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ABSTRACT

Most dynamic random ‘acéess " memory (DRAM) designs
utilize a fabrication process developed to most effectively
realize an electrical design. When research for this thesis
began virtually all DRAMs vere made with an NMOS process.

This thesis examines the feasibility of making a dense
DRAM, vhich is inherently analog intensive, using an exist-
ing OMOS process optimized for dig{tal circuitry. Various

DRAM design approaches based on one transistor per memory

cell are examined. The design of a test chip and the corre-

lation of the experimental results of electrical performance

from this chip with simulations are then given. The

research shows thas a 64K DRAM vwith reasonable performance

is feasible with this process.

4
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‘ CHAPTER 1
INTRODUCTION

1.1 Thesis Objective ’
«

This thesis is concerned with determining the feasibil-
ity of making a 64K DRAM with a process not designed for
making memory. The process was designed go support custom
CMOS LSI; thus the usual and optimum approach of de?éloping
a process specifically for the realization of a DRAM design
can not be taken,

Although the thesis research is essentially a feasibil-
ity study for a 64K DRAM the results of the work are equally
‘applicablé to memories wifh smaller capacities, such as a 4K
DRAM, which would support other circuits on the same die in
custom LSI applications. An example is the usep of DRAM to
support a single chip microprocessor design.

To determine the feasibility of a 64K DRAM with the
existing process the critical components, namely sense
amplifiers and memory cells, must be developed and tested in
isolation so that their performance may be evaluated without
interactions between them giving misleading results. For
this reason a test cpip vas deemed necessary. This thesis
examines the criticél components of a DRAM both theore-
tically and experimentally with correlation of the results

where possible,
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1.2 Dynamic RAM Operation

Figure 1.2.1 below shows one column of a typical DRAM
structure using n-channel transistors. A 5V supply will be
assumed throughout this section.

With reference to Figure 1.2.1 the read operation may

p

be described as follows. The conventional DRAM structure is
symmetric with n rows of memory cells on either side of a
sense amplifier. Two additional rows are used for reference
cells, one used in conjunction with memory cells aftached to
bit line A and the other used with memory cells attached to
bit line B. The memory cell may be in one 6f two states.
For n-type memory cells, (as shown in Figure 1.2.1), a
logical 0 state is represented by a discharged capacitor and
a logical 1 state is fepresented by a charged capacitor.
The reference cell is {h a state which may be referred to as
a logical 1/2. The reference cell has an' amount of charge
stored on its capacitor approximately equal to half of the
charge stored on a memory cell storage capacitor in the .

charged state. Further detail on reference voltage gener-

ation may be found in Section 3.4.

ume the case vhere a memory cell in the logical 0
statehi§Xgh is attached to bit line A is being read. Both
bit line A and bit line B are precharged high by circuitry
vhich is not shown and the latch node is held high, thus
preventing the cross-coupled pair ©of transistors which form

the sense amplifier from conducting. The memory cell stor-
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f
. (
ﬂu .- Reference Word
Reference cell used ns Line B
with memory cells on . “ ¢
bit line B
v -r—i — - word Line A_
One of n memory cells ,___fLL_” )
on bit line A {
“ rd \
r = Memory Cell Storage
=r= Capacitor
¢
Access Transistor
Bit Line A
Sense Amplifier Latch Node
Bit Line B
r——d
Ry B
=F=
¢
One of n memory cellsﬁ A T Word Line Bn
on bit line B A
Re::rence cell used ¢ 1 Reference Word
with memory cells on Line A
bit line A H
Figure 1.2.1 ]

Conventional Open Bit Line NMOS Structure
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age capécitor is connected to bit line A by raising the
potential of its word line. Simultaneously the reference
cell storage capacitor is connected to bit line B by raising
its'vord line potential. Charge sharing then occurs betveen
the two storage capacitors and bit lines. This is illus-
trated in Figure 1.2.2 #ssuming typicgl'valuef for storage

and bit line capacitance. . ’

Bit Line

1 Word Line
ey

0.1 pf (Storage Capacitance)

"1 SY
T

::'.Jr':: 1.0 pf (Bit Line Capacitance)

&

Figure 1.2.2
Charge Sharing During Read Operation

Charge sharing vith the reference cell causes bit line
B to drop slightly below 5V. Charge sharing with the memory
cell causes bit 1§ne A to drop even further below svl Thus
a siall voltage imbalance will form across the sense ampli-

fier. The latch node is then lowered from 5V to OV in such




ya

! PAGE 5

a manner that only one of the transistors forming the sense
amplifier will turn on. For more detail on sense amplifier
latching the reader is referred to Chapter 4. This action
causes bit line A to discharge through the sense amplifier
while bit line B reu;ins very close to 5V, (recall that a-

slight drop in bit line voltage occurs wvhen the reference

‘cell is_chargé shared with the bit 1line). The voltage

’

imbalance across the sense amplifier is now éoﬁparqble vith
the power supply voltage. As the memory cell access tran-
sistor remains on throughout this latching process  the
initial voltage level in the memor; cell is reinstated.

At this point, data for an entire row of memory cells,
all of which share a common word line, are represented as
complementary signals with each column using one pair of bit
lines. The column decoder then selects one pair of bit
lines to be connected to the I/0 lines thus complefing the
read operat‘on. The memory cell access transistor 1is then
shut off thereby storing the regenerated data.

Leakage due to thermal generation will eventually
discharge the memory cell storage caﬁacitor to a level where
the sense amplifier can no 1longer reliably detect the volt-
age imbalance produced during a read cycle. Therefore each

memory cell must be read on a continual basis to prevent

‘loss of data. The act of reading for the sole purpose of

regenerating data vhich were degraded by leakage is called

refreshing. .Since the contents of the memory cells are not
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used externally during refresh the column decpders are not
activated. D

Before a subsequent read or refresh may occur the
reference level must be regeherated, (refer to Section 3.4
for details of this operation), and the bit lines must be
precharged up to 5V again.

The vrite operation is virtually identical to the read
operation with one exception. When the column decoders
select one pair of bit lines for conﬁection to the 1/0 lines
the bit line pair and associated sense amplifier are driven

to a 'new state by the 1/0 lines instead of the bit lines

driving the I/0 lines, as would occur for a read operation.
1.3 Dynamic RAM Issues

The major issues regarding DRAM design constraints, as
well as general issues to be considered during design, are

as follows: ’

i) Word line and bit line pitch constraints.
ii) Maximum tolerable soft errérﬂraie.
iii) sSignal margin limitations.

iv) Speed. .

v) Market competition.

vi) Use as a process test vehicle.
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i

One limitation on the size of the memory cell, (thus
the density of the overall design), is that it should be
compatible wvith the minimum bit line pitch and wvord line
pigch of pefipheral circuitry, (such as the decoders and
sense i-plifiers). The bit line pitch is the spacing
betveen two adjacent bit lines. Similarly the word line
pitch is the spacing between two adjacent word 1lines. If
the pitch “requirements are not met the DRAM structure
becomes very area intensive.

Another limitation on the size of the memory cell is
the requirement for a sufficient difference in ﬁharge on the
storage capacitor, representing the difference between a
logical 0 and a logical 1. Insufficient charge difference
results in‘a large number of soft errors. Soft errors are
random errors which occur when floating nodes, such as the
storége capacitor, are exceésively discharged due to charge
collection. The amount of char?e stored in a memory cell is
typically equivalent to 100,000 to 1,000,000 electrons.
This amount of charge is small enough that ionizing radi-
ation in the form of alpha particles, emitted by the pack-
age, can destroy the integrity of the data by discharging a
memory cell while data are stored, or by discharging a bit"
liée or sense amplifier vhile data are tyansferred to and
sensed by tﬁe sense amplifier during a read operation. A
detailed discussion of soft errors is given in Chapter 5.

The next design constraint is that of sufficient signal

margin. Signal margin is defined as the worst case voltage

.
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difference distinguishing a logical level, (either a logical
0 or a logical 1), from a reference level. Signal margin is
limited by the charge stored in the memory cell and by the
loss in signal due to charge sharing vhen data are trans-
ferred from the memory cell storage capacitor to the larger
capacitance of the bit line and the input to the sensé
amplifier, (as previously illustrated in \Figure 1.2.2).
Typical signal margins are on the order of 100mV to 300mv.
This signal margin is low enough that capacitive coupling
between word lines and bit lines must be considered. The
sensitivity of the sense amplifier, which 1is the minimum
signal that it can reliably detect, also reduces the signal
margin.

The final design constraint is that of operating speed.
Operating speed is limited bx the time cénstant of intercon-
nect, by the latching speed aﬁﬁ 5} the®time required to pass
data from the bit lines to tﬁ; I/O'lines. Decoding time is
mostly limited by the time constant of interconnect. Using
metal rather than polysilicon wherever possible will reduce
the speed }imitat?on due to interconnect. Latching spéed is
inversely proportional\ to the signal margin, thus an
incretase in signal margin not only reduces the noise suscep-
tibility of the DRAM but also increases its sLeed. The time
required to pass data from the bit lines to the 1/0 lines
may be reduced by dncreasing the gain of the transistors

which separate the bit lines from the 1/0 lines. The size
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of these transistors are often constrained by the bit'liné
pitch.

A general issue to be considered vhen designing a DRAM
is that the DRAM market is very competitive with low profit
margins. To make a competitive DRAM and to overcome the
above mentioned design conséraints, process and circuit
designers must work closely together. Circuit designers
should be able to explain the DRAM design problems to a
process designer and suggest solutions through various proc-
ess modifications or alternatives. The process designer
should be able to advise the circuit desi;ner of the feasi-
bility of such process changes and explain the tradeoffs of
the changes from an economic ‘and reliability point of view.
Such interaction is essential when taking the usual approach
of developing a fabrication process specifically fér an
electrical design.

Until very recently all DRAMs were made with an NMOS
technology. However (MOS iechnology offers the advantages
of reduced peripharal circuit complexity and improved noise
immunity. It has recently become evident that CMOS can be
competitive despite increased cost and decreased density
associated vith the process [1,2].

As a DRAM typically contains thousands of identical
celis each taxing the design rules to their 1limit it makes

rigorous demands on the integrity of the process technology

used to fabricate it. It is, in fact, often used as test

vehicle for monitoring ihe yield of a process. he small
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signal margins used are also useful in predicting the impact
of soft errors on other'VLSI designs. When VLSI designs
other than DRAM are implemented junction capacitance will be
reduced, due to geometry scaling, to such a level that alpha
particles may discharge floati¥ng nodes. Thus simple dynamic

circuitry may not operate reliably. .

1.4 Thesis Organization

The fea®ibility study begins at Chapter 2 with a
description  of the available process. Conventional
solutions to the DRAM issues which were discussed in -Section
1.3 are then presented. The appropriate choice of solution
for each issue, for the fabrication process available, is
then given. As previously discussed in Section v1.1 a test
chip is deemed necessary to Jjustify the chosen solutions.
The approach wused to desigh and lay out the test chip as
well as a description of it is given in Chapter .2. By
laying out the test chip the minimum pitch dimensions are
found. If it is found that the size of the memory is limit-
ed much more by the ﬁitch requirements than by the minimum
stored charge, variations in system architecture may be used
to alleviate the problem. Chapter 2 contihues with choice
of the optimum system architecture for the DRAM, based updb

the established values of minimum pitch dimensions. At thls

point the bit line "loading, (number of memory cells/bit
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line), 1is determined, an essential requirement before
circuit simulation of the DRAM can be undertaken.

Further research and theoretical predictions for a 64K
DRAM are then undertaken and are treated in Chapters 3 to 6.
The test chip is then analysed and experimental performance
data is presented to verify the theoretical predictions. To
facilitate comparison of theoret?cal and Ex?erimental
results the data gathered from the test chip are given in
the section where the corregponding theory is presented.

Knowing the bit line 1loading, the worst.case signal
margin may be investigated. Signal margin analysis is the
subject of Chapter 3, Jﬂﬁch.constitutes a major contributien
of the thesis. Signal margin is determined by summing up
several components which fall into several cateqpries,’the
most important of which are the worst case threshold imbal-
ance, and sensitivity to process tolerances. To make the
treatment managable, ’tpe memory cell, bit 1line and sense
amplifier are treated in isolation. Alfﬁough the same proc-

: .

ess variations will occur in all memory cells, bit lines and
sense amplifiers at the same time, the number of combina-
t{ons nof process changes is difficult to analyse, By
computing the resulting worst case signal margin after all
ﬁrocess ~tolérances are taken into account one can then
determine whether the interactiqns between the tolerances, of

each component should be included. This approach simplifies

computation, allows comparison of individual components and

builds an added safety margin into the design. Worst case
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supply voltage is used in determining the worst case sigpal
margin in the memory cell.
An accurate reference signal is required to allow the

sense amplifier to detect the difference between a logical 0
A

and logical 1 level after. the memory cell has &nsferred

Wh 1.2 for

the data signal to the bit 1lines, (refer to Sect
an explanation of the read cycle}). This consideration is
next addressed in Chapter 3 which continues with a compar-
ison of two possible reference schemes. Upon transferring
the data signal, which |is representedl by a charged or
discharged capacitor state, to the higher capacitance bit
line, signal degradation due to vCharge sharing occurs. The
nominal signal margin of the datahafter charge sharing with
the bit lines is necesséry at this point, so that the refer-
ence level may be determined. These reference schemes solve
"the problem introduced by capacitive coupling between the
gate of thé. éccess transistor, (which separates the memory
cells storage capacitor from the bit line), and ;hé? bit
line, as well as variations of the charge stored in the
memory cell due to changes in operating temperature and/or
power supply voltage. Worst case reference cell variation
due to process tolerances is then added. The best reference
scheme ‘ts chosen and used throughout the remaining analysis.
Also treated in-Chapter 3 is the loss of charge in the
memory cell due to‘thermal generation, "the influence of

capacitive coupling effects and charge, sharing effects

between the memory cell storage capacitor and the bit line.
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The  chapter concludes with estimates of the worst case
signal margin at the sense amplifier sensipq nddes, taking
into account all the factors analysed.

Chapter 4 investigates various latching schemes. The
latching process is taken to include all steps following the
introduction/of a voltage imbalance ‘on the bit 1lines up to
the point ‘where the imbalance is regenerated into an imbal-
ance comparable with the power supply voltage.

Chapter 5 is concerned with analysing the soft error
susceptibility of DRAM in general. Accurately predicting
the soft error rate of a structure through mathematical
means is very difficult. The chapter illustrates the degree
of difficulty by describing the various parameters which
would have to be taken into account. This treatment of soft
error rate analysis is then used to reinforce the choice'of
an empirical épproach for predicting the soft error rate.
An estimate of the soft error rate is then given, s

Chapter 6 deals with word line considerations. This
includes the row decoder performance in conjunction with the
distributed tiﬁe constant of the polysilicon word line.

The thesis concludes with an estimate of the perform-
ance of a 64K DRAM using the existing CMOS process. A
summary of the main points brought forth in the thesis is
made followed by a recommendation for future work required

to dgvelop a 64K DRAM,
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CHAPTER 2 4

-

PRELIMINARY TEST CHIP DESIGN CONSIDERATIONS
2.1 Introduction

As was discussed in Section 1.1 a test chip 1s neces-
. sary to esthblish the feasibility of @ 64K DRAM with the
available process. The test chip is intended to provide
data on the function&lity and performance of critical compo-
nents, namely the sense amplifier and the memory cell. This
data can then be correlated with results from simulations to
substantiate the validity of the models that are used.
Simulations based on the same models may then be performed
for a 64K DRAM. '

Before the test chip can be designed solutions, which
are compatible with the available process, must be found for
the desigq»;onstraints outlined in Section 1.3,

/
The issues to be resolved are:

i) wWord line and bit line pitch constraints.
ii) Maximum tolerable soft error rate.

i1i) Signal margin limitations.

The available process will now be described followed by

solutions for the above design constraints problems.
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2.2 Fabrication Process Description

The fabrication process is a 3 micron p-well CMOS proc-
ess, (refer to Figure 2.2.1). An n-type substrate adjuﬁ%F
ment implant is used to increase the threshold voltege of
parasitic transistors. This implant also increases the
substrate doping near the surface for p-channel devices. A
Boron implant is also used io adjust the threshold of
p-channel devices to match that of the n~channel devices.

There are two interconnect layers, one metal and th;

other polysilicon. The same polysilicon layer is also used

to form self aligned transistor gates.

Cizlysilicon Gate cél Field Oxide
N+ N+ -—-—Supstrate

N~ Substrate
Threshold
Adjust Implant

N ) Figure 2.2.1
Cross - Section Of CMOS Structure
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The process is primarily a digital process with little
facility for highly linear capacitors for analog applica-
tions. To increase the versatility of the process a p+
capacitor implant was added to make polysilicon to substrate
capacitors without the requirement of biasing the silicon
surface into’ inversion with the top: polysilicon capacitor
plate. This capacitor structure was only intended for
limited use within a digital design. 1In contrast, however,
DRAM design 1is very analog intensive- with the capacitor
used in the memory cell being of key importance.

Two candidates for the memory cell storage capacitor

are now described. The first candidate requires the top

polysilicon plate to bias the silicon surface ipto inversion

-thus forming the bottom capacitor plate. This is 1illus-

traéed in. Figure 2.2.2. The storage capacitance for this
memory cell is the polysilicon capacitor plate to inversion
layer capacitance, (referred to as oxide capacitance), in
parallel with the inversion layer to substrate capacitance,
(referred to as depletion or junction capacitance). The
advantage of(thié structure is that either p-type or n-type
memory /cells may be made. The disadvantage is that the
polysilicon capacitor plate must always be biased to inyert
the silicon surface. This prevents a single polysilicon
line from being shared as a gate for one memory cellsand a

capacitor plate for #n adjacent memory cell.

. The second candidate uses the p+ capacitor implant to .

form the bottom capacitor plate. The structure is identical

JPPRUTRD S
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®
* Polysilicon Access Bit Line
Yapacitor Plate ate ontact

5102.\\‘\: ) T

L) S ) d
Ny ! P+ i CP+ {

Inversion Layer

(Storage Node) N - Substrate

Depletion Laye Junction

Figure 2.2.2

Memory Cell Utilizing Inversion Layer For Storage

to Figure 2.2.2 with the exception that the inversion layer
is replaced with an implanted layer. Since a similar n+
capacitor implant does not exi;t in this process only p-type
memory cells can be used with this approach. The advantage
is that the polysilicon capacitor plate may be used as the
access gate for adjacent «cells., As will be shown 1in the
folloving. section, this is a requirement to implemeht a
structure which reducgs the constraint imposed by bit line
and word line pitch, described in Section 1.3. The disad-
vantages are that p+ junction capacitance per unit area is

lower than n+ junction capacitance, (with this process), and

that the p-well can.not be uSed,to isolate the memory cells
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. b4
from substrate current thereby making the memory cells more

sensitive to noise,
2.3 Solutions To Design Constraints
2.3.1 Word Line And Bit Line Pitch Constraints

. The minimum size of the memory cell is determined by
.one of two criteria. The first criterion is that the memory
cell meet the bit 1line and word line pitch, The second
criterion is the minimum required stored charge. The second
criterion is primarily limited by the process whereas the
first criterion may be controlled to some degree through use
of various design structures. It is desirable to have the
memory cellysize constrained by the process rather than by
design since the purpose of this thesis is to determine if a
64K DRAM can be made without process changes.

Several structures will be described later which

(

N\

. increase the bit 1line pitch at the expense of reducing the
word line pitch. It is ‘easier to design peripheral circui-
try around a memory array which has a narrow word line pitch
than one with a narrow bit line pitch, as will now be shown.

The row decoder and word lin? driver are the cells thag
are constrained by the word 1line pitch. Narrow word line
pitch may be accomodated in one of two ways. The first is
to place the row decoders and ‘drivers on either.side of the

memory array with one side used for even rows and the other
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Word Line Pitch
Row Decoder/Driver - Row 1 Row Decoder/Driver '
For Row 1 ' { For Row 2
Row 2 | ™

Row Decoder/Driver - "Bi 3

For Row 3

Row 4

Row Decoder/Oriver
For Row 4

Figure 2.3.1

First Solution To Word Line Pitch Constraint

Word Line Pitch

Row Decoder And
Driver For Row 1
Row ! )
Row Decoder And *
Driver For [ Row 2
Row Decoder And Row 2
gg:vgr For N Row 3
Row Decoder And :
Driver For Row 4
Row 4
Row Decoder And
Driver For Row S
Row Decoder And Row 5
g;:vgr For N Row 6

* Figure 2.3.2

Second Solution To Word Line Pitch Constraint
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for odd rows. This 1is illustrated in Figure 2.3.1. A
second more area intensive way of accomodating narrow word
line pitch is shown in Figure 2.3.2. This solution is more
area intensive since it requires that not only the row
decoder and driver fit ih between two adjacent word lines
but the feed through interconnect for adjacent row decoders
as well. These two solutions may be used either together or
separately to accomodate narrow word line pitches. However
for very narrow word line pitches the second solution
becomes area intensive thus negating its purpose.

There is nét as much flexibility in placing cells to
meet the bit line pitch. With reference to Figure 1.2.1
illustrating the .conventional open bit line structure oné'
can see that the first solution used to alleviate the word
line pitch constraint can not be applied to the sense ampli-
}iers. However the second solution used to alleviate the
word line pitch may be used. The application of this
solution to the bit line pitch constraint is illustrated in
Figure 2.3.3. A similar staggering of the column decoders
vould also be required.

There are two drawbacks to this solution. One drawback
is that any pair of bit lines associated with one column are
qiffer;nt lengths, thus they will not be capacitively
balanced. Capacitive balance of the bit lines would have to
be maintained by exténding one bit line length until the two

are equal. This results in wasted space. Another drawback







