrays are visible at limited sample 
thicknesses. This should be kept in mind when 
comparing two images , because thick samples 
include more defects than thin samples. 

3. Surface roughness of MBE-grown GaAs 
analyzed with REM 
In the REM observations , the sample surface 

is set close to and almost parallel to the incident 
beam in a transmission electron microscope. 
The beam reflected by the surface forms the 
image. As expected from its geometry , REM 
is very sensitive to surface structures such 
as surface defects , including atomic steps and 
dislocations. The only drawback is the 
foreshortening effect caused by the grazing 
electron beam, which severely limits the resolu­
tion. Images of a GaAs surface grown by MBE 
taken by a Scanning Electron Microscope 
(SEM) and by REM are compared in Fig. 4. 
No surface features are visible in the SEM, 
but a fine structure is revealed by REM. REM 
was applied to analyze the surface roughness 
of MBE-grown GaAs. This is the first detailed 
analysis of it by REM 4

). 

GaAs was grown by MBE on a (00 I) GaAs 
substrate at 700 °C. After a 300-nm-thick layer 

FUJITSU Sci. Tech . J., 24 , 4, (December 1988) 
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Intensity 

[llO] [llO] 

Fig. 5- REM images of a GaAs surface grown at 700 °C by MBE and intensity change between two CAs. 
They are in focus at F. CA and CB are two typical patterns of contrast. Electron beam direction 
a)[llO] andb)[llo]. 

was deposited (growth rate: l µm /h) , the sub­
strate was maintained at 700 °C for three 
minutes under an arsenic flux to planerize the 
surface. The sample was removed from the 
growth chamber and examined with a trans­
mission electron microscope with no treatment 
between the growth and the observation. 

Figure 5 shows the surfaces observed from 
the two perpendicular directions, [ 110] and 
[ITO). The two images give a considerably 
different impression , deriving from the differ­
ence in form and contrast of fine contrasts. 
There are two types of contrast, CA and CB , 
whose principles of image formation differ. 

Contrast CA exists on the sides of a medium 
contrast and appears in two ways, one is bright 
and the other is dark and broad . The variation 
of the contrast between these two CAs is shown 
in Fig. 5. Surface undulation is estimated to 
cause changes in the intensity of the reflected 
beam, which is an origin of contrast CA. As 
shown in Fig. 6, when the electron beam is 
irradiated at a greater angle than the maximum 
slope of the undulation , the electron density 
of the reflected beam increases for an upward 
staircase and decreases for downward staircase, 
which causes the contrast to be bright-medium­
dark, as obtained in the experiment. By lowering 
the incident angle , the contrast was observed 

FUJITSU Sci. Tech. J., 24, 4, (December 1988) 
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Fig. 6 - A schematic drawing of surface undulation and 
electron beams. When the angle of the incident 
beam is greater than that of the slope, the 
contrast is bright-medium-dark (B-M-D). 

to change to dark-medium-dark as predicted 
by the undulation model. 

The following conclusions were drawn 
from the surface roughness obtained from 
contrast CA: 
1) the surface undulation is a collection of 

plateaus, 
2) the flat part of the plateaus is 0.1-2.0 µm , 

3) these plateaus are less than 3 nm high , and 
4) the slope at the plateau borders is between 

12 mrad and 20 mrad . 
The contrast CBs are seen in the medium 

contrast between two CAs. They are fine and 
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Fig. 7-Diffraction pattern for an InGaP mixed crystal. 

Extra spots with streaks are visible. 

bright or dark, which corresponds to mono­
atomic level steps shown on the top and bottom 
of the undulation in Fig. 6. They are straight 
and parallel to [ 1 To] in Fig. Sa) and zigzag but 
nearly in the [110] direction in Fig. 5-b). They 
are 20-150 nm long. It is thought that the 
phenomenon is caused by anisotropic Ga surface 
migration in two directions. 

4. lnGaP natural superlattice5
) 

In TEM images of III-V mixed crystals, 
periodic structures other than zincblende struc­
ture are often seen. A major topic is the atomic­
ordering structure, often called a "natural super­
lattice" after the way it is formed. 

Figure 7 shows diffraction pattern for an 
InGaP mixed crystal grown on a (001) GaAs 
substrate by atmospheric-pressure Metal Orgnic 
Chemical Vapor Deposition (MOCVD). Extra 
spots with streaks are visible. The characteristic 
features of these extra spots are that they appear 
as pairs at positions indexed as (h+l/2 k-1/2 
ls.c.+1/2) and (h- 1/2 k+l/2 lsc. _ 1/2) for an 

hkl matrix spot but do not appear in another 
diagonal direction. An example around the 000 
spot is indicated by arrows. The streaks extend 
toward the [001] and [001] directions and tilt 

- -

a few degrees toward the [ 110] and [ 110]. 
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Fig. 8 - A (110) cross section of the InGaP mixed crystal. 
XjS and YiS show atomic ordering. 

0 In 0 Ca 0 I' 

(00 1 / 

t 1·t h 
s 

[ l lo] 
[!lo] 

Fig. 9 - A proposed crystal model for the InGaP ordered 
crystal. In and Ga lie on separate planes. 

Figure 8 shows a corresponding lattice image for 
the diffraction pattern shown in Fig. 7. Among 
the [ 111] lattice fringes, some bright spot 
arrays, for example the xis and YiS, are double 
spaced. Tracing the xis and YiS shows them to be 
one spacing off. The bright spot arrays zigzag. 
This double periodicity creates extra spots in the 
diffraction pattern, and the streaks around the 
spots mean the domains with double periodicity 
have limited volumes. Such domains were found 
to be plate-like and to lay nearly on the (001) 
plane. Figure 9 is a proposed model to explain 
the atomic ordering. Column III atoms, In and 
Ga lying separately on alternate (111) planes 
cause the double periodicity. 

Table 1 shows combinations of materials and 
growth methods for which such ordering has 
been reported. The ordering seems to depend on 
how far each growth method lies from the 

FUJITSU Sci. Tech. J .. 24 , 4, (December 1988) 
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Table 1. Mixed crystals an d growth me thods for 
which atomic ordering has been reported 

-----------
LPE VPE MOCVD MB E 

AlGaAs Ref. 8 Ref. 8 

GaAsSb Ref. 9 Ref. 11 

In Ga As Ref. 6 Ref. 7 

InGaP Ref. 5 

InA lAs Ref. 10 

LPE: Liquid-phase epitaxy VPE: vapor-phase epitaxy 
MOCVD : me tal-organic chemical vapor deposition 
MBE: molecular beam epitaxy 

equilibrium state. 
The relationship between the size and 

density of the ordered domains and growth 
conditions is now being studied by the authors, 
along with the effect of ordering on material 
characteristics. 

5. Conclusion 
Recent studies o n the inter face structure of 

GaAs/ Al As superlattices, the surface roughness 
of MBE-grown GaAs, and atomic ord ering in 
mixed crystals have been reviewed. Co ncerning 
the interface structure, the heterointerface was 
analy zed with the help of computer simulation. 
Computer simulatio n is, and will continue to be, 
an indispensable too l when hetero stru ctures are 
used frequently in advanced semiconductor 
devices. Semico ndu ctor surfaces have been 
analy zed in ultra-high vacuum chamber after in 

situ cleaning. It was possible to observe surface 
roughness with a conventional electron mi cro­
scope without any treatment for sa mples, that 
is, with thin native oxide layers. The ability to 
observe such practical surfaces has long bee n in 
demand . REM is o ne of the most effective 
methods fo r this o bserva tion . REM will reach its 
full potential when better crystals with fe wer 
undulations are o btained . Natura l superlattices 
may be found in many other materials. Analyses 
of how natural superlatti ces are form ed and 
their effect on material characteristi cs including 
device reliability , are now important business . 

Expectations for TEM analysis are increasing 
daily. In response to this , further efforts to 

FUJITSU Sci. Tech. J., 24 , 4, (December 1988) 

improve TEM technology, i.e. sample prepara­
tio n, o bservation , image processing, analysis, and 
computer simulation , should be made persist­
ently. 
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This paper describes an ultra hi gh-speed bipolar process technology using en Emitter-base 

Self-aligned structure with Polysilicon Electrodes and Resisto rs (ESPERs). This structure, 

combined with trench isolation, drastically reduces parasitic capacitances and resistances, 

realizing a sub-40 ps EGL circuit and high-performance bipolar devices. 

1. Introduction 
Bipolar LSis are used in main frame com­

puters and digital communication systems. 
They play an important role in the systems 
because the system performance strongly 
depends on the switching speed of the bipolar 
devices. In order to reduce the switching speed 
and power dissipation , several sophisticated 
bipolar device and process technologies have 
been reported I) •

2
). They mainly use the so­

called self-aligned techniques to obtain small 

1 000 

Conventional structures 

100 

l 0 '--~-19~7-5~~1~9~80~~-19~8-5 ~~1~99-0~~ 

Year 

Fig. 1- Trends of basic gate delay time of ECL circuits. 
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active areas without using tight lithography 
rules. Figure 1 shows the recent improvements 
in the performance of bipolar devices. With 
the introduction of various self-aligned tech­
nologies, bipolar devices entered a new 
generation. In this paper, a newly developed 
self-aligned structure optimized for high­
performance bipolar VLSis and high-frequency 
ICs is described . This structure, named an 
Emitter-base Self-aligned structure with Poly­
silicon Electrodes and Resistors (ESPERs), is 
combined with U-groove isolation with thick 
Field OXide (U-FOX) or trench isolation3

). 

As a result , smaller base-collector capacitances 
and reduced collector-substrate capacitances 
have been achieved. Moreover, optimization 
of the device dimension has also been considered 
for ECL circuits. 

2. Device optimization 
The contribution of each device parameter 

to the basic gate delay time (t pd) of ECL 
circuits was investigated by circuit simulation 
for the case of self-aligned bipolar device 
structures. Figure 2 shows the results of simula­
tion . Among the parasitic capacitances and 
resistances, the most crucial parameter that 
affects the switching time is the base-collector 
capacitance ( Ccb ). When the switching current 
is 1 mA (the effective emitter size is 0.35 x 
10 µm 2 ), a ten-percent decrease in the C cb cor-

379 



T. Deguchi, and H. Goto: Ultra High-Speed Bipolar Process Technology : ESPER 

G ...... 
<f) 

E: 
~ 
0 

200 

100 

10 30 

Capacitance (/F) 

50 

a) t pd dependence upon parasitic capacitances 

200 

G ...... 
<f) 

E: 
~ 
0 

100 

Base resistance (ohm) 

b) tpd dependence upon base resistance 

Fig. 2- Simulation results. 

responds to a four-percent reduction in the fpct . 

A ten-percent reduction in the base resistance 
(rb) or the same reduction of the collector­
substrate capacitan ce ( Ccs) causes a two-percent 
decrease in the t pd. On the other hand , a ten­
percent reduction in the base-emitter 
capacitance corresponds to less than one­
percent only. In addition to the parasitics, 
the cutoff frequency (h) is also an important 
factor affecting the switching time. A higher 
h can be achieved by a shallower base. But 
as the shallow base often causes a higher base 
resistance, the device structure should be 
optimized to keep a low base resistance. 

The polysilicon emitter-base self-aligned 
structure is suitable for reducing the base­
collector junction area. This also makes it 
possible to achieve a shallow base without 
increasing the base resistance. All of these 
properties are originated in the stacking double 
polysilicon structure for the base and emitter 
electrodes. The U-FOX, or the trench isolated 
structure with a thick field oxide layer, reduces 
the Ccs , parasitic wiring-substrate and resistor­
substrate capacitances. Accordingly , the 
combination of ESPER with U-FOX is the best 
solution for high-performance bipolar devices. 

3 . Steps in the fabrication process of ESPER 

In this chapter, the steps in the fabrication 

380 

Polysil icon 

c E B Oxide 

Fig. 3- Schematic cross-section of an ESPER transistor 
combined with U-FOX. 

process of ESPER are described. 
1) Transistors are isolated by deep trenches 

and active regions are surrounded by a thick 
field oxide layer. This step uses the conven­
tional U-FOX technique3

). 

2) An undoped polysilicon layer is deposited 
on the n-type epitaxial layer. The polysili con 
base electrodes and resistors are formed 
in the polysilicon followed by boron ion 
implantation and CVD oxide deposition . 

3) The intrinsic base regions are opened by 
photolithography and etching of the CVD 
oxide and the polysilicon . 

4) The surfaces of the n-type epitaxial layer 
and the polysilicon are oxidized when the 
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Fig. 4- Cross-sectional SEM micrograph of an intrinsic 
and extrinsic base region. 

lo-• 

V,b = 0 V, T= 300 K 
10-• 

10 - 12~--'---'----'--~--'---'---"----'---' 

0.5 1.0 
Vb , (V ) 

Fig. 5- Gummel plot of a 0 .5 x 16 µm 2 
X 2 emitter 

transistor . 

extrinsic base regions are diffused from 
the boron doped polysilicon. 

5) The intrinsic base regions are formed by 
boron ion implantation. The emitter window 
is opened and arsenic is diffused from 
another polysilicon layer. 
Figure 3 shows the schematic cross-section 

of an ESPER . transistor combined with U-FOX. 
Figure 4 shows a cross-sectional SEM micro­
graph of the intrinsic and extrinsic base region. 

FUJITSU Sci. Tech . J., 24, 4, (December 1988) 

200 

100 

Fig. 6-Current gain vs. collector current for the same 
transistor as Fig. 5. 

lp 

0 5 

Bias (V) 

Fig. 7- Leakage current vs. voltage characteristics of 
each junction. 

4 . T ransistor characteristics 

10 

By using the ESPER technique, many types 
of transistors were fabricated to check their DC 
and AC characteristics. Figure 5 shows a typical 
Gummel plot of a double-stripped 0.5 x 16-µm2 

emitter transistor. This graph has nearly ideal 
1-V characteristics for both the collector and 
base currents from the low injection level. 
The current gain dependence upon the collector 
current is shown in Fig. 6. The current gain 
is nearly constant from 10 nA to 5 mA of the 
collector current . Figure 7 shows the 1-V charac­
teristics of the leakage current versus emitter-
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Fig. 8-Cutoff frequency vs. collector current 
(0.3 5 X l 0 µm 2 emitter size). 

base and collector-base reverse biased voltages 
and collector-emitter voltage with the base 
electrode open. The leakage current of. the 
E-B junction is 43 pA at the reverse bias of 
2 V. The leakage current between the collector 
and emitter is 300 pA at a bias of 5 V. These 
values are satisfactory even for very low-current 
digital circuits. 

In addition to DC characteristics, the cutoff 
frequency Ch) was also measured using the 
S-parameters. In the case of a 0.35 x l0-µm 2 

emitter transistor, the peak h of 17.2 GHz 
was obtained at the Vee of 3 V, as shown in 
Fig. 8. 

Other types of transistors such as 4 200 
parallel arrayed transistors were also fabricated . 
They show little junction leakage and have 
satisfactory DC characteristics4

) . The device 
parameters of the ESPER transistors compared 
with those of a conventional U-FOX transistor 
are listed in Table 14

) . 

5 . Circuit performance 
Based on the results of circuit simulation 

in Chap . 2, the dependence of the fpct of ECL 
circuits on the Ccb was investigated. By fabricat­
ing two types of transistors with different 
extrinsic base areas for the same ECL circuit, 
the basic gate delay times were compared. 
One of the transistors had an effective extrinsic 
lateral base width of 0.54 µm. That for the other 
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Table l . ESPER-transistor parameters compared with 
conventional U-FOX transistor. 

~ 
Emitter size 

Ccs 

Ccb 

Ceb 

hFE 

h 

1001-

G 
l 50 1-

20 

ESPER transistor U-FOX 
transistor 

0 .35x10 µm' 0.35 x 2.9 µm' 0.8 x 2 µm 2 

40 f F 8.2 fF 7 fF 

9.5 fF 3.7 fF 11 fF 

50 f F 12 f F 4 fF 

100 100 120 

17.2 GHz 13 GHz 6 GHz 

F.I. = F.O. = 1 

'- 2.9 µm long emitter 

-...... ... .... _ 

0.2 

' ',o .... ~ 
10 µm long emitter 'i:;,. __ 

• 
0 

Measured 

Simulated 

..!. 

0.5 LO 
Switching current (mA) 

Fig. 9- Basic gate delay time vs. switching current. 

was 0.34 µm. The total lateral base widths 
were 1 .88 µm and 1.48 µm, respectively . A 
comparison of the circuits made by these 
transistors produced the following results. 
For high-power circuits, whose transistors 
had an effective emitter size of 0.35 x 10µm 2

, 

the Ccb 's were 11 .3 fF and 9 .5 fF corresponding 
to each base area. The fpct 's were 50 ps and 
46 ps, respectively . The switching current 
was 1.0 mA. For low-power circuits, whose 
transistors had an effective emitter size of 0 .35 x 
2.9 µm 2

, the Ccb's were 4.42 fF and 3.74 fF , 

while the fpct 's were 82 ps and 75 ps . The 
switching current was 0 .25 mA. In these cases, 
a thirty-percent decrease in the Ccb corresponds 
approximately to a ten-percent decrease in the 
t pd . This result corresponds fairly closely 
to the prediction of the simulation4

). 

By using the 0.35 x 1 O-µm 2 emitter 
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transistors with a base width of f .48 µm , a 
minimum basic gate delay time of 38 .8 ps 
was obtained at a switching current of 1.28 mA. 
In the case of 0.35 x 2 .9-µm 2 emitter transistors 
with the same base width, 60.2 ps was obtained 
at a switching current of 0.34 mA. The t pd 

versus the switching current characteristics are 
shown in Fig. 9. For these transistors , the length 
of the wiring contributed 50 ps/mm , and the 
gate loading added 7 ps per fanout for a 
0 .32-mA emitter follower current. This is a 
suitable situation for VLSI ECL circuits4

). By 
employing the ESPER process , a 100-ps 10 000-
gate ECL array has been put on the market 5

). 

The ESPER process is not only suitable for 
VLSI applications but also for high-frequency 
digital communication ICs of the giga-Hertz 
range. For instance , a 3.6-GHz preamplifier 
and a 6.3-Gbit/s D-F/ F for optical repeaters have 
been reported 6

). 

6. Conclusion 

This paper describes the newly developed 
ultra high-speed bipolar process technology 
named ESPER. By combining ESPER with 
trench isolation , e.g. U-FOX parasitic capaci-
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tance and resistances have been reduced drasti­
cally . Among the parasitics , the base-collector 
capacitance is the most crucial factor affecting 
the switching speed. The base area was opti­
mized for suitable circuit operation and power 
dissipation . By using these processes , a sub-40 ps 
ECL circuit was described , as well as high­
performance VLSI chips and high-frequency ICs 
for giga digital systems. 
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This paper describes a high-speed BiCMOS technology which consists of bipolar process 

technology using polysilicon emitter and CMOS process technology using the 1.0 µm-rule. 

The high-speed characteristics of the Bi CMOS were obtained: The cutoff frequency ( fT) 

of the bipolar npn transistor was found to be 6 GHz wi t h a pro pagation delay time (tpd) for 

the CM OS gate of 0 .5 ns. The high performance of the conventional bipolar device and 

CM OS device were also maintained. 

The BiCMOS technology has been applied to fabricate a 2 000-gate gate array and a 256-Kbit 

SRAM. The results of these devices are also reported. 

1 . Introduction 
BiCMOS technology is widely regarded as 

providing a possible means for realizing high-
. 1 f . I)-s) performance LSis with multip e unctions . 

This is because BiCMOS technology has the high 
drivability of bipolar LSis combined with the 
low power dissipation and high packing density 
of CMOS LSis. BiCMOS technology is therefore 
drawing a great deal of attention from various 
fields of application . 

At Fujitsu , a digital /analog BiCMOS has 
already been developed 2 >. At presently , high­
speed BiCMOS technology has been developed , 
and satisfactory results have been obtained. 
This technology consists of high-speed bipolar 
technology using a polysilicon emitter which is 
based on DOPOS (Doped Polysilicon) tech­
nology6> and high-density CMOS technology 

of the 1.0 µm-rule. 
This paper describes the device structure 

and the process technology , and discusses a 
high-speed 2 000-gate gate array and a high­
speed 256-Kbit SRAM as examples of applica­

tion. 

384 

2. Device structure and fabrication process steps 
The structure of the BiCMOS device is 

shown in Fig. 1 . 
Photolithography of the 1.0 µm-rule is used. 

In making the bipolar transistor , a polysilicon 
emitter is formed by using improved DOPOS 
technology , realising a minimum emitter size 
of 1.1 x 1.9 µm

2
. In the MOS transistor , the 

gate oxide is 25 nm . The gate length in the 
SRAM is 1.2 µm for nMOS and 1.4 µ m for 
pMOS, and are 1.5 µm and 1.8 µm in the gate 
array. 

In order to reduce the hot electron effect , 
an LDD (Lightly Doped Drain) structure is 
applied for nMOS in SRAM and, a DDD (Double 
Diffused Drain) structure is applied for nMOS 
in the gate array. The gate length is reduced 
in the SRAM to reduce the size of the memory 
cell to 66.6 µm 2

. 

In the source/drain contacts of the nMOS , 
the contact resistance is lowered using the same 
doped polysilicon technique as that used in the 
emitter contact. The process parameter is shown 
in Table 1. 

The fabrication process steps are shown in 
Fig. 2. 

FUJITSU Sci. Tech. J .. 24, 4, pp. 384-390 (December 1988) 
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npn bipolar Isolator p-ch MOS n-ch MOS 

n-epi 
I + I 
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p-well 

-----n+ ____ ----+-----1-----n+---- --Jf------- ------

p-substrate 

Fig. I - BiCMOS device structure. 

Table 1. Process parameter 

Item Specification 

Epitaxal thickn ess 1.6 µm 

Gate oxide thickness 25 nm 

Field oxide thi ckn ess 500 nm 

DOPOS thickness 100 nm 
--

Min imum emitter size 1.1 x 1.9 µm 2 

Gate length/drain stru cture 1.2 µm / LDD (SRAM) 

(nMOS) 

CMOS 

(Base) 

p substrate 

1.5 µm / DDD (Gate array) 

Bipolar 

Common (Added) 

n+ buried layer 

n epitax ia l layer 

f------------------1 Collector deep n+ 

p-well Isolat ion 

Channel stop 

LOCOS isolation 

Gate oxidation 

Gate poly S i 

Source drain n+ 

Source drain p+ Base p+ 

Base p-

2nd poly Si Through poly Si 

Reflow Emitter diffusion 

Contact 

Al metalization 

Fig. 2- Fabrication process steps. 
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Base vol tage (V) 

Fig. 3 - Bipolar npn transistor gummel plot. 

A p-well is simultaneously formed with the 
isolation layer. Likewise , a graft base is formed 
with the pMOS source/drain layer, the poly­
silicon layer of the emitter contact is formed 
with that of the nMOS source/drain contacts, 
and the emitter and the nMOS source/drain 
contacts are diffused by simultaneously reflow­
ing the PSG layer formed over the polysili con. 
Consequently , compared with the conventional 
CMOS process, the additional process steps 
required for BiCMOS are only those including 
buried layer fabrication , epitaxial growth and 
ion implantation for the collector and base. 

3 . Device characteristics 
A typical gummel plot of 1. I x 1 .9 µm 

2 

emitter transistor is shown in Fig. 3. This graph 
shows ideal 1-V characteristics for both the 
collector and base currents from the injection 
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level. The current gain (hF E ) is 100 , the brea k­
down voltage betw een th e emitter and collector 
(B V CEO) is 8 V and that between the base and 
emitter (BVEBo) is 5.6 Y. 

The dependence of th e cutoff frequency (fT) 

on the emitter current of the emitter transistor 
measuring (4 x 62) x 2 µm 2 is shown in Fig. 4. 
The maximum cutoff frequency Chm ax) at 
6 GHz is obtained at an emitter current of 
20 mA. The dependence of the drain current on 
the gate voltage of the nMOS (gate length of 

10 
SE = (4 x 62) x 2 µm' 

IO 
1. (rnA) 

100 

Fig. 4 - Bipolar npn transistor cutoff grequency vs 

emitter curren t. 
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Table 2. BiCMOS device dimensions and characteristics 

Tran-I Specifica ti ons 
sis tor Gate array SRAM 

!--

Min. emitter size 1.4 x 4 µm 2 1.1 x 1.9 
µm2 

Dim en-
Base depth 0.3 µm 

sion 
Emitter depth 0.15 µm 

BIP h FE 100 

Charac- B VcEo 8V 
f-

teristic BVEBO 5.6 v 
Cutoff frequency 6 GHz 

Gate oxide 
thickness 25 nm 

Gate 1.5 µm 1.2 µm 
length (DDD) (LDD) 

Dim en- nMOS 
Junction 

sion depth 0.4 µm 0.25 µm 

Gate 
length 1.8 µm 1.4 µm 

pMOS Junction 
depth 

0.45 µm 

MOS VTH 0.6 v 0.65 v 
nMOS (3 1 100 µS/V 1 200 µS/V 

Charac- Vso 14 v 
teristic VTH 0.6 v 0.75 v 

pMOS (3 400 µS/V 

Vso 14 v 

10- 3 
L I W = 20/1.4 µm 

10- • 
V0 = 5 V 
v. = 0 v 

10-s 

10-• 

~ 
~ 

10-1 

10- • 

10-• 

10- 10 
0 0.5 1.0 1.5 2.0 

Ve (V) 

Fig. 6-pMOS transistor Ve-lo . 
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Fig. 7 - Photograph of a chip with a 2 000-gate gate array. 

1.2 µm , gate width of 20 µm) is shown in Fig. 5 
and that for the pMOS (gate length of 1.4 µm , 

gate width of 20 µm) is shown in Fig. 6. In the 
nMOS (3 and BVso are 1 200 µS/V and 14 V, 
respectively , and 400 µS/V and 14 V for the 
pMOS. 

The device characteristics obtained using 
BiCMOS technology are nearly equal to those 
obtained using the conventional bipolar and 
MOS technology individually. The main device 
characteristics are shown in Table 2. 

4 . Appl ication 
4. I 2 000-gate gate array 

Figure 7 is a photograph of the developed 
2 000-gate gate array. 

The dependence of the switching speed on 
the load capacitance is important for high-speed 
operation of a device. In the BiCMOS gate 
array, this dependence is improved by adding a 
drive circuit which consists of the bipolar 
transistor at the output circuit of the CMOS 
logic. An additional feature of the BiCMOS is 
that the off-state current of the CMOS output 
circuit to be used is nearly zero, enabling low 
power to be maintained. As the scale of inte­
gration becomes larger, the wiring length of the 

FUJITSU Sci. Tech . J., 24, 4, (December 1988) 
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Fig. 8- A 3-input NAND gate. 

gate array increases. It is necessary to further 
improve the switching speed dependence on the 
load capacitance in order to organize high-speed 
systems. 

The basic circuit of the BiCMOS logic can 
be constructed in two types. One type uses a 
MOS transistor 7 > and the other type uses a 
resistor as a impedance which serves to discharge 
the charge stored in the base of bipolar tran­
sistor. The authors selected the type having the 
resistor impedance, as shown in Fig. 8. This 
basic circuit consists of an nMOS (gate length of 
1.5 µm), pMOS (gate length of 1.8 µm) and npn 
(emitter size of 1.4 x 4 µm 2 

). 

For the 2-input NAND gate, the measured 
gate delay times (tpd) versus the load capaci­
tance are shown in Fig. 9. Under a standard load 
capacitance (wiring length of 3 mm, FO of 3), a 
speed was obtained which is twice as fast as a 
CMOS state which consisting of transistors of 
the same size. The dependence of gate delay on 
load capacitance is 0.3 ns/pF. This value is about 
1/5 of the CMOSs gate delay. 

In the range below 0 . 1 pF of the load 
capacitance, the gate delay of the BiCMOS is 
larger than that of CMOS, which is due to 
an influence of the parasitic capacitances be­
tween the base and collector (CCB) and between 
the base and emitter (CEB). Therefore , for a 
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0 
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Fig. 9-Propagation delay time vs load capacitance. 

Table 3 . Characteristics of 2 000-gate gate array 

Item Specification 

Delay time C1 = 0 pF 0.55 

(ns) Standard load 
0.8 Internal capacitance 

gate 
Power dissipation (mW) 0.25note 1 

Toggle frequency (MHz) 180 

Delay time tPLH 1. 7 
Input (ns) tPHL 2.0 buffer 

Power dissipation (mW) 0.3 5note 2 

Delay time fPLH 4.0 4.0 

Output (ns) tPHL 5.3 6.3 

2.0 

buffer Power dissipation (mW) 8.0note 2 4 .0note 2 

IOL (mA) 24 10 

note 1; Dynamic state (at 10 MHz) note 2: Static state 

... 
"' 'O 
0 

irl 
""­c 
E 
:> 
0 
u 

circuit to achieve high speed and be highly 
integrated, with a large load capacitance, the 
BiCMOS circuit is most suitable. 

The characteristics of this gate array are 
summarized in Table 3. The BiCMOS achieves 
high performance, and is faster than the CMOS 
while having the same power dissipation as the 
CMOS. 

4.2 256-Kbit SRAM 
The power dissipation of a bipolar 64-Kbit 

(ECL) SRAM is normally about 1.0 W8
) and 

that of a bipolar 256-Kbit (ECL) SRAM is 
expected to be almost 2 W. Therefore , simply 
following this trend, a special technique for 
mounting and cooling is required if integration 
of devices is to advance further. If a high-speed 
ECL SRAM having large-scale integration is to 
be extensively used, it is necessary to achieve 
low power dissipation using BiCMOS technology. 
The BiCMOS 256-Kbit SRAM is therefore 
developed in this work. 

A photograph of the fabricated 256-Kbit 
SRAM is shown in Fig. 10. The chip is 9.36 x 
4.46 mm 2 and can be mounted on a 300-mil 
DIT package. 

To optimize the performance of each part 
of the circuit , a polysilicon-loaded nMOS 
memory cell is used in memory cell, BiCMOS 
circuits are used in gate circuits of the decorder, 

t 
R/ W 

Fig. 10- Photograph of a chip with a 256-Kbit SRAM. 
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Fig. 11 - Photograph of memory cell. 
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Fig. 12-Switching waveforms. 

etc. , and an ECL circuit is used in input/output 
buffer. Using a double-polysilicon structure as a 
polysilicon-loaded nMOS memory cell, enables 
a fine memory cell size of 66.6 µm 2 to be 
obtained. The photograph of the memory 
cell is shown in Fig. 11. 

The switching waveform in Fig. 12 shows 
that access time is 10 ns with a power dissipa­
tion of 500 mW at 80 MHz. The characteristics 
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Table 4. Characteristics of 256-Kbit SRAM 

Item Specification 

Address access time 10 ns 

Write pulse width 5 ns 
--

Power dissipation 700 mW at 80 MHz 
Power supply - 5.2 v 
I/O level ECLlOK 

Organization 256 Kword x 1 bit 

Redundancy 4 rows, 8 columns 

Cell size 66.6 µm2 

Chip size 9.36 x 4.46 mm2 

of this SRAM are summarized in Table 4. 

5 . Conclusion 
A high-speed Bi CMOS process technology, 

consisting of a bipolar process technology 
using a polysilicon emitter and a CMOS process 
technology using 1 .0 µm-rule , has been de­
veloped. The high-speed characteristics of 
the BiCMOS were obtained, as the cutoff 
frequency (fT) of the bipolar npn transistor is 
6 GHz and the propagation delay Ct pct) of the 
CMOS gate is 0.5 ns. The high-performance of 
conventional bipolar device and CMOS device is 
also maintained. 

When applied to a 2 000-gate gate array, a 
speed about twice that of a CMOS is obtained, 
as the propagation delay (tpd) is 0.8 ns in 
a 2-input NAND gate with standard load capaci­
tance, and the power dissipation is 0 .2 5 mW/ 
gate, nearly the same as that of the CMOS. 
When applied to a 256-Kbit SRAM, an access 
time of 10 ns and power dissipation of 500 mW 
are obtained. 

In the present BiCMOS process, further 
improvement in the characteristics of both 
bipolar transistor and MOS transistor can be 
achieved. A Shallower base layer and source/ 
drain layer can be made to increase the cutoff 
frequency and transcondactance, provided a 
lower temperature process is developed. 
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Characteristics of Si HBT with 
Hydrogenated Micro-Crystalline 
Si Emitter 

• Hiroshi Fujioka • Kanetake Takasaki (Manuscript received June 20, 1988) 

An npn Si HBT has been fabricated using hydrogenated micro-crystalline Si as a wide gap 
emitter. It shows much higher common emitter current gain than a conventional homo­
junction transistor. The measured common emitter current gains of the fabricated HBTs 
having intrinsic base sheet resistance of 14 k.s-2/D and 95 .s-2/D are 1 500 and 18, respectively. 
The present HBT can perform normal operation even at liquid nitrogen temperature . 

1. Introduction 
Heterojunction bipolar transistors (HBTs) 

have attracted much attention in recent years 
because of their great potential for future 
high-speed digital and microwave circuit applica­
tions. A great advantage of HBTs is their low 
base resistance, using a heavily doped base which 
does not reduce the current gain. In the HBT 
structure, the minority carrier back injection 
from the base to a wide gap emitter can be 
strongly suppressed because of a large energy 
barrier in the valence band I) . 

An additional advantage of the hetero­
emitter lies in its low-temperature operation2

). 

Low-temperature operation of bipolar devices 
is very attractive because it improves trans­
conductance and reduces interconnection delay . 
Most Si homojunction bipolar devices , however, 
suffer serious degradation in current gain at 
liquid nitrogen temperature (LNT). The current 
gain drop-off in Si homojunction bipolar devices 
is currently thought to be mainly due to shrink­
age of the band gap in heavily doped emitters. 
Even if the degradation in current gain could be 
eliminated , carrier freezeout would reduce the 
speed. HBT, on the other hand , is considered to 
be suitable for low-temperature operation 
because it has a wide gap emitter and heavily 
doped base . 

FUJITSU Sci. Tech. J., 24, 4, pp. 391-397 (December 1988) 

Several groups working in the Si device 
field have fabricated Si HBTs using wide-gap 
materials such as SIPOS, a-Si :Hand a-SiC: H3

)-
6
). 

Although they have obtained very interesting 
results in current gain improvement , these 
materials are unsuitable for emitters of scaled 
high-speed LSis because of their high resistivity. 
The authors tried to use phosphorous-doped 
hydrogenated micro-crystalline Si (µc-Si:H) as 
a wide gap emitter with low resistivity 7) . The 
µc-Si:H , which is a mixture of hydrogenated 
amorphous and micro-crystalline phases, has 
a low resistivity and a wide band gaps) , 9) . 

This paper describes the characteristics of 
a Si HBT with a µc-Si:H emitter at room temper­
ature and liquid nitrogen temperature (LNT) . 

2. Characteristics of µc-Si: H 
The phosphorous-doped µc-Si:H film was 

deposited at a substrate temperature as low as 
240 QC to 450 QC in a gaseous mixture of SiH4 , 

H2 and PH 3 . Figure 1 shows the X-ray diffrac­
tion pattern of the ( 111) peak of the µc-Si :H 
film. This peak is very broad , showing that this 
film contains a micro-crystalline phase whose 
average grain size is about 5 nm. From IR and 
UV spectra measurements , it is found that this 
film contains hydrogen and has an optical 
band gap of 1.5 eV to 1.9 eV. 
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Si (111) 

24 26 28 30 32 

2 8 (deg.) 

Fig. 1- X-ray diffraction pattern of µc-Si :H film. 

Al 

µc-Si: H 

P 10 Qcm 

Fig. 2- Cross-section of µc-Si:H /c-Si heterodiode . 

3. Energy band diagram of the heterojunction 
Before fabricating HBTs with µc-Si :H, 

a µc-Si: H/ crystalline Si np heterodiode was 
fabricated to estimate the energy band diagram 
of the heterojunction. A schematic cross-section 
of the diode is shown in Fig. 2. Figure 3 shows 
1 /C2 -V characteristics of the µc-Si :H/ crystalline 
Si heterodiode. One can see that 1 /C2 is propor­
tional to V and the slope gives a value close to 
the substrate impurity concentration. These 
results indicate that the one-sided step junction 
model fits this diode well , and that a large 
portion of the depleted layer extends into the 
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5 

vb,= i.02 v 
x 

u 
---- 2 

NA = 1.4 x 10 15 /cm ' 

0 - 1 -2 -3 -4 -5 

Voltage (V) 

Fig. 3 - l /C2 -V characteristics of µc-Si:H /c-Si 
heterodiode. 

µc-Si : H c-S i 

LJ E, 0. 16 

~o~-r -----
.1£,. 0.53 

£ , 1.81 

Emitter Base Collector 

Fig. 4- Energy band structure of the µc-Si :H HBT. 

p-type crystalline substrate. The energy band 
diagram of the µc-Si:H HBT can be estimated 
as shown in Fig. 4 using the built-in potential 
(1.02 eV) derived from this result , activation 
energy (0.03 eV) of the conductivity of the 
µc-Si:H film and optical energy band gap 
(1.81 eV), which is assumed to be approximate­
ly equal to the electrical band gap. As can be 
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(32 k eV) 
T hermal annea l fo r 

act ivat ion (900 'C, 30 mi n) 

CVD Si02 deposition 
µc-S i : 1-1 deposition 

Electrode fabri cation 

Fig. 5- Schematic diagram of the steps in fabricating 

µc-Si:H HBT. 

seen in this figure, there is a large barrier for 
holes !:::..Ev (0.53 eV) which is expected to 
red uce the base current. 

4. Transistor characteristics 

A conventional Si bipolar process was used 
for the HBT fabrication, as represented sche­
matically in Fig. 5. A field oxide was grown 
on a 1 D.cm (111) n-Si substrate , and windows 
were opened in the oxide. The base regions 
were formed by implanting boron ions 
at 32 keV with the doping densities of 
5 x l0 12 cm 2 to l x l0 15 cm-2

. This was 
followed by annealing at 900°C for 30 min to 
activate the implanted species. An interlayer 
dielectric film of Si02 was deposited in which 
emitter windows were opened . The typical 
emitter size is 5 x 5 µm 2 . Immediately after 
dipping the wafer in the HF solution , it was 
put into the reaction chamber of a plasma 
CVD system to deposit the phosphorous dop ed 
µ c-Si :H film. The µc-Si :H film , except for the 
emitter region , was then etched in a NF 3 plasma. 
The base contact windows were opened in the 
Si02 , and the emitter and base electrodes (Al-Si) 
were deposited by sputtering. The doping 
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Table 1. Base doping densities 

Sample 
Base implant Peak base Sub-emitter sheet 
dose (cm-2 ) doping (cm-3 ) resistance ( n / o ) 

# l 

#2 

#3 

# 4 

103 1-

E 
::: 10' 1-­

-s:: 

101 1--

5E12 4 .0E 17 13.6K 

5E13 3 .6El8 1.43K 

5E14 3.9El 9 193 

1E15 8.2E19 95 .3 

"· ~,5, HHBT 

t ·~ 
l-lomoiunct1on ~ 

." • 
' 

_l_ ..l. 
JO•\ 103 102 

Base sheet resistance (Q/ D ) 

Fig. 6- Maximum common emitter curren t gain hFEmax 

of the µc-Si : It HBT as a function of measured 
sub-em itter base sheet resistance. 

densities in the base region of the present 
devices are summarized in Table 1. The sub­
emitter base resistances are also given. 

In Fig. 6 , the maximum common emitt er 
current gain of the present transistors are 
plotted as a function of the measured sub­
em itter base sheet resistance. As can be seen 
in this figure , the present HBT has a much 
higher current gain than a conventional homo­
junction transistor. The maximum current 
gain of sample #1 is 1 500 with a base sheet 
resistance of 14 kD. / D , and that of sample 
#4 is 18 while the base sheet resistance is as 
low as 95 D. / D . These results indicate that 
the base resistance of the present HBT can 
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a) Sample # 2: base implant dose SE13 cm-2 b) Sample #4 : base implant dose l El S cm-2 

Fig. 7-Common emitter I e- Vee characteristics . 

Base dose (cm-2 ) 

103 

]QI 

Emitter size: 5 x 5 µm' 

10' 103 10' 10' 
l e (A/cm') 

Fig. 8- Common emitter current gain hFE dependence 
on collector current density of the µc-Si:H HBT's. 

be reduced while maintaining high current 
gain. Therefore, the µc-Si:H HBT has the 
potential of surpassing silicon homojunction 
transistors in speed performance. The common 
emitter le-Vee characteristics of samples #2 and 
#4 are shown in Figs. 7a) and b), respectively. 
Satisfactory transistor operations can be clearly 
observed despite the heavy base dose. The 
dependence of current gain on collector current 
is shown in Fig. 8. The maximum current 
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Fig. 9-Characteristics of collector current and base 
current as a function of Veb for sample # 2. 

gain is obtained at a collector current as high 
as 3 x 104 A/cm-2 , which is quite satisfactory 
for scaled high-speed LSis. Figure 9 shows 
the characteristics of the collector current 

le and base current lb as a function of base­
emitter voltage. The ideality factors n , for the 
collector current and base current are about 
1.0 and 1. 7, respectively. This result indicates 
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Fig. 10 - Resistivity of µc-Si:H film vs. inverse 
tern perature. 
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Fig. 11 - Con tact resistance of µc-Si :H with Al vs . 
inverse temperature. 

14 

14 

that le and h are dominated by the diffusion 
current and the recombination current , respec­
tively . The degradation of current gain at a low 
collector current density , as seen in Fig. 8 is 
caused by this recombination. The µc-Si :H HBT 
is expected to have a higher current gain if the 
interface recombinat ion center can be reduced. 
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2 
300 K Step 1 µA 

> 1.0/div 

%1 
0 

10 

a) Room temperature 

10 

b) Liquid nitrogen temperature 

Fig. 12- Common emitter le-Vee characteristics of the 
µc-Si:H HBT. 

5 . Low-temperature operation 
Before the transistor characteristics were 

measured at low tern peratures, the increase 
in the emitter resistance at low temperatures 
was estimated. Figure 10 shows the tempera­
ture dependence of the resistivity of the 
µc-Si:H film. The resistivity of the µc-Si:H 
film at LNT is increased only by a factor 
of two . Hall measurements show that this 
increase in resistivity is due to a degradation 
in electron mobility. Figure 11 shows the 
temperature dependence of the contact 
resistance of the µc-Si:H with Al-Si. The 
contact resistance is increased by less than a 
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Fig. 13- Maximum current gain of the µc-Si :H HBT vs. 
inverse temperatur e. 

factor of two . These results indicate that the 
increase in the emitter resistance of the prese nt 
HBT is expected to be small. The base resistance 
of th e measured sample is about 5.0 H2/D. 
Figure 12 shows the l e-Vee characteristics 

of the µ c-Si:H HBT at room temperature and 
LNT. Note that the µc-Si :H HBT operates 
normally even at LNT. The variation of the 
maximum common emitter current gain with 
temperature for the present HBT is shown 
in Fig. 13. The temperature dependence of 
the maximum current gain for the present 
HBT is much smaller than what is normally 
observed in homojunction transistors , in which 
the gain decn:ases expo nentially with decreasing 
temperature. This result indica tes that hole 
inj ection from the base into the emitter is 
suppressed by the effect of th e wide gap emitter. 
This successful low-temperature operation of 
the µ c-Si:H HBT is ex pected to be promising 
for future high-speed bipolar and Bi-CMOS 
LSis. 

6 . Conclusion 

An npn Si HBT has been fabricated using 
µ c-Si :H as a wide gap emitter, showing much 
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higher current gain than a conventional homo­
junction transistor. Therefore, the base 
resistance of the µc-Si: H HBT can be redu ced 
whi le maintaining high current gain . Since the 
µ c-Si :H has low resistivit y, the µc-Si: H is well 
suited to scaled high-speed LSI app lication s. 
The present HBT can be operated normally 
at LNT. 
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Application of EB-Lithography for 
Fabrication of Submicron-Gate­
MOSFETs 

• Shuzo Ohshio • Tetsuo Izawa (Manuscript received June 20, 1988) 

The characteristics and the proximity effect of resist in electron-beam direct-writing was 

studied to form submicron patterns. MOSFETs were obtained with an effective channel 

length down to about Lett= 0.32 µm . The transistors fabricated using this technique operate 

well without punch-through. By evaluating the dispersion of many transistors, it was found 

that there is a strong possibility that devices with a minimum pattern size of 0.2-0.3 µm can 

be manufactured for practical use. 

The influence of the electron-beam direct-writing on the reliability of devices was studied 

and it was confirmed that this method is sufficient ly reliable when used for gate-electrode 

formation. 

1. Introduction 
The scale of integrated circuits (ICs) has 

been rapidly increasing, and today , the 64M-bit 
DRA:M is attracting considerable attention. 
A very wide range of technologies is required 
to improve the scale of integration. An 
integrated circuit does not simply involve 
the integration of devices but can also mean 
the integration of technologies. Lithography 
is an indispensable part of IC manufacture. 

Until today , the pattern delineation has 
depended entirely on optical lithography. 
However , as integration increases and sub­
micron patterns are required , we are approach­
ing the limit of optical lithography. Lithogra­
phies using electron beam (EB) or X-rays have 
been developed to replace optical lithography. 
Since the EB can be finely focused and po­
sitioned, EB direct-writing technology (in which 
patterns are directly drawn on the wafer without 
masking) is the most reliable submicron-pattern 
formation technique available. 

However, a highly accurate submicron 
pattern may not be guaranteed even with the 
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EB direct writing. There are many factors 
that influence the pattern accuracy. The charac­
teristics of resist materials play an especially 
important role. The resolution of negative resists 
is degraded by post-polymerization effects, 
in which cross-linking continues and the 
dimensions of patterns change even after EB 
irradiation. The proximity effect , caused by 
electrons reflecting back off the substrate, 
is also a problem. Furthermore, a high dry 
etching resistivity is also required to transfer 
a pattern to the underlying materials with high 
precision. In this work, these problems were 
studied , and as a result, highly accurate patterns 
have been achieved. These patterns were 
achieved by selecting single-layer chloromethyl­
ated polystyrene (CMS) as a resist, by opti­
mizing the molecular weight of the resist, and 
by correcting the proximity effect. 

A transistor is the most important element 
of an integrated circuit , and as integration 
increases, its dimensions are being reduced. 
The physics of a MOSFET change as its 
dimensions are reduced. A submicron MOSFET 
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shows unique characteristics. Therefore, it is 
important to know the behavior of submicron 
devices made with high dimensional precision, 
which is not attainable by conventional optical 
lithography. 

For this reason, MOSFETs with fine poly­
silicon gates were fabricated by EB direct 
wiring, and the influences of the lithography 
precision on the uniformity of electric charac-

Table 1. Properties and characteristics of CMS at 20 kV 

Chloro- Sensitivity Resolu-
Mw 

Mw f methyl- (µC/cm 2
) -y-value ti on 

Mn a ti on (µm) 
ratio(%) Do Dso 

53 000 0 .8 1.8 1.5 2.1 
----j 

13 000 < 1.08 ;;; 52 9.0 12.0 4.1 1.5 

7 500 14.0 17.5 4.7 1.0 

Mw : Weight average molecular weight 
Mn : Number average molecular weight 
Do : Critical dose of gelation 
D 50 : Dose at which a half the initial thickness remains 
'Y : r = 1/2 log Wso /Do) -I 

a) 10-µm wide space, Mw: 7 500 

teristics of the MOSFETs were evaluated. 
The long-term reliability of the devices ir­
radiated by an electron-beam and the behavior 
of devices in the deep submicron region of less 
than 0.5 µm were also evaluated. 

2. Fabrication process for submicron MOSFET 
2.1 Electron beam resist 

Chloromethylated polystyrene (CMS) 1
) is 

well known as a dry etching-resistant negative 
resist free from post-polymerization. TOSOH 
CMS-EX is a high-sensitivity resist and CMS­
EXR is used for high resolution. As it is im­
possible to form a submicron pattern using 
these resists, a resist of higher resolution is 
required. Generally, negative EB resists show 
that resolution increases with decreasing 
molecular weight. Therefore the molecular 
weight of CMS was studied in regard to the 
formation of quarter-micron patterns. 

Table 1 shows the properties and character­
istics of the three types of CMS evaluated in 
this paper. The resolution represents the mini-

b) 1.5-µm wide space, Mw: 13 000 

Fig. 1-SEM photograph of 3 .0-µm wide line of CMS. 
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Fig. 2- Exposure intensity curves of 0.4-µm thick CMS 
for various designed widths . 

mum width achieved between the 3-µm wide 
lines. The initial resist was I .2 µm thick and 90 
percent remained after development . The 
sensitivity decreases as the molecular weight 
decreases , but the 1-value shows that the resolu­
tion increases. Figure 1 shows the SEM photo­
graphs of the narrowest space and shows the 
3-µm wide lines using molecular weights of 
7 500 and 13 000. Figure 1 shows that lowering 
the molecu lar weight improves the resolution. 
However, since an ex tremely low molecular 
weight causes poor heat resistance (low Tg) 

and Jong exposure time (large D 0 ) , a CMS 
having a molecular weight of 7 500 was used 
in the fo llowing experiments. 

2.2 Correction of the proximity effect 
The proximity effect is a serious problem 

in electron beam lithography . Incident electrons 
are scattered on the resist and substrate. Some 
electrons penetrate the substrate through th e 
resist , and are then scattered back onto the 
resist. 

Consequently , the resist is exposed both 
by incident electrons and by backscattered 
electrons . If patterns are close together , the 
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Table 2. Correction parameters for CMS 

Thick- Accelera- Sub- Parameters 
ness tion energy strate 
(µm) (kV) material5 A B c 
0.4 30 Si 0.16 0 .001 4 3 .500 

1.2 30 Si 0 .26 0.005 3.500 

resist is also exposed to backscattered electrons 
from other patterns. This phenomenon is called 
the proximity effect and causes a degeneration 
of pattern accuracy. To correct this problem , 
it is necessary to improve the accuracy. 

T.H.P. Chang2
) has reported that the ex­

posure intensity distribution (EID) can be close­
ly approximated by the sum of two Gaussian 
distributions. 

In this experim ent , the EID was expressed 
as follows: 

f(r)=exp {- Cr/A)2
} + 

+B exp {- Cr/ C)2
} ... .. .. .. (I) 

The first term represent s the effect of the 
in c ident primary beam and the second is that 
of backscattered electrons. Param eter A 
represents the horizontal spread of an incident 
primary beam , B represents the intensity ratio 
of two Gaussian distributions , C represents 
the horizontal spread of backscattered electrons, 
and r represents the distance from the center 
of the incident beam. 

These parameters depend on the acceleration 
voltage of the electron beam , resist and substrate 
materials, resist thickness, and the development 
conditions. 

In order to obtain these parameters, a 
0.4-µm or l .0-µm CMS was spin-coated onto 
si licon substrates. The resist was then exposed 
at an acceleration voltage of 30 keV. Patterns 
20 µm long and 0.6 , 1.0, 2.0 and 3.0 µm wide 
were exposed on each wafer with a dosage 
ranging of 10-1 000 µC/cm 2

. Figure 2 shows 
four exposure intensity curves for the 0 .4-µm 

thick resist . The term f (r) in Equation (I) 
expresses an EID for a small spot beam . EIDs 
for various patterns are obtained by integrating 
f (r) with the irradiated patterns as F (R) = 
Jff(r)dx x dy 3

) where R is the distance from 
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Fig. 3 - Deviations of developed resist width as a fun ction 
of designed width . 

the center of the irradiated patterns. Param eters 
A, B , and C were determin ed by matching the 
F (R )s to the measured exposure intensity 
curves shown in Fig. 2. Table 2 shows the results 
obtained by this method. 

In Table 2, parameters A and B decrease 
with decreasing resist thickness . A small value of 
A indicates a small horizontal spread of front 
scattering at the resist-substrate interface. A 
small valu e of B indicates that th e exposure was 
perform ed by incident electrons rather than 
backscattered electrons. Therefore, redu cing the 
resist thickness is an effective way to improve 
resolutio n. 

Y. Machida et al. 3) d eveloped a proximity 
effect correction which had two modes. One 
correction was for the dose and the other was 
to correct the pattern dim ensions. In this 
experin1 ent , the correction method was applied 
to submicron-gate patterns. The dose and 
dim ensio n of each pattern were calculated 
using the values of param eters A , B , and C 
obtained above. 

The fabrication of small gate patterns using 
a 0.4-µm thick CMS is described below. Aft er 
coating, the resist was prebaked fo r 100 s at 
80 °C on a hotplate. The resist was developed 
by a drip meth od using a solution of 1 part of 
isoamil acetate to nine part s ethyl cellosolve 
as a developer and using isopropyl alcoh ol as 
a rinse . 

Figure 3 shows the deviatio n from the 
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Fig. 4 - Deviations of developed resist width and etched 
polysilicon film width as a fun ction of designed 
width. 

designed dimensions for line patterns down to 
0 .2-µm wide. The doses show n in th e figure 
are basic exposure doses . The doses for large 
patterns and the actual exposure doses are 
det ermin ed according to the pattern dimensions 
and the proximity effect correctio n. The dashed 
line in Fig. 2 indicates the doses for various 
design width s, and shows that a smaller pattern 
requires a higher dose. 

Errors in the form ed pattern width were 
within the range of ±0.04 µm at 7 x 10 -s C/ cm 2 

for deisgn dim ensions of 0 .2 µm to I 0 µm . 

An accurate pattern delineation was achieved 
using the prox imit y effect correct io n. The 
pattern was measured by a HITACHI S-6000 
SEM dimensio n measuring instrum ent . 

2 .3 Submicron gate formation 
Polysilicon etching was carried out using 

a para llel-plate cathode-couple machine. 
SF 6 gas was first studied . Then a non-d oped 

0 .4-µm thick polysili con film was etched using 
a l .0-µm thick resist film . In the case of pure 
SF 6 , the selectivit y of polysilicon to silicon 
dioxide is ten or more and that to the resist 
is three . However , an und ercut o f about 0.1 µm 

was observed. In ord er to eliminate the 
undercut , C2 ClF 5 was added to the SF 6 to 
protect the side wall . As a result , the undercut 
was controlled but the selectivity to the oxides 
was reduced to four. It was therefore co ncluded 
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Fig. 5-Cross sectional SEM photograph of 0.25-µm long 
polysi!icon gate (Polysilicon thickness : 400 nm) . 

that it is impossible to form submicron gate 
electrodes with SF6 . 

Br2 was then studied4
) • s) as an etching gas 

because it reportedly maintains a high selectivity 
during etching. The etching conditions were as 
follows: 250 W RF power, Br2 gas of 70 seem 
and He gas of 70 seem, pressure of 0.2 Torr, 
and 10 percent over-etching. A non-doped 
0.4-µm thick polysilicon film was etched using 
a 0.4-µm thick resist film . The selectivity of 
polysilicon was found to be 30 times that of 
oxide and 10 times that of the resist . The 
finished sample showed quite a steep wall 
without undercut. 

Figure 4 shows the error m polysilicon 
width compared with the resist width. The 
polysilicon is about 0 .0 5 µm wider than the 
resist width. This anomalous increase in the 
width is believed to be caused by the protec­
tion of the side wall. 

2.4 Device fabrication process 
MOSFETs were fabricated using the tech­

niques explained above. These MOSFETs 
had polysilicon gate electrodes about 0 .25 µm 
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Lctesign· 

to 20 µm in length. Electron-beam direct writing 
was used only for the gate pattern delineation , 
while conventional optical lighography was used 
for the other operations. 

The fabrication conditions were as follows : 
Substrates were p-type silicon wafers of 
10 .Q ·cm, the channel regions were implanted 
with boron ions to a dose of 1, 2, or 5 x 
1012 cm- 2 at 40 keV, and a 20-nm gate oxide 
was grown using HCI oxidation. The source 
and drain were formed by arsenic ions at 
3 x 1015 cm- 2 at 70 keV . Figure 5 shows 
an SEM photograph of a 0.25-µm long gate. 

When the polysilicon gate was patterned , 
gate lengths of eleven transistors were measured 
along one diameter of a four-inch wafer for each 
design length. The results are shown in Fig. 6. 
For a design length of 0.20 µm , the average 
measured lengths were 0.25 ±0 .02 µm . The 
deviation was within ±10% for each length . 

3. Submicron MOSFET 
This chapter discusses the characteristics 

of the MOSFETs fabricated by the lithography 
mentioned above. Figure 7 shows the I0 -V0 

characteristics of a device with a channel doping 
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Fig. 8- Threshold voltage shifts and subthreshold swing 
shifts as short channel effects . 

of 5 x 1012 cm- 2 and L eff of 0 .32 µm . No 
punch-through characteristics were observed 
and operation was stable. 

3 .1 Short-channel effect 
When the channel length of MOSFETs is 

reduced , electric charges in a channel are 
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Table 3 . Variations of threshold volt age 

Gate length Threshold voltage 

Designed Mean a in a in 
(measured) (µm) (V) a chip (V) a wafer (V) 

10 (-) 0.4 56 0 .001 0 .01 8 
0.4 (0.46) 0 .369 0 .006 0 .023 
0 .3 (0 .36) 0 .263 0 .008 0 .06 1 
0 .2 (0 .2 5) 0 .043 0 .023 0 .1 30 

affected by the fields formed by the gate and 
by the fields formed by the source and drain. 
One of the short-channel effects is a lowering 
of the threshold voltage, Vih. The gate voltage 
increment required to increase the drain current 
by a fa ctor of ten in a weakly in verted state 
with a gate voltage less than or equal to the 
threshold voltage is called the s ubthreshold 
swing, (S). S increases as the channel width 
decreases . Figure 8 shows the threshold voltage 
and the subthreshold swing of devices with 
a channel doping up to 1 x 10 12 cm - 2

. The 
threshold voltage was determined by extra­
polating the ! 0 -V c characteristics in a linear 
region with Vn = 0 .1 V . The subthreshold 
swing S was measured with Vn = 3 V. It can 
be seen that Vih decreases and S increases as 
the gate length is reduced below 0.6 µm . The 
decrease in the threshold voltage and the 
increase in the subthreshold swing can be 
reduced by increasing the substrate concentra­
tion of impurities or by reducing the gate oxid e 
thickness according to the scaling rule . Ho wever , 
sin ce the device suffers lower drain-breakd own 
voltage , increased substrate-bias effect and 
lower reliability of the ga te insulator, practical 
devices should be operated und er conditio ns in 
which short-channel effects are minimized. 
The accuracy of the threshold voltage must 
be assured by precise co ntrol of the ga te length . 
Dispersions of the ga te length of one chip 
(8 x 8 mm 2 ) and of chips o n a wafer were 
studied for the devices represented in Fig. 8. 
The results are summarized in Table 3. 

The standard devia tions of a chip near 
the center of a wafer were obtained fo r 
20 transistors . The stand ard deviations were 
obtained for 1 000 to 1 700 transistors random-
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Fig. 9- Channel length dependence of substrate current. 

ly positioned over a four-inch wafer. The 
standard deviation for a Vih of 61 mV in a wafer 
of 0.3-µm devices is about 0.03 µm , as shown 
in Fig. 8. This is nearly equal to the previous 
figure of ±0 .02 µm for eleven samples. There­
fore, if the tolerable precision of the gate length 
is ten percent, the present technology can be 
applied to device fabrication at a level of 0.2 µm 

or 0 .3 µm . 

3 .2 Hot carrier effect 
This section discusses the problem of high 

electric fields in a miniaturized device, especially 
the hot carrier effect . Today , as we enter the 
era of the su bmicron device , Drain Avalanche 
Hot Electrons (DAHCs) generated at the drain 
edge often cause problems when relative high 
drain voltages are applied. Electrons having 
a high energy from a strong electric field in 
the channel region near the drain collide with 
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lattice atoms and generate electron-hole pairs . 
Avalanche multiplication occurs when the 
generated electrons and/or holes create more 
and more pairs . These particles become hot 
and penetrate the gate-oxide layers. In order 
to study device degradation caused by DAHCs, 
the substrate current is measured in relation 
to the amount of generated DAHCs. The 
relationship between the substrate current 
and the device degradation (e.g. the change 
in transconductance gm) has been thoroughly 
investigated. 

From observation, the life of a device r is 
represented 6

) by 

T = D (I SU b ) - p ' ..... . ... .. . . (2) 

where lsub is the substrate current and p is a 
constant of about 3 .0 to 3.4. lsub is related 
to the effective channel length Lerr6

) , by 

lsub = E exp (Leff -I). . . ... ........ (3) 

Figures 9 and 10 show the above relation­
ships. In Fig. 10, the life r is defined as the time 
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in which the transconductance gm falls by ten 
percent. The substrate current was controlled 
by varying the drain voltage Vn and gate voltage 
VG to maintain a condition of VG = 1 /2 VD . 
The area near the drain that is damaged by 
DAHCs is believed to be about 0.1 µm long for 
a channel length of 0.5 µm to 1.0 µm. If this 
value does not decrease when the channel 
length is reduced , the ratio of the damaged 
area to the entire channel of the transistor 
increases . Therefore , if the channel length 
is reduced , the transconductance may 
deteriorate 6) '

7
). However, the channel length 

did not appear to affect the life of devices 
even when the channel was 0.2 µm long. There­
fore , the authors believe that the size of the 
damaged area is to some extent proportionally 
reduced when the channel is shortened, or 
that degradation of the damaged area governs 
conductance of the entire device. 

Figures 9 and 10 show appropriate supply 
voltages for miniaturized devices. If a 10-year 
(3 .16 x 10 8 s) life is required , the supply voltage 
must be reduced to about 2.5 V for 0 .2-µm 

devices without high-voltage resistant structures 
such as LDD (Lightly Doped Drain). The maxi­
mum voltage is derived from the voltage that 
yields the maximum permissible substrate 
current of 10-7 A ·µm- 1 . This current is 
determined by extrapolating the linear relation­
ship on the log/log graph of life r verses sub­
strate current lsub. However, it has also been 
reported 8) • 

9
) that the degradation decreases 

as the gate-oxide becomes thinner in proportion 
to the gate length. This relationship requires 
further study. 

3.3 Damage caused by electron beam irradiation 
In this study, when the performance of 

devices fabricated by electron-beam direct 
writing is appraised , the effects of damage 
induced by electron-beam irradiation must 
be evaluated . Irradiation of MOS devices may 
cause centers which trap electrons or holes 
in the gate oxide or the silicon-silicon dioxide 
interface. MOS devices are more susceptible 
to this damage than bipolar devices because 
their performance and reliability depend on 
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the electrical properties of the gate oxide 
and the interface. The projected range of ir­
radiated electrons is about 1 µm to 2 µm at 
10 keV to 30 keV of accelerated energy , which 
is usually used in electron-beam exposure. 
This is a very large spread. Therefore , wherever 
there is a level in the layer, gate oxides cannot 
escape exposure to electrons. 

The effects of electron irradiation differ 
with device structures and irradiation condi­
tions. The threshold voltage of MOSFETs 
is shifted by about minus 1 V to 2 V by 
10-s C·cm- 2 of irradiation. However, the 
change is immediately recovered by high­
temperature annealing and no effects on the 
characteristics of the initial device are found. 
The annealing effect was confirmed in the 
following experiment. 

The MOSFETs in this experiment were 
fabricated with optical lithography. Conven-
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Table 4. Changes of transconductance 
caused by DC-stress 

SD (Vo= 6 V) LDD(Vo=IOV) 

Irradiated No irradiation Irradiated No irradiation 

- 4.2% - 4.5% - 5.7% - 5.6% 

1.2% 1.0% 1.1 % 0.7% 

(Lgate = 0 .8 µm , VG= 1/2 Vo, 1 000 s) 

tional single-drain (SD) devices were irradiated 
just after polysilicon-gate definition, and LDD 
MOSFETs were irradiated just after the oxide 
spacer formation. The dose for both structures 
was 7.5 x lo-s C·cm- 2 at 30 keV. To eliminate 
the effects of other processing, reference chip 
without irradiation and a sample chip to be 
irradiated were selected from each adjacent 
row of chips within a wafer. After ion implanta­
tion for source and drain formation, the wafers 
were annealed in nitrogen at 900 QC for 20 min 
to activate the implanted ions. In the final 
process, they were annealed in nitrogen diluted 
hydrogen for 30 min at 450 QC. The lightly 
doped regions were formed by a P-implantation 

of 1.2 x 1013 cm- 2 at 35 keV, and with a 
0 .2-µm long spacer. Figure l la) shows the 
threshold voltage Vih, and Fig. 11 b) shows the 
transconductance gm of the finished LDD­
MOSFETs. As is apparent from these 
histograms, no significant changes induced 
by electron beam irradiation were observed for 
either value. 

The influence on hot-carrier immuity for 
both SD and LDD samples was also studied. 
For transistors with gates of Lgate = 0 .8 µm, 

SD devices were subject to a DC stress of Vo = 

6 V and a VG = 3 V for 1 000 s, and LDD­
devices, were subject to Vo= lOV and VG= 
5 V for 1 000 s. The number of samples used 
in the test was 80 to 105 for each condition. 
Changes in transconductance from the initial 
stage are as shown in Table 4. 

No significant difference was found between 
the SD and LDD devices. Therefore, the authors 
conclude that there is no adverse effect of 
electron beam lithography on devices that 
are annealed at a temperature of 900 QC or more 
after irradiation. 
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4 . Conclusion 
There is the prospect of using the electron­

beam direct-writing technique to manufacture 
devices at a quarter-micron level for practical 
use. A CMS resist was selected as the electron 
beam resist because of its high resolution and 
high dry etching resistance. By optimizing 
the molecular weight of the resist and using 
the proximity effect correlation, a MOSFET 
with a polysilicon gate of 0.25 µm long was 
successfully fabricated. 

Fabricated MOSFETs having effective gate 
lengths down to Leff= 0.32 µm operate well 
without the punch-through phenomenon. 
Influences of electron beam irradiation on the 
device reliability were evaluated and it was 
confirmed that electron-beam direct-writing 
to form gate electrodes will cause no problems 
provided that an annealing process at a high 
temperature of 900 QC or more is carried out. 
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SOI-Device on Bonded Wafer 

• Hiroshi Gotou • Y oshihiro Arimoto • Masashi Ozeki • Kazunori Imaoka 

The bonded wafer technique to fabricate SOI (Silicon On Insulator) devices has been exten­

sively studied. This techn ique has been successfully applied to fabr ication of a 64-Kb it 

SOI-DRAM, which exhibits a low soft error rate up to 1/7 that of conventional DRAMs, 

depending on the substrate thickness of the bonded wafer. It was found that the soft error 

depended on the base substrate bias voltage. 

It is also shown that the bonded wafer technique can solve the latchup problem in CMOS, 

and is advantageous when used in the fabrication of SOI bipolar devices. Two new types 

of bipolar transistor are proposed. 

1. Introduction 
Research and development of Silicon On 

Insulator (SOI) devices has a long history. 
This research has shown that SOI devices have 
many advantages, such as realizing extremely 
high-speed devices 1

) and latchup-free CMOS. 
Also, soft errors caused by radioactive rays 
occur less often in these devices2

) and they 
exhibit a high breakdown voltage3

). 

However, these fea tures have only been 
utilized in integrated circuits for special applica­
tions, and the use of SOI-LSI devices has not 
been widespread. This is because no wafers 
can satisfy the required conditions. To obtain 
SOI-LSI devices , a SOI wafer having the same 
quality as a conventional wafer is required. 
The wafer must also be economical for the use 
of SOI-LSI devices to become widespread. 
Moreover, it is desirable to use conventional 
LSI process technology. If these conditions 
were satisfied , SOI-LSI devices could easily 
be realized. 

The authors believe that wafer bonding, 
SIMOX, and FIPOS are candidates for practical 
use in manufacturing SOI-LSI devices. Of these 
methods, wafer bonding is the most suitable 
to produce wafers for general-purpose devices 
because bonded wafers have the following 
features: 
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1) High-quality wafers as good as conventional 
wafers can be obtained . 

2) The thickness of the buried insulator can 
be freely selected . 

3) The thickness of the active substrate can be 
freely set. 

4) Wafers having the desired resistivity can be 
used. 

5) The conduction type of the base substrate 
under the buried insulator layer can be 
selected. 

6) The cost of the bonded wafer is about 
three times that of conventional wafers , 
but is lower than other types of SOI. 
With these fea tures, the bonded wafer has 

great potential for practical use . To verify its 
potential, the authors made an SOI wafer 
using the wafer bonding technique, and this 
wafer was used to make a 64-Kbit DRAM. 
The prototype DRAM can write to and read 
all bits. The soft error rate was the character­
istic of the DRAM which improved most of 
all - almost one order of magnitude compared 
to bulk wafers. The reason a DRAM was made 
was because it requires high-quality wafers, 
and almost all other devices can be produced 
using the wafers that are used to manufacture 
DRAMs. 

When making a CMOS device, it is important 
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Table 1 ~ Thickness of substrate 

Thickness Feature 

10 µm or less The soft errors decrease. 
5 µ m or less Complete isolation is easily enabled . 
1 µm or less The parasitic capacitance 

decreases and the speed increases. 
0.2 µm or less The mobility increases9) . 

to solve the latchup problem. The authors 
have shown that complete isolation can be 
achieved using the bonded SOI wafer enabling 
latchup-free devices to be made. 

BiCMOS demonstrates the potential of 
SOI devices. 

The authors have proposed two types 
of bipolar transistors having a new structure 
that uses thin substrates as the new alternative 
BiCMOS devices. These bipolar transistors 
use a layer on the buried insulator side induced 
by an electric field as the collector. This 
electrically induced layer was made by applying 
a voltage between the active substrate and the 
base substrate . The resulting transistors operated 
satisfactorily, thus opening a new field of 
application for SOI devices. It was also found 
that the region near the buried insulator has 
excellent crystallinity. 

2. Manufacturing the bonded SOI wafer 
The SOI wafer manufacturing technique 

using wafer bonding is currently under develop­
ment, and various manufacturing methods are 
being developed. These methods can be classi­
fied from several points of view as follows 4

)-s) 

1) Types of wafers for active substrate 
i) Epitaxial wafer 
ii) Non-epitaxial wafer 

2) Types of inter-layer insulators 
i) Doped silicon oxide 
ii) Silicon thermal oxide 
iii) Other than silicon oxide 

3) Substrate bonding methods 
i) Annealing 
ii) Mechanical pressing and annealing 
iii) Electric-field pressing and annealing 
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Fig. I - Wafer fabrication process. 
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Si point electrodes 

5cm 
Voids 

a) Pulse off b) Pulse on 

Fig. 2-Electric field effect on bonding. 

iv) Pulse-field pressing and annealing 
4) Thin layer formation methods 

i) Mechanical-chemical polishing 
ii) Mechanical-chemical polishing after 

chemical thin-layer formation 
The optimum thickness of the active sub­

strate is determined according to the feature 
of the SOI device to be utilized. 

The features can be classified according to 
the thickness of the active substrate as in 
Table 1. 

At the current state of wafer processing 
technology , the thin-layer formation method 
by mechanical-chemical polishing using the 
conventional wafer is suitable for producing 
active substrates of 3 µm or more. The thin­
layer formation method by chemical etching 
and mechanical-chemical polishing using the 
epitaxial wafer as the active substrate is suitable 
for producing active substrates of 5 µm or 
less. 

The pulse-field assisted bonding method 
(PAB) developed by the authors is explained 
below and is illustrated in Fig. 1. Two conven­
tional wafers, or an epitaxial wafer for the 
active substrate and a conventional wafer for 
the base substrate are thermally oxidized to 
form an oxide layer 0.5 µm thick. These wafer 
surfaces are then bonded using a carbon heater 
at a reduced pressure atmosphere of 10- 1 Pa 
while applying a pulse voltage between the 

4 10 

Fig. 3-Silicon pillar on Si02 layer. 

wafers to provide an electrostatic force. The 
bonding temperature is 800 °C. The amplitude 
of the pulse voltage is 300 V, its width 100 ms, 
and its period 500 ms. A pulse voltage is used 
to prevent the voltage drop caused by the 
electric breakdown of the inter-layer insulator. 
A short application of pulses makes it difficult 
for the electric breakdown to occur. Powerful 
bonding takes place within a short time im­
mediately after the pulse voltage is applied. 

Figure 2 shows how the bonding occurs 
when the pulse voltage is applied compared 
to when it is not applied . After bonding, the 
wafer surfaces are annealed for 30 min at 
1 100 °C to increase the bonding strength. When 
the CZ wafer is used as the active substrate, the 
SOI wafer is subject to mechanical-chemical 
polishing. When the epitaxial wafer is used 
as the active substrate, the layer is chemically 
thinned and subject to mechanical-chemical 
polishing. 

The macroscopic bonding strength of 
a wafer produced in this way is 100 kg/cm 2 or 
more. However, it is extremely difficult to 
measure the local bonding strength. To evaluate 
this , 4 x 4 µm Si poles were made on a 7-µm 
thick active substrate and the poles were washed 

FUJITSU Sci. Tech. J., 24, 4, (December 1988) 



520 510 
Raman shift (cm- 1 ) 

Fig. 4-Raman spectrum for a bonding wafer. 

- si layer 

10 nm 

Fig. 5-Cross sectional TEM lattice image. 

with water (see Fig. 3). No wafer peeled during 
this treatment. This shows that the wafer has 
sufficient bonding strength, even at the micro­
scopic level. Figure 4 shows the residual stress 
of the active substrate measured by Raman 
spectroscopy. The residual stress is below 
the measurement limit. The warpage of the 
3-inch to 6-inch SOI wafers was 50 µm or less. 

Figure 5 shows a cross-sectional TEM 
lattice image of the bonded bare silicon 
substrate and the oxidized silicon substrate 
bonded by the above method. This image 
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Fig. 6- n-channel MOSFET characteristics. 

5 

is of the interface between the bare silicon 
and oxidized film. This image shows that no 
crystal defects occurred at this interface , 
demonstrating that a SOI substrate free of 
defects up to the interface can be obtained 
using this bonding method. 

3. 64-Kbit SOI -DRAM 
Figure 6 shows that the characteristics 

of a MOSFET made on a bonded SOI wafer 
are almost the same as those of a MOSFET 
made on a bulk silicon wafer. These character­
istics were satisfactory enough to proceed 
with the manufacture for LSI devices. 

SOI wafers having active substrates 5 µm 

to 20 µm thick were made using a pair of 
conventional p-type wafers. A 64-Kbit DRAM 
was fabricated using the 3-µm rule from these 
wafers. The resulting SOI-DRAM has operated 
with all bits. Figure 7 shows the image and 
a cross-sectional SEM lattice image. The mask 
patterns and process conditions were the same 
as those for conventional wafers. No problems 
occurred throughout the entire process. The 
DRAM was selected for fabrication because 
it is very sensitive to crystallinity, thus providing 
a good means for evaluating the technology. 
If it is possible to make the DRAM, other 
devices can also be easily made using this tech­
nology. 
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a) Top view b) Cross-section 
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Fig. 7- 64-Kbit SOI-DRAM. 
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Fig. 8-Substrate thickness dependence of soft errors of 
64-Kbit SOI-DRAM. 

The access time is about ten percent faster 
than conventional wafers. This may result 
from the difference in the substrate bias 
dependence of the threshold voltage ( Vth) 
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between a transistor on a conventional wafer 
and a transistor on a SOI wafer. The SOI­
MOSFET has a smaller substrate bias 
dependence than the conventional MOSFET. 
Therefore, the value of Vih during operation 
of the MOSFET in the DRAM is smaller for 
the SOI-DRAM, thus reducing the access time. 

When the bit number distribution of the 
data retention time for multiple DRAM chips 
was checked , the distribution ratio for less 
than one second was found to be less than 
0.5 percent. This means that the bonded 
substrate has a quality high enough to produce 
SOI-LSI devices. 

It is very important to reduce the soft 
errors in the LSI memory. 

It is said that most soft errors are caused 
by alpha-particles resulting from the materials 
used in the LSI chip. To check the dependency 
of soft errors on the thickness of the active 
substrate, alpha-particles generated from 
americium were applied to the SOI-DRAM. 
Figure 8 shows the results. The number of 
soft errors increases as the thickness of the 
substrate increases. There are 1/7 the soft 
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Fig. 10- Schematic cross-section of a thyristor. 

errors of a conventional DRAM when the 
substrate thickness is 5 µm . The number of 
soft errors is about the same as conventional 
wafers when the thickness is 20 µm . (The 
range of movement of the alpha-particles 
generated from americium in the silicon 
substrate is up to 20 µm.) Thus, soft errors 
are reduced when the SOI substrate is 5 µm to 
20 µm thick, and the reliability of LSI is also 
improved . 

It was also confirmed that the rate at which 
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soft errors occur can be varied by applying 
a bias voltage to the base substrate . Figure 9 
shows the relationship between soft errors 
and the base substrate voltage for three different 
thicknesses. When a negative bias voltage is 
applied, the soft errors increase. When a positive 
bias voltage is applied , the soft errors decrease. 
However, a high positive voltage cannot be 
applied to reduce the soft errors, because 
a back channel occurs near the inter-layer 
insulator of the active substrate. For the p-type 
SOI substrate, a negative bias voltage is generally 
applied to prevent the back channel from 
occurring. However, a nagative bias voltage 
increases the soft errors. 

This dependence is assumed to occur 
because the band of the active substrate near 
the inter-layer insulator bends slightly due 
to the bias voltage of the base substrate. 
Although this band is only slight, it is considered 
effective in attracting electrons induced by 
the alpha-particles toward the insulator , varying 
the funneling length , and slightly varying the 
gate threshold voltage of the transistor. 

4. Complete isolation 
Highly integrated CMOS devices suffer 

from the latchup problem. This is because 
complete isolation is extremely difficult to 
achieve using a bulk silicon wafer. However, 
complete isolation is enabled when the SOI 
wafer is used . Therefore, the authors believe 
that a latchup-free CMOS device can be made. 

To verify this , the authors studied the 
thyristor structure schematically represented 
in Fig. 10. The p-well and n-well source and 
drain of this CMOS device are also schematically 
shown. This circuit was checked for the 
occurence of the latchup phenomenon. 
Figure 11 shows the results. It was found 
that no latchup would occur when isolation 
was complete. However, if isolation was in­
complete, that is , if the trench did not reach 
the inter-layer insulator, latchup was observed . 
In this case, several discontinuous points were 
observed in the voltage-current characteristics 
as the circuit current increased. This is assumed 
to be caused by the internal resistance of the 
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Forward voltage (V) 

Fig. 11 - Latchup characteristics of thyristor in Fig. l 0 
(distance from the trench bottom to isolation 
layers : a) 0 µm b) 0.1 µm c) 0 .5 µm.) 

thyristor, because it is similar to the second 
breakdown observed in the power transistor. 

5. New SOI devices 
It is important to discuss the potential 

of high-density, high-speed SOI devices . An 
example of a potential SOI device is a BiCMOS 
in which the bipolar transistor and MOSFET 
are combined in the same chip . 

It is possible to make conventional vertical 
bipolar transistors on the bonded substrate, 
and obtain static characteristics of these 
transistors identical to those of conventional 
transistors. Therefore , it is also possible to 
make a SOI bipolar device. The bipolar 
transistor and conventional MOSFET can be 
made on the same SOI wafer using the conven­
tional method. However, the thickness of the 
SOI stustrate must meet the requirements of 
the bipolar transistor, which sacrifices the 
performance of the MOSFET. That is , the 
substrate thickness must not reduce the stray 
capacitance of the MOSFET. To avoid this 
problem, a lateral bipolar transistor capable 
of being made on a thin active substrate 10

) has 
recently been studied. However, it is difficult 
to make a thin base layer for this transistor. 
If a thin base layer is used, then the parasitic 
capacitance of the MOSFET causes a problem. 
This is because a channel is formed near the 
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Fig. 12-Schematic cross-section of collector uses 
accemulation layer (CAL) transistor. 
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Fig. 13 - Schematic cross-section of collector uses 
inversion layer (CIL) transistor. 

inter-layer insulator of the base layer having the 
emitter as the source , collector as the drain , and 
base substrate as the gate electrode . 

Therefore , the authors have proposed two 
types of bipolar transistors that can be made 
on a thin active substrate as new alternatives 
for SOI substrate utilization, and have proved 
their satisfactory operation . These transistors 
use field-induced layers due to the electric field 
of the base substrate as the collector. One type 
of collector uses an accumulation layer (CAL) 
and the other uses an inversion layer (CIL). 
Figures 12 and 13 show their structures. These 
transistors were fabricated from 2-µm thick 
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n-type and p-type SOI wafers using epitaxial 
wafers. 

The fabrication processes are as follows: 
1) CAL 

i) n-type active substrate 2 µm thick 
ii) Field oxide formation 
iii) Collector n+ region formation 
iv) Annealing 
v) Base layer formation 

2) CIL 
i) p-type active substrate 2 µm thick 
ii) Field oxide formation 
iii) Base layer formation 
iv) Collector n +region formation 
v) Annealing 

3) CAL and CIL 
vi) Formation of diffusion region for base 

electrode 
vii) Si02 deposition 
viii) Emitter hole formation 
ix) Polysilicon deposition 
x) Emitter formation 
xi) Emitter/base/collector contact hole 

formation 

FUJITSU Sci. Tech. J. , 24 , 4, (December 1988) 

H. Gotou et al.: SOI-Device on Bonded Wafer 

10- 3 

io-• io-• 
$ 
c: $ 
t c 

t :l 
u :l 
~ u 

.~ "' <fl 

"' E co 
w SE= 5 x 5 µm ' io-• VcE = 3.0 V io-• 

--- : Vb s ub = ov 
- : vbsob = 50 v 

10- 12 

2 
Base voltage (V) 

Fig. 15-Gummel plot of CIL transistor. 

xii) Al wiring 
The buried n + layer used in conventional 

transistors is not used for the CAL. Therefore, 
the CAL is thinner only by this buried n+ layer. 
For the CIL, the collector diffusion region 
is also not made except for the collector n + 
region. Since the collector electrode is made 
using the inversion layer, the CIL is made on 
an even thinner substrate than the CAL. 

Figures 14 and 15 show the measured 
emitter current and base current characteristics 
as a function of the base voltage for various 
base substrate bias voltages. When a positive 
bias voltage is applied, the base current (18 ) 

decreases and the emitter current (IE) increases. 
This bias voltage causes the base current to 
decrease in both the CAL and CIL. The emitter 
current of the CAL increases in the high-current 
region , but it increases uniformly in the CIL. 
Figure 16 shows the relationship between 
the CAL base voltage and the current gain factor 
(hFE ). This gain factor has been improved 
significantly in the low base voltage region . 
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voltage region. 
When a heavily doped region and a lightly 

doped region were made on a collector using 
the conventional vertical bipolar transistors, 
the base current is lower than when only a 
lightly doped region was made 11

). This suggests 
that the dependence of the CAL and CIL 
base current on the base substrate voltage is 
because the n + layer is formed on the collector. 
Similarly, the dependence of the CAL emitter 
current on the base substrate voltage can be 
explained by the reduced resistance of the 
collector layer as a result of formation of the 
n + layer. The dependence of the CIL emitter 
current on the base substrate voltage must 
consider the change in values that were normally 
fixed during operation, such as the change 
in thickness of the base layer, in addition to 
the formation of the collector n +layer. 

These transistors were found to operate 
satisfactorily, which indicates new alternatives 
for SOI devices. They also showed that the 
crystallinity of the bonding plane of the SOI 
substrate was not damaged. 
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6. Conclusion 

To demonstrate that the bonded substrate 
can be applied to devices, the authors success­
fully fabricated 64-Kbit DRAMs which require 
high-quality wafers. Using this sample device, it 
was possible to write to and read and 64 Kbits. 
Using these chips to obtain the relationship 
between soft errors and substrate thickness, 
we found that the soft errors were 1 /7 that 
of conventional chips when the substrate thick­
ness was 5 µm . The soft error rate is about 
the same as for conventional chips when the 
thickness was 20 µm . It was also shown that 
soft errors depend on the bias voltage of the 
base substrate. 

It has been shown that the latchup problem 
in CMOS devices can easily be solved by using 
the bonded SOI substrate. It has also been 
shown that complete isolation is required 
for a latchup-free CMOS device. 

We studied the potential of SOI-BiCMOS 
for future high-density , high-speed SOI devices. 
As new alternatives , the authors proposed 
two types of bipolar transistors having a new 
structure , and proved their satisfactory opera­
tion. One uses the accumulation layer as the 
collector (CAL) and the other uses the inversion 
layer (CIL). These bipolar transistors can be 
made on this active substrate which suggests that 
SOI-BiCMOS can be realized without trading off 
the characteristics of the SOI-MOSFET. 

Thus, the bonded substrate has great 
potential for use in the manufacturing of SOI­
LSI devices . 
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Overview of Mask Technology 
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Mask·making technology plays an important role in generating the patterns for devices used 

in semiconductor fabrication. Fuj itsu recogn izes the importance of this technology and has 

developed it from the early days of semiconductor fabrication. 

This paper describes the mask·making technologies currently being used: data processing, 

exposure, process and inspection technology. This is followed by a discussion of the future 

trends in mask·making technology. 

1 . Introduction 
Fujitsu established its Mask Technology 

Division 25 years ago , in 1963, marking it prob­
ably the third oldest division in the world of 
semiconductor manufactures after IBM and TI. 
This is because Fujitsu was quick to recognize 
the importance of microlithography in the de­
velopment and fabrication of semiconductor 
devices. 

To realize Fujitsu's objective of completely 
fabricating semiconductor devices in-house , the 
development of the technology for fabricating 
the masks started with all mask-making proc­
esses, including materials, artwork (pattern 
generation), master masks and working masks, 
being developed simultaneously. 

This paper first describes the history of mask 
technology . Then the early stages of reserch and 
development up to the current state of the basis 
technology are described. This paper lists the 
subsequent technological innovations m a 
chronological table and provides a supple­

mentary description of the major technologies, 
comparing them to the corresponding IC changes. 
Details of current mask technology and future 
trends are described last. 

2 . History 
Fujitsu started plotting artwork (i.e. pattern 

generation) 150 times larger than the actual size 
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on kent paper using an X-Y coordinate graph 
machine . In 1966, artwork was plotted 250 
times the actual size on a peel coat film to 
improve the pattern accuracy . In 1968, we 
developed an automatic plotting machine that 
drew the artwork 100 times the actual size on a 
film to handle the higher integration of ICs. At 
the same time , we developed computer aided 
design (CAD) for automatic plotting. In 1971 , 
we installed a Pattern Generator® that exposed 
patterns ten times their actual size on reticle 
blanks to improve the pattern accuracy. We also 
installed a FACOM 230-50 as the host computer 
to fully utilize the CAD and established the 
groundwork for data processing technology . As 
the development of I Cs progressed from 16-Kbit 
DRAM to 64-Kbit DRAM, the patterning 
accuracy had to be improved . We started in­
vestigating the installation of a electron beam 
(EB) exposure system in 197 8 and began reticle 
patterning using our EB system in 1981. Sub­
sequently , we have generated patterns for VLSis 
while continually upgrading the performance of 
our system to this day. 

We first manufactured the master mask by 
printing and laying out a 30 x pattern on a 
1 200-mm 2 film. We installed a Photo Repeater® 
in 1967 to manufacture the mask for a two-inch 
wafer. We also installed a Photo Repeater® for 
the Cr hard plate, the first in Japan , in 1968. 
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The only device manufactuers that have achieved 
in-house development of mask materials such as 
Cr hard plates are IBM, TI, and Fujitsu. During 
this period, the emulsion (Em) master mask was 
continuously mass produced. Around 1978, we 
entirely changed the master mask to the hard 
(Hd) master mask. In 1983 , we installed the 
fabrication technology of direct lighography 
master masks by EB in the production line. 

The first fabricated the working mask by 
printing the above-mentioned 30 x film master 
on Em blanks using a 1/30 reduction camera. 
In 1965 , we developed con tact printing tech­
nology to fabricate a working mask from the 
master mask, and put it to practical use . 
We first fabricated this working mask from 
a 3 5-mm 2 mask corresponding to a 1-inch 
wafer. 

Then, we began to fabricate large masks 
for large-diameter wafers (see Fig. 1 ). In 1974, 
we developed two innovative and original 
technologies to reduce the cost and improve 
the quality of the working mask. They were 
the mask anti over contact surface finishing 
technology and a soft contact printer. In ad­
dition , we investigated synthetic quartz 
materials, which will be described later. We 
currently provide a 175-mm diameter mask. 
The mask factory is installed adjacent to the 
wafer factory because it supplies the wafer 
process with masks. 

One of the major results of mask technology 
applications was the practical use of the direct 
wafer pattern exposure technology we 
developed , based on the master mask production 
technology. This stepper exposure technology 
was first used in 1977. This technology could 
be realized only after being integrated with 
the reticle manufacturing technology. Fujitsu 
was the first company to put these technologies 
to practical use. 

Since 1969, we have placed great emphasis 
on the development and application of CAD 
for design patterns. At this time, with the 
development of the mass production VLSls 
and gate arrays with quick turn around time 
(QT AT), the Data Processing Department 
supports the Design Department using mask 
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a) 1st generation 
mask 35 mm 

b) 4th generation (present) 
mask</> 175 mm 

Fig. I - Mask size comparison. 

CAD technology. Now, submicron patterns 
are also becoming increasingly widespread. 
Mask technology is the bridging technology 
of accurately forming the device required 
by the Design Department of Wafer Processing. 
Therefore , mask technology plays an important 
role by supporting the Design Department 
in pattern formation and by providing the 
Process Department with reticle masks . 

3. Development and expansion of mask 

element technology 

The chronological table (see Fig. 2) lists the 
development and expansion of mask element 
technology. Figure 3 shows the transition 
of the manufacturing process roughly classified 
by generation. This section provides supple­
mentary background information to the 
development of the manufacturing processes. 

3 .1 Early technology - working mask technology 
Fujitsu's early efforts aimed to achieve 

a mask overlay accuracy of 1 µm for the first 
generation (1963 to 1966). At that time , such 
a high mask overlay accuracy was unheard of. 
To maintain this accuracy , it was necessary to 
mm1m1ze the layout error. Therefore, we 
planned to manufacture the mask by reducing 
it in a single step at high magnification. We 
designed and manufactured a high-magnifica­
tion reduction camera, a 1 /30 vertical type . 
For the layout, we developed a specially 
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designed printing machine by combining our 
numerical control machine (FANUC Prototype 
Model-120) with a photoengraving machine 
available on the market. As a result , we were 
able to provide a 35-mm square mask . In 1965 , 
we started development of the following tech­
nologies . 

One technical development was to realize 
working mask of metal on glass (Cr mask) . 
This led to the current mask technology. At 
that time , there were two major problems 
with the working mask. The life span was 
short and high-contrast patterns having sharp 
shapes could not be formed. The life span 
of the working mask was short because it 
was easily scratched when it was used in the 
wafer process. High-contrast patterns having 
sharp shapes were difficult to form because, 
due to the low sensitivity of the photo resist , 

Year (19xx) 63 64 65 66 67 68 69 70 71 72 73 74 

CSL MB400 MOS 1-K DRAM 

75 

Device 4-K DRAM 

there was little latitude in the exposure, and 
interference frings were generated on the mask 
by excess light permeating when the mask was 
exposed to intense light. 

Another technical development was the 
mask contact print system. This system provided 
the foundation for mass producing high-quality 
and low-cost working masks in the third genera­
tion , as described later. 

3.2 Establishment of basic mask-making tech­
nology 
When the development of IC (CSL) for 

electronic 
developed 

switching systems began , we 
mask-making technology for the 

CSL. The key feature in this second generation 
was the step & repeat camera (i.e. a Photo 
Repeater®) installed in 1967 . Later, installation 
of a Photo Repeater® having several 

76 77 78 79 80 81 82 83 84 85 86 87 88 89 

16-K DRAM 256-K DRAM 1-M DRAM 4-M DRAM 
64-K DRAM 

BIP ECL 100-gate ECL 400-gate 

FAG IC (manual cording) ... 
CAD 

FAD (Fuj itsu Auto Design) FA D-5 ,. __ 
technology Design support 

,. technology 

Data transmission technology 

Manual art work 
Art work 

.. . ,. 
Auto plotter Electron beam pattern generator pattern ,. ,. ... ,, __ ,,_,, ___ ,, 

generation Photo pattern generator ,. ... ,. 
l /5 camera l/25 camera ... ,. ,. 

1/10 camera ,. ,. EB reticle 
Reticle 

,. 
L 

Cr reticle ,. 
Em reticle ,. ,. 

Photo composer 4-in mask 5-in mask 6-in mask 7-in mask ... 
I 

,. 
Master 

Em photo repeater ... 
mask Hd photo repeater 

2- in Em master 2-in H d master 
EB direct writing 

Working 1/30 camera ... ,. 
Contact printer mask 

Hd mask development Inspection technology Dry etching process 

Mask Contact printer development Soft contact printer 

technology Repair technology development DUV contact priner 
TIC development Stepper 

(Pe llicle) 

Mask 1st clean room lab. Kouzouji design Works 

product ion Kawasaki Works Aizu Works Iwa te Works Wakamatu Works 
Mie Works 

Fig. 2- Trend in mask engineering technology. 
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master 

EB direct 
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Fig. 3 - Trend of mask making technology flow . 

modifications m the performance helped 
establish the mask technology. (The second 
generation started at this time.) Installation of 
the Pattern Generator® in 1971 for IC 
development of the MOS 1-Kbit DRAM and 
ECL 100-gate array determined the direction of 
the reticle making technology. 

Although supplementary , we also in­
dependently developed important technology 
for the repair technique required to harden 
the mask material for Cr. This technique 
eliminates pattern defects caused by contamina­
tion and defects in treated resist materials 
to ensure a I 00-percent defect-free reticle. 
The repair technique was later improved from 
a laser system to the focused ion beam system , 
which is a current basic technique. 

FUJITSU Sci. Tech. J., 24, 4, (December 1988) 

3.3 Mask-making technology in growth period 
This third generation (197 4 to 1983) oc­

curred when ICs became LSis, that is when 
MOS devices progressed from 4-Kbit to 16-Kbit 
DRAMs and bipolar devices started being 
developed with ECL 400 gates. This period was 
a major turning point in the quality and ac­
curacy of masks. To achieve fine patterns , 
to reduce the defect density , and to improve 
the total MTF, sodalime glass (blue and white 
blanks) which was used for hard (Cr) and soft 
(Em) glass blanks was changed to synthetic 
quartz glass , which is chemically and physically 
stable. 

At that time, the cost of the synthetic 
quartz glass was about 25 times that of sodalime 
glass. However, the features of synthetic quartz 
glass, viz., optical permeability , abrasion 
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resistance , resistance to chemicals , and low 
thermal expansion , solved the problems as­
sociated with thermal expansion that occurred 
in the wafer process when sodalime glass was 
used and solved the process instability. Further­
more, we obtained other improvements , such 
as cost reduction, because the synthetic quartz 
could be efficiently reused , resulting in the cost 
being less than that of sodalime glass. 

We installed automatic surface inspection 
technology at the same time when the blanks 
pinhole (Ph) inspection machine was developed. 
The surface inspection was then changed from 
sensory inspection to machine inspection . 
We also developed and installed a clean room 
to improve accuracy and quality. This tech­
nology to maintain local cleanliness and 
maintain the ambient temperature to within 
0 .1 °C played an important role in stabilizing 
the alignment accuracy in the mask making and 
wafer processes. 

At the same time, we also developed laser 
interferometric measurement technology to 
control the accuracy, and installed an inter­
ferometer in 1972. The interferometer is 
required to thoroughly control the accuracy of 
both products and machines when mass 
producing masks. Higher integration of LSls , 
conversion of mass produced MOS from 
256-Kbit DRAM to 1-Mbit DRAM, development 
of the 4-Mbit and 16-Mbit DRAM VLSI, and 
large-scale, ultrashort delivery time of the gate 
array product have resulted in another major 
turning point for mask-making technology. The 
next chapter describes the technology of the 
fourth generation. 

4 . Current mask technology 
Incorporating the above changes, the Mask 

Engineering Department supplies the Wafer 
Processing Department with reticles and masks. 
Figure 4 shows the current functional structure 
of the Mask Department. The Kawasaki Works 
is mainly responsible for the Mask Department, 
and is also mainly responsible for technical 
development, and making prototypes. It also 
fabricates the reticles and partially fabricates 
the masks for mass-produced LSis including 
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Management section 

Data processing section 
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Material engineer ing section 

Product ion section 
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Aizu work s 

Iwate work s 

Fig. 4 - Function structure of mask department. 

advanced and prototype LSis. 
As described above, a mask shop is installed 

at each wafer process factory and produces 
and supplies the reticles and masks for the 
LSls fabricated at the works . This is an im­
portant advantage to provide customers with 
devices in a QT AT that other companies cannot 
provide. At present , these shops develop the 
reticle and mask technologies and fabricate 
them. The processes flow is outlined below. 

4.1 Data processing 
To fabricate LSis according to the CAD 

data (design data) generated by the LSI designer, 
the first process required is data processing. 
Data processing converts the design data into 
manufacturing data for the EB exposure 
machine (exposure data) and inspection machine 
(inspection data). These processes depend 
on conversion technology using super computers 
and on verification technology that verifies 
the converted data. 

Before describing these processes , the 
flow of the data process is described in Fig. 5 . 
First , the design data is transferred domestically 
and internationally to super computers through 
communication lines . Then , specific types of 
LSI manufacturing machine data (process data) 
are created , such as the alignment pattern 
data used in the stepper. We convert both types 
of data into exposure data using the conversion 
software we developed. The converted data 
is then verified and transferred to the most 
suitable factory to fabricate the reticles and 
masks. 
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Fig . 5- Data processing flow. 

The various computers in each factory 
form a network using the Flexible System 
Link (FSL) 1~ FLS enables inter-system com­
munication to use high-speed transmission of 
up to 33 Mbit /s and channel connection through 
high-speed and highly reliable communication 
lines consisting of optical fiber cables. Our 
network is effective for LSI fabrication in 
each remote factory . This advanced network 
between the design center and mask shop 
has been proposed and is being implemented 
in the USA. We have already been able to 
reduce the delivery time of ASICs using this 
network. 

4.1.1 Data conversion technology 
In this subsection , we describe the data 

conversion technology that forms the nucleus 
of data processing. Data conversion technology 
enables the conversion process that generates 
exposure data from design data and enables 
the pattern generation process that generates 
process pattern data for the equipment used 
for wafer fabrication (e.g. stepper). As the 
complexity of wafer fabrication increases , 
process pattern data is also becoming more 
complex. Process pattern data and design 
data become more complex as the required 
device pattern becomes increasingly complex. 
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Table 1. Data convert processing result 

Conversion 
CPU time 

Output data 
soft wear 

(FACOM M 780) 

Ratio Ratio 

Non-hierarchical 
structured 23 .1 20.1 
softwear 

Hierarchical 
structured 1.0 1.0 
soft wear 

There are results of memory device (about 50 million 
patterns). 

To resolve these problems, we have 
developed an original data conversion system 
called Fujitsu Artwork Data (FAD) processing 
on a FACOM M-780 main frame computer. 
Although the FAD system enables conversion 
of large amounts of data, the dramatic increase 
of the volume of design data in recent years 
requires a more efficient system. Therefore, 
we have introduced a hierarchical structure 
into exposure data to manage the exposure data 
more easily , and a new FAD system which 
enables both the conversion time and the 
volume of exposure data to be reduced . 

Table 1 lists the results of the conversion 
process for the data of one 24-Mbit DRAM 
mask . This mask data includes about fifty 
million patterns (5 x 107 ). Table 1 shows 
that the productivity of the new FAD system 
is 23 times higher than the conventional system 
and enables a 5-percent reduction in the volume 
of exposure data compared to the conventional 
system. The new FAD system has had a signifi­
cant impact on high-density memory devices in 
which the same pattern is repeated frequently, 
and has contributed to the development and 
fabrication of these devices. 

Data compaction technology is essential 
for the next generation of high-density devices. 
Compaction techniques reduce not only the 
load on the data conversion process but also 
the data transfer between works . Currently , 
the new FAD system enables the handling 
of large amounts and various types of data 
from both domestic and overseas customers 
via a communication network and satellite 
system. 
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4.1.2 Data verification technology 
Data verification is another very important 

aspect of data processing. It is necessary to 
compare design data with exposure data and 
to check the exposure data based on the design 
rules . Verification processes include the 
comparison of reticle to design data , CD 
measuring, and checking the compliance with 
design rules using both software and the 
specified hardware. As the feature size of devices 
becomes smaller, a verification accuracy of 
0.01 µm or less will be required for the next 
generation of devices . This new technology 
is currently being developed . 

4.2 EB exposure system 
With the advances of optical exposure 

technology such as excimer steppers in the 
wafer process, the 16-Mbit DRAM VLSI will 
soon be able to be patterned using the stepper. 
However, design rules as severe as 0.5 µm or 
more will require highly accurate reticles for 
stable production of LSis . For 5 x reticles, 
each layer must maintain an overall error in 
the dimensions and a positioning accuracy 
of 0.1 µm or less and an inter-layer overlay 
accuracy of 0 .1 µm or less. 

This section describes the highly accurate 
reticle patterning EB exposure system , named 
NOWEL2~ which has been developed to meet 
these requirements. Table 2 lists the system 
specifications and Fig. 6 is a block diagram 
of the system . 

NOWEL has the following three major 
characteristics : 
1) Vertical landing deflection system , 
2) double-exposure method A/B mode , and 
3) repeated data compression. 

The following two subsections describe 
its characteristics in detail. 

4 .2 .1 Vertical landing deflection system 
The NOWEL deflection system consists 

of a two-state deflector, that is , an electro­
magnetic deflector that deflects the 5-mm 2 

main field and an electrostatic octpole deflector 
for deflecting a field of 100 µm . The electro­
magnetic deflector is composed of three saddle 
coils in series for both the X-axis and the Y-axis. 
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Table 2 . Specifications of NOWEL system 

Item Specification 

Step-and-repeat moving stage 

Writing method 
Variable-shaped beam (max 4 µm 2

) 

Dual deflection system 
Vector scan 

Beam voltage 20 kV 

Current density 20 A/cm2
, LaB6 gun 

Clock rate Max 5 MHz 

Substrate 
max ¢ 7 in 
Automatic loading . 5 in2 

CD control < 0.1 µm (3 a) 

Butting accuracy ~ 0 .1 µm (main field, 5 mm 2
) 

Overlay accuracy ~ 0.1 µm (3 a) 

Edge roughness ~ 0 .05 µm 

Large Shape 
sca le 
data 
memory Blank 

Main 
defl ection 

Pattern MT e generator Sub 
deflect ion 

Fig. 6 - Block diagram of NOWEL system. 

Vertical landing is achieved by combining 
a short-working distance lens (M = 0 .86) and 
the electromagnetic deflector. Simulation of 
the deflection system is based on a third-order 
aberration theory. For a 5-mm 2 deflection 
area , vertical landing, and low deflection aberra­
tion , we obtained five third-order aberration 
coefficients and a primary chromatic aberration 
coefficient. The results of numerical calculation 
of an aberration that cannot be dynamically 
corrected and their preset conditions are listed 
in Table 3. 

Figure 7 shows the differential backscattered 
electron signal at the center and at the upper 
right corner of the main field. These correspond 
to a 1-µm wide beam . The X component of 
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a) The center b) The upper right-hand corner of main field 

Fig. 7- Differentiated backscatter electron signals from calibration grid. 

Table 3. Conditions of deflection system 

Item Specification 

Beam voltage 20 keV 
Setting Energy distribution 2eV 

Beam half angle 7 m ·rad 

Coma 0.027 µm 

Aberration 
Spherical 0.097 µm 
Transverse chromatic 0.100 µm 
Axial chromatic 0.070 µm 

Telecentricity 
Root mean square 0.158 µm 
Beam landing angle 0.4 m · rad 

the aberration is largest at the upper right 
corner. Expansion of the beam due to this 
aberration is about 0.2 µm. This value is worse 
than the results of numerical calculation and is 
assumed to be due to an error during coil 
manufacturing and assembly. 

Figure 8 shows the change of the field 
butting error at different substrate heights . 
The difference in the reading of the vernier 
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Fig. 8 - Main field butting error vs substrate height 
variation, z position. 

between the adjustment reference level and 
the level 80 µm below the adjustment reference 
level is 0.4 µm . That is, the beam landing angle 
at the corner of the main field is about 
2 .5 m ·rad. Since the variation in the height 
of the actual substrate is about 10 µm , the 
effect is only 0.05 µm. 
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Fig. 9 - Basic concept of the A- or B-modes. 

SY/2 

4.2.2 Double-exposure method "A/B mode" 
Figure 9 shows the basic concept of ttte A/B 

mode, which uses a rectangular pattern. The 
pattern is continuously exposed twice and is 
subject to half the dosage each time it is 
exposed. The numbers in a) and b) of Fig. 9 
indicate the sequence of the exposure. The 
initial exposure equally divides the pattern 
into m x n shots. This called the A mode. 

The B mode shifts the pattern by half the 
shot size in the A mode and exposes it. The 
peripheral section has a shot size half that 
for the A mode for the X-axis , the Y-axis, 
or both axes. As a result, the edges of the A 
and B shots cancel each other out . This series 
of operations is automatically performed by 
the logic circuit of the pattern generation 
unit. Figure 10 shows the resist pattern exposed 
in each mode. The pattern edge roughness 
was improved to less than 0.05 µm using the 
A/B mode . 

4.2.3 Repetitive data compression 
Figure 11 shows how the NOWEL hierarchi­

cal data is stored in the memory. The memory 
cell area consists of memory cell blocks 
composed of small cell units. Therefore, for 
repetitive data such as a memory cell , the cell 
unit pattern data and the repetition information 
can be specified in the LSI. 

The repetition information include the 
coordinates of the starting point, array pitch 
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-
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Fig. 10-Scanning electron microscope 

(SEM) micrographs . 

of the repetition and number of arrays. There 
are two hierarchical layers specified in each 
repetition, one in the block unit and the other 
in the LSI block. For the pattern data, only 
the basic cell and peripheral circuit are required. 
The subfield matches the cell unit size. 

The main deflector develops the unit accord-
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Fig. 11 - Hierarchical structure of pattern data. 

ing to the repetition information in the block. 
This is called the Main Defection Matrix Mode. 
We developed a 20-bit DAC for accurate 
positioning, especially when specifying the 
position in this mode (0.005-µm LSB for a 
5-mm deflection). The block in the cell area is 
configured by moving the stage. 

The above data compression technology 
can ignore the amount of cell data. Since only 
the peripheral circuit is considered, the total 
data compression ratio for a 16-Mbit DRAM 
was reduced to about one tenth the earlier 
ratio. 

4.2 .4 Overlay accuracy 
Figure 12 shows the overlay accuracy for 

three test reticles , including the repeatability 
of the in ter-recticle position. We measured 
the position of the l l-x-11 crossed patterns 
configured in a 10.6-mm pitch using a Nikon 21 
and observed how the two reticles overlapped. 
The error was less than 0 .1 µm . 

Of the three features of the NOWEL, A/ B 
mode and repetitive data compression are 
completely effective. However, the vertical 
landing deflection system has a 0.2-µm aberra­
tion in the 5-mm field which resulted in a value 
worse than the target value. Therefore, in actual 
operation, we suppress the aberration of a single 

reticle and the field butting error by using the 
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Fig. 12 - Plot of overlay accuracy derived from three 
patterns . 

field in an area smaller than 2 mm2 square. 
We can obtain a dimensional accuracy of 
0.07 µm (3 a). 

4.3 Process technology 
This section describes the automation 

of reticle processing and dry etching. 
4.3 .1 Automation technology 
The reticle processor currently being used 

is an in-line processor that automatically 
performs the processes from resist developing 
to chrome film etching. 

This processor has the following two 
features. 
1) Mixed simultaneous processing of positive 

and negative blanks by automatic recogni­
tion 

2) Mechanical transfer system to minimize 
contamination caused by the carriers 
The first feature, mixed processing of 

positive and negative blanks, enables both 
positive and negative resists to be used so that 
the processing capability of the EB exposure 
system (NOWEL) can be fully utilized. Proper 
use of the resists minimizes the exposure area 
required to form the pattern and improves 
the throughput. This processor has lines that 
can handle both types of resists and performs 
this processing by providing MPUs that control 
each line's equipment and a CPU that controls 
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the overall system. 
The second feature, the mechanical transfer 

system, achieves cleanliness during the process. 
This is important because even one particle of 
dust deposited on the reticle during processing 
will make it defective. The problem of con­
tamination generated from the mechanical 
transfer system remains unsolved, but we 
eliminated this problem by completely 
separating the transfer system mechanism 
section and the blank carrier area and by instal­
ling the unit in a laminar down-flow thermal 
clean booth. By docking this machine to the 
exposure machine transfer line, the processes 
from exposure to chrome etching can be 
performed completely automatically. This has 
enabled defect-free reticles to be manufactured 
at high yield. 

4 .3.3 Dry etching technology 
To cope with fine patterns, we began 

development of dry etching technology in 1979. 
At present , we process all reticles for VLSI 
using dry etching. There are two technical 
problems presented by dry et ching of the 
reticle. One is that the resist and Cr selectivity 
is low because the Cr etching rate is low 
(and conversely , the etching rate of the EB 
resist is high). The other problem is that the 
reactor becomes large, which makes it difficult 
to obtain uniformity of the plasma because 
the blanks are square. We improved the selectivi­
ty by increasing the pressure to the point where 
a practical throughput could be obtained. 
This is because the selectivity depends on the 
pressure in the reactor and RF plasma power 
supplied to the plasma. We also changed the 
discharge system to a cathode-coupled plane 
parallel electrode and reduced the RF plasma 
power. To improve the plasma uniformity, 
the inside of the reactor and the outer vacuum 
tube system were constructed symmetrically . 
This is because the uniformity of the RF dis­
charge plasma depends on the symmetry of 
EM wave propagation within the machin e. 
By applying the above technologies, we installed 
dry etching in which CD control is simple and 
in which the sharpness of the pattern edge is 
superior for reticle processing. 

428 

Table 4. Inspection specifications of high grade 5 x 
reticle 

Inspection item Specification 

Defect size ~ 1.0 µm 

CD accuracy ± 0.1 µm 

Runout orthogonality 3 ppm 

4 .4 Inspection technology 
The inspection checks that the reticles are 

manufactured accurately to the shape , 
dimensions, and position specified by the design 
information . 

The current reticle inspection is explained 
below. 
1) Defect inspection 

Detects any pattern abnormality on the 
reticle, using a die-to-die inspection or data 
base inspection machine. 
2) Data base inspection 3) 

Compares the inspection data with reticle 
pattern, and defects common to all chips 
(defects caused by exposure data). 
3) CD inspection 

Measures the specified dimensions of the 
patterns. Normally, it checks the minimum 
line width. 
4) Metrology inspection 

Uses a laser interferometric measuring 
machine to measure the length of the re ticle 
pattern from the absolute coordinate and checks 
for orthogonality errors . 
5) Final inspection 

Inspects the fro nt and rear sides of the 
reticle for dust and scrat ches. 
6) Defect repair 

Repairs all defects detected by the defect 
inspection. 

TI1e inspection specification is determined 
by the reticle magnification (5 x and 10 x) 
and the required accuracy of the device type. 
Table 4 shows the 5 x reticle inspection specifi­
cation for an advanced LSI. Especially for 
patterns 1 µm or less on LSI devices (5 µm on 
5 x reticles), even a pattern edge defect only 
about ten percent the size of the pattern width 
on the reticle can become a catas trophic defect 
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because the pattern is close to the maximum 
resolution of the reduction stepper in the wafer 
process. Therefore , for reticles having fine 
patterns such as for a 4-Mbit DRAM , it is 
necessary to detect defects of 0.5 µm or less 
on the reticle. We can inspect the reticles more 
accurately and efficiently by laying out a 
dedicated inspection measurement pattern in 
the reticle independent of the device pattern . 

It is also necessary to improve the data base 
inspection in the future. This is because the 
reticle die-to-die inspection can detect the 
defects by comparing both patterns , but it 
cannot detect the abnormalities that repeatedly 
occur in the reticle pattern. However, data 
base inspection can detect these abnormalities 
and ensure that the pattern matches the CAD 
data of the reticle. 

The inspection items in the data base inspec­
tion are as follows: 
1) Inspection of defects that occur at random 

in a single chip reticle 
2) Inspection of exposure data, pattern 

deformation and whether the pattern has 
fallen off 

3) Inspection of abnormalities that occur in 
the exposure system and the present condi­
tions of the positioning coordinates. 
We created the data for the data base inspec­

tion machine from design data in parallel with 
the exposure machine data. To process the large 
amount of data for devices such as a 4-Mbit 
DRAM , the data compression system is applied 
to reproducible memory types and has been 
put to practical use . We use different data 
processing programs to create the inspection 
data and exposure data. As a result, we can 
detect preset errors that occur when creating 
the exposure data and program errors by 
comparing the inspection data. However, the 
data base inspection also compares the image 
from the actual reticle pattern with the inspec­
tion data which results in problems associated 
with the deterioration of accuracy , such as the 
acceptability / unacceptability of the pattern 
shapes and positioning errors caused by both 
the exposure and inspection system. Thus, 
there is still room for improvement in the 
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inspection accuracy and we are continuing 
to study the inspection methods for reticle­
making technology. 

5. Futu re of mask technology 
The optical exposure technology in the 

lithography of the wafer process will continue 
to be the one to meet the diversification of ICs, 
fine patterns for higher integration, and the 
requirements for high accuracy. To resolve 
these issues, we are continuing to develop the 
technology. When addressing the increase in 
the amount of data due to high integration, 
the problem will not be fully solved if we use 
different methods to handle the increase in 
the data processing time and patterning time 
of the exposure machine. This means that we 
cannot solve this future problem only through 
the development of individual technologies. 
It is necessary to develop combinations of 
technologies. In view of these considerations, 
our plan for the future is as follows. 

We are currently developing the blanks 
required by 64-Mbit DRAMs as follows. We have 
almost completed a method that can manufac­
ture glass resistant to the KrF excimer laser 
(non-fluorescent). The blanks require the 
development of an angular resist coating tech­
nology to coat the entire surface with an ac­
curacy of 5 mm to achieve a sensitivity disper­
sion of ±0.01 µm , and the development of 
a Cr metalizing technology having a pattern 
fracture ratio due to cleaning of less than 
1 ppb. We are developing an ultra-clean auto­
matic process for the manufacture of pinholeless 
blanks. For glass cleaning, we have already 
partially implemented an automatic cleaning 
technology for particles 0.1 µm or less. We 
are also developing in-line sputtering processes 
and are obtaining good results. 

According to our view that data processing 
is directly related to QT AT, we will continue 
to work on completing the processing for 
QTAT, we will attempt to complete the process­
ing in a shorter period of time by incorporating 
special processing software that exclusively 
processes characteristic patterns for each type 
into the conventional general data processing 
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software. We are also developing technology 
to change the conventional two-dimensional 
verification to three-dimensional verification by 
simulating the pattern formed on the actual 
wafer from the pattern on the reticle or from 
the design data. 

The exposure technology requires an ex­
posure machine having a much higher resolution 
and accuracy which will result in an increase 
in the exposure data. For the exposure machine, 
we are now developing the next generation 
NOWEL that can manufacture reticles for up 
to 64-Mbit DRAMs. As described above, we 
are already compressing the exposure data 
by making the best use of the pattern features 
for each type, but we will further expand the 
range in the future. 

The reticle process department will mainly 
develop the process, with emphasis on CD 
controllability for future fine minituarization 
of the dimensions. All patterns that form the 
device are not submicron patterns. Some reticles 
have patterns as large as 100 µm or more or have 
submicron patterns mixed. It is difficult to 
manufacture these reticles within the required 
dimensional accuracy for both, although prox­
imity effect correction at exposure can resolve 
this problem. The multilayer resist process can 
also resolve the problem. Therefore , we are 
setting our development goals to a dimensional 
control accuracy of 0.01 µm. The yield from 
reticle manufacturing is an important factor 
that affects the ASIC TAT. We believe that 
the high yield resulting from a stabilized process 
will contribute to the realization of QT AT. 

The inspection technology also requires 
high accuracy and high-speed performance. 
To improve the accuracy , we are studying 
improvements in the current optical inspection 
and an inspection machine that uses an electron 
beam4~ However, if the accuracy is simply raised , 
the inspection speed will be reduced at the 
current technical level. Therefore , we must 
also develop a system that automatically changes 
the inspection mode according to the contents 
of the reticle pattern . It will perform high­
accuracy inspection where high-accuracy is 

required and will perform high-speed inspection 
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when accuracy is not required. To handle large­
scale data in the data base inspection , we will 
compress highly efficient data and improve 
the data compression effect further in the 
memory types (repetitive patterns that are 
frequently used such as memory types, patterns 
in which memory and logic are mixed in a single 
device such as some of the logic types, and 
patterns having logic only). We will also expand 
the system so that it can be applied to patterns 
having little repeatability such as random logic 
types . 

We believe that the purpose of the inspec­
tion is not only to evaluate the acceptability 
or unacceptability of reticles , but also to help 
promote the development of the technology 
by accurately analyzing the various types of 
inspection information and appropriately feed­
ing them back into the exposure machine and 
process. For this purpose , we are planning to 
develop a system in which we can consistently 
provide high-quality reticles by incorporating 
the data base into the inspection results , auto­
matically analyzing the results , and incorporat­
ing an online system between the inspection and 
exposure systems. 

6. Conclusion 

With the advances in ICs , the mask tech­
nology department has continued its technologi­
cal innovations mainly in the fine-pattern 
formation technology. To cope with the 
incorporation of VLSls in the future , the Mask 
Department will develop large-capacity data 
processing technology and quality assurance 
technology in addition to the fine-pattern 
formation technology , and will continue to 
contribute to the development of the semi­
conductor industry. 
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Packaging Technology for ASICs 

• Michio Sono (Manuscript received October 21 , 1988) 

The use of ASI Cs is rapidly progressing and expanding. ASI C packaging technologies are also 

ena bl ing higher density, diversification, and custo mization. Th is review introduces the 

package line·up and ASIC packages currently offered by Fujitsu, then describes current tech· 

nological problems and future trends. 

1. Introduction 
The demand for ASICs is increasing in a 

wide range of fields 1>· 3 ) . In response to this 
trend4 )· 6 ) , ASIC packages are required to 
perform more functions than before . For this 
reason, Fujitsu has been developing new tech­
nologies such as package structures and new 
materials. 

The main technological problems to be 
solved for ASIC packages are as follows: 
1) High pin count technology 
2) Large chip technology 
3) High-density assembly technology 
4) High-power device technology 
5) Special custom package technology . 

These technological problems are often 
interrelated. Thus, a combination of these new 
technologies will enable ASIC functions to be 
fully utilized and will lead to the development 
of package families that can meet all user 's 
requirements and applications. The AS IC field 
is rapidly advancing and is highly competitive. 

This paper introduces the current situation 
and future trends concerning Fujitsu 's ASIC 
packaging technologies. 

2. ASIC packages 
Figure 1 shows the current package line-up. 

Of these groups, the types of packaging mainly 
used for ASICs are listed below with a descrip­
tion of their features. 
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2.1 Shrink DIP (SH DIP) 
The lead pitch of the standard DIP has been 

reduced from 100 mil to 70 mil to reduce the 
package length. The row space has been also 
reduced from 600 mil to 400 mil for the 28-pin 
package and from 900 mil to 750 mil for the 
64-pin package. Shrink DIP is used in micro­
computers and gate arrays. 

2.2 Pin Grid Array (PGA) 
PGA is suitable for a high pin count because 

koval pins are arranged in a matrix on the 
ceramic substrate (see Fig. 2). A resin seal was 
initially used , but now a seam weld is used to 
reduce costs and improve reliability . A frit seal 
is also sometimes used. When a high-power 
device is mounted, a cavity-down structure 
having an attached radiation fin is used to lower 
the thermal resistance. 

PGA has recently been used as a Surface 
Mount Device (SMD) rather than a Through 
Hole Device (THD) because the pin pitch has 
been reduced due to the higher pin count and 
the pin itself is smaller. PGA is used in micro­
computers and gate arrays. Recently , it has also 
been used in high-speed Bi-CMOS and ET 
(ECL/TTL) devices. 

2.3 Plastic Pin Grid Array (PPGA) 
The basic structure of the PPGA is the same 

as that of the PGA. A printed wiring board is 
used for the substrate to reduce cost. PPGA has 
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Fig. I - Current package line-up . 

Fig. 2-Pin grid array (PGA). 

good electrical characteristics and a low package 
weight because it uses Cu wiring (35 µm thick), 
and has good matching because the substrate 
material is the same as that of the printed wiring 
board . PPGA is tised in a broader range of 
applications. However, the limitations of the 
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Resin LSI chip 

Pin PWB 

a) PWB substrate type 

Al cap Wire 
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b) Ceramic substrate type 

Epoxy res in 

PWB 

c) Mold type 

Fig. 3 - Plastic pin grid array (PPGA) structures. 

wiring pattern and outer lead limit the maxi­
mum number of pins in a PPGA to about 200. 
Various structures are being investigated . 
Figure 3 shows the cross sections of possible 
PPGA structures. Figures 3a) and b) are similar 
to the PGA structure, have a resin seal using the 
potting method , and c) use the transfer mold 
method for sealing. In the future , PPGA will 
mainly be used for general-purpose gate arrays. 
Figure 4 shows a PPGA. 

2.4 Small Outline Package (SOP) 
The external dimensions of this package 

conform to both EIAJ and JEDEC standards. 
Recently , thin Shrink SOP (SSOP), including 

Very SOP (VSOP) and Thin SOP (TSOP), has 
been developed for card mounting. SOP is used 
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Fig. 4 - PPGA. 

Fig. 5- Srnall outline package (SOP). 

in microcomputers. (see Fig. 5 ). 

2.5 Quad Flat Package (QFP) 
The external dimensions of this package also 

conform to the JEDEC standard. Large quan­
tities of QFPs of many types are used in gate 
arrays, custom devices, and microcomputers. 
Thin Shrink QFP (SQFP), including Very Small 
QFP (VQFP) and Thin QFP (TQFP) has been 
developed in the same way as SOP (see Fig. 6). 

2.6 Leadless Chip Carrier (LCC) 
The external dimensions conform to the 

JEDEC standard. LCC is used to obtain a highly 
reliable device. As more pins are required, solder 
connection becomes unstable due to dispersion 
in the solder pad when mounting a LCC on the 
printed wiring board. Therefore, a leaded chip 
carrier is being developed. 
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• 64 80 100 

208 256 

Fig. 6 - Very small quad flat package (SQFP). 

Fig . 7 - Plastic leaded chip carrier (PLCC) . 

2.7 Plastic Leaded Chip Carrier (PLCC) 
The external dimensions conform to the 

JEDEC standard. PLCC is used in microcom­
puters, gate arrays, and custom devjces. Although 
the mounting area is small, the outer lead 
structure is a J type. Therefore, only 100 pins 
can be manufactured. Figure 7 shows a PLCC. 

3. Technology and trends in ASIC packaging 
3.1 High-pin-count Technology 

Table 1 lists the current high-pin-count 
packages. The packages have been developed to 
improve IC/LSI integration and accommodate a 
higher pin count. The pitch has been reduced 
because the body size was reduced while the 
number of pins has increased . The ceramic 
package is fundamentally different from the 
plastic package because its manufacturing 
method is different . Ceramic QFP and PGA can 
achieve a higher pin count than the plastic 
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Table 1. Current high pin count packages 

Package Pin count Pin pitch Body size 
--

80 0.80 14 x 20 

Plastic QFP 
100 0.65 14 x 20 

120 0.80 28 x 28 

160 0.65 28 x 28 

44 1.27 16.6 x 16.6 

PLCC 68 1.27 24 .2 x 24 .2 

84 1. 27 29.3 x 29.3 

13 5 2.54 31.8 x 31.8 

PPGA 144 2.54 36 .8 x 36 .8 

179 2 .54 39.4 x 39.4 

60 0 .5 18.3 x l8 .3 

84 0 .5 12.7 x l2.7 

Ceramic QFP 164 0.5 27 .9 x 27 .9 

180 0.4 22.5 x 22.5 

260 0 .5 41.1 x 41.1 

179 2 .54 38.1 x 38.1 

PGA 208 2.54 43.0 x 43.0 

256 2.54 50 x 50 

256 1.27 25.1 x 25.1 

LCC 
84 1.0 23 .4 x 23 .4 

200 0.5 tagger 15 x 15 

package. Figure 8 shows the relationship 
between the number of pins and body size, 
and shows projections for the future. The 
ceramic package has technological advantages 
which enable it to achieve a higher pin count. 

The technological problems for various 
package types are described below. 

3.1.1 Reduction of inner lead pitch 
For the ceramic package, the inner lead 

pitch has been reduced , as described below. 
A sample of the LCC200 having an inner 

lead pitch of 0.2 mm, has been successfully 
manufactured. As a result , the W grain size and 
size distribution were mainly adjusted to 
improve the metalized paste composition. 

The lithographic process was improved to 
enhance the precision of the screen mask and 
pattern. The precision of the green sheet was 
improved by increasing the precision of the 
facility making the green sheet and dryness of 
the green sheet. 

A two-step bonding pad structure was also 
developed. To further reduce the pitch , the two-
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Fig. 9 - Number of pins vs. chip size . 

step bonding pad must be changed to a zigzag 
structure and a multi-step bonding pad structure 
must be developed. 

The pattern precision must be enhanced by 
improving the screen print technology. Align­
ment precision of the multilayer wiring must be 
improved by improving the green sheet lamina­
tion technology. 

Finally , the package distortion must be 
reduced by improving the firing technique. 

For the plastic package, the in ner lead pitch 
was reduced as described below. 

Figure 9 shows the relationship between the 
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Table 2. Lead frame materials 

Alloy Element(%) A. (Cal ·cm- Electric Hardness Tencil Youngs Elongation 
·s·°C) (% IACS) (kgf/mm 2 ) (kgf/mm 2 ) (kgf/mm2 ) (%) 

Cu 99.96 Cu 0.934 

42 Alloy Fe-4 2Ni 0.036 

MF202 Cu-2.0Sn-0.2Ni 0.3 7 

TAMAC 11 
Cu-0 .15Sn-0.09Ag-0.06P-

0.80 0 .06Mg 

SLF-3 Cu-0 .8Cr-0.12Sn 0.75 

EFTEC64 Cu-0 .3 Cr-0.25Sn-O .1 Zn 0 .72 

MCL-1 Cu -0 .3 Cr-0 .1 Zr 0.72 

ccz Cu-0.55Cr-0.25Zr 0 .83 

EFTEC200 Cu-0.25Ti-l .5 Ni-2.0Sn-0 .5 Zn 0.36 

KLF-1 25 Cu-l .25 Sn-3 .2Ni-0 .7 Si-O .3 Zn 0 .36 

NK164 Cu-l .6 Ni-0.4Si-0.4Zn 0.4 7 

T.E.C.: 42 Alloy = 4 .3 x 1 O/°C, Cu Alloy =about 18 x 1 O/° C 
Specific gravity : 42 Alloy= 8.2, Cu Alloy= 8 .9 

number of pins and chip size when the wire 

length and wire angle are taken into considera­
tion when designing the pattern . This figure 
indicates that the QFP320 pin can be manu­
fac tured and the lead pitch can be reduced to 
0.1 6 mm when it is properly designed. The 
process limitation for the lead frame when using 
the stamping method has conven tionally been 
the lead thickness for both the pattern width 
andgap7 ). 

Currently, the pattern width and gap are 
about 70 percent of the lead thickness. That is, 
when 4 2 alloy havin g la thickness of 0.15 mm is 
used , a pitch of about 0.2 mm can be processed . 
To further reduce the pitch , the lead thickness 
must be reduced. This will reduce the amount of 
heat conducted through the lead fram e and thus 
reduce the heat dissipation characteristics of the 
entire package. 

As the lead strength also becomes insuf­

ficient , a lead thickness of 0 .15 mm and a 
0 .2 mm pitch is a practical limit . Since a copper 
lead is soft and the lead strength is low, the lead 
thickness is limited to 0.2 mm for practical 
applications, and the lead pitch is limited to 
about 0.2 mm. The copper materia18 ) has low 
electrical resistance and high heat conductivity, 

thus the lead thickness can be reduced if the 
mechanical strength is improved. The use of the 
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85 150 50 13 900 13 

35 195 65 12 500 >5 

35 > 200 >6 0 12 500 10 

50 > 170 > 55 14 000 > 5 

new materials listed in Table 2 is being investi­
gated. 

3.1.2 Reduction of outer lead pitch 
For th e ceramic package, the outer lead 

pitch has been reduced, as described below. 
Currently , a 0 .4 mm pitch for QFP 180, a 

0 .5 mm pitch for QFP260, and a 1.27 mm pitch 
are available for the Pin Grid Array (PGA). In the 
near future , a pitch of 0.25 mm to 0.32 mm for 
QFP400 to QFP600 and a 0 .63 mm pitch for 
PGA400 to PGA600 will become available . 

To achieve this , the firing shrinkage must be 
controlled. Although dispersion in the firing 
shrinkage is generally about 1.0 percent, it is 
currently 0.5 percent at Fujitsu. However, this is 
insufficient for developing a high-pin-count 
package , and the dispersion will be improved 
to 0.3 percent in the future. 

Because improvement of only the precision 
of the conventional thick film technique is in­
sufficient for forming an outer leaded pad , the 
fine pitch pattern is achieved by combining th e 
thick film techniqu e and thin film technique. 

As the pitch is reduced, the outer lead may 
not be able to be used with the fin e pitch 
pattern when conventional materials and manu­
facturing method are used. In this case , Tape 
Automated Bonding (TAB) lead material and 
th e lead bonding method will be required. 
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Table 3 . Au- and Cu-wire characteristics 

a) Au-Wire 

Room temperature High temperature (250 ° C) 
Maker Type Fracture 

strength (g) 

FA (S) 12.9 

FA 15.5 

A SR 11.2 

c 13.0 

M 9.7 

B TG-F-S 13 .7 

SGS-SH 16.3 

c SGA-1-SH 13 .8 

SGA-2-SH 15.8 

D MGH 15.7 

E 
MGW-F l l 7.1 

MGW-H 2 16.8 

b) Cu-wire 

Characteristics 
Maker Type Fracture 

strength (g) Elongation(%) 

A 
TC-A 17 .5 11.6 

TC-D 18 .0 11.8 

26 10.6 7.2 

B 28 16 .3 15 .8 

32 1 7 .6 15.2 

c H050 17 .9 1 7.4 

D MCR 16 .1 18.5 

E EPCU 15.8 16.9 

For the plastic package, the outer lead pitch 
has been reduced, as described below. 

The conventional QFP160 pin, having a 
pitch of 0.65 mm, formerly had the smallest 
pitch available. But recently, a QFP208 pin 
having a ptich of 0.5 mm has been manufactured. 
To achieve this, improvements were made main­
ly in the cut-off metal mold and bending metal 
mold structures. The socket technique for test­
ing was also developed. To develop a QFP having 
300 or more pins, the lead pitch must be 
0.4 mm. To achieve this lead pitch, it is neces­
sary to first improve the lead frame stamping 
precision, improve the cut-off metal mold and 
bending metal mold structures for the lead 
frame, and develop the test socket. 
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Fracture Elongation(%) 
strength (g) 

Elongation(%) 

8.9 9.4 1.9 

4.5 11.3 2.0 

4.6 3 4 

5.1 3 4 

8.9 6.7 2.1 

8.7 9.4 5.2 

5.1 11 3 

5.2 9 3 

6.9 11 3 

4.3 14.1 3.5 

5.7 12.8 1.5 

5.7 13 .5 1.6 

3.1.3 Development of bonding techniques9
) 

To achieve a high pin count, various bonding 
techniques have been developed as described 

below. 
1) Aluminum wedge bonding 

Bonding speed is a major problem for this 
bonding technique. The speed was 0.6 s/wire a 
few years ago. It is currently 0.35 s/wire. 
Aluminium wedge bonding is used for up to 256 
pins . But its bonding speed is insufficient for 
mass production when aluminium wedge 
bonding is used for a high pin count. It is 
necessary to develop a bonder having a bonding 
speed of about 0.2 s/wire. 
2) Gold nail head bonding. 

The first problem with this bonding tech­
nique is wire flow. When the materials listed in 
Table 3 were investigated, wire for Full Auto­
matic Bonders (AF) having higher strength than 
conventional Stress Relieved (SR) wire was 
developed to enable 300 pins to be wired. 
However, when 300 or more pins are wired, the 
space between the wires becomes smaller and 
the wires are liable to touch each other due to 
wire flow. To solve this problem, a wire having 
higher strength is being developed. A high­
precision wire bonder must be developed to 
prevent the initial curling during bonding from 
causing wires to touch each other when 300 or 
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Fig. 10 - Sample of after outer lead bonding (OLB). 

more pins are wired. 
A second problem is the bonding speed. The 

bonding speed using ultrasonic thermocom­
pression was 0.35 s/wire a few years ago and is 
currently 0.25 s/wire. Methods to enable a speed 
of 0.20 s/wire are being investigated. 

The third problem is the wire size. Wires of 
25 µm, 30 µm, and 38 µm in diameter are 
currently being used. Development of finer wires 
to reduce costs are being investigated. 
3) Copper nail head bonding10

) 
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Copper wire has the following advantages; 
i) The growth speed of Cu-AI interlayer 

metal compound is slower than that of 
Au-Al. 

ii) Copper wire has higher tensile strength 
and heat conductivity than Au, thus 
it is advantageous for finer wire. 

iii) Copper wire has a higher Young's 
modulus and shear modulus and lower 
specific gravity than Au, thus loops are 
not liable to dangle immediately after 
bonding and the wire is not liable to 
flow during molding. 

iv) Direct bonding is enabled for copper 
lead. 

v) Copper wire is less expensive than gold. 
Copper wire therefore has more advan­
tages than gold wire for achieving a higher 
pin count. The materials listed in Cu-

Table 4. TAB sample dimensions 
(Unit: µm) 

Application Plastic QFP PGA 

Pin count 160 440 

Bump material Au Au (on chip) 

Bump size ¢ 75 x 30 60 x 60 x 25 

Lead width 50-70 45 

Cu thickness 35 35 

Sn plating-thickness 0.5 0.5 

Poly imide thickness 75, 125 125 

Tape configulation 3 layer 3 layer 

Inner lead pitch 100 100 

Outer lead pitch 300 100 

wire of Table 3 are being evaluated. One 
problem is that copper wire is easily 
oxidized and an inert atmosphere is 
required during bonding. 

4) Tape Automated Bonding (TAB) 
The TAB technique has the following 

advantages over the wire technique 11 )- 13 ); 

i) Both the pattern width and pitch can be 
more easily reduced because the Photo 
Etching method is used in manufacturing 
the lead. 

ii) The bonding time is shorter because the 
gang bonding method is used. 

iii) The bonding strength is higher. 
iv) The electrical characteristics are better. 

v) Flat bonding is possible_ The use of this 
technique in various applications is being 
investigated. 

Several examples of use are shown below. 
First, the use of this technique for a plastic 

package having 200 or more pins is being 
examined. After Inner Lead Bonding (ILB), 
Outer Lead Bonding (OLB) is performed on a 
lead frame without a stage, then the normal 
process is performed. Figure 10 shows a sample 
after OLB. Table 4 lists the specifications of 
QFP. The major problems of this application are 
lead stability during molding , thermal stress 
performance, and moisture performance. 

Second, the application of this technique 
to Plastic PGA (PPGA) is being examined. 

This technique has the following advantages: 
i) The bonding strength for a Cu lead 
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Table 5. Thermal expansion coefficient of ceramics 

Material Resistivity (.Q ·cm) Dielectric constant T.E.C. (IO/° C) A. (Cal ·cm ·s· °C) 

Alumina > 10 

SiC >4 x 10 

SI3N4 > 10 

AlN > 10 

Mulite > 10 

Glass ceramics > 10 

Fig. 11 - Test die after inner lead bonding (ILB). 

(50 µm x 35 µt) is about 50 g, higher 
than the strength for gold wire (FA 
30 µm), which is about 15 g. 

ii) Flat bonding is possible. However, 
scrubbing is impossible because ILB has 
already been performed during die bond­
ing, and tape die material is required. 

Third, as an example of high-density as~em­
bly, a prototype package (TAB) having a pitch 
of 4 mil and 484 pins was manufactured. 
Figure 11 shows the configuration of an ILB 
sample. Table 4 lists the specifications of PGA. 
Using TAB to manufacture a package having ii 

pitch of 2 mil to 3 mil is being investigated. 
Major problems of this application are the 
development of fine pattern tape, the develop­
ment of a new bonder, and the development of 
a thermocompression jig and tool. 

Fourth, the technique for resin coating after 
OLB is being examined14

). After OLB, the 
package is secured on the carrier and is coated in 
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5.7 0 .14 

3.0 0.017 

4.8 0.005 

resin by potting for final shipping. 
Current problems are: 
i) Improvement of mechanical strength and 

stress performance of bonding, 
ii) development of a sealing method, and 
iii) development of a new seal material. 

3 .2 Large chip technology 
Figure 9 shows the relation between the pin 

count and average chip size. 
1) Ceramic package 

A Gate Array about 15 mm square is current­
ly mounted on the PGA400 pin. It is possible 
that a 20 mm square chip can be mounted in the 
near future if the stresses can be reduced. 

First, the stage warp must be re•duced to 
reduce the stress. To reduce the stage warp, the 
technique for handling the green sheet must be 
improved to decrease uneven shrinkage during 
firing. 

Second, the die material requires lower 

stress. Although Au-Si eutectic and glass with 
a low-melting point are currently used, Ag glass 
paste, Ag-Pl paste and Al-Pl paste are being 
developed. 

Third, ceramics having a low coefficient of 
thermal expansion must be developed. The 
ceramics listed in Table 5 are being examined. 
AlN is the most promising ceramic 15 >. Glass 
ceramic can be fired at low temperatures, ena­
bling Au, Ag, Ag-Ad, Ag-Pt, and Cu to be used 
as wire materials. These facilitate refining the 
pattern and increasing the signal speed. 
2) Plastic package 

A 10 mm square G/ A is currently mounted 
on the QFPl 60 pin. It is possible that a 15 mm 
square chip can be mounted in the near future. 

439 



M. Sona : Packaging Technology for A SICs 

Factors 

1) First factor Humidity from resin bulk and res in/ lead­

frame boundary 

2) Second factor : Decrease in resin strength at high 

temperature T. E. C. over T, 

Decrease in adhesive force at high 

temperature 

Package crack process 

Humidity absorption 
Diffusion 

Solder dip 

Vaporizat ion of water 

Delamination 

Package expansion 

Package crack 

Storage in storehouse 

Through resin bulk 
260 ·c, 10 s 

Vapor pressure 

Between resin and lead-frame 

~ 
Expansion 

~ 
Crack 

Fig. 12-Package cracking. 

The plastic package has more serious problems 
than the ceramic package because the seal 
material comes into direct contact with the chip. 

The first problem is to improve the thermal 
stress. 

A method for reducing the stresses in the 
seal resin is being researched. The Young's 
modulus of epoxy resin was reduced from 
1 300 kg/mm to 1 250 kg/mm by transforming 
the epoxy resin using a soft polymer such as 
silicone resin , improving the dispersion of the 
transformed resin in the epoxy resin , and en­
hancing the chemical bonding between the trans­
formed resin and epoxy resin . 

A method for reducing the stress in the Ag 
paste for die bonding is also being researched. 
The Young's modulus of Ag paste was reduced 
from 300 kg/mm to 50 kg/mm by improving the 
molecular structure of epoxy resin and trans­
forming the epoxy resin using a soft polymer. 

A means of making the Ag paste into a film 
is being investigated. Ag paste is made into 
a film by changing the epoxy resin of Ag paste 
into the B-stage. A film has a constant die bond­
ing layer thickness enabling the die to be bonded 
uniformly and eliminating localized stresses. 

The second problem is to improve the solder 
dip resistance 16

) ' 
17

) . Figure 12 shows QFP 
cracking due to the solder dipping. To prevent 
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Solder-plate 

Ni-plate 

Fig. 13 - Sample model patterns. 

the package from cracking, a resin having a 
lower humidity absorption rate is used. Also , the 
strength of the seal resin, Tg , and adhesion to 
the lead frame are being improved. The lead 
frame pattern and structure are also being im­
proved to increase their adhesion to resin . 
Figure 13 shows the sample model to be used in 
the experiment. Dimples 200 µm square x 
150 µm deep are made by stamping in a regular 
matrix on the back of the die stage. This increas­
es the adhesion of the resin to the back of the 
die stage and reduces package cracking. 

The third problem is to improve the moisture 
resistance. Improvement of the lead frame 
pattern and structure and higher purity of the 
seal resin are being examined as shown in Fig. 13. 
GROOVE indicates that several grooves (e.g. 
100 µm wide x 50 µm deep) are set on both 
sides of each lead. This improves the adhesion of 
resin to the lead frame and makes the interface 
longer which reduces the humidity absorption 
rate. 

The fourth problem is moldability. On large 
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Table 6. Resin development 

~ Item Factor Measure 

Humidity Resin composi-
absorption tion improve 

Humidity Adherence with 
Coupling agent resistance lead frame 

Ionic impurity Purification of 
components 

Elastic 
Plasticizer coefficient 

;>.. ..... Thermal Thermal expan-~ Filler content 
.D stress sion coefficient 
"' ;.:::l 

Reject largesize "' rZ Filler size 
filler 

Resin strength 
Resin composi-at high 

temperature tion improve 

Solderability Thermal expan- Filler content 
sion coefficient increase 

Thermal Filler content 
conductivity increase 

a-particle Uranium Filler 
content purification 

Fluidity Viscosity Resin composi-
tion, filler 

~ Fillness Gel-time, Resin composi-

:0 
viscosity ti on, catalyst 

"' Cure Cure time Catalyst content 'O 
0 

Mold release Releasa bility Wax content ::E 
Mold stain Mold stain Plasticizer, wax 

Marking Package surface 
Plasticizer, wax 

stain 

Shelf life Degradation Catalyst 

chips, there tends to be voids, incomplete filling, 
the wire tends to flow , and the stage tends to 
shift. The incidence of the molding failing also 
increases. To prevent the molding from failing, 
a means to improve the moldability of the resin 
and the metal mold structure, and a pattern that 
increases the distance between each lead is being 
examined. 

Seal resin is mainly being developed as a 
countermeasure for the plastic package 18). 

Table 6 lists the current state of resin develop­
ment. 

First , it is important to improve moisture 
resistance. The humidity absorption rate can be 
reduced by improving the epoxy resin composi­
tion, enhancing the adhesion with the lead frame 
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Table 7. Moun ting area of packages 

Pin Package Lead pitch Mounting Area ratio 
number (mm) area (mm 2 ) (%) 

DIP 2.54 187 100 

20 
SOP 1.27 98 52 

ZIP 1.27 74 40 

LCC 1.27 84 45 

DIP 2.54 460 100 

SL-DIP 2.54 308 67 

24 
SK-DIP 2.54 226 49 

SOP 1.27 119 26 

LCC 1.27 73 16 

SOJ 1.27 13 5 29 

SH-DIP 1.778 1 104 100 

64 
PGA 2.54 691 63 

QFP 1.00 428 39 

LCC 1.02 337 31 

PGA 
2.54 2 581 100 

1.27 630 24 

260 QFP 
0.508 1 909 74 

0.4 1 186 46 

TAB 0.15 169 7 

F.C. 0.5 169 7 

by improving the coupling agent, and reducing 
the impurities by making epoxy resin, hardener, 
and filler components of higher purity. 

Second, it is important to reduce the 
problems caused by thermal stress. A lower 
Young's modulus will reduce the thermal stress. 
This is done by adding an agent for increasing 
flexibility, reducing the rate of thermal ex­
pansion by increasing the filler content, and 
reducing the stress by removing coarse filler 19

). 

Third, it is important to improve moldability. 
Moldability is improved by reducing the viscosity 
of the melt resin. This is done by improving the 
resin composition and filler size distribution and 
improving the hardness by using an improved 
catalyst. 

3.3 High-density assembly technology 20 > 

Table 7 lists the mounting area of each 
package. The LCC, PLCC, and Small Outline J­
Lead Package (SQJ) are advantageous because 
their mounting area is small and they have a 
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Table 8. Current or plan shrink packages 

Name SSOP TSOP 

Pin number 16 I 20 I 24 I 30 20 28 32 

Pin pitch (mm) 0.65 0.65 0.55 0.60 

Body size (mm) 4.4x 5.~ 4.4 x 6 ~ 5.6x7.8[ 5.6x9.7 4.4x6.5 8.0xl 1.8 JO.Oxll8 

Thickness (mm) 1.2 1.0 

Producti on C urrent Pl an 

small number of pins . However, it is almost 
impossible to check the state of the inter­
connecting region after mounting. Also, if there 
are more than 100 pins , the lead pitch cannot be 
reduced and the body size becomes too large 
(currently, the pitch is 1.27 mm). Therefore, it 
is difficult for these packages to become major 
commercial products. Consequently, QFP and 
PGA Surface Mount Devices (SMD) will mainly 
be used in the future. As described above, the 
body size of these packages is made as small as 
possible by reducing the pin pitch. Small, thin 
packages such as SSOP and SQFP have recently 
been developed for mounting on cards and 
modules. Table 8 lists the package series . To 
develop these packages, adhesion between the 
seal resin and the lead frame and resin strength 
were first increased, and the moisture absorp­
tion rate and melt viscosity of resin were 
reduced. 

As in Fig. 13, the adhesion between the lead 
frame and the resin was enhanced and the 
absorption rate was reduced. 

The strength of the Au wire was increased 
and the bonding conditions were improved to 
set the height of the wire loop to 100 µm or less 
to accommodate a thinner package. 

The current wire loop technique cannot 
accommodate higher pin counts or the diversifi­
cation of future thin packages due to the inner 
lead pitch and wire height. This problem is being 
investigated because the TAB technique is re­
quired. 

3.4 High-power device technology 
3 .4 .1 Ceramic package21

) 

Figure 14 shows the relationship between 
the velocity of the cooling air and the thermal 
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Fig. 14- Therrnal resistances of several flat packages. 

resistance for a FPT-series package. As the stage 
size increases, the thermal resistance decreases. 
The cooling fins have a very significant effect. 

Figure 15 shows the cross sections of a 
typical package. To improve heat dissipation, 
the chip was directly mounted on the metal 
stage by die bonding. Currently, a gate array 
having a maximum power consumption of about 
l 0 W can be mounted on a PGA having the 
structure shown in Fig. 8a). In the near future, 
devices having a maximum power consumption 
of 15 W to 20 W will be mounted. Consequent­
ly, the design of the cooling fins is being 

FUJITSU Sci. Tech. J., 24, 4 , (December 1988) 



I 
,.-------.J 
'---------, 

I 

I 
,.-------_J 
'---------, 

I 

a) PGA type 

b) FPT type 

Cooling f ins 

I 

~::::::::::::::::::::::::::::) Stud 
I 

Cooling fins 

Stud 

Fig. 15 - Cross section of ceramic packages. 

improved. 
Cooling methods, such as liquid cooling, are 

also being investigated. 

3 .4 .2 Plastic package 
Figure 16 shows the relationship between 

the velocity of the cooling air and thermal 
resistance for each package. 

The figure indicates that as the number of 
pins and the stage size increase, thermal resis­
tance decreases. If the lead frame material is 
changed from iron alloy 42ALLOY (heat con­
ductivity= 0.036 cal/cm ·s · °C) to copper alloy 
MF202 (heat conductivity= 0.37 cal/cm·s·°C), 
the thermal resistance decreases by about 50 
percent. Currently , gate arrays having a 
maximum power consumption of about 1 W can 
be mounted on QFPl 20. In the future, devices 
having a maximum power consumption of 2 W 
to 3 W may be mounted. 

Consequently, the heat conductivity of the 
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Fig. 16 - Typical thermal resistance of plastic packages. 

lead fram e must be further increased. For 
example, if the lead frame material is changed 
from MF202 to SLF-3 (heat conductivity 
= 0 .75 cal/cm·s·°C) the thermal resistance will 
decrease by 20-30 percent. 

Heat conductivity can be increased to 3-time 
that of the current value of 0.002 cal/cm·S· °C 
by changing the seal resin filler to a filler having 
a heat conductivity higher than the quartz 
currently being used. This will decrease the 
thermal resistance by 20-30 percent. 

In case the above improvements prove to be 
insufficient, a means to improve the package 
structure , including mounting of an external 
cooling fin, is being investigated. 

3.5 Developing wafer package22 ) 

Figure 1 7 shows a sample of the manu­
factured package. Table 9 lists its specifications. 

First , the problems in future development 
must be investigated by considering the relation­
ship between the package and system in terms of 
the entire package structure, including the seal 
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Fig. 17 -Sample of wafer package. 

and heat dissipation components. 
Second, new ceramics must be developed for 

the substrate material. Ceramics having a high 
heat conductivity, such as AlN and SiC, glass 
ceramics that can be fired at low temperature , 
and mulite ceramics having a lower coefficient 
of thermal expansion are being investigated. 

Third , the bonding method must be re­
searched . Although the wire bonding technique 
can be used for up to 3.00 pins, the TAB tech­
nique will be used for 300 pins to 600 pins and 
the flip chip technique will be used for 600 pins 
or more. 

Fourth, the outer lead structure is being 
investigated . The QFP type is suitable for 300 
pins or fewer and the SMD-mounted PGA type 
is suitable for 300 pins or more. 

In addition to the above considerations, 
methods for using the printed wiring board as a 
substrate and using the silicon substrate as a 
mother carrier must also to be investigated. 

4. Conclusion 
ASIC technology continues to rapidly 

progress and expand, and ASICs are playing a 

major role in IC/LSI. ASIC packages are being 
highly integrated, diversified, and customized. 
Due to the demand for high-density assembly of 
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Table 9. Specifications of wafer scale integration and 
its substrate. 

a) Feature of WSI 

Bump size 10 mil x 1 0 mil 

Bump pitch 20 mil 

No. of bump 725 

Wafer size 4 inches in dia 

Bump material Pb/sn 

b) Feature of substrate 

Material 

T.C.E. 4.1 ppm 

Size 4 .65 x 4.65 inches 

No. of pad 725 

Pad pitch 100 mil 

Pad size 40 x 40 mil 

IC/LSI to make electronic equipment smaller, 
the package is being changed from THD using 
conventional DIP to SMD using FPT. The wide 
range of packages offered by Fujitsu meet most 
user requirements. 

However , requests for IC/LSI are increasing, 
and many new devices such as 
1) high-integrated gate array (50 000 or more 

gates), 
2) DRAM (16 Mbits to 64 Mbits), and 
3) high-function microcomputer (32 bits or 

more) will be developed . 
Demands for custom packages such as wafer 

packages, modules, and cards are also increasing. 
This trend will continue with the expansion of 
ASICs. Therefore, the requiremens for ASIC 
packages are expected to be more diversified 
and to become more stringent. 

In response to these concerns, this paper 
first described the ASIC packages offered by 
Fujitsu. 

The technological aspects and trends for 
these ASIC packages were also described as 
follows: High-pin-count technology, large-chip 
technology, high-density-assembly technology , 
high-power-device technology , and special 
custom package technology. 

As future applications expand, the tech­
nological problems they present may increase, 
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and there will be a quick response to solve these 
problems. 
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Reliability on Short-Channel MOSLSls 

• Ken Shono • Kenj i Ishida • Nagao Yamada (Manuscript received June 20, 1988) 

This paper describes the reliability problems associated with the scaling down of MOSLSI. 

Because the power supply voltage is not scaled, the internal electric field increases, causing 

reliability problems such as degradation of MOSFET due to hot carrier generation and 

electric breakdown of the gate oxide. Furthermore, the high-speed operation and narrow 

metalization width requires the current density to increase, which redues the interconnection 

reliability. 

These problems can be overcome by improving the device structure and fabrication tech­

nology. 

1. Introduction 
To enable devices to have high performance, 

the channel length of MOSFET and metal­
ization width has been reduced to about 1 µm. 

However, this causes various problems in relia­
bility , such as hot carriers 1), time-dependent 
dielectric breakdown (TDDB)2

), and electro­
migration3) . These phenomena have various 
mechanisms, but all result from device scaling 
down. MOSLSI devices are reduced according to 
the scaling rule . According to this rule , the 
dimensions are reduced in equal proportion , 
thus the electric field and current density 
remain the same. However, the supply voltage of 
scaled devices is not proportionally reduced, 
but remains at 5 V. This departure from the 
scaling rule makes it difficult to obtain relia­
bility in scaled devices. This problem has , to a 
large extent, been solved by the introduction of 
new materials and by improvements in the 
device structure and fabrication process. 

This paper describes the mechanisms of hot 
carrier generation, time-dependent dielectric 
breakdown, and electromigration. The paper 
also presents the countermeasures for these 
problems. 
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2. Hot carrier 
2.1 Hot carrier generation 

Figure 1 shows the basic structure of the 
n-channel MOSFET. The electrons flow in the 
channel from source to drain according to the 
drain electric field. This flow is controlled by 
the gate. As the channel length is reduced , the 
electric field generated by the drain increases 
and the electrons in the channel become highly 
energized. 

The electrons then have sufficient energy to 
overcome the potential barrier between the Si02 

and Si, and then enter the gate Si02 in the 
vicinity of the drain. These electrons are called 
channel hot carriers and form fixed electric 
charges. They also increase the interface state 
density and change characteristics such as Vth 

and ~. Also, electrons in the channel collide with 
Si atoms and generate electron-hole pairs by 
impact ionization. If the electric field is large 
enough, electron-hole pairs are subsequently 
generated by avalanche multiplication. These 
are called avalanche hot carriers. Avalanche 
hot carriers may obtain sufficient energy to 
enter the gate Si02 and change the character­
istics in the same way as channel hot carriers. 
Experiments have shown that , of the two types 
of hot carriers, the latter cause more significant 
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Fig. 2 - Schematic of LDD structure. 

degradation. Substrate current during MOSFET 
operation is also due to avalanche multiplica­
tion. The generated electrons flow in the drain 
and the generated holes mostly form the sub­
strate current . 

2.2 LDD structure MOSFET 
To suppress the generation of hot carriers, 

the electric field generated by the drain must 
be reduced. Since the supply voltage cannot 
be changed (because of the need to maintain 
device compatibility) , the drain voltage cannot 
be reduced. The electric field is therefore 
reduced by modification of the device structure. 

Figure 2 shows the typical structure of 
Lightly Doped Drain (LLD) . The LDD structure 
is fabricated by the self-alignment technique so 
that the offset gate structure developed originally 
for a high breakdown voltage MOSFET can be 
applied to the short-channel MOSFET. In the 
conventional MOSFET, the drain and gate are 
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vertically aligned , but in the LDD structure they 
are separated by the sidewall Si02. The inner 
side of the drain under the sidewall Si02 is 
called the offset region . The offset region is 
lightly doped so that it has a lower impurity 
concentration than the drain. Accordingly , the 
slope of the impurity distribution from the 
drain to the gate and the field strength decrease. 
This considerably reduces the possibility of 
impact ionization. 

2.3 Change of characteristics by hot carrier 
Reliability tests for hot carrier generation 

were performed on the gate voltage so that 
the substrate current could be maximized at 
a high drain voltage. As described in Sec. 2 .1 , 
the substrate current is due to avalanche multi ­
plication and indicates the degree of hot carrier 
generation. 

Figure 3 shows the typical relationship 
between the gate voltage and substrate current. 
In general , the maximum substrate current is 
obtained at a gate vo ltage of about half the 
drain voltage. 

Since the carriers trapped in Si02 diffuse 
less rapidly at lower temperatures, the reliability 
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is usually tested at room temperature or lower. 
Figure 4 shows the change in Vth due to ava­
lanche hot carriers , obtained with the test 
described above . The sample is LDD structure 
with channel length of 1.1 µm and gate Si02 
thickness of 18 nm. However, as the fabrication 
process was not optimized , the structure used 
is a poor example. The Vth was changed by 
100 mV at 105 s. Figure 5 shows the gm change 
for the same test and shows that gm was reduced 
by ten percent after 104 s. This change in the 
characteristics is because the carrier injected in 
Si02 generates a fixed electric charge , the 
interface state density is increased , and because 
the electrons trapped under the sidewall cause 
the offset region to have a high resistance. 

Since the value of the substrate current 
indicates the amount of hot carrier generation , 
there is a relationship between substrate current 
and the change in the characteristics. The 
substrate current changes greatly depend on 
the channel length and the impurity concentra­
tion of the offset region. For example , when 
the life time is defined as the period in which 

gm is reduced by ten percent , a linear relation-
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ship between the substrate current and the life 
time can be seen when they are plotted on a 
log/ log scale (shown in Fig. 6). 

That is , 

MTF=A x (lsub) - B , ... .. . . .. (1) 

where MTF is the average life time, fsub is the 
substrate current , and A and Bare constants. 

The constants depend on the MOSFET 
structure. In this example, B was 3 .3. (There 
have been many reports in which B has been 
between 2 and 4.) The relationship between 
the substrate current and drain voltage is given 
by the following equation. 

fsub = C x exp ( - D / Vn ), .. . . . .. (2) 

where Vn is the drain voltage and C and D are 
constants. 

The relationship between the life time and 
drain voltage is give by the following equation . 

MTF=E x exp ( - F / Vn) , . .... (3) 

where E and Fare constants. 
The life time for practical use can be esti­

mated from the results of an accelerated test 
using Equations (1) and (3). 
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These expressions show the extent to which 
the substrate current and supply voltage must be 
reduced in order to obtain the required life time . 
If the substrate current is reduced , the Ii fe tim e 
can be increased. To achieve this, impurity 
distribution of the offwet region was adjusted to 
reduce the electric field strength . However , if 
the concentration is reduced too much , the 
offset region is easily affected by fixed charge. 
Therefore, the distribution must be optimized 
to take these two factors into consideration. 
Figure 7 compares the test results of optimized 
and non-optimized MOSFETs. The optimized 
LDD MOSFET has a stable Vth and is therefore 
the most reliable of the two. 

3. TDDB 
3.1 Breakdown of oxide 

A high-quality si licon oxide film is a stable 
in sulator with a breakdown voltage of approxi­
mately 10 MY/cm. In conventional MOSFETs , 
the gate oxide was about 40 nm. This had a 
breakdown voltage of about 40 V and was ample 
for the 5-V supply . In MOSFETs with a 1-µm 

channel length, the gate oxide thickness is less 
than 20 nm. If the gate oxide is 15 nm, the 
breakdown voltage is 15 V, which is still three 
times the supply voltage. 

However, problems were found to exist. 
Although it might be expected that dielectric 
breakdown would occur only at the breakdown 
voltage , it was found that breakdown occurred 
when voltages considerably less than the break-
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down voltage were applied over a long period. 
This phenomenon is called time-dependent 
dielectric breakdown (TDDB). Because devices 
are highly scaled down and complicated, there is 
a possibility of partial thinning of the oxide. 
This partial thinning may be the cause of the 
lowered breakdown voltage. The local defects 

of Si02 become more apparent as the level 
of integration is increased and the total area of 
gate oxide co nsequentially increases. This is 
considered to be a particularly serious problem 
in DRAM capacitors. 

3. 2 TDD B mechanism 
At present, the mechanism of TDDB is not 

fully understood. However, it is known that 
there are two modes of TDDB , defective mode 
and intrinsic mode. 

The defective mode follows the accumulated 
failure function. It has an almost expo nential 
distribution and shows a relatively high failure 
rate in a short period. It is assumed that the 
paths through which the breakdown current 
flows and the concectration of the electric 
field are caused by defects such as oxide pin­
holes, contamination from impurities , and 
abnormal device shape. This type of TDDB 
is considerab ly reduced by controlling these 
defects. 

The intrinstic mode beco mes apparent after 
the defective mode has been sufficiently reduced. 
It follows the wear-type accumulated failure 
function and shows a relatively long life. Even 
when the applied voltage is below the breakdown 
voltage , tunnel current and F-N current flows in 
the oxide . When these currents flow , some 
types of detects are assum ed to be generated 
in th e oxide and field concentration is assumed 
to occur in some areas. 

3.3 TDDB reliability test 
The TDDB experiment is performed as 

follows. The current or voltage across a MOS 
capacitor is monitored by applying a fixed 
electric field across it . Normally , F-N curren t 
flows even when the MOS capacitor has not 
broken down . When dielectric breakdown 
occurs, the voltage becomes abnormally low or 
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an exceedingly high current flows. 
Breakdown of a MOS capacitor can be detected 

by monitoring these changes in voltage or 
current. The same procedure is repeated using 
many samples . 

Figure 8 shows the relationship between the 
accumulated failure rate and the test time for an 
experiment conducted at 70 °C using an Si0 2 

layer of 18 nm. This diagram uses Weibull paper 
to plot the failure rate distribution. The wear­
type failure distribution can be clearly seen. 
The shape parameter m is approximately 1.5. 
The life time depends on the electric field 
strength. A weak electric field results in a long 
life time. Figure 9 shows the relationship be­
tween MTF and electric field strength for the 
same experiment made at 70 °C and 125 °C. 

The life time decreases exponentially as the 
electric field strength increases. The relation­
ship is given by the following equation. 

MTF =A x exp ( - B x E), .. ... (4) 

where MTF is the average life time, E is the 
applied electric field strength, and A and B are 
constants. 

The value of constant B is calculated to be 
1.8 orders of magnitude per (MV/cm). As the 
electric field strength increases by I MY/ cm , 
the life time decreases by 1/101 

·
8

• 

As is shown in Fig. 9 , the relationship at 
70 °C and at 125 °C appear as two parallel 
straight lines, and so Equation (4) can be ex­
pressed as follows: 
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MTF = C x exp (Ea / kT) x exp ( - B x E) , 
. . . ...... . (5) 

where Ea is the activation energy , kT is Boltz­
mann's constant x temperature , and C is a con­
stant. 

The activation energy was found to be 
0.34 eV. 

3.4 Estimation of life time 
The life time for practical use is estimated 

using Equation (5). For usual ICs, the maximum 
operating termperature is 70 °C. Assuming an 
applied voltage of 5 V per I 0 nm of Si02 , then 
E= 5 MV/ cm. 

From Fig. 9 , an MTF of 60 h at 70 °C 
corresponds to an electric field of 8 MV / cm. By 
applying these values to Equation (5), the 
following values are obtained : 
Temperature coefficient: 1 
Electric field coefficient: 

101.8 x (8 - 5 ) = 2.5 x 10 5 ' 
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and , 
MTF (70 QC, 5 MV/ cm) = 2.5 x 10 5 x 60 h 

= 1.5 x 107 h. 

This is approximately 1 700 years. In prac­
tice , however, it is not the average life time that 
is important but the time when the failure rate 
reaches an even lower value. This time , corre­
sponding to a lower falure rate , can be calculated 
based on the fact that the accumulated failure 
rate follows the Weibull distribution. 

The Weibull distribution is given by the 
following equation. 

F(t) = 1 - exp j- (t/MTFrf , .. . . (6) 

where F(t) is the accumulated failure rate, tis 
the time, and m is the shape parameter. MTF 
here is defined as the characteristic life time 
during which the accumulated failure rate 
reaches 1 - e- 1

. This definition differs from the 
original one. 

Consequently, the time when the accumu­
lated failure rate reaches F(t) is given by the 
fo llowing equation . 

t =MTF x - loge jl - F(t)f l /m. . . . (7) 

For example, for m = 1 /5, the time when the 
accumulated failure rate reaches 0.01 percent is 
1 /465 of the MTF Since MTF = 1 700 years for 
the sample shown in Fig. 9, a failure rate of 
0.01 percent corresponds to 3.7 years. For E = 

4 MV/ cm , the same failure rate corresponds to 
230 years. For high reliability, the oxide must 
be used at a voltage below 1/ 3 of the breakdown 
voltage. 

4. Electromigration 

4.1 Mechanism of electromigration 
Metalization in IC is generally a polycrys­

talline thin Al film grown by magnetron sputter­
ing. When a voltage is applied, electrons flow in 
the Al layer from the cathode to the anode. The 
metal atoms receive kinetic energy by colliding 
with the electrons. Although the atoms are 
normally constrained in the lattice , there is a 
probability that atoms may obtain a thermal 
energy greater than t he bonding energy (as 
determined by the Boltzmann factor). If there 
is no current , these atoms only exchange lattice 
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positions and do not cause the flux . However , 
when the electrons contribute their kinetic 
energy, a flow of atoms is gen erated in that 
direction . This is called electromigration. The 
flux of the atoms can be expressed by the 
following equation, using the current density 
and the Boltzmann factor. 

latm =A x 12 x exp(- Ea /kT), ... . .... (8) 

where latm is the flux of metallic atoms , J is 
the flux of electronics, Ea is the activation 
energy, kT is Boltzmann's constant x tempera­
ture and A is a constant. 

Since metalization has non-uniform dimen­
sions, current density , and temperature distribu­
tion, a discontinuity occurs in the flux of atoms. 
At these discontinuous points, various failure 
modes occur such as voids, open circuits, and 
hillocks . Each of these cause the IC to fail. 
Of these problems, the open circuit has been 
of particular importance. Recently , short 
circuit between adjacent metalization caused 
by hillocks have also been reported. 

4.2 Electromigration reliability test 
4. 2. 1 Open circuit fa ilure test 
Open circuit failure of metalization is 

described first. Since the flux of atoms increases 
with current density and temperature according 
to Equation (8), the test is done at a high 
current and temperature. 

In general , the current density of the metal­
ization is about 105 A/ cm2

. Since a blowout 
occurs due to self-heat generation when the 
current density of 107 A/cm 2 is exceeded , a 
density of 106 A/ cm 2 is used in the test. The 
temperature is usualy chosen to 150-300 QC 
Figure 10 shows the relationship between 
temperature and the open circuit life time 
with a constant current density. The Al sample 
was doped with Si and was 2 µm wide , 1 µm 

thick , and 800 µm long. There is a linear relation­
ship between the log of the life time and the 
inverse of temperature. 

This is given by the following equation. 

MTF =A x exp(Ea/ kT), .. . .... (9) 

where Ea is the activation energy , kT is Boltz-
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mann's constant x temperature , and A is a 
constant. Figure 10 shows Ea= 0.5 eV. Figure 11 
shows a linear relationship in log-log plot be­
tween the current density and the open circuit 
life time when the temperature is constant. (The 
slope is almost 2 .) 

This is given by the following equation. 

MTF = B x 1- 2
, ... ... ... (10) 

where B is a constant. 
When Equation (9) and (10) are combined , 
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the following equation is obtained. 

MTF = C x 1- 2 x exp(Ea/kT), ... (11) 

where C is a constant. 
When Equation (8) and (11) are compared , 

it can be seen that the open circuit life time is 
inversely proportional to the flux of the atoms. 

Ea= 0.5 eV is a rather small value for the 
self-diffusion of Al atoms. This is because the 
sample was a polycrystalline thin film and thus 
contains large numbers of grain boundaries and 
crystal defect s. Since the bonding energy of 
atoms is low at grain boundaries or defects , 
a low value of activated energy is assumed. 
The open circuit life time can be prolonged by 
reducing the effect of Al grain boundary diffu­
sion. Figure 12 compares the open circuit life 
times of two samples with different grain sizes. 
The samples used Al-Si and were 0 .6 µm to 
2 µm wide, 0 .5 µm thick , and 2 mm long. 

The sample with the larger grain size has the 
longer life time. This is because the number of 
grain boundaries in large grain sample is smaller 
than in small grain one. For a large grain, the life 
time increases as the metalization width de­
creases. When the metalization width is reduced 
more than the grain size, the probability of grain 
boundaries is reduced. This phenomenon is 
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called the bamboo effect. For small grains, the 
life time decreases as the metalization width de­
creases. If the metalization width is decreased, 
an open-circuit will result due to small Al void 
and the bamboo effect does not occur. There­
fore, the reliable metalization can be obtained 
by controlling fabrication to grow Al with a 
large grain size. 

4.2.2 Short mode failure test 
Hillocks occur at accumulations of the flux 

of Al atoms. 
This occurs where metalization is connected 

to the diffusion layer and current flows from the 
diffusion layer. The experiment was done with 
the metalization connected to the emitt er of a 
bipolar transistor. The bipolar transistor is a 
convenient device for this experiment because 
of its high current drive capacity. A second 
metalization layer is formed on the first layer 
with an insulation layer. The short circuits 
between the two layers was then tested . The 
sample used Al-Si of 4 µm wide, 0 .8 µm thick , 
and 20 µm long. The insulation layer is PSG 
of 1 µm thick. Figure 13 shows the relationship 
between times and temperatures of the short 
circuit failures. The y axis is J 2 MTF as the 
relationship given by Equation (11) is assumed. 
The linearity is worse than for the open-circuit 
failure and Ea = 1.3 eV. The reason why the 
open circuit failure and the activation energy 
are different is not known . Since the activation 
energy is high , these short circuit failures will 
be exceedingly rare at pratical temperatures. 

4.2.3 Open-circuit fa ilure test with pulse 
current 

In metalization , a current greater than the 
maximum DC current capacity can be passed in 
a pulse. Metalization passing a pulse current will 
have a greater life time than metalization passing 
a DC current equal in magitude to the peak pulse 
current. Figure 14 shows the relationship between 
the duty cycle and the mean time until open­
circuit failure using a 100-kHz square wave. 
The sample used Al-Si and was 2 µm wide , 
0 .5 µm thick , and 800 µm long. Since it was 
ex pected that the life time would be very long 
if the duty cycle was reduced , the experiment 
was done with a small grain sample with redu ced 
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life time . The life time is inversely proportional 
to the square of the duty cycle. 

That is 

MTF=A x D - 2
, .... .... .... . (12) 

where D is the duty cycle , and A is a constant. 
By combining Equation (11) and (12), MTF 

can be expressed as follows. 

MTF = B x (l x D)- 2 x exp(Ea/ kT) 
=B X lave - 2 

X exp(Ea/ kT), ..... (13) 

where lave denotes the average current. 
Equation (13) indicates that , for pulse 

currents, the life time is determined by the 
average current with modification and can be 
treated in the same way as DC currents. Figure 15 
shows the relationship between the frequency 
and the life time when the duty cycle is constant. 
It is clear that the life time does not depend on 
the frequency and that Equation (13) is valid 
within the range of 10 kHz to 300 kHz. For 
pulse currents, a higher peak current determined 
by duty factor can be allowed to give the same 
life time for DC. 

5. Conclusion 

The authors have made a series of experi­
ments on the reliability problems associated 
with the scaling down of MOS ICs. These experi­
ments included studies on the change ofMOSFET 
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characteristics caused by hot carriers, Si02 

breakdown by TDDB, and open- and short­
circuit failures of the metalization by electro­
migration. 

By quantitative analysis of the relationship 
of the supply voltage and substrate current to 
the characteristic change, it is found that the 
LDD structure has full reliability against hot 
carrier effect s. For the TDDB , guidelines for 
using thin Si02 with high reliability were 
obtained from the relationship between the life 
time of breakdown, temperature, and electric 
field. 

For electromigration, the authors investigated 
activation energy and current density depend­
ency, furthermore, the relationship between the 
grain size, width , and open circuit life time. The 
authors investigated the open circuit life tim e of 
pulse operation and determined that the life 
time could be calculated by regarding the pulse 
as a DC current equal to the average current. 
In addition to open circuit failures, short circuit 
failures between the first and second metaliza­
tion were tested and the activation energy was 
obtained. 

It is concluded from these results that these 
problems can be overcome by improving the 
device structure and fabrication processes. 
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Using Two-Dimensional Device Simulator 
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To accurately estimate bi polar circuit performance, t wo circuit simulation systems using 

a two-dimensional device simulator have been develo ped and compared. One uses the table 

method and the other uses the direct method. 

The direct method was found to be superior to the ta ble method. Using the direct method, 

the propagation delay time of an ECL gate has been esti mated and the influence of extrinsic 

elements and collector im p urity concentration on delay time were investigated. 

1. Introduction 
Device simulators are widely used to analyze 

device behavior because a device simulator can 
reflect the device structure exactly and can also 
simulate physical phenomena accurately. Device 
simulators usually examine only the device 
characteristics. The circuit performance is then 
estimated from these characteristics. However, 
when a device is used as a circuit element, 
its performance must be estimated in the circuit 
environment. 

Therefore , a simulation system which can 
estimate circuit performance using a two­
dimensional device simulator is highly desirable . 
One example of this type of simulator is 
MEDUSA I). However, MEDUSA only has a one­
dimensional device simulator of bipolar devices 
installed. No simulation system which uses 
a two-dimensional device simulator has been 
developed for bipolar circuits. 

For these reasons , two types of circuit 
simulators using a two-dimensional device 
simulator were developed. One uses numerical 
tables for transistor equivalent circuit elements. 
These tables are derived from the static solutions 
of the device simulator. The other simulator 
solves circuit equations directly using transient 
solutions of the device simulator. We call the 
former the "table method' ', and the latter the 
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"direct method" . 
This paper presents the simulation tech­

niques of the two methods, a comparison 
between them , and application examples of the 
analysis of propagation delay times of an ECL 
gate. 

2. Simulation method 
Figure 1 shows the simulation flow to obtain 

circuit performance. A conventional circuit 
simulator such as SPICE2

) uses a transistor 
model. This transistor model has an equivalent 
circuit whose elements are expressed by analyti-

Device simulator 

Parameter extraction 

Analytical model 

Equivalent circuit 

Nodal equation 

Output 

CD : Convent ional method 

~ : Table method 

® : Direct method 

Fig. ! - Simulation flow to obtain circuit performance. 
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cal models. The analytical model has many 
parameters that are extracted from the simula­
tion results of the device simulator. This is 
indicated by arrows CD . However, this param­
eter extraction is often a very elaborate task, 
and important factors essential for high speed 
operation such as high current injection, diffu­
sion capacitance, and two-dimensional effects 
cannot be modeled exactly by the analytical 
transistor model. 

The table method uses numerical tables 
obtained from the two-dimensional device 
simulator without extracting model parameters . 
It solves nodal equations. This is indicated by 
arrows CT) . 

The direct method does not use the 
equivalent circuit. It solves nodal equations 
using transient solutions of the device simulator. 
This is indicated by arrows Q) . 

2.1 Device simulator 
Device simulator FLAPS (Fujitsu Laborato­

ries Analysis Program of Semiconductor devices) 

Start 

Calculate table elements 

v" 

v~'c(t), v;EuJ 

1 nterpolate table elements 

Solve nodal equat ions 

No 

No 

Fig. 2-Simulation flow of table method. 
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solves the basic semiconductor equations which 
are shown below. 

div(€ grad If;)= - q (p - n + Nn - NA). 
............. (1) 

dn /dt = l / q div Jn+ G - R . 

dp/dt = - 1/ q div JP+ G - R . 

In = - qnµn grad ¢n. 

Jp = - qp µP grad ¢p. 

n = nieexp j q / kT (If; - ¢n) f 

p=nieexp jq / kT(¢p - If;) f 

. .. . (2) 

... (3) 

(4) 

(5) 

(6) 

(7) 

G is the generation rate term , R the recombi­
nation rate term, ¢n the quasi-Fermi potential 
of an electron, ¢p the quasi-Fermi potential 
of a hole , and nie the intrinsic carrier density . 
These equations are made discrete using the 
finite difference method and are solved using 
the incomplete LU decomposition conjugate 
gradient method 3). This program is also 
vectorized for a vector processor. 

2.2 Table method 
Figure 2 shows the simulation flow of the 

table method. Before solving the nodal 
equations , numerical tables of equivalent circuit 
elements are created. In this method , we used the 
equivalent circuit shown in Fig. 3. Capacitances 
and current sources are obtained from the 
solutions of the two-dimensional device simula­
tor. 

The current tables are obtained from the 
terminal currents of the base and collector. 

Collector 

Cuc 
Base 

I" CBE + l e 

Em itter 

Fig. 3 - Equivalent circuit of bipolar transistor used 
in the table method . 
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To make capacitance tables , total charge Q in 
the device is obtained from the following 
relation . 

Q = f pds. . . . .. . . .. . .. (8) 

From the derivative of this total charge with 
respect to the terminal voltages , two capaci­
tances can be obtained. 

CEB = LiQ/LiVEB ' 

CCB = LiQ/Li VCB. 

.. .. . . . .. . (9) 

. . . ...... ( 10) 

Figure 4 shows the simulation structure of 
a bipolar transistor. Because of its symmetrical 
structure , only half of the device is simulated. 
This structure has an emitter width of 0.05 µm 
and a base width of 0.05 µm. 

10- 2 

10-· 

$ 10-• 
u ._, 

10-• 

0.9 

a) Collector current 

io-2 

lo-• 
$ io-• 

"' ._, 
10-• 

10- IO 
i .s 0.9 

b) Base current 

Figure 5 shows two-dimensional numerical 
tables of currents and capacitances. The maxi-

0.05 

0.05 

0.6 

0.8 

' ' 

0.25 

Emitter 

n+ l020 

0.35 O.l 

Base 

7 p 1018 

!]- lO" 

n+ 1019 

Coll ector 
(Unit: µ m ) 

Fig. 4 - Simulation structure of bipolar transistor. 
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d) Base-collector capacitance 

Fig. 5- Numerical tables used in the table method. 

458 
FUJITSU Sci. Tech. J., 24, 4 , (December 1988) 



S. Satoh et al.: Bipolar Circuit Simulation System Using Two-Dimensional Device Simulator 

mum collector-emitter voltage of 2.5 V was 
divided into twelve increments and the maxi­
mum base-emitter voltage of 0.9 V into seven­
teen increments to create the two-dimensional 
numerical tables of base current l B and collector 
current le. Capacitance tables having 17 x 7 
increments were created in the same way. 
Irregularly spaced meshes were used to obtain 
high accuracy in the high current region. Values 
of points between the increments are obtained 
by logarithmic linear interpolations. Using a 
vectorized program, it took 33 min of CPU 
times on a F ACOM VP-100 vector processor to 
generate these numerical tables. 

Extrinsic components such as the extrinsic 
poly Si base resistance and a collector-substrate 
capacitance are externally attached to the 
equivalent circuit of Fig. 3. Generally, nodal 
equations are expressed as follows. 

'L/tj = 0, (i = 1, N). . . ....... (11) 
I 

N is the total node number and lij is the 
current which flows into the i-th node. These 
equations are made discrete with respect to 
time. Discrete time steps are between 0.2 ps and 
5 ps. At each time step, these equations are 
solved using Newton's method. 

Newton's method linearizes the non-linear 
currents of a bipolar transistor as follows. 

a!s als 
lB = lso +--A VsE +--A VCE. av BE av CE 

........... (12) 

ale ale 
l c = l co + -- AV BE + -- AV CE . a VsE av CE 

....... .. .. ( 13) 

In these equations , derivatives of the cur­
rents with respect to voltage are obtained from 
the numerical tables using logarithmic linear 
interpolation. 

2.3 Direct method 
Circuit behavior is essentially a transient 

phenomenon. Therefore, using transient solu­
tions of a device simulator is the best method to 
simulate circuit behavior. Figure 6 shows the 
simulation flow of the direct method. In this 
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v~'E(I) + L1 v.E 
V~'.(t) 

Start 

V~'.(t) 

v;.ul + L1 VcE 

Transient simulation 

LJ/B LJ/ C 

~, L1 VcE 

Solve nodal equations 

Fig. 6 - Simulation flow of direct method. 

Table 1. Bias conditions for transient simulations 

Terminal Voltage Terminal Current 

Base Collector Base Collector 

VBE(t) VC£(t) !Bl lei 
VBE(t) + 

VCE(t) lB2 Ic2 
~ VBE 

VC£(t) + 
VBE(t) 

~VCE 
lB3 JC3 

method , currents and current derivatives are 
obtained from the transient solutions of the 
two-dimensional device simulator and are used 
to solve nodal equations. 

First, semiconductor basic Equations ( 1) to 
(7) are solved transiently for the three kinds 
of terminal voltage for each transistor by in­
creasing the time At to obtain the base and 
collector currents. Bias conditions for transient 
analysis are shown in Table 1. Using these 
currents, derivatives of the currents with respect 
to the terminal voltages are obtained as shown 
in the following Equations (14) to (17). 

als ls2 - ls1 
=----

avBE CJ. VBE 
......... (14) 
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a!s ls3 - ls1 
....... .. (15 ) 

avCE Ll VCE 

ale l e2 - l ei 
.. . .. .... (16) = 

avsE LlVsE 

ale l e3 - l ei 
. .. . .... . (17) 

avCE L'.lVcr 

The Ll V BE used is 0.01 V and Ll V CE is 
0 .05 V. These calculations are performed for 
each transistor. The nodal equations are solved 
using these currents and current derivatives. This 
procedure is repeated until the nodal equations 
converge. If nodal equations converge, the time 

is increased by another Ll t , and the same calcula­
tions are repeated . 

The table method uses a quasi-static ap­
proach. This means that nodal equations are 
solved using static solutions of the device simula­
tor. The direct method uses a non-quasi-static 
approach. This means that nodal equations are 
solved using the transient solutions of the device 
simulator. Therefore, the direct method is 
consid ered to be superior to the table model 
because a quasi-static approach is not used , and 
purely transient phenomena can be included . 

2.4 Determination of circuit elements 
To compare circuit speed , the logic swing of 

an ECL ga te was kept a constan t va lue. In th ese 
simulati on systems, resista nce in an ECL gate for 
a fixed logic swing can be automatically deter­
mined by DC solut io ns of the tabl e meth od 
when the transistor size is give n. 

3. Examples of analysis 
3.1 Comparison of two methods 

Assuming that exact so lutions are o btained 
by the direct method , the accuracy of the table 
method was exami ned . For comparison , the 
difference between propagation delay times of an 
ECL gate was inves tiga ted . Propaga tion delay 
times were obtained from the simulation of the 
three-stage inverter chain shown in Fig. 7. The 
ECL gate has an emitter follower , the supply 
voltage is - 3 .1 V, emitter fo ll ower supply volt-
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-3.1 v 

Fig. 7-Three-stage ECL gate inverter chain. 
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- 1.5 

v,n Stage 2 
- - - · Stage l --- . Stage 3 

T ime (ns) 

Fig. 8- 0utput waveforms of inverter chain. 

age is - 1.8 V, and reference voltage is - 1.2 V. 
Figure 8 shows the simulated ou tput wave­

fo rms of this inverter chain usi ng the direct 
me thod when a step vo ltage having a fall time is 
50 ps was applied to the input terminal. The 
propagation delay t ime per gate was obtained 
fro m th e time difference between the output 
vo ltages of the first and third stages. In this case, 
the propaga tion delay time per gate is 57 ps and 
power consumption per ga te is 3.08 mW. It 
takes 3.7 h of FACOM VP-100 CPU time to 
obta in this result. The dependence of power 
consumption on propagation delay time for 
the two methods shown in Fig. 9 was ob tained 
in this way . 

The table model results show smaller prop­
agation delay times than the direct method in 
the entire power region. The difference between 
the two methods is larger in the high power 
region than in the low power region. This is 
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5 

Power (m W /gate) 

10 

Fig. 9 - Comparison of propagation delay time for 
the table method and direct method. 

because the table method cannot estimate the 
time delay in the extrinsic base region exactly. 
This is because the influence of the extrinsic 
base resistance is already included in the current 
tables, and the extrinsic base-collector capaci­
tance is included in capacitance Csc. 

In conclusion , the table method has a large 
discrepancy in the propagation delay time when 
the delay is determined by the time delay of 
extrinsic transistor elem en ts. 

3.2 Influence of extrinsic elements 
The influence of extrinsic elements was 

examined using the direct method. Figure 10 
shows the relation between power and prop­
agation delay time when the extrinsic poly Si 
base resistance and /or collector-substrate capaci­
tance are changed. 

In the low power region , the charge and 
discharge time of the collector-substrate capaci­
tance is the dominant factor in determining the 
propagation delay time . In the high power 
region, the charge and discharge time of the 
input capacitance is about the same. 

By decreasing the extrinsic resistance, the 
delay time in the high power region decreases. 
This is because of the reduction in the time 
delay in the extrinsic base region. Decreasing 
the collector-substrate capacitance decreases the 
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Fig. 10 - Dependence of propagation delay time on 
extrinsic device 

delay time in the low power region . From 
these analyses, it is concluded that decreasing 
the collector-substrate capacitance is more 
effective than decreasing the extrinsic base 
resistance to realize a low power, high speed 
ECL gate circuit. 

3.3 Collector impurity concentration depend­
ence 
Figure 11 shows the relation between 

collector current and cut-off frequency. The 
cut-off frequency fT was obtained by the 

following relation using the static solution of the 
two-dimensional device simulator. 

1 life 
h = 21f !iQ . . ....... . (18) 

Q is the total charge in the device. The maxi­
mum cut-off frequency of a device having a 
collector impurity concentration of 1016 / cm 3 is 
15 .4 GHz. However, this frequency increases to 
28 .6 GHz when the collector impurity con­
centration is increased to 1017 / cm 3 . This is 
because the base pushout due to high current 
injection is suppressed by a low collector re­
sistance. 

Figure 12 shows the relation between power 
and the propagation delay time of an ECL gate for 
various collector impurity concentrations. When 
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le (A/cm) 

F ig. I I - Dependence of cut-off frequency on collector 
current for tw o collector impurity 
concentrations . 
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Fig. I 2- Dependence of propagation delay time on 

JO 

power for two collector impurity concentrations. 

the collector impurity concentration increases, 
the delay time increases in the low power 
region because of the increase in base-collector 
capacitance. In the high power region , the delay 
time decreases because of the small diffusion 
capacitance due to suppression of the base 
pushout. 

Thus, increasing the collector impurity con­
centration increases the maximum cut-off fre­
quency. However, propagation delay time can­
not be decreased in the entire power region. 
Also note that a high collector impurity con-
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centration is not desirable for a circuit using low 
power ECL gates. 

4. Conclusion 

We developed two types of simulation 
systems which can estimate bipolar circuit 
performance using a two-dimensional device 
simulator with the following results. 

The table model using static solutions of a 
device simulator can give exact solutions for DC 
analysis. However, for transient analysis, it gives 
inaccurate results especially in the high power 
region because of the incorrect equivalent circuit 
and the quasi-static approach. The direct 
method is considered to be the most accurate 
method to simulate circuit behavior, but it takes 
much CPU time. 

Using the direct method , extrinsic element 
dependence of the propagation delay time of an 
ECL gate was investigated. A smaller collector­
substrate capacitance was found to be an effec­
tive means of realizing a low power and high 
speed bipolar ECL circuit. Also , collector 
impurity concentration dependence on cut-off 
frequency and delay time were investigated. It 
was found that high impurity concentrations are 
an effective way to increase the maximum cut­
off frequency , but are not effective for obtain­
ing high speed in the low power region. 

In the short term, improvements in the CPU 
time required for the direct method and the 
equivalent circuit for the table model must be 
achieved. Based on these simulation systems, 
limitations of the transistor models of con­
ventional circuit simulators must be clarified , 
and the device simulator must be improved for 
smaller devices. 
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Speed Tunable Finite State Machine 
Compiler: ZEPHCADTM 
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This report describes a personal computer based state machine compiler. This system trans­

forms the finite state machine description, Boolean equations, or truth table into net lists of 

the CMOS gate array or standard cell. 

A new feature of this system is the capability to tune the circuit speed from the user side by 

selecting the number of logic levels when running the system. 

This report includes bench mark results . 

1 . Introduction 

As the number of gates in ASICs exceed 
1 OOK gates, it becomes very important to 
shorten the time required for logic design. 
Several silicon compilers for this purpose are 
described. Logic synthesis is examined and 
the algorithms for logic minimization 1) and 
multiplication of logic levels2

),J) are described . 
The rule based approach4

) is also described 
as a method to control the circuit speed. 

For logic LSI design, LSI functions can be 
divided into three blocks: a data-path block, 
RAM/ ROM block, and control logic block 
(see in Fig. 1 ). The data-path block performs 
ALU functions or data register functions . The 
RAM/ROM block stores required data and/or 
programs. These data-path and RAM/ROM 
blocks normally have a regular pattern structure 
such as the bit-slice oriented approach. 

On the other hand , the control logic normal­
ly consists of a random pattern structure and 
must be independently designed for each logic 
LSI . This means that the data-path or RAM/ 
ROM blocks can be repeatedly used for many 
logic LSis which thus enables the use of function 
libraries. However, for the control logic , it is 
difficult to reuse previous designs. 

In addition, specifications of the control 
logic can only be determined at the end of the 
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- 1--1 LSI 

Data-path block - 1---1 

I I 
RAM/ROM block 

I I 
- t--

Control logic block - I--

Fig. 1- Block diagram of LSI. 

logic design phase. Therefore , a logic designer 
has to design this control logic within a very 
limited period of time and without errors. 

Considering all of these factors, we have 
developed the finite state machine compiler 
described in this report. Our approach was to 
develop a finite state machine compiler which 
is capable of controlling the number of logic 
levels by the method of factorization when 
constructing multi-level logic from two-level 
logic representations. Therefore the circuit 
speed /area trade-offs can be controlled using 
this compiler. 

FUJITSU Sci . Tech . J ., 24, 4, pp. 464-468 (December 1988) 
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2 . Speed tunable CMOS state mach ine com­
piler 
A CMOS finite state machine compiler 

called "ZEPHCAD TM" has been developed. 
It can be applied to CMOS gate arrays and to 
standard cell ASIC design. 

Input to the system includes finite state 
machine descriptions, Boolean equations, and a 
truth table . 

The system receives these descriptions, 
transforms them into the sum of products 
form (AND-OR two-level logic) , minimizes 
the AND-OR plane, assigns a binary code to 
each state of the finite state machine , divides 
levels into multiple logic levels , then generates 

the net lists of a CMOS gate array or standard 
cell technology (see Fig. 2). 

A new feature very useful for logic designers 
is that this system can control the circuit speed 
by selecting the number of logic levels when 
they are divided as described above. 

When selecting the number of logic levels, 
a user can simultaneously control the total gate 
size of the logic . Therefore , a user can very 
quickly, determine the circuit speed/area trade­
offs, and can select the most suitable speed and 
gate size logic for his LSI design. 

This system can also generate the PLA 
pattern after the minimization phase of the 
system flow. 

Our system described here is very useful 
for control logic automated design. A designer 
describes his control logic specifications using 
a language like C, then the system sythesizes 
the gate level circuit automatically. Figure 2 
shows a comparison between our system and the 
usual manual design method. The first step 
of control logic design is to determine the 
specification of control logic. A designer may 
need to specify a state diagram transition and 
logic flowchart . In the case of manual design , 
the designer then writes a gate level schematic 
sheet from the state diagram by translating the 
logic manually . 

In this system, the designer describes the 
state diagram in the form of a software program. 
The system then automatically transforms the 
logic into Fujitsu's CMOS standard cell or gate 
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Manual 
design 

Gate level des ign 

Finite state machine 
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Boolean equat ions 

Truth table 

Log ic synthesis 
ZEPHCADrn 

Fig. 2-Comparison between usual and ZEPHCAD TM 

approach. 

array having a controlled propagation delay. 
The system is operated on Fujitsu's personal 

computer FMR series which uses an 8 MHz 
i80286 MPU. The operating system is MS­
DOS™ V3 .1 , the memory size is 5 Mbytes , 
and the protected mode is used. 

3 . System flow, program funct ions, and limi­

tations 
Figure 3 shows the general flow of the sys­

tem. The functions of each program are 
described below: 

3.1 Input language 
The system has three types of presentation 

forms for input: 
1) Finite state machine descriptions 
2) Boolean equations 
3) Truth table . 

Figure 4 shows an example input description 
in which the sequential logic is specified. In the 
Boolean equations and truth table description 
the combinational logic is specified. 

A special purpose editor was developed for 
this language editing. 
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3.2 Translator 
The translator converts the input language 

into AND/OR two-level logic presentation. (Our 
system was originally developed for PLA design , 
but was extended to use random logic design 
tools.) 

3.3 State assignment 
The state assignment program is applied 

for the finite state machine description. This 
program assigns a binary code to each state 
of the finite state machine . The algorithm of 
this program is called a simulated annealing 
method. First the program assigns a random 
binary code to each state, then it exchanges the 
assigned binary patterns according to the cost 
function . This cost function controls combina­
tional logic to obtain the minimum number of 
product terms. This program is skipped for the 
Boolean equations or truth table description. 

3.4 Minimizer 
This program takes the ESPRESSO II-based 

algorithm and minimizes the AND/OR plane. 
The ESPRESSO II algorithm was published in a 
text book in 1984 1

). This algorithm is heuristic 
but is very powerful for finding a well optimized 

In put language 

Finite sta te machine 
descri ptions 

Boolean equa tions, Truth table 

:.r 
[ 

Transla tor J 
Translate into AND-OR fo rm 

...i. 

I 
Number of 

levels to be 
di vided into is 
spec ified here 

Sta te assignment 

Assign a binary code to 
state resisters 

Minimi zer 

Minimi ze the AND-OR plane 
_i 

Factor ing 

Divide into ~1ult i ple 
levels of An D-OR plane 

:.r 
T echnology mapping 

Simulated 
annealing 
method 

ES PRSSO U 
based 
a lgor ithm 

Branch and 
bound 
approach 

Rule based 
Assign CMOS gate array approach 

or standard cell 

PLA pattern of 
standard cell 

Net lists of~ ~Net lists of 
CMOS gate a rray standard cell 

Fig. 3- System flow. 
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solution in a short CPU time. Therefore, we 
selected the ESPRESSO II algorithm for our 
personal computer based CAD system. 

3.5 Factoring 
After the minimization , the AND/OR two­

level logic is transformed into multi-level logic 
and extracts a subexpression common to several 
expressions . By selecting the number of logic 
levels, the designer can control the propagation 
delay and total gate count . 

3.6 Technology mapping 
Finally, the designer selects the technology 

required for his logic device. Today , Fujitsu's 
CMOS standard cell technology using the 1.2 µm 

rule and gate array technology using the 1.5 µm 

and 1.2 µm rules are available. Only this 
program has a technology dependent feature ; 
the programs of 3 .1 to 3 .5 are technology 
independent. The output of this program is 
the net lists of a cell family of a CMOS gate. 

3.7 System limitations 
Figure 5 shows the limitations of the system 

by showing the maximum numbers that can 
be assigned to the parameters for the input 
language description . 

Fini te State Machine Desc ripti on 

AN DI N: x i, x2; 
OROUT : +outO, +outl , +out2, -out3 
STAT ES; 

SO IF x l T HEN GOTO S2, 
l F x l &x2 THE N GOTO Sl , OUT O; 

S I WA IT x i T HEN GOTO S3, 
OUT! ; 

S2 GOTO S3, OUT 2 ; 
S3 GOTO SO, OUT 3; 

EN DSTATES; 

Boolean Descript ion 

BOOLEA N: 
out! : = a&b +c&d, 
t : =a&b&c+' d, 
out2: =t + b@c; 

Truth T able Description 

TRUTH : 
0000/ 0001, 
0001/00x O, 
x l00/ 0100, 
l x00/ 1110 ; 

Fig. 4 - lnput language. 
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1) Maximum number of inputs : 64 
2) Maximum number of outputs: 64 
3) Maximum number of product terms: 1 024 
4) Maximum number of states: 256 (8-bit) 

The system can handle an input language 
description having a set of parameters within 
these limitations. A plane size of 64 inputs, 
1 024 product terms, and 64 outputs means 
that the circuit can have 1 024 AND gates with 
64 inputs and 64 OR gates of the 1 024 inputs. 

When the gate size is represented using our 
Fujitsu CMOS gate array in which the basic gate 
is 2 inputs (NAND) , it corresponds to almost 
1 OOK gates. For the PLA plane , the ratio of the 
usage of both AND/ OR elements is far less than 
100 percent and is considered to be about 
10 percent. Therefore, about 1 OK-gate equiva­
lent logic could be entered in the first language 
description phase, which approximately 
becomes 2K-gate equivalent net lists after 
minimization. 

This is considered to be the maximum size 
that can be handled on this system. 

4. Bench mark results and considerations 

Figure 6 shows our bench mark results. 
The applied technology is the Fujitsu CMOS 
1.2 µm standard cell. 

Circuit 1 is a Bending machine . It has four 
inputs, three outputs, and eleven states. 

Circuit 2 is a 4-bit miltiplier (MLP4) having 
eight inputs and eight outputs. 

When decreasing the number of logic levels, 
the propagation delay also decreases, but the 
gate size increases. Therefore , a user can control 
the speed/area trade-offs by selecting the 
number of logic levels when running a multi­
plication program on the system. 

Presently, the designer must select the 
number of levels the logic must be divided into 
for each design case. Using the system described 
here, however, the selection can be made with­
out difficulty because either the speed minimum 
solution or the gate minimum solution is given 
automatically by this system according to the 
design selection. 

As shown in Figs. 2 and 3. This system is 
applied to logic synthesis of control logic. 
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Therefore, a gate level simulation system is 
necessary after the logic synthesis. 

For the personal computer environment , 
we provide the VIEWCAD™ system which can 
simulate a maximum of 20K gates. Thus , the 
ZEPHCAD TM system generates net lists and it is 
linked to the VIEW CAD TM system to create 
a total system for LSI logic design. 

The most powerful feature of the ZEPHCA.IJM 
system is its technology independence . The 
designer specifies his logic, then assigns his 
logic to standard cell or gate array technology 
as necessary. When the technology advances, 
the designer can run the final "Technology 
Mapping" program for his new technology 
design. We conclude that to shorten the logic 
design time, language based and technology 
independent tools are becoming increasingly 
important. 
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H. Sato et al. : Speed Tunable Finite State Ma chine Compiler: ZEPHCAD™ 

5. Conclusion 

A finite state machine compiler called 
"ZEPHCAD™" applicable to ASICs, including 
CMOS gate arrays and standard cells , has been 
developed. The system is capable of control­
ling the circuit speed by selecting the number 
of logic levels and thus selecting total gate 
size. Input to the. system can be done using 
a state machine description , the system can be 
done using a state machine description , Boolean 
description, or truth table. The system generates 
net lists of the desired ASIC. 

A set of parameter limitations of the system 
is described and the bench mark test results for 
1.2 µm CMOS standard cell technology is also 
provided. 
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(1-408)-922 -9000 
(353 -1)-520-744 

(39-2)-824-6 J 70 

(44-61 )-230-6262 
(60-3)-248-8402 

(852-3)-7320100 

( 1-408)-434-11 60 

(49-69) -66320 

(l-9 l 9) -79 0 -22 I I 

(64-4) 733-420 

(46-8)-764-7690 
(63 -2)-85-4951 

(65)-2240159 

( 1-6 19)-481 -4004 

(55-2 7)-225 -035 5 

( 1-303)-678-0697 
(886-2)-7 I 3-5396 

Te lex 

85-92 147 

230-1 76207 
71 -25233 
230-685571 

21 -6-968 J 32 
84-60577 

25 -910-338-0190 

25-910-337-1127 

41 - 17-897 106 
38- 11 21777 

52-23887 

5 J-26387 J 

5 1-263871 

802 -6266 7 

43 -3 50 142 
80 1-24553 

87-22 J 94 

25 -910-671-4915 
500-30 I 52 

5 1-667403 

802 -J 195 9 

230-1 76207 

4 1-411963 

54-J 341 I 
75-22288 

87-20 13 8 

25-910-337- 11 27 

38-272218 

785-26209 

(The information he re as o f Nove mber 30, 1988) 
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