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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



<::> Line

o)

e o ol e
® N O W N RO

=
O

N D DN N DN
u &~ W N = O

NN
N O

NN
o o

w
o

w
=

w W w
W

O @ ~ o UL B~ W N

'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



- -
- -

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

CII-11




- 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
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,',.-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 —

cell isolation or

| selection device

VGG.
i
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.Figure 5.C.2 X-Y Select MOS Storage Cell

one select line

X twd,Selectv
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The Basic MOS Storage Cell
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| VDD
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1
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IVSS

-

-

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 involves

 Np more directly. For the Vgp=0 case, current decreases

»
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Cnaptet 2
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: Q . . MOBILITY DEGRADATION

4 1

An essential part of the MOS device mo

.
M
—
e
n
T
oy
®

0Q
m
}.l

parameter or forward-transfer-conductance ratio

transconductance is defined as the ratio of 2 swall change

“in_drain current to 2 smalliqhaﬁgé‘ih'géte voltage with the
drain voltage éohstant. |
='§E§_ VDV= constant | - 25; '
avG | . ' '

Differentiating (Eql-14) with respect to Vg yields the

following egquation for L“"“SCOMch*anc in the tricde region:
gm =g W Vpg [Triode R'w“ on] | 9_9
L. : =T
Vol . - - - .
<Ei> A similar eupression can be written for the saturetion
region from equation (1-16): - o
gn =g W (Vo-Vo) [Saturation Region] 9.3

gain parameter. It is the variation of this parameter
£t

with operating conditions that is the focus of this chapter.

hich is dependent on mobility, oxide thickness znd the -

@Pe ox lde thickness is' & well controlled process parameter,

W

{(fjf_ B ‘thcn ‘mezns the variaticn in B with operating conditions = -

~is a direct function of

P

e e e o e e
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well un

: fobility of carriers inm MOS devices has been under.

O

investigation for a number of years, There are a number of

effects teking place at semiconductor surfaces that are not

mobility, the effects are considered independently. The

flrSt is tHe IEQLCL101 of bulk mobilifi

electro

1B
N

oxidize

ders

3]

rr

0

y t

3 . - l’- - . - §
fLelstlko, Grove and Sah reported extensive ma2isurements of

tood, To help understand how each effect reduces

surface mobility.

n and hole mobilities in inversion layers on thermally

d siliconrr surface

mobility is

mobilit

1.5 x 1

bulk mobility as a function of impi

then red

. Thay concluded that surface -

Y]

approximately equzal' to one half the bulk

y and a constant value up to surface fields.of

-~

05 ol*s/cd. It is thevrefore rezaso able to calculate
a

purity concentration znd

e buik mobi

"i

- = - < =
1L TG get surzface

ity by a consta

mobility.,
psurface = pbulk » K 2-5
» This reduction of bulk mobility to surface mobility
has been attributed to the additional scattering mechanisms
Q9
associated with the presence of the surface-and to excess
charge being immobilized in-surface states. TFor normal

electric fie

" constant,

1ds in excess of 1.5 % 105 Volts/cn, the re-

duction of bulk‘moblllty to SL*I&CD moh 11-Ly is no 1on0er

1 fod : . E) el

This, ther=fore, sugge t tne L011OW ng- moﬁel

ﬁllgS xflOS volfs/cm’n

when B, =Vg ~ Vg -

B\

T s }

psurface = pbulk» K-V

C s

VIIT - 8

."'2_’6”




77 is the normal. field reduction factor.

There are

normal field mobility

Crawford, Wang

“Crawiford

‘mobility as =

the measured v

‘a number of me

reduction factor

4
ana

[t
re
Y]
e
[=}
+
"y
)
]
(&
[

has ]
function of‘applied gate
alizes of"ipcréﬁental'd"a

).

V.

I

n

—

thods of deriving 7 (the

The m»..tnOdS of

tage by

-

region) to the theore ical valides of incremesntal drain

resistance,
egion, rgr, is defined as
drain voltage to a small change in drain current:
Tdt =9Vp
oip

5 - 2 :
Iy =-£}{Vg -~ Vo) Vp - 1/2 Vg -J ) 2-8
The drain conductance in the triode regicn can be cale
by differentiating the equaticn for drain current with
respect to drain voltage:
3Ip - V.
L 2D plvg - -y 2-9
oVp LA _ _ T
" If the drain vcltage is near the origin, the drain cond
becomes:
A A 3Ip ' .
wl —_— AU 13 .
Svp B &g - Vp) 2-10
VIII-9

dzveloped an emu1r1ca1 relation expr essing
adjusting

resistance (triode

The incremental drain resistance in the triode

the ratio of a small change in

ulated:




“found the measured values of incremental drain res

were greater

Then the Incremental drain resistance can be written as:

Tae = __1

=5 (VoI (theoretical)
: N GTYTY

2-11
. AssumingB to be a constant, low field value, Crawford

stance

}-Jn

3

than the Lheoreulcal values of incremental
draln resistance by a constant re31stance R. Thls can be

written in equation form as:

2-12

Ta¢ (measured) = rg

0(‘!‘

1e ecticall4r= -
onstant B

l'l‘

.
R

where 8, is 2 constant, low field value

=B VgV = ' S5 VD + R 2-13
ing yield: .

rearrangin

B lJo L 1- ,303(\G—V ) | - ey 2 14

(LOO>, o
e

'ncpevl ma!

180»20Q  }2405250?

Tdee (2 1} 40 anu 8 R for 1 to 1 ;?ém‘ﬁatéfia1 f'

VIII-10

- BO (VG'—\@ + R



D
ol

0

Crawio s mobiligy redu iction equation has normalized
mobility wversus (Vg-Vq) The normal field cen be written as:
E, = Va-V: where to is oxide thickness 2-15
X G™'T
o , A _

Crawrora s equation can not be written as a function of
field unless .the oxide thickness of his test d@vices is
known., Since che normal field varies with oxide thickness,

ccd for

00

Crawford's equation for mobility reduction is
devices where the oxide thickness is the same as his test
-devices,

9 | . | K
Wang has used the DC channel conductance technique

(5

to obtain an equation for mobility

<
n
s}
(o]
'—{
=
hY)
o)
[
e
M
}—.l
jah

ersyu

Lt

.f i
— e Z ¢
- . T %7 LS VT e - $ i
DS ?P L CO i \¥G5 \IQ> VDS 1/~-gb H 2‘L<~
ot i
and solving for yp, the average mobility, the eguation is:
p.” B A T 2-1
7 Vac-V Vie=1/2Vne* ‘ -17
%.Co [(VGS Vo) Ypg-1/2Vps } :
The DC channel conductance taclkiqLe 501vea for Lp by
setting VDS at a smell known voltage, For JDD=O.1V,
Hp- can be written as:
np = __10 Tps o= 10 Ipg o
- ZloWWggVro) z ko€o (Vgs-Vro) 2-18
Uano caTc izted the average mobility using the equation
-above d measuring Ipg end (VGéfVTO);‘ The results when -

nO?taleeq compared well with Crawford's results. Wang

VIIIZ

"
=1




equation can be written to show
N . )
S(j> ‘a fun on of field:
- o — 10T
| pp.= _ 10Ms _
£5(Ves-V10)
where Vg Vg

to.

was found

m

This a

At fields greazter than the~critical
Fit was made for the moailicy ve

Ex

rees with Grove

Z . - 2"'1
pkete {_,cq V”_Q)] 19

(normal field) -

to be constént up to a field

and Leistiko's results,
field Ec, a curve

This

P L JRPpN SN - ] RIS S P
Benitchkowsky~has derived an emnirical equation to
12 . e e 3 e - = e 2 et
-~ . predict the mobility reduction as a function MOS device
g '
! ' - 2 P T L LNmr mmm g e H Rl Rl .l
(:) characiteristics. Bentchkowsky's expesrimental date indicated
. 275 vy tTAQ P~ mm s - 2 RPN
the mebility was constzanit up to a fisld of E=6x107 and

- wirre ESO#6X104V/cm and C

ES is the surface field &and can

Y

of . the totai_ch.

rge par
semiconductor:

| EBs()=q)_ 7
ST ' . o Kg€g

or P channel

¥y
L

devices.

be expressed as a function
face area induced in the

-value along the
Y=0 v
Y=L .V

"Bﬁgtchkowsky approximated Qg (y) by

channel, The boundary conditions are:




o The average value of Qé(y) can be caleculated as:
o O . . S = fg IQS (‘]) dv
. - _ S ——

]

— [V | )
Qs = OD— {V’Q—KTFB—ZGF~Y7] Co dv

T 0 -
- [VG-VFg—ZﬁF-O.SVD] Co

Q'
wn
I

. The BenLc kowsky's equa ion for moollltv can be written as:
: SO| C ' N
peff.= ELf (EDQ) [ES ] 1

where Eg =;QS__

}_\S.EO .‘(? ) . ., I ..
] .LJ.'O ) . CO C
ff = ff (E =( — 1
weff = peff ( 50 [VG-VE5-205-0.5VD] k5 & 2-23
The matching constants Cq is an empirical fit. ’ ’

Bentchkowsky's results show a hifﬁef effective mobility
for a givén fi=1d,. The‘derivgtion does not specify if the
material is <10C> or <111>'. ,
C:l When using moFiiity veduction equations, there are
\
O
three things which should receive special attention to

aveid misuse of the equation. The first consideration
should be field dependence. Bentchkeowsky's and Wang's

equations

sre in a form which allows mobilit ty to be a function
- of normal field, Ex=(Vgs-Vy)/ tgo. Mob 1ity sbou;d be con-

sidered as beinr field dependent., Crawford's equation is
written as =2 F*DCti01 of (VGD—V . The oxide thickness in

CrdeOrd'S equa 10 1s 1ncLudgd 11 Lne;ﬂgR,faﬁ or which.

 mulL1p11es (ch—vT). One écn aI;eY, nej? ctor to
’5ob alﬁ rlelo d~p ndeQL equ ﬁid.p_ifff"t’:_ieio"id;‘._thti'é‘;'rieé,s-i

:of the:ﬁéstfdevicas is Lnonﬁ: ;Thé Seqond,cqﬁsi&éréti§n '
‘i sh$u1dib§€$a£;ri}lVL Cr wford changes the v R

v
‘wfacLoL to_actount:fér <100> mater;al and (111> matert

Wang has two equationsj One equation for <100> and one
4 : o .

) = A Lo 3 . o~ £ 7% SUSRIE SO R r\'-; pod S
equsation for 111> . Bentchkowsky's eguation dces hot -

e T e e e e e g e e et e, e o e m.




.tj§f>

Pl ) : LN :

to bulk wvoltsz

-3
D -

material, The third thin

~
(==

account for <100> and <111
one should coqsi er is source to bﬁlk vol*ag .
2 can be accounted for‘in
Ao is.reférencgd to grouﬁd‘and_VT_is inc;eased by &VT

by the sou:ée to bulk voltage.

The mobi ity reduction equation

are plotted in

Figure (2-1) and (2-2) for <100 and <111> material

respectively. The equations are plottednversus

If the oxlde thickness is known, the normal field can be

calculated for a given (Vﬂ-VT)

The final component of surface ﬂObllLty reduction 1is

that due to the transverse

the carrier drift velocity will increase with increasing

N o
-1~ 2 £ 12 T Tl mnr Amamsdt PR TP DT - FUNIIE L
electric f£ield, Shockley describved the drift velocity
;e mmmda £33 o ., 313 O -
versus electrie fiels &35 three distinct regions. In
CED e 2.0 +rHe O ~— B - S B N - d 4-
Tigux £Z=~& TieSe tiiree Tegliorns &re idenciried, EYOmm Gdca

presented by Norris and Gibbons! a bulk mobility versus
d

transverse elsctric field curve wzs constructed by Wang.

=1
j
e
n
0
a
I+
<
()
I
4]
H
0
H
o
(o]
H
]
0]
e
o]
+
jmpy
D
o’
[
-
bt

k;’: VIII %

The source

the (Vg-Vg) term.

field, It is well known that

which
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&

';he

~ length is shor:,and,the drain’*olta
~and uare ’istic._D verahs VD curve ”ecths

factor. As one can see from Fig.2-5, a line eg
field surface mobility is drawn on the bulk mobility versus
field graph. The intersection of this 1

curve representing bulk mobility reduction is taken to be

the critical field at which the surface mobility v ill uﬁdcroo

ield is

Hh

'transverse-field»reductioﬁ.: Once this critical

rﬁacbed the aSSmetiQn is made that surfacevreductioﬁ would
be equal.to bulk reduction. Iﬁ this mcdel the field should
be calculated using the voltage from drain to source until

saturation

o]

ccurs and Vy saturation thereafter. The distance - -
over wnich this voltage is distri

channel length.

Ly = ¥DS ] L. E o .
"~ in tne triodg ryegicnm . '
L : o | 2-25
Ey = Vp :
——_ satursztion In the saturation region
Lefs
Since bULk mob*l*ty in silicon is anisotropic, Wang's
traﬂverse field model is not depesndent on crystal orienta-
tion. Although the low rleld mobility is different for

diff rent~crystal orientations,. the critical field at vnlcnv

-

ranverss mobility reduction becomes operational will

change. If this model is used in czses where the channel

jID“versus.VD curve D011 '“out'thatféﬁrfaééf

~"Ss,aé’ Fi gure 2-6 .
Wl
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are not reduced by the same phenowmezna and Wang's model of

transverse field mobility reduction is not useable, The

most plausible explanation for the failure of this model

1

is that the low energy scattering mechanisms are more effi-

()

cient at the surface than those in the bulk and make it
possible for a hole to lose the energy it gains from the
electric field through collisions with the lattice. This

provides that the hole can stay in thermal equilibrium at

o
e

the surface Ffor higher electric fields than possible in

~the bulk, The critical electric field at which the trans-

-verse field mobility reduction factor would have an effect

should therefore be much higher Tor carriers at the surface

than for carriers in the bulk, At the present time there

field mobility reduction and therefore it is gur recommendzat
thet in computer simulation this effect be neglected,
R . ‘.
A
kj.:" . -
: - VIII-22 -
x R




Channei-Lengt

Chapter 3

Modulation

indirectly proportional to the channel length. This makes

LpESTCN

and source diffusions,

are due to processing.

important parameter, The designed channel

The channel length can also be

changed due to bias conditions, IL all chennel length
variations are grouped together and czlled Alggg, the
effective channasl langth can be written as:
L - - AL - “'1
eff DESIGN “~eff 3
T would modify the drain current caTCLleLed for designed
channel length as

follows: ‘ e

B .



As this volfage increases, the depletion width increases
and the channel length decfeasés. Then.as Vps increases
channel length decreases and as Vg increases channel length
increases.

Crawford used simple p-n junction theory te describe

‘L'= [2Cg  |Vpg-(Ve-Vp | 323

Wang used Lasv ence—”" ner's curves for an erfc dis-

s.a

tribution to calculate the change in channel length due to

ias conditions., Wang's rasult is:

B

T 3 (‘ T 7- T ?
= / k S (‘;D""(‘ GS ™V r}}
A aq

w
!
I~

Bentchkowsky and Grove have developed & more complete

i-Si09 interface, due to

S
the prasence of the gztze electrode. They describe the

|

R
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3

Computer Simulation

The equations programmed into the computer for MOS

Device Simulation are as follows: (See Chapter 1)

W . - e
. IDST Hp CO { {VGS"VFB -ZQF"VDS] VDS » L-1

2 ’e c AT ‘ N . A
-3 2Kg,alp []VDS+JSB+ZCF

Co.

Vpsaturation = Ves Vrp~2% c 4-2

4L-3

BetVsel 4

J_rt;,/zi-is i |20 |

Co

.~ VWhen Vpg > Vp saturation:

- Vpg is used in the solution of equation 4-1

":17';When'VbS”<}VD saturation .
Vp saturation is used in the solution of equation 4-1

- - ThA gain parameter £ can be written as follows:

fi3
b
m
)
(®)
It
oo
0o
=
Ih
1))
Q
(l
4
[l
1]

. U VILITI27

Y Jrawase| 2]




, 2 :
~and if w2 assume Wang's mobility model, the surface
(o . mobility can be expressed as the product of four factors. '
: psurface = (K) (pbulk) ( (%) ' - 4-5
7
(T
C
thermal oxidaticn, the uncertzinties in 8(0) and psurface
. are believed to be due to uncertainties in the structural

i

)
b
1

rameters used in their computation

O
) L AP A - ] iAo eat P -
tneAarpr and p'0ﬁ¢:d '1Lh the folleowing calculs

7L R N e

> "
O
~ VITI-28 ] )
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4-7

S —

i e e e e e

(:) Read bulk mobility from figure
B = € usurface = pa 4-8
téX V2
g cn2
, - psurface =8 tox (8) .0029 =8 tox (D) 60 29 B
K_.usurfuce 4_10
pbulk .
Once Khas been determined there should be no need to
continually change this parameter,

T “pbulk is a well known quantity for silicon and the
following equat ion is a curve fit of pbulk versus impurity
level,

} pbuix = 4 Np_ . \ 0.76  + 47,7 4-11
| holes ~ {TRIOHT ) S
£ See Figure 4-1
(\ 2R R ml Er oA et am o mmam e e mvemrai-al
} is the normzl field reducticn facior.znd is crystal
‘orientaticn dependent, The folliowing are empiriczl eguaiic
which represent <180> and (111> P-channel }MOS5 devices,
100> From Wang (111> From Armstrong
’ €y = Yes-Vr €y = vgs - V1 _.
if €y>.001025 if &>, 000561
then Yy = 1 Y= 1
N S —
.90+3539.Cy LST7S+37 . LEY
At the present time there is not a ccmplete theoret-
1ca1 model of surfazce mobility, and therefcre the empirical
f, _\1 L -
VIII-Z?
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y reduction,

$ is the tranverse field mobility reduction, which

according to Wang will yieid the following result for {100)>
material,
€y = [v] where V=Vpg in the tricde region  4-12

Teft |
' S ‘ V=Vp saturation in
region

the saturation

'

<100>
€y 281.5 V/mil

e = 10. :
2;88+.0874G§y

ot reconmended

for compiuter simulztion as stated in Chapitar 2,

The threshold voltage is a very impoviant MOS davice
parameifer andé is definad as the voltage thiat wWwill bring
about surféce'idve:siﬂn. The basic theory of surface in- -

4-13

e S e o e ot o st o e Tmr




.

N

As a practical matter a surface may be considered inverted

.when the surfeac holo concentration is equal to the impurity

-so threshold voltage becomes

concentrate in the bLlL This same criterion restated in

terms of bbna theory requires the surface potential to equal

two times the energy difference.between the intrinsic Fermi

* = w

level and eqdlleLLuﬂ FeLml level,

¢s = 2¢g

1 .
-8
e CO
The preceeding definition of threshold voltage 1is

not cog mpleee1y accurate &s tnere are some free carriers

- 2a I\~ - P B PER N . e e ~ - -~ ~lr A T PRy
menit can be made bult scme care should bz tsken tec insure

ar e T ST I S s
tnat sCrons ILnvaSysion nas occured,

the basic M0S equations, This therefore suggests an easy

measurement technique. Let VGS=VDS

of the saturation equation) and measure the voltage at two

~different low currents. Knowing two points on the

D

Ips -?% (VGS"VTO)2 | 4-15

N

equatio n,the.extravolated velue at Ipg=0 1is easily obtained.
On the folTO 1ing V.. versus (VGS »mo) curves one. can

Wit porticn of the curve:

33}
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'is no longer valid, Since the actua

(Vgs - VT()% S 4-16

.|

L MOS device can conduct

current before Voo = Vg (ie before the onset of strong

inversion), the points used to calculats the extrapolated
threshold voltzge must both be on the straight line portion

of the curve., TFor a large ratio device there is a very

_real possibility of meking the lowest of the twe current

Fg

‘measuremenits before the on set of strong inversion and thereby

P | > - 2 -~ —_ 3 2. - b - T = - . T
and it is reasonsble to &ssume that the physics at th
am 31~ F . - hrgd 2. =1  f hd S .1 - <
surface are identical,  For the thres.devices shown the
: e g 3 -4 JPIC SR S I S o~ [T SN DU )
extrapoiated threshold veltagss are approximately thes =zame, but

from Floure 4.2, one can_see_thatrlO/?a measurément»on the

-t

large ratio dev1c is almost off the starighit line portion

of the‘vID versus (Vgg ' - Vpg) plot. Care should be taken

. ‘to assure that Lnﬂ threshold vo ltage which is inputed for
computer Simulation be.aS'accurate as possible,

The effect of substrate bias on the MCS device charac-

teristic can be calculeted by considering the device as a
four terminal element, A complets development of the
equations which describe the four terminal device modal.

~ was presented by Cobbcld in 1966, It is this model

S e T : , ; PR
- w , : S T : ST N SRS,
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medified by Wang that is used in computer simulation. .

er modification

Anoth

Ul
Hh

t
threshold voltage. Threshold veltage with the source.

grounded to the cub rate is one of the input parameters,

An ef:ectlve tnresno1d is then calculated using the followin
equation:
L. , 1 o L
’ {a € - : Ay .
VT = VTO —Q-'ZE\‘S o4 IND lzgf'\'SBl 4-17
. o _
r 1
< N {
Co
This is the same equation used to calculate Vam in
the MDS Design Manual,
Length and width parameters used in the program are
actual not drawn size,
The following is a2 1iszt of the imput cards that the
dssign engiuneers must change under different circumstancas,

I
I
a]

dJ

o

3
'—I
o

<
fu

0
)
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o]
v
fak
m
oo
r
v
‘.‘
nl

=

o

o

=]
~

0

5

tied together. A minus sign must be in luded for the

3

XJ = Junction depth in microns.
AF = Surface mobility reduction factor (see page29)

IF'(EI, GT, 0.000561) GOTO 20
20 E = 1.0/(.979+37.4%E1)

A
LSS

Vpg = Measure threshold voltage with source and substrate
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- model as <

For <100) material

-7

This is the extent of the card or stetement cHapg s
d to go one material or crystal orientation to another.
As the final goal of this project is to obtain a model for

use with the SCEPTRE co-puuer program, the length, width

and oxide thicknass parameters are inputs Vthn come from
the function procvam.’ Tne changes‘
listed ara't;ose wnich must be made in the function program;
In>computer Siuulatioﬁ one must be cogniz nt that the

final vindication ¢f a model is its &bility to predict

device characterisgics, In order to make & compariscn

- . ) ~ e AP e - 1 - = ISR R
berween the compuier simulation and the aztual device

e s A s . =
characteristics, a silicon gste test chip was choscn for

'The process perameters were as fol
Np.= 1.2 x 1015 atoms/ap3
xj = .6 microns
= 1000 X.
<111> mate rial”

were mtdeﬁto deterﬂine VToﬁand;Bo* (seeuFig Li-4)yihole mobility.}

~.The size of the device should provide a good test for the

oW

VIIT -38
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supstrate bias. The drain current should decrease when"

- reduction and transverse mobility reduction can becoma

~

operational effects.
Figure 4-5 is a comparison between two programs that

model MOS I-V characteristics. TRANS was written by Pat
O'Farrell. This program uses Crawford's normal field
reduction factor which is a function of voltage not electric

field and wenfchkrﬂ<<y—G"ove channel length modulation,

' The T0d1fled FCP pro written by Nygaard-Wang and modified

by La

(w}
T
e
o
o
juy
o
[}
L
n
)
3
[
]
®
9]
<A
<4
m
=}
0Q

compared with modified FCP which includes Wang's trensverse
field mobility reduction. Note tha dip at large valuss of
Vps. This depariure from the actual 1-V device characteristics

-

this effect sho ald not be included in the »O0S device model,

1

Figure 4-7 is a compariscon of the MOS I-V characteristics

and the computer S-%UlaEWOR,Y”i.. 1

1,

ng the EBentchk owsAy normaT

)

o

T

field mobility reduction model, At large velues of Vp,
mobility is increased rat hc than decreased, which results
1n an unrealistic increase in drain current,

'-Figures 4~8; 4-9, and 4-10 are included to demecnstrate

r

the computer model’s ability to account for source to

- . . B . -
Lo [ . . : Lo . DR
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familiar to the design engineer, The basic equat

Chapter 5

Conclusions

The purpose of this precject was to obtain the best
MCS model for computer simulation using input pzrameters

Cns are -

M

those presented by Grove. These musL be medified to ac-

cozmod te a four te rm«nal descrlotlon

compares them with the accepted simplified design equations
(referred to as Crawford's equations). This should acguaint

e s 22 1 Fagtng P ) ,-.:, — - < - =3 - 3 - .
viobility and effective channel length, assumad constant
in simunlictied modald - om frsm A am e Aoty e RS ame
10 [SImplirniald modcs, aryre TWO Lmperrtanc Z2Vic 1=
1 2e N pmepema - - = -~ emy - N ~ 32 -2 1 ' - -
that vary under certain bias conditions, Chapter 2 preasents

to be the best wmodel, This modal zlso has the zdvantaze of
. o

being easy to cyaﬂfe for-different crystal orientations.

o

.



ive accurate results
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for junction breakdown-or excessive driving voltagss. The
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- An accurate MOS device model for computer simulation
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sented by Wang. Channel length modulation can be modeled
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CIRCUIT DESIGN

CHAPTER IX



Integrated Circuit Design

The initial step of LST design is the verification of the customer's

"logic system. This should eliminate errors in the customer's logic system;

This should eliminate errors in the custcmer's design and prévent misinter-
pretation of the system by the engineer. When the logic system is verified

(see SIMUL 8), the logical functiéns, afe broken into cells, or sméll electronic
circuits. The following section is a detailed description of the design
procedufe of ¥M0S electronic functions. |

L]

Once the cells are designed, the system is again simulated to ensure

‘that it meets the customer's specifications. The electronic design is then

converted to graphical structures, and arranged for area optimization on the
cnhip. The graphical structure of the chip is then photo reduced and parts are

manufactured. Simultaneously the logical simulation information is used to

[l

shed parts. See Figure 9.1.

Fde

genarate a sequence to test the fin

6.4’/\" ’{'ll'e 46011\“ B 7 » .
Look by Crewbord  on /103 . .
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dividing

The DC design of any cell usually reduces to the design of an equivalent

CHAPTER IX

D-C Circuit Design

- DC Design
- The design engineer begins building an MOS integrated circuit by

the chip into circuit functions or cells. He then proceeds to

- design these cells electriéally to fit the requirements specified b& the

- customer, the technology, and/or marketing information.
-set of inverters which fit a group of design criteria.

. Design Criteria . o , -

The following criteria usually describe the inverter design completely:

7.1;

2.

A hlgh res1stand& 

*11N0182 Immunlty':

Process required to design chip - Vee Vpp
. . . =1
Supply Range: ,
Vpp max., Vpp typ., Vpp min. .
Ve max., Vgg typ.., VCn min. ' ' _____ll; Qy
Input Signal Levels o
‘ l—o Output
© 0 min., O max. o '
1 mlP., 1 max. : Input \ QL
Output Signal Levels :
0 min., 0 max.
1 min., 1 max. :_ ' . ’ - .
Output Current Loading '
0 Level Current
1 Level Current
'»‘Mlnlmum, Typlcal Max1mum Power Dlsstatlon e
--Mlnlmum Typlcal Max1mum, R13° and Fall tlmes or propagatlon delay.

because 1t requlres 51gn1f1cant1v smal]er chlp area fhan a dlffused re<1stor.

OS dev1ce, always blased on,'ls often used as a re51stor ;
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DC DESIGN OF PMOS INVERTER

Determine

Design
Criteria

-

Select appropriate limit

of voltages and proc
parameters from Tabl

ess
e 9.1

v

'Design‘load device

Drawn size to nearest .05 mil

v

Select voltage and process

1imits for worst cas
level

e ‘"0"

v

Analyze load device with

new limits to f£ind current

v

limits

Design Switch Device
with new current and
new voltage and proc

ess

v

Drawn device size to nearest

< empm




The inverter works as follows: The switch device is turned off when the

voltage applied between its gate and source is lower than its threshold

voltage. The output voltage is then a "1" level or approximately equal to

Vpp: When the input voltage on the gate of the switch transistor is greater
than the threshold voltage the switch device turns on. Qi and Q, then
become a resistive voltage divider. If the resistance of Qi is small, the.

output voltage is near ground. The resistance of is non linear, and a
=) 2 3

 better speed power product is realized by connecting the gate to a sﬁpply

voltage.(ch) greater than the drain supply voltagé (Vpp) -
The appropriate process is chosen from the supply voltage specification,

and interface requirements. The low threshold process, used at Motorola

Irequipes Vgg supplies between -12 and -20, and Vpp supplied between -7 and -20.

The High Threshold Process requires -152 Vgg = -30 and -10 = Vpp = -30.

'Silicon Gate requires Low Threshold supplies.

The input and output signal levels are determined by the Process,
available supplies, and the required noise immunity at the chip terminals or
the requiredvnoise immunity at connectiéns between cells on the chip.
Cell s which connect to chip terminals are generallly reguired to source
or sink current at a given output voltagé as an interface requiremént. Next, .

the customer may specify a minimum speed or may specify a typical or maximum

“power which reflects a2 min., typ., or max. cell current.

Now, before designing the transistors let us review the MOS device

equations and the effects of Beta degradatiom, substrate reverse bias, side

vdiffusion; and oxide etching. -




2N

where

”derived- For an actual MOS dev1ce, as rhe

- o DC Analysis of MOS Devices ‘ o

~An MOS device can be biased for two different regions of operation.
These two regions are the saturation and triode or nonsaturation region.

The ideal equations which describe the operation of the MOS device for

- the two regions and the bias conditions which are necessary are given by

Saturation Region oo o e

‘ BW
Ips =57~ Lves - Ve
Vegs < Vps + Vrg

~ Triode Region

BW _ :
Ips = 37— 2 (Vgs - Vro) Vpg - Vpg 2
where :

Ves > Vps + Vg

The above ideal MOS device equations will now be modified to include the
effects of beta degradation, body effect,and the effective length and width

of an MOS device.

Beta Degradation

For the above equations, o : _ ‘ o

‘ - tox

where o oo
€ox = dielectric constant of the gate oxide
tox = thickness of the gate oxide
WP = mobility of holes in_the inversionjlayer

The mob111ty term u,p was assumed to be conste t hen the equatlops were

w
"field.becomes rarger, the

te
:carrlers in the hannel are attracLed towa d tbe urface and,are s"bjected to
 an increzsed surface scatterlnc effect ‘This surface scattering effect tends -

. to decrease the effectlve moblllty of the. holes ‘and thus cause a reduction in

the: beta term of the equatlons. R




This effect can be illustrated by a plot of the incremental drain

. resistance rgy in the triode region. The equation for rg¢ is given by:

O ) rae = L 1

gw (Vg - VIim

This plot is shown in figure 3-11, page 64, in Crawford s, MOSFET in

CerUlt Design.

The_curve on page 67 of Crawford will be used to determine the beta

‘degradation (Bdeg) value to be used for a design.

Body Effect

If the substrate has a reverse bias applied with respect to the source;
it can modulate the chanmel current flow between the source and drain. . The
substrate blas will decrease the amount of mobile carriers available’for

conduction and thus the Ips current will also be reduced.
Body effect is given by
Vgg = K1 (2 g+ V source - 2 p)

The body effect values to be used for a design are clven in a series o;

(r\« : graphs in the design manual under the section called VBE- These graphs are
:<:> . plots of Vpp versus the source substrate reverse bias and the substrate
resistivity. .

Side Diffusion

The length to be used in the MOS equations must be modified to include the
side or lateral diffusion of the P-regions, photo mask bloating, and photo

resist.etching. This is illustrated in the following diagram.

DRAWN . | ACTUAL

xFrom the flcure, the effectlve lenoth (L) is glven by

: Lefs = Ldrawn" 2 AL
The value to be used for Al; is glven in a table 9 1 in the design )

manual.
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_ The 'effect‘i\re width is given by -
o L . Wagf = Wapy + 0.05 + 0.05
O> ‘ where
A Warw — drawn width
Weff = actual design width
The modified equations for the MOS device are now given by
Saturation ' ‘ L o —
' IDS"'_BEE__‘E_EE_ .l:(v ._v -vjz ]
_ 2lors Gs - Vro - VBE - PBdeg
- for ) o :
B !VGS <|vpg |+ vTHl
I . Iriode

Ips = Beta® . | 2
—= . |2 (g - Vgo - Vgp) Vps - Vps© | Bgeg

2_l
for .
Coe IVGS > lVDS + VTH'l
©
f<:> ' :flx_fhyz“



DESIGN OF LOAD TRANSISTOR

The engineer now begins the inverter design by designing Qp to meet its

specifications., When done by hand, the designer will probably chose to use

Crawford's equations as a first approximation although greater accuracy may be

obtained. from Grove's device model as used in the design software.

First the appropriate terminal voltages for the load device are determined

by selecting the minimum, typical, or meximum V Vee, and output "0'" level.
Y g s CYP s ! DD> VGG» Vet

Choose the appropriate limit by whether the design is for minimum, typical, or

- maximum current, Next determine. the appropriate limit of the process parameters .

from Table 9.1, and the value of those parameters from Table 9.2, 9.3, or 9.4.

Now determine whether the device operates in the triode or saturation

region. ,
Vgs = Vgg - "0" level
Vps = Vpp - "0" level
Triode ) v = ’ Saturation
Vps < Ves - Vg + Vpg L Vps > Vgs - Vmo + Vg
. VIR = Vrg ¥+ Vpg
» - Triode ) o “ '.; ' A'-'A,>- Saturation

Now solve Crawford's_eqﬁétion for the W/L ratio:

B ﬁgéB;ta X Bdegradaﬁion , S 5

: 'y l ) 108 .

I =55 i . = -

DS=2L (Vs - V@) Vos - Vps® ST 2L (vgs - vpp?
.W.= . ~Ing . T ) ’ ) E = o Inq ]

Lo~ -25 (2 (Vgs - VTH) Vps - ¥ps2) L g Cos - V2

..

IX - 13



1

This is the actuval width te length ratio. The proceés paramefers Gate
Etch and Delta must now be considered to determine the drawn size of the
width and length. '
Warawn + Gate etch

w_
L - 2 Delta

-~ Larawvn

In order to make the transistor as small as possible either the drawn

width or drawn length will be chosen to be a minimum size (see layout rules).

For a load device minimum width is usually required, solving:

W}nin

W
(1)
‘occasionally a minimum length device is requlred

Wdrawn = (Lgpip *~ 2 Delta ) (—ﬁ - Gate etch

Ladrawn = + GaFe etch + 2 Delta

- Check Ldrayn oT Warawn tO be sure it is greater than Lypjp or Wypjp. Nex
these drawn sizes are used to analyze the load device under the conditions
which give the highest output "0" level, (see Table 9.1).

Solve for the current:

F_ - Waraym + Gate etch

L Lirawn —- 2 Delta

B = Beta - Byegradation : " ot
Ve = VIp + V

Vgs = Vgg - "0" level
Vps = Vpp = "0" level

Triode ' - or V Saturation
IVDS l < Vcsl - VTHI v : (R \VDS l > \VGS‘ - \ VTH\
solve for the current = L T

BY ., | | BW
Ips=351 (2 (Vgs - Vrm) Vps - vps?)  Ips =37 (Vgs - Vg ?

Sw1tch Tran31stor DeSLgn

Now de31gn the sw1tch dev1ce by solv1ng for W w1th the same process
Q I

t

\ﬁarameters;. Be sure to conslder the voltagn drop 1n the crround Dussllne whlch _

aloo causes 'amdll VBE aLLect

A Yg-w
S

. IX - 14



Vgg = Input "1" level - Vgyp
Vps = Output "0" level - Vgxp
Vg = Vpp - VBE

B = Beta Bdeg

vo_ Ins - A 1
1 - DS L DS

B 2 o B
5 <2<Vcs - Vaw Vos - Vps) 5 (s - Vw2

The sw1tch device 1susua11y drawvn minimum 1en0th

Wdrawn = (Lmln -2 delta) (—) - Gate etch

Now the size of the switch and load are determlned and the c1rcu1t

is ready for analysis.

The same approach is used to design bootstrap inverters and all

transistors in ngh Threshold, Low Threshold and Silicon Gate. In CM0S

minimum size devices are used for internal logic and input output buffers

are designed using similar techniques.

o
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C 9T - XTI

:'tff <i)““':.l 1: .~ e <f§?  ‘ - R | | v  ’ ‘  <f§§

‘TABLE %[ - PROCESS LIMITS FOR INVERTER DESIGN . . -

COﬁditipn S Vee¢ Vpp VIN  Vour ) VT¢ BETA  Substrate  Delta Gate
' ' N ~o - Resistivity _Etch
Typical: Power . ' ' v .
Current O Level ‘typ typ typ typ } typ  typ typ typ . typ
- Maximum Power .- ' , . .
Current .. max max - max min min max max max max
o xMinimum-Power A i
- Current - min min min max | max min min o min . min
l
- Maximum Qutput ‘ = § _
"o" Level ‘max max min max | max typ max min max
Minimum Output ~ . { o . .
0" Level - min min max mwmin { min typ~ min . max min
e P _ . )
i'
;
& 0 (D



Process

PMOS APO5D, APO08D

" Silicom Gate APOOD

DRAWN SIZE MINIMUMS

Imin

Wnin

.25

o



* DESIGN EXAMPLE S

' We are now ready for a design example

Assume the following parameters are given,

» VCG = A-16

I+

1.5V
“Vpp = -10 + IV
Viy = -1.5 to -7V
Vout = -1 to -8V |
Power (max) = 3mw @ VOUI = -1V,
fs =3 to 5 0-cm |

Low threshold process

From the low threchold voltage section of the design manual,

A " we obtai
\é:) | e obtain

Vo = -2‘0 + .5V
P =2.5t04 pA
'_F;roﬁr Table 9.3 we'get ~ .- - .

AL = 0.1

e e e e e e e c o e e e e - B PR . e e P . [ . JE S P O



LOAD DEVICE DESIGN

The Ipg current for the worse case power situation must

now be calculated.

Lo - P =303 _oyya
DS~ ¥pp T :
- v
=SV [
From Vg curve for Pg = 50-cm and Vgg = -1V, Vgp = 0.35V

O

From crapH on page 67 of Crawford for Vapg-V (16 5-1.5-.35) =
ey 57 TH T

14.65 we 'get Paeg = 0.67

Now check for region of operation. -

E;VGS'E glVDSI + lVTI-ﬁ
16.5 3 10 + 1.85

16.5 > 11.85 ~ therefore the device.is operating in thé'

triode region.

Substituting these parameters‘intd the triode equation and

solving for di) 1oad» Ve have

=ﬁw

IDS 7T [2 (Vs - Vo - VBE) VDs - VDs ]/?deg

-6 _ (4x1076 § o w. . . . (1032

273x10 (= ) | _(‘{-) 2(16.5 - 1.5 - 0.35) 10-(10)
('i)[ load = 0.618
A e R .

Use a minimum width of Wypgn = .3 then W ep = &

then I “ ' |
leff = 5.618 = 0.65 Lagrw = 0.65 + 2(0.1) = 0.85

X -19

- (0.67)



Switch Design

w(t> ' - The worse case design of the switch is done by examining the
‘;\ . .‘
Ips equation to determine which parameter will maximize the_d%)
switch, -

Ips =57 [2 (Ves - Vro) Vps - VDS:I Bacg
Note that the body'effeét, Vgg, term is zero since the
_ substrate and source are at the same poténtial;
' The parameters to use are
,ﬁ'min = 2'5’ s ' 0;
V10 (max) = 2-5

_The current flow in the load device must now be calculated
using these parémeters.
- .
iﬂK:) [16.5l>- 10 + 2.85
I 16.5 > 13.85

1oad device is still in triode *eglon and -

. _Bw o

For Pg = 50-cm, VBE = O 35
Forpdeg@vc;s-vm 16.5 - 2.5 - 3.5 = 13.75

F’deg R R § L A |
Jer il 5};10 ) (0.618) 2(16.5-2.5-0.35) 10-(10) (0.68)

g
-,
"

- Ipg 4 SSpA

s Thls value of current ls now used to La1culate the ( )

"1f71ratlo of the sw1tch
f;f:)A:v," Check for ‘region of operatlon

RERICR

)

.I.X'-‘ZO.



7 >1 + 2.5
7 » 3.5 “

.

in triode region.' ,
AN o 2
Ips _%i' [2(VGS - V1o) Vps - Vpg ]P deg

| For Vg - Vqg = 7 - 2.5 = 4.5V, Bye, = 0.85

88x10~6 = 2.5x10-6 (Yﬁ.) \-‘2(7-2.5) 1 - 1](0.85)_

N -
(i)swt‘ B i0.3

i

Agsume legg = 0.2 lgrw = 0.2 + (2) (0.1)

Wege = (0.2) (10.3) = 2.06  Wdrw = 2.06 - .1

A similar technique can be used for a saturated

using the proper equations,

ﬁﬁ?‘ J¥;f ;j}

load device



DC Analysis

¥ There are three analyses to be done on the inverter, now

that:it is designed:
1)‘ DCVPower' 
2) DC'Noise Immunity
| 3)1 Transient Analysis
a) Rise and fall time
. b) Propagation delay

DC Noise Immunity

The noise immunity designed into the inﬁerter is a function
of the choice bf output zero .level, input one level, and the
_threshold voltage Vg ; Measurements often required are Noise
Sensitivity, Noise Imminity, and Output Impedance.‘ This infor—‘

675‘ mation is ‘derived from two curves::

O 1

2) Output loading curves.

Transfer curve.

Typical, worst and best case examples are shown:

Transfer-Curve

. 2 - . I

K5

“O




Output Loading'
0 Level

et e e e

ﬁéurn_e;wt .

1 .. . . . -
Measurement of noise immunity is shown in graph2.5. The

engineer should be sure that his input-output buffers meet signal

_'level and noise immunity requirements with worst and best case
- processing. The engineer can compute the noise margin required
' for-cells on the chip by considering the capacitive coupling

.‘between 51gnal llnes and cell output 1mpedance.

MOS offersﬂhigher'voltage noise immunity than many logic types
to inductiyely coupled noise since this tends to act as a voltage
souree; MOS has lower mnoise immunity than other logic types to
capacitively coupled noise.since‘this'tends-to act as a currené

source, and MOS impedances are typieally very high. The maximum

current spike immunity is:

‘Ispike.e= -Noise Margin
T Zout
1 See page 154 "AnalysLs aﬂd De51gn Integ ted Clrcults

Lynn, Meyer anu Hamilton

Wl

. Tmm-23 -




Logical

swing

SN

e

-10 —

GRAPH 9.5

--...a. 2

uiéscent point

noise marﬁln
ngt

Unity gain
/P point

Togical Threshold
point

< - -
nnolLse Sernsl
!!O”

e

noise semsitivity ''1"

noise margin "1"

!
\| i |
| -
- | \,Oulesce:t pOlﬁt'
j I
] — L
: R [ 10 Vy
° | -
~ -
!1 transition )
- width
A SR = .
wo T < . .
" - nolse sens Lt vlty
“olse lmmunity = Togical sw1ng




Power Analysis

—— . C ; r

N ‘The power analysis is important for a knowledge of the
package dissipation'fequirements; The currenf for each cell
1is derived by analyzing the load device with Minimum, Typical,

~and Maximum current, pfoeessine parameters. From this, the poWer
'd1351pa*1on.range 1s calculated for the cell. e | |
. After all the cells are de51gned the dlSSlpatlonArange of
the chip can be calculated., For some loclcal state, the Chlp

' dissipates its maximumepower. Thls heat is dlSSlpated to the .
ambient heat sink through the thermal impedance.of the package.
However, the package thermal impedance varies significantly with

mounting techniques.

- Thermal Tmpedance

Q(Ai . The thermal impedance; G,:determines the_differenceebe;ween
ff:) the chip temperature and ambieﬁt temperature'by the fqtmula:

| Tchip - Tsink = Power xe , v,

Chip temperaturé should not be:above 1500C., when the logic
state dissipates maximum power.efThe-ehermal impedance of the
package varies W1th,mount1ng technlques nowexer; For example

a 16 pln package in- stlll alr has a-evof = OC;Watt : (See'fige;

“.{, 1 For a. glven mountlng technlque, Lhe amblent 51nk temper-

;ature must be low enough thatithe chlp temperature 1s not above'b
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Each switch trans

"Logical Function Generation

The generation of a simple Boolean function in MOS positive
or negative logic 1is simply a matter of placing devices in series

or parallel.

" In negative loglc the or’tunctlon is done by parallelln the

and ' function by puttlno elements in series,.
" For example the 5 input NOR is a modified inverter with the

switch device paralleled.

V=>d

' . A5 =
= . :
i 1 F F Z= A+BICiotE

The worst.case path to ground is one switch on, the remainder off.

stor is therefore the same size as in the in-

o

verter.
The two input NAND is a modified inverter with the switches

in series. ' - J

) Aol . = “BiDo—,Z

—

The worst case path to ground is. through 2 tran51stors. To

.keep the total resistance the same, ‘the resistence'oF each swit ch

dev1ce must be half that of_the'lnverter’sw1tcn. Thetefore,.thek
—
In

the invérter switch. It is obvious that NAND structures should

be limited since the transistor size multiplies by the number

ratio and therefore Wy, uy of the switch must be twice that of

T



of NAND inputs.

ra ’
KL<:> The NOR structure fan-in must also be limited because of
the leakage of the MOS dev1ce in the off state.
Suppose we need the Boolean function Z = (A-B)+(C.D). The
31mp1e NAND - -NOR 10°1c would be: |
_ Similarly Z
(.
=

And ext;emel& ccmpleirst}uctures can be built reducing the requiredr;

logic, and»chip area. - "f‘,d- e _ .
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The engineer should be careful to remove superfluous

k:) ~transistors:
k

5 —

—

G%:> “Notice the size of B is feduced i/4,

S imieRu Y

I -3



- , Worst Case, Two Sigma, and Monte Carlo v

(;) Worst Case

~ The previous sections describe worst case design. HOwever,
the probability of all parameters being worst case slmultaneously
" is extraordinarily low CerUltS need only be designed for those‘

'events in extraordlnary appllcatlons.

;Two Sigma
A somewhat more reasonable design is done by replacing the
absolute limits of the parameters with limits which assure a'95%
fprobability of’occuring. This is reasonable on the assumption

that not all parameters will be near worst case limits simultan-

‘eousiy.

wfﬁ,__Monte Carlo

techniques. This technique is particularly useful for optimizing
a design between opposing design criteria such as high speed and
low power.

Monte Carlo AnalysiAs“ oo T T T T I .

; N N ) ’ - : -

<:> " A more realistic design results from Monte Carlo statistical

|

\

|

|

| -The Monte Czrlo method is a technique for’ﬂnaly"ing plysic:l systems using

i statistical methods. Nominal values of System parameters are replaced by mathematlcal

| models in which the parameters are represented by probablllty dlstrlbutlons. The system
is then solved numerous times usrng a computer. The results of a Monte Carlo Analysrs.
are presented as statlstlcal dlstrlbutlon of phy31cal parameters.

For Intecrated Clrcult de51gn the Monte Carlo method 1s useful for predlctlng the
t probablllty dlstrrbutlon of clrcurt test parameters voltages currents etc. The M:;.fg

\

|

|

|

|

\

|

\

\

| method is superlor to the usual worst case desrgn. Worst case desrgn has severaI
drawbacks. TR ';7{;‘*'f~?[”fﬁt" :
|

\

\

\

\

s D The actual probability of the wofst case may be very'small & In logic - - -
‘ﬂ_<:>‘ i c1rcu1ts the dev1ce sizes may be such ' " o

CIX - 32




that chip area or processing'restrietions make the

*%<:>wm%m“wﬂf ”””resu1ts impractical.
| '2)vao actual measure of-ﬁkobablllty is defermlned The.
probability of one set of worst case values to another
is‘not’khown.v e %,_. | |
The Monte Carlo method has some dlsadvantages also:
1)».Probab111ty dlstrlbutlons have to be determined for
~all parameters tha; vary. Thls requlres a large amount‘
x'_  - of pastbhistory data or perhaps a prohibitive amount of
testing. '
2). Accurate answers often require a large number of sol-

utions., This makes the design cost very high., A partial

solution may be to use the statistical method known as

el ‘"unbiased estimate'" to reduce the required number of
o o redus
~ .~ solutions.

The probablllty dlstrlbuulons, used in place of nominal
values in the de31gn model, are ea31ly genarated for use in a
computer program; The only information required is the mean
value;'standafd.deviatioﬁ;iand an elementary subroutine. The (ﬁntran)Af
subroutine is as follows: _} |
Functioﬁ Dist. (A, DMN, SIG)
Sum = 0 ,. ' : i' o
D0 0, I=1,W, 1
 Sun - UM + R ()
80 Dist = (s - 0. 5 'N) SIG+DMN

e
i‘-},‘




“takes in the main program is:

The dummy variables are:

- DMN

= mean value -
SIG = standard deviation
A = negative number which is required by random number-

generator to assure independant randoﬁ number

génefation. T |
The reéults'of this subroutine are then transférred to the

main prbgram and used as an iterative value. The form the value

VT¢ = DIST (-1,4.., 0.5)

The results of this design technique‘are generally very use-

ful and correlate with the performance of the actual circuit form.

ik,
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Resistance

Since the source and drain of tﬁe MOS device are diffusions
with high.resistance)the actual device resistance will be higher
than calculated If the dev1ce mu:t conduct considerable current

hen good metal contacts should parallel the source and drain.

-lefu31on resistance is also used in MOS for 1nterconnect,

 'énd on input signals to limit the current through the static

protection device.
' The resistance is calculated as follows:

R=Ffs L : 'R = resistance
W+ .61X]

fs = gsheet resistance (7&3

-

length

W = drawn width

'Xj=.junction depth or side diffusion
For example, design a 10K resistor. -

PS = GOO/D ‘ Wmin = ,3 ' X_] =.,1

L = 10% é0(°369) = 61.5 mils long

dﬁanoel Breakdown :

As in any transistor'there is a maximum voltage permissible

between the nodes, Approxlmately 100 volts will rupture the -

gate oXide. The Draln Source reglon beglns ‘to breakdown accordlng

to the formula

’ V uuCh —QLm o “ 2
hrough R eb ‘Y(Leff)

1 ik

charge on electron = 1.6 x 10-19

il

‘R
N

doping of subétrate
Kg = dlelectrlc constant of 5111con = 11.7

€q = free Space permlttLVLty 8 87 - 10“14

IX - 37



Example A , _ )
O ~ High threshold 40 cm substrate)drawn channel = .4 mils
o . . )
_5th =- X . Np - (Leeg)
: Zsto
=4.95 - 10713 . 1,2 . 10-15 -
= 24 volts
. If metal crosses o.ver‘ the two iP regions, the bré‘akdown is alte:.::ad soxqewhat;
—.
LO
' IX - 38
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CHAPTER X
~ AC ANALYSIS



LN

‘AC Analysis

Logic,vShift Register, or Memory - the paft is useless if
its output is only stea&y state., The transient analysis of any
function is important, in order to verify that it meets design |
specifications. |

| To explain transient analysis, the~examplebana1ysis of static
and two»phase inverters 1s utilized. The AC analysis of any MOS
circuit will use similar techniques.

The present approach to time domain analysis is the appli-
cation of the DC MOS device mcdel, the constant capacitances, and
the nonlinear diffusion capacitance models to various time step
‘integrating routiﬁes.

First, the'diffusion.capacitance model is presented, then

- approximation methods to this capacitance,

K
ide.

CX-

A



Step-by-Step Procedure for Calculating Junction Capacitance

<:> Given: Xj, p, ps for the specified process
1. Calculate grade constant for Gaussian diffusion, using’

the formula

a = grade constant = g“§§§ (
- : X] NBC -
where
. Npc = substrate concentration (N-type)‘
No = surface concentration of P-diffusion

a) Find  on vertical axis of resistivity vs. impurity of

Irvin's curve concentraition graph. Read Npg for n-type

material on horizonial sxis.

1

b) Calculate effective COnductivity = pgxﬁ—*~; , where
— os 1s expressed in O/O o
Ek(:) o Xj is expressed in cm (.1 mil=2.54 . 1074 cm)

;c) Determine Mgy from the vertical axis of the appropriate
sheet of Irvin's curves. o : \
Note: On Irvin's cufves, N, = Cg
e | Ngc = Cg
d) Calculate a. |
'~ 2-a) Read Contact potential fo from graph of contact potential
vs. gradb constan = S
v 2fb) :Read Equlllbrlum CapaCLtance per mllz Co~Lrom ¢rapn of
:;‘. ”éaPaC1td1C; vs grade constant - A | '_ e
"jf3—aj iCa1culace ooLtom comp0ﬂent of Junct1on area. ﬂl(leﬁg#h'X“Wid?h)
T.3.;_1:3').“Calculate 51demall component of Junctlon area. |
f?f!%: : | 'i ?131dewa11 'axreafé (per¢ﬁetér)x( XJ), perimeter & Xj in mils.
3-c).rAdd 3-a & 3 b to cef total JUﬂCLlOH area.
4) ‘For a gi' n loch swing of Qz #1 volts, calculate the

‘average capacitance C from the equation
' X-2
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Capacitance Calculation Example

'Find capacitance of P-diffusion 61.5 x .3 mils, voltage -

swing from g1 = -1 to fp = -11

4Qcm (n-type substraté)

p .

Ps 602/ (P-diffusion)
Xj = .1 mil = 2.54-10"% cm (diffusion depth)

From graph 4Qcm:::> Npc = 1.2 - 1015

= 1 . 1 _ 102 _ 1
- Ps §j 60 - 2.54 - 10 ° I.52 §60cm
Np = 2 - 1019 (Irvin's Curve)
| 2NBC Np
a = X- 1n(:—— )
- NBC
-2 1.2 * 1015 1n(ﬂ;.1o¥3_
2.54 - 10-4 1.2 1015

¢0 =1’,;.655
Cp = 8.2 * 1072

A= (61.5)-(.3) + 123 (7/2)(.1)

= 18.4 + 19.4 |

=.37.8
(8.2 - 10°2)(37.8)(-.665) | 11 2/3 1 2/3
| (-10)(.66) TT?“€6§T T TIF-665)
_'~ = 312 [~(17 66)2/3 - (z 5)7/51

L= 512 (4.96)

ol
1]

(59

T



G(:>, -~ Note that rough approximations for capacitance are:

P-diffusion - _ .03‘pf/mil2 (4Qcm substrate)
Metal over thick oxide .023 pf/mil?
Metal over‘thin-oxide .176 pf/mil2
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AC Analysis ‘
o . This analysis will only be concerned with the static logic
w_(:>,“m,mm,“. T S L
‘ -gate AC characteristics. B '

The unsaturated or triode biased load device will give.a
faster switching sbée& (for the same amcount of power) than the

satu:atéd loaé'device.' This is because-the unsaturated load
remains turned.on during the switching transient, (See fig.1)

: The higher the gate vdltage'becomes, the more linear the

load V-1 characteristics become and thus the load approacheé a

constant resistor whose time censtant is gi?éﬁ by

T = 2.2R1C1,  (10% - 90%)

The following V-I characteristic illustrates the effect of Vgg.

. ?‘
VDS Lo

‘The following inverter circuit will be used to illustrate

1

he twe methods

-]

- two methods of calculating the turn-off time.
are (1) a piecewise linear method and (2) a fast rough ballpark

estimata. L e AR i
e

O

e et s e e e s n mim e - - e mtem tim =i mig e s e emegmmesseaeig o e me o a e .y - io e e e mmme e =




6

FIGURE 1
. Transient Response
-of Various Load Device
- Configurations

£
Tk

/—-saturated load

7

triode load

bootstrap load
"R lcad

S X-11
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O Vout

: I - CPN Cynos

- where
) , . !
; Cyios 1s the capacitance associated with metal over (1) field
oxide, (2) gate oxide, (3) P and N diffusion oxide. This capaci-

‘tance is not a function of voltage.
Cpy is the capacitance associated with P-cross unders,

k! ’ . . . .
\<:> device drain and source, Tt is a function of wvoltage. Graphs

|

for P-N junction capacitance (pf/milz) as a function of voltage
are included in the design manual for the various processes.
The inverter is assumed to have been turned on and the
output node has been dischargéd to a VoyuT = -1 volt. Assuming
an ideél step function input for the switch, ViN is lowered to
a logic "O" levei and the switch is turned off. - We now want to
calculate time reqﬁired for the loadvdévice to éharge up the
output node to a Vg % -8V 1é§el;_~Thé félchiné;ﬁablé will be

used ,to record the results.

- . . - .
Wi . Ll




A

ST-X

Y

1,<:>}-

Ve .
(Qg¥ts)*

A

Cpy

(pf)

, 0,208
10,176 |
if;,o;l44;.m.

10.120 |

0.104

10.096

Coo.112

0.4
0.4
0.4

0.4

| 0.4

ass

ﬂQng. | :

o Lt

e b 10T
.. 0.560

| 0.516

(pf)

0.508

0.500

Cr (AVG)

0.532

H : :
U S SN

Bdeg'

0.73

0.74

075
0.75

0.76

0.8 - ;
N

.3 .

30,6

1.6 - :
e |
{
|

mmd:fQHfH'Z:mewwww

39

22,2 |

.4

und;égmMﬁwmww

Total Time = -

H

At .
- (ns)

16,20
20,20

2802 . \

f 40;S h

ST

LA2e35

194.45 ns



| Q

The following parawmeters will be used to determine the worse

case sw1rcb1n2 tlme Tney are deternlngd by examining the cufrent

equatlon to see Wh;ch paramytprs will minimize the current avall-

able. The inverter device sizes will be the ones obtained in the

DC Anzalysis section.

’ B‘tq e ——— T
Lud 2] .
Ips = 21 [:Z(VGS - Voo - VeE) Vps - VDSj] Bdeg

Veg = -14.5V

Vpp = -9V
Vig = -2.5
= 2.5 pa/v?
W
(L) load = 0.618

. V3g will be obtained from the Pg = 3 O-cm graph

~

deg will be obtained from the curve on page 67 of Crawford.

~Assume that .the following parameters were calculated from
the circuit layout.
App = & mil? * Area of Cpy

&

CMOS = 0.4pf

Step 1: Calculation of Cpp

Use the grapn of P- \ Ju ctlon capac1uance/m112 as a function

. ..of Junctlon voltage Tne curve for PS = 3 Q-cm and low tnreshold

process ( <100> materlcl) Wlll be used.

Cpg = Area x Cpn/nil2 @V¥o = 1V

I

0.208 pf



~~»3Cpn @ Vo = 2V 1is S e e - ~{

N Co= & x J0LL e
Cop =.0.176pf -

Step 2: Calculation of CT (average) for a (W = 2-1 = 1V

(Cpn(lv) -+ (?\LOS) + (Con('?) Clyosj
CT(AVG) » 2 .

Cpn (IV) + Cpp(2V)

CT(AVG) = ) + Cpos
| ©0.208 + 0.176
Ct(avg) = 0.592pf
@i Step 3: Determine deg and Vg
Q @g = ]. volt Vgg = 0.5V
@Vgs - v~o - VBE = 13.5 - 2. 5 - 0.5 = 10.5V B deg = 0.73
@ = 2V | Vpg = 0.8V
@ VS - VIO - Vpg = 12.5 - 2.5 - 0.8 = 9.2VB deg = 0.74
Step 4: Calculate Ipsg -
BW ' 92 ‘
Ips = 7T 2(Vgs -,VTo - VBE) VDS - VDS”) B deg
Qs 10*6) T e o
Ipg = 7 (. 018) 2(13.5-2.5-.5) 8 - 64~ 0.73
@V."= A ' L N R S L
"0 2.5 x PR S e i T .
oo Ipg = 7 _,»_(0 618) 2(12;5—2i5-,8) 7 - 49 0.74
O Tpg = 39uA ” |
X-15




™

Step 5: Calculate Ipg (average) for AVeuip = 1V _ —

o Ips (1V) + Ipg (2V)
o . 57 4+ 39 : - : — 2
Ips(AvG) = 48pA

' StépH6: Caleculate At for a AV = 1V

Using the charge density equation,
. Q =0V =1t

and solving for &,
Cv '

‘-ahd

At = AL ‘
' (0.592) (1)

ML =", = 12.35ms

The ébove six steps are repeated until the table is completely
filled in. The totai time required for the output swing is the
sum of the At's.
= oAt

194.45ns

t

‘Rough Ball Park Estimate

-

If the MOS load device is treated as an average constant
resistance over the operating range, we can use the following

model for estimating switching speed.

R 5 T -
Vin ——oVour = V()
< Vin=0“'-.[ e ().
V_ I o
T &
= = )
e | |



e N

Therefore, we have an exponential equation of the form 3
-V(t)ﬁ= VDD'(l—e -t/T) =

If we treat the turn off time as an exponential, we can -

calculate. its approximate value.

Step 1:. Determine the average resistance of the load over the

operating range.

; = V-DS = . 8 =
Ry (Vg = 17) s o 140K
. ; = = - 3 = Q
RL(Vo = 7V) T.287A 700K
" RL(AVG) = Ry (Vg = 1V) + RL(VQ = 7V)
> v
= 140 + 700
| 2
RL(AVG) = 420KQ

X-17
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e e T

Step 2: "Determine the average capacitance over the operating range.

\\O e Cpn (Vo = IV) + Cpp(Vo = 7V)
- CLAVG = ) + Cpos

0.208 + 0.096
. o + 0.4

~ Step 3:_ Calculate.the_tiﬁe constant (T )
= RL,(AVG) CL(AVG) "

(420x103) (0.552x10-12)

232 ns

I

Step 4: Determine the number of time constants (¢/1 ) using the
 graph of (1-e-t/7) vs t/T

There is a possible volta

ga
o
0
g
e
o

aa
I
rt

the output of 9 volts.
{(i:) We are interested in only a 6 volt swing.
AV

AVDD

7-1
9-0

6 ’
(l-e~t/t ) =9 = 0.67

(1-e-t/'t ) =

]

~and from the graph we obtain t/T = 1.25

Steg'Sf Calculaﬁe'switching time

e/t = 1.25 -
= 1,257

£'={(1;25)(232)- oo

£ =1290ns e =

,¢<:> o 4This method"gives a~value.0f 290ns com?a:ed to the pfevioﬁs

L
NEST

value of 194ns.

This rough estimate becomes more accurate as the values
- X-18




-~ of the load device resisitance at the two extremes of the operating
(. ~ | C
‘H(:}Hmrange approach equal values.. .. .. . .. __._ P

A bootstrap circuit can be used to improve the switching’

speed for the same amount of power, The circuit is as follows:

The operation of the bootstrap.circﬁit depends upon the gate-
to-source,capaci;ance, Cg. The operation works on the principle
that.the»&oltagé across a capacitor cannot be changed instantan-
eously, Therefore a change in the output, VQUT; will be feflected
at the gate of Q2 by an amount giveﬁ by

AVg = Cs
Cg + Cg

~_ Therefore, for transistor Qg

-

Ves = Vg - Viy Vol CB L B
.VD§'= VDD = ;VO ) ! ‘ 3 ] |
{T€:> For this circuit Vgg of Qz‘remains‘almost constant excépt

for the amount of charge lost to the stray capacitance, Cg. e




A design example will now be 111ustf““ed
ﬁ(:) ' The same parameters as in the previous AC Analysis and the
' following»aséumptions will be used. ‘
Assume: |
1): Bdeg = 0.73‘
2) Q3 is off '
3) No more 107% loss to C*tray for each AVg = 1 wvolt.
4) Q2 is saturated |

5) ACT(AvVG) 1s same

Step 15

—————

To compare the speads between the booitstrap circuit and the
triode inverter, we must have the same power drain. Therefore,
we must calculate an effective length for Qp to give the sama

T )
ﬁ$:> Ipg value initially as before.

®

Ips = 2L (Vgs - V1o - Vgp)? B deg

C 0 (2.5%1079) (0.4) ~ | I
57pA = 21" (14.5 - 2.5 - 2.4) -2.5-0.5)"(0.73)

1' = 0.263 mil

Step 2:
| Calculate Ipg current u51ng, Lhe 1t CalCUIBLEd in Step 1 and

using the 10% loss of gate LO source Voltaoe (VGS) wHere V@GS

1a11} is equal to 9 KA

_ ( s><o 4y | 2]
.L

Ipga= SOHA"

X-20




e - Sx(AvE) 0.592 -
-~ IpS(avG) - 53.5 =. At = llns

i
- —— e
~ Q .

Similar calculations can be done to generate the following

table:
Vour CT(AVG) Ips IDS (AVG) At
. (volts) (pH) (nA) (ua) (ns)
I 57
©o0.592 535 11.0
2 | 50
0.560 467 12,0
3 43,5 |
0.532 41,25 12.9
b 39.0 o
o . 0.516 362 143
5 33.4
| . 0.508 314 - 16.2
6 - 29.4 | |
0.500 275 18.2
7 25,7 |
| - - Total time = 84.6 ns
This switching time ié‘cénsiaerably.iowef‘than,the previous
circuitévﬁime of i94ns. | | | |
The édvantages of the bootétrap"are
1) faster rise times “
2) TIsproved speed-power .produé.t o
:/(:> - Some of the disadvantages are:

1) Requires an extra MOS device e

o x-21
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2) The gate-to-source capacitance, Cg, must be built into
Q(:) _ the circuit which will decrease yield since yield &
1

gate area

\
\

-
AN

i,
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jw<:>WAMu1tiple Phase Logic

Two phase logic, four phase logic, and shift registers are

much more complex to analyze. TFor example the simple inverter

in two phase logic includes a coupling device which is used to

sample and hold logical data on the next gate. This cell has
many parasitic capacitances and accurate analysis by hand is

virtually impossible. Either approximate methods or computer

‘analysis must be used.

J' T Bx
- :L“’:-L jl“':

———IL ==

I
l

—

———ts —_—r
— —

- Some effects which are present here but did not exist in the
analysis of static logic must be discussed now.
In dynamic logic the signal stored on the output capacitance

is sampled by successive stages after the clock has returned to

.ground. However, the + going edge of the clock can also degrade

stored "1" levels through the parasitic capacitances Cj and C32.

It is therefore recommended that all dynamic circuitry be

~analyzed by computer.

L. B



e |

Propagation Delay.

if(:).A ~ The rise and fall time of a cell output is oftén a design .
criterion when the cell provides a chip output. However, internal to
the chip, the cell propagation delay is the important speed
’critérion. |
| The'ﬁropagation délay through a cell is different fof an
~ qutéut transition from logical 1 to logical 0 than for the other
transition. | .
. “The best Way to model signal propagation is by studying.
?éir delay (delay time between 507% point of waveforms across 2
sérial inverters). This time can be computed by haﬁd in an
~approach quite siﬁilar to that used for rise and fall time or
modeled by computer with gfeater accuracy by including Miller
((5\;_ feedback capacities. Two épproeches are feasible by computer,
k<:> (1) The entire system can be mcdeled as designed and the exact o
propagation delay computed, or (2) each cell can be modeled

approximately by the formula:

.TPD+ = td+ + X1 Cnode
- . Tpp- = tg. + K2 Chode
B o
ol

S I e T N
e e I S

1 | s
___L_C‘o' _—__EC1 Jez

S

{:‘O | j Voirr
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The constants for this approximate model are derived in the
following way. A chain of three inverters is modeled including
Miller capacitances and substrate capacitances (see Sceptre).

With a step transition.at A the time difference between the 50%

~points at B and ‘C is recorded for both logical transitions. Now

_éapacitance C1 is multiplied by 10 and the delay recorded again

for both transitions. The equations can now be solved simultan-

: eously for Kj, Ky and tg+ + tg-.

Y

~The cell is now modeled accurately enough to predict delay
time for any mode of logic signal propagation (see SIMULS).

For example, the critical time path through this circuit
J o

‘from A to B is modeled on graph paper by computing the node

capacitance at B, C, D, and E and using the derived constants to

compute delay through each gate (Node capacitance =

Coutput + Cce11 + Cpetal + Cp-diffusion
cell =~  inputs interconnect interconnect

See Figure 2.

.f‘-x_ .
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DESIGN

CHAPTER XI

DOCUMENTATTION
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Design Documentation

Any design must be well documented to prevent design errors,
to speed their correction, and to allow the product engineer to
analyze low yielding circuits and to detect and correct the

faulty situation.

Most of the folloWan check list will be appllcable to each.

‘ product deSLgn notebook (Fig. )-

Each project engineer is required to keep -a notebook con-

- taining this documentation.



Customer's electrical épecification'shéeté’shouldcinclude:

1. Supplies-tolerance |

2. Operating temperature range

3. Input-output signal levels, impedances, rise and fall
times, operating frequency, interface circuitry,
timing diagrams

4. Required function description, logic diagram, or
schematic. , |

5. Competitor spec sheets, if available.

‘Engineer's original chip size, power, cost estimate

- Full logic diagram clearly indicating pOSltlve or negative

logic.

Truth table simulation of function.f Customer verification

"of simulation.

10.

11.

Final cost estimate. 7 S -

Cellular documentation (computer listings) indicating cell
design criteria and verification of criteria (all cases
AC and DC analy51s) drawn dev1ce sizes.

Full schematic showing drawn device sizes.

Current and power consumptlon range of entire chip. Thermal

Impedance evaluation.

Final chip size (including 1.5 milsufo::scribe.grid'each
side) X, Y, chip area, thin oxide area. - ’

Design review committee comments 1, 2, 3.

Prototype run #, mapping,andtrééuifs:cf‘

o OXI-2
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”'vThisuapprbaChfwillineldian estimgtejwithiﬁ 20%;.tNotiéeﬁthat fbfﬂ  

CHIP, SIZE ESTIMATION

SWAG based on DTL equivalent gates implemented PMOS static
or 24.

This appfoach assumes you are given the number of DTL'equiValent
gates which are on the average 3 input NANDS, and is a rough estimate
of chip size (1 JK FF = 4 equivalent gates). Much of this logic will
be reduced to functional gates in hand design; somewhat less if CAD

implemented.

Good HAND Hew CAD
1.35 equivalent gate = R 1.25 equivalent gate i;§>_
1 functiomnal gate o : 1 functional gate
4 input FG = 54 mils? 4 input FG = 60 mils?
ToxA = 9.9 mil’ ToxA = 9.9 mil?
-Routing area = ’ - - Routing area =~ _
cell area (.5 + .2(F0-1)2) cell area (.5 + .5(F0-1)%)

Utilized area = cell area + routing area

Xu = Yu = \futilized area

24 mils must be added to each dimension for bonding pads, and scribe

grid. bFor CAD add 6 mi&s to X for busslines.

CX=Xu+2s | X=xXu+30
Y=Yu+24 | o Y=vYu+24
Total Area = X»°Y" ‘]%373;> . Total Area = X Y

fvsiiicon_gate; or 4_phasé smaller"thips,may be’built;; w‘




ACCURATE ESTIMATION APPROACH

The follqwing chip area estimation apprbach is based on know-
ledge of the MOS implementation in terms Qf CAD‘célls. |

First list each cell used for implementation, then the number
used for each. Now compute the total cell area. The routing area
required is a function of the average fanout and the total number of
cell contacts. This can be approximatéd.as a functioﬁ of fanout and

cell area. ' , -

Route area = Cell Area = (.5 + .5(FO—1)2) 
Add Cell area and route area for utlllty area. Add»24 to’the o

ut111ty Y dlnen51on and 30 to the X utility dlmen31on to 1nc1ude

et

é‘<:>i ' bondlng pads, busslines, and scribe grid.

Example: Fanout = 2.4

CellsUsed - Area No. Requiféd A

- MHO1JK 240 3 720
- - - MHO1IN 24 10 . 240
MHO1PP 60 6 360
MHO2PS « 36 5 v 180
MHO3PS 48 4 192
MHO02SS 3% 3 108
MHO1FG oe0 2120
| (i) _ * . MHO2FG 60 3 . 180
Y T MHIOBG 36 a4 144
ST T Total Cells 0T e f i
- Total Cell Area ~ 2244
Routlng Area o oo 3320

XI 4




Utility Xy = Y, = V5564 = 75

X =75 + 30 = 105 Y

99

it

75 + 24
Chip area = 10,400

This approach will most often lead to an estimate within 10%.

For hand designs the accuracy of the estimate depends of the
designers full utilization of functiomal gates’énd thevdraftsman's
efficiency of cell layout and wire routing. Cell area can usually

be reduced- 20% and routing area often-30%. So for the above design

Cell Area = 1800
~ Route Area = 2330
Utility Area = 4130
Xu = Yy = 64
X =64 + 30 = 94
Y-= 64 + 24 = 88 -
Chip Area = é,SbQ

Use'of_silicon.gate~celis will reduce cell area 20%. Three .

level routing will reduce route area approximately 30%.
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\\ TAYOUT RULES
\ for
\ STANDARD MOS PRODUCTS
\,\‘

Attéphed are the layout rules and allowable minimum geometries
“for standérd MOS product chips. Any modification of these rules must

be discussed and approved by MOS production Engineering prior to use.
3 .
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Chip  Layout Rules

AlL chips, no matter what technology or cell set is used, must

obey the following rules,

1.

The chip aspect ratio must not exceed 1.66, : B -

1 L £ £\

R

3 =
The bonding pads must be 2 mils from the scribe grid, 2 mils from

A
]

(o

other pads, and 2 mils from all P diffusion, or non-common metal

lines. No signal lines between the'bonding pads and the scribe

- grid .

The scribe grid must be 2.5 mils wide.

T
]

00
. L

N
124}
i

:fffﬁfis'l.o
. o 1

1 e R .2 42,0 . . . ‘
A1l input signal lines must have a static protection device. A

resistor made of P diffusion .3 x 4.1 or .4 x 5.4 mils connected to

a "Field Plate Diode' will be used.

M _ Y
}

" .‘ S T

| [ .:fl’;:ia;'_'_;;__.._j ] E ‘ ._}W( 1 Ef
» g (I : I

v L

by —_—
§ -

'ﬁ:i*—';"

{ ——

The following Peripheral devices must be on each chip:

1. MS99SW‘— Switch Test Device

2. MS99FI - Field Inversion Test Device
3. MS99IR =~ Load Resistor Test Device

4, MS99TP ~ Optical Test Pattern

5. MTOlPV -

Alphameric "Top" at top of chip
The following Peripheral devices will be of convenience in chip layout:
1. MS99BP - Bonding Pad

2. Contacts:

XIT '~ 3




————

3.
4,
5.

Bonding Pads muct be positioﬁed around the chip so that

straight line wire bonding to package posts may be used.

Cdntacts:
Paxtial coverage a.

|- . b.

\
. c.
Full metal coverage
\ d.
eo
fc

MSO1FP - Field Gate

MSO1CN
MS02CN
MSO3CN

MS04CN
MSO5CN

MSO6CN.

MSO6AL - Alignment Key

BWO1 - Motorola Emblem

(Fig. 5,6)

Substrate must be grounded by a contact from ground metal

- to substrate or by bonding.

X1 - ¢4
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Peripheral Devices

XII -~ 6

Size
Function Name (mils)
Bonding Pad MS99RP 4x4
Contacts: o
Preohmic Metal Coveragé 'M801CN; .7x%.9
MSO2CN Ix.T7
MSO3CN .8%.8
"Full Metal Coverage MS04CN .7x.9
| MSO5CN .9x.7
MSO6CN .8x.8
Field Plate MSOL1FP 1,5x3.6
MHO1FP 2.4%10
Optical Test Pattern MSOOTP 7%x2.5
Alignment Key MS06AL 2x2
Field Inversion Test Device MS99FT 6x7.5
Switch Test Device MS99SW 6x7.5
Load Test Device MS99LR 6x7.5
Motorola Batwing BWO1 6.5%6.5
"Top" MTO1P
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~O

NOTE

If your layout contains CAD cells designed prior to
1-15-71, do not use 0.2 mil dimensions on the gate
mask.

The reason for this is that the previous layout rules
provided only 0.1 mil metal overlap of the gate cut.
In order to insure the metal completely covers the
gate cut, we order the gate mask 0.5 mil undersize. If
0.2 mil images are present on the mask, they will be
reduced to the point where the image will not satis-
factorily print.

oe Adamic
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PRODUCTION @QQ@@ SDECIFICATION
10} PRODUCT GROUP: INTEGRATED CIRCUITS PRODUCT LINE: MOS
MOTOROLA MOSIC LAYOUT RULES P-CHANNEL (METAL GATE) PROCESS

> LOTORTLA
Somiconductor PRODUCT I ON SPCCIFICATIONS DEPARTMENT

TITLE:

~ INTRODUCTION

These layout rules represent acceptable artwork dimensions and
spacings for the thick oxide p-channel MOSIC process from the’
standpoint of processability. They attempt to take into account
minor errors in mask registration which originate from such
sources as artwork generation and mask making. Some allowances
have also been made for operator error and process variation
during wafer fabrication.

MWA53894W

$o . The designer should make additional considerations of such factors
; as current carrying capacities of lines and contacts, effect of
high voltages (such as voltage doubler circuit) and high substrate
. resistivities on "p" to "p'" spacing, and possible field inversion
i problems when using <1002 material or circuit designs which con-

: tain elements hypercen51tlve to leakaoe currents.

NO.

In order that circuits can be processed with a minimum delay upon
" receipt of masks, scale drawings of all CAD cells and circuits
must be approved by process and product engineering before com-
‘ mitting the circuits to artwork. At this time possible problem
<:>;i - areas 'and exceptions should be noted.

- MINIMUM ARTWORK DIMENSIONS | - Dimensions (Mils)

"Min Drawn Mask Etched
1. SOURCE DRAIN MASKV(O4) :

~(a) Line width R . 0.3

(b) Unrelated "p'" to "p" spacing
If line to line voltage >»25V

(e en]
B oy Ut

0.39-0.451]0.37-0.4.

(@]

i1 (c) Source-drain spacing

'EC:Pﬂnprovals
4 \:. ocess Encr

/f/l -11=77

SPECIFICATION

SEE _REYISION SHEET

NO __ MHA538941

MOTOROLA FORM NO.'SPD*3550 4 MEMO DATE 1SS PAGE 1 oF . 7 - P2
XIT - 9
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FProducts Division

|

(b)

(c)

(d)

(£)

- (g)

()

FADTORDLA NG,

Semiconducios

ISSUE:

TiTLe: MOTOROLA MOSIC LAY-OUT RULES

MIWAS38941

PAGE

2 oF 7

2. GATE MASK (06B)
()

- Gate width .
- NOTE: All gate mask dimen-
i sions will etch 0.05 to 0.1
Imil wider than drawn.
(Drawn dimensions of 0.2 mils
do not allow any tolerance for
reducing image sizes during
mask making or wafer pro-
cessing.) ‘
Gate to p overlap
W £0.3 mil
‘W >0.3 mil

Gate to unrelated gate
separation

Gate to unrelated '"p"
separation

Contact size

NOTE: (Drawn dimensions of
0.2 mils do not allow any
tolerance for reducing

image sizes during mask
making or wafer processing.)

Contact to '"'p" edge
If contact 1s made to a "p"
at substrate potential

Pre-ohmic (oversize contact)
to gate spacing

& (b)

P-CHANNEL (METAL GATE) PROCESS

Dimensions

(Mils)

Min Drawn

Mask

Etched

- 0.2

0.3
Preferred

0.6

SO
N
MR

oo
LEN

0.18-0.

0.27-0.

22

33

0.25-0.30

0.34-0.490




ISSUE:

MAOTOROLA ING. [ 176, NOTOROLA MOSIC LAY-OUT RULES|  muas389ay
’ Semiconductos

P-CHANNEL (METAL GATE) PROCESS PAGE 3 OF 7
Products Division :
Dimensions (Mils)
O\, ‘ ’ Min Drawn| Mask ] Etched
7y 3. PRE-OHMIC MASK (06A) |
(Overs_ized Contact) .
(a) Overlap of >(06B) contact 0.15
(b) Overlap of "p" | 0 0.00
!
yo
4. METAL MASK (08)
(a) Line width 0.4" 0.38-0.4240.30-0.35
If <2 mils long 0.3
O*‘n (b) Line sioacing 0.4
(c) Min. overlap of gate mask ©0.15
(all cuts) :
e
e
KERSEFRERES

- ' XIT - 11
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. ‘ _ - ISSUE:

: DT ORS N IRIE -
/2&5: MOTOROLA ING.  ['111e.110TOROLA MOSIC LAY-OUT RULES|  muaAs3sody
: - Semaf'onduc..cor : :
Products Division P CHANNEL (\ETAL GATE) PROCESS = | PAGE 4 oF 7
I Dimensions (Mils)
__— Min Drawn] . Mask .Etched
5. PASSIVATION MASK (09) ' '
(a) Passivation opening to be "
inside bonding pad by 0.2
Lo 6. ' BONDING PADS
i . (a) Size 5x 5
; (b) Spacing from pad to.pad - 4.0
: Preferred : - 6.0
éﬂ () Spacing from pad to non- 1.0
3 . common diffusion o
(d) Spacing'from pad to non- :
~common metal ) 2.0
: 7. CHIP PERIPHERY
(a) Scribe Grid Width ' 3.0
(b} Distance from oxide ' 1.5
to center of scribe grid
(c) Additional allowance in
scribe grid width for
stepping overlap on
Gerber artwork 1.0
(d) Spacing from edge of scribe
grid to active circuit 2.0
areas.

8. ALIGNMENT KEYS

Alignment kevs shall be placed in all four .corners of the
chip. ThlS allows qulck assessment of mask allcnmenL accuracy.

i
‘|
4
1

MSO07AL

=t AYALA ArA D Y IR7TAN
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1duc:

PIOTOROLA ING. [ f1(e. MOTCROLA MOSIC LAY-OUT RULES  MIA53894M

Semiconductor

P-CHANNEL (METAL GATE) PROCESS PAGE 6 OF 7

Products Divisiomn

<i§7g- 9. PROCESS TOLERANCE MARKS

i Process tolerance marks are to be placed near one corner of
the chip. This is to provide a qualitative check whether
design dimensions are being held. :

10. TEST DEVICES (If space permits)

Test devices are placed on the periphery of each chip to
determine threshold voltage and field inversion. These
devices should be as follows: '

==
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MS99SH o  MS9OFI

11. MASK SEQUENCE NUMBER (If space permits)

Each mask layer shall have a number shoWing the mask sequence
in which it should be applied.

Source=Drain =
Gate -
Preohmic -
‘Metal ' -
Passivation -

(T2 IS AN S )

The numbers should be placed next to each other on the
periphery of the chip as shown on page 5. ~The number 1
is cut’with the "p" diffusion the 2 with the gate and

<:>_ so on.

RO SIS  EIAC I WP R

R S etk

S/N 01053-262 R-1 (5770)
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PADTORODLA ING.
Semiconducior
FProducts Division

12.

ISSUE:

TITLE: MOTOROLA MOSIC LAYOUT RULES | MJA58394Y

P-CHANNEL (METAL GATE) PROCESS = | pace 7 oF

CIRCUIT ID NUMBER (If space permits)

Each circuit has a unique Motorola number. This number

should be cut into each layer coincident with the pre-
vious layer or that layer which is not common to other
circuits. (i.e. ROMS have all masks in common except
the gate.) If the Motorola number is determined by

~electrical sorting it should not be cut into each chip

since the masking operation does not solely determine

..» the part number.

XII - 15

-~ -



\:' R . : o

Field plate diodes. The field plate diode protective device

is required on all input which are connected to a device gate,’
For signal inputs with a short time constant, up to 1000 O of
resistance should be included to delay transients and allow
time for protective brezkdown to cccur. For clock inputs and
supply (Vgg) inputs involving long time constants or high
current drain, input series resistance should be decreased

or eliminated as necessary for specified performance, '

The field plate diode is a physical MOS device with its gate

A
and source grounded, and its drain tied to the signal to be
protected. The device width should be a minimum of 3.0 mil,
and may be interdigitated, For determining input series re-
sistance, nominal value of 75 0/sq. for the thick oxide pro-
cess should be used,

{

Examples of protective devices are shown below,
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_Mask Inspections’

The chip designer is responsible for a number of mask checks,

~as follows:

~a. A blueprint of each mask must be dimensioned to aid in
mask measuremehts and to ensﬁre that critical dimensions are held,
The SPD mask shop prefers to designate additional areas to be
measured, and a blueprint will be marked by them for the dimen-
sions they wish specified., For the Mesa mask shﬁp, the‘designer
should designate the images to be measured. Specifically, the
6B (GT) mask should include a minimum width gate, and the 0& (PD)
mask should include a minimum P-P wide device spacing dimension.
A copy of the dimenéioned blueprint must be providéd the MOS

processing group to aid them in checking the mask dimensions.

b. Working plates must be inspected by the designer for
such things as: | 1

(1) correct image (nbt ﬁirror-image}

(2) test patterns |

(3) correct mask numbering:

(4) -stepped in defects,

The MOS processing group will dnspect the masks for defect
density and check critical dimensions. The MOS processing group
will run a stack set for their files, which will be available

to the designer upon request,

XIT - 26
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A, Mask.Numbering System

Mask 05 N+ Diffusion (if used)’ (DN)

04 P Diffusion _ (PD)
0638 Gate (GT)
06A " Pre-ohmic (PI)
08 - Metal | (MI)
09 Passivation n (VI)

Mask options are usually lettered, i.e., two metal mask
options would be designated 08A and 08B. Revisions would

normally be indicated by a dash number, i.e.,, 08A-1 is a re-

vised version of metal mask 03A.

B. Identification of patterns on composite drawings.
P Diffusion: v ;
Solid Line -J

N+ Diffusion: u i

Broken Line

Gates : - i -

Broken Line

Pre-ohmic . re
, : !
Dashed Line :

Metal:

Metal pattern is a solid line —_—
on a separate drawing. ’ ' {
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Typical Design

(:) : This is an ezample layout of an 8 bit parity checker, implemented

with the high threshold DC Togic cell set. .

]
]

N |

R ,

l Oy T '

{ i !

[SN |

1

iy e T i

[‘izj R S AT B |

The cells. chosen to be implemented as followé:
rHOlTH -~ 1,2,3,4,5,6,17,8
‘L»-_;:Lzomo - 9,10,11,12,13,14,15
- o MHOLTN - 16,17
B Q MHOLCL - 18
X MHOTPR - 19

MHOLFP - 10 required



Computer aided simulation predicts that R information at logic
7 block #18 is valid 240 ns maximum after the last data in, Since
strobe appears lus after valid data there is plenty of time margin,
The computer also predicts a typical power of 80 mw, well
under péckage thermal limitation. 14 terminals allowable die
size is 130 x 160 mils. |
Now using paper dolls or computer simulation the layout

begins.

The padS»must be placed as shown in Fig. 2. The length

of all cells placed’in one row is computed:

8 x 3.6  ° MHOILH o
% +10 x 2.4 MHOIFP |
+7 x 6.0 MHOLEO
g <:> ‘ +2 x 2.4 MHOL1IN
;o +1 % 6.0 MHO1CL
| 41 x 6.0 MHOIPP
% 111.6
This row would be 111.6 x 10, obviously a poor design.

However, we fold the row in half making it approximately 56 x 20.

Now use 20 x 56 mils for metal and P diffusion interconnect for
a 1.4 aspect ratio.

Next we determine the order of the cells for optimum routing
interconnect ability. This can be done with computer aids by on
diagonal algorithm, or by eyeball for relatively simple circuits
as in Fig. 6.

- The on diagoﬁal methéd is as follows:
;<;z:: The cell numbers of the elements are 1iéted'at the top of

a matrix representing output node connections., The cell numbers

XIT - 30
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in the same order along the side of the matrix repreéent input
nodes. Since no cell may connect to itself there are no asterisks
on the diagonal, A cell is optimaily placed if it connects to its
neighbors and therefore the asterisks should be as closelas'possible
to the diagonal. Shifting the placement order will move them
closer to or farther from the diagonal. (See Fig. 3&%4) Another
aid to optimum placement is the number of signal wires passing the
input-oﬁtput terminal of a cell,

The wire thickness algorithﬁ ignores input-output bonding
pads, and considers éniy the wires from cell to cell. Fig.4
shows the placement forces a maximum of only four wires running

parallel, and a minimum of one. The thickness is relatively

constant ~-- another characteristic of good placement.

XIT - 32
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TITLE FOR BRUCE FETTE

l.___PAD__ PAD___LEAD _

TNAME  NAME NAME TYPE DENSITY

© _1___ MHOILH__S__ 1 1e __
1 MHO1LH R 1 298 -
2 MHOLLH___ 2____3ece
C 2 MHOILH S 1 4onas
2 MHOILLH R 1 4oann
2 MHO LLH 2 L
Q 3 MHOILH__S___ 1 _
3 MHO1LH R 1 goaouny
3 MHO1LH 2 _Tesccsss
C e MHOLILH S 1 Tgeaeswaese T
4 MHO1LMH R 1 Bhaoduape
4 MHO1LH 2 ‘Quonnasanss -
QO _5____ MHOILH__S 1__ loesecscvase
S MHOLLH R 1 10eansawssee
_S_____ MHOILH__ - 2 ___lleecorconcus
O 6 MHOLLH S 1 l2eswwsseossee -
é MHOLLH R 1 l2necracannuny
-~ 6 MHOLLH 2 13ecucassnBaet
C 7 MHOILH-_S____1__ lhoouscasecsssow_
7 MHOILH R 1 l14asncuoanoanany
1 MHOLLH_ 2___1Sasweveswasences
C T8 MHOLLH S 1 l6ecobunonuanonond -
_8 MHO1LH R 1 l6onnovapanpnasane
8 * MHOILH T2 170cuscspecuscdaun
G _9.____ MHOlEO __1__ 17cveoscssssecsuses
9 MHO1EOQ 1 16n00anssocaessase
9 MHC1EOQ 3 1Sensusnnneaeaded
C 9 MHQ1EOQ 3 TlSewcsessccanussn
9 MHO1EQ 2 lorenusansspspasnn
. - 10 MHQ1EO 1 lpuoanaanseanuuase
O _10___ MHO1EO__ 1| 15ewsoassscobasce
10 MHOLEQ """ 377 laueweseswaswens T
_10___ MHOLEO_ 3__ lsenucsascsaopss
710 MHO1EO 27 1Seeuceasenoeoeas
11 MHO1EQ 1 1Srunsnanasauniag
11 MHO1EOQ 1 laesvesnanooasane
C 11 MHQ1EO 3___13eveavascssnue
11 MHO1EQ 3 13enecsoaasensed
- _1 _MHO1EC 2 l4esspooacusaonsy
o 12 MHO1EO 1 lyoeansonaanannn
12 MHO1EOQ 1__ l3scepescossaas
- 12 MHOLEOQ 3 12eandpaaasan
LR ¥4 MHOLEO ___ 3 l2essaessavases
12 MH0O1EO 2 13#ssnssoeaanny
- 13 MHO1EOQ_ 1 l3aczeescossnsas
13 MHO1E0 17 T 12vnevssesneeane
13 MHO1E0Q 3 1leceanonniae
13 MHO1E0 3 llencssonsnun —
C _13_ __ MHOLEQ 2 |2econasssuanas
14T T MHO1EQ Ty l2ssesssassany
_la__ MHOLEO 1 lleencsasaoen
C . 14 MHO1EQ "3 1Qneuwsesanas —
_la MHOLEO 3 10ecervonnen
14 MHOL1EOQ 2 l)leedessnvond
[ _1s MHO1EOQ 1 11etanannnsnn
15 MHO1EQ 17T 1grunscsoncs T
~ _15____MHO1EOQ 3 Qoesesvcses
7 15 MHOLEO 3 Qonuasnans
15 MHO1EOQ 2 1Q0veeepanane
16 MHG1IN 1 j0#ecovaony
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The above placement algorithms are also implemented in
Motorola's CAD facility and logic diagram data is entered by

"Magic' deck punched cards., This card deck specifies all inter-

"~ connections and all cells used in a circuit design to all the

available CAD software. |

A third cell placement algorithm, also implemented in soft-
ware, places all cells without iteration. The program first
sorts all devices into a linear string minimizing horizontal
interconnect length., It then folds the string. The rows are
then resorted individually to aline interconnecting cells and”
bonding pads vertically to again minimize line length.

Two methods of row design may be applied to the linear
sortment of cells: fold and mix. The fold method overlaps
buss lines and forces the routing area to the chip periphery.
Connections from Row A to Row B must be amund the end. The
mix method overlaps the routing areas allowing easier connections
between rows and more efficient use of the routing area. However,
it is significantly more difficult to analyze the interConnect
routing by computer.

Fié.6 and Fig.7 are examples of these chip layout algorithms
generated either by computer or by a draftsman usiﬁg 100x paper
replicas of the cell outlines..

Chip design is.verified by the chip design check list.
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Chip Design Check List

System partitioned into chips
Cell choijice

Logic reduction

Magic deck

Logic simulation, verification
Cell placement optimization

Fold or mix cell placement
Routing optimization

No violations: Cell layout rules
No violations: Chip layout rules
Timing simulation

Test sequence generation

100X master artwork

Step and reduce artwork

Prototype parts test

Rework (if necessary)

Production!
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MDS Parasitics

<‘;; Several Phenomenon frequently occur which result in designs
which function improperly. The layout draftsman and engineer should
 design to avoid these and each should be considered in the design

review,

Field Inversion

| Field Inversion is the MOS device Phenomenon occuring where
it was not intended. It occurs whereever a metal line crosses two
] P diffusions. Using the MOS device model the same equations apply

for Vpg and BETA,

s Vg = Ve + 20 o T \/ZKSG 9 N, |24
; BETA = M €ox o

tOX

~~  except that VT¢ is much higher and BETA is much lower.

IA/0rEi0n  Hich Threshold Low Threshold Silicon Gate 9
BETA pa/v
VT¢ ) Volts

There are two methods to avoid problems.ﬁith field inversion;
For High or Low threshold field inversions from signal to signal,
or signalrto ground can, instead, be returned to Vpp by inserting
a P diffusion between the two affected P diffusions which returns

to Vpp.
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© Probable
Field
Inversion

Fixed
This works when a field inversion to ground is degrading
a high impedance "1'" level.

The field inversion now enhances
"o" level.

the "1" level, but doesn't significantly degrade the low impedance

This is particutarly important in the vicinity of
bootstrap circuits,
\ /_:'

The second method comes in two forms applicable to the
low threshold process, First - N plus channel stoppérs signi-

ficantly increase the field inversion threshold and can be placed

between P diffusions under the metal. ‘The second method is a

Motorola confidential process‘in which all thick oxide regions

P to Substrate Leakage

are doped to a higher field inversion by donor deposition.

P to substrate leakage causes the time degradatibn of logical

i

voltages stored on MOS capacitive nodes, This therefore determines
| the lower frequency

limit of dynamic circuits such as the dynamic
shift register, and'2‘phase logic,

L leakage is:

The equation for junction
PN

i
U

v -
I =1 er .1
R (egp = 1)
*

However surface leakage is the predominant node for silicon leak-

age and random surface contamination accounts for a wide range of
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capacitance leakage' tim

e constants (about 2msec to 2sec).
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Lateral PNP

In dynamic circuitry it is quite common to‘use a coupling
or delay device under a clocked power line to sample and store
a logical wvalue on an MOS capac1tance If this is a large nega-
tive voltage, and if the capacitive coupling from the clock to
P diffusion is large enough the P-N junction (a) can be driven
into conduction on the + going edge of ﬁhe clock, causing 1étera1
PNP transistor action, and significantly degrading the stored
1Y Tevel, | |
Yeo @/Y

‘ 1 ©

—il \/

The effects of this parasitic are reduced with careful
layout of clock lines and overlap capacitances, and by making
the coupling device minimum width, but slightly longer than

minimum length.
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Capacitance Parasitics

|
Several capacitances can be avoided with careful layout,
\ :
which will result in higher component per formance. Other capa-

citances should be considered, which aid performance.
S

A
!

Example 1.

T s ARt
1
|

Capacitor C1 and Gy will cause significant degradation of
<:): a stored "1'" level on the gate of Qi. However, they will enhance
the stored "O'" level. Note that C3 can be chosen to balance the

degradation caused by C2.

‘Example 2.

o

S
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—y——————— TN

In this example C7 is designed into the circuit to improve
its speed~éharacteristics, and C1 is parasitic. 4C1 is reduced
significantly if Cp is made as a thin oxide capacitor where

side B is P diffusion and side A is metal.

Example 3.

In the ratioless dynamic shift register the capacitor Cp
is designed in to enhance the "1" level while C9 and C3 are

minimized to prevent ''l" level degradation,

Example 4.

Voo

ovTpUT BUFFER
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- put.

In this example the capacitor Cj degrades the "1"l.level

stored on C2 when @9 goes to ground. The "1" level here must

be very high in order to achieve a solid "1" level at the out-

i

Example 5.

In this example the three input.NAND has 4 parasitic capa-
citances coupling noise signal to the input A; It is possible
that these signals can be éither aiding or opposing. ' Timing
simulation.and cell noise immunity allow the engineer to deter;
mine if false data will enter at A. TheAsituation can be corrected
by adding parasitic capacitance'to ground or to an opposing phase

signal.
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Drain-Source ?ﬁpch'Thrdugh_

7 i B .
46;> This breakdown phenomenon limits the voltage across a
transistor, causing the MOS device to act much like a Zener,

Notice theﬁ, that the only current limiting is external circuitry.
| : A
This phenomenon is observed in circuitry with abnormally

large voltage swings, as an output voltage which never reaches

its appropriate supply limit.

\

1
i
i

4
!

Q
_ . m——p 2
O - Vpr = 2 Kséo Ny (leff)

This can happen in either switch or 1 ad device if the
effective channel length gets too small. Load device breakdown

causes excessive supply current and poor '"0" levels. For this

reason minimum length loadbdevices should be avoided if large

signal swings occur,
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it

Parasitic Resistance

The P diffusion and poly silicon layers have a rather high

‘resistance. Care must be used if design requires these layers

" to conduct large current,

As illustration suppose an output transistor must conduct
2 milliamperes, with Vpg = 3 volts. Suppose this transistor
must be drawn 20 x .4 mils, If drawn as two parallel P-diffusions

(20 x .4) with contacts at one end, then current in the P diffusion

.debiases the other end, and therefore failing to meet requirements

with 25 squares resistance,

Now suppose that the transistor is drawn as an interdigitated

n

device with 2 drain fingers 5 x .3, 3 source fingers 5 x .3.

‘This still has 3.3 squares of resistances,

This device can only be drawn with metal contacts running
the full length of the source and the drain thereby cutting para-
sitic resistance to .l square. )

Similarly this high current transistor cannot be connected
to the bonding pad with high resistance poly silicon. It must
be connected with metal. |

But even metal has resistance and a thousand squares of
ground would not be uncommon between the bonding pad and the
final cell, causing an increase in ground level, noise on the

ground, and Vpg effect on the switch device.

~Sheet Resistance
Pd C Poly Metal

60 + 40 O/
- 10
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From:

o

M

.office correspondence

Don Black D
Jim Remedi

te:  February 17, 1971

[4))

Durrell Hillis ' Subject: MOS Array Design and Checkout
‘ . : Procedure

Bob Handy

Tom Bennett

A1l MOS Engineers and

Layout Draftsmen

\

The following will be the new design and checkout pro-

cedure for all new arrays coming from the MOS group.

Attachad to the end of the memo are copies of the cell
checkout form, array checkout form, 'and matrix board wiring
form,

I, Obtrain customers spe¢ifications or logic diagrams.

A. Check specs with veliebility

11. Design or convert logic into the appropriate Motowola

cell set.
'A. Partition logic

1. Arrays will have 900 linear mils maximum,
B, Minimize logic

1. Don't convert from positive tc negative logic
or vice-versa,

C. Think about how you will test the array while it
is being designed. ‘

D. All logic drswings should be completely inter-
connected, No lines 1 1

‘1. Exceptions Vpn,Vgee,Gnp, and nossibly cloc
‘ DL,VYGG,VND S b
A 4
E. Cell names beside each and every logical symbol,

¥. Current and Power consumption celicu
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Don Black

Jim Remedi .- s February 17, 1971

B
|

£:> III. Logic diagram should be checked by array designer.
III-A. Apy new required cells should be designed by CAD people.
| ~A. Check of mylar by two circuit engineers and processing.

1. Device sizes
2. Design rules

B. Digitize cell
C. Check coding and meke corrections
D. Check 500X plots (2 different people)

1. Device sizes
. Design rules

ign off processing

2
S

F. Sign off to cell library
A

. NO CHANGES IN CELLS IN LIBRARY EXCEPT BY
- "PROJECT LEADER,

=1
<
t—-l

og

gic diagram simulated
A, Simulate with test pattern OR
B. Simulate with a functional logic checking pattern

1. For random logic control arrays
2, Check critical timing paths

V. Design review of simulated logic diagram and sign off.

A. Check by original designer

B. Project leader

C. Sign off by project leader

! 1. ALL CHANGES IN LOGIC MUST BE APPROVED BY PROJECT
i LEADER, '

V-A. Customer verify simulation

VI. Draftsman takes signed-off logic diagreams and perforus
layout of 400X o
' ;:;: ‘ A, First makes 100X sketch to obtain rough cell placement.

XIT ~ 49




Don Black ' ‘
Jim Remedi -3- - February 17, 1971

O VI-A.

D
: : A. Simulate test pattern to make sure it is OK,
! Then sign off.

esigner writes test pattern if not already done,

1. Keep revision number updated in file for probe
and functional test patterns. '

B, Write DC test pattern
C. Write preliminary array specifications.
ViI. Check of 400X layout.
A. Check by layout draftsman
. 'Cbntinuity
. Correct cells are used

1

2

3. Design rules in interconnect area
&, 1/0 locations of cells
5
6
7

. Continuocus wmetal bus lines with minimum
resistance on Gyp,VDD,VGG, and clock lines,

. All output buffers have metal from cell to pad

. A1l required aligoment marks are in place and

&-<:> s - test devices in pariphery.
LN , . . . .
' B, GCheck by design engineer and sign off.
1. Continuity
2, Correct cells
3. Gocd bus structure :
4, Critical timing paths A o

5. Distribution of pads ' o
6. Protection devices on all inputs including
Vee, but not VDD and GND.

C. Check by packaging engineer and sign off.

1, Pad spaced for

! good assembly A
2. Does it fit in required package

.- Check by processing

. Check by product engineer |,

D
E
F. Check by reliability
D

VITT, Digitize Array
VILT-A. liave matrix boards and probe card made.

, A, Two matrix bosrds rveguired one for nrobe and one for
L '
final test. ' '
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Don Rlack

Jim Remedi fim * February 17, 1971
K;> IX.,' Plot and check stick diagram by original layout
. draftsman, ' : '

\A.. Things to check

: \ 1, Continuity
i ’ : ‘2. Correct cells used

! a. Includes alignment cells and test devices
3. 1Interconnect gets into cell in right location

| X. Plot and check of full composite and separate layers
E of interconnect area by design engineer,

-

A, Things to check

© 1, Aligmment of cell I/0's and interconnect
2. Design rules in interconnect area :
3. Power bus metal conflpulty and low resistamnce
4, All alignment marks present and test devices
5. Protection devices on all inputs including

' VGG, but not Vpp and GND.

<:>' ' XI. - Release to artwork generation by project leader

A, ANV CHANGES 1IN LAYOQUT MUST BE SIGNED BY PROJECT LEADER,
XI-~A, Obtain 200X plots on Cal-Comp of separate layers,
XII Check of artwork copies. black and white beth + and -

, o coples, against pen plots by original layout draftsman,
i : -~ Do thlo on light table,

.XIII..Check of artwork copies against pen plots by design
engineer, : '

A. Opaque ali pinholes in Gerbery artwork

i | B. Provide blue line copiles of artwo ck copies showing
‘ specing, minimum spaano and die size on
each layer to mask shop,

X1V. RPJeaSP te mask shop

XV. Insure that masks are not mirror imaged,




i S Don Black -
Jim Remedi ‘ -5- : February 17, 1971

7
f
i
i

XVI. Provide processing with blue line copies of artwork
copies showing typical spacing, minimum spacing, and
die size in each layer.

XVII. Provide processing and product engineering with 40X
colored overlays. ' (Available in mask shop.)

Don Black

.
k "( :' ~7 2 /
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NEW MOS CELL CHECKLIST

R Signature Date
P et P,

; Mylar:

a 1. Compatible with cell library

2. Continuity (project leader)

3. Device Sizes
a, cell designer
.b. circuit engineer
c., prcject leader

i d. processing

4, Separate layer-line wveths
and sp»pjﬂo
a. cell designer

b. circuit engineer .
c, processing L
5. Overlapping layers
a. cell designer
b. circuit engineer
c, processing —

o . .

(%4 . -5

(cell designer) e
Check Plots:

Cont uity_(project leader)

Device sizes

a, cell designer

b, circuit engineexr
c., project leader

e (T

d. processing

3. Separate layers-line widths and
spacings
a. cell designer
b. circuit engineer

C, processing

O
4. Overlapping layers
a. cell designer
b. circuit engineex
c. processing .
5. Sign-off to cell library .
a, cell designer
b. processing
c, projeci leac




\
\ . :
\ MOS ARRAY

Designs:
i. Reliability OK specifications

Layout:

\
\

. : e . .
imulation of logic (designer)

[#2]

ign-off of loglc diagram
. designer
b. project leader

(A )]

Mylar:

Checks by layout draftsman
a, continuity
b. correct cells used

I/0 location of cells

Cé
2, Design rules in intercoanect

area,

e, Continucus metal bus lines
with minimum resistance on

-, GNp and clocks lines

£. All cutput buffers have meta
from cell to pad,

g. All required alignment marks
in place, and test devices,

Check by design engineer

. continuity

. correct cells

. good bus structure

. critical timing paths

. distribution of pad

. protective devices on all
nputs and Vgg but not Gyp
and VpD.

a
b
c
d
e
£

Sign-off bV packaging engineer
a, pad distribution

b, fit in required package
Sign-off by processing
Sign-~off to digikizing
(project leadet)

XIT

Signature:

Date
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MOS ARRAY CHECKLIST cont'd

§§gnature Date

{ ¥¢lots:

; i. Check by layout draftsman of
stick plot
: ~a, continuilty
{ b. correct cells used
c. intercdnnection into cells

2, Check by design engineer of

full composite

a, alignment of cell I/0's
and. interconnect

b. line widths and spacings
cf interconnect area

c, Overlap of layers in inter-
connect area ,

d. low resistance and continuity
of busses

e, all alignment marks present .

f, protective devices on all
inputs including Vgg but not

GND and VDD -

g, Test devices present : :

3. S £ to artwork generaticn
( 2t leader)

=

1, Check by layout draftsman
a. all layers checked by
overlaying on light table of
artwecrk copies and Cal-Com
D plots of separate layers,

2, Check by design engineer
a, all layers checked again cn
light table -
b. opaque all pinholes in Gerber '
artwork

3. Release to mask shop (project
leader)

5 Masks:

8 1, Design engineer check masks for
' absence of mirvor image,
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M0S ARRAY CHECKLIST cont'd

@ o Signature '~ Date
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INTERFACING WITH MOS 1/C’s

Prepared by
Tom Reynolds
Applications Engineering

This application note discusses the
problem of interfacing MOS integrated
circuits with the logic levels of MECL,
MDTL, MTTL, and MRTL. The emphasis
is placed primarily on the use of other inte-
grated circuits to achieve this interfacing.

O

MOTOROLA semiconductor Products Inc.

© MOTOROLA INC.,




17 = +10 V

Output
7

0
0
0

+10 Vv

Input 1 Input 2 | Output
0 0

0 1
1 0
1 1

FIGURE 2 — Circuit Configuration for CMOS Gates

Thus, Q1 and Q3 function as one inverter circuit and Q2
and Q4 function as another. When input 1 is at +10 V, Q1
is OFF and Q3 is ON. When input 1 is at 0 V, Q1 is ON
and Q3 is OFF. A similar statement can be made about Q4
and Q2. Since Q1 and Q2 are connected in series and Q3
and Q4 are in parallel, the output is at +10 V only when
both inputs are at 0 V. This configuration yields the truth
table of a NOR gate. The NAND gate consists of two P-
channel devices in parallel and two N-channel devices in
series. Its operation is similar to the NOR gate. The
MCMOS gate gives low output impedances (about 1 k)
in either logic state. It can also operate over a power

supply range of +4.5 V to +20 V, although its speed in-
creases as the supply voltage increases. With a +5 V power
supply the MCMOS gate inputs are directly TTL compati-
ble with the addition of a resistor from the output of the
TTL gate to V(C; however, the output drive capability is
not sufficient to drive the input of a high power TTL gate.
THE MECL — MOS INTERFACE

The typical voltage swing at the output of a MECL NOR
gate is about 0.80 V; however the minimum specified volt-
age swing is only 0.70 V. In general, the NOR gate output
is not sufficient to drive a silicon bipolar transistor in most
switching applications. The MC1024 (see Figure 3) dual

(GND)
POSITIVE LOGIC 5 60 Vccol4 8 9
1 i OF‘T i TOR NOR
; Z$ 5
2 ) 290 315 300 ke 1 290
8 6 <
A s |
10
11 ‘) Zf 9
1.2 8
13_g -
5=2+3 > 1.8k
15K 124k 2k2.43ke 1.5k 1.24 k 1.5k
6=2+3 ’
DC Input Loading Factor = 1 ® <+ & 4
DC Output Loading Factor = 25 L I
Power Dissipation = 95 mW typical 4) i’ J) O o o o
12 3 4 7 Vg 10 1 1213
Resistor values are nominal.

FIGURE 3 — MECL Il - MC1024 Dual 2-Input Expandable Gate



Vgg = +V1>-V2

4 100 5No907
2N5845

Vin 5 CL
2
6
3
MC1024 o [le

1 -V2<-25V =

Vgs = V1>-V2

57100 Suauay 2N5845
2N5845

For V1=+10V, V2=-10V
See Switching Waveform

CL=3pF | C=50pF
tH+ 160 ns 213 ns
t-- 60 ns 66 ns
tr 167 ns 399 ns
tf 43.4 ns 44 ns

Typical Values

For V1=+10V,V2=-10V
See Switching Waveform

CL=3pF | CL=50pF
t++ 167 ns 170 ns
t-- 64 ns 71.7 ns
tr 153 ns 170 ns
tf 44 ns 46 ns

-V2<-25V = Typical Values
-0.75 V
Vin ty, t4<10 ns
-1.65 V —d
Switching i T
Waveforms l l w10
v
out | | I |
-10v
44 tr tf }——
2-input expandable gate does provide a differential output pin 4. When pin 3 is -1.5 V, pin 6 is about -1.60 V and pin
voltage swing which is sufficient to drive a silicon bipolar 4 is 0 V. These output signals make possible the use of
transistor. Assume pin 7 is at VEE =-5.2 Vand let V¢ = the discrete interface circuits shown in Figure 4. The
0V. When pin 3 is -0.8 V, pin 6 is about -0.8 V as well as - differential voltage, which appears between pins 4 and 6
4
2 / 5
Vin CL=3pF | C=50pF
6
3 T ghnr Vout - 253 550 ns
T+ 44.7 161 ns
1 te 72.5 247 ns
R tf 314 1190 ns
CL
I Typicai Switching Measurements are for
N = _——— -V=-13VandR =85k
Note: R>———— k2
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or pins 10 and 8 of the MC1024, is used to bias the base
emitter junction of a PNP transistor. The PNP transistor
provides voltage level shifting as well as base drive to the
NPN transistor. The voltage -V2 at the emitter of the
NPN transistor can be anything less than -2.5 V and within
the collector-emitter breakdown of the PNP transistor.
V1 can be anything greater than -V2 and within the break-
down of the NPN transistor. The typical switching wave-
forms and times for various capacitive loads are given in
Figure 4. Also included in Figure 4 is an interface circuit
which has an active pull-up. Switching times for this MECL
to MOS converter are given.

Another useful and simple MECL to MOS interface cir-
cuit is shown in Figure 4a. This circuit can be used to inter-
face with MOS when the substrate is at ground (0 V). The
value of R must satisfy the inequality R = [V(volts)/1.7]
k2 since the collector of the PNP is effectively a current
source. Switching times for several load capacitances are
included in the figure.

Driving MECL gates with MOS circuitry is less expensive
than driving MOS with MECL. Figure 5 shows a MCMOS
NOR gate driving a MECL NOR gate. In one case the
MCMOS NOR gate is operating between +5.2 Vand -5.2 V.
At this point a clamp diode to VBB is required to prevent
the MCMOS gate from pulling the MECL gate input above
-0.6 V. In the other case the MCMOS gate is operating
between 0 V and -10 V. Here a clamp diode is required to
the -5.2 V supply to prevent the voltage on the MECL
gate from falling more than a diode drop below -5.2 V. If
the supply voltages for the MCMOS gate were 0 V and

CMOS NOR MECL
Gate Gate

-5.2 v

V1=Vep 52y
Typical Propagation Delay < 40 ns
from Vin to Vout
CMOS NOR

Gate

MECL
Gate

Vin

-10 v

-5.2V
Typical Propagation Delay < 40 ns
from Vi, to Vot

FIGURE 5 — CMOS To MECL Translation

-5.2 V, the MCMOS gate could directly drive the MECL
gate; however the MCMOS speed is considerably reduced
at the 5 V potential difference. Driving the MECL gate
with a P-channel push-pull buffer is similar to driving with
a MCMOS gate. If an open drain output buffer is being
used, an external pull-down resistor is required. The basic
requirement on the MECL gate input is to maintain its
voltage potential between 0 V and -5.2 V.

FIGURE 6 — Translators for Positive Substrate Voltage



FIGURE 7 — Schematic for MC666 Triple Level Translator

THE TTL/DTL-MOS INTERFACE

The problem of translating TTL/DTL signals to MOS
logic levels and MOS logic levels to TTL/DTL levels is
strongly dependent upon the dc voltage applied to the
substrate of the MOS device. Figure 6 shows several mono-
lithic integrated circuits which can be used to convert TTL/
DTL logic levels to MOS levels when the MOS substrate
potential is +10 V to +15 V. The MC4042 consists of four
NPN open collector transistors driven by four TTL NOR
gates. The open collector outputs have a minimum break-
down of 15 V, and a maximum collector current rating of
50 mA. With a collector current load of 30 mA and a
capacitive load of 25 pF, the typical values of tpd- and
tpd+ are 13 ns and 14 ns, respectively. These propagation
delays are measured from the 50 percent points on the
input and output waveforms. The simplest way to use the

MC4042 is with a pullup resistor to the substrate voltage.
When driving large capacitive loads, the use of an external
active pullup circuit (shown in Figure 6) requires less power
to drive the load than when using only a pullup resistor.
The purpose of R2 in the circuits shown is to limit the out-
put drive current to a value which is within the maximum
ratings of the devices being used.

The MC1820 (see Figure 6) is a hex inverter circuit.
The output consists of an open collector which has a min-
imum breakdown of 30 V. The inverter input is DTL.
With a 1.5 k€2 output load to+15 V and a 50 pF capacitive
load to ground, the typical delay from the 50 percent point
of a falling input to the 50 percent point of the correspond-
ing rising output is 75 ns. The propagation delay from a
rising input signal to a falling output signal is typically

- AR ®&

= s, - g™



28 ns. The use of the MC1820 as a translator is similar to
the use of the MC4042. A circuit showing the use of the
MC1820 with an external active pullup is also given in
Figure 6.

The MC666 is an HTL device which is useful in con-
verting DTL, TTL, or RTL to MOS levels when the MOS
substrate is at a voltage in the neighborhood of +15 V.
The device has three level translators, as shown in Figure 7.
A translator output will pull a MOS capacitive load to one
diode drop below the V¢ power supply and within 1.5 V

of ground. The specified operating voltage for the MC666
is +15 V + 1 V; however, the device will operate down to
+12 V with a reduced output drive capability.

The MC1489 Quad Line Receiver is useful in converting
MOS logic levels to TTL/DTL logic levels. Each of the four
line receivers has a response control input which allows
one to vary the input switching threshold over a wide range
as shown by the graph in Figure 8. The MC1489 is par-
ticularly useful in converting MOS output levels to TTL/
DTL levels when the MOS substrate is at ground. In this

FIGURE 8 — MC1489 Line Receiver

case the current injected into the line receiver response
control is set such that the switching threshold is about
-3 V or -4 V. The typical propagation delay through a
receiver is tpd- = 25 ns and tpd+ = 25 ns. The typical
power dissipation is 100 mW per package.

The MC2255 General Purpose Logic Element is a PMOS
integrated circuit that is useful for interfacing MOS to TTL
or DTL. The circuit schematic for the device is given in
Figure 9a. The gain of devices Q1, Q2, and Q3 is three
times that of Q4, QS5, and Q6; whereas the gain of Q4, Q5,
and Q6 is 30 times that of Q7 and Q8. Figure 9b gives the
external connections required to create three logic trans-
lators. These translators are capable of receiving a DTL or
TTL signal and driving a MOS input. In this application
the substrates of all the MOS devices must be at +5 Vdc,

the TTL/DTL power supply voltage. The value of Rext is
selected to produce the desired fall time on the capacitive
input of the MOS device. Figure 9c gives a typical applica-
tion of this type. The MC1142 200-bit dynamic shift
register has an output buffer with sufficient drive capability
to interface with a TTL gate; however, the input requires
at least a 10 V logic swing. One of the translators in the
MC2255, along with a 7.5 k&2 external resistor, provides
the TTL to MOS logic level translation.

The translators of Figure 9b can also be used to drive
TTL or DTL with a MOS input. When using these trans-
lators to drive TTL or DTL, the value of Rext is selected to
guarantee that the TTL/DTL gate input will be pulled to
ground. For Motorola’s TTL gates an internal clamp diode
on the input prevents Rext from pulling the gate input



+5 V +5 Vv 4 +5 V Table of Values
) Vss for V™ and Rext
MTTL
MC1142 out NE Rext
] 200 Bit —O0—|
Dyn. S.R. & -8+ 139k
“10+ 1| 5.1k
MC2255 1 “12+1 | 6.2k
Ve L 18+ 1| 9.1k
_10V (c) 10V (d)

Example of Using the MC2255 to Interface TTL with MOS

T 2 9 M

+5'V

’l?(Open)
10

DTL/TTL to MOS Translator (b)
or MOS to DTL/TTL Translator

FIGURE 9 — MC2255 General Purpose Logic Element as a Translator

more the one diode drop below ground. However, for DTL
gates, an external clamp diode must be used. The table in
Figure 9d lists the recommended Rext value for various
negative power supply voltages when driving DTL or TTL
gates.

The MC2255 can be used to make a push-pull type
buffer. There are many waysthat this may be accomplished.
Figures 10 and 13 illustrate the two basic configurations.
Circuit (a) of Figure 10 requires the utilization of all the
devices in the MC2255 and provides the fastest switching
speeds. Circuit (b) of Figure 13 does not require the use of
the three parallel devices which constitute a NOR gate.
The two buffers of Figures 10 and 13 require a +5 V and a
-10 V power supply. Figures 11 and 12 give the Vgyt
versus Ioyt characteristics for the buffer of Figure 10, and
Figures 14 and 15 give the same information for the buffer
of Figure 13. The basic circuit configurations in Figures
10 and 13 can also be used with different voltage levels to
give increased drive capability. Figures 16 and 19 show
the buffers with +5 V on the substrate, -7 V on the pull-
down resistors, and -15 V on the gates of the pulldown
resistor. The Vyt versus gyt characteristics of these two
circuits are given in Figures 17, 18,20, and 21. All of these
output buffers have the capability of driving TTL/DTL
logic levels when the input is presented with a MOS signal.
The buffers in Figures 10 and 13 can also drive MOS with

a TTL input. When using the MC2255 to provide TTL/
DTL — MOS interfacing, the substrate of all the MOS
devices must be at +5 V.

Figure 22 gives two discrete circuits that are useful in
converting TTL/DTL logic levels to MOS logic levels when
the MOS substrate is at ground. Circuit (a) uses a passive
pull-up resistor, R1. The value of R1 is selected on the
basis of power dissipation and the rise and fall times desired
on the MOS capacitive load. Q1 acts as a level shifter and
provides drive to Q2. If -V2 < -1 volt, QI is never in satu-
ration and therefore has little effect on the speed of the
circuit. The circuit speed is dependent primarily on Q2.
The operation of the circuit in Figure 22b is essentially
the same as in Figure 22(a) except for the active pull-up
configuration consisting of Q3, CR1, and R2. Circuit (b)
is useful when driving large capacitive loads.

MOS-RTL INTERFACE

There are few integrated circuits which can be used to
solve the MOS-RTL interface problem. The application
of the MC666 MHTL device shown in Figure 7 was dis-
cussed in the section on interfacing with TTL and DTL.
The MC1489 line receiver can be used to convert from
MOS to RTL when the MOS substrate is at a positive volt-
age. The line receiver is particularly useful when the MOS
substrate is at ground. In this case the threshold at the



line receiver input is set to about -4 V. The line receiver
output has DTL logic levels which can be used to directly
drive an RTL gate input.

Figure 23 gives three discrete circuits that can be used
in converting RTL signals to MOS logic levels. The circuits
in (a) and (b) are the most versatile, and their operation
has been discussed in the section on TTL-MOS interfacing.
These two circuits are particularly useful when the MOS

substrate is at the RTL power supply voltage or ground.
Circuit (b) has an active pull-up and should be used when
driving large capacitive loads. Resistor R1 should be se-
lected on the basis of power dissipation and the desired rise
and fall time at the output. If the MOS substrate is at a
voltage in the range of +10 V to +15 V, Circuit (c) provides
an efficient interface. Again the value of R1 is selected
on the basis of available bade drive from the RTL gate,

.
[

FIGURE 10 — The MC2255 as a Push-Pull Buffer




|°ut (mA)

MC2255

CKT A Pin2,7,10=-10V
lout versus Vot

Ein =Gnd :

Ta =25°

-1.0 0 +1.0 +3.0
Vout (Volts)

FIGURE 11 — MC2255 Output Characteristics

|°ut (mA)

CKT A Pin2,7,10=-10 V
lout versus Vgt

-1.0 0 +1.0 +3.0
Vout (Volts)

FIGURE 12 — MC2255 Output Characteristics

FIGURE 13 — MC2255 as a Push-Pull Buffer
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Vout (Volts)

FIGURE 14 — MC2255 Output Characteristics

desired rise and fall times, and power dissipation.

Figure 24 illustrates the conversion from MOS to RTL
when the MOS substrate voltage is at +13 V. The diode
clamps the gate input to the RTL power supply voltage
which prevents the MOS output driver from pulling the
gate input above the maximum specified rating at +4.0 V.
When Vo = +3.6 V, the clamp diode should be germanium.
In Figure 25, the MOS substrate is at the RTL power supply
voltage. In this mode of operation, the clamp diode is
used to prevent the voltage on the RTL gate input from
falling below the -4 V rating.

FIGURE 16 — The MC2255 as a Push-Pull Buffer
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30
[T T T 1
MC2255
25 —CKT B Pin2,7,8=-10V
Ein=+3V
20 |—!out versus Vot //
Ta =25°C /
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E
5
3 10
5.0 ,/
0
5.0 -3.0 4050 +1.0 +3.0 +5.0

Vout (Volts)

FIGURE 15 — MC2255 Output Characteristics

CONCLUSION

There are a number of integrated circuits which can be
used to interface the various logic families with MOS
integrated circuits. The applicability of these circuits as
translators is dependent primarily upon the MOS substrate
potential. In general, it is best to place the substrate at a
potential equal to the most positive voltage applied to the
logic family with which one is interfacing. A summary of
the topics covered in this application note along with their
related figures is given in Figure 26.
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FIGURE 17 — MC2255 Output Characteristics
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FIGURE 18 — MC2255 Output Characteristics

FIGURE 19 — The MC2255 as a Push-Pull Buffer
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FIGURE 20 — MC2255 Output Characteristics

FIGURE 22 — Discrete Buffers for TTL/DTL to MOS Conversion
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FIGURE 21 — MC2255 Output Characteristics

FIGURE 23 — RTL to MOS Translation



FIGURE 24 — MOS to RTL Translation With MOS Substrate at +13 V

FIGURE 25 — MOS to RTL Translation With MOS Substrate at Vcc

TTL or DTL to MOS 6,7,9,10,13,16,19,22
MOS to TTL or DTL 9,10,13,16,19
ECL to MOS 4,4(a)
MOS to ECL 5
RTL to MOS 7,23
MOS to RTL 24,25

FIGURE 26 — Summary of Topics and Related Figures
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Design Software

7 ' It is the intent of the MOS Computer Aids Group to provide
| the MOS design engineer with design approaches which relieve the
engineer of design drudgery, thus allowing him more time for
creativity.
This section of the MOS Design Manual will contain des-
criptions of current software of major use in electronic circuit

design,
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MOS Device Models (FORTRAN)

For SCEPTRE
For NLDCA

For Timesharing
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Q Chip

Q Chip is a chip size estimation program. The program reads

the CAD cellsrequired to build a chip, and the average fanout,

and computes chip size, and associated data. The input data is

in data file "DATCHP" in the following format:

100 CHIP NAME PROBLEM NAME: DATCHP

110 AVERAGE FANOUT ,NUMBER PADS READY

100 TYPICAL DESIGN

120 CELL NAME 110 1.2,17

120 MHOLIN

130 NUMBER USED 130 3

140 MHO2PS

140 CELL NAME 150 &

150 NUMBER

200 END

160 MHOLEO
170 1

180 MHOLJIK
190 3

200 END
SAVE

READY

The program is then run as follows:

TYPICAL DESIG

TOTAL CELLS

CELL AREA

NO OF CELL ROWS
ROUTING AREA
ACTIVE AREA

CHIP SIZE’
EQUIVALENT GATES
TRANSISTORS
TYPICAL POWER

PROBLEM NAME: QCHIF

READY
RUN

11 :
9,960000000E+02
2
5.428800000E-+02
1.854000000E-+02
81 51
‘ 31
127
'9,130000000E+01

XV - 6
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O

LIBINF - Library Information“this program requests op

option I.

tion T, or

T = table and prints the current list of available CAD

logic cells,

I - information and then asks for a specific cell.’ It then

reaches the library for that cell and prints out all

information.

relative



SCEPTRE

SCEPTRE is a unified system of digital computer programs
by which the electrical engineer can communicate with the
computer to determine the initial conditions and transient
response of electronic circuits., - SCEPTRE has a number of
features which make it easy to use, The following is a list
of some of the main features in SCEPTRE:

1.

Stored Models - Any active element or interconnected
group of elements that can be described as a combin-
ation of sources, passive elements and mutual induc-
tance may be stored on tape by the user and called
into use at any point in a network,

Automatic Initial Conditions - The user has the option
of using a special portion of the program to determine
the initial conditions of a network. He may then either
use the transient section in the same run or just accept
the output of the initial condition section for inspec-
tion. Any run may use the initial condition mode only,
the transient mode only, or may automatlcally combine
the two modes,

Rerun - Multiple case rerun based on a single master
run may be carried out auuomaLlcally The user supplies
only the changes that apply from the master run for each
repeated run,

Defined Parameters - A special section has been created
to enable the user to define quantities that may be
output other than sources or passive currents and voltages,
The user may enter systems of first-order differential
equations that may or may not ' have anything to do with a
particular electrical network.

Output - In addition to the conventlonal output format,
which allows all sources and passive currents and volt-
ages at each solution increment, the user may request as
output any defined parameter from item 4, He may also
select any element value, step size, and pass count,
Time is not the only independent variable for these
outputs; the user may select others from a falrly large
list.

Linearly Dependent Sources =~ Voltage and current sources
that are linearly dependent on resistor voltages and
currents respectively, can be accommodated without com-
putational delay. This feature permits the extensive
use of the famlly of small signal transistor equivalent
circuits. :

‘Subprogram Capabjllty ~ The user who is familiar with

computer programming may write FORTRAN subroutines and
insert them in otherwise conventional SCEPTRE runs. This
feature permits the extensive use of the family of small
signal transistor equivalent circuits,
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8. Program Language - The program has been written entlrely
: in FORTRAN IV to facilitate the task of adapting it to
(:) digital computers other than the IBM 7090 or 7094.

- - 9. Economical Operation ~ A new solution approach has been
v employed to insure rapid solution, and therefore, a
comparatively small amount of computer time for most
problems.

10. Automatic Termination -~ Runs may be automatically ter-
minated contingent on the behavior of specified network
quantities,

11, Flexibility - Non-conventional source dependencies and
network topologies can be accommodated,

12, Save and Continue Capability - Runs may be Lermlnafed
and then subsequently continued after examination.

13. 1Input Convenience - Provision has been made for a free«
form format for input data.

SCEPTRE can be used to evaluate MOS circuits with reasonable
accuracy and with a nominal amount of computer time. The results
from SCEPTRE have been checked against fabricated circuits with
very good accuracy,

SCEPTRE is available from:

1.) Motorola, Palo Verde
2.) TUniversity Computing Corporation

3.) LSS



Figure 3 shows a circuit diagram prepared in the recommended manner.
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Figure 3. Circuit in SCEPTRE Form

2.2 PREPARING THE SCEPTRE INPUT DATA

The SCEPTRE circuit dewripuon language is a siructured free-
format 18.710'U¢.9‘6, the syntax of which is easy to learn amd remember. The
language consists of descriptive stateinents censtructed syntactically from
user-derived component names, parameter names, node names, and value
specifications. These are delimited by special characters such as comma,
dash, parenthesis, and equal sign; thereby, allowing the program to interpret
the statements properly. Thus, the statements themselves can be punched

‘anywhere on the input data card (columns 1-72)with any desired spacing. In

general, several complete statements can be punched on a card separated
only by a comma. The rules for continuing a statement firom one card to an-

other generally require that the discontinuation be made immediately after
delimiters, with the delimiter appearmc as the last non-blank c‘mracter on
the card. A |

2.2.1 HEADINGS AND SUBHEADINGS

Networks are described in SCEPTRE language under the folldwipd ma-
jor headings and subheadings regardless of which mode of analysis is desired.

A. MODEL DI‘SCRIPTTON (INITIAL, PRINT) : :
MODEL NAME (PERM or TEMP) (NODE-NODE-....NODE)
(Comment or message cards, if any, up to 11 a.llowed)

1. ELEMENTS

2. DEFINED PARAMETERS
3. OUTPUTS

4, TFUNCTIONS
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B. CIRCUIT DESCRIPTION v -
(Comment or message cards, if any, Up to 11 allowed)
1. ELEMENTS
2. DEFINED PARAMETERS
3. OUTPUTS : '
4, INITIAL CONDITIONS
5. FUNCTIONS
6. RUN CONTROLS

- C. RERUN DF‘SCRIPTLON (N) _
(Comment or message cards, if any, up to 11 allom ed,.‘

1. ELEMENTS

2. DEFINED PARAMETERS
3. INITIAL CONDITIONS

4, FUNCTIONS

5. RUN CONTROLS

D. CONTINUE

1. RUN CONTROLS
E. RE-OUTPUT
F. END

Tne MCDEL LP‘%CRLDTIO’\I heading is used when it is desired to store
one or more modsls. The MODEL NAME card, comment cards (optional), and

any or all of the four subheadings listed can be used for each model for either
permanent or temporary storage under the MODEL DESCRIPTION heading.
One or more models may be entered under one MODEL DESCRIPTION heading.

The CIRCUIT DESCRIPTION heading is always used when any network
is presented for analysis. Any or all of the six subheadings listed under the
heading may be used, \

The RERUN DESCRIPTION heading is usad whenever the rerun feature
is exercised, All changes to the master network must appear under this card.
Any or all of the five subheadings listed under this heading may be used.

The CONTINUE heading is intended for use only when continued comput-

“ation is desired after a problem has been originally run. The only subheading

permitted under this heading is RUN CONTROLS. The only other heading tp:u
may appear together with CONTINUL in a run is END.

The RE-~OUTPU T heading is used whenever the user desires output from
a previously completed run without repeating that run. No subheadings are per-
mitted under this heading. The only other heading that may appear with RE~
OUTPUT is END, '
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NLDCA

NLDCA is a non-linear dc analysis program. The program is
valuable for solving transfer curves and equilibrium conditions
<:> of MOS circuits.

'~ The first example shown was run on CSS computer timesharing
system. The NLDCA program on CSS requires a simple input of the
circuit topology. For MOS the input is simple as illustrated in
Example I, The input to the computer and the corresponding output

- from the computer is listed for the circuit shown in Example I.

The second example shown was run on GE MARK II tlnesharlnc
system, This version of the NLDCA program 1is very unsoph1st1cated.
The circuit being analyzed has to be described to the-NLDCA pro-
gram by means of a SUBROUTINE FUNCT (N). This subroutine includes
process parameters, device ratios and circuit topology. The
circuit is described by defining the voltage arrangement of the
circuit (ie VGSPI = E2 - V(1)) and by summing the currents (ie
x(1), %(2), ...) at each of the N nodes. F(N) is the sum of the
currents at node N, In the circuit. description, EPS is the max-
imum convergence error allowed before NLDCA assumes the solution
is correct, DELTA is the increment which the node voltages are
stepped in making an iteration. N is the number of nodes. V(N)
is the voltage at node N,

After a program similiar to LEVEL is written, the written
program is merged with NLDCA and ROFCD ROFCP is a MOS model
based on Grove's equation using Wang's four-terminal 'analysis,

<:>‘ The program will solve the circuit described if less than 50
T iterations are necessary,
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EXAMPLE 1: 1O =~ -22V.

- ZOV — 1. M5

-20v ——l i M4

-20V i i M3

-20V — i.M2 ' ‘

- i
s

P o 7» .?zov ©) 1ML

/;.ement \VModel Desc.

CIRCUIT DESCRI PTION'

vs1l,0,2, | ~ (VARIABLE SOURCE)

°fnitial Node \Final Node

vel,0,1,-22,
Inltlol Node \‘Tlna] Nod\Vahw

) P 5 ° ‘g )
i : s D G B % Channei\\wz T~
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7T - AIX

™

. . B} - - R S Lo R T . i
O e |
,fﬁ::> /“ T . \ (\‘? : :
i I'd i . i SN " o.
/ R i
J uf  i
EMD A : - : . o
15.30.05 log « ' - ‘ o o S Ty
36.793.CPU SECS, 921 DISK ACCESSLS, O UHIT RECD OPHS SINCE LOCIM AT 14.5G.00
LOGGED OFF AT 15.30.27 OM 06/16/70 ' o e : '
# . D5 ~)
CSS Online XRR NOsyosu ’
b
i ;
i
.
1 motcad .
PASSHORD: )

EHORNRES

AJC THEQ: . . - -

whu . ' : . i B
READY AT 15.31.24% ON CG/10/7C

CSS.180 0u/13/70

TAGS?

1
n A
1.30 ¢ bill .o
TAHDARD FILETYPE . . o . . . E
STLE. ) ) ‘
T C o : : ) }
ELEMENTS, NODES. MODELS
\/51/0/21 ) ) ) . E . ’ B ’ SR . )
vel,0,1,=22. ' - 3 s : ) L ' s
inl,7,6,2,0,p,.4,.2 , . : : S v : : S ST
im2,6,5,2,0,p,.h,.2
ims,5,4,2,0,p,.h,.2
imh,Lb,5,2,0,p,.304,.2
im5,3,1,2,0,p,.,.2
4 .- ]
DI '
20 K
7.,
$1,0,2, \
€1,0,1,-22. -
i1:,7,6,2,0,P,.4,.2
1142,6,5,2,0,P, .1, .2 .
IM3,5,0,2,0,P,.4,.2 d
it , 4 ,3,2,0,P,.0h,.2
1145,3,1,2,0,P,.4,.2 ~
EOF: i
1‘10 -
Y - HEY
15.30h.10 . \ . ) - )



ATX

6T

N

7

£,
I

nldca bill
EXECUTIOM:

NOHLIMEAR DC AMALYSIS

DO YCU WISH TO SKIP BRAMCH AHD NODE PRINT OUT?

MODEL NO. . C ©C 0 0 0 0 0
ELEM. TYPE VS VC 110 IR It IM 1M
ELEM. NO. 111 2 3 & 5
BRAMCH NO. 1 2 3 5 6 7
HODEL NO. 6 ¢ o 0.0 0 <
MODEL WODE 1 2 3 & 5 6 7

2.3 4 5 6 7

CHT. HORE 1

PROGRAM COMTROL CHANGES?
ENTER NODE VOLTAGES TQ BE PRINTED (UP TO 8)

3,4,5,6,7,

ENTER BRANCH VOLTAGES TO BE PRINTER (UP TO 9)

CHTER BRAKCII CURRENTS TO BE PRINTED (UP TO 9)

5,4,5,6,7,

EMTER VOLTAGES TO BE PLOTTED (UP TO 3)

ENTER VOLTAGES TO BE PLOTTED LATER (UP TO 10)

ENTER INPUTO,DELIM,MP, SOLVBACK

-20,0,1, o o '

T INPUT VS V3 vl V5 s
1111 112 o3 111y 15

A

.
N

NP
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o~

s

s

IT= &5p o
ALY 1ORE ITERAT!ONS?
50,

IT= 100

ANY ORE™ I TERAT Ions?

I'F YOU urIsii 7o RETURN TO THE LAST POITNT WITH A HEW DVlﬁf
ENTER DELIN,NP,SOLVBACK

IS UITH MEW PARAMETER VALUES?

Q

O

ER BRANCH MO.AND WEW PARAMETER VALUE,
TAT -

NEW ANALY
IF SO,enT

OME SET AT A Tlpe )
-
HIcoe21 stap. 0
15,821,111 ¢ Hin
HOMSTALUARD FILETYPE
EDIT:
5]
7,7,
o 3
8,7,
b
IH5,3,1,2,0,P,.L,.?
i rrl,7,0,19000
fite

rd
15,612,571 nideca hill
CEXCCUTION: .

NONLIMNEAR DC AMALYSIS

DO YOU VisH T0 SKIP BRANCH AND NODE PRINT ouT?

MODEL LO.- 0 0" 0 ¢ 0 0 o0
ELEH. TYPE VS VG RR IM (NI I N B
cLEi, 1O, 171 1 1 2 3 4 5
BRALCH 0. 1 2 3 4 5 6 7 8
MODEL no, 0 0 0 0 0 0
MODEL NODE 1 2 3 4 5 6 7
CKT. HODE 12 3 4% 5 g 7

PROGRAIY CONTROL CHAMNGES?
ENTER MODE VOLTAGES To BE PRINTED (UP TO 8)
3,4,5,6,7,

EMTER BRANCH VOLTAGES TO BE PRIMTED (UP TO )

ENTER BRANCH CURRENTS TO BE PRINTED (ur 10 9)
4,5,6,7,8,

EHNTER VOLTAGES T0 BE PLOTTED (UP TO 3)

EHNTED VO TAnen o eim e i

At

N’
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~~

~

P

~

~

N

NPUTO, DELIN, NP, SOLVBACK

TMPUT Vs V3 vl Vs
M1 : 1142 U 114l
8 =2.0000D 01 --1.3599D 01 -1.%238D 01 -1.29610 01
1.2520D-03  1.2520D-03 1.L5700 1.25200-03

ENTER DELIN, MNP, SOLVBACK

NEW ANALYSIS WITH NEW PARAMETER VALUES?
I SO ENTER BRANCH NO.AMND MNEY PARAHFT[P VALUE,

OME SET AT A TINE
?

3,1e5,

?

PROCRAIY COHNTROL CHANGES?

ENTER NODE VOLTAGES TO BE PRIMTED (UP TO £)
J,I},.),() 7

EHNTER “WARCH VOLTAGES TO BE PRINTED (UP.TC 9)

ENTER BRANCH CURREMTS TO-BE PRINTED (UP TO 9)
i,4,5,6,7,8,

ERTER VOLTAGES TO BE- PLOTTED (UP TO 3)

ENMTER VOLTAGES TO BE PLOTTED LATER (UP TO 10)

EMTER IMPUTO,DELIN,NP,SOLVBACK
-20,0,1,

T IMPUT VS V3 vh - V5

1vs1 M1 B L S T S
6 =2.0000D 01 =1.4151D 01 =-1.4032D 01 - -1.39410 01
5.2087D-13  1.3797D-0h  1.3707D-0k  1.3797p-0i

-
EMNTER DELIM,NP,SOLVBACK

NEW ANALYS!S WITH HEW PARAMETER VALUES?
IF SO,EHTER BRANCH MO.AND NEV PARAMETER VALUE
N[ °" AT A TIHE

':,107)
?

‘PROGRAM CONTROL CHANMNGES?

ENTER 1NODE VOLTAGES TO BE PRINTED (UP TO 8)

3,4,5,6,7, .
ENTER BRANCH VOLTAGES TO BE PRINTED (UPpP 0 9)

ENTER BRANCH CURRENTS Tn nr pRinTED (1P TN a9y

V15 v7

s
1.2727D 01 -1.25200 01
1.25200-03
ve vy
- Iws

-1.38G5D 01 =-1.3797D 01

1.3727D-04  1.3797D-04

>

D)
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31

;
\

~

D

£

ENTER VOLTAGES TQ BE. PLOTTED (UP TO 3) --

ENTER VOLTAGES T0O BE PLOTTED LATER (UP TO 10)

ENTER INPUTO,DELIN,NP, SOLVBACK
-20,0,1, ) L . - B
1T INPUT VS V3 v V5
[1aRS o IM2 M3 14
9 -2.0000D 01 -1.4398D 01 =-1.4386D 01 =-1.4377D 01
1.43620-06 1.4362D-06 1.4362D-0C 1.4362D0-06

ENTER DELIN,UP,SOLVBACK

HEW ANALYSIS WITH NEY PARAMETER VALUES?

1P SO, EHTER LRANCH MOLAND MEW PARAMETER VALUE,
CHE SET AT A TINE

?

,leln,

PROGRAM CONTROL CHANGES?
ENTER IODE VOLTAGES TO BE PRIMTED (UP.TO 2)
3,48,5,6,7, )

CHTED BRAMCH VOLTAGES TO BE PRIMTED (UP TO 9)

EMTER BRAHCH CURRENTS TO BE PRIMTED (UP TO 9)

4,5,6,7,8,

ENTER VOLTAGES TO BE PLOTTED (UP TO 3)

CMTER VULTAGES TO BE PLOTTED LATER (UP TO 10)

ENTER [1PUTO,DELIN,MP, SOLVBACK |
-20,0,1, ‘ v K
0T IHPUT VS vy Vi V5

N M2 a3 My
IT= 25 :

ANY I'ORE ITERATIONS?

50,

34 =2,0000D0 01 -1,4425D 01 . -1,4425D0 01 ~-1.4424D 01
1.4427D-09 . 1.,4427D0-09  1.4427D-09  1.4427n-00

ENTER DELIN,KP,SOLVBACK

NEW ANALYSIS VITH NEW PARAMETER VALUES?
IF SO,ENTER BRANCH MO.AND MEW PARAMETER VALUE,
OME SET AT A TINME

Y6
- IM5 .
=1.43269D 01
C1ULE62D-0C

VG
1145

=1.05240 01

1.5427D-00

V7

-1.4362D 01

V7

-1.56240 01

Te o

B
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Simul 8

Simulation of logical systems to verify thg customer's
logic design is a very important engineering requirement.: It
is also important for the design engineer to pro#iae reasonable
logical testing sequences. B

Simul8 reads a system description in terms of polycell inter-
connect, (MAGIC DECK) and coﬁ#erts the system structure and timiﬁg
information to Simpf format for logical simulaﬁion or for test
generaﬁion and test grading.

The timing diagram simulation is then présented to the
customer as verification of functional logic. .

The testing sequence is graded to determine if all possible

faults are detected.

Sumul8 is available at Motorola Mesa.
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LOGIC SIMULATION PROGRAM (PARALLEL FAULTS) "SIMPF"

I, INTRODUCTION

The program SIMPF is set‘up for the CDC 1700 computer and
written to simulate logicallnetwords (combinational or sequential)
with or without some fault conditions, It is a‘fieXibie program
in the sense that it is open fér a quite general use, For example,
it may be used to simulate a.particular circuit where the external

inputs (externals) are changed as a function of time, and where

any number of gate outputs (and externals) may be monitored to

observe circuit performance. The program may also be employed

to find out how many of the specified faults are detected at the

circuit outputs within a certain amount of time during which the
external inputs may change their state several times, according
to the uéer's specification. The way the programAwill be used,
as well as the circuit and fault information, is given on data
cards;‘there are no special instructions necéSsary for the com-

puter operator,
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CHAPTER XV



Computer Aids — Layout Software
Several programs have been written to assist in the graphical
design of MOS Integrated Circuits leading to  the final goal of art-

work from which the circuits will be made.
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CAMP
Computer Aided Mask Preparation
This program is the heart of photo artwork production. It
has the capability to convert graphical iﬁformation from cards,
magnetic tape, or CRT design into ink plots for error checking
or high accuracy Gerber film for the photo reduction process,.
The first step is the graphical description of the cell

structures, Once stored, a cell structure can be repeatedly

positioned wherever the structure is required. Finally the inter-

connect wiring is described. The entire graphical structure is
then converted to Gerber machine language, from which high resolu-
tion films are produced,

For further description see the LSI software manual,
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MARS

Motorola AutomaticvRouting System has two functions. (1) It
génerates é'linearvstring placement of MOS cells automatically.
by a wire rputing algorithm, (2) It automaticaliy interconne<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>