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o 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 product shipped and did not breakout the 

functions or types of circuits that were involved until 1969. 
The chart in Figure 1.1 shmvs the reported grovlth 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 th,;Ls,; are internal consumption and 

suppliers who are not participating in the EIAprogram. This 
makes the total MOS market somewhat larger than that being reported 

. 0 by EIA. It is this figure that we use to compare to the total IC 
industry. 

o 

The Market in 1969 

Figure 1.2 summarizes the EIA reported 1969 MOS Ie market 

from a product point of view. Note the four largest entries 
excluding subtotals. These are: 

Dynamic Shift Registers over 100 bits 

Static Shift Registers, 4-50 bits 

Dynamic Shift Registers, 4-100 bits 

Static Shift Registers,. 51-100 bits 

TOTAL 

r.!l 

$ 3,556,200 
2,041,707 ... 
1,536,059 

852,846 

$ 7,986,812 
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This means that shift register sales compr~sed the majority 
of the reported NOS IC business for 1969. Following is a break

out of ~arket percentages by product category: 

Shift Registers 

Complex Logic Functions 

Hemories 

Simple Logic Functions 

LSI excluding Shift Registers 

TOTAL EIA REPORTED NOS IC 

1-2 

59.5% 
13.6% 

12.1% 

9.8% 
5.0% 

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 ~illion of unreported business is estimated tobe almost 

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. 

t1ARKET 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: 

(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. However, ,the losses in 

"market share of dynamic shift regis ters may be 

offset by gains in static shift registers as 
their volume increases. Static shift-registers 

show surprising customer interest, and dollar 

volume for static shift registers will surpass 

dollar volume for dynamic shift registers in 
, '".. 

1970. 

(c) Simple logic functions 'are increasing their 

share of the market" but this is probably due 

to the increasing popularity of complementary 

MOS IC and MOS interfaceelem~nts. 

" 

'.,. . 
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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 isshml7l1 in Figure 1.3. The EIA 
reported ASP for 1970 will be less than $6.00. However,'the 
ASP's for unreported 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 expariding the MOS Ie 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 liIies. Other 

potential markets ar'e 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 will undoubtedly 
become viab le as the ASP's of MOS Ie's drop. 

t ' 

Figure '1.4 compares proj ected MOS Ie growth with TTL growth 

and total Ie growth. This Figure substantiates, on the basis of 
past history, the validity of the high growth rate projected, for 
the MOS Ie -market. Figure 1. 5 graphic~ lly compares the growth, 

rates for MOS Ie versus tot,al Ie. Estimated end-use applications, 
for MOS Ie product in 1970 are shown iIi Figure 1.6 . 

• -r 

The International Market' 

The usage of MOS integrated circuits, in Europe, is character':" 
ized by a wide variety of applications as they are ,in the United' ' 

T-;4 
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o Sta.tes. The growth of the European market is treading along a. 

similar pattern to the U.S. and is lagging by approxi~ate1y'~wo 
years. A projection recently made by Telefunken is: 

.' 

1969 

$5M 

1970 

10M 

European MOS Market 

1971 

20M 

1972 

40M 

1973 

60M 

1974 

100M 

The primary competition is found in the efforts of General 
Instruments and National Semiconductor. These manufacturers 
have had MaS facilities in the common market for appr.oximate1y 
2 years. Activity is being stepped up by several other companies 
such as Fairchild, Phillips, Seimens, Plessey, Ferranti, 
Telefunken, Sescosem, and seSe 

In the Far--East the MaS usage has been concentrated in the 
desk top calculator and organ industry and is now finding its way o . 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 MaS market has been made by Motorola Sales in Japan, starting 

at $20M in 1969 and growing at $20H/peryear. Because of equip~' 

ment slippage and lack of product from suppliers this estimate has 
been adjusted to: 

Japanese MaS Market· 

1969 . 1970 1971 '1972 1973 .1974 . .. .,.. 

$12M 25M 40M 60M 80M 110M 

. .~ .. 

,0 
1-5 
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o Summary 

o 

Approximately $Lf5 million worth of HOS fc r 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 HOS, and the ASP will be in the $2.00 to $2.50 

range. The brDadening customer base will ~ontinue to enhance 

custom HOS IC business, and make a custom capability worth:l;vhile. 

y. 

, 
1-6 
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EIA REPORTED 

U.S. FACTORY SALE OF MaS INTEGRATED CIRCUITS 

GRAND TOTAL 1969 

Major Function Units 
Percent of 

Dollars ($) Dollars.ASP 

Logic Gates 
Logic Input Expanders 

~ 

Drivers, Buffers & Expanders 

Mu1tivibrators Monostab1e 

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 

NUX Switches &.Commutators 

A-D/D-A Converters 
Other 

SUB-TOTAL Class II 

ROM 4-is6 bits· 
ROM 256-1024 bits 
ROM 1025 & over bits 
RAM 4-32 bits 
RAM 33-256 bits 

RAM 257 & over bits 

SUB-TOTAL Class III 

Static Shift Registers over 100 bits 

Dynamic Shift Registers <wer 100 bits_ 

Other Arrays over 100 gates 

SUB~TOTAL - Class IV 

GRAND TOTAL- All Classes 
_0··_··· ____ · _ ,,_ 

--·-Tbtal Static-- Efhif·~c~Registers 

Total Dynamic Shift Registers 
Total Shift Registers 

Figirrel .. 2 
# 

153,880 

10,207 

28,471 

2,160 

43,117 
26,631 

264,466 

.-

11,438 

21,333 

115,581 

2,352 

8,557 

299,603 

61,644 

307,954 

34,387 

5,472 
"8,456 

699,584 

24,685 

159,596 

4,588 

379,441 
56,265 

1,324,129 

99,394 
240,862 

497,351 

18,108 

148,533 

2,041, ?07 
852,486 

1 ~536, 059 

557,345 

148,264 

133,771 

876,777 6,273,880 

4,832 
16,890 

15,906 
6,817 

12,06~ 
.- .. 0 

92,994 
591,608 

549,519 . 
72,123 

329,334 
·0 

56~516· 1,635,578 

4,957 

302,890 

i9,404 

69,906 

3,556--,200 
679;'102 

·337;251 4·,305,208 

1,535,004 13,538,795 

366,2042,964,099 
. 610,844 '.4,092,259 

977,048 ....... 8,056,308 

5.17 4.55 

0.18 2.42 

1.18 5.61 

0.03 2.11 

2.80 8.80 

0.42 2.11 

9.78 

0.73 

1. 78 

3.67 

0.13 

1.10 

i5.08 

5.01 

8.69 

11.29 

4.30 
7.70 .. _. 

17.36 
,6.81 

6.30 13 .83 
11.35:::, 4A9 
4.12 16.21 

1.10 27.10 
0.99 15.82 

46.34 7.16 

0.69 19.25 
4.37 35.03 

4.06 34.55 
0.53 10.58 

2.43 27.30 

12.0828 .• 94 

0.52 

2Q.27 

14.10 

11. 74 

5.02, 23.10 

31.08 12.77 

100~OO .. 

21.8,9 

8.82 

8.09 

8.34 
8.25 
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FIGURE 1.3 
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ESTIMATED 1970 HOS INTEGRATED CIRCUITS 

END USE APPLICATIONS 

EIA REPORTED 

Consumer 
Industrial 
Government 
Distributor 
Export 

TOTAL EIA REPORTED 

NON EIA REPORTED 

- Internal 

Industrial 
Military 
Export 

TOTAL NON EIA REPORTED 

GRAND TOTAL MOS 1970 

Figure 1.6· 

I~11 

. ' .. ,' .. , .. 

. . )"", 

71,000· 
12,907,000 
3,945,000 
7,350,000 
4, 72T, 000 .. 

29,000,000 

1,600,00'0 
5,979,000 
4,392,000 

.4,029,000 

16,000,000 

.. ·45,000,000 

", . 

-::., 



o MOSApplication~ 

The high density, 1mV' cost and low pmver dissipation of 
MOS makes it an ideal candidate for digital applications where 
its lower speed is acceptable. In the area of standard products, 
MOS is well suited for shift registers in the DC to SMc speed 
range. MOS shift registers find wide applica~ions 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 
~ime~ of greater than 150 ns are acceptable and volatility can be 
tolerated. Read-Only Memories (ROM) find wide application as 
character generators, and they replace random logic in many 
applicat~ons, such as desk calculators and mini-computers. 

Another application where.MOS performs well is as coder: 

and decoder in digital multiplex (tvIDK) systems and also in o multichannel audio MUX systems. 

o 

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 marketsfo:r lower volume custom 
. MOS. 

. .. .,.. 

;'.' 
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__ CHAPTER II 
...,-

THE HOS TRANSISTOR ... -....... 
. -.- . 

. ':,.. 
~ . . '-

Structure of the 110S Device 

There are two types of 110S transistors: p·-channel and n-channel. 

Figure 3.1 shmvs cross -sectional vie~vs of both types, and also ShovlS -

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 gate metal and the semiconductor sub

strate form a metal-oxide'~semiconductor sandwich, hence the acronym 

HaS. 

The source and dra~n are formed by makingdiffus~~)Il:S into the 

substrate. The thin oxide under the gate metal is formed by processes_ 

described--in the following chapter. Hetal contacts can b-e used to 

contact the source and drain diffusions. When the proper voltage is 

put on the gate electrode the region under the thin oxide invests, 

that is, the field across the gate oxide causes the substrate material 

close to the oxide-silicon interface to change type, so that majority 

cart-iers can flow bet~.jeen the source and the drain terminals. The 

region under the oxide of a device which in on is called the _g11aml~!. 

It shou.ld ben.oticed that the MOS transistor is self-isolating. 

That means that many t_ransistors- can ~~ bu~lt on a single substrate 

~vith no isolation diffusi.ons ,-- which are required for bipolar inte-

grated circuits. 

The source is roughly analogous to_ the -emitter of a bipolar 

transistor--or- the cathode o{--a--vacuum tube, the gate is.. analogous to 

the base or grid, and the drain is somewhat analogous -to the co-llector-

or plate. 

Host 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--chaptey---the operation of the MOS transistorwi1~ be explained 

for the p-channel device. 

entii~ly analogous. 

The operation p£ the n-channel device is 
~.. _ ••••... _ _ .", ._.- ._.,.--- -0"-- ,_. . .. -' . " • 

. - ..... - - -- - -~-:.. .. ----:-- .~ ... 

~ -
-.-..: - : 

" ..... .!'"._ • ____ - -- ,-__ _.L..,-O-._ - • 

1 
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Figure 3.2 sh'm'1s the drain characteristics 6f a typical p-channel 
-:-""1- _ 

enhancement mode MOS transistor. (Enhancement mode meali.s .that. vzhen 
~ .. ... ... ~- -::;.-

Vcs = 0, the device is off and IDS_= 0.) It is helpful to'-l<;~e.p_the 

general appearance of the curves in Figure 3.2 in mind as the operation 

of the MOSFET is discussed., . The drain family shows that .the MOSFET. 

is turned on harder as the gate is made more negative \'lith respect 

to the sou~1:ce.' 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 VCS at .\vhich conduction begins is 

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

that the source and substrate are the same potential.) 

The 'region where the cu'rves tend to flatten out is called the 

current saturation region.' The region for s~aller·values of VDS' Hhere· 

a given curve has increasing slope is called the triode region. ----. . 
As indicated. in Figure 3.2, there are t\VO "on" regions of opera-

tion for a MOSFET: the ohmic region, and the current saturation region. 

It may be helpful to remember that in the ohmic region~ the NOS transistor 

can be considered to be a voltage contr_olled resistance, while in the 

current saturation region it can be consider~d a voltage controlled 

current limiter. This is apparent from Figure 3.3 by noticing that 

in the ohmic region the slope changes with VCS, \'1hi1e in the current 

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

VCS· 

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 flmv from source. to drain. 

The input resis-tance of the HOS transisto:c.d& very high (about 
12' -- ' 

10 ohms)Decause of course~no DC current can flow into the gate 

terminal. 

It should be observed that the device issymetrica1; that is, either 

p-type diffusion could be the source and either could be the drain. Thus 

the device is a bilateral switch. 

1;-1hen a p-channel is formed by the presence of a sufficiently 

negative gate...-:t.o:-s_ource voltage, it should be noticed that holes, 

which are maj ority carriers, ,flow from source to drain. -- ~:: .. - - (For an n-channel 
. -... - --..:- ---- -~ 

deviGe~ electrons 1'lre fhe maj-Oift,y caffrer~f.)' --::.-.-c~-o'~~"_._ -.--.- .-;--...:- .--;--;.: -~-
-.- .. -:--' 

--...: . : 
". ~- - ----=. .. - ---.- ..... --. -. _. 

_-:: ....... 
--~-
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Figure 3.3 shmvs the regions near the gate oxide-siJ-iGon.;::interface 

for seVeral conditions of gate bias. The charges involved "-·:i:n""·~ach of 

the cases are identified and explained. The charges used in this expla

nation are defined below: 

Qn - Charge on the gate 
I..:J' 

QSS - Surface-state charge. QSS is the lumped effect of silicon 

surface states, oxide traps, interface energy states, and 

ionic centers Hithin the oxide. 

QD - Cha:cge in the dep let ion region (defined in Figure 3. 3b) are 

all at zero potential. Under these ponditions the region under the 

gate oxide is called the,accumulation region. The gate metal-oxide

silicon n-type substrate _configuration can be. cons"idered to form 11 

parallel plate ~apacitor. There is no charge on the gate,metal (QG ~ 6) 
'. ....,= 

in this case. However, Qss is a distribution of positive charge assumed 

to be located very close to the oxide-silicon interface, and attracts 

an equal amOl.mt of negative charge in the form of mobile electrons Hhich 

migrate Leorn the bulk of the n-type substrate. These accumulate to form 

a conducti.ng layer at the silicon side of the oxide--silicon interface. " 

In the accumulation region, the gate capacitance per unit m::ca is 

essentially the same as that of a parallel plate capacitor with oxide 

dielectric of thickness'tox ' . 
- ~" 

Figure 3.3b illustrates ~he regio~ ~nder the gate oxide for the 

case when a small negative voltage of magnitude E (less than the 

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

the depletion region, because the negative charge on.t~1.e ga.te ~reates 
-

a field in the region under the gate\vhich sWe-ep'13""-the mobile electrons 
- "--

8\\7ay and deplet~s the region of mobile carriers • The s.emiconductor 

material within the depletion 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 illus ~J;ates.the case-' when a negative volLage 18rger 

in ~nagnitude than the threshold voltage is put on the"'g~at-e_. The 

threshold voltage is the voltage -at "lhich inversion of th~~~-i\icon 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 nUl11ber of mobile holes forming the channel increases, 

and the conductivity of the channel increases. As can be f.nferred 

from Figure 3.3c, the gate capacitance .isagain approximately that of 

a parallel plate capacitor with plates separated by the thickness of 

the gate oxide. 

Figure 3. 3d shmv-s hmv- the gate capacitance varies as a function 

of gate voltage. 
, 

Figure 3.4 shmvs the pard diagrams and corresponding charge dis-,_ 

tributions fOl~ the accumulation, depletion and inversion regions. 

Turn-On Voltag.e or Threshold Voltage 

Strictly speaking the surface becomes inverted when the minority 

carrier concentration at the surface equals the majority carrier at 

the surface, i.e~, NS = Ps '-= Nr. Hmvever, this is not a useful measure 

of inversion because the corresponding cha:cge of minority carriers is 

very small and the current is i.mmeasurably small. 

Strong inversion is defined to be the point at Hhich NS (the 

minority carrier c'oncentration of holes near the surface) equals NA' 
~ .. 

the impurity concentration oL the substrate. Under these conditions, 

the total band-bending at the onset of strong inversion (v-ill be 

Ql s (inv) = 2¢F· 

Once an invers ion layer is formed, the wid th of the su_rf a<:.e 

depletion region reaches a maximumbec~use o.nee-''-the bands are bent 

up far enough for strong inversion, ev~rt a very small ~ncrease in 

band bending, corresponding to a very small decrease-in depletion 

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

inversion layer. 

Capacitance-Voltage Characteristics of the MaS Structure 

Assume that a negative voltage is applied to the gate of an MaS - .----::-.~::..-. --
device. This applied voltage will appear partly across the oxide 

-- "---'---- .. -.: ~-- .-,..,-

-_ .... =--~-. -
4 
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and partly across the aili~o~, i.e. 

( a) 
VG = Vo + 08 _ ... - ..... . ., .. 

~ . 

where 
. , 

Vo is the portion across the oxide and Os is the potential 

variation across the i~!2.l.etion reg:f:.on of the semiconductor Gubstrate. 

The electric field in the oxide is 

The electric field at the silicon surface is 

where 

Qs is the charge induced-at the surface (Gauss' LaVl). 

Gauss-'", Law -requires that the electric displacement be continuous 

at the oxide silicon interface, so that 

at the interface. 

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

Xo ·_Qs 
(e) Vo = QS 

K;-~~ Co 

-
for the voltage dr'op <lei-aSS the oxide, -where Co 

Then (£) VG + ~S is obtained by substituting (e) in (a). 

The simplest measurable electrical characteristic of an MOS 

structure is the small-signal capacitance, whtdi'-'r-s 

(g) C 

vlhere 

-~- ---::.- - --

-.---

dQG =-dQs =-dQS 

dVG 
-

dVG .-dQS 

Co 

Cs =-dQS 

c1QS 

I 
-I- dQS 1 + 1 

Co Cs 
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Xd is the Hidth·of-thc, depleticJU layer l_r: ~he silicon, and is 
..,. 

given by 

J2K\:~0~ - ...... - .- .. 

By substituting (h) in (g) l'le get the follmving forn1.ula for the 

capacitance of an NOS device in the depletion region. 
Co 

(i) C 
VG (depletion region) 

It must be emphasized that this forliLlla only holds ''1hile the 

surface is being depleted. 

troen the device is tn -the accumulation region the_ capacitance is 

CO~ Hhen,it is in. the depletion region it is given by (i). Hhen 

strong· in\l&rsion sets in, 

-QR 
c a 

+ 0s (inv) = VTO • 

In the inversion region the value of C levels off to the value obtained 

iVhen VG = "TO is substituted into (i). 

Fi.gure 3.5 shows the C-V plot for the MOS structu:ce at high 

frequencies. At low frequencies, the recomhination·-generation rates 

can keep up with the small signal variation, causi.ng the incremental 
- -

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

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

conductor Devices ll page 274 for an explanation of this. Figure 3.6 

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

A chapter comparing seve:r:al NOS 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 

1:10S transistor. 
-.--:-:-.-.---~. -
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1) Channel cur}:ent:!,n .phmic or linear region 

In =(i)I-lPCo [vGS ::; _VT - VnsJ Vns '.' ~.'~.'>' 

-~ ~K~:qN~ [F'DS + VSB + 20FI t - IVSB + 20F -t J 
2) Threshold Voltage 

VT " VTO - Us <QqND + 12~ + '1sBI + 12Ks E"OQND J 2~ 
Co Co 

, 
3) Zero Bias Threshold Voltage 

4) Gate Capacitance 

Co = KOEO 

to 

5) SurfacerLobi1ity-

I-l = KJ1 I-lbu1k' 
P 

Each of the(iu~ntit:te:s in equation (1), begi!}~tgg._on- the left 'wil1 be - -

described,-some of them with:.-reference to' equations (2), (3), (4), and 

(5) • 

a) Z = effective channel width. Z = Zdrawn -2 (overetch). 

(Per:pendicu1ar to direction of flow of" Ins.) 

b) L = channel length. L = Ldrawn -2 (out-diffu.sion). (In 

the same direction as Ins.) 

".-~.---. -
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c) IIp = 8m-face J1.Ol,= fl19bility. ~lp 
-)1 - _. 

K'" fJ·bulk, where K is a 

factor that relates buJk mobility and is a fu;'ctj_on of the 
. ~ - ~ .... . ., .. 

applied voltage across Lhe oxide. In other \>1o~ds_;_. ~yrface 

mobility is degraded by applied gate voltage. Mobility 

decreases as ND increases, and is higher for (Ill) material 

than for (100) material. 

d) Co ==. Gate capacitance == KOf-Oo Gate capacitance is directly 
-to 

proportional to dielectric 60nstant of the insulator, and 

inversely proportional to its thickness. 

e) i3 == f.lpCO = gain parameter. 

f) VCS = gate to ~ource voltage 

g) VT = threshold-voltage, the point at Hhich strong inversion 

h) 

i) 

-ooccurs. The threshold voltage increases as the'source-to

bulk voltage VSB increases. This phenomenon is called J2.~...Y 

Effect. Also, VT increases as oxide thickness decreases. 

01<' is the Fermi potential given by 
J. 

(.1.., := kT In N~ 
Ii -- --

q Hi 

VDS = source--to-drain applied voltage 

KS = dielectrj.c constant of silicon; Ko 
of the insulator. 

dielectric constant 

j) ND = impurity conce.ntration of the substrate. 

The following table shows how increasing various processing 

parameters affect. de.vice characteristics. 

1) ND (substrate impul:'i-ty concentration) 

a) decreases channel length modulation, or increases_ 

punch-through voltage 

b) increases VTO · 

c) increases body effect 

d) decreases mobility IIp, and therefore decreases [3 

2) __ ~.o.j~.x.:id: or insulator thickness) 

~) decreases CO' and therefore decreases ~ 

:~-Il 8 
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3) Ko (insulator dielectric constant) 

a) increases CO, and therefore increases S 

r'" 

'V 
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FIGURE 3.3 

REG90NSUNDER THE GATE OXIDE 

SOURCE 
CONTACT GATE METAL 

Qss 

dJJ~2~EE~ } tox 

+0 +0 

+8 +8 

N-TYPE SUBSTRATE 

} ACCUMULATION REGION 
(MOBILE ELECTRONS OUTNUMBERED HOLES) 

MOBILE ELECTRON 

=. IONIZED DONOR 

(a) ACCUMULATION REGION 

O<E<VT 

+ + + + 

} DEPLETION REGION 
(MOBILE ELECTRONS HAVE BEEN REPELLED 

+ + + + 
+ + + + 

+0 +0 +0 +0 } BY 0G. THE NEGATIVE GATE CHARGE) 

NEUTRAL BULK 
N-TYPE +0 +0 +8 +0 

~S~U~B~S~T~RA~· T~E~ __ ~ ________ ~. 

(b) DEPLETION REGION 

OG ~~.------~ 
__ ~ __ [__ _ 1. - E>VT 

Si02 ~+ 

+0 +8 +8 

+8 +8 +0 +8 
N-TYPE SUBSTRATE 

(e) INVERSION REGION 

} INVERSION REGION .... 
(MOBILE HoLES HAVE BEEN ATTRACTED 

} 

BY QG) 

NEUTRAL BULK 

CG (PF) 
(I.) III.) (111.) 

I. INVERSION REGION 
II .. DEPLETION REGION 

III. ACCUMULATION REGION 

---4-_.!..3-_2--l'--'O'--1--2---- VGS (VOLTS) 

(d) GATE CAPACITANCE VS. VGS 
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FIGURE 3.4-a 

. CHARGE DENSITY DaSTRU~UTIONS 
FOR REGIOiF'.!lS UNDER THE GATE' O'XIIOE 

DEFINITION.S OF CHARGES 

OG - CHARGE ON THE GATE. 
OSS- SURFACE·STATE CHARGE. 

(THE EFFECTS OF SILICON SURFACE STATES. 
OXIDE TRAPS. INTERFACE ENERGY STATES. 
AND IONIC CENTERS WITHIN THE OXIDE 
ARE ALL LUMPED TOGETHER TO FORM aSS) 

OD - CHARGE IN THE DEPLETION REGION. 
OA - CHARGE IN THE ACCUMULATION REGION. 
01- CHARGE IN THE INVERSION REGION. 

GATE 
METAL 

DUE TO SURFACE STATES 

DUE TO SURFACE STATES IN 
ADDITION TO POSITIVE 
APPLIED GATE VOLTAGE 

. FOR THE DEPLETION 
REGION 

FOR THE INVERSION 
REGION 

P+DRAIN 

N·TYPE 
SUBSTRATE 

P+SOURCE 

---I.~--------X 
OSS+OA=O 

_.....,..-I.-!-.L--______ X 
OD + Oss+ OG= 0 

--~~~~----------~-X 
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EF IS CLOSER TO THE CONDUCTION 
BANK THAN TO THE VALANCE BAND 
INDICATING N-TYPE MATERIAL 

TOX~~~ / 
ENERGY BAND DIAGRAM _-I-------EC . 

FOR THE ACCUMALATION VG = 0 EF 

CONDITION DUETO l '-----Ej """--- -
SURFACE STATES ~ 

-+'<-------EV INTRINSI.C FERMI LEVEL IS 
ASSUMED LOCATED IN THE 
CENTER OF THE GAA 

ENERGY BAND DIAGRAM 
FOR THE FLAT BAND 

CASE VG<O 

ENEBGY BAND DIAGRAM 
FOR THE DEPLETION 
CASE 

ENERGY BAND DIAGRAM 
FOR THE INVERSION 
CASE 

0---

¢s = ¢F 

EC IS CLOSER TO EF AT THE SURFACE 
INDICATING A HEAVIER N-TYPE 
CONCENTRATION AT THE SURFACE 

~->I",*","TOX THAN IN N-TYPE BULK 
~ _____________ EC 

~ __________ EF 

I-------E· 
¢s = 0 J 

~-------------EV 

-------.-EC 

~--------__ --EF 
---------- Ej 

'---------------EV 

'-r---------EC 

EV 

XD 
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CHAPTER III 

General Introduction to Proc~ssi~& 

" Due to many p6ssible variations in processing technique a 

brief reminder of a standard P}IDS thick field oxide process is 

presented. The starting material i."8 normally phosphorus doped 

<111> orientation single crystal silicon \vhose resistivity lies· 

in the r~nge of 1 to 20 O-cm. For a c~oss-sectional reference 

consult Figure I "HOSIe Process 'B t" w"hile proceeding through 

the follmving steps. 

1. Oxidation: A passivating layer of silicon dioxide is 

grovm on the surface of a polished and clean silicon 

substrate ina high temperature oxygen &llbient. This 

oxide layer protects the silicon surface from umvanted 

impurities and renders th~surface" electrically less 

active to undesirable surface conduction. 

2. Photo-masking: Source, Drain, and "Crossunder" Pattern 

Delineation: Through a series of photo-masking operations, 

discrete patterl!ed regions are defined in ~7hich oxide is 

removed and the underlying silicon is exposed. Some 

exposed areas of silicon will ultimately be the diffused 

source and drain elements of the NOS-FET. Other diffused 

regions ~7ill be used as interconnection tunnels .. crossing 
. . . 

. ' under. other. ~et~l interc~nn~ctio~s~ 
. :,' . .. ':":.-:. 

···· .. ·3 • "Dopant Impurity. Deposition:" The si'licon." substrates are 
. .,. . 

introduced into an atm6sphe.r'e· of some tmpurity dopant 

"at, ~~"ef~~ated.t~mper~tL1re. The. "impurityat:oms diffuse 

'""'~" in 'the:silicon "in. "the "d~sc:l:-etepatte::::-ned .regions where 
. .:-,. . 

" °d ~ b . ,..:J 'l"" ...,~ ~-- ·:.:. ... ~·d':·- ..., 't""" ,.."..-,' 
"ox~ e nas ... eer... reUlo·,re..;.. ..t.ue reWa.1.n.1.lL5 OAoL.. <:: c::.C ~ .. a~ '. a 

barrier to·prevent shorts between the discrete devices . 

\" '-. :. 
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4. Drive-in and Oxidation: The high teruper:atu.r-e furnace 

·operation causes the prior diffused dopant impurities 

to penetrate the silicon even deeper:. During this op_· 

eration, the source and drain regions. are diffused to-

ward one another laterally, to a specified separation. 

This separation is critical as related to the electrical 

characteristics of the device. During this operation, 

an oxide layer is· also grm·m over the diffused regions 

to passivate and protect the surface. An alternative 

method is to remove all the oxide used for diffusion 

maskini and to deposit a thick uniform layer. 

5. Photo-masking: Gate Delination: Photo-masking tech-

niques are again used to remove or decrease the oxide 

thickness in the· gate region. The oxide that remains 

can be nsed for the final gate oxide thickness or add

itioria1 oxide can be grown. In either case, the oxide 

thickness is critical since this thickness is inverselv 
. J 

a measure of the voltage required.to cause electrical 

conduction from source to drain. 

6. Gate Oxide Regrmvth: If additional oxide· is required 

in the gate channel region, the silicon substrates are 

again introduced into a high temperature oxidizing (oxygen) 

atmosphere. 

, 7.· Photo-masking; Diffused Re~ion Contact "Hindows": As 

a result of this photb~m~Sking operation, oxide is re-
", "., . ", 

moved in small areas 'over the difflrsed regions (source, 

drain, crossunders) to -allm-rmechanicaland electrical 

contact to these regions. 

III - 2 
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HOSIe Process !IBil 

1 0 .. 1. 
Starting Naterial 

3 - 5 ohm-em 
n-Type Cz Si 

II. Source-Drain Deposition 
& Re-oxidation 

III •. Thick Oxide Deposition 

(Initial oxide ~tripped 
and regrown or thinned 
to rv 2000:\) 

o 
>lO:Z~ oxide deposited 

IV_ Gate & Contact Definition 
and Oxidation. 

(->s (Boron) = 75 + 25 Ol'ILlS/Sq 
'. -

"0' ·P, . .. ' 

.... .... 

.. Xj (Boron) = 3.1J.L 

. ': 

V.:Netailizatior'. & Lead 
~PatternDefiniti6n 

..... ~ .. 
... 1,:.; 

FIGURE I 
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8." :r.letal Deposition: A thin film of metal, commonly alu-

minum, is deposited over the entire patterned surface 

of the silicon substrate. 

9. Photo-masking; Metal Interconnect Delineation: A 

pattern is now defined in the metal, to interconnect 

all discrete NOS-FET1s. and crossunders, thereby forming 

a spe6ified circuit 4 All other metal is removed. 

10. Alloy: This is a 1m" temperature furnace operation \vhich 

bonds the aluminum to the silicon in the diffused regions. 

This is performed to assure a low resistance electrical 

contact bet\'leen the aluminum and the silicon. 

Silicon gate Pr,IOS processing technique is nOH coming into 

importance. It features the advantages of a lm'ler threshold 

. voltage (....vZ volts on .(111») and a self align.l.'TIent which reduces 

stray gate capacitances.. nLe starting material is similar to that 

of regular PHOSe Figure 2 gives a cross-section of this process. 

1) Oxidation: Passivation layer of Si02 is either thermally 

gror.vnor deposited on a clean polished silicon surface. 

This layer serves as an insulating medium in the finished" 

structure as well as a diffusion mark during processing. 

2) Source-Drain Gut: Photolithographic techniques are used 

to remove all oxide from the surface over source, drain 

and gate areas as v7ell as regions where a diffused cross-

under is des ired. 

3,~ Gate growth and poly de:position: The gate insulator is 

thermally grown in bare regions and a layer of poly crys

talline silicon is deposited over the entire \·rafer. 

III - 4 
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4) Gate Cut: The poly silicon is removed from the surf8.ce 

in all areas except the gate areas and poly silicon cross 

unders. Following this step the surface is etched to remove 

oxide in regions cleaned in step two but not covered by 

poly silicon. 

5) Source Drain Diffusion: The 'Hafer is introduced into a 

non-oxidizing diffusion ambient and p regions are formed 

in the exposed poly silicon and single crystal' areas. 

F~ll~wingthe_d~ffusion a~.additional pas~ivation layer 

of Si02 is deposited on the wafer. 

6) Preohmic Cut: Small contact a,reas to Source; drain, diffused 

cross unders, poly silicon trossunders, etc. are formed by 

~~~O removing oxide using standard photolithographic techniques. 

7)' Netalliza.tion, passivation etc, formed as in standard 

process. 

Though not currently available a complementary silicon gate 

1=abrication is possible. One such processing scheme is presented 

in Table I and a cross-section of the finished part is given in 

Figure 3." 

It should be readily apparent by rimv- that many processing 

schemes arepossi.ble,each with a particularadvan'tage. The 'followi~g 

comments, a's to. the properties of various modifications: 

1) Alterna~e Tnsulato~Structure:" Both A1203 8:nd, Si31'74 have,' 

been usedingat:e 'insulators to increase gain as their, ' 
.'.\1: . 

dielectric Constant is higher ,than, that of oxide., Both 

can reduce thresholds as', the effective thickness of the 

,', :,III - 6 
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CO' . 

·0 .' 

insulator is reduced. The interface to bulk silicon of 

either insulator is of rather ~oor quality so a thin 

oxide layer is used bct\veen the silicon and A120 3 

or Si3N4. This technique can lead to an instability 

mechanism known as interfacial polarization. A1203 

has an added property in that its interface with Si02 

can be negatively charged thus affecting the threshold 

voltage. 

2) Insulating Substrate: Single crystal silicon can be grown 

either on sapphire or spinel substrates. By using a thin 

layer of silicon (~2~) and diffusing the drain regions 

completely through it, the dr-ain subs·trate capacitance can 

·be greatly reduced, thus increasing the frequency response. 

At present the mobility is lower than that of cuir~ntly 

available bulk silicon. 

3) Ion Imolantation: Ion imolantations can be used after 

metallization to dope regions of the substrate of either 

type. Thus a method of self align.ment is possible to 

orient the drain junctlonsedge with the edge of the gate~ 

This approach great~y reduces the gat€ drain capacitance 

(similar to that of silicon gate) and reduces the Hiller 

effect. In addition very light-shallmv doped regio0-s 

are possible so that threshold voltages can he adjusted 

(eg. fabrication of a p depletion load devi,ce). 

4,l N chanITel devices: Higher gain can be achieved .with n 

.channel deviCeS dUe to hi~h2r mobilities. This requires 

greater care than p-chann~l in processing cleanilness 

due to the ease of inverting the field. 

lIT - 7 
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5) Complementary ivIOS (eNOS):· Fabrication of both n channel 

and p channel devices on the same chip gives some speed 

advantage and a tremendous power advantage over standard 

Pi:-fOS products. CNOS fabrication is roughly tln:ee times as 

complicated so yield is reduced and wafer cost is increased. 

6) Bilpolar - NOS: Bipolar parts with their associated 10\-7 

input impedance and large current capability 0ave many 

attractive features. Fabrication of both types of parts 

requires at least two diffusions and a greater degree of 

diffusion control than currently ne'eded on HaS circuits. 

7) Thin Film: MOSFETS can be fabricated on poly crystalline 

or amprphous thin films of semiconductor material deposited 

or insulating substrates. Advantages to this scheme ~nclude 

.reduced substrat~ capacitances and complete high voltage" 

,isolation. Currently the quality of such devic~~ is poor. 

8) Field Inversion Control: It should be readily apparent 

that the region between active elements fulfills the 

. requirements of an HOS device under metal interm nnects. 

l1vo alternatives are available to prevent this parasitic 

behavior, either diffusing the substrate to a high level 

by area channel stopper diffusion or by increasing the 

oxide thickness in the field inversion voltage above that 

of any potential applied to the chip. 

r As indicated earlier wafer fabrication requires many indepen

dent operations and each step must be ;;vithin limits if the finished 

devices or circuits are to fun'ctionproperly. Duringphotoresist 
;1, 

operat{ons and others frequ~nt checks are made to insure quality.· 

Table III is a partial listing of checks "made to insure thatnothirig 

has gone out of specification in wafer processing . . 
III - 8 



This introduction to \·;a£er processing has admittedly been very 

~ :' "0' bri.ef. The outlines of various processes sho'Jld give a qualitative 

outline of the major techniques currently in use as well as identify 

some 'of the properties of ~echnologies ,,'7hich may become more important 

in the future. 
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'0 O~I I, 0:: 
Current PMOS Processes 

S-D I)if~:sionl Field Field I ' Bipolar Threshold ,-
Flow Sheet IMateriall Diffusion Oxide Inversion Comnatible (~ Gain I Comments 

I 

I 
I 

APDID < 100> IS ± 5 n/Q Yes .1 >10 ,OOO~ I >20 Volts 1. 5- 2. 5V 
3.5\-1 2.5-4\-1A/V2 

0 

AP02D <100> '. I ,15 ± 5 n/O Yes 
I 

S,500A 5-10 VOltS! 1.5- 2. SV I No Gold Bac1dng 
3. S\-I 2.5-4JlA/V 2 

5-10 VOltsl AP03D <100>1 15 ± 5 n/o Yes 
I 

S,SOO~ I 1. S- 2. SV 
3 . 5 Jl I 2.S-4vA/V 2 

0 
AP04D I <111> 75 ± 25 n/o Yes >lO,OOOA >30 Volts Yes 'I 3. 5- 4. SV 

I 2. Sj.l I 3-61lA/V 2 

0 

H 
AP05D . <111> 75 ± 2S n/O >10, OOOA I '>30 Vol ts 3.S-4.SV 

.. 2.Sp 3-6pA/V 2 
H 
H 

0 
AP06D <100> J5 ± sn/o 'Yes S,500A I S-10 VOltsl 1. 5 - 2 . SV 

f-I 41-1 2.S-4J.lA/V2 
f-I 

'AP07D 1 , <100>· 75 ± 2S n/o Yes >lo,oooRI >20 Volts Yes 1.S-2.SV 
2.SJl 2~5-4J.lA/V2 

0 

, AP08D <100> 7 S± 2S n/ol >lO,OOOA/ >20 Volts ! l.S-2.5V 
II 2 ' 

2.Sp 2.S-411A/VI 

Ii 
TABLE II 
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.1..0\\1 THRESHOLD C~IOS PROCESSD':G 

~. P wafer with oxide. 

2. Cut Si02 for n pots. 

3. ·Etch and regrow n epi. 

·4. Polish back. 

5. Clean and grow about SK oxide. 

6. Thick oxide cut--activ2 device area, guard area, scribe grid. 

7. Apply gate insulator and poly Si gates. 

8. Pattern gates. 

9. Deposit oxide . 

10. . Cut P ~vashout--P' channel S-D, grid, n channel guards and 
. substrates. 

·11. pi- diffusion. 

12. Deposit oxide. 

13. Cut N "lashout--N channel' S~D: P channel guards and substrates. 
13a. 
14. 

N+ diffusion. 
Deposit thick oxide. 

15. Gut pre-ohmic and scribe grid. 

16. Netal. 

17 • Ohmic. 
. . '. . . ' .. 

Deposit passiv~~ion SJ02' 

Cutp,andapertur~s.andgrid> 

T.7afer. 

TABLE I 

III - 12 
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J-t 
H 

t-l 
W 

.: 

" 

(0 

,I 

, ,~ , :',-;v-" , 

.:' 

Control Point 

Incoming Material ' 

2.Init~a:l' Oxidation 

"3. l,:f'-:J)eposition 

4;P+Deposition 

5. Oxide Dep?'sition 
" ' 

'6~Gate' Oxidation 

.. 7. S~urce D'rain 
• " Di:Efus:l.on 

~£.Metnllization 

',' 9. Test:Prooe 

. . ," . 

10. St~~s's 'p~ckaged ('1'0'5) 
discrete devices 

, ~il~Packaged Circuits 

OJ I, 0) 
MOSIC PROCESS. CONTROL OUTLINE---

Measurement 

(a) Resistivity 
(b) Orientation, 

'l'hicknes s 

Sheet resistance 

Sheet resistance 

Thickness 

Frenquency' 

(a)Rc1y on Materials QC 
(b) Each,. lot . " .... , 

Each lot by co10r~ 

Control wafer from CRch lot 

Control wafer from each ,lot 

Control wafer from each lot 

(a) Thickness (color) (a) Control wafer from each lot 
(b)Contarnination(CV plot) (b) Sample test pattern on 

wafers from each lot 

(a)Sheet resistance 
(b) Junction depth 

(a) Control wafer each lot 
'(b)Occasional spot check 

(a)Thick~ess (a)&(b)Contro1 wafer each lot, 
(b)Contamination(CV plo~) 

(a)VT(l~amp) 
(b) Contamination(CV. plot) 
(c) BVDSS (lOIHlmp) 
(d) Field Inversion 

Allan each wafer except (b).' 
(b)On two 'lJafers from each lot. 

Same as 9 except for Spot check on in-process 
(b) Dnel stress at 1750C, control 

" 16hr + 30V on gates 

,Operating life 

TABLE III" 

Periodic check by product 
enginq,ers 

.TA 

'. .; ~ 

".: 
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CHAPTER IV 

NOS LOGIC FAHILIES 

The designer of an }10S system has at his disposal various 

methods in which to implement his logic equations. Depending upon 

performance and price specifications, he may choose from static 

logic, 20 logic, 40 logic, complimentary logic or a combination of 

the above. 

Let us eonsider the. basic logic elements used in NOS designs. 

The symbols·~ with their corresponding circuit diagram are negative 

1 ".. .,,"". l' d· -p,rl"'\S _OglC Slnce t __ lS J.S genera ........ y use :Ln i'Lv e Figure 1 is the repre-

sentation of an inverter. This device performs the complement: 

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

is a logic "I". It'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 is a 

", o .. logic "0". For any other input, the output is a 'Logic III If • 

/~" 

~·;·O·· ... 
'~" . 

This circuit is not often used with m6re than 3 inputs because 

of the cunlUlative series resistance of the switch devices. That 

is, assuming a device is a resistor, a 3 inpu.t NAND vlOuld require 

switch devices 3 times as large as an inverter switch. To eli-
.-

mi"nate this problem, MOS circuits are usually implemented using 

NOR logic\vhere possible. A- NOR ga·te is shmvn in Figure 4. This 

circuit, since all s'\.]itchdevices are parallel, has switch devices 

thai: are the same size as the inverter. For a NOR gate, if all 

inptitsare aD, the output is a 1. I .e ..... 
.L any l.nj;".1,_ 

output is a· zero e. The devices·· can be ste~ked -in -ra-all~' .. _ .... .:, .... - i:' J... c .... u!.LL..LJ. 

the leakage current lowers· the O}..ltput ·voltageof the !!l" level • 
. ~ 

IV - 1 
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'(·0 
Another aspect of I,IOS is use of the functional gate. This redu'ces 

the number of load devices, thus red1J.cing pm·;er ,chip area,& impL'oving 
. speed. For 

example, suppose we lv-anted to implement the Boolean FunctionF=pj3+CD._ 

The most straight-foT\\~ard method is sho"'!n.in 'Figure S. 

A 

a 

A F 

o 1 

1 o 

Figure 2 

B 

o 
F 

1 
1 
1 

l' = 12V 

o = -IV 

A 

2 Inpu t NA.~l) 

VDD 

IV-.2 

-':13V 

A-_~{>o __ -.-

Figure "1 

F 
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(·0 

CD 

co 

A B F 

0 0 1 

0 1 0 

1 0 0 

1 1 0 

2 Inpu.t ?WR 

1---- 'F 

B-1 

Figure 4 

Figur.e: 5 

A ~""'-.-F 
. B -----L-/'"' 

.' .',' '" :. \ 

Thiscircui t requ:lres 13 dev.ices, 5 of .,,,,hich aTe .1oadresistoTs.In 

. £unctiona:t·r~presentation,· the equation can be represel1tedassho1~:ri 

in Figure' 6. 

IV -. 3 
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A -----i 

B 

Ol---~-' 

c
D -,--------1 

The Circuit is 

co~'" '.' 

B--i 

" 
;~ 
,'. 

1" ," to '-.:. Figure.-6 
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i,O The use of the functional gate ,is lir:1ited only by the ingenuity of 

the designer. 

Now that the basic logic blocks have been defined, consider the 

options available as far as implep.entation of :r.lOS circuitry. First, 

is static or DC logic. 

Static logic is the easiest of the options to implement. From 

Table 1, advantages and disadvantages of static logic are shown. 

Advantages Disadvantages 

Easi~st to Implement High pOiveT consumption 

Requries at most 1 clock Large area required 

Operates at DC 'Potential Race 'problems diffi-

,cult to eliminate 

Cha:racteristics 

DC - 2 MHz 

Requ_ires '2 supplies 

'":- p' 

" ,".:" 

, .... :" 

load 
, .... ,:. 

Inadditi;n .. ihe'voltage stor~d c;;'the 'gate cap of th~ next .... 

devicemus tbe discharged-through the sl·iitch devIce. This necessitates 

the use of a larger s1vi tch to accommodate the additional current. 
IV -·5 
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,"~O 

VGG 

G 
VDD 

~onstant / 1 Voltage I 
Supply 

> Out 

IN -i 

Figure 7: Characteristic Static Circuit 

The second cell type utilizes the ability of an MOS device to 

store charge on a capacitor., The lngic gates are shm<ill in Fi aUTe 8. 
,0 

VDD 

A 

~~: F 

F A -i 

~{ B -1 

NA.!"ID ' - - NOR -
I1\'VERTER 

~' . 
I Bit'ofDelay 

Figure 8 

- IV -- 6 

-_ .. -_.- "'~---' '--:--'-" "-... -., .. - -
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(·.0 
The circuit configurations are like those for static cells except the 

gate of the load device is clocked rather than £ixed at a supply voltage 

This reduces the power consumption considerably. Power now is cal-

culated as: 

PT = CV2 F (a + b) + (VI) .-1 

I.,he-re a = Duty cycle of Clock I 

b = Duty cycle of Clock .:2 

F = Clock Fr~quency 

V = Voltage Transition 

C = Capacitive Load 

In addition~ the devices can be made smaller since the switch device 

need only discharge the charged capacitance and not sink current from 

the load. 

Two phase logic has the advantage of being able to eliminate 

race conditions by clocking. 

-:-,--~; .. 

. .. \ ~ ,." 

.•... Figure·9 

... . IV·· - 7 
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If the initial conditions are as such: 

R == 0 S == 0 Q == 0 Q == .1 

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

the propagation delay .. This 6bviously presents a problem sinee for 

about 200ns both Q and'Q are O~ To eliminate this condition, a series 

coupling device can be p1aced._in t11e outputs to a1101'1 the outputs to 

appear at the proper levels at the same time. 

r-~t· 
~--

.~ __ ..... lll-__ 

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

Another example is the shift register. As snown in Figure 10, 

···the Dynamic Shift Register utilizes stored capaci tance and delay e1e-

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

shown. in Figure 11. 

,,," . 

,- ,- --"-."' .... -- .. ",-_. - . '. 

c· 2 

. ... ~ ... : ..... 

I' 
1~ 

Figl.1re 10 

IV-~ 8 

, ~. 
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Data In 

, lL.....--..J LJ· 
A 

----L I -j · I 

•.... Brl .···1 L.~ 

c· 'r," .\ .. , , (.:. 
_D---,-.:..· ,:" '~' _' _-----...,' / " 

"'~ , .. 
(0" ' 

. ,,'. 

. . 

. . . 

Figure 11 
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This shift register is limited to about 5 KHz min. frequency due to 

leakage of stored charge. 

Now to demonstrate use of delay elements, let's examine a 20 

SIR kn01'm as a Quasi-Static Register. This cell allm'is one to utilize 

delays in static systems iv1wre 2 clocks are available. 

02' is a slower clock to avoid a race conditions when 

output is 0 and next bit is a 1. 

In summary, 20 cells give: 

Advantages 

Smaller Area 

Faster Operation 

Completely Synchronous System~ 
. . 

"E1iTIlinat.eRac~ -.Condi tions 
" . . :>', .-. 

. ", . ',"; 
.:, ... ', ", ,,': 

I 

~;~~ 
'.i.-.I .. O .. -.. : .. . '.... . 

,.' . ", 

opera:~ing frequent) 

c()mponent of clocks -are on 

" :.-

IV 10 
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For even 10lverpol\'er dissipation, the theory ofcapaci tive 

charge storage was extended to a 40 system. Here, 4 clocks are used 

instead of two. This type of circuit has all the advantages o£ a 20 

circuit plus it uses smaller area because the deVices do not have tci 

be Tatioed. 40 circuitry 1S shown in Figure 12. 
, 03 

ctr 
04--1 ~ ·----1 

CL CL Figure 12 

-i J~ !JJ 

03 -=:=-

Timing diagrams for a 40 circuit are shewn in Figure 13. 

\ 

, . 

IN .~.<1 
.. ,;~. 

'\. 

. .... ,', 

" "/-'. ---

.',,' . 

. .... , ,.' :. ,'.' 

ro OUT .; 
-----', 

--¥--"-'--"-'~'-'-"----' -. - .... ~ .~,- .. - -,. -- -, --. 

. F.igure 13 
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In SUITlIilary, let's compare the various 2.pproaches as to usage. 

Static :20 

DC - 2 MHz 5 KHz - 2 I\frtz 

Hi Power Moderate -Power 

Large Area Smaller Area 

Asynchronous -Requires 2 clocks 
I 

I 

Poiential Race Problems Synchronous 

10 KHz - 10 MHz 

Low Power _ 

Smallest Area 

Requires 4 clocks 

Synchronous 

In conclusion, it_can be seen that the choices available to a 

{~~C, circuit designer are numeTous, and a little consideration ta the 
~ - - -'-0 approach taken in design can result in an uptimally designed ci-rcui t, 

.... ' 

"'- ...... . 

~.b 
"'" 

IV --1-2 
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WJS ~:)dI l~T REG1S'l'ERS 

A Sllift r~gister holds N bjtB of data tb~t 2~e entered, 
stored arl':! 3.~-;'iD:..:j~~~(1 on cOinri1:Jlld. rr11C? data ...:i"i..: t11::; i;1I)~lt 21jl')ea~:-s o 2l: ti1c out:pt1.l: C~ft:c:'L N cl.eeK IF : 1s c:S. 

o 

'.. i""···· 
':0 . . .. 

;rI-J.e~ce fl1~e t-~7() TI1ai11 ty-pes of i'i()S slIift 'rC!.gister:'s. Oi'~e is 
static and the other dynami~. Static registers are tbe easiest 
.... r'! • ~ ;!" ···.1 .". -'- d' . 1 -!= LO un~erscanu anu uesLgn. ~~ey are 2DLe co SL.ore Ben lnGe~-
;11.!~'-""l-v T·'T;.f··t,,...u·-- ·(·c,c~·v-C 1~; !"l'.f--~""'I"l" -t..:r .... ···"f··'C'T ... .l·..... 'L.'!-e'\.7 r-(,)-,cl-m;'" nl ..... -~ r': .... -..,.~r "_ . . _1_I_C . .I ;: __ '-:LV L ..... ...: J...1.. : ... .1.c.: .... !-J-1.l9 :o :..U\ ... ·t--: .... ~l.., Ll1 ] .; __ :..: .... " ii .. Co !. VJ...t_ t-.!L .. \V~_ , 

a "e pl-"rQ1C~llv "'~"'e~4 -'1 f-l'1'-~~ 1.:>-70·1{- an-i ~··c -='-~'p'- .... L."1-.. 1 .. ,·,._·,. ;~--;, .. ..,.." .. ;~ 1.. _ '1.1) _ (,.""t_._~ ..i...cJ.J..£"::> ..... Ll ' ... C4LL .l..C~.) _\..._, Ii._' ..... t!..:..-. '-.. ~4 .. _J'I.,;_;. _ :...t. .• / t .. ~ ..... U. __ 

shift registers. 

This discussion ,;,7iJ.1. cover? chcm:e1 ,-~n2.::..n'~:=:'!lUJt i'1(F=!e. ;·IOS 
registers. Logic levels ,;v:1.J.1 be. G.ssu~;1.:;d to be f!2gs.tive logic, 
t 1.,,,,, most .-..::>0'--t-;'1·:' 'TO' t~·-u '.-· .. ···I-~ .. .:> 1,...~;~·:'11 .. ,..,." ~l··r! .... '.,n -l"-''''''- p ..... "'l· .L:.. __ l _' .:.. .. _(j~:..... __ C ~ .L --!.~"2"- ... )r:- .. 5t6'~ \..10 .. _~",:;,G!..l- \",,1.4 :,'_ 0 .,,-!.. Liol._ i.iVoJL ... J~-

f-.; "7," 1"'e]' no-" 1·-..;;:r l' , ... "l ~l :7 c.r"" (·l-t t i 1'. ~ .: S·' rl.:.:. {'::; n:-:>" ... S r .. -[·, ''''.r t ]·.IT',e ... ,L. v C:! I.J •••. 0 a ~';:;. ,_~ .. ,._ . '.J. }.' _ .... _ .L. L;.~ __ , .. __ 1.. ~. _c _ _ 

~vher~ 01 is 2.t C! logical one 2::d li'i-:e-;;\7ise for flj2. 

S TATIC S~HFT REGIS TERS 

bit is made up rif 2 "catioed 

01 

02 

. IN ·.s.-f _----'-J·T 

...... 

'. -- .~-:-.... ,~-- .. 

V-l' 
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At 01, time data is coupled from the input of the bit, 
through A to the gate of B. This sets the state of node 1 to 
the complement of the input data bit. Note that the second 
inverter is isolated from the first inverter U!:ltil 02 time 
1;vhen 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 input node during the previous 01 time. This level rerr!ains 
throughout the secbnd 01 time resulting in one bit of delay; 

. In order for data to be held indefinitely, device G is " 
added from the O'.ltput to the input of the bit. This forms a 
cross coupled flip flop'tvhich stores data 'when 02 and 02' 
are logical one and 01 is logical O. 02' is a delayed 02 to 
prevent data from racing from the output to input before the 
:output reaches its final state. 

~~e static shift register requires 6 supply lines, 01, 
t1i? rf.?, "FG'-' ·VDD aT'l.:f c-"'o"n.1 'T'h" ;n'TC""rOrs ""'u n "- he ''''!:It-~ ned ,.,_, ).1- ,- '.J l:r, , .... ~u 6 ..... \.,..;,1. _. ....... e _ .... \1____ .... 1. .. ::.iL - .-- .... ~ ..... 

to give good 0 levels. For these reasons the"bits tend to be 
big, 35-50 mil2. This results in large chip areas. A clock 
driver for QJ2' is also required 1ilhich further adds to the chip 
area. 

Speed is slmver ':vith static shift registers because the 
load device has a relatively high impedance and cannot charge 
the output capacitance very fast. 

. V-2 
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DYt~AHIC SHIFT REGIS'I'ERS 

~'''~I-jS Q' Vl'~pm i c S'l'l'; .1=,- ,00-1' Q ,- pr c i- 8 '1r e· ':>Q'\ T'~ [i 'L- q o-e 0 -F «p,~c.--·a 1 
.1...:.. .I ~-!,.~-.-- '- ...L...L._ -'--b--,-,t-- ~ .......... _'- <.;.. 'let ... t..·"o oJ- ............ VI..._J... .... 

unique l~S characteristics. Thesa are: 

1. t~S load devices may be switched on and off. 
2. Charge can be stored temporarily on the gates of 

MOS devices. . 
3. tns devices are bilateral, ie they can transfer 

charge in both directioDs. 

2~ DYNAMIC RATIO'SD --------_ ....... _---

VDD 
I---··~------~-·-

':-11 01 . I 02 

B i~-, -i ~I--j_ 
[ l ---

OUT 

IN 

I __ . 

The 20 dynamic ratioed cell is made up of tVIO ratioed 
inverters and t'\-IO coupling devices. The. operation of this cell 
is similar to that of the static cell.' HO,,\-lever, the load devices 
are clocked resulting in a significant reduction in pO-i-Jer dissi
pa·tion per hit., 01 and ~2 clock:timing is the saille as that for 
the static c~ll. . 

, This circuit hasalm'fer frequency lifliit that is, determined 
6£ thesul'£ ace leakage on ,the gate nodes of 
If a zero is placed on the input during 01 time, 

1.--- ------ ~-.------------ .-.. --::c~-- .. ------ .. ----.... 'C- ..... --.-- - -"--c"-·-- -.---- ... -.: .. .,. .. --~----;-,--.- .-~--.:~---------.'-" -.-- ._-"--_._--_ .. ----_._--,----- .. -"- .--- -



then the gata node of D will be charged to a 1. When 01 goes 
n_Ff, th';s "'co...:!", ~'7-il1 sf-err. f-'h"t 1 1",·,-,,,,, ,'"rl·y,·-i-,,.,. .., C'~....,,;; tI 1,..",..",1 _ _ l.t. ...... U ...... • V.l....3- '- ""'-- ~J.. .. _ _ .CV--';'.l- 6 "V-~·.L~D '- 6"-''-..)'-'- v L:v'---'-

on the output of the bit during 02 ti.';1c. Hm,'2ve:c, if the clock 
frequel!cy is Im'l enough, charge on the gate node of D may leak 
off the P diffusion of device C to the N substrate. This will 
cause bad data to appear at the output during Qi2 l:lme. This 
lmver frequency l10it usually occurs from 100 to 500 cycles. 

This cell is large because of the ratioed irr~erters re
quired. However, it is relatively easy to design because the 
cell does not depend on capacitance r~tios for proper operation. 
Four supply lines are required. An a'";"lerage bit size :Ls about 
40 mi12. 

- .. - -. i--- .~ 
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20 DYNAMIC Rl\.TIOLESS 

OUT 

The 20 dynamic ratioless bit is made up of six ratioless 
devices. For correct operation of this bit the £ol101·d!lg capa-

.--' ci tance rat i05 rous t be maintained:' 
f '.,-" (0 

C) 

t-:-··, 
t-~ .•. 

o 

. ' 

1. C1 > 1, Cl is enhanced MOS overlap .capaci tance. 
C2 + C3 

Ci and C3 are PN capacitances to the grounded substrate. 

2. C2 + C " 1. > 1, Cl is MOS overlap capacitance. 
C4 

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

4. Cl > 1 -
C3 

. Assume first a logical 1 is present on the input. During 
01 time, this 1 is clocked thro:ugh A to the gate of, B. At the , 
same. time node 1, ,dII assume some vol tage bet't.;een VDD and ground. 

,l\Then ,~lgoesoff) node 1 'tvil1 be discharged to ground through A 
.leaving a logical 0, on node 1. During 02 time', ,2.ny voltage on node 

2 will be discharged to ground through D arid A 1eaving a O. This 
allows .the output node to be charged to VDD. through F.' However, as 
02 goes off (goes positive towards ground), the output node "ivil1 be 
de,teriol<\ated due to the voltage divider <;l.ction of C2 +Cland C4. 
TfC2 and Cl are much larger than- C4 then the output node remains 
close to VDD. This logical l'remains on the outptitduring the 
second 011'esul ting in onebi t of delay.' ' 

NOW, if a zero is on the input during 01 time it will be passed 
to the,' gate of B al'101'li!lg node 1 to be cha.rged to' VDD. The cha:rge 

y-s 
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The 20 dynamic :catioless bit is wade up of six ratioless 
devlces. For correct operation of this bit the following capa
citance ratios must be maintained: 

1. C~ __ ~ > 
Cz -:- C3 

1, C1 is c'2:::-:l::'2y enhanced l'l:OS overlap 

capacitance. C2 and C3 are PN capacitances to the 
gro1J.i1.ded S1Jbs i:ra te. 

1, Cl is HaS overlap capacitance. 

1, Cs is HOS overlap capacitance of device D. 

4, f.!- > \ 
f " 1 - C:-.;3 1 . 1" D" Assuwe lrst a _oglcal 1S present on tae lnput. ur1ng 

01 time, .this 1 is clocked through A to the gate of B. At the 
same time node 1 will assume some voltage bet,,7een VDDaDd ground. 
When 01 goes off, node 1 will be discharged to ground through A 
leaving a logical 0 on node 1." During 02 time, any voltage on node 
2 'Iv111 be discharged to ground through' D and A leaving a O. This 
a11m-lsthe output node to be charged to VDD through F. HO\vever, as 
02 goes off (goes positive towardsground),the output node will be 
deteriorated due to the voltage divider action of .C2+Cl and C4. If. 
GZcnd Cl are much larger then C4 then the o11tputnode remains close 
·to .VDD. This logical 1 remains on the output during the second 01 . 
resulting in. one bit of delay_ 

the input during 01 time it: will be passed 
node 1 to be charged to VDD. The chcrge 

-'§ -'OJ 
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on this node is nmv- equal to (VDD) (Cl+C2). DuriZl.g 02 time this 
charge \vill be divided bet\veen C2 and C3. The voltage on node 2 
,-.lill then be VDn (Cl+C2). If Cl> C3 then the volt2ge on node 2 

--'-CY-FC-:3------
will be reasonably close to VDD. Also, because C: is larger than 
C2-1-C3, the magnitude of the voltage on node 1 ,v-hen 01 goes \·lill be 
increased because of the capacitive. reed through of W2 through Cl. 
This increase is approximately Cl V0, where V0 is the voltage 

. . C-r-:-C-2+C J 
of 02.when 02 comes on. Node 2 now goes more negative until device 
D turns off. The voltage on node 2 ,\>1ill 'be approximately 

VDD (Cl+C2) 
-(C2+C3)--

. Cl 
+ Cl+C2+G3 

V0 or (V0-VTH-VBE), \vhichever is 

. smaller. Usually this is (V0-VTH-VBE). Nmv as 02 goes off this 
voltage on node 2 is deteriorated by the reedthrough of 02 through 
C5. This decreases the magnitude of voltage on node 2 by vf/J C5 

C5+C3 
.. ~.eav.ing l~ __ VDr~~-))~ + Cl+g}+C--:3". V0 - V0 c~lc~ 

or 2. eV0-VTH-VBE) - V0 C5 v7hichever is smaller. 
. C5+C3 

For maximum voltage transfers C3 > C5 •. The output node is then 
dischaiged to ground through E and remains at logical 0 throughout 
the second 01 resulting in one bit of delay. . 

This cell has four supply lines. All devices can be miniwum 
size, significantly reducing bit area. Devices Band E have imped
ances nearly an order of magnitude smaller than the load devices in 
ratioed shift register cells resulting in much faster switching times 
and hence a higher frequency of operation. The low'er frequency limit 
is determined by the same PN junction leakage as discussed in the 
previous' section on 20 dynamic ratioed shift registers. An average 
bit size is 25-30 mi12 . 

J •••••• 
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-/-:1.~ 

C6~~~l I 
G r----·---

x{; I 
LCLI 

, 'I 
r--""l~ , 

I-_I __ J 

E 

1 
--.-- --- .. ~ ---------- _ .. _ ..... -.------.----...,-:----~--------. 

OUT 

This cell is made up of eight ratioless devices. It is similar 
to the 20 Dynarr~c ratioless cell except that devices G and H have 
been added. This circuitcoDs'l'.mes_ no DC pm·jer. Note that VDD has 
two branches to ground. One branch is made up of C,G, and B; the 
other of F ,H, and E. Each branch has a device cl~ock2d by 01 and a 
device clocked by ¢2. Since ~l, aDd ~2are nan-overlapping there 
is never a DC current path between VDn 2nd ground. 

The sailie capacitance ratio? as in the ratioless cell must be 
maintained. Devices G and H add additional capacitances that must 
be considered. C6 will be enhanced with Cl. C7 should be made as 
small as possible . 

. - All devices in this cell can be made mlnlmum size. The tvlO 
additional devices per bit make it sotne-:vhat larger than the 20 
dynamic ratioless bit. Four supply lines are required. This bit 
is one of the hardest to de§ignbecause of all the capacitance 
ratios that must be considered. 
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This bit is similar to the 20 dynamic ratioless except that 

VDD and ground have been replaced "\vith clocks. 

01 02 
------"i--

-' -1 

-. JL1~ 
C8~ 

01 02 
All device's can be niinimum slze·~· NoDG power' is drawn":Ln this 
circuit.. The capacitance ::catios \<lill be the same as the 20 dynamic 
ratioless vlith the addition of G8 and C9. These capacitances should 
be as small as possible to prevent clock feedthrough. 

This bit is the smallest of any discussed so far because only 
t'l;;70 supply lines are required, 01 .and 02. Average bit sizes are 

f~\' . 15 to 20 mi12 • The clock capacitance is higher in this circuit . t(O . because there is a PN canacitance that must be driven in addition 
\.. to the t;;'7Q NOS gate capa~itances. . 

V~8 
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Only four devices are required in this bit making it one of 
the smallest shift register bits. The normal HOS load devices 
have been renlaced by caDacitors Cl and C2. These are enhanced 
overlap capa~itances. Again, the capaci-tance ratios that must be 

" "d " "I "h ,.. 1 ?r!, d " " 1 ' "f malntalne are Slml ar to 1: ose or tl1e -0 ynan1lc ratlo_ess snl t 
register bit. 

If a logical 1 is present on the ~ate of A then node 1 will be 
discharged to a zero. During ~l any voltage on node 2 is discharged 
through B and A leaving a 0 on node 2. Prior to 02 time node 3 is 
undefined. As 02 turns on, the voltage on node 3 is incre2sed by 
almost the magnitude of 02 if C2 is larg'3 enough. This logical 1 
. hid 1 " ,.. ", '". , " rl,., , • lS tl_en coup e to t(le oucput or 1:rte Dle aUrli:1g ij).!- aDa remalIls on 
t:he output node during the second 01 resulting in one bit of deLay. 

A logical 0 on the input leaves the state of node 1 undefined 
until 01 time uhen most of the clock voltage is fed through to node 
1 and trausrered through B to-node 2. This causes node 3 to be 
discharged to ground. At 02 time any voltage on the output Gode is 
then discharged to ground through D and C. 

The operation of-this circuit is greatly influenced by a 
parasitic Pt.'P bipolar transistor across coupling devices Band D. 

The emitter of the parasitic device is the P diffusion of the 
coupling device, the collector is the drain, and the base is the N 

,~ 
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substrate. Because of the enhc:nced HOS overlap c,9.pacitance C, it 
is possible for the"source of the coupling device to go positive 
vlith respect to;:hl~ 8uustrate. This \<;i11 occur as 0 re.turns to 
ground. The parasitic transistor is then placed in its active 
region and positive current flows from source to drain of the 
coupling device. This current will deter~_oratea 1 level on 
on the gat~ of the next switch device. This effect can greatly 
increase the lower frequency lim:Lt of this bit . 

. To correct this situation the channel length of the coupling 
devices must· be made as large as possible. This decreasesC;~by 
making the base width of the parasitic device wider. However, if 
it is too long the high frequency performance will deteriorate be
cause charge will not be transferred fast enough through the high 
impedance of the coupling device. A compromise must be achieved. 

This circuit has three supply lines and occupies an area of 
lQ -15 mi12 . Because the par~sitic transistor effects are fairly 
unpredictable this bit has not found wide acceptance among MOS 

. designer~ ',_". 
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. The layout and operation of this bit is practically the same 
as the previous shift register except that ground has been remo1led 
and replaced \.vith the clocks. 

Assuming 02 is at groui1d, a logical 1 at the input discharges 
node 1 to grou~d. At 01 time node 2·is discharged tllrough Band A. 
This leaves node 3 undefined until 02 time 'when a 1 is fed through 
capacitor C from the clock. During 02 time this logical one appears 
on the o~tput of the bit •. 

A zero on the input causes node 1 to be charged to a 1 dULiug 
01 tiuIe pulling node 3 to ground \.vhen 01 Boes off and appear-
ing on the output during 02. . 

This bit suffers from the same parasitic effect as discussed 
previously. 

. " 
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Page 2 

This bit is used in 40 systems. All devices are minirnum size. 
No DC power is dissipated 
"uD 2nd ground. 

beC':~lJSe "!].() current path exists between 

During 22Ch 01 time, node 1 is chDrged to a 1. If a 1 e.:xists 
on the input du:ciEg 02 tiG2 then node 1 \"il1 be discl"!.3rg.:;d through 
B and A to a O. 03 charges the output node to a 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 02 time. 03 
charges the outp~t node to a 1. When 04 comes on this 1 is dis
charged through E and D leaving: a 0 on the output. 

Six supply lines are required. A typical cell size is about 
·20 mi12 • Since C all.d F are minimum size ';'lith re.latively 10\'1 im-

d . . 11· ,- 1 r 1 --.e • r b' pe ances th1S ce_ 1S one or tDe rastest snlrt reglster ltS . 

. - ~- --
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This cell is similar to the previous cell except that VnD 

and ground have been replaced with cl6cks. Only four supply 

li~es are required. 

bverl~p capacitances should be minimum to prevent clock 

feedthroughs. 
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T. READ/\\!RITE HErIORIES 

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 typically increases as \'7e go dov:n this list. 

1. Discrete bit storage. The usual implementation of this 

type of storage is a bipolar integrated circuit flip-flop, 

which may have. quite a feH inputs, such as an AND type 

clocked JK flip-:-flop. The usual function of discrete· 

bit storage is as indicators, storage or generation of 

contiol and timing signals, stages in counters, etc. 

Usually a small number of these circuits on a chip are 

pos sib Ie becaus e of their high pOvler cons umption and 

large number of leads. Their speed is usually equal to 

several gate delays. 

2. Registers and Buffers. Registers. are usually implemented 

using integrated circuit.flip-flops, and are used for 

temporary storage of intermediate results,..-and also for 

implementation of lQgical oFerations, such as in arith-

metic units. 

3. Scratch Pad Memories~ These are used for temporary 

storage of intermediate results Hhich will be used in 

the next operation, and. for storage of frequently used 

data, for short iterative subroutines, and for other' 

similar applications ~lhere information needs to be 
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accessed or processed in a time less than the cycle 

time of the main memory and are implemented using bi-

polar arrays. Thin-film memories and plated wire mem-

ories h8.ve sometimes 8.lso been used. 

4. Hain memories. The main program, the soft~'lare used by 

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

program being run is stored in the main memory; Mag-

netic cores have dominated this area in the past, but 

NOS random access memories are challenging. 

5. On-line Auxiliary Storage. This type of storage is 

for_ large data files and programs that may be yecalled 

by the computer, but 'I;"nere speed is less important than 

capacity, and 10'1;07 cost is necessary. Disks and drurns 

·are often used to implement this type of ~torage; how-

ever HOS shift registers are being used as disk replace-

ments in applications ';'lhich require faster access times. 

The speed of on-'line auxiliary storage is usually several 

orders o.f magnitude slC?\-7~r than that of the main memory. 

Off-Line Auxiliary Storage. This type is used for storing 

large data files and program libraries, etc., which are 

used infrequently enough to permit a manual operation to 
-. 

load the.stored information into the main memory of the 
. . 

'. ~ 

computer. Nagrietic ahd·paper tape and punched cards are 
, .' . . . 

the major· modes 6f>this type of storage.··· 

',.:. 

])efin~t{oris·of Nemor; T~rms. "'. 

, ,-. ' .. '.' . ....•. . .... .. .. 

sequential Hemory. 

" . -~ 

Inf.ormation is serially written into or read out of the 

memory one bit ata time.. Thus the access time for the 

memory is' equal to the nU!1ber 6f bits mUltiplied by the' 

VI-Z 
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time required to perform a read or 'YiTite operation on 

one bit. 

Random Access Nemory (R..AH) 

This is a type 6f memory in '\'1hich any location can be 

accessed 'Ydthout regard to any other location. The 

access time is the same for any location in the memory; 

all. that must be provided is the address of that loca-

tion (as '\vell as various cornmandsand timing sign@ls). 

RA}I's are used primarily as scratch pad memories, buffer 

memories, and main memories. 

Content-Addressable Nemory (CAH) 

Also called associative memory. A CAlvI has read/vlrite 

. capability, just as a RAN. HmV'ever, 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 operation all words in the 

memory are compared '\07ith the search criteria, and a '\'lord 

which matches is accessed. ~Iemory allocation in time-

shared computers,. sorting, merging, and pattern recog-

nit ion are applications where CAH1sare used. 

.. 
_Acces s Time - or· 

. -r-

This is the time ._ J:equired to" address a loca'tiono£' a 
'-. 

memory _ and:hbtaintise:E-ul. in£orrnation'~' There:Ls -:no ,single' -

sacred.d:efiI1itiorl of access .time,(lpplicable to all merri~' 

-'-"'~ - ories;" theindi~/idual situation must'he"ailcie~orie~';the" 
. - . . . . . . 

individual sitllation must:beanalyzed'tb 

most meaningful or convenient definition of access time:.-
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Cycle Time 

This is the time required to perform a complete read or 

"7ri te operation at any address of the meGlory. It ~-lill 

usually include the time necessary for addr~ss inputs 

to stabilize, the time to access the memory or to write 

into it, the time required to transfer the obtained in-

formation where it is needed, and also the time for the 

memory to recover from the read or write operation. There 

is no universal \-lay to measure or specify cycle' time; each 

case must be examined individually. 

Read Recovery Time 

The ti.rne that must be allm-led for the memori to recover 

after location has been accessed before another read or 

write cycle can be initiated. 

Write Recovery Time 
-

The time that must be allowed after a vrrite operation 

before, a ne~v read or \"rite operation can be initiated. 

Non-Destructive Read-Out (~~RO) 

This means that the information at a location is not 

destroyed 'if that location is accessed., Then no re

write_0F>er?tion is necessary ", Ing eneral;-"-semiconductor 

memories areDIDRO,,;,,hile core . , oeiTIorl.es have destructive 
- . 

. read-out. ," .. '.:" 

;', -. 

Memory Organiz~tion 
,~ 

I, .... 

Number ofworcis by number of bits. 
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Volatility 

A memory is said to be volatile if the incormation i~ lost 

",hen the pm-ler fails. Semiconductor memories are ah-7ays 

'volatile unless there is a power back-up system. Some types 

of magnetic me~ories 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.l shows an example of a linear select 

HOS storage cell. 

X-y 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 shm'7s an X-Y MOS cell. 

The'main memory, or main-frame 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 

computers is eipected to use semiconductor main-frame memories, 

and NOS dynamic memories are a leading candidate to fill this 

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

time. Semiconductor meCTIories in the 100-500 ns region can be 

economically made. There are many requirements for Duffer mem-

oriesin computer peripheral equipment, ;;"here slmver data rates 
T ~ 

, .. '.' . ',"' '. - , 

permit the use of slower memory cycle times. . Static NOS memory 

a finding app lication in thi s area. 

storage _cell is a?imple, effective, and 

design. The celL cons ists of six p:"channel, enhancement 

~ode devices. and is shown in Figure 5 .C. 3. Two of these CRI and , 
R2 in Figure 1) act as resistors and are biased on by the VGG 
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. supply, The two cross-coupled transistors Q1 and Q2, act as 

a storage element, and Q3 and Qlj, are s';'iitches that selectively 

connect or isolate the individual storage cell from the sense-

digit lines. Two sense-digit lines are used, providing signal 

a'nd complement drive to the cell. The word-select line drives 

the gates of Q3 and Q4. 

With the p-channel devices used, the VSS power supply is 

'the most positive voltage and VDD is negative by 10 V or more. 

Depending on the particular processing technology used in the 
I 

! 

construction of the cell and the cell operating constrainti, 

VGG is equal to~ or more negative than, VDD • Since p-channel 

enhancement mode devices are turned on when the gate -is suffi

ciently negative (relative to the substrate), the substrate is 

connected to the most positive system volt~ge, 'i.e~, VSS. 

In, the storage mode, the cell maintains one of its t\'lO 

stable states, The word select line is in the high logic state 

(close to-VSS) so that transistors Q3 and Q4 are off. As a 

result, the,_storage cell is isolated from the sense-digit line. 

One of the possible stable states exists \'lhen the gate of Q2 is 

low. This means that Q2 is conducting so that its drain (node B) 

is at a high potential (close to VSS)~ The difference in potential 

beDveen VDn and the drai-n of Qi is_dissipatec:lacros~ resistor R2. 
;' ... 

The high potential on node B iscou;ied t6.the gate ofQl~ , With· 

_this hig~ po-tential on -the gate ,QI is turned off ~.As a. result, 

node A is at approximately VDDsince th~~eisessienti~liyno._ 
'" ," ",-',';- ,-

The drain ofQl (node 'A} ,\'ihieh~s 
~ . 

curre'nf flmvth:rough R l' 

connected to the gate of Q2 ,provldes, the low or'Vnn potential' 

that we defined as being stable state I. 
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To change the information stored in the basic cell, the 

sense-digit lines are appropriately biased and the ~ord-selection 

line placed in the active or low state. Sense-digit line A is a 

high potential. . The compleroentary signal is present on sense-digit 

line B 1;'7hich is connected to a 1m'7 potential. "lhen the 1;°70rd select 

line goes to a 1m·] potential, transistors Q3 and Q4 turn on, connect-

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

°Q2_ In the example shown in Figure 2, Q3 connects node A to the 

high level on sense-digit line A. This high potential is coupled 

to the gate of Q2 and tends to turn Q2 off. At the same time, be-

cause Q4 is conducting, node B is coupled to the low supply. This 

low voitageis applied to the gate of QI and tends to turn Ql on .. 

This provides an additional path from VSS to node A, further in

creasing the potential on' the gate Q2" Therefore, the indicated 

sense-digit line potentials result in transistor Ql 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 isolates the 

storage cell from the sense-digit lines. 

Connec~ingsense~digii1ine B to VSS' sense-digit line A to 

VnD' and activating the . word:-select line \.;i11 reverse the state 

of the flip-flop, turning Q2a~d Qiof£. 
' .. ..... . 

:Forreading, the,W'9rd-,select'line'is'agaiit activated .. ·· If. the 

··sen.se,...digitlines are' terminated ~by ,high:"resistanceHOS resistors, 
" • ' ,. ',."'" • ," '. • • ••••• < .,".". '. • :,:" " 

word-s ~lectl-~n~, t:llen i<if,Q2 is em, the adjacentsense,...dig'itline B 
, '.."'.~' ....•. , .. ...• . .......' .'< .... '.,' , .' " '. '.' /(;6' .. Willb". pulleditq; grQuniiwhen. Q3' ~.nd Q4 2U. turned> on. Then the 

'.state of serise';"digit line B can be detected by a simple NOS inverter 
. ,.'. , . 

I. '. 
or gate. 
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Figure S. C.4 shm'7s a partial circuit schematic of the :NCl170, 

o which is a static 6l~ bit fully decoded RAH using the above storage 

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

~ 
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The Dynamic·NO~ Nemory Cell 

The dynamic memory cell is shown in Figure S.C.S. Its op-

eration is as follo\'7s: Initially, 't'lhen the Rm'l Select Line is 

at 0 Volts, the Data Bus and the Read Bus are pre-charged to a 

negative voltage. ~\1hen the Rmv Select Line voltage goes to the 

Jntermediate voltage -IV, the Read Bus is conditionally discharged 

to ground through QB and QC' or remains at the precharged voltage, 

.depending on 'tvhether a "l" or a "011 is stored on the capacitance 

of the storage node. ~lhen the Rm-l Select voltage goes· to -V volts , 

- the complement of the st'ored information, which is nm" on the Read 

Bus, is inverted by the COlUIDIl amplifier. Thus the info.rmatioi1: on 

the storage node re-appears on the Data Bus and the storage node 

is refreshed through QA' 

Operation of the Dynamic Memory 

Figure S.C.6 shm-7s timing diagrams for Read/Refresh_and Hrite 

cycles. Prior to the beginning of each cycle, PRECH is at -20"1/, 

which causes the Dat8..Bus and the.Read Bus and also certain·nodes 

. to. be pre-~harged to the propei volta~es •.. 

,The decoding section selects·ther~tv and column specified by 
, . 

- the, address: inputs. 
" :",:,,:; 

TheXENBLinput goes to.-20V .after the X address inputs 
"," :,".: ... ;!: 

are s,t:~ble •.. The int ermediat~ v6ltag e' the~ app:ears on the 
. . . . " '.. . 

,row select line determined hy'the X address inputs. 'During 
.,.; ... 

. f·' .. 
::"'. .VI-8 
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the time that the intermediate voltage is present, the 

Read Bus is conditionally discharged to ground through QC 

o and QB if a "111 is stored on the storage node; the value of 

the intermediate voltag~ is designed so that QC remains off. 

The interrl1ediate voltage must remain on the Rm'l Select Line 

long enough to permit discharging the Read Bus voltage to a 

value lm'ler than the threshold or the columrl amplifier. 

~~en the conditional discharge of the Read Bus is com-

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

dynamic Y decode gates so that the addressed column is 

selected. The information on the Read Bus of each column 

is gated into the respective column amplifiers, is inverted, 

and appear~ on .the respective Data Bus, in the case or a 

Read/Refresh cycle. The. Row Select Line of the addressed 

(··0 row goes from the intermediate voltage to a more negative 

I· . 

" -

-v volts, and transfers the information on each Data Bus 

to the·respective storage node throughQC'of each respective 

cell. Thus the original information on each stbrage riode of 

the selected rmv is refreshed. The column select line of 

'the addressed column gates the information on.the Data Bus 

of the selected column to the I/O circuit; a stored "a" 
results in an output current in the Data Out Line . . ..,. 

For the case of a write cycle, the information on the 
. . 

Da~a -In' line is gated to the Data Bus of the se~ected column 

and is transferred through QCof- the selectedcell"to its 

sto~age node." The remaining 'cells of the selected rmV' are 
!~ 

refre~bed . . .~ 

Figure S.C. shows a block dtagram of a 1024 bit chip 
, 

us~ng dynamic sto~age~ 

, .. VI-9 
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On the other hand a dyn2rn:i.c RON v;ill norr~21ly use AIm 

decoding b~ceuse it ca~ be reduced in size snd v&lidatcd by the 

clocks. These of course are not hard and fest rules. The design 

may need special configurations to fit its specific needs. As 

fo r_ t'nc ~e~~rv m~trl·x l'~cQlf i~'S c. L!.1 :'!:0 J L._c... _.L LuC_-=, __ L. 
"'T • .,. b'" . Qes 19neo"Co e O'I: 2n optlrl1um. 

nature and as small as possible. Present day techniques for 

Pro 0l·'a m --,; l"no - o· ... L~!.!.ti La are one of two types; they are metal and gate. Gate 

program~ing is predominent over metal because it requires less 

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

process is programmed by eliminating gates. The disadvantage 

of this h · . ,.' . ., 1 tec DlqU2 lS tnac It lS In tne earLY process steps and 

-" . . ,.., 1 turn arounu tlme lS re.l..atJ.V2.LY ong. Where as with metal program 

a metal link cor:.nects all gates to the drive line and this line 

is etched out after all the basi~ ~rocess steps are complete. 

Because the area required to do this is so larg,e~ the adv2ntages 

of a post process step is overweighted (in my 0plnlon) by the 

. 1·· monsterO-I S C(llP SIze. 

Buffers are designed to make the necessary signal 8I:!1Dlific8.-.. . 

tions for exter~',<al use and their design is usually at the dis-

cretion of the engineer. The actual output stage is usually 
.. 

open end or of the push pull type and prior driven stages h2.ve 

to be compatible with the type ofo~tput stage and functional 

requirements. 

, As for th2 futl1re of Rm,I ' s it is obvious teta t they are here 

to s t2-,,-
J 

but the i11E. Li.!:"L e 1" in \~711ich f- ;~, ::"y;:;-- ·Hill , 
,-,.1...l.,<,:;, ) De designed 2nd pro-

. .. 
cessed is best left to the crys~al bal,l gayer. It is safe to 

.. ~ 

". 

say that the cOClip2nies product and 

are leaders in process techniques and developmeI!.t ~'7ill get ·the 
j 

majority of the business. 

VI-IO 
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Comnarison of Hainf1;ame l"remor'y~ Cllarae. teris ties 
--~----'----'-----'-----'----"'---.--.---.-.-.-.-.-. 

0' Table I presents a e.omparison of typical characteristics 

tha~ can be expected from mainframe memories implemented with 

cores, bipolar, and MOS technologies. The access times for dy-

namic MOS memories can be expected to decrease to less than 200 ns 

'l;vithin a year. 

(0'" . 
\ . "-.-. -~ 

" 

:0 
•.. . 
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TABLE I 

·1 10/1/70 

I FE;umE COR'i:'S BIPOLAR 

Cycle Time 600 ns 150 os 

Access Tirr.e 320 os 50-100 ns 

Total Power Dissipation 300W 200\'/ 

Word Drive Current 400 mA 5-10 rnA 

Word Drive Voltage 25V 2V 

Sense Voltage 20-50 mV 1-5V .. (pulsej 

Cell Spacing 25 x 25 rilils 8;<8mits 

o 
VI-"17 

DYNA;.iiC r;~os 

700 ns 

600 ns 

501'1 

100 mA 
(charging) 

5-20V 

5-2QV 

2 x 4 mils 

. ..,.. 

STATIC ~,lOS 

300 ns 

200 ns 

100'0'1 

100 mA 
(charging) 

5-20V 

5-2GV 

6 x 6 ITiils 
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. II. READ ONLY NEHORIES 

In general ali memories serve the same purpose regardless 

of the type OJ: category. That is they are a warehouse for storing 

information for use at a later time. As the name read only implies 

this type of membry stores permanent unalterable information, where 

as the read-write type allmqs the user to change the stored infor-

mation at his discretion. The usefullness of read only ms~ories 

(ROM's) have found their way into many situations such as micro 

programs, look up table, character generators, patch panel con-

troIs,' logic simulation, etc~ The limit for their utilization 

is controlled entirely by the design engineers ingenuity .. The 

metal oxide semiconductor (HOS) 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 to get 

even better .. 

2. Compactness combined with the ability to have a chip 

decode logic. 

3. Ease \·lith which the stored information can be altered, 

such as a single process step and even this is expected 

_to be improved to a pos~ process electrical programming. 

It can be said that the prime purpose of ROH'.s are those 
. .... 

situations where there is.a need to store information that has 

to be repeated with random use in a particular system. 

The types .of ROM's that are prevalent today aie a function . . 

of thi'type of operation and the exp~cted end use. Operation 

O' types fall into three categoriesj 

f 
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1. Dynamic; either 2~·or 40 operation and must be continually 

"0 clocked and the inputs and outputs must be synchronized to 

the appropriate clock times. 

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

on both inputs and outputs. 

3. Latching; this is some'\'7hat of a hybrid of the above 

two, that is the input is strobed in and the outputs 

remain static until a ne'!;" address is received, 

The above mentioned operational types are normally the designers 

choice but even they are dictates to a degree by vlhat the end use 

is to be. -The type of RON such as arrangement and capacity is 

always determined by its expected end use in a system, The pre

sent market place is being supplied by RONTs that fall into three 

categories such as: 

1. Conventional: These are memories that have a capacity 
... , 

that is a 2nLn factor and fully decoded for 2n words 

with an appropriate bit length. For instance: 

Capacity ~.Jord-Bit Option,s 

1024 1024xl 

\ . 

.', . ~. ',. 

:'J .. 

VI-19 

-512x2 

256x4 

• .128x8 '.,. . 

. ' .... 2048xl 

.' 256x8 

4096xl 

2048x2 

l024x4 



o 
5l2x8 

2. Specialized: These are memories that are designed for 

special jobs such as character generators and code con-

verters. They mayor maynot have capacitie~ that are a 

2n t-h f ..... actor, For instance character generators are 2240 

bits and 2560 bit capacities with word lengths of 5,7,8, 

and 10 bits. ',Thereas a Hollerith to ASCII converter 

would have 1024 bit capacity and a 12 bit input and 
. 

8 bit output, and would_require a programmable decode 

section. 

3. Custom: ROMfs of this type are specifically designed 

to meet the peculiar requirements of a given customer. 

All RaNt s regardless of the type or category they fall in 

can normally be broken in four basic sections as shown in the 

block diagram below. 

0-1 . I 
I 

.. INPUTS 
0-1 :-1 OR. -X 

DECODE 

M E I,,'i () l<' Y 
MATP,/X 

I ~ =-'"'0;\ 'D!: r;, -_'- IV 1; ..... / 

OA Y 
DECODE 

rO~="D"~1 : v / J 'J:: t--
8UrF£:;;;S ,-> 

'> 

o 

o~--~--------~----------~------------------~---4 

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

that when given a specific binary input they supply a signal to 

, the ga~es of one line in the X direction of matrix. This ·inturn 
'" -', . 

then c~uses .information to corne out of all the Y terminals of 
\'. o the matrix in accordance 'Hithho\vthe matrix has been programmed. 

This information is ·then further decoded to pass·only the appro-
f 
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,··0 
priate informatton to the buffer section that amplifies the signal 

to a useable level for the outside world. 

The manner in ,,;.-hich each section is designed is for the most 

part.controlled by functional requirments and chip sizeo If the 

RO:N is to be static the decode sections w'ill be multiple input 

NOR gate.s. Each input is connected to the 8.ppropriate true or 

false side of an input line in a direct binary ,·,ord fashion. 

This is illustrated in the four word decoder schematic below: 

V4r,~ aVED 

·~o--( . 
" ." 

...... --.. 

~-::--I.,vORD 0 . 1. fA . B; 

?L[ ~L-:-. ~ .. .. 

I . ~ -->--VI/ORO/-

~ ~ (;; - B). 

1 ~ o 
L 

I 

I . 
I' .. 

'>", • ~ 

vt-2l 



! -- t----

.' 

I?' '·0 

PROCESS PARP-l·fETER. VARIA'i'IONS 

. 'The inputs to the HOSdevice mod.el a::::e listed below: 

1-11) -- Substrate doping 

Vto ,-: E~:t=apola t~~ vol!:.:lgc 

Z=Devioe length 

·yo = 1)+ -p+ ~n~~':'-"" (-1,··· .. :0"· T·'·~·'·:-·n) ... ~J:a.'-.Lu.~. ,'-i-Cv..t. 'r";" YV.L.~.~:' 

Xj j"!.!n~tion depth 

AF = I .. o;..; field II'.o~')ility reduction factor 

upon worst-case limits. ..... t" l' 0::: .:.11:8 

. gathered on these.uist::::ibutions. 

which follo'il. 

SamplE:s are sho':trn on the gra.phs 

An example ef thei:::: u;:.>eis shovm belot·: [or 3-5t":-cm, 
o 

I20aE. 

gate. c·xiJ.e proces·s:. 

,. 

A. Fran table I, · .... 'h6t i·,ould be the % loss if acne volt 

Theone volt i'nter-val (Vt @ 1 (l'..l.a) -3.2. to -4·.2 

be.in·the int~rJal. Thus only 2.29% of !:ne ':vafers 

B. ';.h.;;.tvTOuld be the % loss if .there~·;ras a u'ni:form s'hiftin . . . 

the Vt distJ~ibution'of -.3.j~lts? 

. '. . . .' '. 

-3.2 and tableT.I ",br:;'.oJS that ~.ft'er a 

"". 3 volt slLift ,'th'; pE::r:~t":!nt~gE:si~1a.t~c1i:O' the 

relevant intervals. would be: .. ", 

VII 1 



--3.1 - 3.2 16.70% 
3.2 3.3 16 .t~O% 

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 0.33% 

4.1 4.2 0.33% 
- ... --- ----'------------

64.20% 

Thus 35.8% of the wafers '\vould now f0.5_1._ 

• 
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···/0 

.. 
VT 

IJ.'..'TERVAL 

0.0 

0.1 

0.2 

0.3 
-- - -.- .. --- . --~-.-----.-.-----. 

0.4 

0.5 

0.6 

0.7 
- ... - --.. -

·0.8 

~O ~-
0.9 

1.0 

1 .• 1 

1.2 

1.3 
.. 

1.4 

1.5. 

1.6 

l~T 

1.8 

1.9 

2.0 

,. 

-···.··0 ... 
--'::':"E.:~· 

,-

TABLE I 

% ~Tafers 
IN INTERVAL 

16.70 

33.35 

49.75 

61.15 

72.27 

80.30 

86.70 

'92.10 

95.3T 

96.66 

97.71 

98.5.0 

98.83 

99.16 

99.40 

99.58'. 

99.76 

99.85 

99.94 

99.97 

100 .. 00 

.. 
". ".-,.-.. ', . 

... - .. 
'.'" 

- . 

INTERVAL 

3.5 - 3.5 

3.4 -. 3.5 

394 - 3.6 
. 3.4 - 3.7 

3.3 - 3.7 

3.3 - ;3.8 

3.2 - 3.8 

3.2 - 3.9 

3.2 - 4.0 

3 •. 2 - 4.1 
3.2 - 4.2 

.3.1 _. .4.2 
3.1 -. 4·.3. 

3 .• 1 -4.4 

3.0 - 4.4 

3 .. 0 - 4.5 

3.0 -4.6 

3.0 -4.7 

3.0 - 4.8 

3.0 -. 4.9 

3.0 - 5.0 

::'.; , 



(0 

'.'" • L : 

".~'t'. '" 

Vt 
. INTERV l\-L 

. 3 •. 0 - 3.1 

3.1 - 3.2 

3.2 - 3.3 

3.3 3.4 

3.4 - 3.5 

3.5 - 3.6 

3.6 - 3.7 

3..7 - 3.8 

3.8 3.9 

3.9 -. 4.0 

.4.0 4.1 

4.1 -4.2 
. ·,·4.2 - 4.3 

4.3 - 4.4 

4.4 - 4.5 
4.5 - 4.6 
4.6 -4.7 

4.7-4.8 

4.8 -4.9 

4.9-5.0 

,.';. ", 

: .... ,.; .'" 

TABLE II 

% IN 
INTERVAL 

0.24 

0.79 

6.40 

11.12 

16.70 

16.40 

11.40 

8.03 

5.4Q 

3.21 

1.35 

1.05 

0.33 

0.33 

0.18. 

0.18 

0.09 

0.09 

0.03 

. 0.03 
... 

." 

.. ',:' 

. -', 
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HOS Equations 

I' G' , , " ... " 1 ~ h' l' 1 " h" n -rove s aerlva:...lon or:, L.e current-VQ tage re_atlonSL lp 

for n-channelNOS devices, ,all potentials are referenced to 

the bulk. The equation for the voltage drop across an ele- ' 

mental section of'the channel is aiven by: o _ • 

dV = -ID~_ ' 
, ZPnQn (y)-

The drain current can be ,solved £or by 

from Y=O "to Y=L: 
" lL . [VeL) 

" " 0 ID dy = Zl-~r!v ( 0) 

therefore, 

Z:j;T(L) 
ID =' ~n LV(O) [~Qn(Y)J~ 

"From Grove's derivation, -Qn(Y) can be 

1-1 

integrating IDdy 

1-2 

1-3 

as £0110\-73: 

Th.crt 

from Grove! s. approach, one can so l'7e the 

for In assuming th~re is a source to bulk voltage. Sub-

stituting in the equation for -Qn(Y), the equation for 

ID becomes: 

ID=!ln~ l vDB if [VGB-VFB-2YJfP -V(y) ] co _ 

, %B' ," 

and his results are: 

1-6 
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The drain conductance is defined as: 

GDS = dIDS I 
oVDS v:GS = constant 1-7 

Differentie.ting the equation for IO_with respect to VDS ' 

r'esults in the fbllm.;;ing_ equation: 

1-8 

Threshold voltag~ is defined' as ,the g~te voltage when . ' 

, 
the'drain conductance is zero and the drain to source,voltage 

is zero. ,\.;rang' s resu1'i:is: ' .. :, 

, . , 

VT=VGS GDS=O 

VDS=O 

= VFB+20 fp+ "2!-s toqNA 
Co . 

~v- ~?~~ ")1/2 -l- Q \ SB I -\i-i:tp , .,/ 

VTO is defined as the threshold voltage for zero saurc'e, 

to bulk. voltage: 

VTb~VF,B+20fp+ ~2KS€oqNA 

CO, 
(20fp) 1/2 1-10 ' 

By subtracting equat.ion (1-10) 'from equation (1-9),., VT ' 

can be written in terms 6f VTO~' 

YT=VTO+ ~€oqNA 

. i.' Co 
'.;: ." 

"., Eql.l~ti()~? ·(i~il) .', iSJ=,he . se.me ~gu2~tior:- used by Crawford." 

, ",' ,TosirirDli.fy.tb,e'.'cu~~~nt'> ,eq~acion'~'thelas t::.terrn on " " 
,~ ::" ... ": . _ . , , . _',' J. .: ... " :".... . < •• " , _.'., : • :. • • "' • ..".. • :", "~ .': : • ; .... _ : ... ';, • ,".. ,. .""'- • • ''':' .". • •• 

.. ," ", .. 
. ':":". 

~ ': ' 
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('6 
f(VDS) = 2 '.} 7~r N [eVDS+V S B+2 It fP)3! 2 

3Co _i'..S toq~A 

(VSB+2¢fp) 3/2] ~ 1-12 

2 ['3 (l_tYSB ) 1/2 (VDS ) f(VDS) = .y2KS toQNA Xo 2 i0fp. 20fp 

..l.. 3· r "l,VSB·,-1!2 (~DS )2 +' .... J (20 t_p·)3!2. 
• -2' 2\ '2V1fp·) .. fA ~ L~fp "" 

Since the 1inea.r region impiies VDS < 20 fp [r~f. 2 ] the higher 

order terms or (VDS!20fp) are neglected: 

f(Vns) = ~2KsroqN.A. (2 m ~V" ) 1!2v· \!lip' SB . ns 1.,.13' 

CO. 

Then the drain current equation ca.n be \vritten 

[" J 2. 
In=fli:! E- Co { V GS';'V T . VDS -v1s } 

as: 

.1-14 

Where 
. 12K' ,..,1\1. 

'7 '7 ..L?r!t , ..... ! ~ S· c '-1-'A ~ r.-,:==\: -=-1B I -"iJ'- .'t. 0 11' r n · ---. 
1:' C a 

. '!?' (V "!"'?rf ~ ) ...... -
SB '. -~.Lp.l" 

This .!-'- , ..... 
L.U.C sese .as tb.8 e:qao:tion 

. The S2.tul"ati.on voltage can be solved fer as. done by 

Wang and his result is: 

[ 
1_~./.~+2Co 2 

-Oo .. •• . "J 
\~ .. - ---- (VGS-VFB+VSBJ)' 

. . i K"" .e oN.l TA . ·~-o J. 

This completes the list of equations ~'7hich will be discussed 

.L_~ .... 1"-" L..ne. comp_llLer S lUlU at-lo'n section of this reoort. ... '" 

The eduations have been derived for n-channel devices. 
,4 . :. ~ ." . 

The eQilations 2!:'e more easilYhandledfo!:'n.,-ch2nneldevices 

bec'ause the rc.atlli::matician .does 

raisi!1g negati'v-e .quant,itiesto 

E;.~uationsfor n-chaTI.:1e1· 

VIII- 3" 
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equations by using absolute values of 

which are raised to free.c tional· pO·Hers. This \-lill require 

h . . - . 1 t rO"",vlng In a re~·7 sl.gn cnanges external to the absolute 

value quantities to assure the equation is altered in the. 

proper direction, negative or positive. A.list of the 

p-channel equations "t·li11 fo110\.;:· 

I Z C ~ [-T ~'T ?rf, T V TT 2:. 2 - f'"'K ""T 
D=~PL O·l _VGS-\iFB--lUfnJ_ DS -.~~~_ -3CO '\i~-stoqi\D 

[IvnS+V~B+20fn 13/3: !vsB+20fn 13/~ t 1-6a 

1/2 1-9a 

l,">r!.-\· I,<,,';:.'tn 

I I 

1/21-

J. 
l-11a 

"'\f?v .. q\\; 
'IT _TT __ .:1,-n·'-'E: o -'D 
• ....,_."\- 't" l ~ -

1: _u -----
Co 

Equation l-ll~ is a simplified form of equation 1-6. 

Equation 1-2.4 is Crc"'\·rford' s eqL.'.ation describing the drain 

current in the triode region. The drain characteristic 

curves are plotted in fig1J.re 1.:..1 ·for equation 1-14 and 

equation 1:..6. The curves \<i"ere calculated asslll'"71ing the 

equations -C;'12ye valid up to the satL!.ration vol.tage. and 

, constan,c·£o"r higfier .v~olt2ges~ Cr6:;;·1£0.cd aSS"Llili2S saturation 

begins a.tthe point i,'lhen VDS=(VGS-VT). Equation 1-6 \'las 

plotted assuming equation,I-IS described the saturation 
,>\ 

vcAt2.ge. The compariscn of- the output. characteristics 

5hO\-7 a lll·% diffe1:eflce Et higher dr8.in voltages. 
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Crawford's equation does not include th.e doping con-:

. centration ND for VSB=O. If there is a source to bulk 

vo1t~ge, ND is included in .DYTH. and therefore is involved 

-in the drain current equation. Grove's equation involves 

ND more directly. For the VSB=O case, current decreases 

10% for. a 150% increase in Nne 

-. ;. 
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Chapte17 2 

NOBILIYi DEGR..A.DATION 

An essential p2rt or the NOS device model is the gain 

parameter or fOr1vard-transfer~cond~ctance ratio. The 

transconduct2nce is defined as the ratio of -a small -change. 

in drain current to a small· change' in gate voltage \vith the. 

drain voltage con~tant. 

Vn = constant 2-.1· 

Differentiating (Eql-l4) \vith respect to Vi; yields the 

fallm·ling equation for transconductance in the trio~e region: 

gm = {3 VI Vns 
L. 

[Triode Region]- 2-2 

A •• 1 • 
~. SJ..:nl~ar eXpreS31.0n can be ';l7ritten for the saturation 

region from equation (1-16): -

rQai"ura:- i on "R "",;, o • .,J 
L.~ '- -.- - .... ':'''--'0-. - .. 

The {3 parameter is obviously an important part afthe 

gain parameter. It is the variat~an of this parameter-

2-3 

with operating conditions. that .is the focus of this chapter._ 

The ga~n of an }mS device is directly proportional to 

S', "'C1~n;ch' ~.C' ·d""-'-'en-4o.n+- on ~,n1-1·1'1.·":'-:" >'Ii . _ . .J...:;l. __ p __ "-! ___ ... _ __ .~!.J .J.... '-y, oxide thickness and the_ 
. . 

. :::;::pCo =P:E:ox .>. 
-,." 

,t:ox " 
::'. 

oj.:ide~hickness'i.s·::a ,\'lell contrql1ed. prbcess p~rameter, 
."',: 

. conditions 
: ", ~": 

,", is a direct fl1ncf-Lonof mobility variation. 

.. . 
. VIII 



Nobility of carriers in. HOS devices has been under. 

inves tigation for a m.:huber of years. There are a number of 

effects taking place at semiconductor surfaces that are not 

welL understood. To help understand ho;;·] ep.ch effect reduces 

mobility, the effects are 'considered independently_ The 

first is the ::-eduction of .-bulk Illobility, to' surface mobility._ 

L • Ok G· _ .. s· , 4 1 '.. .c 
.~ elS tL"O,. rove ana an reporteG extenslV2 measurements Ol.. 

electron and hole mobilities in inversio!,- layers on thermally 

oxidized silicon surfaces. Thc:!y concluded that surface 

·mobility is approximately equ21'to one half the bulk 

mobility and a constant value up to surface fields.of 

1.5 x 105 voits/cm. It is therefore reasonable to calculate 

bulk TI~obility as a function of ifiipurity conceEtration 3.no. 

bulk mobility by a to 
"".-·0 f,--
'\ .. 
~ mobility. 

llsurface = ilbulk • K 2-5 

Th O d • .c'l' "T:-"'. 1S re uctlon Ol.. ou K m001~lty to surf2ce mobility 

has been attributed to the additiona~ scatter~ng mechanisms 

associated '\vitrl the presence of the s.urface and to excess 

states. For normal 

electric fields in excess of 1.5:x 105 volts/em, the re-· 

duction of bulk mobility to surf2.ce mobility is no longer 

constant. This, thererore, suggests the follo,:',ing 

when ~x.-~ V G 
~----'-

cO 
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f. ' 

'0 
'0 

, . 

L"~,, ~-:--, 

, 'y is the normal. field reduction factor. 

There are 'a number of methods of deriving -y (the 

normal field mobility reduction factor). The methods of 

Cra-~'7ford, 1-Jang and Bentchkmvsky :t;'lill be presented in 

sufficient detail to ascertain' the' strengths and \veakness 

of each metho.d. 

," ~ Crawford ~as developed an empirical relation expressing 

'mobility as a function of' applied g8:te voltage by adjusting 

the measured Vtlh,1eS of"irrc~ementald:-cain resistance (t~iode 

regi'on), to the' theoretical values of incremental, drain 

resistance. The incremental drain resistance in the triode 

region, Tdt' is defined as the ratio of a sm~11 change in 
\ . . 

drain voltage to a sE"!all change Ul. 'dra2.n current: 

Tdt = ~VD 
--' dID 

2-7 

The'expression for drain current in the triode r-?-gion is, 

given by equation (1-14): 

ID =-SGYG - 2-8 

The drain conductance :tn the trioderegicn C2.TI be c;:::.lculated 

b d • -t: -F ,., ., 0 f d" 0 °h y ~J..~erentla;:lng tf1:e equat~on, or ra:Ln current W1..t 

respect to drain volt~g~: 

becomes: 

o'ID= 

OVD " 

dIn,,' 
?JV D 

- ' 

'2-9 

near the or5;gin" the drain conouctc:lnce' 

2-10 
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Then the increment~l drain resistance can be written as: 

1 (theoretical) 2-11 

Assuming {3 to be a constant, .10\'7 field value, Crm·;;:ford 

·found the E!easured values of incremental drain resistance 

were greater than the theoretical Values of incremental 

drain resistance by a constant resistance R. This can be 

written in equation form as: 

2-12 
= Tdtftheorectical!+R= I . 1 constant {3 - 80 (VG-VT) + R 

r dt (measured) 

where 80 . is a constant, 10';-7 field value 

The i3 in the theoretical· equation for iI'Lcremc.ntal drain 

resistance is not constant hut is a functior:. of gg.te voltage. 

If the equations for theor2tic~1 and measured incremental 

drain resisLcnce 

ve1ue for 13 cC.n beobtained: 

-
+ R 2-13 

rearranging yield: 

= 1 
i- poR(V G-V-TY 2-1lj. 

Tahle 10:::}-cill material 
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Crm,·forcl's mohility rEduction equation h;;:s no::.-~e.lized. 

mobility vel-sus' (VG-VT) . The normel field C2n be ~\Tritten as: 

t ' 
,0, 

't'lnere to is oxide thickness 

C1:'aHford's equation can not be ,vritten as a function of 

field unless ,the oxide thickness of his test devices is 

2-15 

kno\·ffi. Since the normal field varies ,:V"i th oxide thicknes s, 
--

Cra;vford's equation for mobility reduction is good for 

devices \'7here the oxide thickness is the same as his te·si: 

'devices. 
2 

Wang has used 'the DC channel conductance techni~ue 

to obtain equation for ~obility versus normal field~ 

The equation for drain current for the triode region can 

be .,·rr;itten as: 
z 

and the average mability, the eqt.la ~ ion is: 

2-17 

The DC channel co~ductance teciliiiquesolves for ~p by 

setting VDS at a sm2ll knm7n voltage. For VDS::::;O.lV, 

~p can be \·/.citten as: 

10 IDS 
ZCO(VG",-V",O) , r _;:'.l. , 

,.LJ , 

10 In~ 
Z koEo (VGS-VroJ 
17 -to 

2-18 

Hang calculated the ever-ege mobility esing'the equ2tion 

b .,' . T' ~ "-':7,7 ")' a: ove ano.measurlng -'-DS ana ,\. \ GS-" TO • ,The results \'inen ' 

i'.\ ., - ~ , d 1- ., n0rma.LlZen compar,e 'He 1 \vltn Cr2::'l£ord's rasul ts. 'Fang's 

VIII-II 
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eq~ation can be written to show the mobility reduction as 

a function of field: 

lOIDS, 

wh~re -VGS - V TO 

to. 

10IDS 
= t (ko Eo )fg~:'yJ:Q2.1 2-19 

= EX (normal field)~-

The mobility 1;'72S found to be constant up to a field 

of" lOSV I cm. This agJ;ees \vith Grov£! and Leistiko' s resu1 ts. 

At fields greater than the'critical field Ec, a curve 

fit was made for the mobility versus normal field. This 

result is used in FCP. 

d • ~ . ., -- • erlVeG, an emp :i.rlcaL equatlon. to 

"' t . h ...... ' ,.J -', r:.... • 1\,f,,\S,.J • 
prea~c & e ffiODlLlCY re~UCClon as a ~unC~lon ~~ ueVlce 

C~larac cerist ics. 

4 constant up to afi21d of E=6xlO 

beyond this field could be approximated,by: 

[ "G'~OlC . lleff = !leff (ESO) ~EsJ 1 

..Janu 

E t: lol'-r I - 'd COl 5 -F P' 1 d . 'SO=o:x . \, cm ~n 1 ~ . - _ ~or . crranne_ eVlces. 

ES is the surface field and can be expressed as a function 

of- the total charge p:2r unit surface. area induced in the-

semiconductor: 

2-21 

BEffitch~::O\,Tskv c."pro~dmated 0 (v')- b-Jv findinocr the average ,.c_: J J:"' ,-~ -'-

value along the channel. The boundary conditions are: 

Y=o VcY)=o 

Y=L 

'~.,-----,-~------ .-------~---.--- -----.~ - '.' . 
---¥-....,.---.-~-. ----------::--~~----- ------.---



The everage value of Qs (Y) can be c2.1cl..11?tec1 as: 

Qs :>$ !aVD Q~ (V) dV V-o----
(V [. ] -

Qs = J 0 D_ VG.-VFB- 20F-V Co dV 

VD. 

Qs [VG-VFB-20F -O. SVD J'co 

2-22 

. The Bentchko~'lskyf s equation for mobility can be 1'7ritten as: 
. . [Eso1 C 

!leff = ]leff (ESO) ES .-J 1 

where ES K QS . . 
!leff = !leff (E"cS';O = I _ ~so . ., Co) Cl 
. uO \~ JV G-YFB- 2~F~0. SVDj. k5 Eo 

The matching constants Gl l8 an emplrJ .... cal flt. 
2-23 

Bentchkmvsky T 8 results shmv a higher effective mobility 

for a given field. The deri-,t&tion does not specify if the 

. l' <-100'/' materl2 1..5 or (Ill) • 

·~·Jhen using mobility reduction equations, there are 

\<Jhich should receive special attention to 

The first consideration 

s.hould ·De·_fl_·p_~Ld de-D~den~e 1:' ·_1... -_..... Bentchkm-rsky t sand l';ang' s 

ecr..l8tions are in a form Khich allo"':-78 mobility to be a function 

of normal field, Ex=(VCS-VT) / to' Nobility should be con

sidered as being field dependent. Cra'l'iford f s equation is 

.... Jritten as .2. function of (VeS-VT). The oxide thickness in 

Cra-:;'lIord f 8. equation isincluded in the Eo R factor v.7hich 

mUltiplies (VGS-VT). One ·cch alter the {3 Rf:ac tor to 
, 0 

" - - -

obtain a field dependent equation if ·t~le oxid~ thickness· 
. . .' 

of the test devices is knm·m. The second consideration. 

slwuld he material. Cr.a,\qford changes the ..... .,;·alue of the ~o p 
~ .. 

~;'" ... 
. factor to . aC'count for (100) material and (Ill) m8 .. teri.81. 

Vlanghast\'70 equations: One equation for (lOa) an.d one 

equE'.tion for (111)· 

VIII-13 
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account for (100) and (Ill) material. The third thillg 't-;hich 

one should consider is source to bulk voltage. The source 

to bulk voltcge can be. accounted for.in the (VG-VT) term. 

VG is referenced to ground and YT _is increased by '~VT -

by the source to bulk voltage • 

. The mobili!::y reduction equations are plotted in 

figure (2-1) and (2-2) for (lOa) and (Ill) m~teriEl 

respecti~ely. The equatioqs are p~otted.versus (VG-VT). 

If the oxide thickness is knm·m, the normal field can be 

The final component of surface mobility reduction is 

that due to the transverse field. It is ~·;ell knm-Jn that 

the carrier drift velocity \l/il1 increase with increasing 
-

electri_c field. S~:"1ockley described the· drift veloc.ity 

versus elec r-cic ~L-_:~-_l~_~ ~= -L"-L-J..,-=P_ u~-_:~~_l_·r_l~aL- -e--o-~ - -- - - - ~ c~ ·L.i~~._ In 

2","4 these three r~gions are • ..:1. • •. ~ • , ]_u-en i: ~I: :Lea. Fro:n data 

presented· by ·Norris .and ·Gibbons I a bulk mobility versus 
',"-

transverse electric field.curve wei constructed by Wang. 

This curve is for holes in the bulk (~.:'i-I Foi C". ?-5) ,--- -0·- . In 

·an effort to achieve .. a model \·7hi.ch ;;·iOuld. account fo~ 

trans-,rerse field reduction, Hang proposed the following: 

l-lsurface= Ilbulk .~ K. -. Y .l, 2-24 

Recall that k 
. ' .. 

is a cons taut ';'7hich transfc'rms bulk 

,. 

reductiort factor. . . " . o is the t:r2ilsvers'e field reduction 
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factor. As one, can see froQ Fig. 2-5, a line equ'al to 1m·' 

field surface mobility isdra~'7n on the bulk mobility versus 

field graph. The intersection of'this line and the e3pirical 

curve representing bulk mobil{ty reduction is taken to be 

the critical field at 1;'lhich the s~rface mobility 1;vill undergo 

transverse'fi~ld reduction. Once this critical field is 

reached, the assumption is made that surface reduction 't'7ould 

be equal to bulk reduction. In thfs model the field should 

be calculated using the voltage from drain to source until 

saturation occurs and Vn saturatio:J. thereafter. The distance 

over which this voltage is distributed is the effective 

channel length . 

Ey = . ~ vDS 
L "'i:.n tlie triod.2 regl.on 

2-25 
Ey = VD 

Leff 
sa'turation in thes~turation, region 

Since b~lk mobility in silicon is anisotropic, vJang' s ..... ~ 
f " 1d d -" ..... d.:J 1 " tranverse ~e_ mo e1. ~s nOL epenuent on. crysta_ or~enta-

'tion. 'Although the 1m·, field, mobility is different for 

different crystal orientcttions" the criticaL field, at 1;·:hich 

~he tranverse mobilit¥ reduct'ion becomes operational1;'7fll 

change., If this model is used in c'::'se~ wh~rethe channel 
," .. 

length ,is shoi·~. arid .the diain,voltage large;')t1 ";eryunusuii~ 
'.'." 

'arid unrealisiic' In versus VD"curve r~~ults:: '. . , . , 

Tne, dip irithe" 

,:".,,-

" *S~~ Figure, 2~6 
. "-iI".. . .:""".'::' 

.. ,. ~~. -. 

, " 
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are not reduced by the same phenomena and Wang's model of 

transverse field mobility reduction is not useable. The 

most pl~u5ib1e explanation for th~ failure of this model 

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 thro~gh collisions with the lattice. This 

provides that the hole can stay in thermal equilibrium at 

the surfci:ce for higher elec.tric fields than possible in 

.. the bulk. The critical electric field at vJhich the trans-

. verse field mobility reduction factor would have an effect 

should therefore be much higher for carriers at the surface 

than for carriers in the bulk. At the pres eat time the.re 

does not seem. to be a' satisfa'c-cory model .for transverse 

that' i,n cc;:npiJter sirilulation chi-s effect be neglected.· 
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Chapter 3 

Channel-Length ~·IodulC'.tion 

The drain current equation, shm1s the current is 

indirectly proportional to the channel lerrgth. This makes 

'"'ha'""no1'-' o., ...... +-h a'n -;""'Dor+-~n+- pa ...... ~ma'-o ..... '--... i.:.1. _ ..... ":"'-1.-6'- _ .,.1....:..d .... _Lc.._ ~ .l..Cl!. ........ L,-.L.. The designed channel 

length can vary due to one of several reasons. The desi,sned 

channel length, LUESIGN' can be increased in length or 

decreased in length due to "photo resist processing variations. 

LnESIGN can be decreased by the out diffusion of the 
, . 
Graln 

and source diffusions. The above changes in channel 1 ero e;>-Lh - -0 • 

are due to proce~sing. The channel length can al'so be 

chan~ed due to bias conditions. 
o..J 

If all chermel length 

variati,ons are grouped together and ca.lled .\Leff, the 

effective. channel langth can be ~rltten co. 

I\L ,...,.. 
- er:r: 3-1 

This \'70uld'l-Doc1ifv the drain current celculc.ted ror desi~ned - J _ 

channel length as £0 1 1 0'\'1 S : 

4lESIGN 
LDESIGN-6Leff 

3-2 

The channel..;,lengti;:l variation dl.:e to bias has been 
..1. 

described by several authc.rs: 'Once a EOS device saturc.tes: 

, _the voltagefrcm the, sourc,e to the peint of channel pinch

,o,f£ is (VG",;VT)o The 'remainihg voltage~ drain!:o sources,· 
, ' ,,'. • ' " I .: ' 

....,u~'- b o ..lr(',-'-'-..l a'cY'os~ :-'1-,,,,,,":.:J""-1""-=-l·:-'~ -~-,-.;C)c,-. 1-·-,,-.,·' .... ""n 'cn..,,..,~,,l :.~! ~L _ ,w. U1:Jr'C~" _ .y LiLt::.. L,:..,,-j:J_t-,t- .U!.~ ..:....cc"..L..\...t.!.. 1....'<::;'- .. :-;:. __ .:. _",c.:..l..!.:..1..":"'.-

p5.nch-off and' the drain~ 
',>\ 
't.j'; . 

Ref. <23 6 - :), 

,.,...' . 1 . .!.QlS va_cage 
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As this voltage increases) the depletion \vidth increases 

and the channel length decr'eases. Then as VDS increases 

channel lens~h decre~ses and as VG increases channel length 

increases. 

Crm"ford used simple p-n junction theory to describe r 1-
the clep letion \'lidth versus LVD5 - (V G-V T) J _ relationship. 

3-3 

where N is the substrate doping. 

Hang used La;;vrence-H2rner' s c'urves for an erIc dis-

tribution to calculate the change in channel le'ngth due to 

bl2s conditions. Wang!s result is: 

T t _ 3} 2 ;-::. J 'iT - (H' '--,-r--)r 
.w - <~\I. --s CD::i- VGS"Vl~J_ 

'\:' a 0 ... 

" 
where a = __ ND_ 1 (~~~) 

o. 7xj ~n i"D 

3-4 

Bentchkci'7s:,<y and Grove have developed a more complete 

model describing channel length modulation due to bias 

conditions. Tiley present a simple physical model ';'lhich 

" accounts for the modification of the electric £ield in the 

drain depletion region"near the Si-Si02interface, due to 

the presence of the ga~e electrode. They describe the 

depletion \'7idth as: 

.' '3-5 

vlhere ct is the transverse field componentne.~r' theSi-Si02 
'~ . 

s~rface. eT is the SFm of thre~2 components, &'1, €i j and e3. 
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Chapter 4 

Computer Simu12.tion 

The equations programmed into the computer for HOS 

Device Simulation are as fo11m-7s: (See Chapter 1) 

I \~ CO' { . DS-L ~p [VGS-VFB -20r:~sJ VDS 
~ 

K 'T r- <-/ 
2 

(V GS+V SB-VFS) .. S E ql'\n 2Co o _ 

Ll ,. 
\ ....,. --- ., 

c 2 ~ J... - -----
0 K", E aN 

;:, o· D 

~!hen VDS>VD saturation

Vns is usecl in the solution 4-1 

fo11m-7s: . 

llsurfaceeoxide 
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4-1 

4-2 

1 
J 

l~-4 

-~.- -----_. ------. -. -~.,.....,.. 
.". 

~----~--------------------------~---------.=~~~ 



2 
and if \-12 assume I-Tang t S mobility m.odel, . the surface 

mobility can be expressed as the product of four factors. 

Ilsurfc.c2 = (K) C!loulk) (y) (5) 4-5 

• t-,.. - 01" K 1S a cons L2.nt i;-J~,lCn t:.-c.;:1.S IOrTI!S 11 u k to !J.surface. 

b 1,· h ,.,. .c.c "' • b I' .,. Y Il u ~ 1S t e mODl_lty OL Lree ho~es In u ~ SL_lcon. 

is the· normal field mobility reuucti')D f.?-ctorand a is 

thetrcmsVerse mobility reduction factor. 

Tn our opinion th~ K r8 .. ctor should be maintained 

field f3) is· a more 

designer. In most cases B (0) is a measured parC';;:ueter, 

Tne degree 0'[ 1}ncertaint)~ in each of tl-:z above pE:rarneter,s 

the 

concentration, oxide thickness} channel lengths, surface 

'L.. .:J'. • •• • 'b .' . ,.... .. cl.large L:.2TI.S1CleS or rec.lscrl ueLon 0:;: 12pur.lt1es during 

thermal oxidc.tion, the tmcert:3.intie.s in 8 (0) and Ilsurface 

are believed to be due to uncertc".inties in the S true tural 

parc.meters used in their cOElputation. (Grove, Leistiko 

and Sah) The following is a suggested method for caleuletion 

of K • NeE.surethe voltage c:t. lOO!J.8. "\vith the gate 

the dr2.inahd proceed "'lith 
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8 = 200 L 
~~ 

Read ~i..1lk mobility from figure. 4-1._ 

8== E,lJ-surface 
tox 

4-7 

4-8 

!J_surface = {3 tox (~) .0029 = p tox d~) 
2 

I? cm 4 ?,p,P:'" 9 V-sec' '-9 

K = !lsurface 
, Ilbu1k 

4-10 

Once K has been determined there should be no need to 

..... 11' 'L" conLlnuaL~y cnange tillS parameter. 

-llc,ulk is a \'7e11 kno,;:Tl' quantity for silicon 8.nd the 

follo1>ling equation is acurVG fit of !l'bulk ve.rsus iutpurity 

level. 

~ ... 
~tDlii.K 

ho18s 
+ 47.7 4-11 

, S e'" L' ~ r.-u· --e /, - 1 c .I.' -'-is.L -,'-' 

y is the normal field red~cticn factor"a~d is crystal 

orientation dependent. 

,i;-'Ul·C·1_t'_ r_p,y:,"p_.~Pl-... -r-_ (l_n,O> ~nd <'11) P c1-a,.....~el 1'<0"" G.:1e--;~:'Is YO ~I: - - ~.L ~ 0.__ __ ,- 11 'all . .'1'_ 0 '"V _'-0:.:. 

------- r 
(lOa> 

,tox 

if ey>. 000561 
-'.'" Y= l. . -'~---'C"-n--'-

• 979+37.'-+e"y 
----'-,-----

At thepresenttime'there is not a complete tneoret-

iea1 model of surf2.ce mobility, and tl12refore the eL~;pirical 
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,\:"0 

~' 

equations are the only 2vailable deseriptions of normal 

field mobility reduction. 

S is the tranverse field E!.obility reduction, \'Jhich 

according to Hang \"ill yield the follow'ing result for· (lOa) 

material, 

ey = Iv] 
Left 

'Hhere V=VDS in the triode region 4-12 

V=VD satur~tion in the saturation 
region 

__ 1- _. __ _ 

(lOa) 

ey~8l.5 V/mil 

-, ---0 :;, - , 10 • 
2 .. 88+:-crs-7l~reY) 

(Ill) 

ey~76.0 V/mil 

S = 10. 
3.36+.0tl/4(€YT I 

This model of tr2,nsverse field re.duction is not reconcuended 

rn,- , "1 .. 1 . Ihe tnresno~a va tage is a 

~ .,. -,- ....... 1 

p2.rEtfne-cer ana. lS 'derlnea as tIle 

about surface'inversion. The basic theory 6£ Sl..1rrCic.e in-

, version is· developed froll energy band. cons ider2tions and 

it can be snm·;;n that the folloHing equation has t.oth prac tical 

and theoretical significance: 

VTO=VFB - \) 2KSfO q Nn' 
e o 

't-ihere VFB = rlatbarrd v61t2.ge. 

• "1 

10s inv./ -:- Ws (inv.) 

To complete the pre.ceeding equation the: st.lrface 

4-13. This consideration.le.sds 
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As a practic'al matte.r a surface may be considered inverted 

. ~qhen the surface hole concentration' is equal to ·the impurity 
'" 

concentrate in the bulk. This same criterion restated in 

terms of band theory requires the surface potential to equal 

two times the energy difference. bet;;'Jeen the intrinsic Fermi 

level and equilibrium Fermi level, 

. so threshold voltage becomes 

V TO = VFB - ~'2-K-S-E-o-q-_ -N-:rn-'--,-Z-yj-p--'( '4:"'14 

. The preceeding defin·ition of threshold. voltage is 

not completely accurate as there are some free carriers 

B.t the surfae;ebefore 08 :::. 2~F.· Threshold vol tage mec:surc-

men"1: can be [Hade: but some care should be taken tc in;:n::.r~ 

thai strong inversion has occured. 

This is the defi'Ll ition of thl-eshold us·cd Ul derbTing 

the basic 1·:05 equations. This there:fore suggests an easy 

measurec;ent tec:hnique. Let VGS""VDS (to insure applicati'on 

of the saturation equCI.tior:.) a.nd measure the voltage a:t t~vo 

different 1m,; currents. Knm'7ing t\·70 points on. the 

IriS=_~ \f (VGS-V""lO)2 4-15 .. 
2 L.· 

eqE8.tion, the·· eztrapola.ted value at IDS=q is' easily obtained .. 

. On the folloHingYIDS versu.s(vGS-'V'I'()c~rves one. ca~ 

ohservea departure from the s:t~aigl~tporti~n of the c.urv·e· 

_.J- ---"""11 ~,,;'c-ll·_''''~'~.J ".c. VT:.. ", .. , " .•.•.•. ,..,-.-.... ~. - ' , .. , I~>·, - - - ~ . - -. "".1)::' 0 . 

T'n; ~r1ep~1--··U . .;...:.>· .:,. .... , . .• -'7~ - -'- L.. -. - 1.P.Q]:GH-·.:es tnat ttle 

. " . 
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(.'-'.' 

\() 

requa_l.on 

IDS = !:.. H (V GS 
2 L 

or VrDs ~,[fr \-1 (V GS - V"'10) 
\' 2 L 

4-16 

is no longer valid. Since the .actual. [·ms device can conduct 

'current before VGS = VTO (ie before the onset of strong 

imTersioLl), the points used to c2_lc1.!.late the extrapolated 

threshold voltage must both be on the straight line portion 

of the curve. For a large ratio devi.ce there is aver:>: 

1 o,o.,o ... .c,o 
, __ re~ _.P~~Sl.Dl..LlLY oJ.. maKlng . -I' - the lowest of the ~~O current 

measure.ments before the on set of strong in7ersion and thereby 

extrapolated threshold voltage. The 

• • • 1<'0"? 1 1 ,measureIrlencs s.G.G-:;;n 1.'Ll ,.1: 19. '+- _ 1,12re taKen on tne • 0 ' 

saGe Ole, 

an.d i~ is, :r-ea3o:lc .. b12 ~o 8.SSt::TIZ tll.at the ph:JYsi~s at the 

':",' t~· '" ') 0 1 "f',,,-, ,-'I ,-1cL-L- (::. c: 1-. ",: d 
~4"" .L.~l ..A-'-'-'-t;;.;.~- L..J.. _WJ..1.~ '""- voltages E..re appro:-:·ii'::s.tely the Sa!!l2, but 

from Figure 4.2, one can, see, that 10/( a measurement on the 

large ratio d~vice is almost off the sta~ight line portion 

of the Y ID versus (VGS - V TO) plot. CEre should be taken 

to assure that, the threshold voltage '.·;rhich is inputed for 

COIT1puter o 1 0, , , ' 0 b"' SlIT.U_2.tlon De as 'accurate aSpOSSl.Le. 
, " 

Tile effect of S1..10strate bias on the NOS device charac.-

teristic ca.n be caIcuIc::ted by· considering the device as a 

fOilr termi;]'21 element. ACO:rlp~~te de.v·elopIT1ent of the 

equations \'i'hich, describe thefcur 

~-7as p:r..-es2.nted by Cobbold" in 1966. 

~ 
~:, 
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modified by Wang that is used in computer simulation., _ 

Another modification that is nO'\'i included is the effective 

~hre-~o1d vo1t~ae \... - ~Hl - _ Co • Threshold voltage \'Jith the sO~1rce, 

grounded to the substrate is one of the input parameters. 

An 'effective threshold is then calculated using the following 

equation: 

_~2KS Eoq ND 

Co ' 

. I 
1i2KS E q ND +"1 0-. --"------

Co 

4-17 

Leng,th and ,·;"idth para~eters used in the program Cl.re 

actual not d:L2..,,;,,-n size. 
, 

Tr!e follo-=-"ring is a 'list, of tile irlp1.lt ca.rds tl-tat the 

Crl2.nge; under differ .. eat circt~mstar'tc.es. 

1 DA'"",,\ D V""'Q XJ ~ "-'/1 ')~15' _ 1..,. '·,l,.i ,rl.t • ,,-c , 

D. = iq.purity doping density in Atom/cm3 

VTO = 'He2.sure threshold volt:e.ge with source and substrate 

tied ,together. A minus sign [!lust be included for tha 

P channel model. 

XJ = Junction depth in microns. 
, . 

AF = Surface mobilit.y redyctiori factor (see page 29) . ' 
For (111) material,' 

·IF (;:'T G'''''' 0 '0('0'" r' 1" G" r,"""O _?O D ,_ • :d.. ~ J :) 0) U 1 

20 E = 1.0/ ( • 979+37~lp"'El) 

'. -
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.'". 

\ ; 1·'0 ' .. ! 

For (lOa) material 

If eEl. GT. 0.001025) 

20 E = 1.0/C9G+39.';"El) 

GOTO 20 

This is the extent of the card or statement changeS 

needed to go one saterial or crystal orientation to another. 

As the final goal of this project is to obtain a rr:odel for 

use \'lith the SCC:;PTRE COillputer program, the length, \vidth 

and oxide thickn2,ss para~eters are inputs which co::ne 'from 

the main progra!TI to the function progr2.'21.. Tr:.E. changes 

listed are thOSe -':'inicn TI:.ust be made in the function program. 

In coillputer simulation one must De cognizant that the. 

final vindication of a model is its ability to predict 

device characteristics. In order to make a cOLiiparison 

'evaluation. The process pc,r2.':'Geters. Ivere. as 

1.2 x 1015 atoms/cm3 

xj = .6 microTIs 

tox = 1000 2: 
<Ill) material-

.... .,-
rO.Ll()~lS : 

The length 2nd '\'lidth \-7ere obtained very accurately 

accounting for over etch arldsidediffusion. Neasurements 

"Vlere me.de .. to determine VToahdB,,' (see Fig l~-4}{ho1E. mobility.} 

should provide 2. good test for the . ' '-' .' 

r::obi.lity 

VIII -38 

- ._------- ---------.~~-=---.,..=.-===-. = .="-=-==-========== 



--,-' 

-, 

~. 

"-' .. 

-1.-D 

t. 
" I!. 

!: ~ :"-

ax 
.... :J.e 

d 
z 

:-

., ... ~ ,. 

t'; :,,,..-

c --' -
. , 
; ; 

-" .. :,,-.-.--.-.~-:-.-.-.. --.-.-.. -.-~,----.-•. --.-.-.-.-. - .. '-'-.--.-.• '--~-~-'-.,--:. ------,.:-:- "-~--::r--'-'----"----'-'-' 
...... '< 



reduction and transverse mobility reduction can become 

operational effects. 

Figure 4·-5 is a comparison bet"\veen two programs that 

model NOS I-V characteristics.' TR.c'\NS 'Has \'7ritten by Pat 

o 'Farrell. This program uses Cratvford' s nQ):li1al field 

reducti6n factor 'Hhich is a function of voltage not electric 

field, and Bentchkm'lsky-Grmte channel length modulation. 

The modified FCP program "'lrittenby Nygaard-Hang and modified 

by Lattin-Richardson, uses Hang's empirical norma.l field 

mobility reduction factor and Hang's ch~nnel length modu-

lation model, but without transverse field mobility reduction 

factor. In figure 4-6 the same device characteristics are 

. compared 't;·;i.th modified tr2.nsv·erse 

field mobility reduction. Note the dip at 12.rge vzlues of 

"'OS. This departuL'e froU! the ae·tnal I-V deVice char.e.cteristics 

".4 .... ,-. , 1 
~s "Cne resuJ.t: 01: a.n ~1!!rroper !noa~ •• At the present time 

there. is no accepted model fo!:" this' phenomG:uon, therefore 

this effect should not be included in the lyi08 device model • 

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

and the computer sim~lation l.1singthe Bentchkm'7sky normal 

field !!lability reductIon rEodel~ At large values of Vn, 

mobility is increased . ratherth'ar. de~rsased,~'7hich· results 
. . '. '." ,"' 

.- . ," , .. 

in. an unrealistic increase· in drain c1J.rrent .. ' 

·Figures4~8,4~9, ,a.~d 4;~10'are ib.~ludecl to demcsnstrate 

the computer model is ability. to accourit fOr source to 

swstt·2.te bias. . The:draiil current' should decrec..se ,,·;hen'· 
~ .. ~ . 

'. 

e' 
; .. 
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the drain to substrate junction is reversed biased. The 

amount of current decrease is directlv related 
.I 

to substrate 

doping and in the exac~ple given the doping ,-,as ~t..·oul- 1 ?x 1 015 c..L- '- • _ .L 

. a tOrLlS / cm3 • If the doping \·;rere higher the decre:::.se in 

current \,;,ould. be greater . 

. ~. "..-
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Ch2.pter 5 

(0 Conclusions 

The purpose of this· proj ect \'las to obtain the beat 

HOS model for CO!l_puter si.mulation using input parameters 

familiar to .the design engineer. The basic eq~ationsare 

those presented by Grove. These must be modified to ac-

corr~odate a four terminaldescriDtion . ... . . 
Cbapter-l presenl:S the four terminal 2quatio2s anG[ 

. ~ ...... ,. , - ",..:r • -. r a rl·"'· .L- • compares 1:neLl1 ';vlU:1 tnG aCCep1:2u SlE1pllI:le--. Geslgn equaL-lOnS 

(referred to as Gr2.\·7ford' s equations). This should acquaint 

the circuit designer \'lith possible errors in using these 

equations. 

}Iobility 

s Jr:ll) 1 iried 

ti!at vary under certain bias conditions. Chapter 2 presents 

d · -f . .. .• .' 1 ' - C b ·1·' . It· erenc m~1:nema1:lCa_ moc21S OL mo' l_lCy variation. The 
., ..... 

electric field seems 

to be the best model. This mod.el 2.1so has 

being easy to change for-different crystal orientations. 

length modulation. 7h .... ~ s~~n' ·d~-'-d '.p. ··-.. 71 ·J·u,"c;.-~.orr.··· "-1"\·~o-~-7 __ ......... L ....... ./.... -.L:-' l... _.I. ·L..L.. L .toe::, L} 

the 

the Hc~:lg model is negligicle. 

ar!rl iht.egr'c-ti-o,l-~ 

,&~ 
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program is now availabl~which will give accurate results 

over a "\:'lid2 epe.rating--range. The program dees not account 

for junc.tion breakdm·Jrl··or excessive Q!.."iving volU'.g£::s. The 

P ~oo-~~'--" ~orlpl c""nno'"" y; e1 r'l ~cc--r~j--... L O .1..C.!..U!.L!."-L.- ~ ... !'J.\.- ___ c u_c __ t:: resul ts "\:-Jit'nout proper 

design eng:i.n~er ffi;'lSt be cogni.zant of these parcmeters, and 

their measurement. 

An accurate NOS device model fer computer simulation 

should include normal- field -mobility reduction and chc.:1nel 

length modulation. I';e reco!TI:."Jehd that the normal field 

mobility reduction be m6deled by the empirical model pre-

serrted by~ \.J ang. Channel length modulation can be modeled 

by either the Bantchko"';vsl;:.y-Grove or Ivang methocL Transverse 

recli]ction . '0' - 1.1 - _..:J - ~ -0'- - ~ - _ ..... 1 v t~OL t e I;:'~U C.~ _ .LC";'C:L1\-,1.. J 

modeled. 

In Appendix _t:.~ the t-';'70 progr2:-i13 availclble fo"C i\lOS device 

simulation are listed. 
_, __ 'e> 
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Integrated Circuit Design 

The initial step of LSI 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 customer's design and prevent misinter

pretation of the system by the engineer. l~nen the logic system is verified 

(see SHiUL 8), the logi"cc.l functions, are broken into cells, or sffic.ll electronic 

circuits. The folIm'ling section is a detailed description of the design 

procedure of HOS electronic functions. 

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, c.nd arranged for area optimizc.tion on the 

chip. The graphical structure of the chip is then photo reduced c.nd parts are 

manufactured. Simultc.neously the logical simulation information is used to 

generate a sequence to test the finished parts. See figure 9.L 
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CH..-\PTER IX 

D-C'Circuit Design 

DC Design 

The design engineer begins building an MOS integrated circuit by 

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

design these cells electrically to fit the requirements specified by the 

customer, the technology, and/or marketing information. 

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

set of inverters which fit a group of design criteria. 

Design Criteria 

The following criteria usually describe the inverter design completely: 

. L Process required to design chip 

2. Supply Range: 

VDD max., VnD typ., VDDmin. 

VGG max., VGG typ .. , VGGmin. 

3. Input Signal Levels 

o min., 0 max. 
Output: - -,.--

I min., I max. 

4. Output Signal Levels 

o min., 0 max. 

I min., I max. 

5. Output Current Loading 

o Level Current 

1 Level Current 

,Input 

','.',.':' 

6 ~ _ Minimu.m, Typical~ Haximum Power Dissipati.on 
. '," ,," ." '. 

""7., -Minimum, TYi>ical;_~i~trin"~ise ~~d F~llt:i.mes or, propagation delay~ 
c, .' 

'" :~,; ," 

":Witht'hesecriterion:theengineer, c~n_:begin' designing_an ,inverter." 
~~',:;::..;' : .... ;,>.~.:; ,: ~ . , . 

"" ':.' .,',iL~~~7,inV~x;~,er::;~~:;'~¥Pl,~:~: QV:'andd resistaricedevic~' Q2. 

'A -higbresistance:MOSdevice,~lw~y~bi'as~d,~n;:'isoften used ak a resistor 
.,;'.-

'" , be'cause<it:,requi're~~ignificantly smaller chip area t~an,adiff,:sed resistor. 
, ..•... .~" 
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DC DESIGN OF Pr-'lOS rNVERTER 

Determine 
Design 
Criteria 

. 1-
Select appropriate limit 
of voltages and process 
pa.rameters from Table 9.1 

! . 
Design load device 

Drawn size to nearest .05 mil 

! 
Select voltage and process 
limi ts for worst case "0" 
level 

I 

! 
Analyze load device with 
new limits to find current 

-. 

Design Switch .Device 
with new current arid 
new voltage and process 
limi ts -
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The inverter works as follo\'7s: The switch device is turned off when the 

voltage applied bet,.;reen its gate and source is lower than its threshold 

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

VDD: When the input voltage on the gat~ of the switch transistor is greater 

than the threshold voltage the switch device. turns on. Ql and Q2 then 

become a resis.tive voltage divider. If the resistance of Ql is small, the. 

output voltage is near ground. The resistance of Q2 is non linear; and'a 

better speed po,,7er product is realized by connecting the gate to a supply 

voltage. (VGG) greater than the drain supply voltage (VDD)' 

The appropriate process is chosen from the supply voltage specification, 

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

requix;es VGG supplies between -12 and '-20, and VDD suppl~ed betvleen -7 and -20. 

The High Threshold Process requires -15';;;: VGG ';;;: -30 and -10 ';;;: VDD ';;;: -30. 

Silicon Gate requires' Low Threshold supplies. 

The input an,d output signal levels a::e determined by the Process, 

available supplies, and the required noise iminunity at the chip terminals or 

the required noise immunity. at connections between cells on the chip. 

Cells "toJ'hich COIl.!lect to' chip terminals are generailly required to source 

or sink current at a given output voltage as an interface requirem.ent. Next,_ 

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

. power which reflects a.min., typ., or max. cell current. 

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

equations and the effects of Beta degradation, substrate reverse bias: side 

diffusion, and oxide etching •. 

" .": .. 

. .. " "", -.i: 

~ -.: 
.: .~': 

"." . 
""-."''' '-. 

- , .... 
IX -6· 



DC Analysis of HOS Devices 

An HOS device can be biased for two different regions of operation. 

These two regions are the saturation and triode or nonsaturation region. 

The ideal equations -';'7hich describe. the operation of the MOS device for 

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

Saturation Region 

where 

=~ 
ZL 

. - Triode' Region 

IDS = ~ ZL 
where 

VGS > VDS 

2 (VGS 

+ VTr/J 

- VTO) VDS - VDS 2 

The above ideal MOS 'de:vice equations will now be modified to include the 

effects of beta degradation, body effect, and the effective length and width 

of an MOS device. 

where 

Beta Degradation 

For the above equations, 

i3 = €ox IJ. P 

€ox = dielectric const.ant of the gate oxide 

tox = thickness of the gate oxide 

~ p = mobility of holes in the inversion layer 

The mobility term IJ. p was assumed to be constant when the equations were 

derived. Foran actual HOS device, as the gatefieldbecoIDes larger, the 

carriers in the channel are attrac't~d to"lard the surface and are subjected to 

an increased surface scattering effect. . This surface scat'tering effect tends 

.to decrease theeffect:ive' mobility of the holes and thus cause a reduction in 
~ . .. 

the ',beta term of the equations. 
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This effect can be illustrated by a plot of the incremental drain 

resistance rdt in the triode region. The equation for rdt is given by: 

L 1 
rdt = I3W 

This plot is shown in figure 3-11, page 64, inCra~o7ford' s, MOSFET in 

Circuit Design. 

The curve on page 67 of Crawford will be used to determine the. beta 

degrada~ion (!3deg) 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 channel current flo\o7 between the source and drain .. The 

substrate bias will decrease the amount of mobile carriers available for 

conduction and thus the IDS current will also be reduced. 

Body effect is given by 

VBE = -Kl ( 2 F + V source 2 F) 

The body effect 'valuesto be used. for a design are given in a series of 

graphs in the design manual under the section called VBE. These graphs are 

plots of VBE 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. 

ACTUAL 
.;. . .; 

~'., .. '. ..' .• ,... '. , .•... " >'. . ...... . , ..... '. ':" .. ' '. 
~:Fromthefigure~theeffective.-1ength (L)' is given by , .. 

" . '-, .... ? • 

. >'.Leff := Ldrawn - 2 LlL 

. The value to be .used for ilL is given in a table 9.1 in the design 

manual. 
. 

.' '.:. 

8 



; ..... 1-"'.-. ',' :OL'.'.' 
. .. - ...... ' 

NO. :1<1U-.' n 1)1I;'r:tO£I~ c.mAt'H PAPEn , ~ , ',nXIOPWINCil (/\"J 
o 

EUl.iI;NI~ Ult .. 1 ".n.n ww, 
M/IDE "I IJ. U. A. 

. . 

, .... , , 6---

~.~!~.~::.~~.~~ .. ~ .. ~.E.~.~~~~~~~I~I~j-.·~~.~~I~II~~~i.~~· [ REVERSh VOLTAG1~~:=lj~±ESjrL-' __ ~ -1-1-~Jj .. Jj~tl~ll=dij-- - -- ---- - --
• \I . I~". . ..-. .... . . - -'~ = =I~.:~: :::1~·1=:~ ~f= -=:.: == --::::: .. : ~:!=F =:I:I='.:G~t ~:E::::: ::= =:.:: = =1=~= =~:: ::::: = ~:: ~ =~-== =::.:: == -. =- -r== -I=R.== 

.-:.:::::: =: .-::::::'::: ==::: =. =: -. ~: == . 1. 3-2 ohm-c.m:::' .:::.:t:::· =:I===~== ==:t :":':":=I;'~' :~I:~:~=: -:::.' =: =: -:::~.~.::' - ... -:.- -.... - ... - -- - -'-- - .. -- - .-- - .. -- . - -- -~'. '1-" .... --' .. - .............. ··1- - -. . .. '. SU h8 tr n te . -- · .. 1·-· .. ·· ... , .... -.. --- -1-,' ... -I-·~·"-rl.·· - .......... -. - - ....... -- -, - .. -.- - "," - - -- -- -1' --3- - -h- .. -..... -j -. "':::. :::I~:;';:~ -
-- - '-,- . ,- 1-1--1----- --1--'- - - -~-.- .- - - •. 1-1--·-- -- ---- ,....--- . 0 m-cm S S ~ ..... 

== -:: =~ .. -_:I~J .. ~: .. :1==:: =: =. --. _. - I. -~ ... ri-· .. -·=E ~.- .'1- --I~ -- --1-=1- .. ··-·-f· -. ·_jt --._ .. --::=:.~=:::===:'::-.== :.::r:~:: ==:"I~ =j'-j' ·+I=lEi:=II~··IT.I~T~~~i-I~:':: =:::'~.' . .. -- :~:: ~=:.~=:= =:==~:=. ==. :::::==:'::==:::·~I::!=-·~:· ~=I=:::'~:::: =::r:=i:::::::: ==== j::: :~=: ~I:-::' = ::I·~:::·~ ==:~:~ ~:I..:-·- - -.- -'1-" - .---.. --:.:.: =::: =/=: t:: ": .. '~ .~~.~ :'::I:::I==~==::=.~ 
O~ '-t:t---'-' ._ ..... -I .. j- ..... ----... :- .--.-.j--.-..... -~ .. ' .... -.---.-I.--- - .. ·· .. ·-- .... 1·- ... ,_ ..... -....... --.-j .. -_._- --.. ----= .=-. -'-- ... ! .. L. ---i-- -l-~'I--- -1 • L··· 1- I- .i_· . - -- - i- 1-1- -1- r" - ... -,- - - - J- - - -I- - - - ;..--v.-.! _ _I 

HE :~l= ~ ~.I~: .~ ~ ~:I= ~ =,~:: : ~ :: ~=:: ::=::':: ~ ~ i ~ :: =: ::: ~:: ~ ~ ~:: :: c ~ ~ :=j=r:P 1= t='::: : :: = ::=:: :-:: =. =: =:: :: }- ~ = ~:~~ : = :: :: :: :::: ::1::1= ::: ::1:: : : :: =: =:: . 
V).' ·'II .. ·l .. · -.. 1·-.... · .. t .. , .. , -.- --1- .-~- -.' -.... -· .. =-:t~::--. -}.'':: .. = = ..... =::::.~:. ~I.·J~.I.' '.'~: :'::!..:::':I~l.~t.::.:: ::::::.:::. =::: .~=~t. ·~~:::.i'-~'-::' :"~~I_~~::,::_)I~~I=::I':: == .. =t=I:.:-d:I _ ..... -_ .... :J- ---7"--1-. -I- - 1--: + t-d t 1-1 I' 1 .. 1--·----.- .. ---cl-fl.-l;Yk~-I~T::I::::r::.-.---.-::f-=~-.----~I-1-::'I=-I 

. :':L .:- ' '.:~:-:- .e.:.~ -- ~:. ~.:--::== ={= -1=::: =.~'=.~ =~ ~~:= = ~:~~:~.:.':~ =I:~ :~::~. ·'~'~I-... L .:.:. ::1::::.:: ::'·.~LJ~J·'::·~ ~:.~::. ::1::::::.-1=-=,= :::-::===~= :-=1 .. -I:::.:: rl ~hlm'-~I;l ~ 8Ii~' . : 

-' --1-.. --... _... .. - -I-I- -_. --.' --I-' -1- -1'-1--" '-1- -'_,... . -I- -'j-"rPI""-""-"" 1-'- -·-1'" .. 1--1 - .- .. - -1-1--' +-j;;p- "1 II ,. I· . 1 ·r-+- .. _. ·1" .., _. :'1--1- ........... - - .- ..... -- - - ... - ...... - ... - ............ - ... - ,- -"I" .- .... ! .. 'liB" -. .~ ... -1- 'l:::r: ~: :::I"~r .:.::~:/: "--~ j:t.l.:r-::. ::: :-, ... 1: '-~ ~ .... = .. ~ ~.: .... 1:.. =. :: .. -I" - J 

=I~II:~ =J=I·~·l-=:"I~II==I=. :1: =~: ==1==== ==='-:1: =E~ == ~~'==:=~,=~I~ ~ ==~~?I~,~ ='II_i = J~i::~. :::~[ ~:'~: =~~ = ~'~F ~.~ ~:I~~~ = ::::: ~~:::::: ~= ==::::::: ~= =1= ~ ·~I=:'-'=~ :':7:111-:' 
I I. II.. I I '.. I .. -~ ... ,. --.- _. __ .'- _. -~- - ........ _ - ..... ~ .. -· .. 1- ... -'- ... 1 ... _. ··1·· !-~~.-I·I·'-·I .. "1- .... - .. I'~" ,-1,,-, ...... - ... ' .... - -.- - ·-r-· .-- .-.... -. ·-1-'" - ... + .. 1 

- - ... -.- -.. "-,.-.- -'" -.. -•. - ......... !.-< ... -.. "'''1'''1''' '1".·1--1· .. ::~ ....... ,-.l-,"l .. I"I· "L. ...... :" .•. - .- ..... - -......... _'" ... - - -- -:/- -1-- - .- -.. -1- .... "J-!- ." 
. I:J /-1 I-C~ .. I-- +- II- 1 .... /"" - -11-l-r+J:-~f~'-H-- .. _L_ .. _ .. -.---. -- _."'-,-1-. -----1- !- --- -" - ---

::p .. ~l i.:'::C .... 1 ..... -.1.=.1-.. -:: -... I= .. ~. ·t.··.· ~". ~ .. ' '-.' ". :l-:~.-.·- -..• :-1-.. : -.·1= .. ~ = ... -::: ~ .. :=~.:~~ "~'~.= ~.~ ~ :::'=: ~:.~:':·· .• ·rm-· '.:."I.:=:.~I:'.-.. II·=1·~r.=!:: ... ~ 'J ... L~=I: .. II:.:I~.::IJ~ :~.': ~_~.~.E ~·=r=. :::::::~::::: '=I.:'::~- =. == -= :::-. J .. ~:. =~ i·~:r =. ~'.'.:: .-.. j J .-- -- ..... - -I· - -... --- -- - .- ..... - - - -. - - - -. .. .1;>' II! 1 I:J ..... _ ... " .... ...I ... _ ... _ •. __ '-:.. _ .. ___ ... ..:. . __ - - .. -. - - .- -.. - - -. c. -- -I--~ -",- -.. _- -- --. "1- " .... - .... 1.- .- .- ...... -.- .... - -.-. - - ~ -- - - - -.- .-. - -- - -- - ... - .. -. - ... _ ......... - -

...... ~ _. -..... ·I.e " .......... -- .. - .~ -.. ~. -,-. -I·-J. ....... c .. _ ... -. - .--j.;.-Ir:: ,,- .- .............. - " .. - .... - - .. - ... - .... -·-1- .- - -1-· -""I"' .. -:-.. -- -. -- -'1-'" ... -. -" _ .. ---.- -- - -- -----..... _- -.. " -.... "I' -,.-" ... _. 
'1- - '.'j-. ". '''.1-. - ,-.l-... 1-... ' -. - '."'" · .. I"':i=vr-c~· --.. -. --.. l%..- ..... - - -. r -.... -. -·-Ie. _.- "J'" ........ +. -. - .... --j- -1-:1' .t·:: :. :.~ :::: .. :-.' :::'. ::: - :: ::: ::::: :: .::: :=::: = =.~~. ~- ::: == -=~ :.::,::: = = :.:: .• j"'~ =. ::::::t -

.0 I··r ... ~=.: -~:.:: ~ 'j-: ~ ... - -. - ·--j-'l/l~"·=I:::l;p2l: -'~=~~-'=~=~~~li= = ~ =~i=~'~l~ ~.~ ~~,': ~:~=I=~I:£~ =I~ :,::._ =~~:== _~ _._ = .... :~= .. _______ . _______ ... _I~:=I:,::~= ....... --.. - .. =i--.. . .. 1-. - - - - - .. -vi-- -1·- .. -I-- .. - ... - ... -, . . ... . . . fl .. I 
. I ~l~ -:j=i='l= :z~e~l~~~~:J~ ~~:i~b =: J~ =:fl=:JI==d:d:~.: t: :I=~=:~<f=~~= =: = l:-:~ •• :=:= ~I:-: == ===::::1= : :I~ 
1 "1'-" ···.j·l--.···V'·,·-·J..t'-L.- ... .I- ....... --. _ ... c._ .. - ...... ~.-" . '. II' ,. ' ... ~I .. . .... . .... /-·--1-, .. -/-. ·Ii- .- . ·-1 " •. ,- •• + --I·" -. ·-1- .... --.. - _I -. - .- -._.- .... - .... -.- -._ .. --;- - -< - - - ... ''',-- - - .- - - - ... - -- - ... - -- ... - . .:. -' • - - -- - '-':':::::::::::: =~=::.:: == =-.::: ~. :.~ .:= =-. ~ ~= .-1- _ .. 1_. 
I .. o. - --1'- j "'''~-I ~t\/ I'''' -' .... 1" -. - -: - - - + ~--.- = . -.+ -. =-.- ..... -- -I· .. ·::: J::I":'I~'::" -1=1::::1:: =- .. -.. - ::..l: -1=-.;'::::'::::: - -;- - - - -.. - - - ~-j-_,_Li + ~-' 

-- -/::'1';+- ·'·~.l~"'~ -... ~.: -~: ... ==- -1-- ~- ~ :T-. _':::: --1-' -I::::~-- ... r::::" - -f-:-~-r-~- ... I--=l+ ··_I·_t::::~ ---1-1- - - ---- - - - - -.- -.- --- - - .... -- - - -1- "'[r:.::r"l- ~'-"" 
I \ ··I-.. t- ·-l~·· _ .. 1,.(... .. ,-1 .......... '.- -..... - -.- .... -.. ' ~ ... - .--.r." ..... -.. -.c .. - ... -. -... : .......... -". - -.. - .. - ... -'-r: -. r.r·- -.1-.1.1"" -1- ..... -.-- -........ -.~ -!-----.... --... ---.. ---- .. ----.-.- --'.-'-- -- '-1- ... - .. ... +. - .riA-.·- .. "~k- -. c. - - ..... -1-... -~. - - ·-l- .. -. -. - - ..... ". _. - -. "'-1- ... - -. --.. - - -1'-' _.- -- - '-'-"1-'- -- - ---.- - -'- --- -. - -- -- --1-- -+- - - - - ........ - - ... - - ........ -. : .. -·t"j·· .jA.I.. .......... -J-. - ... ~ - - -+.-.-,-- ... ~-- ..I: .'- ... - -.. -- - ~ ... -. -t -- J" - .. I·I-[-·- ..... t· .. -.... -.- -1- - - - ==~- =.- ---.-.+ -- - - -" ... - -. --!- - =.- =J= --.::::.. 
'
I . "·1'-' ""''' ... ,'- ...... , - .. "' .. __ ._,-1-- "_i-'-!_~L_- _."-.- ... -"'-J' I-Ij-'--r"-I--"--- -. -1--'-' i-'- ~- 1-' , ,'. ...... .' 1--. .. .-- -.-1- ... -' ..... ------ .. 1-.... ---------1-1----- ,.---.. ---------.--.---- .. =,~.·.'·.·,·-·'~ .... :lHl--.L.-.i=t.-~:==r: =1=-" :::I~.· ~:::." ::':1=='1--'='''' =1=. =lrn=·~::·= ::::='::r~:"::::l:"!'~i= J~l' ~.I.:·'.,J.t~ffiL ·"::"fffil=~.::': :':=~=J:=~ = :=":: -- = =::11:== = == = ==~!=.::: -= :::~=:.::='::::::: .-== ':::~I:::: = :-::1

1:= =::..1:"·'1.=-:1 .. I--·",-·-H'-I·'-c-i-·---·" - ·_--·--_···-··-t-I--·"··-I--· T""'f-q'~ I !1'11 I k l-L ; ° _~I.It: .. -1:1:.:1:" .. -':'-1- -. - '.' ... -- -. --1- - -- + .... - .. t-· '-"-.- .- -. "1- _ ... j·tl.p:tD.:C..c-- -. - -- ...... - --1-" - - -I- - -1- - -. --. - -I- - -.- - ...... -I 1 ... "" - .. -1- - - - -,._ 

10 .... .,.. ··Is 110 . /15 120 
.:, ..... · •• _ ......... __ c_1 .,1 ... ..; t~_tl .. ~LJ. Il~ '!"It:! lIn "I t'"nrrf3 _ \1~ _ tV) 



"..,...'0 ,_ ,.-. '-- ~:----'. -.-, - .--rlU;--:-~'1IT·-n.l-Ut';-I-I.l.Jr;''f-l'lfH'I·'I-'·''f .. t:... • ........... -.-,.- .. '-.-.-.--•• 

'I"'" .' , Itl )( I[l PEH INCII ,-:::::\ 

'0 D) 
'.IIIIlr. II~ 1.1. II. II, 

0" 
BODY - Ej?FECT VOI.TAGE -r ,.' ,- -- -- " '~. . liT. 

i ~ ==-= .. I.:f:... vs.. ". '. =..:-_~~- __ ~: ::1.-::J-=-..:.::.:=-.E.-~~ :±l=I:::'-: =-:~ -.~ .. ~.- ~.~~I~~ J::-.::-·==:c:l-::-==-~=.= :~===-==.'=:::'::' =. =!I=-::' = :'::=.'::' ::'.·==I==':::::::1:~ =:'='=!=':.-I=I 
: .- _I- --t-I- SOtJRCE- sunSTHATE -.- -':-- -- _1 __ -- _____ -=!=!--.-- ___ -- ·1- _1_1_ - ---- --- -- -'-" - - -+- --- -1- - -- - -- - - - - - -- - - - - - - -1- -'- __ I... - - =~j 

g' ...... -+--W~ -. ---- -1------,·'t----·-1. - -------- - -.-j----.-- J,-----j- --1- ______ 1-+ ___ ~- -;-- -H-'-
1_ -- -- -- -'.- . .-. ' .. - --.. -.' -. '.- -- __ .1....1. ---- _ --. _ ---1- .- ---..... -1-. -',"-' -I ........ - '-1--. -_1'-', '-.- -.1--- .. --1- - ~.-- _L. - ... -.' -. -- -1-. -- - -- 1.._ 'J- - -- - - -- .- -1- _L -ill -. -- -- ---I-I'" .--- -1- -.. ;-.j;, - -. ---!-. --I--~-'- ---.. --------"+--r --1--- - -- - - -'- -- -l ~ .. -.- --.. -.. --- -- - -1- .. -1- -- - __ L =r -- -- --- -1- -+ -- ---- -_1_1_1_'--

i. 0 I~J: ~I=I~ __ _ _ .. ~ .. 3== ~F~= =-::~ ~: -= =~==~ $-~ '=1= ~Ii~C=. ~~~~t~~ ~~=-=l::-::: ~.:: =.:::::: :::=::::::~-~-I=,~= =-~=:.:::::: ~=t~. -::: ::::::1:'::::: =:::--,=:;11=:'::::: 
-. -- =:1-[-1--- -:1=:- -- '-. r..--f-. 1--1=. d. -1- -.- ---1-. - -. -1.- - - --I· .. · - - .:...1-· -1---- -~'--. -\-i-I-.... -- +- - ... - -~------ -- --- -1'-' .- - -- -- ---- -- -.- - -- - - '-. -- - -- -. -..1-1-,'-' -1·-1 .. -.. 1-. ' .. ~ -- -1- --!._- - -. -- - 3-5 ohm;",cm Substrate ----- - - .. --- -I---I·-I .. t- -~'I-I-- -- --l---- -1------·- --- -- --- ---. --- -.-- -- ---... --- --,--1-- - -- - - __ LI-_ 

-- -- ... C" - - ... - .. -- - - ...... -'- -- - - - -I -r -[ -- -,-' -- -- .. --- -- .. ---- --"'--T- --1-- - .- .. --... _ ... --1'- .. -.. - -,1- - - -.- ... - --. -. -- -. -. - - - - .. - .- - -- - .- _. -.. - - - -: -

~I= = = ~-= ~- ~~ .. ~I==::: ~= =~~ ~~~=_ --=:==i~' i:=== = -= == =~ ==== =f -:.=~: ~==:= -=I:.=~= :.===== = ====~~===~=~=I== -- = ~=~==I===!~=={ ~---.. = 
-- --1- -,+ -1-.- __ . ____ c -- -- __ cL __ -: ~.: - -: --:Ll--- -- -- -:-:'- --- -- ----~ 

--1'--.1-- .... ~I·.-J--~. '-I--I+.· .. ·ll~ ...... -.... j .. I .. :r.-...... -... L+ ... '.I-c-.... --.·.I~ ... :. -:. --J.,', 'l~~: ~~ ~ .~ : :ll~I~;.i:;i~ll~:.~ ~:-.: I~ ;f!-~I~: E·.-~!:~J· ~ ~.l~t~~ .~ ~I~ ; ~ ~jl~I~'~ ~ ~I=I~ ~I~ ~flJ=F-I~ ::':: ::~~ .. =I=~tf:'l: 1~-:::II=f=I.~t -~II::I=I-~ ::: ~ll:tl=t "j_._L ... _______ ,_ --!-I..:...---H,---' -----W --;--I-JJ:·---::L--- ----- .j ________ t ______ J_ --.. I-!-H---]-l- 1-1-' 1--.1::... . --j---I.------jj-l-
~- - -' ---1-"1' -- '-1--" ~-. --.. -....... -'l~' "I' '-"- .... 1-'--· .. ·- -, ---!--.- -1-1-- '-1-.. 1-.. -- -........ -- _1- --I~JLI- -- .-- +--- -- --1-·-- - -1- '-- - -f- -- - .. -- ---'1-- -.- - -j'-'- --I-I-H-, , ... ::: = __ ... ~ ~ =1=: =::: ~:::::::: =~= -:..::: ~- .==::: --~: =::: - := :I~~:.- :--:::::::: =1=: ::':::I==:::::::~ : .. :::. = -x~I=I: -.-'= :1=-- ~:=::::: :::-::::..::: ~I-::: ~_::: ::: :1-:':: ~ ::::::: ::: == -=.=::: ~--;-:::::: =1== ~- .--.. ~:~ :::u:, 

•• 0 1 .. ~LtllT.L- :::1~t.-1 J- -- 'j'" --- -1-- -. -.. 1. ... -.,. -- -.'-. =:1- -.-'-'--.1 .... _+.1.. ---- --I--U---:j·rJJ.----=1=.-- --~=f ... ~ ... +- -1- - .---- - --1-1-' ---·--I-'-I--lj.:'1- J~I_IJ_ .. 1-1-q", :l .. --t- [-'--r±i---I~ -- - - - L :l __ ,-I..J .. _ -1 _,-L -t--f-I- ±-t--E -I-_L -0- ' ___ +_I:"::I=j_.J_ ... +~ __ LJ.-j_I·_ '---'" .......... -.. --- .. :'-- -- --'- ---- .. -.. -. -- -- + ... -.- -1-. __ 1 .. _ ----. - .-- ---- -.:1--.... - .-'--1---'--'_-- -- - --- -- - -..... -.----. -- --!-- .. -- - --1--- .. - .. --.• 3 ohm-em' sf s 1-- --I--
I ."- - - - .--- ----- --1--;-1- -'- - - .L --.-- -- ... - ... -- -.. -" --- ....... _. - -' ___ L -.. -- - - -- _.,._1-._ - -- ----. -.- - .... --- ---- - .. - -- --- J_ -.-... --- ... --- -- ---rr--"-'- .-.,--. 

1"1"-:':".- ~-~ -r -~ ~:- --.-:::~ -c. :::~ .. -::: - -- ~-.' = -=::: ~- - -::: :::E. = ~.' .. ' = -:= =8= ~".-- -- :~- =:=,~L:-.J:= =.~-I:::I:I:': = =::: -== ====::: -=-: =::: =.::.: :-~ .:... :=I~ ==,:::-~: -1:~1.:.J= --,-== - =::1 ___ 1:1 ,:,lljj~·-
..... -." --.·:I.~I--.I=:I:::.=:~. ~.S=t:: -.-= ..... = .. ::-.' ". =.':::'===. =. ,- .. ==:::.{~ .. ~ = .... -= =J=. =1:::::::::.=1::1--:-.--::: :~t~~.-=~~I= ::~=::: =::: ::::::: ~:f- =. =::- =1===.= .=::= .=1= =-- -- -- --1-- ~I~-"I-I- --! .. -I-- -1-.1--1--

,-j_ . .I_~_ J....' .'-1--1-. U. _.- f' . -+ _. I....L. ~I= = ~tl= = =-~ = ~=l; =-=::: =F -.--- =':= =~t ~E~:= ~.~ = ~= :=:i =:: = -= = ~. -= ~li ]f -- =1= ... ::: -1:::l~I-- ~:::J_ j~=1=-f- ~.t' u_ --'- , .. -, I .. -I--d~ - +.1.. --... . -- - -- - - ,--- - -... ,-- -- --1- - -- -'-1-- -- - - --- -- ---- + .... -- --1-- .. - --- r= - - -- - - -- - -- - 'C' - ---!--,l-- .. ..- -.. - - - -- - -.- - -- -- - . +- ---...- .. ++ -- ~ --; -- .. ..I 

1 -'-l-cl-I-I-~+-l-T-I"-l-'-LL J- _1_._ -t-~'J -1' - -'- - - jC"~' -i- .. ---1- "_1_ -.~ --~- .. !-I.~"*I-i-,I·--- . -J .. _ ---IJJ --I-I- --~j-- - - - - --,--:::!;;;L.-U1::t:1-I--I-"I--I-I-I-1-1-'-
. _ ... 1_ .... ~tt --, --1-- - -. - --~ -- .' ..... -.- .. - --- ... - - L ___ I __ -- j-- - -.. --' _.t -- .-.- .. - '-.-1. - --1'1-- .- .-H. -- .- -' ... _ .. ·c -- ... -1--1.- .- .. - ... - - -- -. ----- -- "';';> '1"""j-+-- -L - L..II 5 ohm- em sis 
. _1 ___ ... , -- ... -. -1- --1- - -- -- - - .-: -1 .. - -. -- - --- - -- - -·1- - - .-!- - - - -..... 1-· --I-.. --.. -- -- .. ---.. -- -.. ' - - --'- -... -- -. -- - .. -- - -- -l .. --I .. ''':':;:'- "1- H:-:::: .. --- -'1-' -.. - --. -- - --1.-- -- - I" - .. - - .... -I ) -'hl.l .. --.. JI- --. -11r- -. -- -. -.- .... --'''1- - - -'-1-·' ----.1. ,. n,-,·-.- ... -J .. -1- --1.1-1-. f+-'-'- - - - _L_ ..1- -- ... -... 1-- -LI-I-I-I-IH- .. ·l 
1 . --'--'-i--,-!-- +.--li .. ··.· -·-1 . -1"'-- " 4---j-- ++- -'-'-1- 1+'.' r -~-~+- .. d-I-I-I·- 1-- - .... j-I--H . - ,- _1 -1-- --l-L----"1'--j-1 

'-'-"l-l"~- -1.- '-1"+- -1- -- .... 1·- -.. '1-. -' .. I·e ...... ,-.. ,-'-.. ----J'R--t -- - -· .... 1+-. -- "'.1-1- 1- 1'-' . "'j--1-- . I.:J-'.l.."-.I-... 1-. ~, .• JL._ --- - .--1 .......... - .. -- - ..... - -I .. -l_L.-. -L-L.t-h -I.J-'- __ I.I-_.I . -:-1 .. ·1-· --" - ... --.-. -- --.- - .-.- - -"- - -... - ... ------ ' .. ---- .- -1-- -1- -.. 1----· .. -j-- --. --I .. ;;l'-MI--I--LI·· -J..I- --1'-1-1-- -- -1.---1 .. ··- -. --- .- -.. -1-- - -1-· - ---1--'" -- -1-'1- -'''1----1-'-'· -.... __ 1 __ -1 .. -.. ---- --..-.-.- - - -.... --+-- -:- -- - . -- ___ .. J ... - -'-'-- ..... -'--~-- .. - '--'-" -- .. _I. ,--, ! .. -I'" -- .. -1--- .. - ... -- -. - -"--.--'- - -1-.... --- ... - .. ----.- - - --. - .. --.----- -- . - - --. --,- -1- .... -1.. .. -I TI I - . ~ J- ~I- --I-Ie ...• J,.. • ti -1-:1 1- +-- --c. -, Ii -'-I ... ... -1-1- J-Il-r i-lLL --I- ~ -IJ 1-J::13l --E --1- -I}I-I~ +1+ ...... -

l. 0 Jt:'=-j'=--'-:'::'~:':\== ::IJ~-.~:-:(tt::: =. ffi-.. :=I~ -I'l.·:j~!::: =:I~I:t:.I:= :=. ~~'-.I= ... '==. :l=t.=~~ .. ~I:±1--!= -~I'~' :-- :-",=II~·:I=I=:::l::'.· ~=I::: =-~·::::::C ~::::::.-: -=~ ~ ==-1= =-=l=:-:,.I~=f:::~=t=::-1]=I±:==~=.IJJ:::fl=:I~I::: _ + __ -I-l.....LH- - -Li... _LJJ.J 1 -1- - '---r-L-J- jj_L -- J::: -- .-. .- - J:lj_ .l. J ='- - -!- -1- \-1- It- -:-;-t-cJ !---l-++,±L.. 
, " , ,-, ,', 1/ -1 ____ L. ._ ... L .. _' ___ L .-, .... j ________ I .; ________ I __ ! ___________ -i- ._L_ .. '. ___ -' -I.J- ---- __ -- --.-- _ ---.:-- -1- - -·I-L,--- --- .. 1"-""-1 

, IT!, .. ,_._ .. _ .. '--L-I ... -.--- - --- - -1 .. - '-1- .... --- - __ 1_.1... -Li--l--- .... --- --1. .. 1--1---- -.. ! ... _1.. __ -..- - ... 1..1.. .... - . -1- -- __ t --1-.. --- -1- ___ 1 __ ---J-J.. , I 
"L,_L-, .. -h..r-;~/.--I .-.-.-L -- .. --1---1.- .' - .. - - -' - -..... - ---- --"",- -1--" .' ---'-. - --- ___ .. 1' __ 1 .... ___ 1_.-.-.1..1.- --1--,-- ---'I-J--t -1-- -.- -- --.- -- -- --- --i--..L,1----""j--I.--- -1---1- "-IJ---I-. 
- -j-. -b-4:;H- _LI~_~_ - j_,._L . -. _1_ - ,'- "-1- - - - - ~ - -- ±I--!-,"I+ .J_ - -+ -+.- - -1- -- - --I-I- - - -: -. -I- - - -- j - -1- ---1--Y1/.--f-I----· .. - - ._L __ " __ 1 ____ , ___ -.--___ .. ____ --.-. -- ---- --- .. --.. ------- - -- ----- .--- - ------ ----- --1---'- ------I-------'--L ~I~. tJ::l=t~J .. ~. T~j~.~ -.-: ~ =!_.-~l:~t _." -~=1 .. :-J-::: =[J~=h.,:=~::: .. ::: __ --1:::1f1-t.d.t.--,:.-::: ~Eil:.EI:...-I~~.I.}=I=-:I=.l.=I=I=I:" 0- __ =bl= = == - = ~~ := =::: ~ = _.- _ =: :,=~,= =~ =~J: : =':J=10=~=i=l: 

1 0 -fo~JJ::P------It-~~ -n ±l=l:h:tH:jj--lliIi~Lti±L:u: ----- __ m u --1~ - -- - . - .~- j- n. J8-1-1+r;o 
!::nltrl" l~" Sl1iH: t l°n tf~ i\; a B Va 1 tn rw. V n n (V) 



r' 

:< , 
:,: , -
': 

o 

:(.0 

C 

,--,-~,...:.,-:--;-;-;--,---;--:-,--;-~--:-,.' ..,....-~_~---:- ' '" ' I N I,', i I" r' I I, ,; :J..J_'_i_:_i_'_'2-l11 LLl.J_'_i_i~.!_'_'_' 'J: I' i 1\' :--.:.J....:...!_'! Ii:! tl: ;~'Ir i,-, i';' i!' , "1.1' I i II I I, III" '. I I! I.' I I '. I i \ Ii'. ,\ 1:0; i::! II" 1 " i I! I 
;" II:"O! " I! I I,,; I! r 1~-i-,-,-i-;-i;:I-I-!-: m8! I: 1\ iSTT:liiTiTi:' i: i i 

-'-j I t II i is-II 1:; 11 i!: 1::1 i'!:! I t i j;:: ~'I ; ............ t': I; 1-,-;U:c::LlITlTllll! ~'! 1 
~ ! r-!-'-'--I-' ~ I i l ,I--L!.J t ! I I ! ~_! .!~ I I .:J=:~-: ._~ ii' WI~\-'-;-! I_J I _,_;_:--,-,-,-,--;T~~~ t ! 

: I I : ! i , , ! I ! , 'i i , I i I! I , I ' i 1 I : ii' !..! '~j_'_'_' 6: '\~LL_:lj 6 -: -,_.! ' : : I ' ! : ! , ' : ; , 
! i ~-I-i-I-i-I-( l i! lit I ! r I l I i I IJ -,-; Ii: f : I i_' _!-:-J_!_'_: <.) Iii I : l~ :\-:..c r I ~ I I • _--:i_'_' _' __ !_'_' _1_; 
~ , I I , I !' 'i I I I , I Iii' ! , Ii! ; I ; I : " i I : : , I ! 1 ; I J i \ 1 i :\; 0 Ii, , , ; I : ; , , I I ' !-j
_, _II! t i ~! :: i i L.lJ.-1 ! t ! I : i ! ! ; I : ~ ! I III I T7l-:-:: ~ ~J~r CO I I : ~ iiLl 1--"lTTT:14-

, I Iii I I ,I ,! I ; I ! , '-'-I -'-'-1-'-. -'-I -I -,-,-r, I' 1': i , I , , '-0' '-Jt I ' 1 . \ I I ; , '....!.J...l' I I ; : ; i _ 
iii ; I , ii' , i , 'i I! 1 I I ! Iii f ! ! : ' I, I' I I ' , I I ' :, I' ''I' , I ' \ ; I I ! J , ,1' i I I , 1 ! , ~-i-
I I , , , 1 I Ii' I I I I I ! : I I I ! I: I j:1I ! I I i I I I , I I I , , '" _i _'_' , I , 1_.L1.-l iii' I,! I ,! !+ 

II I I I i I ! , II ' ! , ! L , ITIJ I , I , ! , : , , , " I" Ii, , i ,. i! I, 'J t A' !J...!..l..J-Hi ~! _I _I. , , , ' , , 
i I I i I I , I; I'!! !' iii; I , I I' I! I I I , '-' ; ! ! I J I , , I I 'I : i ! i I ! , ; i I I I' i , I , , I i_ 
t , I , iii , i , I , , I I : I I ! I ' , I I , i ,-'-lj : i I I I I ,I, I I iii I; : I ' II; I ii, ! IT I : I I, ! i , 
i ! I I; I I' I I I I I I I , ! t I : i ! ; I . ~ i'! I I I; -1-+' i , 'I 1 il: I I I' , : , : " ,I I I , I , ! , 
I , I , I I I ! I I , ! I I I ! I , , Iii I: i ! I _L I , 'I , I! ,! Ii! I , : , I I , Ii·' I I! 'i i 1.1 I I I I 

--'--L.' I , i : , I I I I I , I I i I I i I ! I ! I ',I I I ,I I I: ! I I, . I i I! i I I..L!.J I, I I I 1 1 I l-!+ 
IT I I I , I , , I , ! I , I , , i :. I I : I 1 r; ! I I ! ! I I , I! i' I 'I ! i I' I 'I 'I!'!' I I , l-!-+-t~ 

; I I I , , ; , I ' I! ; , I I ! i I Ii! I' ,: ,:, i I! 'i Iii I I, I I Ii, I'; I ; ilil i , ,', I 
, I I I I ; I ; I I , I ! I I I 1 , ill I,,! ,I Ii" I, I' I 1 , , , , : i I ..\.!! I i I ! I 'I ! I 'I "i T I I I , I , , I ! , ! , L , I I , 1 I I : : I ! .-++-_.' I ! I I! !! I I I , , I , I I lil • I !I I I; I I ,I i I I , ! I , 

----t-f I Iii I , t..J , , I I I' I' I! j i t I " I i I I I i I: I I I 'i I I I ,TIl] , I Ii!' 'I I I , I I I I 
I : I I ! I !: til 1 it' I i I ! t' !! I!! t ! ~! I, Iii j i I I I I ! I I ; ii, I I I ! i \ I : I 
! ' I : ii' I' I'!!,!, I I I iii' ! I I I i I I I , I , I , , Iii I i I:: \1 'i, I ! i 'I ! I : I I I ' i I 
! ' I! I ! I I ; I I ! I , I , i I I 1 : , : I 1 1 I I I , ! I ! I I I I : I I I ! I ;!! ; 1 I Ll_.! i I I I I I , I.J....LJ I I 
! i I I I I I I , , I I I ! I ! Iii : I, I Iii I I I I IL ! ! I ! I ! 1 ! , I ! , ,. I!, !; i i ! I , I I I I , t--t-t
! • I I , I I I I I , I I I I I I I I I I I I I ; I I' 'I I I I Ii!' I! I I I : 1 I i\: 1 ; ~ I: , I ! I I' ! I !-l-+
, !, I I'! I I' ,: -i I : I! I, I i I I I I I I I , : I i I ! I I I I , I I , : Ii, • I , ! I I Ii' , I I I , iii 1 
! i! I , I ! , 1 : Ii; i ; ; ; I I , I ; I I ! I I! !" I ! ! :, I I !!" 'Ii" I : ;; : I I ' I I I! I I 
i I I I! I i I : ! I , I tit , l ~ I , : ~ I I I i I ! ! ! I ; ;! I; I i I ~ : I ; I ~ . ; I ; \!: I I J I I I I t Ii! I 

I ! i I : 1 I I I 1 I : L I I I I 1 : I I , I I I ! ! I I ! , I I Ii' I I I i I I 'i i _~ , ! 'II i , I! ! I I , I ~L , : I 
I!l Ilili 111111:111111 1 111111111 1 11, !I'llil" Ili,,111 iii! 1111 

-1 ' I I " ii' I I I i I I , I I I LLLJ ' I ! ,j I I I I, I I " ii" I ; I 'I :,' I I I I I "I 
I, I! I I I! I , I i I I I I I i I I I I I I I I I I I I I Ii' 'I I.: I i I ! I , ,\. , It: : I Ii, II! I ! , I _ 
I I J: I ! I I ii' I ! , I I ',i' : I 1 , I I i I I I I I I r I ! , , I I ; I ! , , , !, ,I i' 'I' I I , ' i I 
iii I i I " ! I I I i I: I , ; iI' ii' ill I Ii' I I I I I I i I I i I I \' i I I I i I I ,I.LJ... !; I i 
I :: I! I I I I 1 I i I I I I : ! 1 I , iii I ; I I I I , , 1 I I I , I' I I i I ! ,TIlT \ I i 1\ i I I.-+- : i i_; .! ! .L!....L n: I Iii!' I I I ! i I ; , I ii' I Iii' " I I Iii' ! I , J~ I 'I I I I 1 1 , i I I 1 "TT! iTT: I ! 

I i I I I', I , , I ; ; I , 1 , I: I!! I I ! I I , I : I , ! Iii: I!, I , , 1 i ,. ~ I , , ' I 'I I! I I Ii' '!""""I 
I I ! ; ! i ; iii I ! 1 I ! I ~ I ! , I ! ! i I I I I i I I ! I I ! I I I ill iii I I i ~ ! i \ i I I : I! ! iii 1 i ! I I 
I~-..J~ I I I 1 ; I ! i I ! i! : i! ;!, j: ! i t I I I I I Iii Ii! : t I i I! ! ~ 1 i\: ~ 1 ! Iii I I I I : i i ! 

+,. i ;: : ; : ; 1 : : I : : 1 : : I : : : : ; i ; : ;: ::::::::: I : : : I J I : : :1 : i m\ : : '1: : : ' ! : : : I : : : : 
~: i i 1 ! i !' ',i;!! i I : I I; i I I , I ii, ! 1 '11 I , i I I I Iii I I I , , I ii' II: I I , T I I I I I I 
r--;-,' .::, ' i I I I I; i' i , i I I Ii: ; i 1 ; ! ii' i ~ I I I I ! , I i I '-, I ! I ! , I I I 'i ! I 'TTl I I I Ii' ,.. 

! i! i i I.j I I...J.J.J.J_!_I_LU.I; 1-y:TT-'-'-I'" i! 111! I I ,'i, I,:! I I "\1 I ". Ii' ill II! I , 
; Iii I'" TD ' I : I I Ii' I ; , ! ; I LlJ...J-{ I i I Ii' I I I I 1 , I 1 ' ! !; ;" Ic~' ; '~ I 11 ' , j I I ! ' 1 q 
l ; . ' I , I . : q : ! ' !.-t- : i ~ : I ! i : : ! : , I: i i ! I I I I iii ii, ii, ;, ! I ':-~:--I':. :, ',' j ,,' " i, :,' I " ',: ,:~, 1 :3 t : I I t I . , ; . I ; . I I I . I I • 1 . :_ .. 1 I t I . I ! ! ! ! I I : ! : 1 1 Iii 1 I I if! 1 1 
l--~-+-+-!--~~J_-:"~'~-7-~+-'-: -~·-L~++4~~+~·4-J--i-H-+++P-~+·' I : itt: ; \ ! ~ .~\-;~~ __ ~_i f!-~-: : l t--
H-H--i'-j ~_; I~; : ~..i.liJ ~ ~ I ,I ',' I :, i I, :,+H!,.~, ,I! I I n ;\+ ~ ~\1--H-+ : Hjj..i_ ~11 
I : i ~ iii I : TT I : Ii! i ! I 1 1 _! {" ! ill i ! i j-r I : V : l I I iT I ;.: i ~ 
~ i I I! : I ; • i ; l ! ! J 1 Ii! I .-; ! I i l t ii, i I ~ ., ~ I I ! i , ! i ! I ; t i : ! ! ':"\i\l7Tl-,'!lt-r-r-;--;-1 
I ! 1 , I.J , ! , I I : , I ! I , , I I I I , ; : , , ! , , , ; ! i I I I I I I Ii" ' I , Iii I ; I ; I I I A i I \ iii I 1_' 1 I Ii! J 
r-!1-r! I I I I; ! iii , i ! til : ! ! : J ; : iii : ! I I TJ I Iii , ~ I ! i : I f l I"TTf'ffi : r 't! :;; It! ; . : , 

~.' i I'I! I'" I, I!!! Iii! I i I 1I11 I iii 1 i m. i! !ll: i IIl-ih!Tl!' I I'!' '5'" 1-' , ! 11 ! I I I I ! i I : I , ~ iii I I I : I Ii! I : 11:1',11 I., i I ;-r-nt-'-I-I!! , ! i -j--:--t---;ni I , • . 
l-,-, -! -I--rrt !! : I I ! 1-1 -I ~ ! J i I ! , t ! Iii ~ I : I I! I I ! l I I ! I ! ~ ! ;! !! i r ~ t I ; ! r i ~ I ! 

i ' I I ii, ! , I : : ! , I ! ill I; 1 I ' f , ! : ! 1 I.' , i I ! "1 i "i! Iii! : ! i i 'J...LBi , I ' 1 I ! . .L.L..:....:..J 
, ! Ii! I : Ii' I I I i I I ! i ' I i..!...LLJ_I_'_I_i I , I I I !! I , I , Ii: I i I I ! I ! ! I I: I I ; I Ii' : 

i I I I I i I I ! , , i ; i 1 I ! ! I ; .! ! I : t ! I , til I I I 1 I I I I I ! I I ii' : Iii J i I ; i , _ I i I. ! JT7"'W 
I'IIIIII!',I",III"'I"III'III Ii I I!: "II 11:1 ill!I'~! 111111!+-1-1 
'! I I , I I !'!: I I ! ,!IT 1 I! !!: i , I I i I I' i I I Ii, I : ; ii' ! I I , 1 -. , i. i_I _'_i_ i ; 1 iiI' _ 

I!IIII!',',I",'II"!1111 1 1"I!lli'IJ!!'II'II'iil'itll~I:' I!II~!! 
I I • ! I I 1 I ! I It! I ! i I ; I til I , I 1-rTt'"l111-' -j. I ~ j I ! I t t ! f ! ; ! ! f ! , ! Ji:_l.~r 1 : J-l- I : ~ -;*, 
" I , I !.J.....J.....U. I '. : I I , ill I , i! I I ,! I , ! I , , I I (I l-'-!-'-;T ! " I I i I I I i I II! !_ . I I I I , , ! ! i I 
, I i I I ; J...LUI Q) LLLLi..LLJ I , " : I' -' I I I I ! I I I !, I" I I I I I I : I_i_' _ I I I \, , I I ; ,_+ 

-'-,-, -1 -,-1":-1-1 ! 1-: ~ Ii' 1 ,;11 It!' ! 1 , iii I ! I I I I 1 I I I I I ! , I I I I I I I : , I l' I ,i ii, ' I : ; 

..l..1 i '1.' ' i ! W ::: Hi I i I ,I I!! I I I I I I 1 I I 'I I I I!' iii I I • , I I I I I i\! \! I i I I I, : 
++.I"IIII'H-IoI.O=rIJ!IJI!I! 11·11 .11111'1'1111; 1!1I'!!lllli.,YJJ:II! :111 
~...i.J. i. i ill, i to o=JTI.J. ! t I ; :: iii I I: I , J L 1 ; : I! I I: -+ : ! ill I ! , I I : ! \ l--W-J-l'; I·T 

I I , 'J iii ,n '§ I i I I ; ; , I ; 1 , ! I 1 I !': I I I 'I' I! i! ",', " I! " " I " 1: i .. : 'I \ L.li,: . .J, 'f 'I ' '" 
I , Ii' Ii' I I i -0 i ; I ! I : ! , I j j i ! ! , I I 1 I 1 I I .·1 I I I i I ! I I J _ -'- _"- "- ~~l ,\- ; t ! ; 

Li.J, I I _L ii' 'J. ,'" ., ! I ii, I I ! : 1 I , ,~ ! I , : I I I I ill II I Ii! ) ! I i I !' ii, I I I ' I I! I!: I ! 

1 I III I I 'I ! e i I If, ! Ii! ! , I ,~ I I i I I I ! I I' I : I : ' , ' 1 i i! I I I I! I \ I iI' \'1 ,-

r:J1 ! ~ l : : : : : : l' !: 1; :-H++.:::: I I : I J :::; Ii: i : : :: : : : : : 'I ~-++·H-++H-
c, ii ~ ttD i 1 i I. iii i i ! t iii i i-I : I I ii, I Iii t i , I ; . I 1.1 ! f-nt-M-;, j I 

r:J <: iTo 'I ' I ' Ii; - Ii' ! I '--+++-{ , Ii: '!'! I!!';' I 'I, I I ! I ;! i !\ I ~\ I I I I : 
~ ~ 0, I , ! I !I , I 1, ! I .-1..LLJJ I I ill! !' I I : I J II !! iii I i I I \L_\I ,t I 
p::; 0 ! ! co 1"' I It; I , i . It· 1 i I II i III 1 I , , I ! , I I I I It' I ii' , I I I 'I I \ 1\ I I : ! I I 
E-c:> flll-:IIII" !Iitl "!II ;'i 1'-+1,,111,11'11 1 111 1 "'1' ,\~ 'j,1 

~ ~ r:J f;~ ~ : : ; , ;: :::: i , ; : + t : : 1 ! , : :; ; 1--;rT;-r ; : :i J; : : : : : : ; : ~: : I ~H++++--
~ ~~ 'j " ,I ',,',111 ! ii, il'! I ',' II' II ',: I: Ii': 1 ,; I i I;: II I; '; !, :1 I, I,):" :,-++-,';, -=';'--~1':. N. =;T: 11-1-.' r,.. to I r::l '. . . ITIT ITT11! ! I I : i. 1 r!.ii-H i j: 1...Ll- I I ~ I 
r:J :> r::l > ";,\ l...L!..!' i ; t ! i ! iii Iii iIi ! T"iTTi-,Tl-l-j-T : I+I'-,rii-':,-i-----+-+,-+; +, -';-;''-;1-.-+,-+1''-;'--!;-;:- !, i ' 

u r:J 'c.:: i II 'T-T,' I i I I I' F: 1 : I ;! ! 1-': I ' I !:' II! I I l"l~q-'-I-'~' I • ; , I 
p:: s:r:: LLL":_1 _I"; I I I I , .• I 'I I .L'...:...!..J-1-J_'~I !_J ! ! , , I , r I 'MI I _1_1 . ...!_'_'...l..l...!.._1 -' J ~ :i-
:J Ii! t ! I ~ I j 1 1 t : ; L J ! ! ! *r"T-; t f~ I 1+11 _LL .. LJ..J ' : 1 It: L!....l.l ! 1 !~1-J I I I _, _,_, 
5; t : Ii' Ii: ! , I : I 1 ; ! I ! • I I : : I I I I ' '~ I ii' !_.1..l...l.....!.. : 1 ; , !"TTl ! ' I~' 'i '....J....: 

j I I : ; LL_LLW __ '_'_I_I_..L' , 'H' I , I I , ~-j-~'~'-4--L...L....! .. : : ,I !;: I ! U...LJ ' : I 1..L _~J. 
I I I : : : i ; ~ I ; • :! ; I ..,; ; ~: : I ! i It; I 1 .. I : I I r J : f ! ; ! , , ! ; ! ! !J : I I I I . \\-~ I 

}-,:-;'-7-+'-+I-:-1 "','-',-+,-.+-+-! ~f t I J , I ~ ! : ~ : I ~ I : : • I ..l-2-Ll i i J I I t I I I 1 i ~ ~ Ii· j t : I ! I . : I I I i-!....L ~~ _l_ 
f-'-i:-f-+-++I "",''-. I I I I ! , , 'I t I ! U..J..J~J_~.L~~.'_:_'_'_' _, I i I I. ! I ! I : : ! I "OJ' j : I I ! I 1 , Ii' ~:::IlJ._.:_~,~~ 

.Ll_: _I J 'I , J.J.... 1 ' t U-L...! ' ! ! ! , ! i 1 , I I iii I~LLl: I \ . ! : I ! : 1 i..J=ttj' I _L_i_'_·_I_L....l-'-~ 
I I r ! , ' I! ill ' I I ~ , I . ! ! ' II : ! ! J iii' L' : I ! ! :,' ! I 1 , , I 1-l.L! I _I _:_' lL_: _i_\J 
71 !.I . \ ! I!! l ! , . t I . J I I I.! ~ iIi I . ~ : J ! I :. i ! i ' ; : _~ ~ 

0 1 _ 0 1 0 1 0 1 011-
~ > 11 i..~ .!!3 '-" --= IX (""'\ o 

, 
r ... 



The effective width is given by 

Heff = i-ldrw + 0.05 + 0.05 

where 

for 

for 

Wdrw = dravffi width 

l.Jeff = actual design width 

The modified equations for the HOS device are now given by 

Saturation 

Seta Heff IDS = ____ _ 
2lef£ ] Sdea 

Q 

... I VGS I < I VDS I + I VIR I 
Triode . 

~-- . 
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DESIGN OF LOAD TRPJ~SISTOR 

The engineer now begins the inverter design by designing Q2 to meet its 

specifications. Hhen 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 'softlvare. 

First the appropriate terminal voltages for the load device are determined 

by selecting the minimum, typical, or maxin:um VDD, VGG,' and output "0'1 level. 

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 \vhether the device operates in the triode or saturation 

region. 

VGS = VGG - "011 level 

VDS = VDD - "0" level 

Triode 

Triode 

Saturation 

Saturation 

Now solve Crawford's equation fortheTil/L ratio: 

!3 ~ Beta x t3degradation 
!'.: 13 Til 

IDS = --
. 2 L (2VGS - VTR) 

W= Ins 
L -] (2 

2 
·VTR.) Vns 

VDS 

""'!"- ?" VnS-) 
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This is the actual ~'lidth to length ratio. The process parameters Gate 

Etch and Delta must now be considered to determine the drawn size of tne 

\.0 width and length. 

-co 
/ 

w - = W drawn + Gate etch 

L - 2 Delta drawu 
'L 

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

width or drawn ~ength will be cho~en to be a minimum size (see layout rules). 

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

Ldrawn = Wmin + Gate etch 

( !! ) 
L 

+ 2 Delta 

occasionally a minimum length device is required: 

• W Wdrawn = (Lmin -. 2 Delta) (L) - Gate etch 

Check Ldrawn or t-7drawn to be sure it is greater than Lmin or Wmin' Next 

these dravffi 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: 

lIT 
L = Edr.avm + Gate etch 

Ldra~ - 2 Delta 

13 Beta • f3degradation 

VTH .: VT0 +V 

VGS =:'" VGG -

Vns = V -DD 

Triode 

I VDS I < I VGsl - I VTH I 
solve for the current 

sw 
IDS = -'2L 

Switch Transistor Design;:, 

"0" 

"0" 

Vns 

level 

level 

or Saturation 

NOWd~~,t~,~_the:switch'd~v:i.~e Ql.b,::'SOlVl.~g,~~r~~_ with thes~me process 

:,Be~tlreto, i6nsid~r:bus~ l~ri~:; .' thich 

'. ·IX-
.~ .. ~ ",' 
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W 
L = 

VGS = Input "1" level - VGND 

Vns = Output "0" level - VGND 

VTH = VT0 - VBE 

l3 = Beta Sdeg 

Ins W 
L = 

B 
2 

The switch device isusu"ally drawn minimum length. 
• " " W 

Wdra,.;rq. = (Lmin - 2 de~ta) ("L) - Gate etch 

Now the size of the switch and load are determined and the circuit 

is ready for analysis. 

The same approach is used to des~gn bootstrap inverters and all 

"transistors in High Threshold, Low Threshold and Silicon Gate. In010S 

minimum size devices are used for inteql.al logic and input output buffers 

are designed using similar techniques • 

. :" 
. .. ~.' .'." . 

,".-, 
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Condi4~Dn 
.~ VGG 

TYpical: Power 
Current 0 Level typ 

Maximum Power 
. Current max 

Minimum Power 
Current min 

Maximum 9utput 
"0" Level max 

Minimum Output 
"a" Level min 

f{~ 

0) 
. . 

TABLE 9_1 - PROCESS LIMITS FOR INVERTER DES IGN 

VDD VIN V9;!; ) "1'1 
! 

typ typ typ ! 
I , 
\ 

max max min I 
I 
\ 

I min min max I 
\ 

\ 
! 

max qIin max 

.min max min 

VT0 

typ 

min 

max 

max 

min 

/,..T· ... ~ 
\.., ... ;1 

BETA 

typ 

max 

min 

typ 

typ· 

Substrate 
Resistivity 

typ 

max 

min 

max 

min 

Delta 

typ 

max 

min 

min 

max 

Gate 
Etch 

typ 

max 

min 

max 

min 

/~ ........ , 

0" 

( "-" 
.\ 

\. ./~ 



· . DRAWN SIZE MINIMUMS \-0 

Process Lmin Wmin 

PMOS APOSD, AP08D .4 .2S . 

Silicon Gate AP09D .3 .2 
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DES IGN EXAHPLE 

We are now ready for a design example 

Assume the following parameters are given. 

VGG =-16 + l.5V 

VDn = -10 + -lV 

V1N = -1.5 to -7V 

VOUT = -1 to -8V 

Power (max) = 3rnw @ VOUT = -1~ 

fs = 3 to 5 Q-crn 

Low threshold process 

From the lew threshold voltage section of the design manual, 

lO"-' - we obtain 
\.::':. 

VTO = -2.0 + .SV 

13- = 2.5 t',l. 4 IlA 

From Table 9.3 _ we' get 

~L = 0.1 

.. . 
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LOAD DEVICE DESIGN 

The IDS current for the worse case pow'er situation must 

now be calculated. , " 

I - p, = 3xlO-3 
, DS ---

VDD 11 

-11 \J 

, . 
-1 V 

From VBE curve for Ps = 50-cm and VSS = -IV, VBE = 0.35V 

From graph' on page 67 of Crawford for VGS-VTH = {16.5-1.5-.35) = ,-
f' 

14. 65w~ . get Pdeg = 0. &..7 

Now check for region of operation. 

"'? 
lVGsl) l VDsl + Ivn:! 

, "). 
16.5 ~ 10 + 1.85 

16.5 >- 11.85 therefore the device is operating in the' 

t.riode region. 

Substituting these parameters into the triode equation and 

solving for (~) load' "t'7e have ',,' 

,.. Ins"J -if~. (V~s: .,V TO-~BE}YpS' ~.V])s2Jj}deg ..•...• 
," 273 '10-6 = ,(4x10-:-o ,), , ',', W',' ", "Z(' '1"6<5' - 'I' 5 .:. 0 ,3'5)" '1' :'0- (,1"0,) 2," "'(0.67) 

" x ",2 ,. "(r;) " • ,,'.. ,.,' 

w· ":"-.-
(1:)' load - 0.618. • 

. ': '~ 

~ 
';,' 

Usea~inimum width ofWdr'a;n,= .3 ,-thenliTeff = .4 

then 
" 0.4 

leff= 0.6'iS = 0.65 . Ldrw = 0.65 + 2(0.1) = 0.85 
" 

-~- --~ 
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Switch Design 

The 'Vlorse case design of the switch is done by examining the 

IDS equation to determine which parameter will maximize the 

switch •. - _ 

lOS ~~ [2 (V GS - V TO) VOS - VOS 2J ft'deg 

Note' that the body effect, VBE' term is zero since the 

substrate and source are at the same potential. 

The parameters to use are 

ft'min - 2.5 

VTO(max) = 2.5 

.. 

The current flow in the load device must new be calculated 

using these parameters. 

IVGs.! "> IVDsl + !vTHI 
116.51.> 10', + 2.85 

16.5» 13. 85 

load. device is still in triode region and -

IDS ="fJ~ [2 (VGS V V) V V 21 R ~~ - TO - BE DS - DS J r deg 

F'or f's = 50-em, VBE = 0.35 

FOrPdeg @ VGS - Vre = 16.5 - 2.5 - 3.5 = 13.75 
A ' 
r-de = 0.68 

IDS = (2.5XlO-g ) (0.618)2(16.5":2.5-:0.35) 10~(10)2 
2 

(0.68) 

This value of current is now used to calculate the (W) 
-L swt. 

ratio ol the 'switch~ 

Check for region of operation -
~ 

\VG9 ~ ,1Vnsl+ fVTI1\ 
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7 > 1 + 2.5 

7 > 3.5 

in triode region. 

~DS =~~ [2(VGS -' VTO) VDS - VDS 2 J,~deg 

For VG - VTH = 7 - 2.5 = 4.5v,)3deg = 0.85 

88x10-6 = 2.5x10-6 (~) ~2(7-2.5) 1 - 1~(0.85) 
W . 

(I)swt. = 10.3 

AS.sume 1eff = 0.2 Idrw = D.2 + (2) (O~l) = 0.4 

Weff = (0.2) (10.3) = 2.06 Hdrw = 2.06 - w1 = 1.96 

A similar technique can be used for a saturated load device 

us.ing the proper equations .• 

co 
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DC Analysis 

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

that it is designed: 

1) DC Power 

2) DC Noise Immunity 

3)- Transient Analysis 

a) Rise and Fall time 

b) Propagation delay 

DC Noise Immunity 
, 
, 

. , 
The noise immunity designed into the inverter is a function 

of the choice of output zero -level, input one level, and the 

,threshold voltage VT0 ~ Measurements often required are Noise 

Sensitivity, Noise Imminity, and Output Impedance. This infor-

mation is -derived from t'i..JO curves:-

1) Transfer curve. 

2) Output loading curves. 

Typical, ~vorst and best case examples are shown: 

Transfer-CD:~ye -

-'-. -.. --=----+~-. ~~~-- V ~HIT' ------r--- ----
--!------~-

~------

----
-, -' --- ----.~---~-.--:-.-~--. : 
---------.--,---, --------;----:-.-; . 
-----------.;------+~-. -. -~ 

~ .. ~. -~--,~~- ~i-- . · -l ;-~~-~~~ 
-------. --. ---'--------....---r-:-.--:--.;.-: 

-5 

.~~~ 
.,..........,---;-c~,---

'--'--, .,--,-
, 1 

~--'--:- - .L~._· ' . 
. . 

, !' .;: .. ,:, j ... ". _ .• 
---;---:--;-,---'-1----.-, n 

I , . 
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Output Loading 

1 Level-
! ~ ;' l. I' 

\{C;~+:---~--:-~ ::"~=--:-=--T-:-:~-= 
--- _-IS_. __ ~ __ , _. _-,--;-__ ;_,~-::.:.:~_~=-:-. -l---=---= 
-:... ~-.. - ----------------. -_ .. _; -; --_ ........ _---

-;----- -/0 

__ ----~5 

. . . ---.--- _ .. - .--'" 

-·-..:-···----·--t-~-·-, ---, -.. ;~.--
.---.-, 

---_.-. -------.!...----- --------
j • ' • .-.-----:-':- ---------;---r--.-:- -. 

. ~~-~ -:= -=:~~==-~=-.: -.~~~~.~ 
----_._-,-.-----.-.,

.: .--.--~-.------~---

-.-------L----t~-_=?_-~--r---? '--, _._:_,-.c.._ -- 1/)0 ------ ~_oo .. 'Soo J; ovr-_: 

~_ :.~ : -;~=~:=-::~_==~_;_~~--==: .c~=, . AJ.:o.._== 
______ ~_. _. _. ___ ' ___ . __ .--:__ . _ .. 1_:-:_::--.7""' 

o Level 

::-VO~,:-'~- .:::-~~:- --~-~::::~ ~: -:~~~ 
----. IS:::: -_ ... --.. . -.. '-. -. - - - .--.------ .. ---.-
_. __ ~ J _ _ ~_:.. ___ :...~-_~-. _:~:_.,__'_____' ___ . ______ . ____ . c_ , __ ., .C 

. .: . ---, --:- -----~--i·-· ---... --.----.--.... ---
.-:-,-;--- .-:-.-':"-!-----....:..-~ .... --.. -- ----. --;-- ... ----

, ~- (0- -----;-~·-~-_C----7--'---=:::=_-=..:.. 
----- --------_._. __ .... ----------.----.-- -.--.. . . 
-:---: --7- ----.-.-.. -.-~-! -- .------:--.~-.-:... -----

r ; 

_l.... __ .. L-._--II--_-\-__ -+-__ ~ 
.--: -. ~-~-:·-.:.~.-~~~~~:..:..Il'OO-·-·-· ISao . :touT 

AJ-.I:l. : .-; ~; .. ;.: -' ... ;:. -~.:; -:. : =~~-=-:~:!=-~:~:.~-~ .. -. ;"- '.-::: 

Measurementl of noise' immunity is sho\vn in graph:t.S'. The 

engineer shou~d be sure that his input-outpu't buffers meet signal 

.' level and noise immunity requirements with 't-lOrst and best case 

processing. The engineer can compute the no.ise margin required .c:o . fo .... cells ·on .the chip by considering the capac:!.tive coupling 

I __ ~ ________ :?~tween ~_i~n~~ lines~~~_ cell outputimpedarice.-I --- -: .--~----.. -. --:-;-- - -------
MO~ offers.higher-voltage riQise immunity than many logic types 

to inductively coupled noise since thiste.nds to act as a vol t~ge 

source. 1'-lOS has lower noise ·immuni ty than. other l~gi.c types to 

capaci t;ively coupled noise since thi.stends· to act as a current 

source 1 and MOS impedances" ar~ typically ve±y h~gh.. The maximum 

current spike irnmuni ty' is: 

.-

." .... 

Ispike = Nois.e Margin 

'·Zout,· 
.; .-~ ... ....;- --_. '- -:-.:.. . 

. 1 Se~page-154: "Analysfsand!)esign:;·O£I~teg~atec1;:C:Lrcui.ts'\-· 
-Lynn, Meyer~ arid Ham~lton' " ;'.> 

". 

-! .-

'. ' .. ':." .. : ',; ~ ; . . - ' .. 
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GRAPH 9.5 
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Pm'ler Analys is 

The pmver analysis is important for a knmvledge of the 

package dissipation requirements. The current for each cell 

is derived by analyzing the load device. with Hinimurn, Typical, 

and Haximum current, processing parameters. From this; the power 

dissipation range is calculated for the cell. 

-After all the cells-are designed the dissipation range of 

the chip can be calcuJ-ated. For some logical state, the chip 

dissipates. its maximum -power. This heat is dissipated to the 

ambient heat sink through the thermal impedance.of the package. 

Hmvever, the package thermal impedance varies sigrtific_antly with 

mounting techniques. 

Thermal Impedance 

The thermal impedance, e, -determines the difference bet~'7een 

the chip temperature and ambient temperature by the formu1a:

Tchip - Tsink = Power X e 
Chip temperature should not be above lSOoC., when. _the logic 

-state dissipates maximurri pmver.Thetherma1impedance of the 

For -example package varies vlith mounting. techrliques,. however. 
f"!t" 

a 16 pin package instill:atr- hasa-& oE .... °C/watt. (S~efigs~ . 
~., .:: .~. l"· 

For a.· gi9ven mounting .... techriique~" th~ a~biel1.t s ink temper'.;. 

...... ' .. 
":.:;'''. 

' . . ...... 
, '. -. ~-

,- ," . _ .... -, -".- -_.".- - -
•. ___ ,.-;-+' _ •• " _ • _, ,.K:. __ 

•• ' .~ •.. ~ __ • - .. ", 1''l-

-.' "~ ... :- -Ii ~ :'25" 
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Logical Function Generation 

The generation of a s.imple Boolean function in MOS positive 

or negative logic is simply a matter of placing devices in series 

or parallel. 

"II • In negative logic the or functlon is done by paralleling, the 

\'and'! function by putting el~ments in series • 

. For example the 5 input NOR is a modified iuverter"tvith the . 

switch device paralleled. 

The worst. case path to ground is one s"tvitch on, the remainder off. 

Each svTitch transistor is therefore the same size as in the in-

verter. 

The two input NAND is a modified inverter with the s"tvitches 

in series. 

e 

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

. keep the total resistance the. same,theresistance' of ~ach s'I;'ritch 

device must be half that of the inverter sw1.tch. Therefore, the 

~ ~~tio . and therefore W'drawn of the switch must be twice that of 

the inv,~rter switch. Ttis obviolls that NANI>structures should 

lO be limited since the transistor size multiplies by the number 

IX-29 
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of NA1\'D inputs. 

The NOR structure fan-.in must also be limited because of 

the leakage of.the NOS device in the off state. 

Svppose we need the Boolean function Z = (A.B)+.(C.D). The 

simple NAND-NOR logic would be: 
A . 

~~-t=-~ o;~ 
This is done in MOS with 1 cell: 

A 
..-4----.----0 %- ~ ~ ~ 

p 

Similarly Z = (A+B).(C+D) is done as follows: 

And e?Ctr~~ly complex structures can be built reducing the required,"_ 

logic, and chip area. 

·~.rs.··~ , .. .. .. ... . ~J 

~.' 
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The engineer should be careful to remove superfluous 

transistors: 

A ,,_ .. ;:,,, ~r;; -3> A~ c . " " 
~" a · '" " .. 

{J;" 

"Notice the size of B is reduced 1/4. 

J ~" 
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Worst Case, T,\.]o Sigma, and }lonte Carlo 

'(,.cO Worst Case 

The previous sections describe worst case design. However, 

the probability of all parameters b~ing worst case simultaneously 

is extraordinarily low. Circuits need only be designed for those 

events in extraordinary applications. 

Two Sigma 

A somewhat more reasonable design is done by replacing the 

absolute limits of the parameters wtth limits which assure a 95% 

. probability of occuring. This is reasonable on the assump:!:ion 

.that not all parameters will be near worst case limits sirnultan-

'eously. 

r., Monte CarTo 
~\ . 

· "0 A more realistic design results from Honte Carlo statistical"'-

techniques. This technique is particularly useful for optimizing' 

a design between opposing design criteria such as high speed and 

low power. 

Monte Cccrlo Analysis 
- - .~-. 

. The Honte Cccrlo oethod is a technique for.?nalY:':ing physical systems using 

statistical methods. Nominal values of system parameters are replaced by mathematical 

models in which the parameters are represented. by probability distributions. Thesystem 

is then solved numerous ~imes using a .computer. The resultsofa Monte Carlo Analysis 

are presented as statisticaldistributiCln of physical parameters. 

method'is superior to the usual worst case 

drawbacks: 
0\' 

1) The actual probabilit'y of the worst case 

circui,tsthe device sizes may be such 

. IX- 32 
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c. 

that chip area er precessing restrictiens make the 

'-'- "r-e su i't-s' 'imprac'ti~~i~"------''-

2) No. actual measure. ef probability is determined. The 

prebability ef ene set ef werst case values to. anether 

is net knewn. 

The Nente Carle methed has seme disadvantages also.: 

1)· Prebability distributiens have to. be determined fer 

..! -- ._" - ------

all parameters that vary. This requires a large ameunt 

ef past history data or pe):'hap'ifa -prehibitive ameunt ef 

testing. 

2) Accurate answers eften require a large number' ef se1-

utiens. This makes the .design cost very high. A partial 

solutio.n may be to. use the statistical method knewn as 

. "unbiased estimate" to. reduce the ·required number ef 

solutiens. 

The prebability distributiens, used in place of neminal 
". ,o. 

computer pregram. The only infermatien required is the mean· 

value:, ·standard.deviatiou,.and an elementary subreutine. The (fortran) -

subroutine is as. fellows: 

Functien Dist •. (A; DNN, 8IG) 

Sum'· 0 

,. 

Sum = 'SUM+'_P~-ro CA) 

80 Dis t = (Sli11-' O.5*N}.* SIG+DMN 
. '. ! .:~ -:' 

.. ~ ' . 

... ;: ·.RETURN .. ~.", ." -':' .... 

END 
.-:",-.. ' 

. .. 
IX - 33 . ~- . 
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The dummy variables are: 

DMN = mean value 

SIG = standard-deviation 

A = negative number \vhich is required by random number 

generator to assure independant random nThuber 

generation. 

The results of this subroutine are then transferred to the 

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

takes in the main program is: 

VT¢ = DIST (-1,4., 0.5) 

The results of this design technique are generally very use-

ful and correlate "tvith the performance of the actual circuit form. 

-,.'" 
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Resistance 

Since the source and drain of the MOS device are diffusions 

with high resistance) the actual device resistance will be higher 

than calculated. If the device must conduct considerable current 

,then good metal contacts should parallel the source and drain. 

, Diffusion resistance is, also used in MOS for interconnect, 

'and on input signals to limit the current through the static 
, ' 

",: . 

',0,· 
f,"'~ ',' 
~-. 

, protection device. 

.' 

The re~istance is calculated as follows: 
• 

R = f's L 

W + .ERXj 

R = resistance 

fs = sheet resistance DIll 

L ";,length 

W = 'drawn width 

, Xj=, junction depth or side diff~sibn 

For example, design a 10K resistor. 

fs = 6en/C, Wmin = .3 Xj =, .1 

L _~, 104 • (.369) , . 60 ' = 61.5 mils long 

Channel Bre,akdown 

As in any transistor' there is a maximum voltage permissible 

between the nodes. ',ApproxirnatelYlOOv~lts will rupture the 

gate oxide. .,The Dr.aini'S·ou~~e r,egionb~ginsto"b~eakdowriac~ording " 

to the formula: 

. Vphur'rlcohulgh =Qim ""', "",., "."" '2' 
tCLeff) " 

2KSE:h. 
,:,.\ ,,' ,';'19 

G('~ charge on electron =1.6~ x 10"" 

Nn == doping of substrate, 

KS= dielectric const~nt of silicon - 11.7, 

EO == free sp~c~p'e~mittivity = ~.87 ~'10-14 

IX - 37 
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Example 

o High thresho1d 40 em sUbstrate)drawn channel = .4 mils 

= 4.95 . lO-13. 1.2 . 10-15 

= 24 volts 

If metal crosses over the b·lO P regions, the breakdown is al te-;:-ed somewhat. 

---( 
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'AC Ana lys is 

Logic, Shift ~egister, or Memory - the part is useless if 

its output is only steady state. The transient analysis of any 

function is important, in order to verify that it meets design 

specifications. 

To explain transient analysis, the example analysis of static 

and tvo phase inverters is utilized. The AC analysis of a.ny HOS 

circuit will use similar techniques. 

The present approach to time domain analysis is the appli-

cation of ,the DC TyrOS device model,the constant capacitances, and 

the nonlinear diffusion capacitance models to various time step 

integrating routines. 

First, the diffusion,capacitance model is presented, then 

approximation methods to this capacitance. 

-"./"'. 

. , 
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Given: Xj, p, Ps for the specified process 

where 

1. Calculate grade constant for Gaussian diffusion, using 

the formula 

a = grade constant = 2 NBC -X-r-

NBC = substrate concentration (N-type) 

No = surface Goncentration of P-diffusion 

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

Irvin's curve c.oncentration graph. Read NBC for n-type 

material on horizontal axis. 

b) Calculate effective conductivity 1 
= PSXJ- ,where 

Ps is expressed in 0/0 

Xj is expressed in em (.1 mil=2.54 . 10-4 cm) 

c) Determine No from the vertical axis of the appropriate 

sheet of Irvin's curves. 

Note: On Irvin '8 curves, No = Cs 

d) Calculate a. 

2-a) Read Contact potential 00 from graph of contact potential 

vs. grade co~stant. 

2-b) Read Equilibrium Capacitance per mil2 Co :tram graph of 

capacitancevs~gr~deconstaht . 

',3-a} 
. ~ ,"-" , , • <" .• , 

Calculate bottom component of junction area. 

3~b) ~Calculate side'i'7a11 component of junction are a. 
"-::-

(length x width) 

sidewall area ,;.{perimeter)x{~ XJ· )'; D8rimet er & Xj in mils. 
.' . . L ~ 

3-c) Add 3-a & 3-b to get total junction area 

4) For a given logic s-.;-ling of 02-01 volts, calculate the 

average capacitance C from the equation 
X-2 __ ~ _________________ ~~-':'"rr~· 



CD 

Capacitance Calculation Example 

Fin~ capacitance of P-diffusion 61.5 x .3 mils, voltage 

swing from 01 = -1 to 02 = -11 

p = 4Qcm (n-type substrate) 

Ps = 60QIo (P-diffusion) 
. A 

Xj - .1 mil = 2.54·10-~ cm (diffusion depth) 

From graph 4Qcm ===? NBC = 1.2 .. 1015 

= 1 = 
Ps X' J 

Nn = 2 . 10 19 

2NBC 
a - -y:

J 

1 
60 . 2.54 . 10- 4 

(Irvin r s Cllrve) 

= 

= 2 '1.2 . 1015 
2.54 . 10"'"4 

In ( __ 2 .10~~ ) 
1.2' lOIS 

= 9.45 . 10 18 1n(1.66 0 10 4) 

= 9.2 . 1019 

00 = -.655 
-'- ,. 

Co = 8.2 . 10- 2 

A = (61.5)'(.3) + 123 (Tf/2) (.1) 

= 18.4 + 19.4 

= ·37.8 

.10 2 
1. 52 

= 

(8.2 . 10- 2) (37.8) (- .665) 
G = 

(-10) (.66) L (1/~65//3 
= .312 .. [C I7o ?6) 2/3 

·.312 (4.96) 

"" = 1.' 55pf It.~-

X,.. 4 

'I 
66Qcm 

. 2/3l 
(1+~665J· ....• J 



co-'-. 

'."·0 \;.~ 

Note that rough approximations for capacitance are: 

P-diffus ion 

Metal over thick oxide 

Metal over -thin-oxide 

.03- pf/mi1 2 (4ncm substrate) 

.023 pf/mi12 

.176 pf/mi12 

x-s 
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This analysis will only be concerned with the static logic 

gate AC characteristics. 

The unsaturated or triode biased load device \\Till give a 

faster svlitching sp-eed (for the same amount of pmver) than the 

saturated load device. This is because--the unsaturated load 

remains turned on during the sVlitching transient. (See f~g. 1 ) 

The higher the gate voltage becomes, the more linear the 

load V-I characteristics become and thus the load approaches a 

constant resistor whose time constant is given by 

(10% - 90%) 

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

-. ... 

The follmving invert2r circuit 'will be used to illustrate 

bvo methods of calculating· the turn-'offt2.me. The t-.;,;o methods 

are (1) a piecevJise linear-method and (2) a fast rough ballpark 

estimata. 
'-t,~. 

X-IO 
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FIGURE 1 

Transient Response 
of Various Load Device 

Configurations 

__ I_· __ . __________________________ ~ 
·>-time 

r saturated load 

;; 
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r\;~,o 

VGG 

l 
VDD 

VIN 
0 

Cl'-'1OS 

where , 
C}JIOS is the capacitance associated \vith metaL over (1) field 

oxide, (2) gate oxide, (3) P and N diffusion oxide. This capaci-

tance is not a function of voltage., 

CpN is the capacitanc~ associated with P-cross unders, 

dev-_7ce dr;::;j_n ~L~Ld :::O.U-'cc~ _ IT- 1" ~ ~ func ... .:on 0-'= --ol'-~g" G--~'-Dhs ,_ ~ _ ~ ~ _ _ _ ... _::. ct 1- L.. -L L .L V L.. Cl ,;::. J. ct L _ ' 

for P-N junction capacitance (pf/mi12) as a function of voltage 

,are included in_.the design manual. for the various processes. 

The inverter is assuII1ed to have been turned on and the 

output node has been discharged to a VOUT = -1 volt. Assllrning 

an ideal step function input for the switch, VIN is lowered to 

a logic "OIT level and the s~7itch is turned off.' He nml, 'vant to 

calculate time required for the load device to charge up the 

output node to aVO = -8V level. The following table vlill be 

used,to record the results. 

X-12 
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I~ 

!>< 
I 

f-' 
tN 

~ " 

I"'''''' 0) 

. ' 

V (oUI )"',~. VO'tS'M 

r-' ... 
I 1 
I"· .... 

CPN 
(pf) ~~~1 CT(AVG) 

(pf) 
13 deg 

r"~.~ 

) . 0·\1 

VBE 
(vol ts) 

IDC' 
(fli\) 

IDS (AVG) 
(flA) 

t\t 
(ns) 

0.208 "'·-""0 "~""'-'T:--"" .............. , r"'-' ~. 73 . T· o• 5······· · .... ,.·· .. ;7· .... ·· q ·j"··· 
• ...... , .... _ ........ q ...... •• .... • .. ·" .. ·- .. • .. ·0 .. ··" ................... q ................ " ,,··· ...... ·0· .. -........ ..... "'.'-1" 

···· .. ···1· .. · .. ·:·· 
! 

..····Iq ... I ' I 

0.592 i : 
I "~" "''''''_' .. "' .~~ .•••. : ••.. _ I.. • '" 

48 ;, '12.35 
., .. -.- -'-'- .. -""-i'~'" ...... . 

0.4 
I 

J ·0.74 0.8 39! 
I .. . ... ".." \- , ...... ":.. . ••. ~ ..... -, M • 

I 

1 .. _··--

I 

0.560 i 
'.-.~ , . .- "' ,-. . . -I " . 

1 __ .. 3 

i .1 r ... ·4···· 

i· .. ·,· 
J 

1-'" "-
I 

! 5 
I 

r 
I r"'" 
I . 6 
I . (_ .. 
\ 

i 
I 

I q .. ··1 . 

i 0.532 
I'" ... 

0.4 i· 
... \ 

I 
.j .0.516 
, 

. 0.4 i 
I 

1'O•5Q8 

o .1.ot~ 
I I 0.4 ! 

, .;-" ... ~-.". - ...... " l' . -, ... ,', ······1· ... . 

. I.. I 0.500 

0.74 

~., ' .. 

0.75 

0.75 

0.76 

,".-' .. " .. ··· .. ---·T- ..... ..... · .. ·l..· .. ~··· ... _ .. : .. .. . ..... ..... . ... 
7 . \ 0.096! 0.4 i O. 76 

............. ,.1 ........... " ..... , ........ " .. ,,1. ... ' ... q •• "q ........... .L .. . 

1.1 

1.3 

1.6 

1.8 

2.0 

"1," 

I 

30.6 .. I 
I 
I . "'''' \ ... 
j 

22.2 : 

14.·4 

8.7 

! 
I 
I 
I"" 

I 
I 

I 
I 
i 

,1'r ......... . 

"J'~'" "'''" 

L~. 28 
. ... -.---...•... -.. ~ .. 

34.8 

26.4 

18.3 

12.55 

6.5 

; .. 
r 
i 

,._ .. " .. :.i ... 

16.20 

20.20 

28.2' 

40~ 5 . 

77.0 

.. ............. ---------
Total Time = 194.45 ns 

I 

o· 



The following parailleters will be used to determine the worse 

~o. case switching time. They are determined by examining the current 

equation to see \vhich parameters ';-7ill minimize the currer..t avail-

able. The inverter device sizes \vill be the ones obtained in the 
.- . 

DC Analysis section. 

VGG == -14.5V 

VDD == -9V 

VIa == -2.5 

= 2.5 l1A/v2 
W 

(L) load =:= 0.618 

; ~ .. VEE '~ill be obtained from the Ps = 3 O-cm graph 

deg will be obtained from the curve on page 67 of Crmvford • 

r 
0 ..... ... ·0· 

. Assume that .the falIovJing parameters were calculated from ., ... 

the circuit layout. 

Ap'n = 4 mi12 

CHOS = O.4pf 

Step 1: Calculation of CPll-

Area of Cpn 

Use the graph of P-N junction capacitance/mi12 as a function 

of junction voltage. The curve for Ps e== 3 O-cm and low threshold 

process ( <100> material} will he used. 

Cpn == Area x Cpn/ mi12 @ Va = IV 
i;\ 

Ii:!:. ... 

4 x.052 Cpn = 

Cpn 0.208 ,... 
= pr 



; .• : • .:; .... :.Cpn .. @ Va = .. 2V. is 
',' :', 
i"' ", '<:;'0· C· - 4 '·0b..4 ... '.' ..... "' p nc··.-·..... x .• . . 

Cpn = .. 0 .. 176pf. 

Step 2: Ca1cu1~tion of CT (average) for a OV =2-1 = IV 

(Cpn(lV) + (eNOS) + [Cpn(2) -+- CNOS) 
CT(AVG) = 2 

Cpn (IV) + Cpn(2V) 
CT(AVG) = 2 

0.208 + 0.176 
= 2 + 0.4 

CT(AVG) = O.592~ 

Step 3: Determine. deg and VBE 

@Va = 1 volt 

@VGS·· - VTa - VBE = 13.5 - 2.5 -. 0.5 _ . 10.5V Bdeg = 
.. -,.-.~ .. :"" . "-- . 

@Va = 2V VBE = O.8V 

@ VGS - VTD - VBE = 12.5 - 2.5 - 0.8 = 9.2V B deg = 

Step 4: Calculate IDS 

Bw . . . 2) 
IDS =n- 2(VGS- VTa - VBE) VDS - VDS B deg 

@Va = IV . 
'-':".: 

, " ,': '":. . 

0.73 

0.74 

IDS := 
(2~5 X 10-6) 

2 (O~ 618) 2(13.5:-2.5-.5)" 8 - 64;- 0.73 

LO 

, 

IDS = 57~A 
@Va = .2V 

,;.\. 2.5 ·x 
IDS";-;' . 2 

IDS = 3911A 

". "' :.",', ' 

(0.618) . 2"(12. 5-2.5~. 8) 7 49 0.74 

' •. -'&.' 



Step 5: Calculate IDS (average) for !~N cut = IV 
-fi)sTN)-TlDS (2V) 

IDS(AVG) =2 ------

57 + 39 
=-2~-

IDS(AVG) = 481-lA 

.. 

Sten 6: Calculate ~t for a ~V = IV 
; 

and 

Using the charge density equation, 

Q = CV = It 

and solving for t, 
CV 

t = T 

6CA,V 
I\t = ~I

(0.592) (1) 

48 = l2.35ns 

) 

The above six steps are repeated until the table is completely 

filled in. The total tL'1le required for the output s~..;ing is the 

sum of the A,t's. 

t = 6.t 

. t = 194.45ns 

Rough Ball Park Estimate 

If the NOS load device is treated as an average constant 

resistance over the operating range, we can use the follmving 

model for estimating switching· speed •. 

VOUT =. V (t) 

X-16 
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Therefore, we have an exp6nenti~1 equation of the form 

Vet) = VDD (l-e -tiT) = 

If we treat the tUTn off time as an exponential, we can 
i 

dalculate. its approximate value. 

Step 1:, Determine the' aver!1ge resistance of the load over the 

-, 

operati!1g range. 

VDS 8 RL(VO IV) = 140KQ = - :; 

IDS 571)A 

RL(VO 7V)' = 3 = 700KQ = 4.2811A 

RL(AVG) = RL(VO = IV) + RL(VO = 7V) 
2 

= 140 + 700 
2 

RL(AVG) = 420XQ 

,-

X-I? 



~?-..:.. -Determine the avel:"age capacitance over the ope rating range . 

. -.-.-.-.. - Cpn(VO=-TV)+ Cp~(VO == 7V) 
CLAVG = 2 + CNOS 

0.208 + 0.096 
= 2 + 0.4 

Step 3: Calculate the time constant (T ) 

= RL(AVG) CL(AVG) 

= (420xl0 3)(0.552xlO-12) 

- 232 ns 

Step 4: Determine the number of time constants (tiT) using the 
.. 

graph of (l~e-t/T ) vs tiT 

There is a possible voltage swing at the output of 9 volts. 

We are interested in only a 6 volt s';·ling. 

6.VO 
= 6.VDD 

7-1 
= 9-0 

6 
( 1-e - t/ T ) =9 = O. 67 

and from the graph ,;.;e obtain tiT = 1. 25 

Step 5: Calculate switching tiLue 

tiT = 1.25 

't = 1.25 T 

t = (1.25) (23?) 

t =;\290ns 
" 

This method gives a value of 290n8 compared to the previous 

value of 194ns. 

This rough estimate becomes more accurate as the values 

X-18 



of the load device resistance at the t'iTO extrerr..es of the operating 
/ .. -..... 

\'0- .~range appro.a.ch equ.aI vaIlles .. _ ..... 

r-'" -I'D ,I 
~ 

A bootstrap circuit can be used to improve the switching 

speed for the same' amount of pO\ver. The circuit is as follows: 

VOUT 

ICPN I 
CMOS 

The operation of the bootstrap circuit depends upon the gate-

to-source capacitance, CB. The operation works on'the principle 

that the voltage across a capacitor cannot be changed instantan-

eously. Therefore a change in the output, VaUT, \'1ill be reflected 

at the gate of QZ by an amount given by 

Therefore, for transistor QZ 

VGS \T IT -'-·v·· r C"D .' _ .1lL, '.' . . = v GG - Y TH . 0 ~B-kS ] 

VD~= VDD - Va 

For this circuit VGS of QZ remains' almost constant except 

;for the amount of charge lost to the stray capacitance, CS. 

X-19 
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";0 
A design example will now be illustrated. 

The same parameters as in the previous AC Analysis and the 

following assumptions \vill be used. 

Assume: 

1) . S deg = O. 73 

2) Q3 fs off 

3) No more 10% loss to estray for each I),VO = 1 volt. 

4) Q2 is saturated 

5) A..GT(AVG) is same 

Step 1: 

To compare the speeds between the bootstrap circuit and the 

triode inverter, we mus t have the same pO-:"Jer drain. Therefore, 

we must calculate an effective length for Q2 to give the same 

value initially as before. 
W 

IDS = zf (VGS - VTO 
. 2 

- VBE) S deg 

( 2 . 5 x 10-6) (0 . 4 ) 
2[' 57t.LA = G14.5 - 2.5 - 2.4) - 2.5 - 0 • 5~) ~ CO. 73) 

l' = 0.263 mil 

Step 2: 

Calculate IDS current using, the l' calculated in Step 1 and 

using the 10% loss of gate to .source voltage (VGS) where VGS 

initially is equal to 9.4V. 
. .' 

IDSI = ~~)~~:~6~~· G9.3-2.S O.8).zJ"". (0.73) 

.' 
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. CT(AVG)' 
6t = InS(AVG) = 

.-.. ".,-_._ ... --_ .. _-".,.- .. -.. '. -

0.592 
53.5 = I\t = 11m3 

Similar calculations can be done to generate __ the follmving 

table: 

IDS 
(~A) 

57 

IDS (AVG) 
(~A) 

I\t 

(ns) 

53.5 11.0 

50 . 

46.7 12.0 

43.5 

41.25 . 12.9 

'39.0 

36.2 14'.3 

33.4 

.31 .. -4 - 16.2 

29.4 

27.5' 1B.2 

25.7 

Total time = -B4.6 ns 

.. . . .: 

This switching time is considerably_ lower than the previous 

ci;rcuit's time of 194ns~ 

The advantages ·of the bootstrap are. 

1) 

2) 

faster rise times 

I~proved speed-pO\ver. product 
It.'.to, • 

Some of the disadyantag~s are: 

. 1) Requires an extra MOS device 

X-21 



2) 

.' ........... :./~;. 

The gate.,to-source capacitance, CB, must be built into 

the circuit \vhich \·lill decrease yield since yield c{ 

1 
gate area 

.' 

'X-22 
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, . . -~o-- ~Iul tiple Phase Logic ..... -. .-- .. ~'" -- "-'.-. -

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

much mQre complex ·to analyze. For example the simple inverter 

in t,~o phase logic includes. a coupling device \lJ"hich is used to 

sample an~ hold logical data on the next_ -gate. This cell has 

many parasitic capaci tances and accu.-rate analysis by hand is 

virtually impossible. Either approximate methods or computer 

analysis must be used. 

--·T 
. Some effects· 1vhich are present here but did not exist in the 

.... :." 
analysis of static logic must be discussed nmv. 

In dynamic logic the· signal stored on the output capacitance 

is sampled by successive stages after the clock has returned to 

. ground. Hm.;ever, the + going· edge of the clock can also degrade 

s.tored"1" levels through the parasitic capacitances Cl and CZ. 

It is therefore recommended that all dYnamic circuitry be 

...... analyze¢!. by computer., 

" '< 
" ... 
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Propagation Dela~ 

\'~'O The rise and fall time of a cell output· is often a design .... 

co· 
'-' 

criterionv7hen the cell provides' a chip output. HOiv·ever,· int~rnal to 

the chip, the cell propagation delay-is the important speed 

criterion. 

Thepropagatlon delay thrqugh a cell is different for an 

9utput transition from logical 1 to logical 0 than for the other 

tr.ansition . 

. The best way to model sj.gnal Pliopagation is by studying 
. , 

p~ir delay (delay tirne between 50% point of waveforms across 2 
, 

si:rial inverters). This time can be computed by hand in an 

approach quite similar to that used for rise and fall time or 

modeled by computer with greater accuracy by including Hiller 

feedback capacities. n·m approaches are feasible by computer. 

(1) The entire system can be modeled as designed and the exact 

propagation delay computed, or (2) each celL can be modeled 

approximately by'the formula: 

TPD+ = td+ + Kl Cnode 

TpD- = td_ + K2 Cnode. 

"' .... ~. 

X-26 
' . . 

.vaUT 

r-1,----;....;..".:-• t. 

VOUT 

'/ 

,--.-------.. _ ............ _- ',"" 
..... ,,_. ~- ~... ~fJI""' 



r 

,co: --
\ . 
...... -

. ~b 
-t; -........ 

The constants for this approximate model are derived in the 

following way. A chain of three inverters is modeled including 

Miller capacitances and substratec'apaci tances (see Sceptre). 

With a step transition ,at A the time difference bet~...,.een the 50% 

points at B and'C is recorded for both logical transitions. Nmv 

capacitance Cl is multiplied by 10 ~ndth~ delay recorded again 

for both transitions. The equations can now be ~olved &imultan-

eously for Kl, KZ and td+ + td-. 

The cell is now modeled accurately enough to predict delay 

time for any mode of log-LC signal propagation (see SIMUL8). 

For example, the critical time path through this circuit 

'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 
cell 

+ Cce1l 
inputs 

See Figure 2. 

- - . 

+ Cmetal 
interconnect 

_ X-27 
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Design Documentation 

Any design must be well documented to prevent design errors, 

to speed their correctioni and to allow the product engineer to 

analyze low yielding circuits and to detect and correct the 

faulty situation. 

- Most of the following check list will be applicable to each 

product design notebook (Fig. ). 

Each project engineer is required to keep a notebook can"': 

taining this documentation. 

.. '..,.. 
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1. Customer's electrical specification sheets. should include : 

1. Sup~lie~-to1erance 

2. Operating temperature range 

3. Input-output signal levels, impedances, rise and fall 

times, operating fre~uencjJ interface circuitry, 

timing diagrams 

4. Required function description, logic diagram, or 

schematic. 

5. Competitor spec sheets, if available. 

2. 'Engineer r s original chip size, power, cost estimate 

..... --.--:---- -- -3. --Full logic diagram clear 1yind icating positive or negative 

logic. 

o 

4. Truth table simulation of function .. Customer verification. 

of'simu1ation. 

s. Cellular documentation (computer listings) indicating cell 

design criteria and verification of criteria (all cases 

AC and DC analysis) - drawn device sizes. 

6. Fu11s~hematic showing dra~\7D" device sizes . 

-7. Current and power consumption range of entire chip. 'Therma1 

. Imp~dance evaluatiori~' ~" 

&.. Fina1"chip size (including 1.5 mils for . scribe grid" each 

side) X, Y, chip area, thin oxid.e. area. 

. . 

9. Finat cost estimate. ".,.. 

10. '" DesIgn review committee comments ,1, 2, 3. 
, .. ,: .... 
. ,", 

11.' Prototype. run if, mapping. and results. 

" . ~ <. 
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CHIP, SIZE ESTIMAtION 

SWAG based on DTL equivalent gates implemented PMOS static 

or 20. 

This approach assumes you are given the number of DTL equivalent 

gates l'lhich are on the average 3 input NANDS, and is a rough estimate 

of chip size (1 JK FF = 4 equiv~lent gates).' Much of this logic will 

be reduced to functional gates in hand design; somewhat less if CAD 

implemented. 

24 

Good HAND Hel .... 

1.35 equivalent gate ~ 

1 functional gate 

4 input FG = 54 mils 2 

ToxA = 9.9 mi1 2 

. Routing area = 

cell area (.5 + .2(FO-l)2) 

CAD 

1.25 equivalent gate » 

1 functional gate 

4 input FG = 60 mils 2 

ToxA =9.9 mi1 2 

. Routing area - . 

cell area (.5 + .5(FO-l)2) 

Utilized area = cell area + routing area 

Xu = Yu - Vutilized area 

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

' .,. 
grid. For CAD add 6 mils' to X for, busslines. 

X = Xu + 24 X - Xu + 3,0·'" 

Y = Yu + 24 Y = Yu'+ 24 

Total Area = X • Y "" ': " Total Area = X· Y 

.This approachwillyieldanestim<}tewithin 20% .. Notice that for 

silicon,gate, or 4 phase sITlaller chipsmCiY bebuilt~ 

Xr':"3, 
._--' '-' '-' -' .~~-,-----,--,-"-' 



ACCURATE .ESTIMATION APPROACH 

The following chip area estimation approach is based on know-

l~dge of the MOS implementation in terms of CAD cells. 

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 approximated as'a function of fanout and 

cell area. 

Route area ~ Cell Area * (.5 + .5(FO-l)2) 

Add cell area and route area for utility area. Add 24 to the 

utility Y dimension and 30 to the X utility dimension, to include 

O. bonding pads, busslines, and scribe grid. 
","_.-

Example: Fanout =2.4 

Cells Used Area' No. Required 

MHOlJK 240 

MHO lIN 

MHOlPP 

MH02PS .. 

24 

60 

36 

48 

36 

MH03PS 

MH02SS 

MHOlFG 

MH02FG 

, MHIOFG 

. , 60 

60 

3'6·, 
Total Cells 
Total C>ell Area 

Routing Area 

XI-4, 

3 

10 

6 

5 .. ..,.. 

4 

3 

2 

3 

4 
40" 

A 

720 

240 

360 

180 

192 

108 

120 

180 
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Utility Xu = Yu = JSS64 

X = 7S + 30 = 105 

Chip area = 10,400 

= 75 

Y = 75 + 24 = 99 

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 functional gates ind the draftsman'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 

. Utili ty Area = 4130 

Xu = Yu = 64 

X= 64 + 30 = 94 

y-= 64 + 24 = 88 

Chip Area = 8,300 

Use of silicon gate cells will reduce cell area 20%. Three 

level routing will reduce route area approximately 30% . 

..,.. 
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LAYOUT RULES 

for 

STANDARD MOS PRODUCTS 

Attached are the layout rules and allowable minimum geometries 

for standard MOS product chips. Any modification of these rules must 

be discussed and approved by MOS Production Engineering prior to use. 

--
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Chip'Layout Rules 

Ali 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 L 

2. Tne bonding pads must be 2 mils from the scr.,ibe grid, 2 mils from 

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

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

3. The scribe grid must be 2.5 mils 'tvide. 

4. 

5. 

6. 

2.> l-~~ ! ... _.=~ " 
L!' t 

~-'-'(:-2:0 
All 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. 

F -
.'1 r. 

~- , ~-,.,-, --- -D_':..I'r' __ ~-'-'--~l rr== 
l~ > i . I . s.'\ ---=-

1_ '" . . t", i. 

[ 

The follo1;ving Peripheral devices must be on each chip: 

1. MS99SH - Switch Test Device 

2. MS99FI - Field Inversion Test Device 

3. MS99LR Load Resistor Test Device 

4. MS99TP Optical Test Pattern 

5. MTOIP -Alphameric IITop" at top of chip 

The following Peripheral devices will be of convenience in chip layout: 

1. NS99BP - Bonding Pad 

2. Contacts: 

Xlli- 3 
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Contacts: 
\ 
\ 

'~, .... 
. . 

Partial coverage a. MSOlCN 

b. MS02CN 

c. MS03CN 

Full metal coverage 
; 
i. 

MSOlFP 

d. MS04CN 

e. MS05CN 

f. MS06CN· 

Field Gate 

MS06AL - Alignment Key 

5. BWOl - Motorola Emblem 

.7 x .9 

.9 x .7 

.8x .8 

.7 x .9 

.9 x .7 

'.8 x .8 

Bonding Pads muct be positioned around the chip so that· 

straight line wire bonding to package posts may be used. 

(Fig. 5,6) 

8. Substrate must be grounded by a contact from ground metal 

. to substrate or by bonding. 

\ 

\ 
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10 Peripheral Devices \~! 

Size 
Function Name (mils) 

Bonding Pad MS99BP 4x4 

Contacts: 

Preohmic Metal Coverage MSOlCN .7x.9 

MS02CN .9x.7 

MS03CN .8x.8 

-Full Metal Coverage MSOl~CN .7x.9 

MSOSCN .9x.7 

MS06CN .8x.8 

Field Plate MSOlFP 1. Sx3. 6 

MHOlFP 2.4xlO 

0, dpti~al Test Pattern MSOOTP 7x2.S 
""~,- .. / 

Aligmnent Key MS06AL 2x2 

Field Inversion Test Device MS99FI 6x7.S 

Switch Test Device MS99SW 6x7.S 

Load Test Device MS99LR 6x7.S 

, Motorola Batwing BWOl 6.Sx6.S 

"Top" MTOIP 

0 ,'.\.' 
'. 0"' 

\: __ -:r/ 
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NOTE 

If your layout contains CAD cells designed prior to 
1~15~7l, do not use 0~2 mil dimensions on the gate 
mask. - --

The reason for this is that th~ 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 ~ill not satis
factorily print. 
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I'.fJ07J"0710 !.J1 
Sornicon::Juct.or 
Pi-OrJUCt.:3 Inc. PRODUCTION SPECIFICATIONS DEPARTMENT 

PRODUCT GROUP : INTEGRATED CIRCUITS PRODUCT LINE: ~-IOS 

TITLE:'f'.1OTOROLA MOSIC LAYOUT RULES P-CHANNEL (f.-IETAL GATE) PROCESS 

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 al19wances 
have also been made for operator error and process vaiiation 
during wafer fabrication. 

The designer should make additional considerations 6f suth factors 
as current carrying capacities of lines and contacts, effect of 
high voltages (such as voltage doubler circuit) and high substrate 
resistivities on lip" to "p!! spacing, and possible field _inversion 
problems when using (100) material or circuit designs which con
tain elements hypersensitive to leakaie currents. 

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 
areas 'and, exceptions shc:>uld be noted. 

MINIMUM ARTWORK DIMENSIONS 

1. SOURCE DRAIN MASK (04) 

(a) Line width 

(b) Unrelated "pll to "p!! spacing 
If line to line voltage >2SV 

(c) Source-drain spacing 

(b) 
, - , , 

SEE RE ISION SHE ET 
! 

Dimensions (Mils) 
- Min Drawn Mask I Et'chea--

0.3 

0.5 
0.6 

0.4 

'-

0.39-0.45 0.37-0.4 

------,-----~--------SPECIFICATION 

NO ~1~'IA53894H 

MEMO DATE I~ MEMO _'-_ DATE ISS ....... _--- --~- ---. MOTOROLA FonM NO.' SPO-3550 

XII - 9 
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ISSUE: 

f'A07©:':JO£1".t'::, ONC .. 
TITLE: MOTOROLA MOSIC LAY-OUT RULES ~H'IA53894H 

Senniconduc1:or 

Produc~s Division 
P-CHANNEL (METAL 

2. 

" \, --. 

\ 
GATE MASK (06B) 

\ 
(a), Gate w'idth 

NOTE: All, gate mask dimen
sions will etch 0.05 to 0.1 
mil wider than drawn. 
,(Drawn dimensions of 0.2 mils 
~o not allow any tolerance for 
~educing image sizes d~ring 
mask making or wafer pro
cessing.) 

(b) Gate to p overlap 
W ~0.3 mil 

(c) 

(d) 

(e, 

(f) 

(g) 

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 ~izes during mask 
making or wafer processing.) 

Contact to "p" edge 
If contact is made to"a "pI! 
at substrate potential 

Pre- ohmic (overs ize contact) 
to gate spacing 

, (a) -'& (b) (b) 

XII - 10 

GATE) PROCESS PAGE 2 OF 7 

Dimensions (Mils) 
Min Drgwn Mask Etched 

0.2 0.18-0.22 0.25-0.30 

0.3 0.27-0.33 0.34-0.40 
Preferred 

0.15 
0.10 

0.6 

0.6 

0.3 X" 0'.3 
0.2 x 0.5 

0.15 

0.00 

0.20 

: · '1 ' ,-: : : it,": I , ; 'f .-
~~ .• ~1. ;~~ ',; I' ~i - ~~.:..! 

(e) & (£) 

j 
:! i 

' !_: ,I ,)', 
: , , I 

: . :.: 
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ISSUE: 

Senniconduc'torr 

Product:s Division 

TITLE: MOTOROLA MOSIC LAY -OUT RULES .... [ t.'n-.!,-A-S3-g-9·-4-\,I---, 
P-CHANNEL (lvIETAL GATE) PROCESS . PAGE 3 OF 7 

3. PRE-QI-IMIC IvIASK (06A) 
(Oversized Contact) 

(a) Overlap of (06B) contact 

(b), Overlap of "p" 

4. METAL MASK (08) 

(a) Lin e' wid th 
If < 2 mils long 

(b) Line spacing 

(c) Min. overlap of gate mask 
(all cuts) 

(a & b) 

XII •. 11 

Dimensions (Mils) 
:=-:----=,;--.,,---'--. Min Drawn Mask Etcfied 

0.15 

0.00 r 

0.4 
0.3 

0~4 

0.15 

0.38-0.42 0.30-0.35 

-, .• ..... ,... ..... """'l n, 1t:/71i\ 
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ISSUE: 
fY:j070~'S:O!L.A Ufi-JO" 
Se.-:nico:noucfcnr 

Proc7uct:s Divisfforn 

TITLE:iiJOTOROLA MOSIe LAY-OUT RULES ,mIA53894l.! 
~-P-A~G~E---4---0-F'--~7----, 

P-CHANNEL (ME~\L GATE) PROCESS 

5. 

6. 

7. 

8 . 

PASSIVATION MASK (09) 

(a) Passivation opening to be 
inside bonding p~d by 

' BONDING PADS 

(a) Size 

(b) Spacing from pad to.pad 
Preferred 

(c) Spacing from pad to non-
common diffusion 

(d) Spacing from pad to non-
common metal 

CHIP PERIPHERY 

(a) Scribe Grid Width 

(b) Distance from oxide 
to center of scribe grid 

(c) Additional allowance in 
scribe grid width for 
stepping overlap on 
Gerber artwor1< 

(d) Spacing from edge of scribe 
grid to active circuit 
areas. 

ALIGNrJENT KEYS 

- I .• ..... '"' ~ ... "'I~" n 1 IE:. ''7 (j \ 

Dimensions (Mils) 
}Ilin Drawn Mask ,Etched 

a . 2 

5 x 5 

4.0 
6.0 

1.0, 

2.0 

3.0 

1.5 

1.0 

2.0 

MS07AL 



ISSUE: 

TITLE: MOTOROLA MOSIe LAY-OUT RULE~ r,.1\·lA538941'1 

P-CHANNEL (~'1ETAL GATE) PROCESS PAG,E 5 OF 7 

CHIP PERIPHERY 

t. 
i, 
" 0--

'" 
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®. ,. :f'lJ07!0:F1DE..P.:. InJlC" TITLE: MOTOROLA MOSIC LAY-OUT RULE~ r,n'lp:53894~'i 

rV'-'\ Senuconductor 
, ' Products Division 

P-CHANNEL (METAL GATE) PROCESS PAGE 6 

0---' 
'- . 

9. PROCESS TOLERANCE i'dARKS 

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. 

la', TEST DEVICES (If space 'permits) 

11. 

Test devices are placed on the periphery of each chip to 
determine 'threshold voltage and f~eld inversiori. These 
devices should be as follows: 

MS99SW HS99FI 

lvLASK SEQUENCE NUMBER elf space permits) 

OF 

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

Source-Drain ,I 
Gate' 2 
Preohmic 3 
Metal 4 
Passivation 5 

Th~ numbers should be placed next to each other on the. 
periphery of the chip as shown on page, 5 .. -- The" ntlmber 1 
is 'cli t" wi tli -the lip'; di££us ion the 2 wi th the gate and 
so on. 

J 

XII - 14 
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ISSUE: 

Se:-niconductOfr 

Products Dffvi::;;iD:n 

TITLE: MOTOROLA ~IOS I C LAYOUT RULES t-11-1.Ll.S8394 I-I 
P-CHANNEL (rIETJ\L GATE) PROCESS PAGE 

12. CIRCUIT IDNUlvIBER (If space permits) 

Each circuit has a unique Motorola number. This number 
should be cut into each layer coincident ~ith the- pr~
vious layer or that layer which is not common to other 
circui ts. (i. e. ROf·IS have all masks in conunon 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. 

XLI - 15 
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. ~,' Field plate diodes. The field plate diode protective device 
is required on all input ~jhich are connected to a device gate. 
For signal inputs with a short time constant, up to 1000 0 of 
resistance should be incl~ded to delay tr~nsients and allow 
time for protective breakdmm to occur.. For cleek 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 fie:!';:'!. plate diode is a physic.al NOS device with its gate 
and sotirce 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 O/sq. for the thick oxide pro
cess should be used. 

Examples of protective devices are shmvn belm\'. 

I sS1..1ed: 1/12/70 XII ___ .16 
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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 measurements and to ensure that critical dimensions are held. 

The SPD mask shop prefers to designate addit;iona1 areas to be 

measured, and a blueprint will be marked by them for the dimen

sions they wish specified. For the Mesa mask sh~p, the designer 

should designate the images to be measured. Specifically, the 

6B (GT) mask should include a minimum width gate, and the 04 (PD) 

mask should include a minimum P-P wide device spacing dimension. 

A eopy of the dimensioned blueprint must be provided the MOS 

processing group to aid them in checki.ng the mask dimensi.ons. 

b. Working plates must be inspected by the designer for 

such things as: 

(1) correct image (not mirror-image) 

(2) test patterns 

(3) correct mask numbering' 

(4) -stepped in defects. 

The MOS proce.ssing group wi 11 inspect 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. 
. .. . 

XII - 26 



0, 
A. Mask Numbering Syste~ 

Mask 05 N+ Diffusion (if used) , (DN) 

04 P Diffusion (PD) 

06B Gate (GT) 

06A Pre-ohmic (PI) 

OS Me~al (MI) 

09 Passivation (VI) 

Mask options are usually lettered, Le., two metal mask 

options would be designated OSA and 08B. Revisions would 
" 

normally be indicated by a dash number, L e., OSA-l is are·· 

vised version of metal mask OSA. 

B. IdentificaJ:;ion of~erns on cogposite drawings. 

P Diffusion: 

Solid Line 

N+ D iffus ion: 

Broken Line 

Gates 

BrQken Line 

Pre··ohmic 

Dashed Line 

Metal: 

Metal pattern is a solid line 
on a separate drmving. 

XII - 27 
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Typ ica 1 De sign 

Th.is :i.s an example layout of an 8 bit parity checker,. implemented 

with the high threshold DC Logic cell set •. 

~j-'---
'-Zl I ~_.r'---
f-7L--·~ 
L ____ J 

i 
I 
I 
I 

I 
fi() 1---· (::)~:~E . c-:.:: .-. ------ .. ------------. __ ... ... . __ . ___ . ______ ._ .. __ ..... _______ .. __ .-.-..... ___ ._. _____ --.l 
I~ 

The cells. chosen to be implemented as follows: 

1·m01LH - 1,2~3,l:-,5,6,7,8 

}lliOlEO - 9,10,11,12~l3,14jI5 

NHOlIN •. 16,17 

EROler. ~ 18 

NIIOlpp ~ 19 

HHOIFP .• 10 requi:ced 

XII - 29 
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Computer aided simulation predicts that R information at logic 

block #18 is valid 240 ns maximum after the last data in. Since 

strobe .appears Ius after .valid data there is plenty of time margin. 

The computer also predicts a typical power of 80 mw, well 

under package 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 pla ced as shown in Fig. 2. The length 

of all cells placed in one rmv is computed: 

8 x 3.6 MHOlLH 

+10 x 2.4 MHOlFP 

+7 x 6.0 MHOlEO 

+2 x 2.4 MHOlIN 

+1 x 6.0 MHOlCL 

+1 x 6.0 MHOlPP 

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 i.n Fig. 6. 

The on diagonal method is as fa 1 10';-78 : 

The cell numbers of the elements are listed at the top of 

a matri.x representing O1Jtput rlode connections. The cell numbers 

XII - 30 
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:1 

.j 

1 
1 

· . 

in the same order along the side of tne matrix represent input 

6"~ nodes. Since no cell may connect to itself there are no asterisks 

on the diagonal. A cell is optimally placed if it connects to its 

neighbors and therefore the asterisks should be as close, as possible 

to the diagonal. Shifting the placement order will move them 

closer to or farther from the diagonal. (See Fig. 3&4) Anothei 

aid to optimum placement is the number of signal wires passing the 

input-output terminal of a cell. 

The wire thickness algorithm ignores input-output bonding 

pads, and considers only 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. 

jo 
j 
I 
j 

I 
j 

,I 
I 

l 
I 

i 
1 
i 
j 

-I 

o 
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07<1 5 (70 TITLE fOR 8RUCI;: fETTE 

_G;J"_~~ELI __ ~lL~D_LI;:_W __ ;-___ _ 
NAHE NAME NAME TYPE DENSITY 

_t ___ MHOILH_.S ___ 1. __ .I·. ---_._--------
1 MHOILH R 1 2.' 

_1 ___ MHOILH_ .. ___ 2 ___ .3° o -o,. ________ . ___ _ 

2 MHOILH 5 1 4 0000 

-~--~~g-!t~ R ~ ~:::-:'::.---'--------
_J __ -'-IHO lLH_S ____ l __ 60000CH)._._, ___ ~ ______ _ 

3 MHOILH R 1 6000000 

-'~----~~~~~~-s---i---~:::::::o -----"------
4 MHOILH R 1 Bcl"ll'.~oooo.o_ 

-4---M'HOILH 2 900«l'QOOOO.Qo 

-~----. ~~g ~~~--~---~ - ~~:::~::::::. . .. -------
'-~-- ~~~i~~-s---i-~~:::::::::::o'- -----
_~HalLIi__.B 1 12°<c)~ooo~~~.~_?* ______ _ 

6 MHOILH 2 130000000000000 

7 _MHOILH'.5 1 14'OoOOOOO'l)ooo'Hl-iI' 
-7-- MHOILH~R--1-·14ooCHHHHH'.oOi:loOCHl.-----

-!---:~~~~~ 5 i-~~::;::::::::::::o-----
8 "'1HOILH R 1 16uIHUH~ooooIHHHHH.o 

-8---;-MHOILH 2 17oo"ooIHHHH~ooO:,"oo-;"----

9 MHOIEO 1 1700CHHHHH~oooo<tooo!.. ___ _ 
- 9---- MHO 1 EO -----1- 16°00000'1100000li01104).110.00 

9 MHOlEO 3 lSCHHHHHHHHI'OUoOOIlo~ _____ _ 
-9----MHO 1 Eo"-----J----lSlIooO 00110«1'000000000 

:-i-o--~~g-~~g ~ ~:::::;::::::::-:~:~::----
10 MHO lEO 1 15oo'Htc,oooooooooo __ 
10 MHO lEO _.-- J"--- 14tHHHIUoUoiHl'\)!I-'-Q<HHt 
10 MHO lEO 3 140CHHHttlotloooooo _______ _ 

-10--- I-IHOIEO-----2--1S00JloJlooo*000Jloo<Hlo 

-:-:--~~6 ~~g ~--~~:::::::::::::-:,-'-.-----
11 MHIlIEO J IJ«I'oocoooooocHlo _______ _ 

-11-- MHOIEO-----)--13oooooooo<HH)>)0 

-~-~--~~~~~g i-' i::::::::::::::: ------
12 MHO lEO 1 13"HI.ooooo~.~**_oo ______ _ 

-12--MHO lEO 3 12***0li00*0-00-1)0<<1-
_12_ MHOIEO _______ 3._ 12 0 **000""1)0,,:)00 _____________ _ 

12 MHQIEO 2 13 0 *«1'00*000'11001100 

13 MHO lEO 1 13<HI·iHHjoool)* .. HtG~. ________ " 

-i3--MH0 It:O------l---12 GG -I)I)'hHHHhH)O 

-i~--~~g~~g ~ g::::::::::.: ------

t_ 
I\J 
p 
U 
T 
S 

c -}~---~~~ i~g----~-.~~:::::::~:::: --.------",,----.-

1 
2 
3 
4 
5 
6 
7 
8 

14 NHOIEO 1 11*000*00*001)110 
C --14---'-- MHO lEO 3-1000 *oiHl-0I)Otl --.----- ... 

-it--~~~~~~-----~-~~::~:::::-::o,-------
r 15 MHO lEO 1 11°0000**0000 

--lS--MHOIEO-----I--IOOOIHl-OiHHHHlo --------

15 MHO lEO 3 qOOOG,HI'OOI) 

.'-"', -IS--MH01EO 3 gOOiHt*O*"I)O ------------ 9 
i~ ~~~ii~ i ig:::::::::: 1 0 
-i~ ,--- ~~~i ~~ -.----- i·--- -i~:::::::::::~ ---------,- .. --- 11 
i~·----- ~~~i~~--c-s'-·--~ -.--, ~;::::::::::::: 12 

--~:--~~~~~t--~L--,~--··ii::::::::J::-:!-~--'-·--'-- 13 
C~ IS MHOICl 3 10*-l)"I)O~I)O~OG • I' 

--18 ----MHO lel ~----2--110"l)*-rt*O-l)il'*~It--------- ..... } 

o 

o 

i: ~~~~~:----~---~---- i~::::::::::~-------- -- 15 
i~--~~~~~:-------~-~~~::::::::::o------- 16 
i~I-- ~~~~~~-------~,---ii:::::::::::---------·-------- -- 17 

c' -~ g- ~~~i:g---- --~--~-.~ ~:::::::::::---"------ ----- 18 
-~~i-- ~~~t:g ;-ig::::::::::---------- 19 
i~~ ---~:~ ~:g--.-----~---~g::::::::::------------ __ III 
~~i ~~~t:g----_~----I~:::::::::-~------"---- 1 01 

'-i~~,--~~~::g ~ ~::::::::-: 102. 
-i~~ ~:~!:g ~- --~:::::::::- 103 
.I02. __ I'POI.O _.3 ___ 8. 00 ... 0 •. _______ ...:. 104 

102 MPOlAO 3 8 00Qu ***0' 

--i~~--~:6t:g----~--·~::::::::-----·---- 105 
103 MPOIAO 2 8. 00 .... 0 ___________ 106 
10J MPO!AO---'---3---- 7° 0 "1)\<.;1<1* 

103 MPOIAQ 3 7"1)O"l)OI)*"I) _______ . _____ ~ ______ , 107 
104---- MPQ lAO-------- '-3 --~ 7-CHHLH:I-Cl--I) 

104 MPOIAO 3 1-11'000-1)0* 108 
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The above placement algorithms are also implemented in 
,;r---, 

0) Motorola's CAD facility and logic diagrC\m 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 aID und the end. The 

mix method overlaps the rou,ting areas allowing; easier connections 

between rovJS and more efficient use of the routing area. However, 

it is significantly more difficult to analyze the interConnect 

routing by computer. 

Fig.6 and Fig.7 are examples of these chip layout algorithms 

generated either by computer or by a draftsman using 100x paper 

replicas of the cell outlines •. 

Chip design is verified by the chip design check list. 
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l. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Chip Design Check List 

System partitioned into chips 

Cell cho~ce 

Logic reduction 

Magic deck 

Logic simulation, verification 

Cell placement optimization 

Fold or mix cell placement 

Routing optimization 

9. No violations: Cell layout rules 

10. No violations: Chip layout rules 

11. Timing simulation 

o 12. Test sequence generation 

13. 100X master art'i;'wrk 

14. Step and reduce artwork 

15. Prototype parts test 

16. Rework (if necessary) 

17. Production! 

0, 
.. ~--:-_/; 
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Mas 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 MaS device Phenomenon occuring where 
, 

it was not intended. It occurs whereever a metal line crosses two 

P diffusions. Using the Mas device model the same equations apply 

for VT¢ and BETA, 

v Tr/J = V fB + 2¢ fp + j 2Ks fo 9 NA 124 fPl 

BETA = ~ fox Co 
tox 

except that VTr!J is much higher and BETA is much lmver. 
'. 

tzi'e\a. 
:t 'r'H!QrSWI) High Threshold 

BETA 
Low Threshold Silicon Gate 

~a/V2 

Volts 

There are two methods to avoid problems with field inversion. 

For High or Low threshold field inversions from signal to signal, 

or signal to ground can, instead, be returned to Vnn by inserting 

a P diffusion between the two affected P diffusions which returns 

to Vnn. 
,I, 
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This works v7hen a field inversion to ground is degrading. 

a high impedance "1" level. The field inversion now enhances 

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

"a" level. This is particularly important in the vicinity of 

bootstrap circuits. 

The second method comes in two forms applicable to the 

low threshold proeess. First - N plus channel stoppers 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 

are doped to a higher field inversion by donor deposition. 

P to Substrate Leakage 

P to substrate leakage eauses the tiITle degradation of logical 

voltages stored on MOS capacititve nodes 0 This therefore determines 

the lower frequency limit of' dynamic circuits' such as the dynamic 

shift register, and 2 phase logic. The equation for junction 

leakage is: , I 

, I = IR (e,,[k¥: - 1) 

Hm'lever surface leakage is the predominant node for silicon leak-· 

age and random ~urface contamination accounts for a wide range of 



.. 

capacit"ance leakage' time constants (about 2m sec to 2sec). 

o 
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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 value on an MOS capacitance. If this 'is a large nega

tive voltage; and if the capacitive coupling from the clock to 

P diffusiun is large enough the P-N junction (a) can be driven 

into conduction on the + going edge of the ~lock, causing lateral 

PNP transistor action, and significantly degrading the stored 

"1" leveL 

0---1-1 
The effects of this parasitic are reduqed 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 performance. Other capa-

citances should be considered, which aid perform~nce. 

Example 1. 

'-" ~,,--_ .... --' 

Capacitor Cl and C2 will cause significant degradation of 

a stored "1" level on the gate of Ql. Ho\vever, they will enhance 

the stored "a" level. Note that C3 can be chosen to balance the 

degradation caused by C2. 

Example 2. 
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In this example C2 is designed into the circuit to improve· 

its speed c~aracteristics, and C1 is parasitic. C1 is reduced 

significantly if C2 is made as a thin oxide capacitor where 

side B is P diffusion and side A is metal. 

Example 3. 

In the ratio1ess dynamic shift register the capacitor C1 

is designed in to enhance the "1 11 level while C2 and C3 are 
, 

minimized to prevent "1" level degradation. 

Example 4. 
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In this example the capacitor Cl degrades the "l":_level 

stored on C2 when 02"goes to ground. The "1" level here must 

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

put. , I 

Example 5. 

-- -.-----r-------.---

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 either aiding or o~posing. 'Timing 

simulation and cell noise immunity allow the engineer to deter

mine if false data will enter at A. The situation can be corrected 

by adding parasitic capacitance to ground or to ~n opposing phase 

signa~. 
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Drain-Source Punch Througb, 

This breakdown phenomenon limits the voltage across a. 

transistor, causing the MOS device to act much like a Zener. 

Notice then, that the only current limiting is external circuitry. 
'\ 

This phenomenon is observed in circuitry with abnormally 

large voltage swings, as an output voltage which never reaches 

its appropriate supply limit. 

Q 

VP-r = 
2 

ND Cleff) 

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 '~'I levels. For this 

reason minimum length load devices should be avoided if large 

signal swings occur. 

" :1, 
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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 miiliamperes, with VDS =,3 volts. Suppose this transistor 

must be drawn 20 x .4 mils. If drawn as t\VO paralle1 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 dra\vn as an interdigitated 

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 drmvn \\7ith metal contacts running 

the full length of the source and the drain thereby cutting para-

sitie resistance to .1 square. 

Simi1.arly 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 uncornmo,n between the bonding pad and the 

final cell, causing an increase in ground level, noise on the 

ground, and VBE effect on the switch device. 

Sheet Resistance 

Pd 

60 + LI-O 0/ 
- 10 

Poly 
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inter-of Ice corr-8spond,,::nce 

From: Don Black 
Jim Remedi 

Date: February" 17, 1971 

To: 
I , 

Durre~l Hillis Subject: MOS Array Design and Checkout 
Procedure , 

xc Bob Handy' 
Tom Bennett 
All MaS Engineers and 
Layout Draftsmen 

" 

The follm,ling ,viII be the nev! design and checkout pro-
cedure for all new arrays coming from the MaS group. 

Attached to the end of the memo are copies of the 6e11 
checkout form, arr8,y checkout fo::r:m,.· and rna trix bo.9.l."cl \nrl.ng 
form. 

1-
.J.... 

II. 

Ob • , .• f' . taln customers specl_1catlons or 1 . 1 • ogle cl1.B.gr~~n1s • 

A. Check 

D e.s i.gn or
cell set. 

the appropriate Motorola 

A. Partition logic 

1. Arrays will have 900 linear mils maXlrnum. 

B. Mi.nimize logic 

1. Donlt convert from positive to negative logic 
or: Vic2~·vers2. 

C. ~'hink. abo~t 1;0;;v you ;;vi11 test the array while it 
lS belng d.e.sJ.gned. 

D. All lo o~ c d;·r-i7·~np's C,1,o"ul (1 _ . o.J- 1-01'03. C;I... ;:)l.\,. ..;.:,.t-

connected. No l1.n2s lett 
t, P (-'t"'r'lp I·' t· r:, '1 -- 1.' n~" ", -.-'-,_ ~"I L_ c; .<.:.;.L} ,",_\o;.J.. 

hanging with names. 

1. Exceptions VDD,'ilGG,Gl'm, and possibly clocks. 
\ 

E. Cell names beside each and c:ve:cy logical symbol. 

F. Current and Power consumption calculations. 
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III. Logic diagram should be checked by array designer~ 

III-A. Any ne~v required cells should be designed by CAD people. 

A. Check of mylar by two circuit engineers and processing. 

-I. Device sizes 
2. Design rules 

B. Digitize cell 

C. Check coding and make corrections 

D. Check 500X plots (2 different people) 

1. Device sizes 
2. Design rules 

E. Sign off processing 

F. Sign off to cell library 

A. NO CHANGES IN CELLS IN L IBP~4RY EXCEPT BY 
,PROJECT LEADER. 

IV. Logic diagram simulated 

v. 

A. Simulate with test pattern OR 

B. Simulate with a functional logic checking p2ttern 

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

Design revie~'7 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 r-1UST BE APPROVED BY PROJECT 
LEADER. 

V-A. Custome~c verify simulation 

VI. Draftsman takes ~igned-off logic diagrams and performs 
layout of 

A, First: 

f. ",'\ .... 7 
'-t V \j..!\" • 

makes lOOX sketch to obtain rough cell placement. 
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VI-A. Designer writes test pattern if not already done. 

A. Simulate test pattern to make sure it is OK. 
Then sign off. 

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 

1. 
2. 
3. 
4. 
5. 

6. 
7. 

Continuity 
Correct cells are used 
Design rules in interc6nnect area 
1/0 locations of cells 
Continuous metal bus lines \·Jith mirdml1iIl 
resistance on GNl),VDD,VGG, and clock lines. 
All output buffers have metal from cell to pad 
A-l' 1 rerll'..! 'Y""',6(P' ao; l' .-,0.'. I"':.nt "'r" C .., ..... t~ ).' n T""'o 1 ~ 1"'. n a"-'c' ._ .-{ .,LL . ..;.~l 1.. 6 ,ul~. ['.1<... t",.j uL ~ • r .1-03 .... ". c. J. 

test devices in periphery. 

B. Check by design engineer and sign off. 

L 
2. 
3. 
t . 
~ . 

5. 
6. 

Continuity 
Correct cells 
Good bus structure 
Critical timing paths 
Distribution of pads 
Protection devices on all inputs including 
VGG) but not VDD and Gtm. 

C. Check by packaging engineer and sign off. 

1. Pad spaced for: £Soad assembly 
2. Does it fit in ~2quired package 

D. Check by processing 

E. Check by product engineer ", 

F. Check bv reliabilitv _ ,) J 

VIII. Digitize Array 

V lIT-A, F ~ ~,~ 1 l' ~ 11..:1 P , .. - 1) (-' (-.',., r c' ,', .~ c' r. lic.'J'e EtdCT.LX. Joa'CQS ,-'LULU".': "d,. l [ .. d.!'::. 

A. 'Il t ./- .....;.. ~. "' .... -1 ~.,( h .... r- .• j C' -"'" - ... - -~ -." cl ,,\0 111<,'t LL _ •• LUC.r~ . .,;, \ L t;l-LlJ.l.J, e l 

final test. ' 
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IX. Plot and check stick diagram ~Y original layout 
draftsman. 

A. Things to check 

\ 
\ 

1 C t • . t • on :],n111. -y 
"2. Correct cells used 

a. Includes alignment cells and test devices 

3. Interconnect gets into cill in right location 

X. Plot and check of full composite and separbte layers 
of interconnect area by design engineer. 

A .. Things to check 

1. 
2. 
3. , 
'-!-. 

5 . 

Alignment of cell I/O's and interconnect 
Design rules in inter~onnect area 
Povler bus metal continuity and low resistance 
All alignment marks present and test devices 
Protection devices on all inputs including 
VGG, but not VDD and GND. 

XI.· Release to artHork geneTBtion by proj ect le.adeT 

A. AN"Y CKA.NGES IN LAYOUT :::-rOST B;S.SIGNED BY PROJECT LEADER, 

XI-A. Obtain 200X plots on Cal-Camp of separate layers. 

XII. Check of artwork copies, black and white both + and -
copies, against pen plots by original layout draftsman. 
D l' l'·h ,.( o Lns on 19- t tao __ e. 

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

A. Opaque all pinholes in Gerber artwork. 

B. Pro~ide blue ,line ~or:>i.es of .:n-t'ilork copies 811m'ling 
typlcal Sp8CJ.ng) nurnmum spacing, and die size on 
each 18ye:r to mask shop. 

XIV, Release to m2[:k shop, 

XV. Insure t.ha t rna sks an:~ not m:Lrcor imaged, 

XII .. 51 
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XVI. Provide processing 'l"/7ith blue line. ct;pies of ~rt'work 
copies shmving typical spacing, rn~nlmum spaclng, and 
die siz~ in each layer. 

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

, r 
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NB,T HOS CELL CHECKLIST 

Mylar~ 

1. Compatible with cell library 

2. Continuity (project leader) 

3. Device Sizes 
a. cell designer 
b. circuit engineer 
c. project leader 
d. processing 

Ii 4. Separate layer-line widths 
and spacing 
a. cell designer 
b. circuit engineer 
c. processing 

5. Overlapping layers 
a cell d-PC1' a'-eo' I" 
.' .' • ,-,":> ott. 
D. ClrcuIt englneer 
C P ," n., (' C> C' c ·i rl .J' 

.' ...... _ ... ,--,-J \.;).-. '0 

;-. Check Plots: 

.' , 

.': , 

, 
I Cr,r-·.l-.·i n'11 t~\7 • ~. L:'" _~ 1 L ~ '_./ . (project leader) 

2. Device sizes 
a. cell designer 
b. circuit engineer 
c. project leader 
d. processing 

3. Separate lsyers-line widths and 
spacings 
a. c?ll ~esjg n~l: 
b. Clrcult englneer 
c, processing 

4. Overlappi.ng layers 
a C e 11 d '" S]· cr'~ ,-~ ".' 

• • ~- J... 0(10 •• ~. "- '0 It .... : L 

h. clrcult eng~neer 
c ~ prC)CeSslL1g 

Sign-off to cell l.ihr.sry' 
8. cell dcs:Lgncy 
b. p:r:ocessin.g 
c. project l~ader 

I 
! 

---------.----

r----.------·.·.-·--· 
I 
~--.-.--'----..:-. ....: ----_ .. _-----

I 
I t-· __ ·--·-·-- _. -.. -- -' _. -.-".--'--;-"-' 
I 
• 
I 

Date 

___ }~17~~_··"_:':<...::3,--____________ ,. ___ "",--:,,,,,",~~:;_, __ ... ,,_._ .. 
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\ MOS ARRAY CHECKLIST --------_ . ...--.-._-

o C. -.J 

Designs: 

1. Reliability OK specifications 
i 

. 2. Simulation o\f logic (designer) 

3 S · .t=f -f I . ~ . • 19n-oL _ 0_ Oglc Glagram 
a. des igner . 
b. project leader 

Layout: 

Mylar: 

1. Checks by layout draftsman 
a. continuity 

; b. co-cree t cells i...lsed 

:0· 
. ( 

" 

c. I/O location of cells n T .' 1 . . ...:. • .JesJ_gn ru e.s In l_nterco:mect 
area, 

c. Continuous metal bus lines 
with minimum resistance on 
GNU and clocks lines 

f. All output buffers have metal 
from cell to pad. 

g. All required alignment marks 
in place 9 and test devices. 

2. Check by design engineer 
B. continuity 
b. correct cells 
c. good bus structure 
d. critical timing paths 
e. distribution of pad 
f. protective devices on all 

inputs and VGC but not GND 
and VDD. 

3 C::-:on ,-,J'::f by' D., ..... l ... ~rr:r: .. ~· eno ' lee'" ~ 1...1 j·'t.;:J "' ........ JL '0 oJ ... " r.:1 L.L.\,,<-:o,.L .. J_2:j ... -:. b..Lr .. -.J... 

a. pad dlstrlbutlon 
b. fit in required package 

4. Sign-off by processing 

5 S · r. Ign-ol:t 
(project 

I 
~ 
I 

Signature _.Y-. __ _ 

XII 1- 5t~ 
I 

Date 

--_._---



, , 

; -. , 

.. 

HOS ARRAY CHECKLIST contrd 

(C?lots: 

1. Check by layout draftsman of 
stick plot 
a. continuity 
b. correct cells used 
c~ interc6nnection into cells 

2. Check by design engineer of 
full composite 
a. aligrmlent of cell I/O t S 

and. interconnect 
b. line widths and spacings 

of interconnect area 
c. Overlap of layers in inter

connect area 
d. lm'7 resistance and continuity 

of busses 
e. all alignment marks present 
f. protective devic~s on all 

inputs including VCG but not 
C:ND and VDD 

g. Test devices present 
3 ~;crn or:-r t-n a-' i -pc-"'" cr~'''er''~'l'o'' f' U -b - ... ~ - :,..~. L \-:h .1 .... t:.... 0"':'1 l.i, - Q '- . J'. ~ 

(project leader) 

A-.cl.7i70rk copies: 

1. Check by layout draftsman 
a. all layers checked by 

overlaying on light table of 
artwork copies and Cal-Camp 
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) 

Hasks: 

1. De::.:ign enginee.r check r((asks :Cor 
absence of mirror image. 

I 
I 

xn-b 
! 
i 

Signature _ ... ------... ~ ... Date 
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tvros ARR£'\Y CHECKLIST cant t d 

Testing: 

1. Simulate functional test pattern. 

2. Probe ca:r:ds 

3. Matrix boards both orabe and final 
test (product engin~er) 

o~O\ 
\ :",; 
~ ... :;../ 
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INTERFACING WITH MOS IIC'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. 

AN·539 
Application Note 

MOTOROLA SenJiconduct:or Product:s Inc. 

© MOTOROLA INC., 
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"0" = 0 V "1"=+10V 

Input 1 Input 2 Output 

0 0 1 
0 1 0 
1 0 0 
1 1 0 

+10 V 

Input 1 
01 

Input 2 
02 

r---+---~~---oOutput 

2 Input NOR Gate 

"O" = OV "1"=+10V 

Input 1 Input 2 Output 

o 0 1 
o 

Input 1 
<>-~...--I 

Input 2 

o 1 

o 

1...--+---+---0 Output 

04 

2 Input NAND Gate 

FIG UR E 2 - Circuit Configuration for CMOS Gates 

Thus, Ql and Q3 function as one inverter circuit and Q2 
and Q4 function as another. When input 1 is at +10 V, Ql 
is OFF and Q3 is ON. When)nput 1 is at 0 V, Q1 is ON 
and Q3 is OFF. A similar statement can be made about Q4 
and Q2. Since Q 1 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 kD) 
in either logic state. It can also operate over a power 

POSITIVE LOGIC 5 

l==tT=: 
10 

~~==LF=: 
13--------" 

5 = 2 + 3 
6 = 2 + 3 

DC I nput Loading Factor = 1 

1.5 k 

DC Output Load ing Factor = 25 
Power Dissipation = 95 mW typical 

1 2 3 4 

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 VCC ; 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 

1.5 k 

10 11 1213 

Resistor values are nominal. 

FIGURE 3 - MECL 11- MC1024 Dual2-lnput Expandable Gate 

3 



FIGURE 4 - MECL To MOS Logic 

Level Translator 

VSS = +V1>-V2 

V out 

VSS = V1>-V2 

Switching 

Waveforms 

2-input expandable gate does provide a differential output 
voltage swing which is sufficient to drive a silicon bipolar 
transistor. Assume pin 7 is at VEE = -5.2 V and let Vee = 
o V. When pin 3 is -0.8 V, pin 6 is about -0.8 Vas well as 

4 

6 

- V 
Note : 

For V1 = +10V, V2 = -10V 

See Switching Waveform 

CL = 3 pF CL = 50 pF 

t++ 160 ns 213 ns 
t-- 60 ns 66 ns 

tr 167 ns 399 ns 

tf 43.4 ns 44 ns 

Typical V a lues 

ForV1=+10V,V2=-10V 
See Switching Waveform 

CL = 3 pF CL = 50 pF 

t++ 167 ns 170 ns 
t-- 64 ns 71.7 ns 

tr 153 ns 170 ns 

tf 44 ns 46 ns 

Typical Values 

+10 V 

-1 0 V 

pin 4. When pin 3 is -1.5 V, pin 6 is about -1.60 V and pin 
4 is 0 V. These output signals make possible the use of 
the discrete interface circuits shown in Figure 4. The 

• differential voltage, which appears between pins 4 and 6 

V (volts) 
R~ kn 

1.7 

CL = 3 pF CL = 50 pF 

t+- 253 550 ns 
t-+ 44.7 161 ns 

tr 72.5 247 ns 

tf 314 1190 ns 

Typicai Switching Measurements are for 
-V = -13 V and R = 8 .5 k 

-0.75 .-JV I 
Vin 

-1.65 V L-______ _ 

FIGURE 41al - MECL To MOS Logic 

Level Translator 

-4 "-, - -l H IF-
V

out 

JI\ ~AL 
~tf tr~ 

4 

I ' 
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or pins 10 and 8 of the MCI024, 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. 
VI 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] 
kD since the collector of the PNP is effectively a curren t 
source . Switching times for several load capacitances are 
included in the figure. 

Driving MECL gates with MOS circuitry is le ss 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 V and -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 

VSS-+V<+15V 

CMOS NOR 
Gate 

- 5.2 V 
Vl = VBB 

MECL 
Gate 

-5 . 2 V 
Typical Propagation Delay< 40 ns 
frorT) Vin to V out 

CMds NOR 
Gate 

MECL 

-5 .2 V 
Typical Propagation Delay < 40 ns 
from V in to V out 

FIGURE 5 - CMOS To MECL Translation 

V out 

-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. 

Vss - +V <+16 V 

Enable to Other 
Gatasln MC4042 

Enable to Other 
Gatasln MC4042 

TTL 
Input o-........,i--/ 

DTL 
Input 

VSS -+6 V 

ToMOS .---0 Device 
+5V 

TTL o---'~ 

Input o---t-H 

The MC4042 as a TT L to MOS T ranalator 

R1 

VSS - +V<+30 V 

+V<+30 V 

R1 

XiI----4...---o To MOS 

1/6MC1820 

DTL 
Input 

1/6MC1820 

The MC1820 as a DTL to MOS TranSlator 

FIGURE 6 - Translators for Positive Substrate Voltage 

5 

R2 
ToMOS 

L----4~W'y_-O Device 

R2 



This device is a triple unit that translates MRTL, MDTL, and MTTL 

logic signals to MHTL logic levels. 

1/3 OF CIRCUIT SHOWN 

15 k 15 k 

14 

Vee 
1.5 k 

MDTLI2 
MTTL 

1--..:11 12 

MRTL 13 

MHTL 5 

2 

MDTL 

Expander 

5k 

7 
GND 

1.5 k 

13 
MRTL 

SWITCHING TIME TEST CIRCUIT AND WAVEFORMS 

TPin 
MDTL 

TPout 

TPln 
MRTL 

==~~----~====GND 

====~----~===GND 

f = 500 kHz 

12 

4 

8 

9---.:i 

10 

Positive Logic: 12 = 2 • (1) + 13 

Negative Logic: 12 = (2 + [1 J) .13 

3 

11 

Total Power Dissipation = 105 mW typ/pkg 

Propagation Delay Time: 

t++ = 75 ns typ 

t- - - 35 nl typ 

Vee 

1.5 k 

l----41--0 TP out 

FIGURE 7 - Schematic for MeGGG 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 MC404,2 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 mAo 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 percen t points on the 
input and output waveforms. The simplest way to use the 

6 

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.s1 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 



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 VCC 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 cpnverting MOS output levels to TTL/ 
DTL levels when the MOS substrate is at ground. In this 

Circuit Schematic for MC1489 
~14 V+ 

(1/40f Circuit Shown) 
.9 k 5k ~2k > 

Response 10 k 
,A "'3 Output 

Control 2 - .... 

4k 
Input 1 ..., 

~ : 10 k 

"'7 Ground 

Tr~nSf~r C~rve! forlvarlousIRes~on!e C!ntr~1 V~ltaJes 
6.0 

V~ =!7 Vi +~ V +dv +1 ~ '-1 J I -~ V VT -3 V 
5.0 -r-

.. 4.0 
~5k ... +5 V 

0 ~ Response > 3.0 Control ... Vin 
" 0 ,... V out > 2.0 -

1/4 MC1489 
1.0 -

0 

-7.0 -5.0 -3.0 -1.0 0+1.0 +3.0 +5.0 +7.0 
Vin (Volts) 

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 Q 1, Q2, and Q3 is three 
times that of Q4, Q5 , 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, 

7 

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 MCl142 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 kn 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 



Is ------------------- ~ 

I £ 1 
: 7 2 0----1 as : 

I ~ o--i 111 

1 2 9 11 

~+5V 

I ~7 9(Open) 

: D fa 0 ~ 4 a1 I 
I 2 0-, Q1 I I 1 R ext 

I 10 I 
I a4r-J a5 a6 i=J 012 ~ I 

18 
6o----H:-t 

i 'o--i~"~9'4~R " 9 ! 

I Me"", 6 o--i .., ~ I 
I MC2255L 1 

I sb 1 I 
~ Circuit Diagram (~ ________ ~ 

L ____ :::!J V 

+5 V 
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Table of Values 

for V- and Rext 

V Rext 

-8 ±. 1 3.9 k 
-10 ±. 1 5.1 k 
-12 ±. 1 6.2 k 

- 18 ±. 1 9.1 k 

(d) 

Example of Using the MC2255 to I nterfaee TTL with MOS 

FIGURE 9 - MC2255 General Purpose Logic Element asa 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 ways that 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 Vout 
versus lout 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 Von the pull
down resistors, and -15 V on the gates of the pUlldown 
resistor. The Vout versus lout 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 
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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, Rl. The value of Rl is selected on the 
basis of power dissipation and the rise and fall times desired 
on the MOS capacitive load. Ql acts as a level shifter and 
provides drive to Q2. If -V2 < -1 volt, Ql 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 , CRl, and R2. Circuit (b) 
is useful when driving large capacitive loads . 

MOS-RTLINTERFACE 

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 

I 
,I 
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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 MaS logic levels. The circuits 
in (a) and (b) are the most versatile, and their operation 
has been discussed in the section on TTL-MaS interfacing. 
These two circuits are particularly useful when the MaS 
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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 Rl should be se
lected on the basis of power dissipation and the desired rise 
and fall time at the output. If the MaS substrate is at a 
voltage in the range of +1 a v to + 15 V, Circuit (c) provides 
an efficient interface. Again the value of Rl is selected 
on the basis of available bade drive from the RTL gate , 
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FIGURE 16 - The MC2255 as a Push-Pull Buffer 

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 VCC = +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. 

11 

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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CHAPTER XIV 

COMPUTER AIDS -- DESIGN SOF'nJARE 

·Computer Aids 

A. Design Software· 

B. 

C. 

1. MOS Device Models in Fortran 

2. Timesharing Software 

a. Automatic Cell Design 

b. Transient Analysis-CNET 

c. Chip area estimates· 

d. Economic analysis 

3. Sc~:pt!'-8 

4._ Non~Linear- D!e Analysis . 

5. Siuml 8 

Layout Software 

1. BLIST 

2. P.A.RRAY 

3. iYIARS 

4. PDIGT 

5. CAMP 

6. ATPL 

7 • ASRD 

8. ACD 

9. A ROHD 

Layout Hardware 

1. CRT 

2. Digitizer 

3. Ploi::Le:c 

iI_ • Gerber 
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2. Static Low Power HIVTH 
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4. Static LowP.ower LOVTH 

5. Two Phase , 

6. Four Phase 

7. Shift Registers 

8. Peripherals 

9. CAD Design Example 
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Design Software 

It is the intent of the MOS Computer Aids qroup 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 Manv,al will contain des-

criptions of current software of major use in electronic circuit 

design. 
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MOS Device Models (FORTRAN) 

(0 
." .... ""..-' 

For SCEPTRE 

For NLDCA 

For Timesharing 

XIV - L~ 



TIMESHARING SOFTwARE 

P 
\ 

~'--.-"./ 

XIV"' 5 



,_"'-.... ~~~ •••. _ •. _._"~.~_ ..•. _ • _. 0_'.. .~ ..• ". - _ •.• ·W 

.. : 

.... , 

; .. ~ 

:0,·· 
\. .) 
........ _-' 

Q Chip 

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

the CAD ce1lsrequired to build a chip, and the average fanout, 

and computes chip size, a.nd associa.ted data.. The input data is 

in data file "DATCHP" in the following format: 

100 CHIP NAME 

110 AVERAGE FANOUT ,NUMBER PADS 

120 CELL NAME 

PROBLEM-NAivIE : DATCHP 

READY 
100 TYPICAL DESIGN 
110 1.2,17 ' 
120 MH01IN 

130 NUMBER USED 

140 CELL NAME 

150 NUMBER 

200 END 

130 3 
140 MH02PS 
150 l} 
160 MH01EO 
170 1 
180 MH01JK 
190 3 
200 E1:-.'D 
SAVE 
READY 

The program is then run as follows: 

TYPICAL DESIG 

TOTAL CELLS 
CELL AREA 
NO OF CELL Rm-lS 
ROUTING AREA 
ACTIVE AREA 
CHIP SIZE 
EQUIVALENT GATES 
TRANSISTORS 
TYPI CAL POWER 

PROBLEM NAME: QCHIP 

READY 
RUN 

81 

11 
9.960000000E+02 

2 
5.428800000E+02 
1.85lJ·000000E+02 

51 
31 

127 
'9.130000000E+Ol' 
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-' LIBINF _ Library Information this program requests option T, or 

option I. 

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 relative 

information. 
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\ 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~l-ernents 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 net'tvork. 

2. 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 automatically combin~ 
the two modes. 

3. Rer~£ - Multiple case rerun based on a single master , 
run may be carried out automatically. The user supplies 
only the changes that apply from the master run for each 
repeated run. 

l}. Defined Parameters - A special section has been created 
to enable the use1: 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 mayor may not'have anything to do with a 
particular electrical network. 

5. Output."" In addition to the conventional 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 l~. 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 fairly large 
list. 

6. .!:i.ne.~£1:y~~pend(:;E~t .. _S<2.urc.~.'" Voltage and current sources 
that are linearly dependent on resistor voltages and 
cur:r:ents respectively, can be accommodated without com
putational delay. This feature permits the extensive 
use of the family of small signal transistor equivalent 
circuits. 

7 . §.~!?p'r9$J.:alYl_C~p.§..t,jl}_t:z - The user who is familiar with 
computer programmtng 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. rrograrn Lan~uag,e - The progrc9:m ha.s been written entirely 
1n FORTRAN IV to facilitate the task of adapting it to 
digital computers other than the IBM 7090 or 7094. 

9. Economical Operation - A nei.<7 solution approach has been 
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 Capabilit~ - Runs may be terminated 
and then subsequently continued after examination. 

13. Input Convenience - Provision has been made for a free
rorm 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.) University Computing Corporation 
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Figure 3 shows a circuit diagram prepared in the recommended manner. 

:fRB~ 
C1 

,LO 

If JM 

.0 

Figure 3. Circu.it in SCEPTRE Form 

2.2 PREPAPJNG THE SCEPTRE INPUT DATA 

The SCEPTRE circuit description language is a structured ire8-
format languag:e~. the syntax of \v"bJch is easy to learn a..nd remember. The 
langu.age consists of descriptive statements constructed syntactically iroru 
usor-derived component names, parameter nal:nes, node names, and v2.lue 
specifications. These are delimited by special characters such as comma; 
dash, parentheSiS) and equal sign; thereby, ,:tHawing the program to interpret 
the statements properly. Thus, the statements themselves can be punched 
anywhere on the input data carel (columns 1-72);,vith any desired spaci.ng. In 
general, several complete statements can be punched on a card sep2;,rated 
only by a comma. The rules fm: conthming a statement from one card to an
other generally reql.lll'8 that the discontinuation be made immediately after 
delimiters, with the delimiter appearing as the last non- blank characteI' on 
the card. 

2. 2. 1 HEPJ)L."rGS Al"\fD SUBHE.ADINGS 

Nebvorks are descl'ibed in SCEPTRE language under the following ma
jor headings and subheadings regardless of which mode of analysis is desired,. 

A. MODEL DESCRIPTION (INITIA.L, PRINT) 
MODEL NAIVIE (PERM or TEf/IF) (NODE-NODE- .... NODE) 
(Comment or message cards, if any, up to 11 allowed) 

.1. ELEMENTS 
2. DEFIi'TED PARA.TvIETERS 
3. OUTPUTS 
4. FUNCTIONS 
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B. CIRCUIT DESCRIPTION . 
" 

(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 DESCRIPTION (N) 
(Comment or message cards, if any, up to 11 allowed). 

1.. ELEMENTS 
2. DEFINED PARAMETERS 
3. INITIAL CONDITIONS 
4. FUNCTIONS 
5. RUN CONTROLS 

D. CONTINUE 

1. RUN CONTROLS 

E. RE-OUTPUT 

F . END 

. The MODEL DESCRIPTION heading is used when it is desired to store 
one or more models. 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 temp01'ary storage under the MODEL DESCRIPTION heading. 
One or more models may be entered under one MODEL DESCRIPTION heading. 

The CIRCUIT DESCRlPTION headi11g is always used when' any network 
is presented for a.Tlalysis. .Any or all of the six subheadings listed under the 
heading may be used. 

The RERUN DESCR1PTION heading is used whenever the rerun feature 
is exeryised. All changes to the master network must appear under thts card. 
Any or all of the five subheadh"'lgs listed under this heading may be used. 

The CONTL"TUE heading i9 intended for use only when continued comput
. ation is desired after a problem has been originally run. The opJy subheading 
permitted under this heading is RUN CONTROLS. The only other heading that 
may appear together with CONTINUE .in a run is END.' 

The RE-OUTPUT 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 withRE
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 1. The input to the computer and the corresponding output 
from the computer is listed for the circuit shown in Example I. 

TIE second example shown was run on GE MARK II timesharing 
system. This version of the NLDCA program is very unsophisticated. 
The circuit being analyzed has to be described to the-NLDCA pro
gram by means of a SUBROUTINE FUNCT (N). This sL;lbroutine includes 
process parameters, device ratios and circuit topology. The 
circuit is described by defining the voltage arrangement of the 
circuit (ie VGSPI = E2 - Vel»~ and by summing the currents (ie 
x(l), x(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 ffLDCA assumes the solution 
is correct. DELTA is the increment 'l;vhich 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 ~tritten, the written 
program is mer?ed with NLDCA and ROFCP. ROFCP is :::I HOS model 
based on Groves equation using Wang's four-terminal 'analysis. 
The program ~7ill solve the circuit described if less than 50 
iterations are necessary. 
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EXAMPLE 1: 
(0 

r----.---..,.;J'£.:> - 22V • 

-20V 

G) 

-20V 0_{ LM4 

CD 
-20V ~ LM3 

G) 

-20V 

® 
-20V 0)_[ i..,.Ml 

(!) 
0 

C IRe U lTD ESC RIP T ION ' 

v S 1 ,~O , 2 , ' 
~T r .. 

'''lni tia1 Node \ina1 Node 

(VARIABLE SOURCE) 

V ~O , 1 , - 2 ,2 , 

t!rltia1 Node ""\Final ~value 

IM1,7,6 

S D 

2 , 0 

G B 
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Ei-ID 

15.30.05 log * . 
3G.793CrU SECS, 921 DISK ACCESS[S, 0 UNIT .R[CD OP~S S!HCE LO~IN AT 14.56.09 
LOGGED OFF AT 15.3b.27 ON 06/10/70 
Ii 
CSS On1 inc 

1 motcad 
P/\Sst/ORD: 
el:HI ~U~& && 
Me I!;FO:. 

Xfm Qsyosu 

(' ,uh\-; 

" <. 

, 
t~ " 

6 , ... 

\L. 

I 
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./ 
\.~ 

([. 

REAU AT 15.31.24 
CSS. gO 0If/13/70 
T f\r~s . 
n 

Ot·! OG/10/7 0 

15.31.30 c bi 11 
rWi'STMJDAI([) F I LETY.PE 
I!El: F I LEo 
IUPUT: 
7,7, 
vsl,O,2, 
vcl,O,1,.;.22. 
i 1<11, 7, G I 2, 0, p, • If, • 2 
.j 1112 , G, 5 , 2, 0, p, • II , • 2 
i m 3 I 5 , I~ , 2, 0, p, • l~ , • 2 
i mIl , I~ , ;; , 2 , 0 , p, • 3 Q If, • 2 
j n15 , 3, 1, 2 , 0, p, • If, • 2 

EDIT: 
t 
P 20 
7,7, 
lis 1, 0, 2, 
VCl,O,I,-22. 
11'11, 7 , 6, 2 , 0, P, • If, • 2 
II· i 2 , G , 5, 2 , ° ~ P, • If,. 2 
I 113, 5 , If, 2 , 0, P" 4, • 2 
I i·llj , II, ;; , 2 , 0, P, • II, • 2 
I n 5, :;, 1, 2 , 0, P, • II, • 2 
[OF: 
f! 1 c 

<l lS.311.11~ 
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pr;OGHA!·i CONTROL CIIf,f~GES? 

UlTEl1 f:OnE VOLTflGES TO DE PI;lf!TED (UP TO C) 
3 , I~ , S, G, 7, 
EflHR 1l1;/dWI VOLTflGES TO I3EI'RI t'iTED (UIO TO Q) 

[tITEI: CI"lt,liCIl CURREtHS TO [IE 1'1; I nTEn (UP TO Q) 

(. 3 I t~ I S I G, 7 I 

EIHEI! VOLTJ\CES TO DE PLOTTElJ (UP TO 3) 
,1' . 
<-

EtHEl; VOLTAGES TO BE PLOTTEn LflTER (UP TO 1[1) 

t. 

.\' ENTEI1 InI'UTO,nELIt:,NP,SOLVGflCi~ 
"., -21), fJ, 1, 

IT INPUT VS V3 
C Ii! 1 tr12 

IT= 25 

VII 

11'3 
V5 

I ; 111 

0") 

IJ G 
It'.5 

o~'] 

\17 

" .: ) . 
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) 
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IT= 50 ' ... 
i\I,Y ;·1O;lE lTERATIO:!S? 
50, 

IT= IOO 
!\ill' 1·10[([ ITEnATIOIIS? 

IF YUU IIiSII TO [{[TU[{!·! TO THE L!\ST pOln ';flTIl 1\ 1:[\" flVII:: 

EUTEI( DEL I rJ, I,P, SOLVr,ACK 

i~EII /\lif\LYSI::; lilTII I'JEll P/\Ri\l1[TER V,\LUES? 
I F SO .• El!TEr, llRi\lICI: 1:0.1\110 leJEI! PAf(il/t[TEf; VALlJE, au E ::; [T 1\ TAT 1111, 
? 

IIICGO:!1 STriP 0 

15 • II 1 . 11 chi 1 1 
~W:! s T/\I:[J/\:~ [) :-1 1_ [Ty P I: 
EDIT: 
p 
7, 7, 
o ::; 
8., 7., 
b 
I !15 ,.. 3 .. 1 .. 2 .. 0, 1) , • 4 I • 2 
i rl-l, 7,0,1:)000. 
f i I () 

IS, I, 2 • 5l n 1 c1 ca b ill 
EXCCUTICU: 

/' 

~;Otn I I,JEAn DC tdlAL YS I S 

DO YOU tllSII TO SI(IP 811M'ICI! /\I:D r:ODE PRIUT OUT? 

WJDEL 1;0.· () 0 0 0 0 0 0 0 E LEi;. TY PE VS VC fIR 11,1 1(.1 11.1 II., IH 
ELEi·i. flO. 1 1 1 1 :2 3 II 5 CP.i\i;Cli 1;0. 1 2 ::.; 4 5 G 7 8 

HODEL liD. 0 0 0 0 0 0 0 
iiOnEL r:ODE I 2 3 h 5 G 7 en. i:O[J[ 1 :2 3 I} 5 G 7 

PROGRi\lj COI~TP.OL CIIAllGES? 

~~TER NODE VOLTAGES TO BE PRINTED (UP TO 8) 
3 , I/- , 5 I 5 .. 7 I 

E/lHn I;HMJCH VOLTAGES TO CE PI~'r!TF.D (lJP TO 9) 

unEr; Ilflf,IlCH CURREns TO CE PR I NTED (lJP TO 9) 
4,5 .. 6,7,3, 

i EMTER VOLTAGES TO CE PLOTTED (Up TO 3) 

!" C'~tTr:D \In. "T' ... r. .... ,.... _,~ •. _ .~. ~. ____ _ 

0 '-- .. 
" .J 0 ·""'"', . " 

. ) 

. " 

".-J.': 

.'l. , . .-'::: 

r.::-) 
-." ~-" 

, _. J. ~.¥_"'~_~I 

. .. ' ,. 
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:) 
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H 
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-0' 
ENTER INPUTO,OELIN,NP,SOLVBACK 
-20,0,1, 
IT INPUT VS V3 

Itn 1112 
V4 V5 

1113 1i':/l 
3 -2.0000D 01 ·-1.35~9D 01 

1.25200-03 1,2520D-03 
-L 32380 01 -1.2%ID 01 

( 

( 

1. 25!00-03 1.2520D-03 

ENTEr,OELlt!,1lP,SOLVI3f1CK 

IJ2\'1 AI)AL YS 1 S \'1 I Til NEH PARI\r!EHR V/\LUES? 
I r so, [fITER llRill!CH NO .MIO IlE!! PAR/\I.Ir:TEP. VALL'E, 
ONE SET AT II TI~E 
? 
3,..lc5, 
? 

PROGRAI,! COIITROL CI1At!G[S? 

EI1TCn tlOO[ VOLTAGES TO I3E PRlnED (UP TO i:) 
3 , l~ , :; , G, 7, 
EI,'TEi( IlHMCH VOLTAGES TO BE PRINTED (UP.TO 9) 

( [mEn 8P.!dICH CU[(RENTS TO ·BE PR I lirED (UP TO 9) 
1 , I~ , 5 I G I 7 I 3, 

E~TER VOLTAGES TO I3E PLOTTED (UP TO 3) 

t:; 'l [t~TEr( VOLHGES TO llE PLOTTED l.AHR (tiP TO 10) 

( 

t. 

[I!TER Ir-JPUTO,Dt:LIN,NP,SOLVBACI( 
-20,0,1, 
IT INPUT VS 1f3 V4 1f5 

IVS1 IMl 
G - 2 • 00000 () 1 -1. 11151 DOl 

j-. \," [1.2 11870-13 1.37970-0 /, 

I t:2 
-1.~032n 01 

1.37970-04 

1M3 
-1.J9~ID 01 
1.3797D-O~ 

! 

'. 

( . 

/ 

ENTER DELIH,NP,SOLVGACK 

'. I~E'.I At~ALYS!S tIlTH IIE\·I PMfIt.\ETER VALUES? 
I F so, EtHER BRl\IlCll r!O.MW ~!E\'I PARt·JiETER V/I.LUE, 

(. : ONE SET AT A TI~L 
.? 

'3,le7, 
(' ? 

( pRor.rlAf.l CONTROL CHANGES? 

ENTEH IlODE VOLTAGES TO BE PRltlTED (UP TO 8) 
C' 3 , If , 5 , G, 7 , 

E!!H:r, llrUdiCll VOLT/l,GES TO 8E IJRIIHED (UP TO 'l) 

(' [!loTI( BP.,\11CIl r.Uflrr-IJT<; Tn r>,F I'D! !"Ten (Ill" TO q) 

o~' 

VG 
It I 

-1. 27 7D 01 
1.25 (10-03 

V6 
Illtl 

-1. 3SG50 01 
1. 37') 7D- aI, 

V7 

-1.2520D 01 

V7 
n!5 

-1.3797D 01 
1.3797D-O~ 

O~~'\·.,· ) ~.'~~ - -,--

t·, 
) .; 

:') 
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') 

.) 

') 
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Er!TER VOLTAGES TO 8E PLOTTED (UP TO 3) 

ENTER VOLTAGES TO BE PLOTTED LATER (UP TO 10) 

ENTER II'JPUTO, DEL In, NP, SOLVSACK 
-20,0,1, 
IT INPUT VS V3 \14 V5 

IM1 1M2 1M3 IM4 
9 -2.00000 01 ~1.4398D 01 -1.~32GD 01 -1.43770 01 

1.43G20-06 l.II3G2D-OG l.If3G2D-OG l.I,3G2D-OG 

EtnEI~ DEL I 11, Ill', SOLVBACI( 

111:11 I\I,!AL YS I S \J I TI1 rHo!! pARM,iETER VALUES? 
I F SO, EliTEI, I: P.!II!CI I i'W./I:W :'!E\'I 1)f\[~M,~ETER VALUE, 
a i! E S ET IH !\ T II : E 
? 
3,1eln, 
? 

( PROGic/lt'l C0i!TROL CII/I,I!GES? 

EI!TER nODE VOlT/\GES TO 8E PRII'TED (UP TO n 
:) .. !~ .. S,6, 7, 
[tln':o. ;;p,/;::Cll VOLTliGES TO RE pRlrlTEO (liP TO 'l) 

(, [liTER lW/dJCll CUERH!TS TO f3E PIC I I'TED (UP TO '1) 
l~ .. 5 I G, 7 / :3 .. 

(, El!TE!( VnlHGfOS TO ilE PLOTTED (UP TO 3) 

< 
" 

,( 
. ~. 

(-

D!TEr( VULTIIGES TO BE PLOTTED LIiTEIC (UP TO Ill) 
'-

[InfO!, liiPUTO, DEL IN, i'IP, SOLVBl\CK 
-20,0,1, 
IT INPUTVS V3 

I ill 11,12 

I T= 25 
AllY iWRE I TEHAT I OIJS? 
5 (), 

V4 
I i13 

'\'5 
I ~1l1 

3~ -2.00000 01 -1.44250 01 . -1.44250 01 
1.IIII27D-O'l 1.ijI1270-0U 1.'j'127D-0C) 

(~ -1. '1 112'1 [l (11 
1 • II II 2 7 I' - n ') 

,'4" 

EtiTER DEL t n, I;P, SOlV8ACf: 
('. 

~;nl AlU\lYSIS \IITI1 NEV! PARMiETER VALUES? 
elF SO, H!TER GfU\~ICH i'!O. AIHl r:EI'! pA[,AllETEI'\ VALUE, 

O~E SET liT A TIME 

0-) 

1/5 V7 
IMS 

-1.~3G90 01 -1.~3G2D 01 
1.43G2D-OG 

, 1/5 
1115 

- 1 • 1,'12 '+ 0 01 
1. I: 112 7 [)- 0 9 

V7 

-1 • III: 2 I, D 01 

"o~.,.·.·,' .,:' 

_~:a 

(). ' 
, ~.; 

(\ 
'1 

-,. 

) 
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) 

,) 

. ) 

, )' 
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Simul 8 

Simula.tion of logical systems to verify the customer's 

logic design is a very important engineering requirement.· It 

is also important for the design engineer to pro~ide reasonable 

logical testing sequences. 

Simu18 rea.ds a system description in terms of polycell inter

connect, (MAGIC DECK) and converts the system structure and timing 

information to Simpf format for logical sim~lation or for test 

generation and test grading. 

The timing diagram simulation is then presented to the 

customer as verification of functional logic. 

The testing sequence is graded to determine if all possible 

faults are detected. 

Sumu18 is available at Motorola Mesa. 
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LOGIC SIMULATION PROGRAM (PARALLEL FAULTS) "SHfPF" 

1. INTRODUCTION 

The program SIMl?F is s~t up for the CDC 1700 computer and 

written to simulate logical networds. (combinational or sequential) 

with' or' without some fault c'onditions. It is a flexible program 
, 

in the sense that it is open for a quite general use. For example, 

it may be used to simulate a par-,ticular 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 hmV' 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 

0, to the user's specification. The \/;;ay the program will be used, 
\~:~;~) 

·0-,·.·. 
",-.. ' ':'.\ 

. " 

.-y' 

as well as the circuit and fault information, is given on data 

cards; there are no special instructions necessary for the com~' 

puter operator. 
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Computer Aids ,...., Layout Software 

Several progra~s 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. 

0. 

o 
\ 
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CAMP 

Computer Aided Hask Preparation 

This program is the heart of photo artwork production. It 

has the capability to convert graphical information 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 Automatic Routing System has two functions. (1) It 

generates a linear string placement ofMOS cells automatically. 

by a wire routing algorithm. (2) It automatically interconnects 
\ 

MOS cells placed in rows. These automatic design capabilities 

take considerable drudgery out of the initial graphical structure 

of complex integrated circuits. 

The initial results of the linear string placement algorithm 

are then studied, the string is folded, and then each row place-

ment is studied for optimization of wire routing. 

When final rmv placements are determined MAES will auto

matically interconnect the cells. This initial routing is then 

studied and optimized resulting in the final chip. 

For further description see the LSI software manual. 
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BLIST 

This is a ~7ire routing analysis program. The input to 

this program is the "Magic" deck describing cell interconnect, 

and the order of cells in each row. 

The program produces a routing analysis indicating the 

required number of hori~ontal and verticle routing channels 

required between each row.-andat the end of .. each row'. The program 

also produces a wire routing matrix. This matrix, is a visual 

indicator of which direction a cell mllst be moved to reduce the 

length of wire routing. 

The engineer uses this program in an iterative approach 

to optimize cell placement and thereby minimize chip area required 

for routing. 

For further description see the LSI software manuaL .. 
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PARRAY 

This program generates CAMP placement information for Poly 

cell LSI designs. The input to this program is the "Magic" 

deck describing the order of cells in each row. The program 

looks up the semigraphical description of each cell, and places 

them ,in rmvs or columns adjusted to mate buss lines and so that 

cell input output contacts will be on routing grids. 

For further description see the LSI softvlare manual. 

P DIGIT, PEDIT 

Cell coding, cell placement, ahd wire routing can all be 

done on the digitizer, saving timeand reducing errors. The 

P DIGIT program converts digitizer information into CAMP in-

formation. The PEDIT program makes modification of digitized 

information easy. It also is used to compare the "Magic" deck 

with digitizer routing information in order to detect errors. 

For further description see the LSI software manual. 
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ATPL System 

The Automatic Two Phase Logic system is a c:omp1ete design 

software package for design,simu1ation, and graphical artwork 

production of medium scale 2 phase logic PHOS systems. 
l 

The system has a set of predesigned 2 phase logic and shift 

register cells. Systems implemented with this logic can then be 

simulated by Logb1osim - the Logical Block Simulator of the 

ATPL System. System design and implementation is thusly veri-

fied. 

Signal Trace is the portion of the ATPL system which veri,

fies that no timing errors will occur, by' checking th~t no signal 

can propagate through more than four cells during one clock phase. 

PRF or Place Route Fold is a completely automatic approach 

to placing cells in a linear string by a wire routing algorithm. 

The cellular interconnect is then computed. Finally, the linear 

string is broken at appropriate places 9 and folded to.snake the 

cell rows back and forth horizont,a11y across the chip. 

The plot routing takes graphical information from PRF and 

generates Geeber language magnetic tape. 

The system, hO~7ever" has a few maj or weaknesses. (1) It is 

presently incapable of simulating systems built with other cells. 

(2) It is incapable of timing analysis at system clock frequencies 

other than 660 KCG 

(3) PRF can only handle approximately 200 cells including 

bonding pads. 

(4.) The plot routin~ does not allow ink plots previous to 

Gerber. 

This last fault has been circumvented by a link between 
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PRF and Motorola CAMP. 

For further information call Murray Goldman. 
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ASRD 

The Automatic Shift Register Designer. automatically generates 

CA~W placement and routing information for any N x M static, Ratio 

Dynamic, or Ratioless Dynamic 2 phase shift register (N ~ 8). 

The cells used for this program are predesigned and stored, 

and are highly optimized to conserve chip area. 

The program generate~ graphical structures as efficiently 

as is consistant with automation . 
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CHAPTER XVI 

LA YOUT HARDHARE 

Design turn-around time can be significantly reduced by 

effectively utilizing the layout hardware. The digitizer, the 

CRT, the plotter and the Gerber each significantly reduce turn

around time in preparing photo-,artwork from the circuit design. 
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. DIGITIZER 

The digitizer isa large drafting board with a movable 

crosshair. The machine records the X, Y coordinates and the 

status of several sense switches on IBM punch cards when the 

operator pushes the "RECORD" button. 

All shapes, can be coded into cells, cells into polycells, 

and polycells can be placed and routed by recording the appropriate 

cDordinates onto punched cards. The P digit and P edit programs 

will convert the digitizer card deck·to a camp deck ready for in-

put to camp. 

XVI-2 



I . 

CRT 

The Control Data 274 is a Cathode Ray tube with a 1744 con-

troller interface to a computer. In conjunction with the "ONLINE" 

program it is a p01'lerful interactive tool for cell design, cell checkout 

and chip design. Its chief advantage is the instant visual feedback 

of correct or incorrect design. Furthermor~ it directly inte~faces 

with Camp which allows instant visual checking of a chip layout, 

correction, then return to Camp for plots. 
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. PLOTTER .. ' .... 

A plotte~ is an instrument which reads magnetic tape and 

records graphical information in multicolor ink. 

This plot is used to check any portion of the chip design 

and to provide a permanent record verifying the design. 

--.- GERBER 

The Gerber machine is a high accuracy.photo~graphic artwork 

generator. It eliminates the need for cutting, peeling and reducing 

ruby lithiographs. The same card decki'lhich produces the final ink 

plot is then used to-. generate a magnetic tape. This tape is read 

by the Gerber machine which then drives alight with a high accuracy 

.X, Y index on a large table. The lamp exposes high contrast film .. 

;., .. 

The final product is a lOOX film which is then used for photo reduction~ 

f 
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CHAPTER XVII 

COHPUTER AIDS - CELL LIBRARY 

The development of a large area, high density HOS chip fabrication 

technology makes LSI possible today. The Motorola Polyce11 LSI System 

pl."ovides the design capability that makes LSI practical as well. 

The ability to quickly and economically reduce custom circuit 

requirements to working chips is the key ·to· LSI. , This is the role 

of the Po1ycell LSI System~ Starting with equipment design specifications, 

the Motorola Po1yce11 LSI System is used to produce the photomask artwork 

for circuit fabrication and to centro1 the final testing of the finished 

chips. 

Photomicrograph of an MOSarray designed with the Polycell LSI 
System and fabricated on a high-volume Motorola production line. 

The Polycell LSI System is the result of Motorola I.S application of . ~ 

advanced Computer-Aided Design (CAD) techi1iquesto integrated circuit 

design, fabrication, and testing. Design Automation programs and 

man .... machine interaction are combined in this system to provide maximum 

f~exibility,speed and economy •.. 

The heart of this system is a libr?-ry ofMOS P-channel logic cells, 

self- contained units for performing logic. functions • The. electrical 

performance of each cell, consisting of an-timber of interconnected· 
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components, has been characterized. The fact that these cells 

are handled as units g:t'eatly expedites the entire design procedure. 

The PoJ,ycellLSI System is part of a total capability that has 

been integrated with an advanced and carefully controlled manufactur-

ing operation. Backed by years of accumulated experience in the " 

manufacture of reliable, complex integrated circuits, this total capa

bility provides for the complete and efficient development of proto

types and the manufacture of production quantity custom ~1OS-LSI circuits. 

\ •. ' 

~M" " ••• ;_ • ....:.~ • ..-" 

<~~~1 
. ;:-;--:.:~ .. ::~:~~ .• ~-"~,.:.,,"-,,~c.,-,,. . .. ; ....... '~;. ... ;,:.: .• ;,""L,~:.J 
The Polycell LSI System employs an· imposin.9 array of computer 

. equipment such as these interactive CRT terminals.. ' .. 

... 
Discussed within this manual are the following topics:. Operation 

of the Polycell LSI System, the Design Illterfacebetween Customer and 

Motorola, MOS Technology, Manufacturing, Logic Symbology and Packaging. 

The final section contains a customer information sh.eet that is the .. ' 

first step toward utilizing Motor.ola r s rolycell LSI System for your 

applications ~. 
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The MOS Polycell is a logical function,'designed to -be 

placed side by side in rows, and interconnected to reduce 

total design,time. 

The MH series of cells a re High Threshold; high power] static 

logic cells. They are generally 10 mils or 12 mils high and a 

multiple of 1. 2. mils \vide. Input-output contacts are at the 

bottom on both P diffusion and metal, and power lines at the 

top : VDD' V GG, Ground. 

The ML series of cells are High Threshold'Low power static 

logic cells. They are generally 8 mils high and a multiple of 

1. 2 mils wide. 'They are fully compatible l;vith the MH series. 

The MSseries is a set of string t~lO phase shift registers. 

Their busslines are not compatible with other'cellsj however, the' 

cells do fit the same routing grid, and guarantee compatible 

logic levels_ 

--r-
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A. Package Cat.alog 

B. Bonding Diagrams 

G. Assembly Sheets 

t,' .• 



.. 

I 
I . 
I 

I 
I . 
I' 

Package Limitations 

Ther.e are three basic packaging· limitations: 

i 1. Nu~ber of pins 

2. . Maximum chip size 

3. Thermal Impedance 

The number of pins. on a given package is an immediate 

limitation to the number of signals and power leads which 
. . 

can be brought in and out of. a chip. An example chip 

leads, or 19 pins. Hm'7ever a simple coding and decoding 

scheme can reduce the 10. input ·leads to 7, and then be 

decoded. on the. chip. This would allow use of al6pin 

package. Circuits with pin requirements other than those 

in the standard package table are available on request. 

The maximum chip size which can be placed in a given 

.. packag~,is a limitation on the' camp lexity o.f the logic . 

For exarnple the 16 pin.white. ceramic package can handle ·a 

l3U-x 160IIlilchip ~ Atypica1.chipi this siz.emight.ha.ve 

140 logic' .c:el1s,depending on the area required,to inter-

connect Amoreco.mpl~xlQgic function will· 

more pins, and 

Therinalimpedanceis another .1L'1litation. Chiptemper-; 

atureshould. qe:ierbe above. 1500 C. For S.orne. logica.1 state, 

the chip dissipates. ·:i.ts.rn:aXinlUllr.pmV'er. ·This heat· is dissi

ambienth.eat stIlk throu,gh 



· of the package. However,' the package thermal impedance varies 

o significantly vlith mounting techniques. (See Thermal· Impedance) 

o 

o 
Package costs alone often exceed more than half the total 

<:' 

cost of producing finished MOS Integrated Circuits. 

Higher finished-device yields can be obtained by designing 

circuits to conform, where possible, to standard packages having 

known characteristics. 

The seven packages listed will meet ,a variety of packaging 

requirements. For some applications, however, packages with a 

greater number of pins are required. 'Inadditiori, some equipment 

manufacturers prefer packagesother than the standard types listed. 

Motorola is prepared to_employ other package· types as required. 

However, special package requirements should be discussed,'inthe 

initiaL stages of negotiation. 

This approach will not only provide time to, obtain the 

,quantities of standard packages required, but will also permit 

new and different packages to be developed where needed. 



0: 
Basic Assembly Operations 

Although the package used may vary from circuit to circuit 

the basic operations necessary to assemble an TiC are: 

a .. Wafer probe 

b. Scribe" and break the wafer 

c. Hi-Power inspection of die 

d. Die bond and inspection 

e. Wire bond and inspection 

f. Seal and,inspection 

.. (The mechanical, environmental, and final test specifications 

normally vary greatly from device to device.)" 

All Notorola NOS devices currently made employ as"standard 

operations" gold-silicon eutectic die-bonding, aluminum ultrasonic 

wire bonding, and gold-tin solder sealing. (Solder-glass packages 

and plastic packages are available but not recomrnertded for Notorola 

NOS circuits as thEY are processed at this time.) (The thermal 

characteristics discussed in the next sect.ion were based on devices 

assembled uti.lizing the "standard operations If previously mentioned.) -

.. ". , 
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Thermal Impedance' 

The thermal impedance, 9,determines the diffe~ence 

between the chip temperature and ambient temperature by 

.. the fo rinul a : 

Tchip Tsink = Power ·9 

Chip temperature.should not be above l50oC.,.when the logic 

state dissipates maximum power •...... The thermaliIIlp.ed~nce .of the. 

package varies with mounting techniques,however.· .. For 

example a 16 pin pa'Gkagein still. air has a 9 of °C/watt. . . . 

(See figs.l,2,3) For a givenrnountingtechnique, the 
'.. ;,: .' "'," ' ... : 

ambient sink temperature mustbe)(nv enough that ;i:p.e .. :chip 
: " . ~ ,. 

t,emper<;l.ture ',is not above 150°C: 

Tsink °C( 150 - Pmver (max) .. 9 
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DIM 

" A 

~8 PIN - T . O. 5 

;' 
I 

! 

INCHES 

0.3·50 

0.320 

0.250" 
- 0.018 

I fA 
N ·c 

SEATING 

PLANE' 

.. 

,,~b-D 

NOMINAL 

'i 

J 
K 
L 
M 
N 

0 
P 

MECHANICAL OUTLINES 

, DICTIONARY 

J 

INCHES 

0.500 

0.100 

45° 

0.050 

0_250 

CASE 619-02 
601 (TO-99) 

! , '-, -.-------- -. -.~-.~-----. 

NOMINAL 

MlN. ' 

'T.P. 
MAX. 



. ',' , 

. J .' I €) .~J~ T.O.'S 
, 

, ~ .. ':,.,' , '. 

,.' 

" , 

'MECHANICAL OUTLINES 
" . , 

DICTIONARY 

: •... "; , 

. '.' 

. BASE [J) 

. PLANE~~~ ____ --,~_--'-. I 
. SEATING , . ---,-----''---'----i--+ 
PLANE" - .. 

• . '.,: .. " .. Glh\RD_': _. J 
PLANE . ~ . 

N .. 

G 
• ", " 

i ,', 

\ 
'C. ' 

,'.! ; 

.·~'M " 

. -. 

. . 

.. 
. -
• 

"'DIM INCHES '. . D!M NOM1NAL .. ,' INCHES •.... NOMINAL . . 

A 0..350. J.... >0..230. T. P. 
--~---~~~~--~----~~~~--~~~~~-+~------------~------------~ B .. ' .0..320' .. ' 0,0.37 

"C .. 0.0.40..'· ...... ' .. MAX. . . 0..0.30 

D "0.;0.30. _0..019 . 
.... ·- .. -"_·0 .- .J----4~----~~,o.......;_+_~-...:..-.;.;;......;~~____., 1----+-......;;.,.,....-----":--__ -+_-...,...,..--__ ---:---,-

l._ .. _-O· ~'__j_oE-+_~~-......... -----_+....:.-___ _,__~ ___ ~ .I----+ ____ --"----~-+_-------~~-
I .-

' . 

1 \.~.,: •. ;.'--: ' 

.'. 
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. I CASE 637 

, . 

.----'---- A ---~--
. "-----...-.---~~-.. :. - -". - .. -~ .- '----

'I ••• 

. \~.:. I~~ -B_DI 

f 

.' 

·.·.d· 
.,. 
~ 

114 n 
8 C[ 

J K. 

L I I 
'---L--~-L 

HdL~G 
" 

y. 

DIM·I INCHES NOMINAL DIM INCHES . NOMINAL 

A 0.740 J .. '0.275 

. . 8 0.400 

F+c~ "~.c .. __ cQ<!§~.~c~,;; ........ ,'. "., 
I :.--..;~-'''-:.:_ 0 '. 0.048 

I . 0 .... -E 0.-10.0 . '. 
f • •.•.... .• 

REF. 

M 
TYP. 

KO.300 

N 
I ~., t, F 0 ~OI7 
j' 
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16 PIN 

.\{vHITE CERAMIC 

MECHANICAL OUTLINES 

DICTIONARY _ 
~=-=~IJI;~~""J~~~'I:O-~=-"'~-=-~~#;~~i$i'~~~...w:.~~~",-",~~ ..... ' __ ;:;~= e . __ 

, ==-~,=~~c;~~"~'~:~~=m=.a __ . ., "j~~~~'~.=~~~"==~~=-~'=-~~~~:!·~=L===-=-='=~~-.o~~, 
--- - - ... -, 

[ CASE 638 
- ! 

! , 
'-- --- -----.- --------" ... -.-:- ._,-----.-. 

r
~· -A~ 

~B~i'l 

; t 

J 
\' ,'. ,.' . -- _. ... 

D 
, ' 

I - ." 

-'. -

1 T 16 <:3 

't 

J !"'\. 

8 I I ,.-L.. 

~ E ~ --t~F ~ h-H I G ! 

! I 

101M INCHES NOMINAL 

J 0.275 
-

K 0.300 
--;: _ .. -- -.. ~ . 

L !, 

M 
N I 
0 I· .. -

J 
-p -_ ...... _- --.--,--, 

Q 1 ,. 

" 

R T- '/ 
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CASE 635 

-. _______ F _______ • __ • ___ • ______ _ 

,c---, -, r---~ ---1-' -'1 

t 

'. -, 

( , o 
r 11 
B R 

L~ 

-{Lb 

j 
, . .. . .,. . 

DIM INCHES NOMINAL DIM INCHES NOM!NAL, 

A 1.170 J i 0.100 TYP. 

B 0.400 K 0.300 

C 0.160 L I 0.050 

D 0.030 M 0.585 

N 0.125 
1--- --,--o .j 0.065 1-" ',,-:--,' 

t:" j 0.095 --
F 0.ot7 ' 

1---:--1-------:---

P 0 . .010 ! 
Q I i ' __ j 

R,t, .0.600 =~,I.= .. ~~S~ll~ z~,-~~~ ...... ~. :'. 

0.500 

0.460 .j; •.• 
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i 
,t CASE 639 , 
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'~.' . -:. t· ,! . 1 
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p' 
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r'- DIM "'INCHES NOMINAL D'IM' . INCHES .• , NOMINAL 
~~-----~~-4~----~--~ 
A 1.970 J 0.460 

\.-.,+-~~~----~,"----,-.,..--'-l' I--....o.-il---....,.;.-~-.,---~~:---------.,;..---l ... -.. --.-
. ' .. 8 0.400 ~\, (:).065 

C .001'60 TYP; L '" 0.i25 

D 0.b470~50·0 
) 

~ 0.017 ,0.06,0.·.···· 

'. 0.097 .' .. , 0.015 .' 
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i' 'C ,'. ;'0.650 '0;600. 

II 'H 0.100·· 

- ~-......,_~ ............ -.....~ ... iJ.f\ «L··=-:~ ... ~,"2 " IT, . ·.O.985.:~' _ .' 
. ',,:,,> .. '.:,.:--., I<~" • . •.••..• ;,':', :'. • ': . '. " " . . :"" ", • 

... _ ...... '--0-_.-. ;.-' .:".'.":~""':" .- _ .. : .' .•.. ..,~" ::--_. . _ ... _,... __ ~.. ~_. _.~.;~.,_ •. , ,_~_.:::~.\~.~: .. ~.~ .... ~~.~ .. ~:~~/.~~.~~.~".~ __ ,-"_:_~-;;~ 



I. ,_., ~ .. 

! .... ~:: ..... ".'.:: 
I • 
I' ........ > .. , . 

I, ".' 

Ii · .'. 
1,'0'· 

J 

. : 

. . 

-, 
'. f 

'.: -

·A.~_ 
1-- . 

.'L-. 
. ·:LE·:, 

", ....... , . '" .. 
! .. " .. - . 

22 

.. 

--.--:-'-~-.-. ~.-- -:---_ .. _-- -,._--:--

. . . 
.~:., , ..... -.. . .. -.' -.- ,- ...... 

, .! '. ". ;_.~ ..... , ..... _ ...... _::.':~.2 
•• " _ •• _ •• _. ·n,. ,_. 

- . - .--

-.... ;~ ........... ,-' 

··NOl'·iINAL 



I 

I 
I· 
I 

l 
[ 

I, 
( 

I 

I' 

r 
-·0···· 

'-1- (-. . ., . , 
- ~ .... 

." . 



""3 f J ~, 1 ~') I ", I r', L.. I,.j . L L. 
I \ \ \! • , I ! \; \ .'J 
"-'_.'\:I~ .. \t_ 

/ 
- I 

~ 

SC!\ L. [~ 

\ 
....• / / 

/ 
I , 

/1. 

"\ ., 
'\ 
\ 

/ 
j 

, 0 f 

o 

! 
i 
i 
I 
\ 
\ 
\ -

- \ 
\ 

I 
I 
J 
I 

i 
! 

. 1 
1 
I 

! 

\ 
\ 
\ 

\ 
\ 

\ 
I 
J 

, i 

/ / 
/ I 

. ~. / / 
.\~ / / 

)~~~. // jl 
r /1') " .. / 

"---~ \ ...... / .. ~ .. / 
.~. ~~~~./. 

~... .. . .... // 
'- ./ 
"-~~~ ... . .~, .... . 

.. . ~ .. -.... -.--~ .. : ..... : .. . 

I 

XVIII-17 



14 LEAD \:VHITE CERA~~1iC - 2. OX 

(B~ 

TIl] 2 13 

3 12 
J 6/ 

4 II 
- ... 

·~IO 
5 

I . 

I 

- .6 



6 

6 40 
_5D 

H3 LEAD VJr-HTE CERAMIC 2 OX 

0 13 . 

D~2 

. ~ " 

~-::---";,,,,_,-,""'~"'--'-';" __ '.-~., "0.-,-



, , 
" 

, , 

'-'9--· .. . .. II lSl 

l 

L~_J .11J t~2 J LmJ L.'5'..- . l~ I 
A . .:""'" .' . ' I . 

~~~'v./" ~--~~~~-,-~. ---. ,--V .-----=-----~--~~-.. ,I 

'Q Note that pin 1 is connected to substrate unless othenvise requested. 

XVIII~20 , 

'":.""' 



-. " " 

40 ZO.x 

. "'. . 'ir"--3!{·' 
. iL. __ . .;._---1 .. 

i' , -1····· .. .,...--.. -·· -i;-I.' 
,. " ~ : ~, .. l 

, ...... ':: 

!<-,\ 

6~' . 
L "E] 

I 
, t 
l , I .', 
s.;...=~'--~-' 

... :'., .... ;. 

.. '.' :.:'" 

, ," .. Note,that~pirit:is c,onhected, tosuhstrate"uriles:soth~r\1ise ,requested. 
. .... .'. . - .'-::.... . .. . ... .. 

, :" ':~ : 
' __ "'':':''_::--;''~; '-''-'-~'-,~--":,,:,,, -,;;.: .;.::.'~ ~-~:---'-'---:.---".,--' ':"":'''' '-."":-- '-",..--' ,'.:; :,i.':;:-: ::,: ,:,~,~+ 2';:7';:~':':::'~'~' ''-'::;- .. ,:.:,,~, .. -- -~"""'"~:~7r;_:i~':7 ~;,:;~,:",":-:-,,~~.-~-:b--,.:' "0 



lOX 

7 

...... ~ 

.. k .. ·.~ ..... -! 9r----::; . 
. IO{::::::3 

r-:=.,--=-" 1 
I ,] .. 11tL-._~ 
I l---\ 
I i-:-)~ .. ___ -\. 
, -~ 

, \~. 
_,\ . ---'1 

i .j; __ ---- '! 
. \.-- ... ~ ' .. ~ . 

V~\ 
. t4\~ .... ~ ....... : .....• ".V/\ 
. 15\/ 



o 
Design Economics 

CHAPTER XIX 

D~SIGN .ECONOMICS 

There is one more design specification: ~ost. All of 

the previous design sections are guidelines for optimizing part 

yield, because optimizing yield usually raises profit. However 

this is not ahvays the case. 

From the accompanying diagram we can 

approximate the cost of the part as it is 

b\1ilt at six major cost positions or cost 

blocks. At each block the cost is in-

reased by Labor, Material, or Yield. 

Through block 2 the cost is cost/wafer. 

At block 3 it is converted to cost/dice 

and is the only place where the price 

drops (appears to drop). 

.. 
" "-... .. 
o 
U 

'" \' J~!..O 

---.. -.. --~.,.... 

Cost Per Gate verSus Chip Complexity 
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Now let us see the consequences of this cost function. If the 

processed wafer were free. the part would still cost more than 

the cost of the package~·· As the cost of the dice goes up, (by 

putting more logic functions on it) the cost continues to rise 

but the cost/function falls. This continues until the circuit 

/ is so complex that the probe yield faIls. Then the cost/function 

begins to rise. However, as processing and assembly improve their 

techniques the point of minimum cost/function grows larger. 

The engineer will economically optimize his design if he. 

(D can estimate the estimate the effect of design decisions all. 

yield and die size. There are two good examples: 

1. Layout rules. If the engineer chooses to use lOOSE 

layout rules to improve his· yield, he will also increase 

die size. If he uses t~ght layout rules to get more 

diehlafer he will decrease his yield. 
., 

2. Bond Pads. Larger bonding pads give higher probe yield 

and higher final test yield, yet make the chips larger -

resulting in fewer chips/wafer. 

Profit is optimized by designing slightly beyond the current 

minimum. Thus at the time the part is in production it will be 

at minimum cost. Similarly if a package pin number choice can be 

made, both approaches should be analysed and the maximum profit 

approach chosen. 

Soft-ware is available to assist in economic optimization. 
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IDesigner Respo~sibility 

It is, the designer's responsibility to see that useful, 

profitable, quality components will be the result of ' his design 

effort. 

Design requirements come to the MOS Design Department from 

Marketing, from customers, and from management. The designer 

must first determine product feasibility and verify the product's 

usefulness or marketable applications. This is necessary to 

guarantee that the design cost is recoverable. 

The designer next must analyze the design so that he can 

guarantee quality··parts within the given enVirOThllent and process 

distribution. His documentation 'will reflect this. 

Finally the desigri engineer does the ground work in opti-

0; ~ . mizing the profitability of apart. He does this by optimizing 

the circuit design, redesigning the internal structure where this. 

will improve performance and reduce cost, suggesting,- system 

modifications where applicable, and insuring a reasonable yield. 

The guide lines for minimizing chip size, and optimizingperfor

mance and yield are the design rules and layout rules. 

Finally the design engineer initiates the interface between 

de~ign and production with the documentation of his design. The 

final proof is the engineering run of prototype parts. The en

gineer provides- the initial test methods, and tests his prototypes 

proving that they meet all specifications, and documenting the 

range of process parameters in the prototype circuits. 



I 

I 
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I 

10. 
Transfer to Production 

Transferra.l of products from design .engineering .to production 

entails the transfer of pertanent information about the newly 
\ 

designed product to the appointed product engineer. This infor .. 

mation .intludes .logic diagrams, schematics, suggested test methods, 

customer or interhal electrical and mechatiical specifications~ all 

characterization data that had been accu;:nulated, and any special 

facts, such as critica.1 dimensions or difficult electrical per

formance. This product transfer from design engineering to pro

duct responsibility is most efficiently accomplished by having 

a final design review and product transfer meeting vrhere all 

related people are in attendance. 
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Product Engineer's Responsibility 

Product engineers are responsible for individual products 

that have been released for production. Product engineers act 

like customer representatives within our factory. They assure 

that the products are manufactured on schedule, meet all speci-

fications, and meet or better the cost objectives. Product 

engineers accomplish their goals by monitoring masks, quality 

process and production methods, performing yield improvements, 

specifying test procedures and methods, and maintaining good 

communication with the customer, and also reviewing customer 

specifications and preparing data sheet outlines. 
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TESTING OF HOS LSI CIRCUITS 

Testing of HOS LSI circuits during and after manufacturing 

includes both electrical and mechanical tests which determine that 

i 

the finished product is'of' the highest quality, and meets all im-

posed specifications. 

Near the completion of processing wafers,developmental and 
-

manufacturing lots are checked for threshold voltage, transistor 

gain, junction breakdown voltage and field-oxide inversion voltage. 

All wafers must pass within narrow, closely specified limits for 

these parameters. Wafer lots are then subjected to severe bias-

temperature stress testing during manufacture and immediately 

prior to functional probe testing to insure that the process is 

yielding a stable, high quality, drift free product. These stress 

!o- .... . tests are performed at a temperature of 2500 C and substantially 

exceed the severity of conditions faced by the circui.ts during 

normal operation. 

When the -vvafer has completed the processing sequence and passed 

all process control inspections to determine that process require-

ments have been met, it is sent to a computer-controlled probe 

station. Utilizing the test control tape generated during ·-the 

design phase, complete parametric and f\inctional tests of the 

individual circuits on the wafer are performed. Functional tests 

exercise the circuits to demonstrate that the~ in facS perform the 

logical' function specified by the designer. At the same time, a 

series of parametric measurements is performed to. check the input 

and output terminals, the clock lines (if present on the circuit), 

and the power supply buses for excessive leakage current and low' 

breakdown voltage. '~"hen design permits, power consumption is 

XX-4 
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measured to determine that it is within the design rating. Die 

o that do not meet design requirements are automatically inked to· 

mark them for discard during assembly operations. 

Parametric measurement at wafer probe is a unique feature 

of the Motorola Production System. Special computer-controlled 

wafer probe test equipment has been designed -and constructed by 

Motorola expressly for -testing custom MOS LSI circuit s. As far 

as can be determined, this equipment exceeds the capability of any 

commercially available equipment in terms of data rates 9 length of 

non-repetitive test patterns, parametric measurement ranges, and 

overall speed and capacity. Fault categorization, data logging, 

and interactive operating modes through a CRT interface are pro-

vided for ease of evaluating circuit performance over a wide 

variety of engineering conditions. 

Following -w2.fer sort, the electrical good die are subjected 

to stringent visual inspection under high--pmqer magnification. 

Fully tested and inspected dice are then bonded and sealed in 

packages. The sealed packages are subjected to normal forms of 

mechanical tests such as centrifuge, temperature cycling, and 

gross and helium-fine leak tests in order to insure that the as-

semb1y operations have been properly carried out. The exact 

testing plan follmqed, . ranging from limited lot sample to 100% 

testing, depends on customer requirements. 

Completed devices are final tested using the high-speed 

computer-controlled tester. The test tape developed during the 

design phase is used to determine conformance to both functional 

o and parametric specifications for t:he unit. 

The customer may request any combination of electrical and-

mechanical test of the finished units. These final test require-

xx-s 
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ments may range from comnercial practice through high-reliability; 

military-type programs, and may involve such operations as high

and lmv-temperature functional testing, and burn~in. Generally, 

the more stringent the testing conditions scheduled, the higher 

the cost. Un:Less specified by the customer, it will be assumed 

that standard commercial practice is desired. 

All tests are normally done by production personnel under the 

direction of product engineers) 'who write and review all 'test 

specifications and procedures. 

Quality assurance is provided by quality conformanee inspections 

and tests done on a lot sample bases by personnel of the quality 

assurance department. 

Reliability assurance is demonstrated by exhaustive and 

extensive testing to verify that the design, manufacture, inspection, 

0-- _. -.. arid testing are adequate to assure the reliability of the produ.cts. 

o 

This advanced tester consists of test electronics controlled 

by a PDP-8/L computer and multiplex unit that allows testing 

capabilities at four remote stations. Peripheral equipment in

cludes a 64-k disk and two magnetic tape units for stor1ng existing 

tests and data logging. 

For dc parametric testing, the tester is capable of handling 

up to 6L:.-pin through the use of 64 completely independent 

voltage or' current· generators. Voltages over the range of +40V-

L~OV can be forced or measured with an accuracy of +20 mV. Currents 

can be forced or measured 'with an accuracy of +1% over a range of 

5 nA to 20 rnA. Typical test rates of 50 kHz can be realized at 

each test station. 

In' the functional test mode, input driver channels and output 

rec~iver channels are hard-wired to the socket of the unit under 
X~(- 6 
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test,. This technique does not require a relay matrix to route 

test signals to and from the chip. In addition, unity gain buffers 

are mounted within 2 inches of the output pins under test v.7hich 

present an equivalent test load of 10 pF and 10 ID. As a result, 

a test rate as high as 4· MHz is attainable. 

Each input driver channel (60 total) can buffe~ up to 1000 

bits of data before reloading from the disk. Functional input 

levels from the drivers are programmable from 0 V to -35 V range 

with an accuracy of +50 mV. Since the tester output is programmable 

relative to data input within +20 ns, one has the capability of 

measuring output transition times of the unit under test. 
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Date: 

Lot Identification: 

Lot History: __ 

i Probe Instructions: 

1 
,1 
1 
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~ 
) 
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Probe 
Otleration 

. L Set '(JP TO Attached Diagram 

2. Load Attached program 

3. Probe & Ink 

! 1 4. Data Lag 
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I I 
I 
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1 
1 
]0 , 
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'I 
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5. Dice Size 

SPECIAL INSTRUCTIONS: 

____ 'Device Type: _' _____ _ 

Qucmtity 
In 

9 . 
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Qualitity 
Out 
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Page • __ . of 

Operator 
Initial ----- Date 



NOS INFOlzNATION SHEET 

Pro je~.!= No .: ___________ _ 

Q' L Circuit No. & TVPf!: 
~---------'-'"---,----

I I • .~~ art i09; Ha t e ri_a_l_::....-.. ____ _ 

Q 1. 

1. W25AOO - 1 1/2: 
W25AOO - 211 
Epi 12 -16jJ. (100) 
Res. 0 1.3-2. if)-cm 
1400A Deposited Oxide 

2. vJ26AOO - 2" 
Non-Epi (Ill) 
Res. 3-50-cm 

3. H27AOO':" 2" 
Non-Epi (100) 
Res. 3-50-cm 

4. H28AOO 
Non-Epi <Ill) 
Res. 1-3:l-crn 

2. A?02.D a. Source/drain 15+S0/sq 
b. N+ Diffusion -- 0 . 

Co Fiel'd O~{ide 5. Sl( A 
d. No geld backing 

3. AP03D a. Source/drain 15+50/8q 
b. N+ Diffusion - Q 

c. Field Oxide 5.SK 8 

40 AP04D a. Source/drain 7S+25-:2/sq 
b. Hith N+ Diffusiono 
c. Field Oxide 10K A 
d. (Ill) MateriaJ. 

IV~ Die Size: 

V. Hask Sequence: 

VI. No .of ~YafersReq\li.::-,-['=_-(1_:.,.....: _.......,_--'-,

j Q. Cycle Time Needed: 
I . 

I, 
[' 
I : 

Hask Set No. 
--~-----

Date: 

5. 1;,]'29AOO 
Non-Epi 
<100> 1-5.1-cm· 

6. LISBOO 
Non-Epi (Ill} 
Res. 6-70-cm 

7. LlSCOO 
Non-Epi (lOa) 
Res. 7 ··8:J-cm 

r- "nos'" _ Q_ •• _~_,_/-1 ___ .~._ ·...,.cl,..,cr,/~_ 
:J. =.1: iJ G. "JUULL.e U.!..o...LL1 1.J",'-<-,J\l!.:>Y, 

b. 1,Tithout N-!-Diffi."i'siof'.:. 
C. Field Oxide 10K A 
t'l_". <11 1 ) r.'i.,;..",,~"r~1 _. _ ..L _ l.C .. .... _ 1- J..'_-L.. 

6. AP06D a. Source/drain 7S+25:J/sq 
b. N+ Diffusion - q 

c. Field 'Oxide 5.SK X 
d S" . . '1- • ( , .' n • (.):D BM211;.strlU l-1l:lC)n :::J4.J:-t 

7. AP07D 2,,' SOllrce/drai.n','iS+2SCl/sq 
b. Hith N+ Diffusiono 
c. Field Oxide 10K 8 
d. (100) Naterial 

-'8. AP08D a. Source/drain 75+2S0/sq 
b. tvit~ut N+Dif.£usion 
c. Field Oxide 10K A 
d. (lOa) Material 

. VII" Requester 1 8 lT2..me: 

VITI. GomlTl,ents: 
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Final Test with the lot. 

Device Type: F-"'a 
--~---------------------
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.. ~.;L 
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~ . l_ . 
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'. In .' 

.1. t'::.-s :.;:l.~"!,~--:::.:' 

J. 
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5. Die Bvnd 

6. Die Bond Insp. 

7. Wire Bond 

8 .i,.lire Bond Insp. 

9. WasFi------·--·------------·, .. -------·c--- .. , 

10. Preseal Ins~. 

11. Furnace Seal 

12. Fi~31 Sear Insp. 

.. 

15. ~t:.tr:3...£!l:?:e..,_--.2.0-0QOG,,' s . -'--~ .. -~.---.. -.,.-.. .-.--'--= 
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17. 1'5;4-:5':s-:.'·:Li::--ek ....... -Tis'f""FE=3a 
" '.' - .... . 
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AF 

Beta 

Beta Degradation 

Body Effect 

Cam 

Channel 

Channel Length 
Modulation 

CMOS 

Cost Block 

Depletion 

Drain 

',~ 

CHAPTER XXI I 

GLOSSARY 

Reduction of carrier mobility at surface due 
to random surface" scattering. 

Gain term in equation for MOS device current 
in fla/volt 2 

s = A£·flpEoKsi Q2 

tox 

Decrease in gain due to reduction of mobility 
in high fields. 

Increase in effective threshold voltage due 
to bias voltage on source. 

Content addressable memory 

Region of MOS device between source and drain 
through whi ch current flOl-'ls. 

Apparent decrease in channel length of MOS 
transistor biased in saturation, decreases 
channel length with increased drain-source 
voltage. 

Complementary MaS - Both N channel and P 
channel MaS devices on same chip 

Point at which yield loss, labor, or material 
increase part cost 

Capacttance of a PN junction 

Device which. allows drain current when VGS - 0 

MaS device terminal "which receives carriers 
from channel 

XXII - 1· 



.. 

0' 

o· 

o 

Enhancement 

FET 

Field Inversion 

Field Plate 

Gate 

IDS 

IGFET 

Inversion 

JFET 

KsiQ 
2 

L 

Device which requires gate bias before 
conduction 

Permittivity of free space = 8.87 . 10- 14 

Field Effect Transistor - Voltage controlled 
current source transistor. 

Unwanted MOSaction between diffusions 
covered with thick oxide 

Device used to protect gate from over 
voltage rupture 

Voliage actuated control terminal of 
transistor; or logical function 

Current flowing from source to drain 

Insulated Gate Field Effect -any FET 
device where gate is electrically 
insulated 

Voltage point at which· carriers form in 
channel 

Junction Field Effect Transistor - gate 
is not insulated and can draw. current. 
when forward biased . 

Dielectric constant of silicon ... 11.7 

Dielectric constant of silicon dioxide - 3.9 

Channel length -physj,.cal distance between 
source and drain-parallel· to current 



o 

o 

o 

MIS 

MNOS 

MaS 

NDRO 

e· J 

PMOS 

Qss· 

RAM 

ROM 

SAG, SAGMOS 

Metal insulator semiconductor 

Metal Nitride Oxide Semiconductor - a 
nitride is used in device to reduce 
pinholes and incTease device gain 

Metal Oxide Semiconductor - particular 
structure offield effect transistor 

Doping level in N type semiconductor 

Non-destructive readout memory 

N channel MaS - The MaS transistor is 
fabricated with N doped diffusions into 
a P-type silicon substrate 

Fermi function - the amount the fermi level 
is displaced from the intrinic level 
(units in volts) 

Thermal impedance from the junction 

P channel MaS - the MaS transistors 
fabricated with P doped diffusion into 
a N-type silicon substrate 

Surface state charge 

.. Random Access Memory - memory 

Read Only Memory 

Self aligning gate MaS ~ either silicon gate 
or ion implanted structure 
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Saturation 

SIG, Silicon Gate 

Source 

Subs-trate 

Threshold 

0: 

VGG 

VSB )\)5 

VSS 

o 

The point of operation when drain current 
tends to be a constant value independent 
of drain voltage 

A type of MOS fabrication in which doped 
polysilicon replaces the metal gate used 
in conventional MOS 

Power terminal of MOS transistor which. 
sources carriers 

The material on which the MOS circuit is 
fabricated. ForP-channel 1'·10S the 'sub
strate is normally N-type silicon 

The voltage applied to gate terminal just 
at the point of conduction' 

Drain supply voltage 

Drain to source voltage 

Flat band voltage 

Gate supply voltage 

Gate to source voltage 

The voltage applied between source and 
substrate 

The voltage ap.plied to the substrate of 
a device 

The gate to source voltage at which 
"current trom source to drain begins to 
flow". This value is obtained by ex
trapolatingfrom higher current levels to the 
zero cUTrent intercept. 

XXII '- 4 



o 

o 

Q, 

w 

x· J 

z 

(lOa) 

See Z 

Depth of the source-drain (or other) 
diffusion 

Also called W - The width of the channel' 
perpendicular to the direction of current 
flow 

The crystaloreintation which gives 
higher threshold voltages 

The crystal orientation which gives 
smaller threshold voltages 

.. 
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