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CHAPTER I

INTRODUCTION TO THE MOS BUSINESS

The MOS Market

The recorded history of the MOS industry was started in 1967
by EIA. The numbers obtained from the MOS manufacturers con-
cerned only'the total prodﬁct shipped_and did not breakout the
functions or types of circuits that were involved until 1969,

The chart in Figure 1.1 shows the reported growth through 1975.

The total MOS business includes a large amount of custom develop-
ment and production work which is not included in the normal EIA
reporting system. Examples of this. are internal consﬁmption and
suppliers who are not participating.in the ETA program. This

makes the total MOS market sbmewhat larger than that being reported
by EIA. It is this figure that we use to compare to the total IC
industry.

The Market in 1969

Figure 1.2 summarizes the EIA reported 1969 MOS IC market
from a product point of view. Note the four largest entries
excluding subtotals. These are:

Dynamic Shift Registers over 100 bits $ 3,556,200
Static Shift Registers, 4-50 bits 2,041,707
Dynamic Shift Registers, 4-100 bits ' '1,5363059
Static Shift Registers, 51-100-bits ' 852,846

TOTAL : | $ 7,986,812

e
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This means that shift register sales comprised the majority
of the reported MOS IC business for 1969. Following is a break-

out of market percentages by.product“category:

Shift Registers 59.5%

- Complex Logic Functions 13.6%

. Memories - _ 12.1%
Simple Logic Functions ' 9.8%
LSTI excluding Shift Registers - 5.0%

o TOTAL ETIA REPORTED MOS IC 100.0%
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The 25 million dollars of MOS IC business indicated for

1969 includes the 13.5 million reported to the EIA. The remaining

11.5 million of unreported business is estlmated to be almoot
entirely custom with the exception of internal consumption.
Percentage distributions by product category for this business

is estimated to be approximately the same as indicated in the EIA
percentage breakout. Custom business for 1969 was estimated at

$18 million, and standard product business was $7 million.

MARKET TRENDS

Product Trends

Although uniform reporting media has been in effect for only
one year, it is possible to detact trends in certain product
areas: I

(a) Memories are increasing their share of the
MOS IC market. Rate of increase is indeter-

minate at present.

(b) Shift registers are slowly decreasing their
share of the market. HoWeVér ‘the losses in
market share of dynamlc shift reglsters may be
offset by gains in static shift registers as
their volume increases. Static_shift”registérs
show surprising customer interest, and dollar
volume for static shift_registersbwili surpass
dollar volume for dynamic shift.regisfegg in
1970.

'(c) Simple logic functions are increasingvtheir
' share of the market, but this is probably due
to the lncrea81ng popularlty of complementary
MOS IC and MOS interface elements.

1-3
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Price Trends

‘ The ASP will continue to decline for all categories. EIA
reported ASP's by product category for 1969 are shown in Figure
1.2. The downward trend is shown in Figure 1.3. The EIA
reported ASP for 1970 will be less than $6.00. However, the
ASP's for enreported sales, which are principally custom programs,
will raise the overall ASP to approximately $6.50 for 1970. The
overall ASP for 1971 will be approximately in the $4.50 to $5.00
range.

General Trends

The lower ASP's are'expanding the MOS IC market into areas

“where semiconductor logic was heretofore unfeasible due to price,

power, or packaging density. These areas already include

"memories, low cost desk calculators, and delay lines. Other =

potential markets are electronic clocks and timers, electronic
fuel systems and anti-skid systems on automobiles, continuous
room status monitoring for hotels and motels, and electronic
wrist watches. Other markets not yet know w1ll undoubtedly
become viable as the ASP's of MOS IC's drop

Figure 1.4 compares projected MOS IC growth with TTL growth
and total IC growth. This Figure substantiates, on the basis of
past history, the validity of the high growth rate projected for
the MOS IC market. Figure 1.5 graphicelly;COmpares the growth
rates for MOS IC versus total IC. Estimated end-use applications
for MOS IC product in 1970 are shown in Figure 1.6. v

. RN .
* . kad

The International Market

The usage of MOS 1ntegrated circuits in Europe is character-'

“1zed by a wide variety of appllcatlons as they are in the Unltedi'
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States. The growthvofﬁthe European market is treading along a.
‘<:> . similar pattern to the U.S. andvisvlagging by approximately two
years. A projection recently made by Telefunken is:

European MOS Market

1969 1970 1971 1972 1973 1974
$5M 10M 20M 4LOM 60M 100M

The primary competition is found in the efforts of General
Instruments and National Semiconductor. These manufacturers
have had MOS facilities in the common market for approximately
2 years. Activity is being stepped up by several other companies
such as Fairchild, Phillips, Seimens, Plessey, Ferranti,"
Telefunken, Seséosem, and SGS. ‘ '

In the Far-East the MOS usage has been concentrated in the
, “desk top calculator and organ industry and is now finding its way
5(:) into small computers and computer terminals. Much of the volume
 has been imported from the United States but the Japanese are
rapidly gearing up their own source of supply. A projection of
‘the MOS market has been made by Motorola Sales in Japan, starting
at $20M in 1969 and growing at $20M/per year. Because of equip-
ment slippage and lack of product from suppliers this estimate has

been adjusted to:

Japanese MOS Market

1969 1970 1971 1972 1973 _ 1974

v *

$12M  25M LOM . 60M 8OM  110M
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Summary

Approximately $45 million worth of MOS IC's will be sold in
1970. - EAI will report about $29 million of this. Over two-
thirds of the business will be custom. Half the business will
be in shift registers. The ASP (EIA reported) will be less than
$6.00. The market will continue to double for several years.

By 1974, more than 30 percent of the total integrated circuit
market will be MOS, and the ASP will be in the $2.00 to $2.50
range. The broadening customer base will continue to enhance
custom MOS IC business, and make a custom capability worthwhile.

- I-6
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'ETA REPORTED .
-~ U.S. FACTORY SALE OF MOS IWTEGRATED CIRCUITS

CRAND TOTAL 19 69

Major Function

Logic Gates

Logic Input Expanders
Driverg, Buffers & Expanders
Multivibrators Monostable
Single & Dual Flip-Flops
Other ,

SUB-TOTAL - Class I

Adders & Subtractors

Encoders, Decoders & Translators

. Counters & Timers 4-50 bits

Counters & Timers 51-100 bits
Latches
Static Shift Registers 4-50 bits

Static Shift Registers 51-100 bits .
- Dynamic Shift Registers 4-100 bits

MUX Switches & Commutators
A-D/D-A Converters
Other

SUB-TOTAL - Class II
ROM 4-256 bits '
ROM 256-1024 bits

ROM 1025 & over bits
RAM 4-32 bits

RAM 33-256 bits

RAM 257 & over bits

SUB-TOTAL - Class IIT

Static Shift Régisters over 100 bits
Dynamic Shift Reglsters ower 100 blts

Other Arrays over 100 gates

- SUB-TOTAL - Class IV

GRAND TOTAL - All Classes

 ?“T6fal]Sté£i&;§hif£ﬁRegiéteré'
- Total Dynamic Shift Registers

Total Shift Registers

. Figure 1.2
: 9 '

Dollars ($)

Percent of

Units (#)» Dollars  ASP v
153,880 699,584 5.17  4.55
10,207 24,685 0.18 2.42
28,471 159,596 1.18 5.61
2,160 4,588 0.03 2.11
43,117 379,441 2.80 8.80
26,631 56,265 0.42 2.11
264,466 1,324,129 9.78 5.01
11,438 99,394 0.73  8.69
21,333 240,862 1.78 11.29
115,581 497,351 3.67 . 4.30
2,352 18,108 0.13  7.70
8,557 148,533 1.10 17.36
299,603 2,041,707 15.08 - .6.81
. 61,644 852,486 - 6.30 '13.83
307,954 1,536,059 11.357% 4.99
34,387 557,345 4.12 16.21
5,472 148,264 1.10 27.10
8,456 133,771 0.99 15.82
876,777 6,273,880 46.34  7.16
4,832 92,99 0.69 19.25
16,890 591,608 4.37 35.03
15,906 549,519 - 4.06 34.55
6,817 72,123 0.53 10.58
12,065 329,334 2.43° 27.30
0 0 m——m oo
56,510 . 1,635,578 12.08 28.94
4,957 69,906 0.52 14.10
302,890 3,556,200 26.27 11.74
29,404 679,102 5.02. 23.10
- 337,251 4,305,208 31.08 12.77
1,535,004 13,538,795 100.00  8.82
366,204 2,964,099 21.89  8.09
© 610,844 4,092,259 37.61 8.34
977,048 8,056,308 59.51 8.25



FIGURE 1.3

MOS INTEGRATED CIRCUITS
EIlA REPORTEDR ASP BY QUARTER
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ESTIMATED 1970 MOS INTEGRATED CIRCUITS

END USE APPLICATIONS

EIA REPORTED

"TOTAL

NON ETIA

TOTAL NON EIA REPORTED

Consumer
Industrial
Government
Distributor
Export |

EIA REPORTED

REPORTED

Internal
Industrial v
Military |
Export

GRAND TOTAL MOS 1970

Figure,l;6~.

,Q'i;ll'

71,000

12,907,000

13,945,000
7,350,000

4,727,000

129,000,000

1,600,000
5,979,000
4,392,000

4,029,000

16,000,000

45,000,000




MOS Applications

The high density, low cost and low power dissipatioﬁ of
MOS makes it an ideal candidate for digital applications where
its lower speed is acceptable. 1In the area of standard products,
MOS is well suited for shift registers in the DC to 5Mc speed
range. MOS shift registers find wide applications in the areas
of serial memories in CRT display systems, disk and drum replace-
ments, and in desk calculators. MOS Random Access Memories (RAM)
will replace cores in main-frame memory applications where access
times of greater than 150 ns are acceptable and volatility can be
tolerated. Read~0nly Memories (ROM) find wide application as
character generators, and they replace random logic in many
applications, such as desk calculators and mini-computers.

Another application where MOS performs well is as coder:
and decoder in digital multiplex (MUK) systems and also in
multichannel audio MUX systems.

The low costal MOS logic will open up new markets in areas
such as traffic control systems, digital clocks, automatic meter-

reading systems, security systems and many more.

The rapidly-growing CAD capability in the areas of logic -
simulation and automatic artwork generation will also greatly

reduce design costs and open up markets for lower volume custom
‘MOS.

I-12



.. _CHAPTER II ’ -

THE MOS TRANSISTOR ..\ffr:-f-

> . N -

Structure of the MOS Device

There are two types‘of MOS transistors: p-channel and nuchanﬁél._ -
Figure 3.1 shows cross sectional views of both types, and also shows -
the circuit symbol for.both types. ‘The acronym MOS is an abbreviation
for Metal-Oxide Semiconductor. As can be seen in Figure 3.1, the gate
metal, the thin'oxide under the gaté metal and the semiconductor sub-
strate form a metal-oxide-semiconductor sandwich, hence the acronyn
MOS. ¢

The source and drain are formed by making diffusions into the

e

subétrate: The thin oxide under the gate metal is formed by processes;
described--in the fdllowing chapter. Metal contacts can be used to
contact the source and drain diffusions. When the propei voltage 1is
put on the gate electrode the region under the thin oxide inverts,

that is, the field zcross the gate oxide causes the substrate material
close to the oxide-silicon interface to change type, so that majority
carriers can flow between the source and the drain terminals. The
region under the oxide of a device Which in on is called the Channel.

It should be meticed that the MOS transistor is self-isolating.
That means that many transistors can be-built on a single substrate
with no isolation diffusions, which are required for bipolar inte-

grated circuits.

Qualitative Description of MOS Transistor Operation

The soufce.ié fbﬁghly analogous tQ.the.emiftérvbfva bipolar T
transistormorAtbe cathode of a vacuum fdbé, the gate ig analogous to
the base or grid, and the drain is somewhat analogous to the collector-~
or plate.

Most of the MOS integrated circuits made by the industry so far
are p-channel because they have been more easily manufactured. In
the future n-channel MOS circuits will become important also. However,

in this-chapter -the operation of the MOS tramsistor will be explained

for the p-channel device. The operation of the n-channel device is

entirely analogous. . =T ) R et S
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Figure 3.2 shows the drain characteristics of a typical p-channel

enhancement mode MOS transistor. (Enhancement mode means that. when

Vgg = 0, the device is off andFID§/= 0.) Tt is helpful téﬁkggb;the
general appearance of the curves in Figure 3.2 in miﬁd as the opefation

| of thé MOSFET is discussed. ' The drain family shows that the MOSFET.

is turned on harder as the gate is made more negative with respect

to the. source. It also shows that as the drain voltage gets larger

in magnitude, the drain characteristic curves tend to flatten out,.

(The value of gate to source voltage’VGs at which conduction begins is

designated VTQ, the threshold voltage. The subscript letter "0" indicates

that.the source and substrate are thF same potential,)

The region where the curves tend to flatten out is called the
- L4 -

current saturation region. " The region for smaller-values eof Vpg, where-
a given clrve has increaging slope is called the triode region. -
As iggiéatéd in Figure 3.2, there are two "on'" regious of opera-
tion for a MOSFET: the chmic region, and the current saturation region.
It may be helpful to remember that in the ohmiec region, the MOS transistor
can be considered to be a voitage controlled resistance, while in the
current saturation region it can be considered a voltage controlled oo
current limiter, This is apparent from Figure 3.3 by noticing that
in the ohmic region the slope changes with Vgg, while in the current

saturation region-the current is fairly constant for a given value of

~.

VGs- - - T
When the device is off, the p-~type source, the n-type substrate

and the p-type drain form back-to-back diodes, and only the diode reverse

leakage current can flow from source.to drain.

The input resistance of the MOS transistom.is very high (about - = -
2 . . S
101 ohms) “because of coursé fio DC current can flow into the gate

terminal. : - - -

It should be observed that the devicé is symetrical; that is, either
p-type diffusion could be the source and either could be the drain. Thus
the device is a bilateral switch.

When a p-channel is formed by the presence of a sufficiently
negétive gaktexto-source voltage, it should be noticed that holes,

which are majority carriers, flow from source to drain. (For an n-channel

device, electrons are the majority carfiers,) ~° "7 .- Sio o oo . e

'j’,::-,,««ef.n - ) - - :‘:.I'i‘ - 2
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<:> Regions Under the Gate.Oxi@e:

Figure 3.3 shows the regions near the gate oxide—siliﬁoniinterface
for several conditions of gate bias. The charges involvea*iﬁiéach of
the cases are identified and expiained. The charges used in this expla-
nation are defined below: ' - -

Qe - Charge on the gate
Qgg - Surface—stqte charge. Qgg is the lumped effect of silicom
surface states, oxide traps, interface energy states, and
ionic centers within the oxide. '
Qp - Charge in the depletion region (defined in Figure 3;3b) are
all at zero potential. Under these conditions the region under the
gate oxide is called the,accumulation region. The gate metal-oxide—_
silicon n-type substrate configuration can be considered to form a
parallei é}gté capacitor. There is no charge on the gate,ﬁetal (Qg = 0)
in this case. However, Qgg is a distribution of positive charge assumed
to be located very close to the oxide-silicon interface, and attracts
an equal amount of negative charge in the form of mobile electrons which
<:> migrate from the bulk of the n-type substrate. These accumulate to form
a conducting layer at the silicon side of the oxide-silicon interface,
In the accumulation region, the gate capacitance per unit arca is
eésentially the same as that of a parallel plate capacitor with oxide
dielectric of thickﬁess‘tox.'
Figure 3.3Db illugfrates-the region tnder the gate oxide for the
- case when a small negative voltage of magnitude E (less than the

threshold voltage Vrg) is put on the gate. The region is then called

the depletion region, because the negative charge on the gate creates

a field in the region under the gate which sweeﬁ§”thé.mobile electrons
away and déﬁlétgs the régioﬁéaf mobile éé£riers. The semiconductor
material within the deplétion region acts essentially as an insulator -~
due to the absence of mobile charge carriers. The gate capacitance »
is approximately that of a parallel plate capacitor of thickness equal
to the sum of oxide thickness and the distance that the depletion region

extends into the substrate.
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Figure 3.3c illustrates the case when a negative voltage larger

in mdgnitude than the threshold voltage is put on the gate. The

IR

threshold voltage is the voltage at which inversion of the.silicon at

the silicon-oxide interface begins to occur, forming a p-type channel.

As the gate voltage becomes still more negative, the amount of inversion

increases, the number of mobile holes forming the channel increasés,
and the conductivity of the chamnel increases. As can be inferred
from Figure 3.3c¢c, the gate capacitance is again approximately that of
a parallel plate capacitor with plates separated by the thickness of
the gate oxide.

.Figure 3.3d shows how the gate capacitance varies as a function

¢

of gate voltage.

- r - . -
Figure 3.4 shows the band diagrams and corresponding charge dis-_ .

tributions for the accumulation, depletion and inversion regions.

Turn-On Voiﬁage or Threshold Voltage

Strictly speaking the surface becomas inverted when the minority

carrier concentration at the surface equals the majority carrier at

the surface, i.e;, Ng = Pg = Ny. However, this is not a useful measure

of inversion because the corresponding charge of minority carriers is
very small and the current is immeasurably small.

Strong inversion is defimed to be the point at which Ng (the
minority carrier concentvation of holes near the surface) equals N,
theaimpurity concentration ofhtﬁé subst;été. Under these conditioms,
the total band-bending at the onszt of strong inversion will be
Qs(inv) = 20p.

Once an inversion layer is formed, the width of the surface
depletion regién reaches a maximum -because oneeﬁtheiga;ds afe bent
up far enocligh for strong inversion, even a very small increase in

band bending, corresponding to a very small decrease in depletion

region width will result in a very large increase in the change in the

inversion layer.

Capacitance~Voltage Characteristics of the MOS Structure

Assume that a negative voltage is applied to the gate of an MOS

device., This applied voltage will appear partly across the oxide

- - R - 5 B A
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and parily across the bllTCOH, i.e.

- a » ij_ T
) : ( ) = VO - ¢S ) .. e "T‘ -
where - _ 27T .
Vg is the portion across the oxide and @S is the potential

variation across the depletion region of the semiconductor substrate.

The electric field in the oxide is

The electric field at the silicon surface is
- q
c) s
where ¢
Qg is the charoe induced-at the surface (Gauss' Law).
Gaussm,LeW requires that the electric dlSﬁlacemenL be continuous

at the oxide silicon interface, so that
(&) Kg € = Kg &g
at the interface. '

Combining equations (b), (c), and (d) yields

X -
(e) Vg =20 qg="38
Ky € Co
for the voltage dLOD ‘across the oxlde, wheru Co = Kséb .
- - - <
- 0

Then (f) Vg = :8§_~+ ¢S is obtained by substituting (e) in (a).
Co
The 51mp1est measurable electrical characLerlstlc of an MOS

structure is the small- 51gna1 capac1tance, whicli~is

(g) C = dQG "dQS "dQS - - 1 -
E dVG dVG “dQS -+ dQS l -+ J.___ T - -7 .
“'56 Co Cg

where
_-dQg _ Kg éo

Cqg = _° v
dQS Xq
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<:> N X is the width of.-the depletidnhlayer in the silicon, and is
givedhby . . _ﬂ;_ T Vi =
[ 2xg €, @ RN
(h) Xy = (75 078 v ,
qNp '

By substituting (h) in (g) we get the following formula for the
capacitance of an MOS device in the depletion region.
Co '

i) c = 2 -
De=h+ ZKQ’fé_ Ve (depletion region)
WpKgXo? .
It must be emphasized that this formala only holds while the
surface is being depleted. ¢
When the device is in the accumulation region the capacitance is
Cos When it is in the depletion region it is given by (i). When

-

strong- inversion sets in,
- ) =
Vg = Co + @g (inv) = Vpg.

<:> In the invérsion region the value of C levels off to fhe value obtained
when Vg = Vg is substituted into (i). ' ST
Figure 3,5 shows the C-V plot for the MOS structure at high

frequencies. At low frequencies, the recombination-generation rates

can keep up with the small signal variation, causing the incremental

charge change to appedr at the interface-rather than at the edge of

the depletion region. See Grove's "Physics and Technology of Semi-

conductor Devices'" page 274 for an explanation of this. TFigure 3.6

shows the C-V plot of the MOS structure for various frequencies.

The Physical Constants and Parametérs in the MOS Current-Voltage

Equation - ' . -

A chapter comparing several MOS device models is presented. later
in this manual. The following list of equations presents one of
these models for the purpose of explaining the effect of the various
quantities that affect the current-voltage relationship for a p~channel

MOS transistor.

—_— . ——— L
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1)  Chamnel current in ohmic or linear region -
Ao (v = . T
Ip ={T)#PCo {Ves = VT - Vbs | Vps s
2 2Kg Eyan, /. 3 3
Co
2) Threshold Voltage
: o : - -
Vg = VTO‘Q/QKSQOQND + ,2¢F =+ VSB' + V/ZKS‘OqND - 2¢F
3) 7Zero Bias Threshold Voltage mv"_-l
- , 2K Coqip ~| @ -
VTO=VFBT¢S"\/ s 04D S
Co

4) Gate Capacitance
- %%

Co =Y~
to

5) Surface Mobility -

My = &1 Hbulk” LT

6) HPCO = B

Each of the ﬁuantities in equation (1), beginning on~the left will be- —~ -

described,~some of them with-wreference to” equatiomns (2), (3), (4), and

(5).

- b) L = channel 1eng£h, L=1L

a) 7 = effective channel width. Z = 2
drawn

(Perpendicular to direction of flow of Ipge)

drawn
the same direction as Ipg.)

-2 (out-diffusion).

~2 (overetch).

4(In
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c) Up =’surfacé_hplg_ﬁbbility.ﬂ Mp = K}dﬂﬁulk, where K Is a

factor that relates bulk mobility and is a %ﬁﬁcfjon of the

I

applied voltage across the oxide. 1In other wéida; §yrface
mobility is degraded by applied gate voltage. Mobility
decreases as Np increases, and is higher for (1}1) matevrial

than for {(100) material.

d) Co = Gate capacitance = Koéb, Gate capacitance is directly
—_

o
proportional to dielecitrie constant of the insulator, and

inversely proportional to its thickness.

e) B = UpCy = gzain parameter.
£) Vgs = gate to source voltage

Vq = threshold -voltage, the point at whiéh strong inversion
~Qccdrs. The threshold voltage increases as the- source-to- |
bulk voltage Vgp increases. This phenomenon is called Body
Effect. Also, Vo increases as oxide thickness decreases.

@y is the Fermi potential given by
By = EE In gé
q g
h)  Vpg = source-to-drain applied voltage

i) Kg = dielectric constant of silicon; Ky = dielectric constant

of the insulator. o LT

i) N, = impurity concentration of the substrate.

The following table shows how increasing various processing

parameters affect device characteristics. e =

1) ND (sﬁbstrate impurity conceﬁ&ration)
a) decreases channel 1eﬁgthlmodulation, or increases.
punch-through voltage
b) increases Vopg =
¢) increases body effect
d) decreases mobility Mp, and therefore decreaseé 8
2) to (oxide or insulator thickness)

a) decreases CO,’and therefore decreases P

SR L HL-8



{::) 3) Ko (insulétor dielectric constant)

a)

increases Cg, and therefore increases B

TT g

La -
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FIGURE 3.1

CROSS SECTIONAL VIEWS OF P—CHARNEL AND
N—CHANRNEL MOSFETS AND CIRCUIT SYMBOLS

| z
: CHANNEL

GATE METAL
METAL CONTACT

GATE o——-I SUBSTRATE
SOURCE P+ DRAIN P+ :
tox :
L
CHANNEL LENGTH
SOURCE
N-TYPE SUBSTRATE
GATE METAL
z X .
CHANNEL METAL CONTACT
DRAIN
[}
— GATE o——-—l EE-—O_SUBSTRATE
SOURCE N+ % DRAIN N+ .
' - tox
L—
\ o
CHANNEL LENGTH SOURCE

P-TYPE SUBSTRATE
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- FIGURE 3.2

DRAIN CURRERNT

FOR MOS P—CHARNEL
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FIGURE 3.4-a

. 'CHARGE DENSITY DISTRIBUTIONS
P . | FOR REGIONS URIDER THE GATE OXIDE
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FIGURE 3.4-6
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P g CHAPTER III

General Introduction te Processing

™~

Due to many p0351b1e variations in processing technique a
brief reminder of a standard PMOS thick field oxide process is

presented, The starting material is normally phosphorus dooea

I\J

<111> orientation single crystal silicon whose resistivity lies .

D

in the range of 1 to 20 (O-cm. For a cucss-sectional reference
gh

consult Figure I "MOSIC Process '"B'" while proceeding throuoH

the f0110€11° steps.

l, Oxidation: A pas ating layer of silicon dioxide is
grovn on the surface.of a polished and clean silicon
QubSCrate in a2 high temperature oxvéeﬂ ambient, This
oxide layver protects the S1llCOﬂ Seraﬂe from unwant ed
impurities and renders the surface,electrlcally 1e s
active to undesirable surface conduction.

’ 2. ‘Photo—masking: Source, Drain, and "Crossunder' Pattern
Delineation: Through a series.of photo—maskiﬁg operations,
discrete patternéd regions areidéfirad in which oxide is
removed and the underlying silicon is exposed, Some
exposad arzas of silicon will ultimétely be the diffused
source and draiﬁ elemenits of the MOS-FET. Other diffused

ire01ons w1ll be ‘used as 1nterconnectioh tunnels,crossing
"undor o_ner metal ¢nterc04nect10ns o
Mr 3.  DopaﬂL Inpuxl;v Dc;oéition:i The 15111con snbstraues are
‘antrodhced intoian étﬁﬁspﬁefe'of:soﬁé impurity dopant

at an e;evaredztemverature. The impdritvjato;s diffuse

'“--n the 51lvcon iﬁ t“b d*sc*ete patterned regions where ’
'oxlde hasrbccﬂ‘rCFCJad. The remaining oxide acts as a

barrier to prevent shorts between the discrete d°VlC€S

3 . . L
* : . EE . AN

11T -1 o o



4, Drive-in and Oxidation: The high tewperature furnace

~operation‘éauses the prior diffused dopant impurities

to penetrate the silicon even deeper, Duriﬁg this op--
eraﬁion; the source and dr ' regions are diffusedvto—
ward one another laterally, to a specified separation.
Tﬁis separation is criticel as related to the electrical
characteristics of the device. During this operation,
an oxide layer is'also grown ovef the diffused regions
to passivate and protect ﬁhe surface. An alternative
method is to remove all the oxide used for diffusion
»masking~and to deposit a thick uniform layer.

5. Photo-masking: Gate Delination: Photo-masking tech-
niques are again used to remove or décfease the okide>
,thicknéss in the gate»région. The oxide that femains
can be used for thé final gate cxide thickness or add-
itional oxide can be gr0wn.’ In either case, the oxide

thickness is critical since this thickness is 1nverse1v
aAmeasure of the voltage required to cause electrical
,conduction from source to drain.

6. Gate Oxide Regrowth: If additional oxide is requiréd
in the gate channel’region,,thevsilicon éuBstrates are
again iﬁtroduced into a high:teiperature Qxidiziﬁg (oxygen)

- atmosphere.v | | "

egion Con;acL ”Wlndows  As

s Photb-masking; Diffﬁsed‘R
a result of this photo-masking yer tio n; oxide 1s re-

. moved in.small areés‘ovef the diffused re010ﬂs (scurce,

& draln, cro:spnders) to allov mechaqlcal_apd electrical ’

contact to these regions.
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MOSIC Process "B"
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8;‘ Metal'Deposition: A thin film of metal, commonly alu-
minum, is deposited over the entire pattérned surface
of the silicon substrate.

9. Photo-masking; Metal Interconnect Delineation: A
pattern is now defined in the metal, to interconnect
all discrete MOS-FET's and crossunders, thereby forming
a speéified circuit., All other metal is removed.

10. Alloy: This is a low temperature furnace operation which
bonds the aluﬁinum to the silicon in the diffused regions.
Thisbis performed to assure a low resistance electrical

contact between the aluminum and the silicon.

Silicon gate PMOS processing technique-is now coming into
importance. It features the advantages of a lower threshold
_voltage (~2 volts on <llﬁ>) and a self alignment which reduces

stray gate capacitances, The starting material is similar to that

&

of regular PMOS, Figure 2 gives a cross-section of this process,

1) Oxidation: Passivation léyer of SiOp is either thermally
grown or deposited on a clean polished silicon surface.
This layer serves as an inéulating medium in the finished .
structure 2s well as avdiffuéiOn‘mark‘during processing.

12)  Source-Drain Cut: Photdiithogfaphic techniques are used

a £o remove all oxide froﬁ the surface Qvef séurce, drain
‘and gate areas as well as regions wheré 2 diffused cross-
‘under is desired)’ | |

3% Gatefgrowth’and;pOIy-dqpositidn: The,gatevinsulatof,is'

bthermally groWn in bare regions and a‘layérrof poly éryé—

- talline silicon is deposited over the entire wafer,

<
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MOS/IC  SILICON GATE PROCESS -

I INITIAL OXIDATION AND
SOURCE -DRAIN PHOTORIST -

2. GATE OX{DATION AND
POLYCRYSTALLINE SILICON DEPOSITION

3. POLY DEFINITION AND
P+ DIFFUSION

4. CXIDE DEPOSITION AND
CONTACT PHOTORESIST

5. METAL DEFOSITION AND
DEFINITION
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(:) o 4) Gate Cut: The poly silicon is removed from the surface
in all areas except the gate areas and poly silicon cross
- unders, Following this steo tne surface is etched to reﬁove
oxide in regions cleaned in step two but not covered by
. poly silicon. | )
5) Source Drain Diffusion: The wafer is introduced into a
non-oxidizing diffusion ambient and p regions are formed
in the exposed poly silicon and single cryétalvareas.
Following the diffusion an  additional passivation layer
of Si0y is deposited on the wafer,

6) Preohmic Cut: Small contact areas to Source, drain, diffused

cross unders, poly silicon crossunders, etc, are formed by

i£:> . removing oxide using standard photolithographic techniques.
D Metallization, passivation etc, formed as in standard
process.

Though not currently available a complementary silic i gate
fabrication is possible.b One such processing scheme is.presented
in Table I and a cross-section of the finished part is given in
AFiﬁurev3 |

It shoqu be readlly appareq; by now LhaL nany proce581n0

ki schemes are p0851ole eacH w1Ln a partlcular aavantace, The follow1ngb

'are some COﬁrents as to the prope tles of VarlOLS nodlficafién :
l) Alternate Ipsula;or StrLctLre‘l Bo h A1203 and 813N4 have
o been Lsed 1n cate 1nsu1aLors to 1nﬂrease gain as their

d131eCCTLC cons apt is'hlcner tnan that of ox1de Both

V.f can requce thresnolas as the effeculve thlc&ness of the

CIII - 6




2)

3)

 '4%.

insulator is reduced. The interface to bulk silicon of
either insulator is of rather pcor quality so a thin
oxide layer is used between the silicon and Aly04

or SigN4. This technique can lead to an instability
mechanism known as interfacial polarization. Al203

has an added property in that its interface‘with Si02
caﬁ be negatively charged thus affecting the threshold

voltage,

Insulating Substrate: Single crystal silicon can be grown

“either on sapphire or spinel substrates. By using a thin

layer of silicon (+°2u) and diffusing the drain regions

completely through it; the drain substrate capacitance can

‘be greatly reduced, thus increasing the frequency response.

At present the mobility is lower than that of cﬁfréntly
available bulk silicon.

Lon Implantation: Ton implantations can be used after
metallization to dope reglons of the substrate of either
type. Thus a method of self aiignment is possible to
orient the drain junctions edge with the edge of the gate.

This approach greatly reduces the gate drain capacitance

~(similar to that fosilicbn gate) and reduces the Miller

effect.'vln additibn'very light?shallow doped fegiops“

are possible so that threshold voltages can be adjusted

(eg. fabrication of a p depletion load device).

N chanmel devices: Higher gain can be achieved with n

.channel devices due to higher mobilities. This requires

greater care than p-channel in processing cleanilnmess ™

- due to the ease of inverting the field.

CIII - 7



5) Complementary MOS (CMOS): Fabrication of both n channel

=

and p channel devices on the same chip ves some speed

i}

ze over standard

o

advantage and a tremendous power advanta
PMOS products, CMOS fabrication is roughly three times as
complicated so yield is reduced and wafer cost is increased,
6) Bilpolar - MOS: Bipolar parts with their associated low
input impedance and large current capabilit& have many
attractive features. Fabrication of both types of parts
requires at least two diffusions and a greater degree of
diffusion control than currently needed on MOS circuits.
7) Thin Fiilm: DMOSFETS can be fabricated on poly crystalline
or amprphous thin films of semiconductor materiai depoéited
or insulating substfates; Advantages to this scheme include-
.reduced substrate capaéitances and complete high voltage-
dsolation. Currently the quality of such devices is poor.
8) Field Inversion Control: It should be readily apparent
that the region between active elements fulfills the
‘requirements of an MOS device under metal intera)nnects.
Two alternatives are available to prevent tﬁis parasitick
behavior, either diffusing the substrate to a high-level
by areaz channel stopper diffusion or by increasing the

oxide thickness in the field inversion voltage above that

wn
93}

of any potential.applied to the chip.
_y.AS indicated‘earliér'wafér”fabricatioﬁ'requires.many‘indepen-
dent'bpeﬁations and each éteé‘ﬁust be within limits if the finished
:devicei or cifcuiﬁs are to function properly. During-photorééist

rs frequent checks are made to insure quality.’

ah
-'_I
-
m

o?eratiéns and oth
Table III is a partial 1iétiﬁg of chécks‘made to insure that nothing
has gone out of specificatidn in wafer processing.
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This introduction to w

0

fer oce

T
=

sing has admittedly been very

“

brief. The outlines of various preocesses should give a qualitative

out line of the major techniques currently in use as well as identify
some 'of the properties of technologies which may become more important

in the future,
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v;}{ile

Current PMOS Procesées

[

i

" Bipolar

11 - I1I

' TABLE II

S S R |l s-p N+ Field Field Threshold [ |
Plow Sheet |Material | Diffusion Piffusion| Oxide Inversion {Compatible § Gain Comments
APO1D <100> | 15 % 5 /0 | Yes >10,000R | >20 Volts 1.5-2.5V .
< | 3.5 ' | 2.5-4uA/V?
B oL ‘ . .0 . '
. APO2D <100> |15 + 5 /0| Yes 5,500A | 5-10 Volts 1.5-2.5V No Gold Backing
. ' , - 3,5n ~ 2.5-4uN/V?
APO3D <100> | 15 + 5 0/0| Yes 5,500 | 5-10 Volts 1.5-2.5V
- el 3.5u ‘ 2.5-4un/V? \
oL . . ) . o ‘ ) !
APO4D S <111> | 75 & 25 Q/0| Yes >10,000A | >30 Volts Yes 3,5-4.5V
: ' ~2.5n ‘ 3-6uN/V?
; Lo . o ' 0 ! . “
APOSD S<111> | 75+ 25 Q/p >10,000A | >30 Volts | 3.5-4,5V
. - , 2.5 3-G6uA/ V2
APO6D 100> |15 = 5 Q/O| ‘Yes 5,500A | 5-10 Volts 1.5-2.5V
o . A 2.5-4un/V?
“APO7D <100> | 75 + 25 Q/0 Yes >10,000R | >20 Volts Yes 1.5-2.5V
e e . 2:5-4uA/V?
" APOSD <100> | 75 £ 25 Q/0 >10,000A| >20 Volts 1.5-2.5V
o ' : © 24051 ' 2.5-4uN/V?




-1.OW THRESHOLD CMOS PROCESSING

1. P wafer with oxide.
2. Cﬁt SiO2 for n pots.
3. ‘Etch and regrow n epi.
A Polish back.
5. Clean and grow about 5K oxide. .
6. Thick oxide cut--active device area, guard area, scribe grid.
- “.7.v Appiy gate insuiator and poly Si gates.
- 8. Pattern gates.
9. Deposit oxide.
_ - 10.- Cut P washout--P channel S-D, grid, n channel guards and
;w2i> : .substrates.
7 11, Pt diffusion.
12, Deposit oxide.
13. Cut N ﬁ ashout--N cnanﬂeW S-D, P CﬁﬁﬁﬂelrcLardS and st bSura;es
13a. diffusion. : - ,
14, Dep051L tnlc- oxide. o o
15.. CLt pre ohmic and scribe grid.
16 . Me tal. -
17. Ohmic.‘ |
 ‘18L T  Depos1L paa51Vatlon S}.O2 ;
45,19;  ;:CuL P aﬂd apert ares : 6 gt’&";’ f'liwf'f.g Y
g*;20: 52 Prepare bac  oL‘w¢:er vyiil}M;fﬁ': . )
? "TABLE I
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-

- 10.
~dlscrete devices (b) and stress at 175°C,

" 111,

o :

o)

_ MOSIC PROCESS. CONTROL OUTLINE

-Control Point . Measurement

Incoming Material - (a)Resistivity
R (b)Orientation
TInitial Oxidation Thickness
'N+ Depoéition Sheet resistance
P+7Deposition Sheet resistance
Oxide‘Depoéitioh Thickness
“Gate Oxidatilon (a)Thickness(color)
- : (b)Contamination(CV plot)
. Source Drailn : ~ (a)Sheet resistance
Diffusion (b)Junction depth
Metailizationv - (a)Thickness
o o (b)Contamination(CV plot)
Test Probe =~ (a)Vp(Lluamp)
PR e , " (b)Contamination(CV. plot)
(e)BVDSS (10pamp) _
7 » (d)Tield Inversion
Stfess‘paékaged (TO5) Same as 9 except for

16 hr 4 30V on gates

Packaged. Circuilts Operating 1life

TABLE TIT

Frenquency

(a)Rely on Materials QC
(b)Each_lot .

Each lot by color:

Control wafer from each lot
Control wafer from each lot
Control wafer from each lot
(a)Control wafer from each Lot
(b)Sample test pattern on

wafers from each lot

(a)Control wafer each lot

"(b)Occasional spot check

(a)&(b)Control wafer each lot

All on each wafer except (b).
(b)On two wafers from each lot., -

Spot check on In-process
contxol

Perlodic check by product
engincers

JA
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- CHAPTER IV

MOS LOGIC FAMILTIES

The designer of an MOS system has at his disposal various
methods in which to implement his logic equatiocons, Depending upon

performancé and price specifications, he may choose from stati
logic, 20 logic, 40 logic, complimentary logic or a combiﬁation of
the above.

Let us consider the.basié logic ele@ents used in MOS designs.
The symbols, m:tn their corr;:pOudvné circuit d3ac?an are negative
gic since this is generally used in MOS. Figure 1 is the repre-

sentatlon of an inverter. This device performs the complement:

‘of the input. That is, assuming a logic "0" input, the output

is a logie "1", 1It's associated truth table is shown in Figure 2.

‘Secondly, we have the NAND gate and it's associated circuitry in

Figure 3. If a logic "1" is on both A and B, the output iIs a
logic "0". TFor any other inmput, the ocutput is a lecgic "1%,

This circuit is not often used with more than 3 inputs because

Ma
!.J .
0
U]
n
-
K
)
(ny

of the CLmulatlve series resistance of the switch
is, assuming a device is a resistor, a 3 input NAND would require
switch devices 3 times as large as an inverter switch, To elif

minate this problem, MOS circuits are usually implemented using
NOR logic where possible. A NOR gate is shown in Figure 4. This

circuit, since all switch dev1ces are parallel, has swit ch devices

that are the same size as the inverter.' Fer a NOR gate, if all

inputs are a 0, the output is a 1. If any input is 2 one, the

output is a'Zero. The devices can be stackad in parallel until
1

A




Another aspect of MOS is use of the functional gate. This reduces
the number of load devices, thus reducing power,chip area,& improving

: speed, For
example, suppose we wanted to implement the Boclean FunctionfF=ABTCD..-

The most straight-forward method is shown in Figure 5.

Inverter
: VGG -
A | F 1. = 12V .= =27V

BIEE | - ““‘{[

VDDA= -13v

—— F A ™~

2 Input NAND

VGG VDD
A B F L4._ |
. F A__]

0 0 1 - ] B -] e} F
0 1 1 A—| T
1| 0.1 L . :
1 10 T

i Bl

o Figure.3



Input NOR

\Y
\Vele DD

L—”:_.;____F . o 3 @o,_____.}‘

g
o]
m

I

= o = O

T M O o
o O O =

]

N

|
I[‘

Figure 4

Pt N
\

5] )o—

Figure. 5

This circuit requires 13 devices; S of which are load resistors. In
K functionéi"répresentation, the equation can be represented as shown
€O sm rigure ' '

S in Figure 6.
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e}

‘D o————=  F = AB + CD
C » _
D - [~] . . .

The Circuit is

i



*<:> The use of the functional gate is limited only by the ingenuity of
the designer.

.

Now that the basic logic blocks have been defined, consider the
-options available as far as implementation of MOS circuitry. First,

atic or DC logic.

is st g
Static logic 1s the easiest of the cptions to implement. From
Table 1, advantages and disadvantages of static logic are shcwn.
Advantages = - Disadvantages
Easiest to Implement , High power consumption
Requries at most 1 clock Large area required
Operates at DC - . Po tial Race problems diffi-

cult to eliminate

Characteristics

DC - 2 MHZ

Requ1 res 2 supplles

k‘;Tablégigb

7 ffFrom the c1ICL1f_'shown 1n 1gure 7 lL can: be seen that nhen 2 snltch

:fdevicef°""OV', tnele is a Cerert p th to ground 'tbrouch bhe load

device. In'additiéz thp volta storod o ‘the gate cap of the next
. device must‘be’disdhérged“through'the_switch device. This necessitates

the use of a larger switch to accommodate the additional current.
IV -5 '




= ’ Constant
(:) Voltage
Supply

Figure 7:

The second cell type ut

store cl*arcre on a C&p&ClLOI’

IN

Characteristic Static Circuit

ilizes the ability of an MOS device to

The logic

&, [*4d.VDD
L) F
A —] .

gates are shown in Figure 8.

F

A"‘“”. “"‘“‘B

NOR

B —
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Vpp
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‘race conditions by clocking.

The circuit configurations are like those for s
gate of the load device is clocked rather than
This reduces the power consumption considerably

culated as:

g
— .
n

Duty cycle of Clock 1

)
I

where

1]

Duty cycle of Clock 2

Clock Frequency

Voltage Transition

n < m o
1]

Capacitive Load

In addition, the devices can be made smaller si

CVZ F (a -+ b) + (VI).

tatic cells excent the
fixed at a supply voltage

. Power now is cal-

T

nce the switch device

need cnly discharge the charged capacitance and not sink current from
=3 o .

the load.

B

Tl

?ZFigure'Q
W T

Two phase logic has the advantage of being able to eliminate




<:> If the initial conditions are as such:

1
o

R=0  S=0 Q=0 Q

If S is changed to a 1, Q goes to a 0 and Q will change tc a 1 after

the propagation delay. This cbviously presents a problem since for
d

appear at the proper levels at the same time.

o o ~ e

Additions of these gates eliminates the transitory state of 0, 0.

Another example is the shift

4

egister. As shown in Figure 10,

[\
()

s stored capacitan

0
]

"the Dynamic Shift Register utili and delay ele-

ments to provide delays. A timing diagram of the shift register is

shown in Figure 11.
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register is limited to about 5 KHz min. frequency due to
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leakage of stored charge.

Now to demonstrate use of delay elements, let's examine a 2§
S/R known as a Quasi-Static Register. This cell allows one to utilize

delays in static systems where 2 clocks are available.

) ’ g1
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_ef~7_m_~_ﬁ
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— #2' is a slower clock to avoid a race conditicns when

=
-+
f=e
n
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output is 0 and next b

In summary, 2% cells give:

Advantages

Smaller Area ' ' ) -
Faster Operation )

Completely Synchrcnous Systems

Eliminate Race :Conditions

. Disadvantages .

1Have_a*minimum%bperating,frequéDCy

'~ Have a DC: component of power when clocks are on

TV - 10



For even lower power dissipation, the theory of capacitive
3 &
charge storage was extended to a 4y system. Here, 4 clocks are used

instead of two. This type of circuit has all the advantages of a 2§

circuit plus it uses smaller area because the devices do not have to
i

be ratioed. 4% circuitry is shown in Figure 12.

. [_‘ h1 . DP‘ &
g By
' 2 —| —
-t —emr Figure 12
| T o e Figure 1
IN IE ..4[
f1 L g3 =
Timing diagrams for a 48 circuit are shewn in Figure 13.
Pz \; Mj—
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In summary, let's

Static , 20

DC - 2 MHz 5 KHz - 2 MHz

Hi Power Moderate Power

Large Area Smaller Area

Asynchronous clocks
!

Potential Race Problems

"Requires 2
. 7

~Synchronous’

In conclusion, it can be seen that t

circuit designer are numerous, and a little cons

roach

.
ap

vl

‘ 5N

compare the various approaches as to u

jn design can result in an o

V1]
s

G
[¢]
.

48
10 XHz - 10 MHz
Low Power .
Smallest Area
Reguires 4

Synchronous

ices available to a
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[
‘added from the output to the input of the b

‘big, 35-50 mil2

At 91, time data 1s coupled from the input of the bit,
through A to the gate of B. This sets the state of node L to
the LomolemenL of the input data bit, KYote that the second
inverter is isclated from the first inverter until $2 time
when data on node 1 is passed to the gate of E, This causes
the output node to assume the same state that was present on
the 1nput node during the previocus GL time, This level remain
throughout the se cond @1 time resulting in one bit of delay.

In order for data to be held indefinitely, device G 1is .
it, This forms a
cross coupled flip flop which stores data when 2 and $2'

are logical one and 61 is logical 0. @2' is a delayed 02 to

prevent data from racing from the ourput to 1ant oeFore the

.output reaches its final state.

The static shift register vequlres 6 supply llnos @1,
@2', VGG, VDD, an4 ground, The inverters must De_ratioed
to give good 0 levels, “For these reasons the bits tend tc be
. This results in large chip areas. A clock
driver for $¢2' is also required which further adds to the chip
area,

Speed is slower with static shift registers because the
load device has a relatively high impedance and cannot charge
the ocutput capacitance very fast.



! T am T i ool alara -l YA i f several
b M0S dynamic shifit reglsters take advantage of severa
<:) unique MOS characteristics, These are:
1, 1NOS load devices may be switched cn and off.
2, Charge can be stored temporarily on the gates of
. MOS devices,
3. MOS devices are bilateral, ie they can transfer
charge in both directions.
2% DYNAMIC RATIOED
VDD
a1 ‘ g2
B | e |-
—~ ——Ic I'f 1. out

=] i[>

The 2§ dynamic raticed cell is made up of two ratioed
inverters and two cot plan devices, The operation of this cell
is similar to that of the static cell. Howevar, the load devices
are clocked resulting in a significanc reduction in power dissi-
pation per bit. ¢l and g2 cTOCk thLpg is Lhe same as. that for
th° st at1c cell : : o : '

: Thls circuit has a 10wbr fL_q““ncy 1Lm1L thaL;LS determined
’gby the magnk‘_hde Q]: the aul‘IaLe lcai\age on. the Gate .nodes of -
dev1ces A and D If a zero is placed on Llel11PU' dar;qg Ul t

e

me,
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then the gate node of D will be charged to a 1. When @1 goes
cff, this neode will stcre that 1 level giving a good 0 level
on the ocutput of the bit dhh.zg #2 time., However, if the clock
freauency is low enough, charge on the gate node of D may lezk
off the P diffusion of device C to the N substrate, This will
cause bad data to appear at the output during @2 time. This
lower frequency limit usually cccurs {from 100 to 500 cycles,

This cell is e of the ratioed Lneprue -3

large becaus re-
‘quired., However, it is relatively easy to deSléﬁ because the
cell does not depend on capacitance ratios for proper operation
Four supply lines are required, An average bit size is about
40 mil2
'.“ -
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28 DYNAMIC RATIOLESS : . i

i

VDD

“’["64 ’z C4—[ T .

E ¢ Lcs
— O P
IN---[ A ]»—-}l B -uquJ D L l“) '[E
?CZ _l C3 | A -Ti—- cz2 211C3

The 2§ dynamic ratioless bit is made up of six ratioless
devices. TFor correct operation of this bit the following capa-
citance ratios must be maintained: :

1. €1 > 1, C1 is enhanced }MOS overlap capacitance,
Cz + CJ '

Cp and C3 are PN capacitances to the grounded substrate.

2. Cz2 +C1 >1, C1 is MOS overlap capacitance.

Cq -
3. C3 > 1, Cs is MOS overlap capacitance of device D.
o : v :
4., Ci s 1
Csz B

Assume first a logi cal 1 is prebent on the input. ‘During

b.ﬂl time, this 1 is cloﬁked through A to the gate of B. At the

same time node 1 will assume some voluace befheen VDD and ground.

_When #1 goes off, node 1 will be dlscharged to ground Lhroucn A
.leaving a 1001ca1 0 on node 1. During §2 time, any voltage on node

2 will be ﬂlacbargpﬂ to ground through D and A leaving a 0. This
allows the output node to be charced to VDD through F. However, as
82 goes off (goes p051t1ve towards ground), the output node w1ll be
deLelloﬂated due to the voltage d1v1a°r action of C2 + C1l and C4.

If C2 and Cl are much larger than C4 then the ocuiput node remains

close to VDD. This locwca; 1 remains on the output during the

second $1 resulting in one bit of delay.

Now, 1f a zero is on the in put during #1 time it will bu passed
to the gate of B allowing node 1 to be charued to "VDD. The bharce

V- 5




The. six ratioless
devices, following capa-
citance

1. is « =7 enhanced MOS overlap

(”: : capacitance, €2 and C3 are PN capacitances to the
\<:> grounded substrate,

2, G2+ “1 > l, C1 is MOS overlap capacitance.

- ca

3, C3° > 1, C5 is MOS overlap capacitance of device D.

C
3 A, §J_.;»l

Assume first a 1001cal 1 is present on the 1Dput During

1 time, this 1 is clocked through A to the gate of B. At the

same time node 1 will assume some voltage between VDD and ground.

When @1 gces off, nede 1 will be di QcharOQd to ground through A

leaving a 1oa1cal 0 on node 1.“ Durlng ¢2 time, any voltage on node

2 will be dlscnarced to ground through D and A leaving a 0. This
~allcws the ouLpLL node to be Cﬂargod to VDD through F. However, as
g2 goes off (goes p051t1ve towards ground), the oufput node will be

deteriorated due to the voltage divider action of C24Cl and C4, If

C2 and Cl are much larger Lhan C4 then the output node remzins close

‘to VDD, - This logical T .remains onthe ourput dur1n¢ the qecond ¢l

resulLlng in one blt of delay ' A . i

e Wow if a zero is on the 1nout durlﬁg @L time 1c lel be pQSbEd. 
B to the/fate of B al cw;no ode l to be charoed to VﬁD - The charce -




on thie node is now equal to (VDD) (C1l+C2). During $2 time this

‘charge will be divided between C2 and C3. The voltagzs on node 2

will then be VDL (Cl4C2) ., TIf Cl>C3 then the voltage on nede 2
- C24C3

will be reasonebly close to VDD. Also, because C:;is larger than .

C24+C3, the magnitude of the voltage on "node 1 when §1 goes will be

increased because of the capac Ntlwe_feed through of 2 through CL.

—

This increase is approximately Cl V@, where V@ is the voltage
. CiC2+C3
of $2 . when %2 comes on. Node 2 now goes more negative until device

D turns off. The voltage on ncde 2 will be approximately

vDD (C1+C2) . Cl V@  or (VE-VIiH-VBE), whichever is
(C2+C3) C1+CZ+4C!
‘smaller. Usually this is'(V@~VTH-VB E). Now as #2 gcoes off this
voltage on node 2 is deteriorated by the feedthrough of §2 through
C5. This decreases the magnitude of voltage on node 2 by V@ _C5
‘ ' _ ' C5+C3
leaving 1. _VDD(C1+C2) , _Cl Vg _ V@ C5
? (CZiC3) ClC29C3 - C5+C3 .
or | .2. (V@-VTH-VBE) - V§ C5 whichever is smaller.

C5+C3

For maximum voltage transfers C3 > C5.. The output node is then :

dlSChargEd to ground through E and remains at logical 0 throughout

- the sevond @1 resulting in one bit of delay.

This cell has four supply lines. All devices can be minimu
size, significantly *cauCLng bit area, Devices B and E have imped-
ances nearly an order of magnitude swmaller than the load devices in
ratioed shift register cells resulting in much faster switching times

and hence a hloher frequency of Opélath? The lower frequency limit
is detevmlnpd by the same PN junction leakage as discussed in the
previous section on 24 dynamic ratioced shift registers. An average

bit size is 25-30 milZ.
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is made up of eight ratioless devices., It is similar
to the 2¢ Dynamic ratioless cell except that devices G and H have
been added, This circult consumes no DC power, Note that VDD has
two branches to ground. One branch is made up of C,G, and B; the
cther of F,H, and E. Each branch has a davics clocked by $1 and a
device clocked by £2. ince $1, and @2 are non-overlapping there
)

never a DC current path between VDD and ground.

The same capacitance ratios as in the ratioless cell must be
maintained, Devices G and H add additional capacitances that must
be considered. C6 will bo enhanced with Cl. C7 should be made as

-small as possible,

All devices in this cell can be wmade minimum size. The two
additional devices per bit make it somewhat larger than the 20
dynamic ratioless bit. Four supply lines are required. This bit
is one of the hardest to design because of all the capacitance
ratlos that ﬂuat be COQSJdered : :
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A1l devices can be minimum size,. No DC power is drawn in this
circuit. The capacitance ratios will be the same as the 20 dynamic
ratioless with the addition of C8 and C9., These capacitances should
be as £ ugh,

small as possible to prevent clock feadthrou

: This bit is the smallest of any discussed so far because only
two supply lines ara redguired, Ql and @2, Average bit sizes are
15 to 20 milZ, The clock capacitance is higher in this circuit
because there is a PN capacitance that must be driven in addition
to the fwoc MOS gate capacitances.
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011y four dev1ces are vequerd in LkLs blt m"”lnv it one of
the smallest shift register bits. The normal MOS load devices
have been replaced by capacitors Cl and C2, These are enhaaced
overlap capacitances, Acaln, the capac1canre ratios that must be
maintained are similar to those of the 2§ dynamic ratioless shift
register bit.

: If a logical 1 is pres
discharged to a zero., Durin
through B and A leaving a 0O

undefined. As §2 turns on, the v
almost the magnlfudé of 32 if C2 1
is then coupled to the output of the b remains on

the output node during the second $1 resulting in one bit of delay,

A logical 0 on the input leaves the state of node 1
until $1 time when most of the clock voltage 1is fed throu
1 and tramsfered through B to node 2, This causes npdu'B to be
discharged to ground. At §2 time any voltage on the output ncde is
then discharged to ground through D and C.

The operation of this circuit is greatly influenced by a
para31r1c PNP bi polar f&ﬁSlStO; 4CTOSs COLpang devices B and D,

g

c ]

]r:w

: The emitter of the parasitic devic
coupling device, the collector is the d

the P dlffu51on of thp

i
-

S
ai n, and the base is the N

=1
<
-
i




,',.-n"..,\ .

substrate, Because of the enhanced }MOS overlap capacitance C, it
is possible for the scurce of the coupling device to go positive
with respect to the substrate., This will occcur as § returns to
cround, The parasitic transistor is then placed in its active
region and positive current flews from source te drain of the
coupling device. This current will detericrate a 1 level on

on the gate of the next switch device., This =ffect can greatly
increase the lower fregquency limit of this bit. '

To correct this situation the chennel length of the CLLpllﬂg

0

devices must be made as large as possible, This decreasesG{ by

making the base width of the parasitic device wider. However, if

it is too long the high frequency performance will defericrate be-
il

cause charg@ wiil not be transferred fast enough through the high
impedance of the coupling aevlce. A compromise must be achieved.

This CWrCL1L has three supply lines and occuples an area of
10 - 15 mil?., Becauses the parasitic transistor effects are fai rly
unnrealutaaln this bit has not found wide acceptance among MOS

designers. _




- The layout and operation cof this bit is practlca}ly the same
as the previcus shift register except that grouad has besen removed
and replaced with the clocks

Assuming $2 is at ground, & logical 1 at rhe input discharges
node 1 to ground. At @1 time node 2. is discharged through B and A,
This leaves node 3 undefined until 62 time when a 1 is fed through
capacitor C from the clock. During 92 time this logical one appe

. on the output of the bit.

from - ' .

ag:) A zero cn the input causes node 1 to be charged to a 1 during
81 tim e pulling node 3 to ground when g1 goes off and appear-
ing on the output during 02. : : -
: This bit suffers from the same parasitic effect as discussed
previously. - '

S
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- This bit i
No DC power is
VDD and ground,

-2
4O systems.
ated because no D

s
9]
wn
s

r Fad 1 time, node 1 is charged tc a 1. 1If a 1 exists
on the input during ¢2 time then node 1 will be dischargad through
B and A to a 0. @3 cherges the output node to a2 1, Since D is
turned off, the output node will not be discharged during 04 time
resulting in one bit of delay, ’

A zero on the input leaves node 1 at a 1 during 92 time. @3
charges the output node to a 1. When ¢4 comes on this 1 is dis-
cha*gad through E and D leavinz a 0 on the output.

Six supply lines are required. A typical cell size is about
20 mil?, Since C and ¥ are minimum size with relatively low im-
pedances this cell is one of the fastest shift register bits.

!
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L3 Dynemic ratioless with overlapping clocks
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This cell is similar

o the

and ground have been replaced with clocks
lines are required.
Overlap capacitances should be minimum to
feedthroughs.
A .
V-15

previous cell except that Vpp
d

Only four supply

prevent clock



CHAPTER VI

MEMORTIES



I. READ/WRITE MEMORIES

Types of Sterage

In the design of a computer system, the systems designer has
traditionally employed a "hierarchy' of types of information
storage. A list of the levels in this hierarchy is given below,
with the fastest (and also the most expensive) types being listed
first. The amount of each type of storage employed in a computer
system typieally increases as we go down this list.

- 1. Discrete bit storage. The usual implementation o
type of storage is a bipolar integrated circuit flip-flop,
which may have quite a Eew_inpuﬁs, sueh as an AND type
clocked JK flip-flop. Thevusual fﬁnetion of discretefA
bit storage is as indicatore, storage or generation of
control and timing signals{ stages in counters, etc.
Usually a small number of these circuits on a chip are
pOSSlDle because of their high power consumption and
large number of leads. Their speed is usually equal to
several gate delays.

2. Registers and Buffers. Registers_arekusuaily implemented
using integrated circuit flip-flops, aed are used for
temporary storage of‘intermediate results-and also for
implementation of‘lqgical operations, such as in arith-
metic units. | B

-3, ‘Sctatch Pad Meﬁoriesf These are. used for'temporary

stofage‘ef int -m diate results which will be used in

the next operation, and.for storage of frequentlyvused
data,,fef short iterative subroutines, and for oﬁher'
similar applications where information needs to be

VI-1



ccessed or processe& in a time less than the cycle
time of the main memory and are implémented using bi-
polar arrays. Thin-film memories and pléted wire mem-
ories have sometimes also been used,

Main memories, The main program, the software used by

~the system, and the data used by and generated by the

3]
®
3
0
=
<
=
)
0g

program being run is stored in the main
netic cores have dominated this area in the past, but
MOS random access memories.are challenging.

On-line Auxiliary Storege. This type of storage Iis
for large data files and programs that may Bé recalled

by the computer, but where speed is less important than

capacity, and low cost is necessary, Disks and drums

-are often used to implement this type of storage; how-

eﬁer MOS shift registers are being used as disk replace-
ments in applications which require faster access times.
The speed of on-line auxiliary_stora&e is usually several
orders of magnitude SIOWe* than that of the main memory.
Off- Llne ‘uX111ary S;of : This type is used for stor ing
large data files and program libraries, etc., which are
used infreque"-ly enough to pnrmlt a manual operatlon to
load the stored 1nforgation into the main memory of tne

Ll
. -

computer.’ dacneLlc and paper tape aﬂd ancned cards are

the najor nodes oF fhls type of storage.’

Z,7Definition3"oL Ienorj Terms

‘SeQuentlalﬁMemer. : -

.

rma'iOH is serially wr

cﬁ'

ten into or road out of the

1=
f

In

memory one bit at a time, Thus Lhe access “im* fow the

'memory is’equal to. the number of blts multlplled by the-

VI 7



time required to perform a read or write operation on

one bit.

Random Access Memory (RAM)
This is‘a type of mewmory in which any location can be
éccesséd without regard to any other location. The
access time 1s the same for any location in the memory;
all that must be provided is the address of that loca-

ignals).

03

o}
[aW
t
119

=
I

=]
[¢fe}

tion (&s well as various commands
RAM's are used primarily as scratch pad memories, buffer

memories, and main memories

Content-Addressable Memory (CAM) ‘
Also called associative memory. A CAM has read/write
‘capability, just.as a RAM. However, data is not stored
in a specific location or address in the‘memory. Some
portion of a word is specified as Search Criteria and the
rest is masked. Then, in one opération all words in the
memory are compared with the search criteria, and a wor
which matches 1s accessed. Memory»allocation in time-

shared COﬂputers, sorting, merging, and pattern recog-

nition are appllcatlons where CAM's are used.

Access Time i
This is-the'timeirequired'to‘addreSé locatlon oF a -
;memory add oata1n useful 11forn4tlon TheLe 1s no_single

vsacred derlﬂltlon of access tlme appllcaole to all meu-"

-

R ;orles;'the, ndivid al situation b@ all me orleS' the
individual Sltﬁat’OD must be‘analvzedjto?determine thef
‘mosSt meaningful or conveﬁient definition of access time.

VI-3
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B Mggory’Organizatio

Cycle Tim

(D

Lo
4

This is the time required to perform a complete read or
write operation at any address of the memory. It will
‘usually include the time necessary for address inputs
to stabilize, the time to access the memory or to write

into it, the time required to transfer the cbtained in-
formation where it is needad, and also the time for the
memory to recover from the read or write operation. There

is no universal way to measure or specify cvcle time; each

case must be examined individually,

Read Recovery Time
The time that must be allowed for the memory to recover
after location has been accessed before another read or

write cycle can be initiated,

Write Recovery Time
The time that must be allcowed after a write operation

before a new read or write cperation can be initiated.

‘Non-Destructive Read-Out'(NDRO)_
This means that the information at a location is not
destroyed'if‘thatvlocation.is accessed. Then no re-

write operation is necessary. In general, “semiconductor

¥

memories are NDRO, while core memories have destructive

read-out. . .

.

ju}

e

[

‘:‘Numbér>of words by number of bits,
- . >’. -
: - VI-%
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A memory is said to be volatile if the incormation is lost
when the power fails, Semiconductor memories are always
wolatile unless there is a power back-up system. Some types
of magnetic memories are non-volatile
Linear Select Memory (2D)
A cell of a memory array can be selected by one line to
the cell, Figure 5.C.1 shows an example of a llned select
MOS storage cell,
XfY Select Memory (3D)
Decoding occurs at the cell; ie, an X and a Y line going
to the cell must have a "1" level before the cell is selected.
Figure 5.C.2 shows an X-Y MOS cell, |
The main memory, or,main-fraﬁe memory, is the primary op-
erational storage block of a computer. Although this area is
dominated by cores in today's computers, the next generation of
compuﬁers is expected to use semicenducfer main-frame memories,

es are a leading candidate to £ill this

-le

and MOS dynamic memor

role. The fastest core memories operate with about 400 ns cycle

"time. Semlcondu tor memories 1n the TOO 500 ns region can be

economically\maue., Theee are. nany Lequ-Le. nts for buffer mem-

- ories in compLLer perlpne*aT equlpment wnere slower data rates

‘-.e;permlt tne use or slower memory cvcle tlnes Statlc MOS memory

The DC MOS Memory Cell

- mode devices,and'is~showni

le aTready a f ndﬂdc applwc ionsln ;ﬁls,area.’x‘

Tﬂe typlcaT DC \@S sto;a”e celT 1s a 51mp1e effeetive, and

'}low cost de81cn The cell‘cons sts of,six p-channel, enhancement

"—Jo :
)4.

n F gure 5.C.3. Two of these (R1 and

re

R2 in Figure 15 act asyresistors’and are biased on by the VGG

VI-§



~supply. The two cross-coupled transistors Q

_thls hvcb pote ti 1 on the

1

a storage element, and Q3 and Q, are switches thzt selectively
connect or 1isolate the individual storage cell from the sense-
digit lines, Two sense-digit lines are used, providing signal
and complement drive to the cell., The werd—select line drives
tﬁe gates of Q3 and Q4.

With the p-channel devices used, the Vgg power supply is
the most positive voltage and VDb is negative by 10 V or mofe.

Depencding on the particular processing technology used in the

‘construction of the cell and the cell operating constraints,

Vee 1s equal to, or more negative than, Vpp. Since p-channel
enhancement mode devices are turned on when the gate 1is suffi-
ciently negative (relatlve to the substrate), the substrate is
connecteé to the most positive system voltage, i.e,, VsS.

In the storage mode, the cell maintains one of its two
stable states. The word select line is in the high logic state
(close»tOvVSs)’éo that transistors Q3 and Qs are off., As a
result, the.storage cell is isolated from the sense-digit line.

One of the possi le stable states exists when the oate of Qz is

'1ow, This means that Q2 is concht110 so Lhae its draln (node B)

is at a hlgn,potentlal (close to VSS) _ The dlfLerence in potentla-

:between VDD aqd tne dralﬁ of Q7 is dls ipated acrosa re51stor R .

4

The hlGh potentl 1 on noae_Bvi' counled co Lne cate of Ql ' Wltn'

a

(@)

m
UQf

node,A 1s‘at approx mately VDD 51ﬂce there 1s e531ent1a11y no

fcnrrent flow through Ry. The d in oval (node A),_vhlcn 1q

~

connected to the gate_of Q2, provides_tbe 1ow or VDD potent131

" that we defined as being stable state 1.
. B B s ) .

%

VI-6.
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To change the information stored in the basic cell, the

sense-digit lines ere appropriately biased and the word-selection

G

line placed in the active or low state., Sense-digit line A is a
high potential, The complementary signal is present on sense-digit
1ine‘B which is connected to a low potential. When the word select
line goes to a low potential, transistors Q3 and Q4 turn on, connect-

ing the sense-digit lines to the cross-coupled transistors Qi and

'Q2. 1In the exemple shown in Figure 2, Qg connects node A to the

high level on sense-digit line A, This hlch potential is coupled
to the gate of Q2 and tends to turn Q2 cff. At the same time, be-
cause Q4 is conducting, node B is coupled to the low supply. This

o

low voltage is applied to the gate of Ql and tends to turn Qi on.
This prov1des an addit ione_ path from Vgg to node A, further in-
creasing.the potential on' the gate Qp. Therefore, the indicated
sense-digit line potentials result in transistor Qq turning on

and transistor Q2 turning off, This is the alternate stable-state

of the storage element. Completing the write operation, raising the

word-select line potential, turns off Q3 and Q4 and isclates the

storage cell from the sense-digit lines,

. -

cit line A to

(]

Connecting sense-digit line B to Vgg, sense-di

Vpp, and activating the word select line w111 reverse the state

of the flip—floP; turning 02 ‘and Ql OfL.ﬁ/ -

- AR . o

For readlqc the Wora-select llne 1s aoaln actlvated Ir the

’fsense—d1¢1‘~l nes are termlnated by hlon re51stance MDS re5rs ors,
”la;so tnat both are at fa negativefvdltagefpriorrto;ac ivatlnc the ﬁ

M_’word selecc llne 'rheﬁ5lva2 is on, the adjacent sense- d15 t line B

A'

 kQW111 be puTIed to. crouud wnen QJ ard QA are tLrﬁed on. Thea the

. \rr-w ‘

7iétate of sense dl ' 111e B can be detecteu Dy a SlupLe me verterb'

[ B i .
or gate; :

VI-7
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(‘<:>

i

* to be pre-char ed to the proper voltabes.f.‘» ; -

Figure 5.C.4 shows a part

1

rcuit schematic of the MC1170;

e
’—-l
1=

C

a

which is a static 64 bit fully decoded RAM using the above storage

cell. This memory has a cycle time of less than 800 ns.

The Dynamic M0OS Memory Cell

The dynamic m

mory cell is shown in Figure 5.C.5. 1Its op-

eration is as follows: Initially, when the Row Select Line is

at 0 Volts, the Data

Bus and the Read Bus are pre-charged to a

negative voltage. When the Row Select Line voltage goes to the

. intermediate voltage

to ground through Q, a

o

depending on whether

of the storage node.

-1V, the Read Bus is conditionally discharged
nd QC’ or remains at the prechar“ed voltage,
a "1" or a "0" is stored on the capacitance

When the Row Select voltage goes to -V volts,

- the complement cf the stored information, which is now on the Read

Bus, is inverted by the column amplifier. Thus the information on

the storage node re—apoears on the Data Bus and the storags node

is refreshed throuch QA‘

Operation of the Dynamic Memory

Figure 5.C.6 shows timing diagrams for Read/Refresh and Write

cycles. Prior to the beginning of each cycle, PRECH is at -20V,

which causes the Data Bus and the Read Bus and also certain nodes

The decod1nc section selects tne T‘o andec umn SP cified by

;the‘address.lnputs-

The XENBL 1nput goes to. 20V eTLe: tne X address 1nputs’

are sLb le.. Tne 1n;erqedvete voltaoe tneﬂ ap pears dnetheg

. row select line dete:ﬂlned bv Lhe X addres i nputs. ‘During

VI-8




.

_the time that the intermedizte voltage is present, thg
Read-Bus is conditionally discharged to ground through QC
and Qg if a "1" is stored on the storage node; the value of
the intermedizte voltage is designed so that Qc remains off.
The intermediate voltage must rémain on the Row Select Line
long enough to permit discharging the Read Bus voltage to a

value lower than the threshold of the column amplifier.

When the conditional discharge of the Read Bus is com-

plete, the YENBL input is set to -20V. This enables the

yo]

dynamic Y decode gates so that the addressed column is

selected. The ‘information on the Read Bus of each column

a8

is gated into the respective column amplifiers, is inverted,
and appears on the respective Data Bus, in the case of a
Read/Refresh cycle. The Row Select Line of the addressed
row gOeé from the intermediate veoltage to a more negative

-V volts, and transfers the information on each Data Bué

to the respective storage node through Qc’of each respective
cell. Thus tﬁe original information on each storage nbde of
the selected row is refreshed. The column select line of
“the addressed column gates the information on the Data Bus

of the selected column to the I/0 circuit; a stored "O"

results in an output current in the Data Out Line.
) ) L 4 . : . ' . ' ‘P

‘For the pésé of a Write‘cyéle,vthe infdrmatioh‘bn‘the :
.Data-in liné is.géﬁed to the?bata Bus bflfhe sélected column
'éﬁd_is tranSferred'ﬁhroﬁghxéc oi;the selected.@ellftq;itsv

stOragS nodé.j:Thekremaining cells of the selected row are
refregﬁed.' |

Figure 5.C. shows a block diagram of a 1024 bit chip
using.dynamié stogagé, -

©VI-9 -




“decodine bacause it can-be red

~cretion of the engineer., The actual output sta

to stay

ing bea
clocks. These of course are not hard and fest rLlés. The design
may need special'configurations to fit its specific needs. As

for the memory matrix itself, it's designed to be of en optimum
nature and as small as possible. Presseni day tec%niqres for

programming are one of two types; they are metal and
programning is predcminent over metzl because it requires less

area to do. When the gate technique is used the mask for this

Because the area required to do this is sc¢ large, the =
of 2 post process step is overweighted (in my opinion) by the

monstercas chi

o
n
e
N
m
L]

ke the necessary signal amplifice-

4

open end or of the push pull type and prior driven stages have

to be compatible with the type of output sta
bV

. As for the future of ROM's it is obvious that they are here
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load
~device
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L

device

—switch —
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| selection device
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.Figure 5.C.2 X-Y Select MOS Storage Cell

one select line
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The Basic MOS Storage Cell
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| VDD

¥

1

L ' T Y
| :u/\«'[ |
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-

Word Select

Sense-digit line Sense-di
line A line B

it

o0Q

FIGURE 3.C.3
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Comparison of Mainframe Memory Characteristics

stics

J-le

Table 1 presents a comparison 6f typicel character
that can be expected from mainframe memories implemented with
cores, bipolar, and MOS technologiés. The access times for dy-
namic MOS memories can be expected to decrease tc less than 200 ns

within a year,

- A . B v B ) - ,



TABLE T

10/1/72

BIPOLAR

l FERRITE CORES 103 STATIC 4108
Cycle Time 600 ns 150 ns 700 ns 300 ns
Access Time 320 ns 50-1QO ns 600 ns 200 ns
Total Power Dissipation 300w 200% 50/ 100
¥ord Drive Current 400 mA 5-10 mA 100 mA 100 mA

{charging) (charging)
Word Drive Voltage 25V 2v 5-20V 5-20V
Sense Voltage 2050 mv 15V 5-20V 5-20V
{pulse}
v
Cell Spacing 25 x 25 mils § <8 mils 2% 4 mils 66 mils
- ‘e




IT. READ ONLY MEMORIES
In general all memories serve the same purpose regardless

of the type or category. That is they are51warehousé for storing
informgtion for use at a later time. As the name read only implies
this type of memory stores permanent unalterable information, where
as the read-write type allows the user to change the stored infor-
mation at his discretion. The usefullness of read only memories
(ROM's) have found their way into many situations such as micro
programs, look up table, character generatdrs, patch panel con-

trols, logic SlTulaClOD, etc. The 11m1t for their utilization

'ls contro1led entlr ly by tho deSLOn engineers ingenuity.. The

metal oxide semiconductor (MOS) memory has taken on a large por-

tion of the market place because it offers three basic and dis-
tinct advantages. | |
1. Cost per bit is very economical and is expected fo get
even better.
2. Compactness combined wvth the ablllty to have a chip
&ecode logic.
3. Ease with which the stored information can bé altered,
such as a single érocess step and even this is expected.

- .to be improved to a post process electrical programming.

It can be said'that the prime purpose of ROM'S are those

.SLtuatlons Whe:e there is a need to store 1nrornaflon that has

,to be repea;ed Wlth random use in a partlcular syscen.

vThe‘types,of‘ROM’s that'gré‘prevalent today are a function

A . . i ; . .
of the type of operation and the expected end use. Operation

~types fall into three categories:

o .~ VI-18




1. Dynamic; either 28 or 40 operation and must be continuall
>
/ (:) - clocked and the inputs and outputs must be synchronized to
the appropriate clock times,

2. Static; this type is capable of indefinite DC operation

o)
fu}
U—l

oth inputs and outputs,

3. Latching; this is somewhat of a hybrid of the above

two, that is the input is stroéed iﬁ and the outputs
remain static until a new address is_réceived.

The abové mentioned operational tyﬁes are normally the designers
choice but even they are dictates to a degree by wﬁat the end use
is to be. "The type of ROM such as arrangement and»capacityAis
always determined by its expected end useAin a system, The pre-
sent market place is being supplied by'ROM'S that fall into thfee
categories such as: | |
{£:> 1. Conventional: These are memories that have a capacity
that is a 2nth factor and fully decoded for 2% words
with an appropriate bit'length."For'instaﬁce:

Capacity o - Word-Bit Options
1024 o 1024x1
.512x2
- 256x4

.

o2048x1

S st
256x%8




(O

c | 512x8

2, Specialized: These are memories that are désigned for
épecial jobs such as character generators and code con-
verters, They may or maynot have capacities that are a
onth factor. For instance character generators are 2240
bits and 2560 bit cepacities with word lengths of 5,7,8,
and 10 bits, Whereas z Hollerith to ASCIi converter
would have 1024 bit capacity and a 12 bit input and
8 bit output, and would ‘require a proc -ammable decode

section.

1

3. Custom: ROM's of this type are specifically designed
to meet the peculiar requirements of a given customer.
A1l ROMfs regardless of the type or category they fall in
can normally be broken in four basic sections as shown in the

block diagram below,

O— —-—J 3
: 3 e A A ! ~ . a . o — - —
yrs O] FRIGARY = MEMORY SECONDARY— OUTOUT (=
\J -
o— OR X F— MATA/X OR Y BUFFFRS —>
o D:CQ.C’E DLELODE .
o- - -
c:

v . g - -

The X decode is composed of a network.of multiple gates.

€hat Whéﬁ ci&en a épecific binary 1nput they supply a 31onal to

-'the 0ates of one Ti e in the'X direcflon of maLr1X _ Thls 1nturﬂ

then cgpses‘i Formagﬂon to come out of all the 'e termlnals of

o E -

the matrix 1n ahcodence mth how the nater Has been pro g ed.

T

This 1nformaclon is - then further decodea to pass 011y tne appro-

]
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priate information to the buffer section that ampiifies the’signal
to a useable lev el for the oﬁt:ide world,

The manner in which each section is designed is for the most
part .controlled by functional requirﬁén s and chip size, If the

ROM is to be static the decode sections will be multiple input

NOR gates. Each input is connected to the eppropriate true or

e

alse side of an input line

Hh

n a direct binery word fashion.

-]

his is illustrated in the four word decoder schematic below:

R ~>—W0,9~,0”
RS
> WORD /-

E__[Jl (x-8)

L
1 —l—w'

O
L
| | ‘ ' . 2 H’O,QD
o Hel
! 1 ~n ~ WORD 3'..
L ——T. (% - 5)
Lyt "_l__




e L ' : ~ CHAPTER VII

; T ‘ PROCESS PARAMETER VARTATTONS

" The inputs to the MOS device mcdel are listad balow:

T Oxide thickness

-3
o]
[

[¥]
(=N
=]
T
Yl
3
0¢

ND = Substrat

AF = Low field mcbility reduction factor

i
u1d ,
B, ~What would be the 7 loss if there wéé‘a unifofm shift in
the Vt distribution of -.3 volts? R
SR 1ALJANS{i“If‘thefcell;wérewéeéigﬁéd t55épératéfbetween L
| =5.2 and -4.2 volts, table 7T shows thar after a

.=«3 volt shifi, the percentages celaied to the

intervals would be:

- . ) L

i
H

(]

N
: M
-

m

4]

T




~-3.1 - 3.2 16.76%
3.2 - 3.3 16.40%
3.3 - 3.4 11.40%
3.4 - 3.5  8.03%
3.5 - 3.6  5.40%

3.6 - 3.7 3.21%

3.7 - 3.8 1.35%

3.8 -3.9  1.05%
3.9 - 4.0 3.21%
4.0 - 4.1 0.3%

T 4.1 - 4.2 0.33%

T T T " 64.20%

Thus .35.8‘7° of the wafers would now fail.

';"}", )




TABLE I

vr ' o % Wafers L

INTERVAL L IN INTERVAL INTERVATL
0.0 - 16.70 - 3.5 - 3.5
0.1 o 33.35 3.4 -.3.5
0.2 . 49.75 . 3.4 - 3.6
0.3 61.15 . 3.4 - 3.7
I WA 72,27 3.3 - 3.7
0.5 . 80.30 | 3.3 - 3.8
0.6 | 86.70 3.2 - 3.8
0.7 192,10 3.2 - 3.9
. 0.8 . 95.31 ' 3.2 - 4.0
S 0.9 | © 96.66 3.2 - 4,1
«© , 1.0 ‘ 97.71 3.2 - 4.2
- 11 98.50 3.1 - 4.2
1.2 98.83 o 3.1 - 4.3
1.3 99.16 3.1 - 4.4
1.4 99.40 3.0 - 4.4
150 99.58 3.0 - 4.5
} 1.6 . 99.76 . . 3.0 - 4.6
1.7 ~99.85 3.0 - 4.7
1.8 99.94 3.0 - 4.8
1.9 99.97 ‘ 3.0 - 4.9
2.0 © 100.00 3.0 - 5.0

2 .



TABLE II-

ve o % IN
‘YINTERVAL o © INTERVAL
3.0 - 3.1 - - 0.24
3.1 - 3.2 | - 0.79
3.2 - 3.3 . ' 6.40
3.3 - 3.4 S 11.12
3.4 - 3.5 '  16.70
3.5 - 3.6 16.40
3.6 - 3.7 ' 11.40
3.7 - 3.8 : ~ 8.03
. 3.8 - 3.5 | 5.40

(<i> ' 3.9 - 4.0 | 3.21

4.0 - 4.1 1.35
4ol - 4.2 1,05
k.2 - 4.3 0.33
4.3 - 4.4 | . 0.33
Lot - 4.5 0.18
. 4.5 - 4.6 |  0.18
Le6 - 4.7 ' . 0.09
4T - 4.8 < | 0.09
o 4.8 - 4.9 | ~ 0.03
TR 49-50 - - 0.03
| . o
[ ) -
SRt |
O :
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- From Grove's dnrlvaunon, -Qn(y) can

MOS Equations
In Grove's derivation of the current-voltaze relationship

for n-channel -MOS devices, all potentials are referenced to

the bulk., The equation for the voltage drop across zn ele-

mental section offthe channel is given by:

~

‘.The drain current can be 501ved for by integrating Ipdy

“om Y= 'to Y=1,:

= fvay 17
- frmay = 20 || ey 1-2

therefore,

- e 210 ] ey 1
£

different from Grove's epproach, onz can solve the integral
for TIp assuming thers is 2 source to bulk voltage, Sub-
stitutiﬁg in the equation for -Qn(y), the equation for

Ip becomes: S - , - 1-5
In=0 A n' Vag=-Veo=20 —\7( ) ﬂ{‘/'77'\’ z qN "7(}*)+2,®~

D I"f ‘ CB FB C Y ¥=T8=p A d . £p

2 E

Wang has integrated the above equa;lcq and his results are:

VIII- 1 -
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TN,

o

‘The drain conductance is defined as: I
SVps Vg = constant D 1-7

RTd

|-h

DlLeren 1at1nc the equ ation for TD with re:pecf to VDS

reSLIts in the followi .g_equation:
Gps = Un %'CO{ [VGS-VFB—?_Q_-EP] N ,—V].:)S.'

2 e - | 1/2]\’

Threshon Ttﬂce iS’defined'as-the gate vmltaon whern
the’ drain conductance is zero and the drain to source voltage

is zero. hanc s result is:

S¢o - o .1/2' -
—  (Vgp*28s.)"" 1
Vpg=0 ce P
Vg is definad as the threshold voitage forAzero souxrce
to bulk voltage: e
VTo=VEsr2f - + ~[2Kae qN, L e
fp’ \_ S‘ oA (Z(jf )1/2 R 1-10
C P . .
By subtracting equation (1- 10\ 1cro*n eqLatLon (1 -9),. VT
can be written in terms of VTO
V'I=VTO+ \‘[’?-_-g-**s"'-—-‘-—-e s . SRR ] e
- - ' 20 - 1/2_ A~ 1/2 E R A [
: '-, . .Co_ [(VS“ 'QLP) : (20 gp) Rt
“*Eqﬁ t101 (1 ll\ is the sarp eqLeti‘ used By rford

~1.To s;m 1ify't é curreq* eq ation}}thellast;term on .-

~

"bthéjrlgatQ31de”Q:”equationl(?ré)jcan be expanded: .

S v vTII - 2




“in the comp\ ter simulation sect

f(VDS) C \f7:§:_5:2f BVD”“VSBr7b—p)Q/2f’ |
| (VSB+2¢fp)3/2J.— 1-12
f(VDS) 5~3 «[ZQ?E}@Q[ [ (1,Z%g )1/2 Zgip)
: + Sagg 2 (Zgi'p) | (Mf?)g./z

‘Since the Iinear.revvoq 1mp11es VDS <7¢fp [IEL.Z] the higher

order terms of (VDD/?GfP) are neglected:

: f(V Ds) = QZhszoq\A (ngp*VSB)_ VDD | 1-13
Co. | |
Then the. drain current equation can_be w en as:
ten Z o f [ sy 1l1a
Where V~=VFﬂ+2§fP4¥ RS oA (VSB*Zpr)*/“
Co
This equaticn is the same as the eguation used by LrauLOfn
The saturation voltage can be soived for asidone by
Wang and his result is: B .
Vpear=Vos-20 g, -Vppt XA 1 A/;choz ) ]»
sat "G 7 Y= (Vee-VEBiigp)
Co ! Kseoalia “l

This comoletes the list of equations which will be discussed.

£ this report,

n

[
e
o

ivéd"ér n-channel devices.

Tne equations have been de

R

~The eaua ions are more easily han xdled f0f‘n Chcxﬁcl dev-ves

0

because the mathemati ian does;noLineed__o woLrv abouup'fL
N raisiﬂ peg ve .quar tities;to_fractiona' pOW ers'" The

1
e@u tions for n- chapﬂel devicéS[canxbe changed~to*p—chaﬁnel;”

VIII- 3.




o

- equations

which are

throwing

value quaentities to assure

prope1 dir

by using absolute

to fracti

j=e
u

raise onal powers

in a few sign changes external

the equation

ectilon, negative or positive.

values of the

-A.list.of the

pP- cnannel equations will follow: .

4 - S
Ip=tpr Coz ["GS‘VFB‘Z fn | VDS

. 1372 Jooias |32
o 7KS e o
VT—VEBTZﬂfn D v rzgz 1/2 1-9&

_ - ~ sl TR B =
v Vas-29 = ~Vrg- o s D i 2C,°
Dsat *GD fn”VED 2 1- (1 “0 e e
Co* | ¥ TTRecan (VesVrgt
' L 3 Rgepodlp -

e
143)
0
0n
’..-In

Equation 1-14 plified form of equation 1-6,

describing the drain

t-h
Q
4
[a¥
n
M
Na)
I
m
r
T
O
3

s Craw

e -

Equation 1-14

current in the triode region. The drain characteristic
curves are plotted in figure 1-1 for equation 1-14 and
ion 1-6. The curves were calculzated assuming the

equat

~equations were valid up to the saturation voltage and

plotted assuming equation 1-15 described the saturation
A
véltage, The comparisca of-the Oﬁ:pht.characteristics
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»10%'for a 1507 increase in Nj.

Crawford's equation does not include the doplng con-

centration Np for Vgp=0. If there is a source to bulk
voltage, Np is included in AVqy and therefore is involved
“in the drain current equation. Grove's equation involve<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>