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Chapter 1
Introduction

The origin of solid-state circuits can be traced to the
transistor invention by J.Bardeen, W.Brattain, and
W.Shockley in 1948. In 1959, R. Noyce and J. Kelby changed
the technological and economic profile of the world, when
they independently invented the planer integrated circuits
(IC). Since 1961 the number of transistors thaf can be
successfully fabricated on a single chip has doubled almost
every year. ICs were roughly classified as SSI (Small Scale
Integration), MSI (Médium Scale Integration), and LSI
(Large Scale Integration), according to a number of
transistors on a chip. Nowadays, in order to express the
integration beyond LSI, which means the contents of over
ten thousands of transistors, people create new words,
"VLSI" (Very Large Scale Integration) and "ULSI" (Ultra .).

SSI and MSI in 1960s were mainly manufactured by
bipolar transistors, because of the fabrication difficulty
of MOSFET (Metal Oxide Insulator Field Effect Transistor).
For the stable digital operation, a logical gate progressed
in TTL (Transisitor Transistor Logic). TTL input/output
specifications were proposed and established. This
standardization expanded TTL application to almost all the
electric equipment. Many kinds of TTL IC were manufactured
to meet the market's needs [1], forming the TTL family.

In 1970s, MOS began to be practically utilized as a



basic IC component as a result of the detailed study of
silicon di-oxide (Si0,). The technology for integrating
electric components on a chip has been drastically
progressed since that time. Most of the bipolar MSI and LSI
were replaced and redesigned by MOS. There were some
reason§ for it. First, an MOS gate needs less operating
current than a bipolar gate, which is necessary for
achieving larger scale integration. Second, it is
fabricated by less process steps, which might reduce IC
cost. Moreover, the scaling law predicts that a smaller MOS
w§uld offer higher switching speed with lower power
dissipation, approximately proportional to the dimension.
It leads the technological enhancement of reducing the
minimum feature size of an MOS.

On the other hand, LSI consist of bipolar transistors
still survives. In the high speed application, such as main
frame computers, ECL (Emitter Couppled Logic) has been
widely used. Also, the newly structured device, I1IL
(Integrated Injection Logic), proposed in 1974, is found
suitabie for an LSI component, because of its small power
dissipation. Some investigations have been performed on
thié bipoiar device [2,3], and it has been applied to the
analog and digital mixed IC, for example, TV and VTR
control. Besides ECL and IIL, it is to be noted that most
of the electric equipment still uses a lot of TTL SSI and
MSI in order to "glue; various kinds of MOS LSI. For this
reason, almost all the MOS LSI are taking TTL compatible

input/output specifications even now.



Before 1980, most of LSI were designed by Nchannel
MOSFET (NMOS) as it could be made by a simple fabrication
process and could have higher switching speed than Pchannel
MOSFET (PMOS). However, this tendency has been changing,
recently. If one wants to integrate millions of transistors
on a chip, he would find that even little current for’one
transistor causes to break the package power limit. 1In
addition, larger design margin for each circuit would be
required to guarantee the whole function. Saving the design
labor becomes a key issue, as the numbers of the total
components increase, and the characteristics of each
component made by more sophisticated device miniaturization
process fluctuates. From the point of view, VLSI designed
by CMOS (Complemenfary MOS, composed of NMOS and PMOS) has
been gaining the' populality for VLSI and ULSI. CMOS is
requied no bower in steady state, and is less affected by
thé transistor dimension, although it is still slower and
naturally needs more process steps than only NMOS.
Therefore, many circuit and device technologies to overcome
the problems have been proposed and applied to the CMOS
LSI.

One of the most important LSIs which lead the
technological development of both fabrication process and
circuits is a memory. The demand for higher performance
memories, in other words, memories having larger bit
density, faster access time, lower power dissipation and
higher reliability has still been increasing widely.

Memories are classified as RAM (Random Access Memory), and
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ROM (Read Only Memory) by the data non-volatility. RAM is
divided into SRAM (Static RAM), operating asynchronously
without reflesh, and DRAM (Dynamic RAM) operating
synchronously with periodical reflesh. ROM is divided into
Mask ROM, UV-EPROM (Ultra Violet Erasable Programmable ROM)
and EEPROM (Electrically Erasable PROM) . They offer
different bit cost, and turn-around time (TAT) which is
defined as the time from programming data to reading data.
Bit-cost 1is decreasing vyear by year in each memory, as
shown in Fig. 1.1. It is mainly caused by the cell size
reduction, which is enabled by technological improvement.
Figure 1.2 shows the cell size as a function of the design

rule. Dashed circles indicate the currently developing
devices.

Among various kinds of RAMs, bipolar ﬁﬂﬂ”lnot shown in
either Fig. 1.1 or 1.2) has been very high-speed, while it
has relatively smaller bit density, and consumes more
current. The market is relatively small and is limited to a
special use such as the cache in the main frame computer.
Static MOS RAM has aimed low power dissipation and
ease-of-use with medium speed and medium density for
portable electrical equipment. Dynamic RAM has achieved the
highest bit density and the lowest bit-cost, which has been
used for main memory of computers. However, nowadays, the
application of RAM reveals a lot of diversities and the
borders become ambiguous. In other words, there is a great

demand for CMOS SRAM with high speed as well as the bipolar

and with high density and low cost as MOS DRAM, keeping its



low power attribution. The application is spreading into
the cache around the micro prdcessors. Similarly, many DRAM
application‘methods have been proposed to make it fast and
ease of wuse virtually, resulting 1in the invasion to
previous SRAM market. Consequently, especially for SRAM,
the circuit and device innovation is required to satisfy
the market's needs, taking advantage of its properties.

On the other hand, among the non-volatile memories,
EEPROM has seemed to be an ultimate memory, as it can be
read and written electrically on the board. Every market
research has indicated that the amount of the world-wide
production would become the largest in some day. But, it
has not. Actually, the bit-cost 1is the highest among
memories and the development of higher density EEPROM 1is
the slowest as indicated in Figs. 1.1, and 1.2. Of course,
it owes to technological difficulties such as a thin oxide
formation, and high voltage transistor structure. But, an
idea may break through the hedge.

Besides the trend of standard memories having rather
simple architectﬁre, there will be proposed several ASMIC
(Application Specific Memory IC) to meet the diQerSities of
memory application. The established fabrication process
verified by the standard memories will be used to realize
ASMIC. The peripheral or interface logic will be combined
into the memory to eliminate several on-board ICs and to
improve system performance, by avoiding interface delay.
So, circuit or architectural technology to combine function

units with an in-system memory enough to meet individual



specifications is required.

Revealing such diversities as mentioned above, however,
each memory always takes the steady step toward high-speed,
high-density and high functionality. Recently, processors
have been able to work in higher clock rate, and to support
more memory address field. Now, the performancé of computer
system is said to be limited by the memory band width. One
way to solve the memory problem is, of course, to achieve
high-speed by itself. The another way is to promote the
memory value, in other words, to be more intelligent, to be
more functional, or to h;ve larger bits in it. Generally,
in the board level, IC is demanded to drive long capacitive
and inductive wires in addition to the capacitive load of
receiver ICs. bTaking account of noise and voltage
fluctuation, the system design needs to take large
operating margin, which sacrifices the operating speed. On
the other hand, from the IC designer's point of view,
internal signals having rather small drivability should be
amplified in the last stage to drive the external load. Or,
to receive noisy input signal accurately, the input buffer
should be designed' small input impedance with low pass
filter. Sometimes, a certain amplification and level shift,
‘fitting to the internal signal 1level are required. As a
result, the percentage of the input and output buffer delay
in a total access time becomes quite high. So, integrating
more functions into a chip becomes more important.
Sometimes, the intelligence in a memory saves the load of

processor tasks.



From the above circumstances around memories, this
thesis will describe four memory design works, an ECL RAM,
a Bi-CMOS RAMNM, a CMOS EEPROM, and an ASMIC for LSI
functional testing, focussing on CMOS technology. All aim
at improving the access time, increasing the bit density,
and integrating more functions on a chip.

In order to achieve high-speed and high-functionality,
these four devices took different approaches each other.
The ECL-RAM used high performance components such as the
oxide isolated bipolar transistor, Schottky barrier diode,
double level metal, and polysilicon resistor. It allows
much current for chargihg or discharging word- and
bit-lines. As a result, it achievs 4.6ns access time with
340mW power dissipation. The design of the 256bit ECL—RAM
[6] will be presented in Chapter 2. The design approach for
the high speed memory was succeeded by the Bi-CMOS (Bipolar
and CMOS) RAM in the following Chapter.

High speed CM0OS SRAM needs to realize quite low standby
power, to take TTL compatibility, and to integrate more
bits in a chip. The newly developed Bi-CMOS structure
enables co-existence of NPN transistor and CMOS without any
additional process steps. By using NPN transistors for bit
~line sense amplifiers, the 64K Bi-CMOS RAM works in 28ns
address access time, with the powér dissipation of 225mW
active and 100nW standby. The access had never been
achieved by only the CMOS technology. The detail of the
design [7-10]} will be described in Chapter 3.

EEPROM has an advantage of non-volatility, different



from RAM, but had been suffered from the slow access and
programming time, which came from its device structure. By
controling the circuits' operation by internally generated
clocks and taking distributed sense amplifier architecture,
it enables 150ns access time. For the fast programming, the
page-mode scheme was applied and enabled 225us programming
time per byte apparantly. A unique single polysilicon cell
enables to integrate the largest EEPROM bits on a chip. The
design of the high performance 256Kbit EEPROM [11-13] will
be covered in Chapter 4.

The high speed and high functional memory design is

required for an ASMIC. One chip functional tester, realized

by a novel architecture belongs to ASMICs. It generates
test vectors by the on-chip memory data, receives DUT
(Device Under Test) oufput data, saves them into the
memory, and compares them with the expected data. The

performance of the on-chip SRAM determines its maximum
operating frequency. To increase the test vector rate, it
adopted pipelining technique. 4 words are read at one time
from the memory, but the output data comes out one by one.
It virtually gains over 10MHzZ vector rate by 3um design
ruled CMOS, and 16MHz by 2um. The design of the one chip
tester [14,15] will be shown in Chapter 5.

Chapter 6 summarizes the contribution of this thesis.

Areas for further investigations are also described.
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Chapter 2

Design of a 256bit ECL RAM Using High-Speed

Bipolar Technology

2.1 Overview

The high speed computer system is usually organized by
fast processor, fast cache, medium speed memory, and slow
mass storage. 5o, considerable effort has been applied to
the development of fast and complex ECL-memories [21,22],
motivated by the <continuing need to bridge the speed
mismatch of today's fast logic circuits and low-cost high
capacity MOS RAMs. Especially, the development of ECL gate
array technology makes it easy to design application
specific ECL processors, stimulating the production for the
high speed ECL memory market.

As it has been used for the bridge device, such as
cache, local memory, and a register file for a high
performance computer peripheral, the improvement of ECL RAM
has been made focussing ‘rather on speed than on bit
density. The shallow junction bipolar transistor with an
oxide isolation having high cut-off frequency, has been
applied to the memory. And then, Schottky barrier diode
(SBD) is introduced in order to avoid transistor.saturation
even in the large current driving region. Now, it becomes
important to form a polysilicon resistor to eliminate the
parasitic capacitance and to save cell area. However, the

controlability of the polysilicon was not sufficiently

_11_.



good, because the resistance value is sensitive to the
doping concentration and the grain size. In addition, for
the ohmic contact between the lightly doped polysilicon and
the metal, N* diffusion should be carried out. But the
heavily doped region diffuses laterally, which results in
the drastic decrease of the resistance value. As the N7
diffusion process step is common to the N* formation for
the emitter, it affects not only the resistor but the base
width which directly determines transistor gain and cut-off
frequency. So, the process condition should be optimized to
satisfy both of the resistance and the base width.

This Chapter presents the development of a 256 bit ECL
RAM, integrating high-speed bipolér technology such as
oxide isolated bipolar transistors, Schottky barrier diode,
polysilicon resistors, the double level metal, and
high~speed <circuit configurations. Section 2.2 describes
the cell design and fabrication process steps. In Section
2.3, the circuit design and the results will be shown.
Finally, the work will be summarizZed in Section 2.4. The
circuit design conqeptiqn of high-speed bipolar memory will
be discussed as well, and it will be applied to the design

of a Bi-CMOS RAM in the following Chapter.



2.2 Cell Design and Process Sequence

The circuit design of ECL RAM started at memory cell
design, that is to say, how to reduce the cell area and
cell holding current, Iy. And both requirements can be
achieved by using polysilicon resistor as a collectof load.
In comparison with the diffusion resistor made in the
active region, the polysilicon resistor can be formed on
the silicon di-oxide above the 1isolation region, which
results in saving cell area. The sheet resistivity (p) of

the diffusion region, applicable for a large register, is

limited by depletion region effect and thermal
co-efficient. Much higher diffusion resistor needs quite
longer length. Polysilicon resistors can achieve high

resistance value without sacrificing the dimension. So, Iy
is saved by increasing the resistance, Lkeeping the cell
voltage difference between the two collector nodes (holding
voltage) constant. Furthermore, in comparison with the
diffusion resistor, the polysilicon resistor has a less
parasitic capacitance, which is necessary to achieve high
speed. The cell léyout, taken for the 256bit ECL. RAM is
made by a multi-emitter flip-flop, as shown in Fig. 2.1.
The pattern layout, the equivalent circuit, and the cross
section view of a cell are illustrated, also. The NPN
transistors are isolated each other by silicon di-oxide
region, which reduces the parasitic collector - substrate
capacitance. The <collector node was clamped to the base
node by Schottky barrier diode for keeping every NPN

transistor to operate in the non-saturated region. The cell
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area was 55*34um by using 3um minimum design rule.

The  point of making tHis type of cell was the
controlability of polysilicon resistor load. The process
steps to make it was as follows;

(1) Undoped polysilicon deposition (200nm thick) by 600°C

LP CVD on the thermal oxidized silicon substrate.

(2) pattern etching

(3) Light As* (Arsecnic) implantation for the intrinsic
resistor. The dose was 10%-10%cm? at 100keV, depending
on the resistance value, taking controlability into
account.

(4) Heavy As* implantation to the resistor contact region,
forming the emitter, simultanecously.

The dose was 10'cm? at 60keV.

(5) 1000° annealing.

The sheet resistivity, p, as a function of the anealing
time is shown in Fig. 2.2. p is almost independent of the
anealing time, if the dose is ranging from 10% to 10Scm=2.
So, p dependence on the As* dose can be drawn as Fig. 2.3.
This figure shows that p is quite sensitive to the
fluctuation of the As* dose.

For the lightly doped polysilicon, ranging from 10% to
10%cm? dose, it is too difficult to make an ohmic contact
to the Aluminum. The resistor needs another heavy dose ion
implantation (Ast) on the contact area. The sheet
resistivity of As*t (10%cm2 dose) is about 50Q/0,

negligiblly smaller than the o of lightly doped

- 15 -
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polysilicon. So, the value of the polysilicon resistance,

R, is approximately given by the following equation,

R =1p * (L -2y,)/ W (2.1)

where L and W are the length and width of the resistance.

v, 1is the As* lateral diffusion length from the contact

area. Although p is almost independent of the anealing

time, y; is dominated by it. By measuring the several
lengthes of resistances, v, can be calculated
statistically. Figure 2.4 shows the anealing time

dependence of the lateral diffusion length, y; for various
kinds of A§+ dose. The lateral diffusion length is
approximately proportional +to the square root of the
anealing time, if the anealing time exceeds 60min. This
result indicates that the diffusion length of As* almost
follows the diffusion equation, although the co-efficient
is much larger than that of silicon substrate. And the
value can be controlled by the anealing time, if the
anealing timg is long enough.

The anealing condition determines another important
parameter, the base width of NPN transistor, which affects

the characteristics of NPN transistor. As the emitter and

the contact of polysilicon resistance are made
simultaneoﬁsly, the anealing time should be determined
carefully.

The resistance variation on a wafer was examined. Using

the polysilicon resistor of L/W=22um/3um with 7.5%10%cm=2

_17_



dose, the average and deviation were 9.84kQ® and 1.05kQ,
respéctively. On the other hand, those of the diffusion
layer resistor of L/W=20um/3um were 7.14kQ and 1.02kQ. So,
the polysilicon resistance, having the almost same
deviation as the conventional one, was successfully made.
This technology was applied to the fabrication of the
256bit ECL RAM. The whole process steps are summarized as
follows;
(1) The epitaxial layer growth on P~ type siliconl
substrate having N* buried layer. The thickness was
2.0 um, and the resistivity was 0.2Qcm.
(2) The dielectric isolation was carried out.
(3) Boron implantation of 10%¥cm? to form the base region
with the diffusion depth of 0.5um.
(4) Arsenic Implantation of 10%cm®? to form the emitter
?egion with the diffusion depth of 0.3um.
(5) As* implantaion of 7.5*%10%¥cm? to form the polysilicon
resistor. The L/W was chosen as 22um/3um.
(6) 75min anealing at 1000°C. The B (the gain) was 50.
(7) Evaporation of PtSi on N~ layer for the Schottky
barrier diode.
(8) Double layer metalization both by AlSi. Plasma
deposited SiN was used for the insulator between

the two metals.



2.3 Circuit Design

The circuit block diagram of a 256bit ECL RAM is shown
in Fig. 2.5. The circuit design of a memory started at the
architectural determination around the cell. The detailed
circuitry around the <c¢ell 1is shown in Fig. 2.6. Time
dependent internal signal waveforms and bias voltage of the
RAM, obtained by the circuit simulation, SPICE, are
depicted in Fig. 2.7.

The memory read and write function, adopted for the
ECL-RAM is explained as follows;

The row address signal with ECL level (H: -0.8V, L:
-1.6V) is received by the input buffer at the time of Ons.
After one out of 16 word-lines (WL) is selected and is
elevated from -2.4V to -1.6V, the two base nodes (Cell "H",
and Cell "L") of each cell connected to this WL follow it,
as shown in ﬁig. 2.7. By the column address inputs one of
the bit- line pairs is selected, for example, CSO goes to
higher than the others. As a result, the read current, Ir,
flows only in the selected bit-line pair. As long as those
base nodes are lower than the reference level, Vg, (within
1.2ns in Fig. 2.7) both of the IR flow in the reference
transistors (Qg). But, as soon as the higher base node of
the selected cell exceeds Vg, Ip 1is provided by the ON
transistor with higher base voltage through its load
resistor. Consequently, current difference between two
reference transistors is detected by the sense amplifier.
This signal is amplified by the output ECL buffer enough to

drive the off-chip load. In the write mode, one of the base

_19.—
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of Qyw is set to "H-write"”, (-1.6V) and another Qy is to
"L-write", (-2.4V) in Fig. 2.7. By the same selecting
sequence of the word-line and bit-line pair as reading, Iy
flows only the cell transistor emitter-coupled with the
"L-write" base transistor, Qy, which makes its collector
node lower than the other, whatever the transistor’may be
previously ON or OFF. Unselected cells connected to the
same bit-line pair are not influenced, because each cell
node is lower than the "L-write" voltage. Unselected cells
attached to the same word-line are not affected because no
Ig flows.

The. design of the read current, Ig, is a key issue to
accelerate address access time, because the bit-line delay
is almost proportionl to Cg/Ig, where Cp is a bit-line
capacitance. Larger Ip gives the other ‘benefit for total
delay reduction. The bias current of the sense amplifier,
Ig, is chosen equivalent to Ig. Larger Ig results in faster
sensing speed, and larger drivability for the next gate.
Some extra cascaded gates for amplifying enough to drive
the external output load might be eliminated by the
drivability.

For the wide operating margin, the holding voltage
above 100mV is commonly used for the ECL memory design. Iy
should be designed lower to save the total power, while Igr
should be larger for the fast access time. However, The
value of Ig could take only six times larger than Iy, if
one tries to keep the voltage drop of the load resistance

within the base -emitter voltage drop, Vs, (0.7V). The



operation in the saturation region degrades the switching
speed. In order to break such limitation, a parallel
connected Schottky barrier diode (SBD), as shown in Fig.
2.6, was implemented, which clamps the collector voltage to
Vg - Vg even in a larger collector current, where Vg is the
base voltage and Vg is the SBD cut-in voltage. Note that

Vy; - Vg >> VCE(sat), (2.2)
hence VCE(sat) ljs the saturation voltage of the NPN
transistors. In this configuration, the row address access
time dependence on Ig was obtained by the circuit
simulator, SPICE. The access time aé a function of 1/Ip is
shown in Fig. 2.8. It clearly indicates that the bit-line
delay decreases as 1Ig increases. The limiting factor of
maximum Iy value, except for the total power consumption,
is series parasitic resistance of SBD, Rg. To avoid the
saturation, the following condition must be satisfied,

Ig < (Vg - Vg)/Rg. (2.3)
‘From the measurement, Vg was 0.4V, and Rg was 150Q. So, 2mA
was chosen for an IK5 At the design point, the simulation
predicted 4.5ns access time, as shown in Figs. 2.7 and 2.8.
And from the experimental results mentioned in previous
subsection, around 10 kQ poly resistance could be made in
stable. So, the holding current was selected as 13uA.

In the memory, bit-line swing, AVg, was designed as;

AV = Vgh - Vg = 0.3V, (2.4)
where, Vgh is the higher']evel of the cell base node. Note
that AVp is about half of the base voltage swing of the

selected cell. There is a voltage drop {from the word-line
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to the higher base node caused by Ig/B current flow.

Besides the bit-line delay redaction, quick rise and
fall of the word-line is another jmportapt issue. As the
word-line was made by the second level metal, the RC delay
is not so significant, as long as the drivability 1is large
enough. So, the wo}d']ine driver of the Darlington
Configuration wds incorporated to raise it fast. However,
Darlington Configuration could not accelerate the word-line
pull-down. As the multi word-line selection at t1he moment
of the address transition may degrade the address access
time, the discharge circuit shown in Fig. 2.6 was
implemented. The discharge current was pulled from the
highest level of the word-line, making it lower quickly.

A microphotograph of a 256 bhit ECL RAM is shown in Fig.
2.9. The minimum emitter size of the NPN transistor is
3um*6um. The first metal line and space are 5um and 3um,
respectively. Those of the second metal are 7um and 5um.
Exploiting 3um minimum feature ‘siZe, the die size is
2.0mm*2.3mm. As shown in Fig. 2.10, the row address access
time was obsereved as 4.6ns. The column access was 4.4ns
under the 340mW power consumption. The measured access time
agrees with the simulation. The characteristics of this RAM
is summarized in Tab. 2.1.

The 256 bit ECL RAM was successfully obtained, by using

the high-speed bipolar technology.



Fig. 2.9 Microphotograph of 256bit ECL RAM.
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Fig. 2.10 Waveforms of address input and data output.
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Tab. 2.1 Characteristics of 256bit ECL RAM.

Organization . 256*1bit
Operation Fully asynchronous
Technology o Double Level Metal Bipolar
with SBD and poly resistors
Cell size 56%34um?
Die size 2.0%2.5mm?
I1/0 interface ECL
Address Access Time 4.6ns(typical)
Active Power 340mW(Veg=5V)
Holding Current 13uA
Read Current 2mA




2.4 Summary

Using the oxide 1isolated bipolar transistor, double
level metal, Schottky barrier diode, polysilicon resistors,
and high-speed circuit configurations, a 256bit ECL RAM has
been developed. It offers 4,6ns row, and 4.4ns column
address access time, under 340mW power consumption. The
read current was 2mA, which was determined by the bit-line
discharging time, and the parasitic series resistance of
Schottky barrier diode. And the hold current was set to
13uA, designed from the polysilicon resistance value.

The polysilicon resistor is a key technology to realize
such a high speed memory. Lightly doped polysilicon enables

higher value of resistance, avoiding junction capacitance

in addition to the <cell ‘area saving. Both of the ion
implantation dose and anealing time affect the sheet
resistivity. Moreover, heavily doped region is required for
the ohmic contact to aluminum. The lateral diffusion of
this high concentration region makes the resistance value
small.

It is found that the lateral impurity diffusion on a
polysilicon almost follows the same equation as the one on
a bulk, as long as the anealing time exceeds a certain
value which is dominated by the ion implantation dose. But,
the diffusion co—efficient is quite large. In case of the
256bit RAM, ‘the parameters of 7.5%10%cm2 dose for the
intrinsic resistance, and 1*10%cm? dose for the contact
region with the metal, and 75min. annealing time were

carried out. The average value of L/W=22um/3um resistance
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. was 9,84kQ. The chip-to-chip standard deviation was . 1.05kQ
which was comparable to the resistance made by the
diffusion on a bulk. Under the same diffusion condition,
the emitter depth was 0.3um, resulting in the 0.2um base
width. The NPN transistor offers 50 current gain, and
3.8GHz cut—off frequency.

As a result, 4.4ns worst-case access time, the fastest
in the world, was obtained by this ECL RAM. It is proved
that polysilicon resistors are controlable and useful for
the high-speed bipolar RAM.

Besides peculiar process steps for bipolar LSIs, there
are some circuit design conceptions to be nbtcd, which are
listed as follows;

1. Using small amplitude signals as 0.5 - 0.7V cuts off
the charging and discharging‘delay time of long
capacitive lines.

2. The stable cut-in voltage, V;, independent of the
process fluétuation, enables high-speed signal
detection.

3. In the bipolar transistor, the current increases
exponentially witﬂ voltage, which enables to design
high gain amplifiers.

4. High drivability buffers such as the emitter
follower and the Darlington Configurations can be
used.

Some of them can be applied to CMOS circuits. The detailed

study will be shown in the following Chapter.
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Chapter 3

Design of a 64K Bipolar-CMOS High-Speed SRAM

3.1 Overview

CMOS circuits have inherent advantages of low power and
large noise margin. Several high density and low power
random access memories (RAM) with access times in the range

of 65 to 80 ns have been intensively developed [16-18].

They have been used for the medium speed MOS
micro-processors. Recently, as peripheral memories of
high-speed bipolar (TTL) processors, high-speed TTL

compatible CMOS memories, comparable to the NMOS and ECL
memories have been demanded, keeping CMOS properties of low
power and high density. The TTL compatible NMOS and bipolar
ECL memories have already achieved 30ns or less [19-21],
although they have exhausted as much power as aBout 1W with
less than 16kbits.

First, in order to achieve fast access time, the delay
time reduction in long capacitive lines such as word lines
and bit lines is of wvital importance, all over the
memories. From the circuit innovation point of view, the
use of the internal clock has been considered to be one of

the most promising methods [19]. The clock is generated at

any transitions of address changings. It precharges and
equalizes the bit 1line pair, or activates the sense
amplifiers. However, as there are a lot of lines with

parasitic capacitance to be charged, the clock should be
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amplified enough by the series connections of several
buffers, which becomes the cause of delay. In addition, too
long precharge period leads the access time loss. So, the
clock pulse width should be optimized. However, generating
stable width clock under any input condition needs stable
device characteristics. Consequently, this approach
requires both adjustment of complicated clock timings and
precise control of device fabrication.

CM0OS process also has many compatible steps with
bipolar device process. several approaches to integrate
both CMOS and bipolar devices on a same chip have been
reported. The suitability of bipolar devices for analog
parts in analog-digital VLSI systems has been discussed.
Nevertheless, the application of bipolar devices in CMOS
memories has becen mostly limited to output buffers {[23], or
level shifters [24], where the collectors are biased to a
fixed level. As an output buffer, an NPN load and NMOS
driver type buffer has been commonly utilized. Generally,
output buffers on CMOS LSI, which often drive CMOS
devices, are required full swiﬁg operation. If the output
voltage settles in the middle between the GND and the
supply voltage, Vp. both PMOS and NMOS of the next CMOS
input gates are driven to ON, allowing the idle current
flow. The amount of current consumption imn a whole system
increases, as the number of connected devices inqrease. It
is difficult for NPN load to elevate the signal to Vp
without additional elements. In addition, if the interfaced

device pulls much emitter current from the buffer, the



collector or the well voltage drops. It may induce latch-up
or breakdown of the whole system. Therefore, it might be
preferable to make the output buffer by the CM0OS. Of
course, the situation would be changed, if the formations
of the buried layer with the epitaxial growth and the deep
N* between the buried layer and the collector contact to
reduce the internal collector resistance are acceptable.
However, even though CMOS-bipolar technology is applied,
process simplicity will be still required for low-cost, as
well as for no degradation of each device.

This chapter describes the design of a TTL-compatible
64K CMOS SRAM with a new Bipolar-CMOS technology, adding
some discussions about the combined technology. To improve
the bit line delay, the bit line swing was reduced to 0.7V.
The value was common to the conventional ECL memories, but
has not applied to pure CMOS memories. Because an MOSFET
generally needs large gate voltage swing to obtain higher
drivability. A high sensitive differential amplifier
composed of =emitter <coupled NPN transistors was newly
adopted to enable the small signal detection, and to
tolerate the characteristic variation of a large number of
cells, while CMOS type memory cells were taken because of
the small cell-size and low power stand-by. Besides sense
amplifiers, the NPN transistors are applied to the bit-line
precharge circuits, and the voltage regulators, taking
advantage of their large drivability and the stable cut-in
voltage. However, the application to the output buffer was

given up, because of the large collector resistance and the



full swing requirement a§ an output voltage. Throughout the
design of the Bi-CMOS memory, the design conception of the
high-speed bipolar memory which has been mentioned in
Chapter 2, was applied.

The following section describes the new CMOS-bipolar
device structure and fabrication process. The
characteristics of the NPN transistor made by the process
will be given. In Section 3.3, a method for the bit line
delay reduction will be proposed. Two types of amplifiers,
one made by the bipolar and the other by CMOS, will be
compared. The experimental results will be introduced.
Section 3.4 is a precise describtion of a high-speed static
RAM design. The application of the bipolar devices in CMOS
LSI will be discussed in Section 3.5, including Bi-CMOS
technology with the N* buried layer, although the structure
has not been applied to the RAM. The work will be

summarized in Section 3.6.



3.2 CMOS/Bipolar Device Structure

An N-well CMOS process inherently realizes collector
isolated vertical NPN transistors without an epitaxial
growth step, as shown in Fig. 3.1. With this structure,
various bipolar circuit techniques, using NPN transistors
most of whose <collectors are not fixed to a constant
voltage, are applied to CMOS LSI design.

For high performance and most cost-competitive
memories, a fabrication process was demanded to achieve the
following goals; no additional process step should be used.
The values of the current gain, B8, and the cut off
frequency, f; should be comparable to those made by the
conventional bipolar process. The internal collector
resistance, r,, should be reduced as much as possible.

The N* source/drain of NMOS and P* of PMOS formations
realize the emitter and the external base region of NPN
transistors, respectively. This double base structure
(separating internal P- and external P* base region) is
important to reduce the base resistance. As the impurity
profile for the internal base region dominates the
performance of NPN such as 8, fr, and VCEO (the
emitter-collector break down voltage), it should be
carefully formed. Lower impurity concentration results in
higher g8, f;, but lower VCEO and larger base resistance. On
the other hand, as the gate length of NMOS is scaled down,
a higher impurity concentration below the channel region is
needed to avoid the source-drain punch-through break down.

Therefore, the same boron implantation process to the NMOS
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channel can be applicable to the formation of the NPN
internal base. Actually, in the case of a 1.2um NMOS gate
length, the optimized implant dose exists at a range of
2-3*%10%cm™, In this case, VCEO was about 8V, which
guarantees safe application to the internal circuit,
because the maximum voltage applied to the memory is
specified as 7V (5.5V in the operation). And with this
dose, B was ranging from 80 to 200. Even the conventional
bipolar process ensures 50-200 as 8. Therefore, the NMOS
channel and the base regions are formed simultaneously, as
shown in Fig. 3.1. The deep N* diffusion for the collector
region, which is quite imbortgnt to reduce the horizontal
resistance - is made by the same process step as the
formation of buried contact in standard MOS processes. The
N+ impurity is diffused from the phosphorous doped
polysilicon, which enables deeper N* diffusion than NMOS
source. This collector surrounds the emitter region to
reduce the resistance more. Consequently, the structure
shown in Fig. 3.1 can be fabricated without any additional
process steps than the standard.CMOS process. It can give no
degradation to either CMOS or NPN transistors.

The photograph of DC characteristics of NPN transistor
is shown in Fig. 3.2. The r. value is reduced to about
600Q. The base width, the emitter size, and the occupied
area of this bipolar transistor are 0.35um, 4.5*7.5um, and
30*37um, respectively. As we stressed on no additional
process from the standard -CMOS, the transistor does not

have a polysilicon emitter structure, which is standard in
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the current bipolar process. As a result, the emitter width
of 4.5um was determined by the minimum contact width plus
the tolerance for the mask alignment between the contact
and N* emitﬁer. The structure needs larger transistor area,
although it easily takes an emitter contact than the other.
The cut-off frequency, f;, as a function of collector
current, I., is shown in Fig. 3.3. The maximum f; of 2GHz
was obtained at I.=1mA, which is comparable to the one made
by the conventional bipolar process with PN junction
isolation. The characteristics make it possible to apply
the NPN transistors to a high-speed static memory, which
will be deécribed after the next section. A lightly doped
drain NMOS structure (LDD) has also been developed in order
to reduce the small geometrical effects such as hot
eléctron injection, and the break down voltage lowering.
This structure is also shown in Fig. 3.1. With the
technology, the break down voltage of a 1.2um gate-length

NMOS was improved above 8V.
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3.3 Sense Amplifier Considerations

Typical schematic diagram of CMOS SRAM using 6
transistor memory cell is shown in Fig. 3.4. The
word/bit-line selection and the read/write Scheme of CMOS
memory 1is quite different from that of the ECL memory,
shown in Fig. 2.6. In order to obtain larger drivability,
the NPN transistor needs larger base current, while the MOS
needs larger gate voltage. In the ECL memory scheme,
several voltage levels, classified by the unit of diode
forward bias (0.8V) were exploited. But, in the CMO0OS, all
the levels besides bit-lines are set to GND, or Vp. For
example, the word-line amplitude was 0.8V for ECL, as shown
in Fig. 2.7, and in order to provide the cell current (both
the holding and reading current), the Darlington
Configuration played an important role. On the other hand,
the word-line amplitude of CMOS memory equals to the full
swing, 5V, and no DC current flows in the steady state for
a cell.

The function of the CMOS memory is explained as
follows; The cell 1is composed of the cross-coupled CMOS
gates, or the flip-flop. The word-line (WL) just opens the
gates of pass transistor, connected between the bit-line
and cell. Owing to the equal 1load attached to each bit
line, the wvoltage difference appears between the pair,
depending on the conductance of NMOS drivers compositing
the flip-flop. Simulated delay time from the word-line
selection to the output of the sense amplifier, using the

scheme of the 64K CMOS SRAM, is shown in Fig. 3.5. As same
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as the ECL memory, the word and bit-line delay is a major
part of the total address accéss time. Both the bit-line
delay time, tg, and the sense amplifier delay time, tg, is
a function of the bit-line voltage swing, OVg, which 1is
determined by the drivability ratio of NMOS driver and pass
transistor to the bit-line pull-up load. This result was
obtained by keeping the cell drivability constant. It 1is
concluded from the Figure, that tp decreases almost
linearly as 0OVp decreases. This can be easily understood
from the following simple equation,
tg o Cp*AVg /i, . (3.1)

where, Cp is the parasitic capacitance of each bit line,
composed.of the drains of unselected pass transistors and
bit-line metal to substrate. And it is determined by the
cell layout and process parameters. The sinkable cell
current, 1i., is also determined by the NMOS dimension,or
the cell layout. In order to reduce a cell size, or to put
into a pre-determined package, the most advanced design
rule is generally applied to the cell. So, Cg, and i, are
the pre-determined parameters. Therefore, it is concluded
thét the only way to improve tg is the reduction of OVg by
changing the impedance of the bit-line pull-up 1load. This
approach, however, needs high sensitive amplifier, and

precise control of the bit line swing, too.

For the actual comparison, two types of differential
amplifiers shown in Fig. 3.6, i.e.,(a) an emitter-coupled
bipolar differential amplifier and (b) a current mirror

loaded CMOS differential amplifier were designed and
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evaluated. The Darlington Configuration was incorpordted
for higher input impedance. The miniaturized cell could
provide the base current. The gain, oVo/0OVi, for CMOS
differential amplifier, when one input voltage transits,
and become approximately equal to the other input, is
calculated as follows by the simple MOS model,

oVo/OVi = gm*Z , (3.2)
where Z; is the output load impedance. On the other hand,
under the same condition, the gain of the emitter-coupled

bipolar amplifier is given as follows,

OVo/OVi = 1/4%q/KT*V Z, / (ZL +R, )

1/4*%q/kT*Vy (ZL>>R.) (3.3)

where V; is the logical swing of the output and R, is the
collector load resistor. The value, kT/q equals about 25mV
at room temperature. Equation (3.3) indicates that the
gain, or the sensitivity of the bipolar amplifier be
independent of Z;, if  Re<<Z., in contrast with CMOS
amplifier. Therefore, the bipolar amplifier potentially has
a capability of driving a comparatively lower impedance
without sacrificing the gain, which results in its high
speed sensing capability in case of small inputs.

However, this bipolar differential amplifier could not
play a role of a bit line sense amplifier as it was,
because a full swing output necessary to drive a CMOS
output buffer could not be obtained by itself. Input and
output levels of this amplifier were carefully designed to
prevent NPN transistor from the saturation, or to keep the

collector-base junction backward biased any time.
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Therefore, a second-stage amplifier, followed by the
‘bipolar was required. As shown in Fig. 3.6(c), this was
designed by CMOS, which was provided the sufficiently
amplified input by the first stage. On the other hand,
SPICE circuit simulation suggested that in order to gét
higher speed sensing for a small amplitude and slow
transition input, the CMOS amplifier shown in Fié. 3.6(b),
also needs the second stage as a bit line sense amplifier.

Two kinds of bit-line sense amplifiers, both composed
of ﬁwo stages, Bi-CMOS (represented as Bipolar-SA), and
CMOS-only (as CMOS-SA) were studied by the circuit
simulation. The delay, tg, as a function of A&Vyg is also
shown in Fig. 3.5. It indicates that the Bipolar-SA is
faster than CM0OS-SA and the former reveals smaller AQVg
dependence.

The two differential amplifiers used as a first stage
shown in Fig. 3.6(a) Bipolar-DA gnd (b) CMOS-DA, were
fabricated on the same <chip and evaluated. The both
resistance values of R, and R, of Bipolar-DA were chosen as
7k, taking internal collector resistance, e, into
account. The input load current was 2uA,. which could easily
provided by the minimized MOS cell transistors. The design
rule of minimum gate length was 1.5um and 1.8um for NMOS
and PMOS for the memory cell, respectively. However, for
CMOS-DA, longer gate length of 2um was applied not to lose
the matching capability of current mirror transistors. The
input  and output characteristics of several different

devices on a wafer are shown in Fig. 3.7. To get a 1.0V
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output, for example, an input signal of 150mV is required
for Bipolar-DA, and 300mV for CMOS-DA, taking chip-to-chip
device variation into account. In addition, maximum gains
of Bipolar-DA and CMOS-DA are 11 and 7, respectively, as
predicted from Eqs. (3.2) and (3.3). The power consumption
of CMOS-DA was almost 10 times larger .than Bipolar-DA,
while the occupation area of Bipolar-DA was almost twice
larger than CMOS-DA, as shown the photographs in Fig. 3.8.
Since the CMOS-DA gave larger chip-to-chip variation, the
worst case delay time is implied to be actually larger than
that simulated in Fig. 3.6. Bipolar-DA offered larger
design tolerance for the parameter variation effect in the
memory cells on the access time.

In order to compare the access time of both sense
amplifiers, Bipolar-SA and CMOS-SA, test devices having
cach 8k memory cell array, incorporated with either sense
“amplifier were fabricated. The standard deviation, ¢, of
address access time among various chips and the difference
of the average access times from Bipolar-SA were obtained
as shown in Table 3.1. In the case of Bipolar-SA, AVp
dependence ia also shown. From the measurement, the
following three results were obtained. First, the memory
with Bipolar-SA was 5.6ns faster than CMOS-SA in case of
the equal AVyg. Second, the access time deviation of
Bipolar-SA among various chips was smaller than CMOS-SA.
Third, the reduction of 0AVp was quite effective to achieve

high-speed.
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Fig. 3.8 Microphotographs of (a) bipolar and (b) CMOS
differential amplifiers.

Tab. 3.1 Speed comparison of the bipolar and CMOS
amplifiers.

item Bipolar SA CMOS SA
AVg (hit-line) 700mV 860w 700mV
30 (access time) 6. 3ns 8. 7ns 12. 3ns
At (access time) 0 +8. 7ns| +5. 6n8




3.4 High Speed 64K SRAM Design

A high-speed 64K Static RAM was designed using the Bi-
CMOS circuit technology. This RAM is organized 8k word by
8bits, operating fully asynchronous. The diagram of this RAM
is shown in Fig. 3.9. Besides 13 address inputs and 8 data
I/0 pins, it has three control pins, i.e.,Chip Enable(CE)
for making the chip active, Output Enable(OE) for changing
the output buffer tri-state to low impedance, and Write
Enable(WE) for writing data into memory cells. 8 éddress
inputs select one of 256 word lines, and the rest 5 address
select one of 32 bit line pairs by raising the gate of column
pass transistor. The RAM is put into 28pin DIP package.

Memeory cells and its peripheral circuits are shown in
Fig. 3.10. Bipolar NPN transistors were used to the bit line
sense amplifier, voltage regulator, and the bit line clamp,
while CMOS circuits were adopted to the other portions such
as 1input buffers, output buffers, second stage amplifiers,
row and column decoders and memory cells. The internal wave
forms, obtained by the circuit simulator, SPICE, are shown
in Fig. 3.11. The labeled numbers in the Figure are corre-
eponded to the nodes on Fig. 3.10, each other. The operation
of the memory peripheral circuits will be describeded in the
following paragraph, using those wave forms.

First, the row address input is provided as ®. It is a
worst case input specification of TTL level, swinging
between 0.8V to 2.2V. Then, it is converted to the CMOS
level, and is amplified by the address buffer. By the decod-

er, one of 256 word lines 1is selected. Although the word
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line buffer begins raising a word line, the signal transmits
with RC delay to the farest bit line from the buffer, which
may determine the worst case delay. Two methods were taken
for the word line.delay. One is a two decoder architecture,
as shown in Fig. 3.9. As the memory cell array is divided by
four, one word line should drive only 64 cells. The other
was the employment of the Mosi as the gate material, which
made the resistivity about one sixth of the conventional N
type polysilicon. The resistance and capacitance including
the line and gates, was reduced to 41kQ, and 0.5pF,
respectively. Although its RC delay is calculated only 2ns,
the bit line pairs, at the farest from the word line buffer,
changes very élowly as ®, due to the bit line.

The bit-line amplitude is determined by adjusting the
dimensions of bit-line load, and sense-line pull-up transis-
tor, as shown in Fig. 3.12. Here "sense-line" is the input
of the sense amplifier, common to 32 bit-lines via the
column decoding pass transistors. Normally-on bit line load
made by parallel connected NMOS and PMOS defines the bit
line high 1level. The source of PMOS is connected to the
common line driven by the NPN Darlington Configurations. By
the PMOS shunt transistor, the bit line high level is clamp-
ed at VDD -2V;, where V; is a base-emitter voltage drop, in
any supply voltage, if the cell NMOS driver pulls down no
current. This clamping voltage is slightly higher than
VDD-Vy,, where Vy is the threshold voltage of the column
transfer gate driven by the column selection, "CD", with the

body effect. So, the high level of the sense-line is slight-
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ly smaller than the bit-line high. NMOS shares the low bit
line current with the bipolar clamping circuits. PMOS is
good for shunting the bit line to a higher level, while NMOS
provides the sufficient current for a bit-line write
recovery. The sense-line pull up was designed to help the
sense line recovery, but not to affect the low level setting
very much, as shown in Fig. 3.12. By cutting off 25% of the
dimension of the bit line load, the low level decreases from
A to B, and the bit-line amplitude increases 0.7 to 0.86.
Both low levels are larger than the latch flipping voltage.
That means even if multi word-lines are selected at some
address transitions by some process fluctuations, the stored
cell data will never be broken in the read operation.

The small bit-line signéi, ®, is first amplified to an
appropriate level, or the sufficient level for the second
stage CMOS amplifier, with the rapid transition by the
bipolar amplifier, ®, and then converted to an almost full
swing by the followed CMOS amplifier, ®. As the sense-line
high level does not exceed VDD-2V;, the output swing of 1st
stage bipolar sense amplifier could be designed as 2Vy, with
a V; margin to the NPN saturation. The signal is terminated
by the output buffer and, the output data is obtained as ®.
Under the condition of loading 30pF external capacitance,
this simulation predicts below a 30ns row access time. As to
the column access path, there is no large line transmission
delay as the word line. The bit-line levels have been
settled before the column pass transistor gets on. So, the

column access time would be shorter than the row.
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The bias current of the bipolar amplifier is controlled
by the internal voltage regulator shown as Fig. 3.13. It
generates the voltage of 1.5V;y;, which is determined by the
resisters' ratio, to the base of constant current source
transistors. Each transistor limits the current flow of the
amplifier to 160uA. Vp dependence and the output load
dependence of this regulator are shown in Fig. 3.13(a) and
(b), respectivelyi As the regulator provides totally
1.28mA, it is indicated that the regulator can drive the
bipolar amplifiers enough, and works stably, even if Vp
fluctuates by some noise.

A]l bipolar devices in these circuits were designed to
operate in an active region (the collector-base junction is
back—biaséd) in any mode, in order to avoid latch-up and
stored charge delay. In addition,the substrate P region
surrounding the bipolar transistor is contacted GND. MOS
switches turn off every current path from Vyp to GND in the
standby mode (CE is low). For example, when CE goes low,
the "Vbias" 1is set to be zero, and the DC current path of
both bipolar and CMOS amplifier shown in Fig. 3.6(c) are
cut off. The output node of the second stage CMOS amplifier
is elevated to Vp to eliminate the idle current of the next
CMOS buffer, by PMOS pull-up.

By using six transistor cell structure, only 100nW
stand-by power was consumed. The value was caused by the
leackage current of the junction. The cell size is 18*%20um,
where the 1.6um minimum feature size is wused for the

contact hole, 1,5um for NMOS gate, and 1.8um for PMOS gate
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Fig. 3.13 Characteristics of the voltage regulator.

Fig. 3.14 Microphotograph of the (a) whole chip and
(b) cells.
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length. In the cell, a technique to contact all aluminum,
poly, and diffusion area at once minimized the cell size,
more.

Photographs of the whole chip and the cell are shown in
Fig. 3.14(a) and 3.14(b), respectively. The chip is
5.95%6.84mm, which includes two redundant rows,. Fault
address 1is replaced by the redundant row by means of the
laser programmed polysilicon fuses. As shown in the
photograph, the memory cell arrays are divided into four
blocks, and only one block is selected by two block address
signals. The architecture reduces the word 1line delay
propotional to the product of the resistor and capacitor,
into a quarter of the conventional two block architecture.
And it, also, saves the active power dissipation into a
half of the conventional one. Because the major current
flow in the active mode, occurs from the normally-on bit
line loads to the NMOS <cell drivers through the pass
transistors connected to the selected row, and it increases
proportional to the number of bit-lines. Mosi gate material
also contributed to the word-line delay reduction. Its
sheet resistivity was only 5Q/,., much lower than 30Q/, of
N-type pblysilicon. The.row and column access waveforms are
shown in Fig. 3.15(a) and (b)), observed under the room
temperature, and Vp=5V, with 30pF external capacitance
load. A row address access time of 28ns, and a column of 23
ns were obtained. The power dissipation in the active mode
was 225mW. The characteristics of this RAM are summarized

in Table 3.2.
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(a) Column Access

Address

Data

Address

Data

3.15 Oscillographs of row and column access time.

3.2 Characteristics of high speed CMOS 64k SRAM.

Organization
Operation
Technology

Cell size

Die size

1/0 interface
Address Access Time
Chip Select Access time
Active Power
Standby Power
Redundancy

Package

8kword*8bit

Fully asynchronous
N-well CMOS/Bipolar
18*%20um
5.95%6.84mm

TTL

28ns(typical)
28ns(typical)
225mW

100nW

2 spare rows

28pin DIP
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3.5 Discussions about Bipolar Application in CMOS circuits
Apart from restrictions of the fully compatible process

with the current CMOS process, I will introduce N* buried

layer in this section and make a general disscussion about

the application of bipolar devices on the CMOS circuits.

3.5.1 N* buried layer

From the design point of view, the use of the N* buried
layer enhances the performance of Bi-CMOS circuits. For
example, the collector load resistance, R., was chosen as
7k into bit-line sense amplifiers, taking the internal
collector resistance,»rc of 600Q into account. In a word,
in order to obtain the maximum gain, and to avoid the
bipolar saturation, r. should be negligible in comparison
with R.,. That 1is why the operating current was 160uA.
However, as indicated in Fig. 3.3, this I, did not give the
maximum f; value. Furthermore, the product of the internal
collector resistance and gate capacitance of the next MOS,
R¢ *C, delay; calculated as 0.3ns, was not sufficiently
small.- The one way to increase the performance was to
reduce r., or to use the N* buried layer.

In order to obtain the structure with buried layer, the
standard CMOS process needs some steps such as the PEP
(Photo Etching Process) for N*, the diffusion and epitaxial
layer growth. Forming deep N* region to connect the N*
buried layer and the collector contact is quite effective.
Although this seems to be much complicated ih comparison

with the current CMOS process, it will be required for the



future high density CMOS LSI strucrure. Because the further
shrinkage of the P* and N* active region distance, will
result in latch-up by the parasitic bipolar transistors.
Making the well resistance small enhances latch-up
immunity.

The B, and f; dependence on the collector current, I,
both with and without N* buried layer are shown in Fig.
3.16 and 3.17, respectively. As the fallihg.point of B is
determined by r.,, about 6 times reduction of r, was
achieved by the buried layer. And the maximum f; was
improved from 2GHz to 2.6GHz, although the I, required for
the maximum f; was increased from ImA to 5mA. This shift
comes from +the increase of <collector-substrate junction
capacitance, and the larger current is required to charge
it. The epitaxial thickness used for the NPN'transistor.
was bSum. If one takes into the consideration that the
thickness of 256bit bipolar ECL RAM was 2um (see Chapter
2),Vmore performane improvement would be possible to make.
the epitaxial layer thinner, aithough the impurity préfile

for PMOS has to be optimized.

3.5.2 Gate delay

A 51 stage CMOS ring oscillator consisted of PMOS and
LDD NMOS gates, with the actual aspect ratio of gafe"width
to length, W/L, of 10um/1.3um for PMOS and 10um/1.0um for
NMOS, was fabricated, and the gate delay was measured. The
delay as a function of supply voltage is shown in Fig.

3.18(a). 110ps propagation delay time with 80uA/stage
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supply current was achieved under the 5V voltage supply. At
increased 7V, 65ps with 110uA/stage supply current was
observed. On the other hand, ECL 19 stage ring oscillator
was made by the simple N-well structure and evaluated. The
R, was chosen as 1kQ. As shown in Fig. 3.18(b), the minimum
gate delay was 1.3ns with 690uA. This value could have been
improved about one tenth, if we had used the buried layer
and had made the optimization of +the &epitaxial layer
thickness and R;, as well, which should have been 50-1009Q
in case of the ECL output buffer. Nonetheless, CMOS could
realize the faster gate propagation delay time with smaller
current. Furthermore, CMOS has other advantages such as the
zero power dissipation in non- transient state and smaller
occupation area. Therefore, I can conclude that CMOS is
more suitable for the digital parts constructed by the

simple logic gates in LSI systems.
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3.5.3 sensitivity to a small signal.

The conclusion obtained in the previous section should
be different for the analog part such as the sense
amplifier. In the case of the CMOS amplifier composed of a
1.5um gate length NMOS and a 1.8um PM0OS, the ratio of the
standard deviation to the average or the gain was 14%,
while ‘9% in bipolar amplifier, as indicated in Fig. 3.7.
And the standard deviation, o of the cross boints
transiting from high to low or low to high, were
distributed from 19mV to 29mV among the wafers in CMOS
amplifier, while exact 1mV in bipolar amplifier. The value
determines the minimum detectable input signal amplitude.
Taking account of 55 design margin, the minimum signal of
CMOS amplifier needs around 100mV, but that of bipolar does
5mV. The overall performance improvement by reducing the
signal amplitude has already mentioned in the previous
sections. The <capability of the small signal detection
becomes more important in VLSI, as a scaled device should
drive a larger parasitic capacitance in higher speed. The
threshold voltage of CMOS is dominated by the
controlability of the fabrication process, while that of
bipolar is by the built-in potential. The process
controlability has been improved at most proportional to
the scaling of the device parameters, and it is getting
more difficult to exceed it. Therefore, the minimum
detectable signal by CMOS amplifier will keep constant,
although the gain, which 1is determinéd by the gm of MOS

transistor may become the same as the bipolar. So, it is
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concluded that the bipolar is more suitable for the analog
parts such as the amplifier, voltage regulator and level
shifter, with the comparatively lower power consumption.
The occupation area can be reduced, by improving the

minimum design rule, as applied to the CMOS transistors.

3.5.4 Current Driving Capability

In order to compare the current driving capabilities of
CMOS and bipolars with and without an N* buried layer, a
simple output buffer model is introduced. A CMOS output
buffer is generally composed of a PMOS transistor for a
load device and an NMOS transistor for a driver. Now, the
bipolar NPN transistor and the PMOS is compared at first.
By the TTL compatibility, the output high voltage, VOH, is
specified as 2.4V. Under this condition, the supply
current, i, from the NPN emitter follower is calculated as
follows;

i = (VCC - VOH - VCE(sat))/r., (3.4)

where VCC 1is a supply voltage, nomally 5V, and VCE(sat) is
saturation voltage of the NPN transistor, normally 0.2V,
The occupied area for the NPN transistor wiéh the buried
layer, having r., of 100Q, was 30*37um2,'under 2.0um design
rule. So, if 1.0um design rule was applied, the area would
he reduced to onc fourth of it, or 15*18.5um?. The driving
capability per area is calculated as Sé.SuA/um’. On the
other hand, the supply current by PMOS follows the MOS
triode equation as ;

i = gm( VDS(VGS-VTH)-0.5VDS?), (3.5)



where VDS, the drain source voltage, is now -2.6V, and VGS,
the gate source voltage, is -5V. From the measurement of
1.0um PMOS, the current was 0.6mA. As the occupied area was
9.3*%7um?>, the drivable current per arca is 9.2uA/um?. So,
the driving efficiency of the NPN transistor with N* buried
layer is 9 times larger than that of CMOS. If the buried
layer was not applied, the capability would be comparable.
If one wants to use the NPN device as the driver, he
has to make the bipolr device operate in the non-saturated
region. One method is the use of Schottky barrier Diode,
the other is to shunt the collector and base nodes of
driver NPN transistor by MOSFET, when the base is elevated
to be high. The example circuit is shown in Fig. 3.19, and
the performance improvement has been reported in the
several papers [25,26]. As the sinkable current generally
demands to be larger than the driving current, also N+

buried layer is necessary for this application.
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3.6 Summary

Utilizing a. 1.2um MoSi gate Nwell CMOS-bipolar
technology, a TTL compatible high-speed 64K static RAM with
new CMOS-bipolar circuitry has been developed. Address
access time is typically 28ns, with 225mW éctive power and

100nW standby power. A CMOS six transistor memory cell is

used. The <cell size is 18*%20um, and the chip size is
5.95%6.84mm. The NPN transistors are used in the sense
amplifiers, voltage regulators, and level clamping
circuits. The bipolar sense amplifiers reduce the

detectable bit line swing thus improving the worst-case bit
line delay time and the sensing delay time. In order to
reduce the large distributed RC delay such as the word line
delay, the MoSi layer, which has 5Q/g sheet resistivity, is
used as gate materials. Two word line decoder/buffer scheme
divided the memory cell array into four blocks. It reduced
active oberating power and the word-line delay to one
fourth of the conventional one. The bias current of the
sense amplifiers was well controlled by the stable voltage
regulators made by the NPN transistors. The bit-line high
level was clamped to the appropriate level by bipolar
Darlington Configurations. All of the bipolar transistors
are carefully designed to operate in the active region with
some margin, because of the high speed and lalch-up
immunity. |

The fabrication of the RAM was based on a scaled Nwell
CMOS process. Most of the CMOS gates were constructed by

1.2um gate length NMOS and 1.5um PMOS. To avoid the short



channel effect and the breakdown lowering, LDD (Lightly
Doped Drain) structure was applied. The transistor guaran-
tees up to 8V break down voltage. Collector isolated NPN
transistors and CMOS were fabricated on the same chip with-
out any additional process steps, and without causing any
degradation of CMOS characteristics. NMOS channel and NPN
base regions were implanted at the same time, and the NMOS
and PMOS active region formations are common to the emitter
/collector and external base, respectively. The NPN tran-
sistor has 2GHz cut-off frequency at 1mA collector current.
The usefulness of bipolar devices in CMOS circuits was
demonstrated by the design. In order to achieve high-speed
access, the reduction of the bit-line amplitude is quite
effective. The bipolar devices are suitable for detecting
the small signal. On the other hand, bipolar devices
without N* buried layer are not faster than the scaled
CMOS, when they are applied to the internal logic gates.
The propagation delay of CMOS (W/L for NMOS=10um/1.0um, and
for PM0OS=10um/1.3um) was 110ps with 80uA current
dissipation, while the co-fabricated ECL gate was 1.3ns
with 690uA. N* buried layer will be required for the
improvement of both the cut-off frequency and the low
impedance drivability. The cut-off frequency of NPN
transistors with the buried layer was improved to 2.6GHz.
By the DC characteristics of NPN transistor with the buried
layer, the drivable current per area was calculated as

9.2uA/um?>, which was nine times larger than that of CMO0S.
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Chapter 4

Design of a 256Kbit CMOS EEPROM

4.1 Overview

Recently, electrically erasable and programmable
read-only memory (EEPROM) has been developed by the
electronic industry due to its in-system reprogramming
capability. So far, several kinds of devices up to 64Kbits
[27-34] have been intensively demonstrated. They have one
standardization of 5V-only operation, which is achieved by
the internally generated high voltage taking advantage of

extremely low current consumption for their erase/program

function: On the other hand, they have revealed many
diversities, too. One was demonstrated to have high
reliability characteristics, such as over 105 endurance
with on-chip ECC (Error Correction Circuit), or extended

temperature operations. Another aimed at fast access time,
30ns, for example, competitive with bipolar PROM, while the
access time of most non-volatile memory including UV-EPROM
(Ultra Violet Erasable PROM) is limited to 250ns or so. And
there is a synchronous EEPROM like microprocessors operated
by some commands. However, in order to apply EEPROM to the
non-volatile mass storage for hicrocomputer peripherals and
expand its market, it is necessary to achieve high-density
EEPROM with lower cost, in addition to ease of use and high
reliability. For this purpose, a miniaturized cell with a

simple structure is required.



Utilizing the electron tunneling through thin oxide
from the bulk to the floating gate, several types of cells
aiming for the 'future large bit capacity EEPROM were
reported [35,36]. However, all of them ended up just the
cell proposals, and no high density EEPROM as 256Kbit has
been designed. One of the most popular structures is
composed of two transistors, that is the select transistor
and the floatiﬁg gate transistor, fabricated in a -double
polyéilicon process. In order to "gain larger capacitance
coupling between the control gate and the floating gate
within the limited stacked area, it is necessary to

decrease the interpolysilicon oxide thickness. This would

be accompanied by overcoming several fabrication
difficulties, for example, the control of the asperity
growth, affected by the impurity concentration of
polysilicon and the anealing condition [37]. There is

another attempt for obtaining effectively thin di-electric
film by a triple, oxide-nitride-oxide (ONO), structure.
However, it has an inherent problem of charge trapping on
the oxide-nitride interface, the mechanism is popular as
MNOS device, and the fabrication has not been established
yet.

Previously, a single polysilicon cell for 2Kbit EEPROM
was reported [38]. However, it occupied 440um?, which was 2
or 3 times larger than the double polysilicon ones under
the same design rule. Because it was designed only for the
fabrication process compatibility with the on-chip logic

circuits. It is true that the process simplicity would be



attractive, because no special technique is required
besides the thin oxide formation on the bulk. The
technology "has been establishing through smaller density
EEPROM fabrication; In order to use the single polysilicon
cell for thé high density standard memory, the cell size
reduction is of wvital importance. The larger capacitance
coupling between the control gate and the floating gate can
be obtained'by making the floating gate above the reliable
thin oxide on the bulk. For this approach, the cell layout
and structure optimization, and detailed investigation of
the tunneling effect from the floating gate to the control
gate which results in the charge loss, are necessary.

In the high-density EEPROM, there are several hedges to
dchieve 'the design goal besides the cell area reduction.
One is a data detection technique, because a iarge
parasitic capacitance influences the weak signal generated
by the scaled cell, which is a common problem among memory
LSI. The second is the erase/programming time reduction,
because it increases proportional to the bit density.
Utilizing a differential amplifier construcﬁed by a CMOS
current mirror circuit [39], or a bipolar one is a way to
detect small bit-line signals, as explained in the previous
chapter. However, as is used for high speed or high density
SRAMs [19}, the internally synchronous approacﬁ is the
another promising method for single ended bit-line cell as
EPROM and EEPROM, too. In particular, the scheme has a good
compatibility with the page mode programming function,

which is effective in reducing the erase/programming time
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per byte, virtually.

This chapter . describes a 256Kbit 5V only EEPROM
fabricated by a single polysilicon and single metal CMOS
process. The two kinds of EEPROM cells will be newly
proposed in Section 2.2. The layout optimization and the
analysis of them will be provided, taking the tunneling
effect from the floating gate and the control gate 1into
account. The experimental results will be compared to the
analysis. The cell structure  and the characteristics
actually taken for the 256Kbit EEPROM will be introduced 1in
Section 4.3. The read and erase/program scheme of this
mémory will be explained in Section 4.4. and 4.5,
respectively. The measurement results of the device will be

given in Section 4.6.
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4.2 Analysis of Single Polysilicon EEPROM Cells

Two kinds of new single polysilicon EEPROM cells (cell
A and cell B), composed of the select gate MOS transistor
(SGMOS) and the floating gate MOS transistor (FGMOS), are
proposed, as illustrated in Fig. 4.1. Cell A i§ built with
a small tunneling area, which is separated from the channel
of FGMOS. Cell B is built with a tunneling area coinciding
with the channel area, by adapting the thin oxide
transistor. Both of their FGs are controlled by the
downward N* diffused layer through a thin oxide. The
reduction of these cell sizes depends on the decrease of
erase/program voltage, isolation technology, and design
rule scaling. First, an advanced isolation technology SEPOX
[40] was applied to minimize the distance between the
active regions. Using 1.2um minimum feature size and 1.4um
gate length, the cell sizes of A and B are 90um? and 70um2,
respectively. The erase / program characteristics of these
single polysilicon cells will be studied, taking accounts

of the effects of the diffused layer control gate(CG).

4.2.1 Erase Operation

The schematic cross section of these cells is shown in
Fig. 4.2. The erase conditions are that the control gate
voltage, V., is raised to an appropriate high voltage, Vp,
and that the drain voltage, Vp, equals fo zero. Using the
symbols on Fig. 4.2, the threshold shift from the initial
value, AVy, the electric field between the tunneling region

and the floating gate, E,, and that between the floating
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gate and the control gate, E, are written as,

Or
AV, = —
th C2 (4.1)
1 C.V.—0Or
Ej=— ——
dq Cr (4.2)
C{+C)V. +
E2= 1 ( 1 3) c QF (CT=C1+C2+C3), (4.3)

d, Cr

where, Qf 1is the stored charge on the FG, C, is the sum of
the thin oxide capacitance of the tunneling region and the
drain -gate capacitance, C, 1is the control gate capaci-
tance, and C; 1is the gate oxide capacitance, excluding
drain-gate capacitance. The value, dQp/dt is related to the
two components of Fowler-Nordheim current, J(E), as follows,

dg
— = =5 (E) - 5)J (E)

= 5 AE 2eoxp (=20 _ s 4B 2orp (20
S1AE fexp (———) — s2AE jexp (—), (4.4)
E, E,y
__a _ Tdem 05 (4.5)
8nhdp’ 0 3hg

where all constants have physical meaning and numerical
values that are well understood. The parameters, Sy, and
s,, are the areas of the thin oxide on the drain and on the
control gate, respectively. The constants, A and E, were
obtained by the measurement of the thin oxide capacitors as
9.9%10%A/V2Z and 2.8*%10°V/cm. At the beginning of the erase

operation, E; is extremely larger than E,, as this EEPROM
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structure has been generally designed as C,>>C, + C;, and
Qr=0. Then, the current through the CG can be neglected, or
J(E;)=0. Under this conditions, Eqs. (4.1)-(4.4) can be
solved- analytically, and 0OVy at the erase time, t,, 1is

given by,

» dICTEO SlAEbte EOCle ~
AVy =V, - In + exp———)] ! (4.6)
This equation indicates that AVy, would approach

asymptotically to V., if the erase time, t,, infinitely
increased. However, the stored charge 1injected by the
tunneling from CG suppresses the FG voltage lowering, as E,
becomes comparable to E,. Therefore, 0Q0Vy is considered to

be saturated at a certain time, tg, when dQg/dt=0, or,
SIJ(El)zszj(Ez) (4.7)

It is to be noted that because of the exponential 1like
nature of the function, J(E), a large relative change 1in
current corresponds to a relatively small change in the
electric field. Even though we assume that Eq. (4.6) 1is
satisfied under the condition of E, = E,, the relative

error is only 2% of the real solution, as long as the

rat

b

o, s,/s; is ranging from 1 to 10. It was easily verifi-
ed by numerical analysis. Therefore, from Egs. (4.1)-(4.4),

the maximum threshold voltage shift, AVyy, is written as,

AV =V U,____EZEL__] .;jQL(l_.Eﬁ;tféq

@f dy=d,)
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The time, tg, when AVy equals to QOVyy, is calculated from
Eq. (4.6) to be, |
Crd, (Eo(d1 + dz))
= €x
s T SAE, PV v,

E, (4.9)

oV (Cody = Cidy —Cady)] .

X [1-exp[-

Taking accounts of the following necessary conditions for

the tunneling,

<1, Ey=—>»1 (4.10)

The second term of Egq. (4.9) 1is assumed to be small.

Consequently, tg is approximately given by,

Crd, Eod; +dy) Crd, 2E od;
fp=—— exp[———— 2] = exp ]
SIAEO . VC SIAEO Vc (4-11)
From Eqs. (4.8) - (4.10), we can summariZe the useful char-

acteristics of single polysilicon EEPROM cells. Q0Vyy is de-
termined by V., and C,/(C,+Cy3), and it is almost independ-
ent of the thin oxide thickness. Larger ratio of C,/(C,+Cy)
gives larger maximum threshold shifts. The erase time
depends on the ratio, d,/V., exponentially. It is necessary
to derease this ratio in order to reduce tg. After the
erase time exceeds tg, 0OVy, and FG voltage keep constant,
which will prevent these EEPROM cells from over erasing.
So, the control of the threshold shift is easier. In addi-
tion, if the control and the drain thin oxide regions are
formed simultaneously, the ratio, C,/(C,+Cg), is determined

by the cell layodt and is hardly affected by the process

fluctuation.
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The threshold shifts in the erase operation as a
function of the erase time were simulated wunder the
condition of d,=83z, C,/(C,+Cg3)=5, tc=2ms, for several
values of the control gate voltages, as shown in Fig. 4.3.
The calculation results in case of neglecting the tunneling
effects between the CG and FG, the case of the conventional
double polysilicon cells, are also shown in Fig. 4.3. AVy
saturates at 1ms , under a 15V applied voltage, which could
be predicted from Eq. (4.11).

Consequently, even if it was possible for the double
polysilicon cells to have the same capacitance ratio in a
reasonable cell area, single polysilicon EEPROM would have
no drawbacks as far as the erase time specification of
around 1ms is taken. The erase time has a tendency to be
shorter, as more bytes are integrated on a <chip. As
indicated the cell layout in Fig. 4.1, one of the most
dominant factors for the «cell size reduction is the
distance between the CG - and FGMOS. The threshold voltage of
the field transistor must be 1larger than the maximum
applied voltage to FG. As it»is limited by the equilibrium
condition of the both side tunneling current as indicated
in Eq. (4.7), the value to be guaranteed 1is, at most, a’
half of the applied voltage plus some margin. Therefore,
the distance between the active regions is not so larsge,
and does not sacrifice the cell size. So, it is concluded
that these single polysilicon layout in Fig. 4.1 are

suitable for the high density EEPROM cell.
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4.4 Effective voltages applied to the thin oxide as a
function of the impurity concentration, Np, below
the thin oxide,when the depletion region is built.
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4.2.2 Program Operation

The program chracteristics can be obtained by‘the'same
procedure as the erase operation, except for counting the
depletion region effect. Under the conditions of V=0, and
Vp=Vpp, the FGMOS is driven into an off-state. So, the
depletion region, which shares the applied voltage with the
thin oxide, is built and quite dominates the tunneling
current flow. The simple depletion region approximation
gives the effective applied voltage to the thin oxide, as

follows,

-B+\B2+4p v, 5 _ dKsd i

Vb eis =

(4.12)
Figure 4.4 shows the effective voltage applied to the thin
oxide as a funcion of the impurity concentration below the
thin oxide. It indicates that even if the N-type impurity
concentration around 10®cm® is used, which is as same as
that of the NMOSFET's source and dréin, the . voltage drop
across the depletion region is over 10%.

In the program operation, E; and E, are given by,

_ G2+ C3)Vpery + OF B - CiVperr — OF

E = .
1 Crd, 2 Crd, (4.13)

As the tunneling effect +through the CG is negligible

(

initially, the threshold voltage shifts, AV at the
programming time, tp, is given by,
CleEO slAEOtp EOCle
[In( + exp
C2 Cle (C2 + C3)VD,eff + C2VT"

AV, = i

(4.14)

Cs
-1+ .C_z)VD,effa
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hence, V, is the initial threshold shift at the beginning
of the programming, or the threshold voltage after erasing.
The minimum threshold shifts, AOVyy, and the saturation time,

ts, are approximately obtained by the condition of E,= E,,

as follows,

V c,-C Crd 2E d
AVI}, i = D,eff ( 1 3 _ 1) 2, = T%1 exp 01
(dy =dy,

The above equations indicate that in order to increase the
absolute value of AVyy, and to make tg short, it is
necessary to increase the ratio of C,/(C,-C,), and Vpy/E,,
which are similar to the erase operation. The value, Vi,
affects neither to AVypy nor to tg.

Using the Eqs.(4.6) and (4.15), the erase and the
program time <can be compared. The <critical erase and
program time, t.yp, and tpyg, are defined as the time when
the variable, t becomes large enough and influences AV,
changings. These are equivalent that the first term of a

dominater becomes the same order of the second one. Then,

EOCle EOCle
Inz, i =0+ .
(Co+ C)Vp opr + CoVy

In te,crit = o+

C,V. b (4.16)

where the common term, @ is independent of V. or Vpg. So,
if we assume that V.= Vpg, tpy is smaller than t,p, because
of the terms of the off-state gate capacitance, C; and Vq.
Therefore, by adjusting the impurity concentration below
the thin oxide, one can get the same threshold shifts in

erase and programming within the same operation time, which
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might provide the wide threshold window resulting in the

easy data detection.

4.2.3 Transient Analysis

In order to apply the single polysilicon cell to the
real memory, the rise and fall time effects on the cell
characteristics should be studied. By the transient
calculation of the erase and program operation, the wave
forms of the floating gate voltage, AVy, and the tunneling
current through the thin oxide are obtained as shown in
Fig. 4.5. This simulation includes all parasitic effects
caused by the tunneling through the control gate and the
built-in depletion region. Naturally the tunnel current has
a peak at the rising edge of the drain and control gate
voltages. The 0AVy, and the peak current in both modes as a
function of the rise time is shown in Fig. 4.6. The peak
current gets reduced as the rise time decreases, while QAVy
is almost independent of the rise time. The répid change in
voltage results in the higher tunnel current, which may
cause the permanent damage to the thin oxide, and then the
rapid change can not do good for the wider A0QVy, window,
besides the shorter erase and program time. On the other
hand, the fall time did not affect to the characteristics.
Then, the simulation indicates that 0Vy is independent of
the rise and fall time. So, the previous analysis is wvalid
for the investigation of the characteristics for the single

polysilicon EEPROM cell, even though it neglected the rise

and fall time effects.
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4.2.4 Experimental results and Discussions

In order to investigate the <characteristics of the
erase and program operation, two types of single
polysilicon EEPROM cells, which are already shown in
Fig.4.1, type A, and type B were fabricated. Cell A has a
separated tunneling electrode from the FGMOS drain. The
drain concentration. can be chosen to be lower than that
below the thin oxide (tunneling region) independently. By
means of depletion region effects, the breakdown voltage of
the FGMOS <can be designed to be high by reducing the
drain-gate electric field, allowing tunneling current flow
through the thin oxide. Figure 4.7 shows the erase/program
characteristics of cell A as a function of the applied
voltages, V., and Vp. The threshold shifts agree with the
simulated resultsf which are 1llustrated by solid lines on
Fig. 4.7. As predicted from Eq. (4.9), the threshold window
becomes large, as both applied voltages and the capacitance
ratio increase. Even if +the minimum feature siZe was
applied to the diffused control gate area, the ratio,
C,/(C,+Cz) would be about 3. Utilizing this cell structure,
the ratios of 5 and 10 can be achieved with 4% and 14%
larger cell areas than the cell with ratio 3, respectively.
So, the larger cell ratio can be chosen without sacrificing
the larger arca 1in contrast with the conventional double
polysilicon cells. To get over 5V threshold window, for
example, the conditions as dl=83g, C,/(C,+Cz)=5, te .
tp=2ms, V., Vp=15V are required in cell A.

Cell B has the tunneling electrode area which is merged
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into the FGMOS drain. So, it realizes smaller cell size
than cell. A. Because of the thin oxide transistor
structure, its conductance was observed almost twice as
larger than that of cell A,‘in the same FGMOS dimension,
which possibly induces the higher-speed sensing capability.
In addition, as the FGMOS is off in the program, the ratio
C,/(C,+Cy) . becomes larger than the erase operation, which
makes 0OVy larger "than cell A in program. The threshold
shifts of cell B as a function of the erase/program time is
shown jn Fig. 4.8. To get 5V threshold window, about 13V is
required under the same device parameters as cell A in Fig.
4.7. And the simulated results also agree with the
experimental characteristics.

On the other hand, however, cell B has a disadvantasge,
caused by the drain structure of the thin oxide FGMOS. As
explained above, in order to raise the tunnel current from
the drain to the FG in the program, the highly doped drain
is required. Highly concentrated electric field applied to
the PN junction below the gate polysilicon causes the drain
avalanche breakdown voltage lowering. Therefore, this
leakage current possibly becomes comparable to the
tunneling current. This was verified by the measurements of
the thin oxide transistor as shown in Fig. 4.9. As the
drain voltage is raised under the éonditions of both the
source and gate biases are zero, the drain leakage current
is divided into two components. One is the gate current
resulted from the thin oxide tunneling effect, and another

is the substrate current caused by the avalanche breakdown.
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The drain impurity concentration and gate oxide thickness
were 10%cm® and 833, respectively, the same conditions as
Fig. 4.8. It is shown that the substrate current is always
larger than the gate current with this device parameters.
It means that the high voltage generator for the
programming current has to supply the substrate current,
also. In use of cell B, the internal high voltage generator
should provide 1000 times larger current than in use of
cell A in order to achieve the single 5V programming, which
results in tremendous area penalty for larger charge-pump
capacitance as the maximum usable oscillator frequency in
IC is limited. However, it is to be noted that in this
compariéon. the drain profile and the oxide thickness are
assumed to be same. By relaxing the electric field between
the substrate and the drain, which 1is accomplished by
optimizing the drain impurity profile, the substrate
current can be reduced. On the other hand, the gate current
increases by making the oxide thin. So, the difference, 3
order of magnitude, may not be kept in future technology.
There is another problem which should be taken into
account in use of cell B. Both the thin gate oxide and
highly doped drain structure as are used for cell B, are
liable to generate the hot electron, when both the drain
and gate are biased to high voltage. The mechanism is
utilized for the UV-EPROM programming. So, the drain and
the CG voltage in the read operation should be designed to

be lower enough so as to avoid the read disturbance (soft

write).
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Figure 4.10 shows the endurance characteristics of both
types of cells. It indicates that both satisfy 105cycle
specification, which has been claimed by the conventional
double polysilicon cells.

Table 4.1 shows the comparison between cell A and B.
There is much trade-off between cell A and B, or the
trade-off between the fabrication and design difficulties.
The choice depends on the available technology in the LSI

generation.

Tab. 4.1 Comparison of device performance between cell A,

and cell B.
item cell A cell B better
Cell size 90um? 7 0 m? B
No. of transistors 2 2 same
Read Current
(PL=2.5V, HL=5V) 100uA 200uA B
AVth
(Vpp=13V, t=1ms) 4. 2V 6. OV B
Endurance >10° >10° same
Programming Current 0. 1nA 0. TuA A
Soft-Write Immunity high | ow A
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4.3 Cell Structure used for the 256Kbit EEPROM

Based on the study in the section 2, type A was decided
to be suitable for the 256Kbit EEPROM. The cell, which is
shown hgain in Fig. 4.11, was named DIFLOX (DIFfused Layer

controlled floating gate type cell with thin O0Xide). The

equivalent circuit is shown 1in the same figure. The
capacitance ratio, C,/(C,+C,+Cg) 1is mainly determined by
the thin oxide area ratio, as both were formed
simultaneously, and is designed as 0.83. The -equivalent

circuit of the DIFLOX cell array configurations is shown in
Fig. 4.12. The program line, PL, 1is connected to the
diffused control gate via pass transistors, which are
controlled by the word line. It is to be noted that the N7
region of the control gate is common to only one byte
(eight cells). The N* implantation dose for this region
must be chosen carefully. A lower concentration suppresses
the effective applied voltage to the thin oxide in the
negative gate bias condition, while a higher concentration
lowers the barrier height of the thin oxide [11]. Under the
optimized concentration applied to DIFLOX, the resistance
and the junction capacitance of the N* control-gate region
were measured to be 20k and 14fF, respectively. The RC
time constant is calculated to be lower than 1lns. So, the
delay caused by this diffused layer is not a dominant
factor on the access time.

To reduce the «c¢cell area of DIFLOX, the isolation
between active regions is one of the important

technologies. A new isolation technology, SEPOX [40], was



; thin oxide ipolysilicon
i 1-Ist N

bl
Fig. 4.11 Layout pattern of a new single-polysilicon EEPROM
cell, named DIFLOX. The cell is composed of a
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Fig. 4.12 Cell array of DIFLOX.

The selected gate is
equivalent to the word-line, and the control gate

is connected to the program-line (PL) via a pass
transistor.
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applied to the cell, which can realize a field distance
between the active regions as narrow as the minimum
dimension determined by the photo-etching. In addition to
this technology, a high voltage strucure was contrived to
perform the erase/programming function. Figure 4.13(a)
shows the cross section views of DIFLOX, along the lines of
a-a', b-b', and c-c' in Fig. 4.11. As shown 1in Fig.
4.13(a), the high concentration N* below the thin oxide was
covered with a lower doped zone of 0.2um thick. This
structure improves the breakdown voltage of the PN
junction. In order to optimize the distance between the N*
control gate and the drain, the field inversion effect
under the floating gate should be counted. By defining the
turn-on voltage as the gate voltage at which the leakage
current exceeds 10®A/um under a drain bias of 20V, the
field turn-on voltages as a function of the length are
measured as shown in Fig. 4.14. It is indicated that a 2Zum
field length can guarantee the 15V erase/program operation.
To eliminate the leakage current from the drain regions of
the select-gate and floating-gate transistors to the
substrate due to the avalanche breakdown, the source and
drain of the select-gate transistors were doped with a low
impurity concentration of 10Ycm®, aé shown in Fig. 4.13(b).
The value is about one order of magnitude lower than the
usual lightly doped drain(LDD), used for 1.2um NMOS FET for
5V circuits [43]. For the —contact resistance reduction
between the aluminum and the N~ region, a high dose

implantation of arsénic was carried out through the contact
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holes. This self-aligned formation of the diffusion area
contributes to the cell area reduction. Only the source of
the floating gate transistor was formed by N*, as is used
for 5V circuits.

For thé design of the peripheral circuits, the overall
characteristics of the cell array of Fig. 4.12 should be
analyzed. The Vy shift of DIFLOX cell in the erased and
programmed state as a function of the selected-gate voltage
is shown in Fig. 4.15. The thin oxide thickness, d,, is
853, and a pulse of 15V height and 2ms width is provided to
the program line or bit line. The Figure indicates that the
word-line should. be elevated over 20V to eliminate the
select gate transistor effect on the wide threshold window.
This high voltage can be achieved in the strucure, shown in
Fig. 4.14, as it is. However, it 1is safer to take some
margin, which has already taken for the control gate
design. So, heavy channel-stop ion implantation was carried
out between the select gate, as shown in Fig. 4.13(c).

The read current measured under the conditions that the
program line, bit line and word line are 2.5, 2.5, and 5V,
respectively, exceeds 100uA in the conductive state by
employing 1.4um gate length, in spite of the series
connection of two high voltage transistors. The endurance
characteristics of DIFLOX are shown in Fig. 4.16. Although
it uses larger thin oxide area than the conventional double
polysilicon cells, no characteristics' degradation could be
observed up to 108 erase/program cycle.

The charge retention characteristics would be
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drastically degraded, ’if a thin oxide thickness of below
SOX were used, because of the direct tunneling effect of
oxide. However, up to the thickness, the retention
characteristics are mainly dominated by the barrier height
of polysilicon oxide, surrounding the floating gate, rather
than that of thin oxide[11]. So, the cell can guarantee the
same chargé retentivity as the conventional UV EPROM cell.
The microphotograph of the DIFLOX cell array is shown
in Fig. 4.17. The node labels correspond with those of the
equivalent circuit illustrated below. WL, PL, and S$S§ are
the word line, program line, and cell source, respectively,
which have already appeared in Fig. 4.12. B, (i=0,1,..,7)
via the

means a bit-line connected to the sense line §5;

column selection transistor, as shown in Fig. 4.12.
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Improved open-bit-line

scheme and distributed scnse amplifiers are shown.
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4.4 Open Bit-line Structure

In order to compensate the large bit-line parasitic
capacitancec, an opcn  bit-line scheme which has been
already used for currcent DRAM design, has been improved and
applied to the EEPROM. The block diagram of the memory in
rcad opcration is shown in Fig. 4.18. The ccll array is
divided into left and right hemispheres, and the sensc
amplificrs are located bétwecn them. Every bit line has 256
cells and one dummy <cell. When the memory cell on a
hemisphere is selected, the dummy cell on the other side is
selected as a reference. The c¢ell peripheral circuitry in
the read operation is shown in Fig. 4.19. At the transition
edge of the address input signals, the precharge pulse, Op
1s generated internally. It precharges bit-line pairs and
their corresponding sense-amplifier nodes, and equalizes
them simultaneously. The successive clocks triggered by O,
control all of the reading procedure as follows. In the
period of the prechrge, the bit lines are raised to Vp -
Vih. The level is estimated to be 2.5V by the body effect of
NMOS FET. All word lines including the dummy cells' are
hiased to zero. When ¢p goes low, the selected-cell and the
dummy-cell word lines are raised simultaneously. So, both
bit-line levels begin to fall gradually, according to the
conductance of the selected and dummy cells. As no pull-up
devices are activated, the level variation in this
free-running state is expected to be fast. In addition, the
bit-line parasitic capacitance equally contributes to the

fall time of both bit-lines. After an appropriate period,
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®fs goes low, and then O@f goes high. In other words, the
sense amplifiers are activated with PMOS flip-flops first
and NMOS Vsecond. The bit line data are boosted by them.
Finally, ®p goes low, and the bit-lines are isolated from
the sense amplifiers. In the quiescent state &y is high.
So, bit-lines are biased to zero in order to eliminate the
jdle current and to avoid cell data destruction by noise.
As the voltage of the program line (PL) shown in Fig. 4.12,
keeping about 2.5V during the read operation, transfers

through two pass transistors controlled by the column
selection, y, and the word line selection, x;, 2.5V bias is
applied as a Vy shown in Fig. 4.19. The bias is provided to
the control gate of 8 selected <cells. These internal
timings of read mode were verified by the electron beam
tester, as shown in Fig. 4. 20, although the voltage levels
are not correct because of the measurement disturbance by
the neighbor pattern's potential.

It is important for open-bit-line scheme to synchronize
the bit-line signal variation associated with the word-line
delay to the activation of sense amplifiers. The delay can
be estimated by assuming 256kbit cell array to be divided
into 4 blocks. The parasitic word-line capacitance
including the gate and the substrate is 0.85pF, and the
resistahce between both ends is 41kQ. The worst-case RC
delay is calculated as 35ns, resulting in about 1.0V of
bit-1line changing. So, a scheme of distributed sense
amplifiers was applied as shown in Fig. 4.19. The

activation of sense amplifiers is designed to depend on the
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because they are influenced by the electron
scattering of the neighbor patterns in the LSI.
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distance from the word line drivers, by adjusting the gate
capacitance and the line resistance. It 1is accomplished by
making the word-line and the sense amplifier activation
line equivalent or have same loads. This enables the bit
line data to be latched just at the time when the voltage
difference reaches an appropriate level, wherever it may be
located. It also suppresses large peak current causea by
the sense amplifier activation, and makes it broad.

It is necessary for the non-volatile memories that the
logical data coincide with the physical data, which 1is
different from the DRAM design. The necessity also owes to
the attribution of EEPROM cell architecture, that is, only
programming can be performed selectively, while DRAM cell
can be written both b to "o and "o" to "1,
individually. Therefore, the final output data are inverted
on the buffer, if it comes from the left hemisphere, while
the data from the right hemisphere comes out as it is. So,
the data in the chip clear state, which is defined all the

cells in positive threshold shift, correspond to all one.
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4.5 Erase/Program Control Circuits

The page-mode programming gives one solution to reduce
the erase/program (E/P) time. This feature applied to the
256kbit EEPROM allows programming up to 16 bytes (128 bits)
simultaneously. The scheme fits into the open-bit-line
structure, since the flip-flop which acts as a bit-line
sense amplifier in the read mode plays a role of a
temporary storage for programming data, as shown in Fig.
4.21. Therefore, the data can be written in almost the same
timing as a conventional SRAM. The timing chart of E/P
procedure is shown in Fig. 4.22.

The erase/program function 1is explained as follows,
using Figs. 4.21, and 22. The "pump" means the high voltage
generator, or the charge pump, whose characteristics will
be given in the next paragraph. Once the chip detects the
write enable, WE, going low, all the sense amplifiers are
activated and 1isolated from the bit 1lines by ®p. The
programming data are loaded to the latches (sense
amplifiers) successively, during the low WE. If the time,
100us, lapses without any low WE inputs, the chip goes into
the erase state automatically. In the erase, the bit-lines
are biased to zero by ®x. And both the program line (PL)
and selected word-line are raised. As a result,the control
gates of the selected eight cells are elevated to Vp.
Consequently, the electrons are injected into the floating
gate, and selected cells get into the erased state. Next,
the chip turns into the program. & goes high and the

stored data are transferred to the bit 1lines. The charge
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pumps elevate bit-lines of logical high (5V), to Vip, while
the bit-lines of logical low (0V), keep OV level, because
the drivability of charge pumps is sufficiently smaller
than that of the pull-down latch transistors. As the PL is
biased to zero, the programming is performed on the
corresponding cells. Only in the drain voltage raised
cells, the stored floating gate charges are released to the
drain. As each byte storage has one additional flag latch
which is set when the data is loaded, the E/P procedure is
performed only on bytes that are actually being programmed.

The data polling function, also shown in Fig. 4.22, is
accomplished by transferring the stored data to the output
through sense 1lines during the E/P state, if the output
enable, OE, is low. As a result, the data are read inverted
from the data to be stored. After the programming finishes,
the reading procedure automatically starts, and right data
are sensed and stored.

The timing <circuits constructed by the switched-
capacitor technique take care of the complicated E/P
procedure. This technique is widely applied to recent MOS
analog «circuits such as digital filters [4,40,41]. The
lapse of the 100us writing time for successive WE pulses is
controlled by the &gy generafor circuit as depicted in Fig.
4.23. At first, the Vp should be over 4V for any erase and
program occurrance. The function is necessary to avoid the
unintentional E/P by unstable voltage supply, or by
misoperation. If the condition is satisfied, Py goes high.

Next, the WE (Write Enable) comes. The rising and falling
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edges of the first WE pulse generates two control signal
generation of "Write procedure INitiate”, pulse, &y, and
"start COUNTer" pulse, ®gy. The pulse, Py, initiates the
status flip-flops such as flag latches incorporated with
each byte. The clock, ®yy, activates internal oscillator of
10 MHz and raises Vp by charge pumps. This basic clock goes
to some high voltage pumps, and makes them ready. It also
generateé non-overlap pulses, ¢, and ®,. The operation of
the Ogy generator is explained as follows. Every time the
WE pulse becomes high, the capacitor C, is charged by the
transistor T,, and the node ® in Fig. 4.23 goes to high. If
"WE" keeps low, the node ® falls gradually due to the
multiple dischargings by the smaller capacitance C,. The RC
time constant of +this falling is calculated from the
switched capacitor theory as C,/fCo, where f is the
frequency of ¢, and ®,. At last, the node ® reaches the
turning voltage, V,, of the hext inverter, At that time,
Opmr is generated. This O¢gy makes all E/P circuits active
and initiates the second timer which controls much longer
time for E/P. The circuit is shown in Fig. 4.24(a), and the
wave forms of nodes are illustrated in Fig. 4.24(b). The
second timer designed by a modified switched-capacitor
technique counts milli—secona order erase and program time
using within the reasonable capacitance occupied silicon
area. In contrast with the conventional oné, the voltage'
drop through the discharge capacitor C; is determined by
the conductance ratio of transistors, T, and T;,., the

capacitance area was reduced to about. one tenth in
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comparison with the conventional technique. At the end of
E/P, those timers generates &y which resets all the
flip-flops in the gy genetétor as shown in Fig. 4.23.
Figures 4.25 and 4.26 show the drivability character-
istics of the internal high voltage generator and the
pumping circuits. To provide sufficient current, the high
voltage generator shown in Fig. 4.25 has a comparatively
low output impedance. The output terminal is clamped by the
series connection of diodes for regulation. The rise time
of this high voltage does not affect the thin oxide stress.
On the other hand, the pumps shown in Fig. 4.26, which are
attached to every bit and word line, are designed to have
relatively smaller drivability in comparison with the
parasitic capacitance in bit- and word-lines, which makes
the volfage rising speed slower. The rise time was measured

as 50us, which is enough to reduce the thin oxide stress.
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4.6 Performance and Results

The microphotograph of the 5V only 256kbit CMOS EEPROM
is shown in Fig. 4.,27. The column decoder and sense
amplifiers/latches are vertically placed at the center of
the cell array, while the word line decoder/drivers are
located horizontally. The large capacitance array, the
component of the high voltage generator is shown at the
right bottom side. The die sizé is 6.23%7.33mm and 1is
packed into the DIP 28pin standard package. It is
pin-to-pin compatible with the current 256kbit SRAM [43].
The chip contains several circuits which enable the
screening of the chip. One is "clear", which makes all the
cell erase state at one time. The second is the read margin
check wﬁich enables the gate voltage of the cells variable.
These are activated by providing 12V to appropriate pins.

The monitored waveforms of the internally generated Vp,
the erase/program control signal, &p, and the input write
enable, WE are depicted in Fig. 4.28. The dislocation on
the cehter of Q@p shows the changing from the erase to
program state. It indicates that Vp is elevated to 20 V,
and all the timings are well-controlled corresponding to
the page-mode programming. The total amount of the erase
and program time is 3.6ms/16byte at 5V power supply.

The photograph of the address and data out waveforms
with external 100pF load is_shown in Fig. 4.29. The address
access time of 150ns was successfully obtained with a
normal 5V voltage supply. The active power dissipation is

80mW. Similar to the other CMOS devices the active power
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dissipation depends on the read cycle time. It reduces to
35mW at a 1MHz read cycle, and drops below 1uW at the
standby mode. |

The characteristics of this EEPROM are summarized in Table

4.2.

4.7 Summéry

The single polysilicon EEPROM cell was useful for the
logic combined LSI. Now, it is wverified to be quite
feasible fér the high density standard EEPROM, if the
stacked area of the diffused‘control gate and the floating
gate 1is reduced by using the thin oxide as a dielectric.
The charge loss from the floating gate toward the control
gate through the thin oxide does not affect to the
erase/programmihg.characteristics, as long as the threshold
voltage shift 1is within 5V. Two single polysilicon cells
have been proposed. However, as long as the 1.2um CMOS
technology is applied, the drain thin oxide area should be
separated from the floating gate transistor, although the
cell area is larger. Because, under the same electric field
between the floating gate and the drain, the substrate
current is 1000 times larger than tﬁe gate current, if the
tunneling area coincides with the transistor. It is

difficult to achieve single 5V erase/programming by the
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Fig. 4.29 Oscillograph of the address and data-output
waveforms with external loads.

Tab. 4.2 Characteristics of 5V only 256kbit EEPROM.

Organization 32kword*8bit
Operation Fully asynchronous

(with internal clocks)

Technology N-well CMOS
(single poly & single Al)

Minimum gate length 1.4um

Gate Oxide thickness ZSOX

Thin Oxide thickness 85K

Cell size 86.25um

Die size 7.33*%6.23mm

I1/0 interface TTL

Address Access Time 150ns(typical)

Chip Select Access time 150ns(typical)

Ilrase/Program Time 3.6ms(typical)

(16byte page)

Active Power 80mW
35mW(1MHz)

Standby Power 1uW

Package 28pin DIP

(256kbit SRAM compatible)
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later one. However, the choice quite depends on the
available technology.

A 5V only 256kbit CMOS EEPROM employing a new single
polysilicon <cell, DIFLOX, has been successfully designed
and fabricated. Exploiting 1.2um design rules, and 1.4um
gate lengtﬁ for the high voltage transistors, the cell size
was reduced to 86.25um2. The cell was designed to eliminate
any leakage currént caused by the junction breakdown and
the field inversion. The cell, which offers a 5V threshold
window between the erase and program state, allows 100uA
reading current in the conductive state. It guarantees over
105 erase/progfam cycles. By using the page-mode
programming, the EEPROM allows successive data load up to
16 bytes with the same timing as an SRAM. The erase/program
is carried out for the bytes at once within 3.éms,All the
timings are controlled by several kinds of clocks, all of
which are generated internally by the timers constructed by
the switched capacitor technique. The improved open
bit-line scheme was applied for the read operation. By
using the disfributed sense amplifier scheme for the
word-line delay compensation, 150ns typical address access
time was obtained under 80mW ' power dissipation. This
internally synchronous and externally asynchronous
architecture fits the page-mode programming, because the
sense amplifiers are also used to share the internal
storage of the programming data. Due to the CMOS circuit
configuration, the <chip offers extremely small standby

power dissipation.
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Chapter 5

Design of an Application Specific Memory IC

for LSI Function Testing

5.1 Overview

Recently, we have seen an explosion in the development
of application specific ICs, (ASICs) for- use in systems
ranging from computers to communications. This increase in
integrated circuit designs has been driven by the improve-
ments in both IC technology and computer tools. However,
testing these chips after they are manufactured remains a
serious problem. As more complicated functions have been
integrated in one VLSI chip, the cost of testing has becone
a significant part of the total cost. To reduce testing
costs, designers often include circuits to improve testa-
bility of the chip[44,45]. Some people have included enough
hardware on chip so they are able to performance speed
testing using a low speed test setup [46,47]. However, per-
formance testing usually depends on expensive testers, which
contain a sophisticated controller, high speed vector RAM,
large tesf heads with high speed pin electronics, and large
wide cables to connect everythiﬁg up. These complex tésters
may be necessary for parametric testing and for final
production testing but they are not well suited for initial
engineering debug and evaluation. For these applications a
more flexible setup is needed, preferably one that is inex-

pensive enough that it can be allocated to a single project.
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This chapter describes the Data Generator and Receiver
(DGR), an architecture for a chip that can be used to build
a small, flexible, low-cost functional tester. The <chip
contains 6K - 8Kbit vector memory besides the sequencer and
pin electronics. The one-chip memory gains data traffic band
width, enabling high-speed testing. So, DGR is a kind of
application specific memory ICs (ASMIC).

Using integrated circuit technology to help solve the
tester problem has many advantaggs. The resulting tester is
physically small allowing it to be integrated directly on a
probe card or a test board. All the high speed sigﬁals would
then be confined to very short wires between the Device Un-
der Test(DUT) pins and the tester chips; the long cables be-
tween the tester and the host computer could operate at much
slower speeds. The performance of the tester chips should
scale with the device performance, since they both can be
manufactured with same technology. Finally since the entire
tester consists of a small number of identical chips, the
overall cost of the tester should be low. This lowcost would
make it possible for individual groups to have their own
tester, rather than having to time-share on a large tester.

Section 5.2 and 5.3 describe DGR system design and
on-chip memory design, respectively. In Section 5.4, some
circuit techniques implemented to DGR are explained. Section
5.5 addresses DGR design environment. Section 5.6 describes
the performance of the prototype DGR. Some results obtained
by the refined one, fabricated by the advanced technology

are given. The work is summarized in Section 5.7.
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5.2 DGR System Design

The DGR was designed to be a basic building block for a
functional tester. Each chip would drive a number of DUT
pins and contain memory to store the test vectors for these
pins. For the prototypes that was designed, each chip
drives 16DUT pins and stores 256 vectors. The number of
tester pins can be expanded by running multiple DGR chips
in parallel, and the vector depth can be expanded by
cascading DGR chips. Figure 5.1 shows an example tester
built using DGR chips. During the setup phase of the test
the host processor loads the test vectors, sequence
information, and personality of the DUT pins. This
interface is completely asynchronous; the DGR chips 1look
like conventional SRAM to the host. After the test has been
loaded the "BeginTest" pin is asserted and the DGR runs the
test using the stored vectors to both drive pins and check
the results. The chip contains a set of registers to store
the addresses of vectors where errors are detected. During
a test the DGR can also ﬁse its vector memory to store the
actual values on the DUT pins. The contents of the memory
can be read after the test to help the designer debug the
device being tested.

Each test vector contains two bits per pin. One bit,
the "state bit", determines whether the tester should be
driving or sensing the DUT pin. The other bit, "the value
bit", sets whether the pin should be high or low. The value
bit sets the output level when the bin is a driver, and is

used as the expected value when the pin is a receiver. The
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Tab. 5.1 Test sequences.
(3)Case 3 (4)Case 4
*GO/NG Test *Single Step
*Wafer test *Initial Check
Host DGR Host DGR
Pin Config. LOAD Forcing Data LOAD
Forcing Data —> | Hemory >
Expected Data Register Read | Register
%
Test Start > Forcing Data LOAD
Real time —_—>
Flag [ Test Read | Register
< «—
GO/NG forcing Data LOAD
Test Start —_—>
Real time
Flag | Test
[
GO/NG
No_tracing Data
(1)Case 1 (2)Case 2
*High Speed Test *Slow Test
*Timing Test *Function Test
Host DGR Hos t DGR
Pin Config. LOAD Pin Config. >
Forcing Data —> | Hemory Hrite Thru
Expected Data Register Test Start >
<«<—— | Data Req.
Test Start —_— Forcing Data —_—>
Real time Expected Data Real time
Test Flag ] Test
I Judge <«
Il -
forcing Data —_—>
< Test End Expected Data Real time
Data Request Flag [ Test
—> | Traced Judge <«
Failure <« Data Il
Analysis Read I i
I Flag
il Judge L S
Test Stop —_—>
Traced
Failure <« Data
Analysis Read




use df two bits per pin means that the DGR chip can easily
handle bidirectional 1I1/0 pins. Since all pins <can be
bidirectional, the user need not worry about connecting
input pins of the DUT to the "right" DGR pins. This means a
standard tester board can be used to test a number of
different chips. The only custom wires that need to be
provided by the user are power supply connections.

The DGR also supports a lower speed read/write through
mode for tests that require a very large number of vectors.
In "Write-Through Mode" the test vectors are provided one
at time through the host interface, synchronized with the
DGR by using the "DataRequest" pin. Since the vectors are
supplied externally, there is no 1limit on vector length.
The maximum vector rate in Write-Through Mode will most
likely be limited by the connection between the host and
the tester, and thus there is a trade off between vector
length and maximum vector rate.

The -several kinds of test sequences using the DGR are

summarized in Tab. 5.1.
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5.2.1 Block Diagram

As 1is shown in Fig. 5.2, the DGR can be divided into
three main blocks: address control, vector memory, and DUT
.pin coﬁtrol, The heart of the chip is the vector memory
which stores the patterns to apply the DUT pins. The memory
has two different modes of operation. In the normal
operating mode the value bit storage of the vector memory
is used twice. At the beginning of the test it stores the
expected value of the DUT outputs. This value is compared
with the actual DUT output and generates an error if they
do not match. During the test, these values are overwritten
with the actual DUT pin values, allowing the host to read
back the actual values after the test. For wafer probe this
overwriting of data could increase the testing time , since
it would force the host to reload the vectors after every
test. To avoid this problem, the DGR provides a memory
protect mode. In this mode the vector memory can only be
changed by the host; running the test will not cause any of
the value bit change. Even in the write protect mode, all
the informations about the error, the error addresses, and
error bits, are kept in the registers, as explained'in the
following paragraphs. So, the host can easily recognize how

was the DUT.

5.2.2. Pin Drive

The output of the vector memory is sent to the DUT pin
drive block. This circuit controls the format and timing of
the outputs and inputs. For each DUT pin, there are two

eight-bit registers Areg. and Breg., that are used to
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configure the pin. The features of the pin drive are shown
in Table 5.2. Each pin can be programmed for "Return Zero"
(RZ), or a "Non Return Zero" (NRZ) code. The output timing
can be synchronized to either the external ¢,, or &, clogk
and either clock can be used to sample the input data. The
state of the pin before the test begins is also wuser
programmable, as is the state of the pin after the test
finishes. For the testing of high impedance (HiZ) or open-
collector device pins, DUT pins can be weakly clamped high
or low. These clamps are implemented using a small PMOS and
NMOS transistor in the DUT output buffer. The gates of these
transistors are controlled by the configuration register.
Each pin is short circuit protected. If a short circuit
condition is detected, the pad 1is tristated, and the
short-circuit flag is asserted. The detail of this
circuitry will be described in Section 5.4. There are two
flags associated with error reporting. The "Error Enable
Flag" causes the pin to compare the data on the DUT pad
with the data supplied from the vector memory. If the
values are not the same, the "Error Detecfed" bit is set in
the configuration register, and DGR asserts Error to inform
the host processor that an error has occurred. The
remaining configuration bits are used to implement a simple
conditional branch. If ‘the "Comparc Enable" bit 1is set,
then the DUT pad is compared against the value stored in
the "Compare O0/1" bit. When all the DUT pins with the
Compare Enable set match their expected values a match

signal is sent to the sequencer.
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5.2.3 Sequencer

The sequencer consists of a counter, comparator, and a
set of special registers. The functions of the sixteen
special registers are listed in Table 5.3. Seven of
registers are reaa—only and are automaticaliy reset at the
beginning of a test cycle. These include four registers to
store the address of the first four errors, a register to
record where the first pin short-circuit occurred, and then
a number of registers for monitoring the ‘test. The
remaining nine registers are used to control the test
sequence. The test begins at the "Start Address", and ends
when it reaches either of the two "Stop Addpesses". The
"Jump Address" and the "Jump Destination” allow the user to
program an unconditional loop, and the "Branch Address" and
the "Branch Destination"” provide a conditional branch
capability. The "Trigger Address" and "Trigger Mask" allow
the user to set up an external pulse synchfonized to the
tester. The mask selects which bits of the address must
match the Trigger Address for the Trigger Pin to be high.
This feature used in conjunction with the unconditional
loop makes oscilloscope testing very easy. As we will
describe in the next section, four vectors are fetched from
the memory on each access. This improves the performance of
the DGR chip, but also constraints the Start, Stop, Jump,
and Bfanch addresses to be a multiple of four.

There are two registers which allow the wuser to
configure the DGR as is shown in Tab. 5.4. The user can

disable the jumps and branches by setting the appropriate
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Tab.

5.2 DUT control registers.

A-reg.:even B-reg. :o0dd.

Sync. /%P> A-O
NRZ /RZ A-1
Start 0/1 A-2

Data Out
Start recv./drv. A-3
Stop Hz A-7
Invert Output B-2
Weak Clamp 1 B-3

Pin Clamp
Weak Clamp O A-6
Sense @,/ ®; B-0O

Data Out
Current Pin Value B-1
Short CKT. Enable A-4
Error Flag Enable B4

Flag
Compare Enable B-7
Compare 0/1 B-6
Error Detected B-5
Status

Short CKT Detected | A-5

Tab. 5.3 Address registers. Tab. 5.4 Status registers.
Start Address 120 o) Jump Out Enable
Jump Destination 121 1 Branch Qut Enable
Branch Destinaton 122 2 Done Out Enable
Test Seq. CNTL. Stop Address 1 123 3 Test Mode
(R/W) Stop Address2 124 Sm(t;;g? ¢! 4 | Jump Input Acceptable RIW
Jump Address 125 5 |Branch Input Acceptable
Branch Address 126 6 MWB Enable
Ext. Trigger Trigger Address 127 7 | Jump Input Active Low
(R/W) Trigger Enable 128 o) Jump Occurred
Final Addres 129 1 Branch Occurred R
Counter Monitor 12A 2 Pin Initialize R/W
SC Occurrence 128 3 Done Generated
Monitor Ist Error Occurrence 12C smt?fz,ﬁe 9.2 4 | Jump Flag Received
(R) 2nd Error Occurrence 12D 5 | Branch Flag Received | R
3rd Error Occurrence 12E 6 | Short CKT. Detected
4th Error Occurrence 12F 7 Error Detected
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bits, and can set the memory protect mode by setting memory
writeback enable (MWB Enable) low. The Pin Initialize bit
is used to set the transition between the end of one test
and the beginning of the next test. Until this bhit is set
the DUT pads will be holding the value from the last test.
Once the bit 1is set the DUT pads are controlled by the
initial value bits of the configuration register. As the
pin values can be read directly as a bit of registers, this
feature makes it pdssible to test the DUT chip step by step
(Single Step Mode).

The Test Mode bit was added to make testing of the DGR
chip, itself, simpler. Usually, the DGR chip only compares
the data on the pad with the expected data for pins acting
as receivers because of the possible conflict when the
output is driven off a different clock than the one used to
sample the input. Setting the Test Mode bit enables this
check for drivers as well as receivers. This simplifies
speed self-testing the DGR, since the DGR will check its
own output. |

All the registers are set to Zero, when the "Reset Pin"
is asserted.‘ The registers and memory can be read or
written through a simple synchronous host interface when
the DGR chip is not running a test. In this state, the test
vector clocks, @,, and &, have no effect and can be
ignored. When a test is in progress the host can still
asynchronously read any of the registers, but register

writes and memory accesss are inhibited.
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5.3 On-Chip Memory Design

The operation of the vector memory is made more
difficult by the dual use of the value bits. When "Memory
Write Back" is enabled the value bits need to be read from
and written to the memory on each cycle. A straight-forward
implementation would require the memory access time to be
half the vector cycle time. To prevent this situation, the
DGR reads four vectors from the memory on each access, and
stores four vectors on each write. Since each vector
consists of two bits per pin and there are sixteen pins,
the memory must read or write 128 bits on each access. By
using this wide path to memory, the access time for the
memory becomes twice the vector cycle time.

Even with the memory .running at half the vector
frequency, we felt that the memory access time would still
affect the overall speed of the chip. To reduce this delay,
we used a high speed memory organization, and took
advantage of the synchronous nature of the vector access.
The basic memory organization is shown in Fig. 5.3. The
memory uses a standard six-transistor memory cell, with a
sense amplifier and write driver allocated to each pair of
bit lines. The memory has two modes of operation. During
testing the memory accesses are synchronous, while during
loading the host accesses are asynchronous. Figure 5.4
shows the timing w#veforms for the synchronous access mode,
along with the values of the control lines for asynchronous
operation. To improve the access time for the synchronous

operation, ®, of the first clock cycle is used to equalize
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the bit lines. During this period no word lines are
asserted to prevent any write disturb problem. After the
equalization the word line is driven into the array and the
outputs of the sense amplifiers are latched on &, of the
second cycle. To save power the sense amplifiers are only
enabled during the read operations.

Figure 5.5 gives the timing waveforms during normal
test operation. The basic memory operation takes four clock
cycles, the first two clocks are used to read the memory,
and the second two clocks are used to write the measured
results back into the memory. To accomodate delays in DUT
pin drive, the measured values are written into the memory
6 cycles after the expected value are read from the memory.
The read address is presented to the memory early in the
first clock cycle, and the output of the memory is latched
at the end of the second clock cycle. The data is then
serialized (Serial Out in Fig. 5.5) and sent to the DUT pin
drive where it is first used on the fourth clock cycle. The
measured values are collected during cycles four through
seven, shifted into a serial to parallel converter ("Serial

In in Fig. 5.5) and then written into the RAM at the end
of the eighth clock cycle. There is no problem with a write
disturb since all reads equalize the bit lines before the
word lines are asserted.

The comparison for branches and errors occurs four
cycles after the address is first presented to the memroy.

This skew causes branches to have a delay effect. If A; is a

conditional branch address, the DGR chip drives the Jump
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Fig. 5.6 Timing waveforms for Jump and Branch operation.
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Pin when address Ay, would be fetched. This means that
vectors Ap,;, Apz, and Ayg are driven out to the pads
independent of the branch comparison. if data in all the
DGR chips are correct then Jump will be high and this will
cause the branch destination to be fetched instead of Ap,
(See Fig. 5.6). To provide some extra time for the external
Jump Pin to settle, the loading of the address register
("Int. Load" in Fig. 5.6) is done in the gap between ®, and
®,, rather than requiring the pin to settle early in &,.
This delay is acceptable since the memory word lines are
not driven until &, of the first cycle.

The test begins when the "Begin Test" is asserted. The
first clock cycle after "Begin Test" rises is used to set
the counter and clear all the read-only address resisters.
On the following clock éycle the start address 1is sent to
the RAM to fetch the first set of four vectors. The first
write into memory is not enabled since there is no valid
data to store. The DGR continues to fetch values until the
stop address is reached. At this point "Test End" pin is
asserted, and it remains asserted until the "Begin Test”

pin falls. The "Test End" pin can be used as the "Begin

Test"” signal to another DGR allowing two devices to be
cascaded to increase the vector length. Besides this
automatic stop by the DGR itself, the DGR vector

output/input operation can halt by making "Begin Test"”

N

signal low by host. It enables emergency stop by the

external controller.

To cover both synchronous and asynchronous operation,
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the normally-on bit-line precharge scheme was used for a
vecfor memory, which has already been addressed in Chapter
3. A smaller bit-line swing results in the higher speed
access time ( or, better write recovery ), but consumes
more current as shown in Fig. 5.7. By compromising the
speed with the power, 1.5V was chosen as a bit-line swing.
It is to be noted that the bit-line low level, 2V, is much

higher than the 1level of flipping the cell data. It is

quite important, if the wordline multi-selection occurs.
Besides the <current through the <cell, there is another
major DC current path, caused by the current mirror

bit-line sense amplifiers. Different from the SRAM design
in Chapter 3, 128 sense amplifiers are driven to be 1in
active in the memory read phase of testing mode,
simultaneously. So, the current dissipation per one sense
amplifier was reduced and designed as 140uA.

Additional current consumes when one of bit-line pair
is biased to zero in the memory write, It causes about
1.15mA current flow throﬁgh the normally-on prechage
transistor. As long as only 32 bit-line pairs are selected
and usually the write enable input is short, it is not so
significant in the asynchronous operation. However, in
testing mode, especially in slower test, it might be a
cause of heat-up, because 128 bit lines are set to Zero.
So, during the memory write of testing mode, the precharge

load is switched to the higher impedance devices, and the

power is saved.
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5.4 Circuit Descriptions

5.4.1 Short Circuit Protection

A Scheme of the short-circuit proteétion circuit, and a
set of example waveforms are shown in Fig. 5.8. When the
DUT acts as a driver, the data that drives the buffer and
the data which actuall& comes out at the DUT pin (DO) are
compared when "SC-chk"” 1is high. The timing of "SC-chk"
depends on the timing of the driver. If the pin is driven
during ¢, then the check is done on ¢, to allow the pad
enough time to settle to its new value. If the values do
not agree then the short-circuit flag is asserted and that
driver is disabled. This circuit will protect the outputs
from melting from over-current. The short circuit flag can
be read as part of the device configuration register and,
if the short-circuit enable bit is set, will cause the

address where the problem occurred to be reported.

5.4.2 Variable Data Acquisition

‘The skew between the clocks and the actual transitions
of the DUT pads (which is defined bt, in Fig. 5.9) is not
significant as long as all the pins have roughly the same
delay. This delay is not important since the DUT's clocks
are also dri&en by the DGR chip (using a RZ format) and
thus will be skewed along with every thing else. As long as

all the pins are delayed the same amount the DUT can not

- 129 -



[

——n
1
-
]
[
-
==
]
]
T |
-
i

¢|1¢2

Dom)__)r m
Data Acq.(b) / \\\ / W\ / W\ /_“

variable

registers

——— FFF—_r—FF DUTcntl.
— oy
(@) e ol

®,0 — DT 17 (c)
ic EILZC 440 iBC
VAT T

bo b, b, by
register

DO(b)

Fig. 5.9 Schemation of the adjustable delay circuit.

- 130 -



tell the skew is present. However, it would be more helpful
to be able to adjust the skew between the clock and the
input sample clock (O8t;, in Fig. 5.9) to insure that the DGR
sampled the pins at the correct time. As shown in Fig. 5.9,
the signal that drives the output‘buffer goes through many
gates to provide an adjustable format, while the input path
is quite simple. Using the switch 1level simulator RSIM
[48], the output delay around 40ns and the input delay is
18ns. This delay is also dependent on the fabrication
process which makes matching more difficult. To reduce this
problem, we added a variable delay circuits to input clock.
A set of binary capacitances and switches are used as a
delay generator. A special 4-bit register controls the
switches allowing the delay to be increased by increasing

the load on the output.

5.4.3 Counter

As the DGR should operate from DC to high frequency
vector rate, the address generator, or the counter was
designed by static circuit with high-speed capability. A
counter can be regarded as an adder. Now, we define that A
and B are the adder inputs, C is the carry, and S§ is the
sum outputs. Using the conception of the Manchester carry
chain, the carry of the i-th stage, C,, and the sum, S, .

may be expressed as;
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C, = G, + P;Cyy, (56.1)

S, = Cy, © P, (5.2)
where

G, = A, B, generate signal (5.3)

P; = A, © B, propagate signal. (5.4)

The notation ® represents Exclusive OR. The adder elemental
circuit is shown in Fig. 5.10(a). Especially, as a counter,
B, = 1, and B, = 0 (i>0). So, Egs (5.1) and (5.2) can be

simplified as

Gy = Ay, and P, = A,, (5.5)

G,

0 , and P; = A, (i>0). (5.6)

By using the adder element in static, Exclusive-Or. gates,
made by 6 transistors shown in Fig. 5.10(b), 2-phase
clocks, ¢, and ¢,, and flip-flops, a static counter shown
in ¥Fig 5.11 was realized and applied to the address
generator. It counts up the vector memory address one by
one. When the jump flag is asserted, the content of the
register, S, is replaced by the destination address, SY,
during both ¢, and ¢, low. In the following cycle, as soon
as @, goes high, the address SS9 comes out as the next
address A, .

Exclusive OR gates shown in Fig. 5.16(b) are also used
as address comparators. This counter made by 3um CMOS
technology, operates over 16MHz under 5V supply voltage,
which is much faster than test vector generating rate, as
explained in Section 5.6. So, it 1is concludgd that the
Jimiting factor of the maximum test vector rate is not the

counter but the memory access time.
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5.5 Design Environment

Apart from the DGR itself, this section will describe
the ¢custom LSI design environment at Stanford University 1in
1985-86, where the DGR was designed.

The CMOS design rules applied to the DGR are shown in
Table A5.5. Different from the standard memory design
approach explained in Chapter 2, 3 and 4, all the degign
rules are described as unit . If 3um CMOS technology is
taken, A is 1.5um, while, with the same chip layout, A
becomes 1.0um, if 2.0um CMOS technology is applied. This
approach loses chip-size optimization, but can keep the
design property. This aspect seems to be more impotant than
the individual design rule shrinkage from the designer
point of view. And this is why the DGR was made by both 2um
and 3um CMOS fabrication processes as presented in Section
5.6. The layout work of DGR was performed by "Magic",
running on the micro VAX. "Magic" is an interactive pattern
editting system for creating and modifying VLSI circuits
[49]. It is based on the Mead-Conway style of design [50],
and permits only Manhattan designs (those whose edges are
vertical or horizontal). This means that Magic takes
simplified design rules and circuit structure. The
simp]ification mékes it easier to design <circuits and
permits Magic to provide more powerfui assistance.

In advance of this layout work, logic circuits was
designed after the specifications were determined. In the
stage, the Valid SCALD system, a schematics entry systen
was used. The graphic editor of the system has basic

primitives like wires and circles, and also allows the user
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Tab. 5.5 Design rules.

Width Separation
diff 2 same diff 3
poly 2 ndiff-pdiff 0
metall 3 poly-poly 2
metal2 4 polycontact-poly] 3
cut 2 diff-poly 1
via 3 metall-metall 3
metal2-metal2 4
Extension cut-transistor 2
diff beyond trans| 2 cut-via 3
poly beyond trans| 2
diff beyond cut 2
poly beyond cut 1
metall beyond cut| 1
metall beyond via| 1
metal2 beyond via| 1
Specifications
[
l.ogic Design :Valid SCALD ===> rsim
|
Circuit Design{ :Valid SCALD ===> SPICE
l rsim
Pattern Layout :Magic
|
Circuit Extraction| :ext2sim
]
Layout Verification|:rsim,SPICE
|
Function Check :ICTEST: Test
.cif Making|===> MOSIS ===>! LSI
Venders

Fig. 5.12 CAD tools.
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to call upon libraries which contain "bodies” that have
been defined by the user. The bodies can have associated
with the drawings, simulation and timing models. The.SCALD
system permits the compilation of a drawing or set of
drawings so that -the circuit can be logically simulated,
checked for its timing or have a wire list generated.

Once the circuit schematic or the circuit iayout is
made, the net list is extracted and the form is converted
to the "rsim" [48] input form. "rsim" is the event-driven,
logic-level timing simulator. It adopts a linear model of
the transistor in terms of an effective resistance of the
fransistor. The outputs are provided by the. logic state,
"0o", "1", and "X", and the gate delay is calculated by RC
network. The "rsim" solves the whole DGR circuits' state
(77K transistor) in a reasonable time (1 step/sec). The
simulator, "SPICE"‘was only used for the analog circuits
such as sense aﬁplifiers.

The whole circuits operation was verified by "ICTEST".
"ICTEST" is a superset of the C programming language that
specializes in test programs for integrated circuits. It is
used by the de§igner to specify the stimulus to a circuit
and the expected response from the circuit. In addition,
"ICTEST" provides a common interface to a medium tester and
simulation environment, for example "rsim". It means that
by "ICTEST", one can make both the simulator input form for
checking the function and the test vector for the real chip
from the same source program.

Finally, the layout file is sent to MOSIS in ".cif"
format, and the chip is fabricated by various vendors.

The design environment is summarized in Fig. 5.12.
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5.6 Results

A prototype DGR was designed in a 3um, double Al CMOS
technology, and contains 64.5K transistors in a die size of
9.2mm by 7.9mm. A die photo of device is shown in Fig.
5.13. One DGR supports 192 test vectors for 16 DUT pins,
and fits into an 84 pin PGA package. The address access
time using the asynchronous host interface as a function of
the supply voltage is shown in Fig. 5.14. The difference
hetween the outputs DO and D8 is caused by the difference
of the parasitic capacitance connected to the internal bus
lines. Bus lines DO through D7 connect together the outputs
of all 51 registers in addition to the memory, while the
internal buses from D8 to D31 only go to the memory. The
diffusion capacitance from the additional bué drivers
greatly increases the capacitance making the lower order
lines much slower than the rest. Since the memory is read
128 bits at a time and there is a sense amplifier per bit,
Ag and A, are used only to select the correct set of
Jatches to drive the internal data lines. Thus the
difference in delay between the A, access time and the Ag
access time represents the time needed for word line
selection and bit line sensing of the memory. The rest of
the time is needed just to get the data off the chip.

In synchronous or vector mode, the minimum operating
cycle time as a function of the power supply voltage is
shown in Fig. 5.15. Figure 5.16(a) shows an oscilloscope
photo of two DUT outputs, both running NRZ codes. One

output is synchronized to ¢, and the other synchronized to
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Fig. 5.13 Die photo of 3um DGR chip.
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Address access time as a function of supply
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and fast (D8) data lines and full memory access
(A3) and column select (AO0).
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®,. This photo was obtained while the DGR was in a large
test loop, counting from 0 to 192 and then jumping back to
0. Although the column access time in the asynchronous mode
is over 150ns, a minimum operating cycle time of 90ns
(11MHz) was obtained under the condition of Vdd = 5V. This
result again shows most of the delay in asynchronous mode
of operation is in driving the large internal data bus. The
bus is isolated from the memory while the chip is in test
mode. As shown in Fig. 5.16(a), there is a delay between
the rising edges of the input clocks and the DUT output
pulses. Although the skew between the external clocks and
the pins is reasonably large, the skew between the pins is
relatively small, less than 10ns on average. Figure
5.16(b) shows RZ and NRZ clocks both synchronized to Q¢,.
Despite of the différent generating path, the difference in
the rising edges is kept within 10ns too. Figure 5.16(c)
shows NRZ clocks synchronized to ¢, and a jump flag (JMP)
detected at the output pin. It is spontaneously asserted as
an interrupt for DGR and makes the test sequence change to
the jump destination @ address. Over 10MHz operation is
observed in those photos.

Figure 5.17 shows the high and low level output voltage
as a function of the supply and sink current. The
short-circuit detectable vregion is revealed in the same
Figure. Once the short-circuit is detected, the DUT buffer
goes to Hiz (High Impedance). So, the maximum current
through the buffers is limited to 40ﬁA as a supply current,

and 45mA as a sink current, as long as the short-circuit
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Tab. 5.6 Performance of 2um and 3um DGR.

item 2um DGR 3um DGR
Die Size 9.2*%7.9mm|6.8*5.5mm
Transistors 65K 80K
DUT pin i6 16
Vectors 192 256
Vector rate >10MHz >16MHz
Idd <65mA <110mA
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flag is enabled.

We have recently received a vgrsion of this DGR chip
that was fabricated in a 2um technology. The <chip is
essentially a shrink of the original DGR chip with the
vector memory extended to the full 256 vectors. Preliminary
results indicated that this version of the chip runs over
16MHz, with the skews between the <clocks and pins of
roughly half the 3uﬁ version. Table 5.6 summarizes the

results for the two chips.

5.7 Summary

We proposed an architecture for a single chip
functional tester, the DGR, and have built a prototype of
it. The chip contains a small vector memory, sequencer, and
pin drive so it can drive and check DUT pins without
needing to transfer data to the host at the vector>rate.
This allows one to build simple low cost testers that have
a capability of short high-speed tests. The chibs also
provide a write through mode which makes it possible to
exercise DUTs with a large number of test vectors. The
prototype chips drive 16DUT pins and store 256 test vectors
on a 6.8mm by 5.5mm die using a Zum CMOS technology. These
chips can be connected in parallel to create more DUT pins,
and cascaded to increase the vector length. The 2um
versions of the chip operate over 16MVector/sec, and could

easily be extended to a higher frequency and deeper vector
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length by using a more advanced CMOS technology.

From an ASMIC point of view, on-chip memory is
successfully embedded into the system. The sequencer points
the memory address in advance, and each pin is able to -use
the memory data in an internal access time, in a word, a
delay from word-line buffers to sense amplifiers. Different
from the standard memory design, the following techniques
were applied to meet the specifications.

4-word simultaneous read and write,
combining the pipeline scheme.
Co-existence of synchronous and asynchronous
memory access.
Wide 128bit parallel organization.
Unique power saving bit-line load.
All are necessary for +the architecture to achieve the

flexible and high-speed LSI testing.
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Chapter 6
Conclusions

The device and circuit deéigns of an ECL-RAM, a Bi-CMOS
RAM, an EEPROM, and an ASMIC for LSI function testing,
containing CMOS vector memory in it, have been described.
They have different bit density, and are classified as
different categories. Among these memories, the ECL RAM is
the fastest, but the memory cell consumes holding cﬁrrent
to keep the data. Additionally, it occupies the largest
area due to the bipolar transistor isolation. The CMOS
six-transistor memory/cell used for the Bi-CMOS RAM and the
ASMIC holds the data without DC current, matching to the
large scale integration. The cell holding data statically
enables to achieve fast access time, when a bipolar circuit
technology is applied. The stable cell can be accompanied
by more flexible peripheral circuitry than the standard
read/write scheme. In other words, the RAM cell combined
with suitable read/write scheme for the application,
enables a high-speed LSI functional teéter, DGR (Data
Generator and Receiver).

The RAM data is volatile, and occupies still larger
cell area than non-volatile memofy cell. An EEPROM cell is.
composed of three electric components, a floating-gate
transistor, a select-gate transistor and a tunneling region
made by thin oxide. However, it suffers from a milli-second

order programming time, and slow access time due to the
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small conductance cell structure. Moreover, the process
complexity prevented it from integréting large bits in a
chip.

This chapter will first summarize the characterstics of
individual devices, and demonstrate their situations in
memories. Next, the common probelms through the memory
design, such as high-speed capability, high-functionality,
and design methodology will be discussed. Finally, some

thoughfs will be addressed to conclude the thesis.
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6.1 Individual Device Results

For the design of fast ECL RAM, high performance
electric components were assembled, these are, oxide
isolated NPN transistors, Schottky diode, and double level
aluminum. Polysilicon resistor was newly applied to bipolar
RAM. Utilizing minimum 3um design rule, the cell and chip
sizZe 1is 34*55ﬁm and 2.0%2 . 3mm, respectively. The 256bit RAM
presents 4.6ns access time with 340mW power dissipation.

Collector isolated NPN transistors are newly adopted to
CMOS circuits in the design 6f 64k high-speed RAM. The RAM
uses 6-transistor ~memory <cell, MoSi gate and bipolar
bit-line sense amplifiers. The bipolar transistor not only
decreases bit-line sensing delay, but also decreases the
chip-to-chip variation, namely, the worst-case access time.
The RAM offers 28ns address access time with 225mW power
dissipation at 5V power supply. The design rules are
basically 1.8um besides the NMOS gate length of 1.5um. NPN
transistors were fabricated on a same chip without any
additional process step other than CMOS. The cell size and
chip size are 18*%20um, and 5.95 * 6.84mm, respectively. The
CMOS RAM access time has been greatly improved from the
range of 60-80ns to around 30ns.

From the investigation shown in Chapter 3, the
single-polysilicon «cell is proved to be suitable for
high-density EEPROM, if the layout pattern and device
parameters are well optimized. The key issue for improving
the performance is making the <capacitance between the

floating gate and control gate large by using thin oxide as
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a di-electric. From the analysis, the tunneling effect is
negligible, if the threshold shift is within 5V. However,
within the recent available technology, the thin oxide area
on a drain should be separated from the floating sgate
transistor because of the substrate current generation,
which, however, is accompanied by a cell size increase. The
newly developed 256Kbit EEPROM enables 150ns address access
time with 80mW power dissipation. The programming time is
improved to 225us/byte virtually. By wusing 1.4um design
rule, the cell size is reduced to 6.5%11.5um, resulting in
7.33 * 6.23 mm chip size. It is contained into 28-pin DIP,
.which is pin-to-pin compatible to 256Kbit SRAM.

One chip tester chip, DGR, has a novel architecture,
giving a solution to the high-speed testing for recent
diversities of ASIC (Application Specific IC). In spite of
the quite conservative 3um CMOS technology, the «chip
enables over iOMHZ test vector generation, DUT data
acquisition, and comparison with the expected data. The
on-chip memory gains the operating band-width by 4 word
parallel read/write scheme, and pipelining. The 'RAM 1is
organized to fit 16 DUT pins, with the depth of 192 test
vecters. The power dissipation is 325mW. Using 37%28um RAM
cell, the chip size is 9.2 * 7.9 mm, 84-pin PGA packaging.
The advanced DGR applied by 2um CMOS technology, having
8Kbit vector memory, offers over 16MHz vector rate with

550mW.
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6.2 High-Speed Capability

High-speed memory access is required more than ever, as
the development of high-speed processors reduces the
bottle-neck of the system performance to the memory band-
width. The standard memory access time is roughly divided
into the following 5 components, input-buffer delay,
decodeing, word-line driving, bit-line sensing, output-
buffer delay. According to the MOSFETs' scaling law, device
performance' has been improved by the device miniaturiza-
tion, which has made the memory bit capacity larger than
the previous one. As long as the external circumstances, or
the 1/0 specifications are not <changed, the input and
output buffer delay would be improved by device perform-
ance. The decoding delay at least keeps constant, in spite
of the increase in 1line numbers and total line length.
However, nowadays, the assumption may not be true, because
spécifications which are not necessary at all for the
previous geﬁeration, such as the noise immunity, electro
static persistence, and supply current saving, become
serious. The clearance sometimes sacrifices access time.
So, the delay reduction in the cell peripheral has become
more important than ever,where device miniaturization does
not always lead to the delay reduction. The parasitic re-
sistance and capacitance can not be scaled down as devices.

The word-line delay reduction is enabled by using lo@
resistivity material. Silicide, such as Mosi, having 5Q/o
resistivity as is applied to Bi-CMOS RAM, is one solution.

However, it is only one sixth RC-delay reduction of poly-
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silicon. Double level Aluminum, 30mQ/g resistivity, reduces
RC delay more, as is used for DGR. However, it needs
additional contact area, connecting the gate materal with
metal, rusulting in core area increase, as shown in DGR and
ECL, design. After the RC delay reduction, a word-line
buffer with large drivability should be necessary, for
example, Darlington Configuration, and Bi—CMOS driver,
Different from bipolar memory, word-line amplitﬁde of CMOS
memory should be large enough to obtain much cell current,
Igu. It is common feature to all the voltage driven type
devices as MOSFET, but is a disadvandage for achieving
high-speed word-line switching. Because, word-line buffers
should provide much current for charging the product of
capacitance and amplitude. There is an optimization point
for the power dissipation, the layout pattern, and the
speed, as to a word-line buffer.

Bit-lines are always made by Aluminum, so no RC delay
problem occurs. In case of SRAM, a pair of bit-lines vary
differentially. Using the precharge currnt Ipg, and Igy,
the bit-line delay, tg, is approximately represented by:

tg = Cp * 0Vyg /(C lau + Imes ) (6.1) -
where, Cp, and 0OV are bit-line capacitance and minimum
detectable bit-line amplitude, respectively. Assﬁming' the
normal design as Igy = Ipeg, tg is then,

tg = 0.5 * Cyg * AVy / Igu. , (6.2)
Cp increases simply proportional to the square root of bit
capacity, as it is composed of the cell diffusion region

and metal lines. Igy is determined by the cell structure.
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In case of ECL RAM, the limiting factor of Igy., or read
current Ip was the parasitic resistance of Schottky diode.
That of SRAM was the equivalent series resistance of the
bit-line pass and cell driver NMOS transistors. As the gate
length is determined by the minimum design rule, the Igy is
inceased By the gate width, which, however, leads to the
cell size increase. Consequently, reducing the bit-line
amplitude, AOVyg, is effective to improve the delay without
area penalty. Adopting a small signal detectable sense-
amplifier, as bipolar differential amplifier which was used
in Bi-CMOS SRAM design, 1is necessary. Bipolar fransistors
naturally do not need large amplitude input to get a
drivability. It is proved to be effective.

Single ended bit-line as EEPROM or DRAM has a handicap
in the bit-line delay in comparison with SRAM, because the
reference voltage does not vary differentially, or Ipg=0.
In the same AVyp as SRAM, tp is two times larger at least.
Precharging and equalizing bit-line pairis by internally
generated clocks aid bit-lines to recover fast from the
previous\level, as far as the clock width and its drivabil-
ity are optimized. It is the other approach to decrease tp.
It is proved to be effective by the EEPROM design.

Other than the individual technology to reduce the bit-
and word-line delay, dividing memory cell array into
several blocks is useful, although it 1is accompnied by a
little area increase. It 1is adopted to SRAM and EEPROM
design. The architecture helps to save the active current

consumption, as well.
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6.3 High Functionality

Having high functionality on a chip has been attractive
from the system designer's point of view, and this is
comming true for LSI designers. Through the devices in the
thesis, the functionality is adopted for improving the
device performance. Different from ECL and SRAM design,
there is a room for taking it in EEPROM and Single chip
tester design.

The page-mode programming in EEPROM enables to shorten
the virtual programming time. After the successive data
loading to latches in nano-seconds, the data are programmed
in parallel, taking advantage of the low current dissipa-
tion in programming. The same technique will be utilized
for more than 1Mbit UV-EPROM. The page-mode programming can
be performed by adding several glue logics externally. For
users, the page-mode is the similar function as "gang",
which programs several devices in parallel, implemented
into some of PROM writers. However, for venders, they are
different. The programming time reduction per device, even
if it does virtually, cuts off test cost. So, it becomes
necessary for the high-density non-volatile memorieg.

Dealing with the data in parallel is quite effective to
gain the performance, as was shown in the tester chip
design. Pipelining in 3um DGR ‘enables below 90ns test
vector generation, although the memory access time in worst
case was 280ns at 5V. The technique is an extended idea
from the RISC (Reduced Instruction Set Computer) type micro

processor as MIPS-X [51]. The one of the greatest problems -
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of pipelining 1is a jumping, or changing the process
sequence. DGR only allows an interupt input in every four
clock cycles, to avoid NOP (no operation) cycle. MIPS-X
avoids the same problem by the compilation from the source
to assembler. Different from MIPS-X, changing the process
execution or the NOP insertion are not allowed for DGR,
because it needs a real time response.

As the bit capacity increases, the functionality will
be required not only to eliminate some peripheral glue
logics around the LSI but also to gain the performance of

LSI itself, or to reduce the LSI cost.

6.4 Design Methodology

The design methodology difference between the four
memories raisos interesting discussions. The former three
devices, ECL, SRAM and EEPROM, took the methods of standard
memory design. As the layout was hand-crafted, it was well
optimized. The design and fabrication were closely related
and interacted each other. As a result, the detailed design
rules were optimized to meet requirements of individual
devices, even though the same "minimum 2um” design rule is
applied. Special device structures, such as bipolar NPN
transistor in CMOS, or the single-polysilicon structured
cell are acceptable, if it 1is effective for the device
performance. On the contrary, the turn-around-time is
considerably longer, which means that it takes a long time

to debug the circuit and system design. Moreover, it is too
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difficult to shrink the chip at once. The approach is
suitable for the mass-produced devices.

On the other hand, the design of the tester chip is
quite different. No other process step than that for CMOS
logic gates is permitted. As a result, the cell size used
for the tester chip was about five times larger than that
of Bi-CMOS RAM, although both took the same six transistor
memory cell structure, and the approximately same 2Zum
design rules were applied. Instead, because of its
simplified design rules, the design was fully supported by
CAD, and the design period per one transistor was reduced
to one tenth of the standard memories. In addition, as the
désign property was kept independent of the fabrication
process generation, the 2um device was immediately realized
as an extention of 3um version. From the designer point of
view, it would be more preferable to have a storter
turn-around time, as was 1insisted in the panel discussion
of 1985 IEDM among the designers. This 1is an important

approach for the custom IC design.

6.5 Final Thoughts

Bi-CMOS is gaining a popularity, becaﬁse of 1ts high
sensitivity and high drivability. Since then, a lot of
Bi-CMOS circuits have been proposed not only for the high-
speed memories but also for some logic LSIs. The bipolar
amplifier application in CMOS circuits 1is expanded to a

high-speed carfy transfer circuit of the adder. The combi-
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nation of oxide isolated shallow junction NPN transistors
with buried layer and miniaturized CMOS transistors will
make it possible to realize high performance LSIT.

A single polysilicon cell is still attractive for the
high density EEPROM in the logic combined systems, because
of the fabrication process compatibility. From the bit
density and the cell current péint of view, a cell built
with a tunneling area coinciding with the channel of the
thin oxide transistor is attractive. The drain profile,
oxide thiékness, and charge pump circuits should be
optimized for high performance EEPROM.

The concept of silicon tester is quite new. There will
be several approaches to reduce the evaluation cost of
ASIC. TFor the next generation one- chip tester, implement-
ing internal\pattern generator, dealing with three values
("0","1" and "X") assigned to one DUT, increasing the test
vecfor depth rather than the width, and obtaining more
timing-accuracy should be taken into consideration.

The bit density of every standard memories is getting
large, almost 4 times every 3 years. The tendency has not
been changed, although the process has become more
sophisticated. On the other hand, we have seenlan explosion
in the development of function integrated chip as ASMIC
(Application Specific Memory IC). The high-speed and high-
functional CMOS memory has been demanded continuously. The
innovative design approach will be requifcd to find the
break-through point toward the next generation, cooperating

with the fabrication technology.
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