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' Interest in the seémiconductor

s

memories has grown, “
rapidiy the'pist few:;zéFs. ~ The main reason for this interest

~

:Ia is the iﬁcreas}ng number of applications. - It is now generally i

-

‘agréed that semiconductor memories will ,comprise a growing 8

[ ~

_..fraction of the computer memoiya ' .

- 4 ~i

" Computer mémory is the most oﬁvious‘area of'applicatién
) ~ " ‘

for semiconductoxr memories. However, many other applications,
w-\\\\\\gfgg?e apparent as low-cost semiconductor memories become
v \ . ~ }
available. Growing areas of application are desk and pocket

+ , calculators, minicomputers, peripheralreontrollers for compu-
‘ v . {

. ter sustems, manufacturing control equipment, communication '
™~ v *
. . N N t .f
' by
systems and electronic watches.

v
L -

The pace of development has been sutch that many -
- . '
‘potential users have\aigficuﬂéy .anticipating the direction

ahd rate of future progress. Systems designers must antici- , -

- - 3 f . -

pate the characteristics 'of, components well, in-advance in

order to arrive at competitive” new designs. N
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; As late as 1960 transistors were pack&ged ih indivi-
» ) ‘ v : ) R T
dual containers varying in-size upward from 0.2 inches.

‘To construct'a complete electronic circuit, 1nd1v1dua1 ﬁran-

sistors had to be linked. togetﬁer with other compcments, Co .
A o
such as resz.stors, capac:.tors,dlodes and other tran51stors.
. . )
About 1960 methods were - developed to com.bi:xe most of the >

&-eomponents of a ‘circuit on a smgle crystal. wafer of s:.lzcon . -

- TN

to form an integrated eircuit.
- L . )
- The hiqﬁest component densities on integrated circuits

are aclueved by the fabrlcata.on \:echnology called MOS, which =~ .\

stands for metal ox:.de Semicohductors. - The MOS teﬁ:hnology

-

' - . produces transistors of the unipolar type in contrast to ear- ’

3

lier double junctié{x\ transisto’rs which \are 'bipolar. ﬁnipolar

tra;xs:.stors use majorlty carrlers.only, either electrons or ' .

-

" holes but not both;: Y o . -

The objective of "this technical report is’ to deéscri-
be the MOS devices, clarify their principle QF- operation, o -

produce an up to date evaluation of the egisting devices and -

discuss their 4dvantages and lﬁnitatiqns. \ ' , .




.‘ " . ' 1 GENERAL MOS c '
"1 ( ! ' - : . )

Although MOS technology Es considered relatively )

new in the semiconductor world, the basic concepts of the
, \

A\ = [ i
IGFET _(Insulated-Gate Field Effect. Transistors), commonly. \

¢ e

— calledMOS or MOSFET type transistors, predate the bipo-. <
'lar,transistor dnlyﬂthrough the comparatively frecent
development of table predictable and high yield manufac-

turlng process has MOS become reality in LSI (Large Scale
A
Integratxon) form. Prlor to this development, poor con-

al
trol anJ’lack of complete understanding of solid gstate.
Surfase conditions resulted in low yields and unstable

.electrlcal characterlstlcs. The technology and appllca-

tion of IGFET have been rev1ewed recently by J.T. Wal-
. - S
lmark and H. Johnsonl » L ‘ ,

~

Initial attempts to raallze actlve solld state : ‘,

-~ < Ll
transistors that operate on the fleld éffect prlnC1ple,

©

«were made by J.E. Llllenﬂleld and o. Hell in the early y |
. 19302.\ The first working model'pf .the pr1nc1ple was .- ‘
N developed at Bell Telephone Laboratories in 1948 byRJ
Bardeen and W.H. Bratta1n3 They observed the field
effecttprlncaple durlngla series or experiments in

>whioh they attempted to:moéulate current through point con-

¥

tact ‘and bipolar junction transistors. Attention was then

focused on these two types of bipolar transistors and.the

. N s
-

development of'tﬁe’fiela effect transistor was halted. In
v 1952 W:B. Sl'iockley4 published the theory of the field effect N Ve

. . transistor 'and a practical form of the device was built by

‘G.C.DagZ} and I.M. Ross in 19535.' o B




[

+

. ’ \ T
This device used an electric §iild to control conduction in

a germanium semiconductor structure. FEarly attempts’ to fabri-
.cate MOSFETs were unsuccessful due to lack of controlable

and stable surfaces. - . .

3

During the 1950's siiiEdengﬁﬂ to supplant ger-

" manium as the prefgprred material because of its stability '

over'a greater range of 'temperatures, its higher voltage
breakdown, and because of promised better manufacturing con-
trol and hence better yield and ‘lower cost. A body of know-

+

ledge about the surface propertigs of silicon was developed

) rapidly, along with fabricating tecﬂniques for highly stablet

stractures ‘in which the ‘interface properties between silicon

and silicon dioxide were better understood. The IGFET has

\ . s e . L6l
also(been made qn various semiconductors such as Ge ,517,

and GaAsB, using yarioﬁs insulators sﬁéh as?SiOz, SiBN4 BN

’

and A12 3 . T . S i

A" major breakthrough in semicondu&ior procesé

o with the development of the silicon

occured in the early 1960
planar pfbcess. The planar pfoceés'dépends upon the‘f;ct that
+a layer 6§,§ilicon oxide.on the surface of a semiconductor
slicé_will’pfevent the diffusion of certain dopant elements
into -the semiconductor. Thus patterns gf oxide can be used
éa conérol the locations of diffused regions. The name
'"planar" comes from the fact that all three regions-eniter,
basé and collector-come to the surface of the .device, which

F

imakes possibleé* large scale inteératiéh. T .

L4 -~




Process contz‘:‘ol problems'continued to plug the ;40:;& .

manﬁfacturing until 1967. At that time the yield of MOS
type circuits with stable '‘performance characteristics was

increased through refinements in the basic MOS process in

con]unctlon w1th tightened process control and lnstltutiOn_

of strict, class 100 clean room environments at critical
process steps. Since:then, yields have;continued to rise

as a result of manufacturing experience and development of
better production equrbment, tools andgrow meferfals.- The
siiicon suppliers have not only produced higﬁ quality siyi-

con wafers, but have also produced the larger diameter

wafers (2,to 3 inches ) to reduce manufacturlng costs. Better

wafer fabrication:Gequipment, such as ihat needed to prov1 e
high accurary required in. the sequence of photomasilng ope-
rations, has also become avallabléo .

. In addition to the general upgrading .of the quall-
ty -and capability of. the manufacturing materials and equip-
ment, knowledge.of semiconductor surface.phenomena has inc-
reased greateiy, resulting in imprbvemenr at various criti-
cal processgsceps.h Another factor thar helped sustain the

rise in yield was the development of circuit design techni-

ques to take better_advahtage of the unigque character of

MOSFETs. . These techniques generallyftented'to“reduce cir-

.cuit and array size with no loss in performance. Then in

the late 196051 computers were to control the yeneration
of artwork and phoqomasks thus prov;dlng more uniform’
/U

tooling and usage of proven predeiicned circuits.

v
4 »

Sopd
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2.’ FIELD EFFECT TRNSISTORS (FET)

i ’ [N

2.1 General
)

L4
w -~

' The basic bulldlng«block of a MOS 'type 1nteg-

'-rated c1rcuit is thevfleld effect transistor, which is

- based on-the-lateral ccnducfance'withlnIa-siliéghwcr§§£al
. f )

by an electric field applied at. rigltt angles to the surf .ce

of the silicon. The junction or bipolar'tran§is£or, on the

other hahd,consiets of tyo'junctions formed within the body

* -

of ‘a s;ngle crystal of \silicon. The two junctionh separate
three regions called the emmlter, the base and the collec-
tor. The flow of current from the emmiter to the co}lector

is controlled by changes in the‘eignal applied to the base..

2.2 The FET Principle

. Since p-channel MOSFET is Fhe~m05t wiéely usedl
of the basic Mds rechnologies, the p-chahnel MOSFE§ will bé
used to .illustrate the FET principle. A cross section of
ZMOS transistor is’shbﬁn in Fig 2-1. 1t is made up as fol-’

lows: A thin slid¢e (8 to 10 mils) of lightly doped n-type

.

_ 8ilicon material, alled a wafer,serves as the substrate

=

or body of the MOS'transisﬁbr. Two closely spaced (10 to

20 pm ) g-type regxons, the source and the draln, are for- V-

med w1th1n the substrate by selectlve dlffusion using the
0

planar techniQue. A thin (1000 to 2000 A" ) layer of in-

sulating silicon dioxide (SiO ) is grown over the surface

b

of the structure, and holes are(cut into the oxide layer, S

b

allowrng congact With the source and the drain. . Then a
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 thin layer of metal called the gate is;pverlaid ¢tovering

" the current. The minimum value of ga

‘. thresholdrvoltage and is given by th¢ equation; 2-1

3

< . 5 ' !

- = . ‘v v
s, N .

: . : - '

¢ v
— L L}

v
L ' J

the area between the source and the drain regions. Simul-

. . . , R | .
taneously' metal contacts are made to the source and the
~r <

drain through the holes cut 1nto the oxide layer,Flg. 2-1.

The area betweegmthe source apd the drain is called‘thik o

‘EhanhEI_ end the contact to. the metal above the channel

areaais~the qate termlnal. Theﬂchﬂp area of a VOSFET ls 'f o

5 squete mils or less, about 5 peréent of that rnqulred by a

bipolar junction trans:.stor.l1 ) . o ’ ‘,{ .
- ) "

The gate of_4d MOSFET sexrves ég the:control ele-

-

I

ment creating;'when properly biased a cohduction path or
channel between the source and the draln reglons as shown
in Figqg. 2-2. When a negative voltage(ls graGUally appl1ed

at the gate, electrons are erven away from the 1q§erface of
the oxide and silicon under the gate, and a positive cﬁarge

is induced. With a sufficieptly negative gate .voltage, an

inversion occurs that changes a very thxn region of the 51-

licon under the gate N-type (w1th electro s) to p-type
(with holes), Flg.‘z-z.' The converted region is called

p-channel ang/prov1des\a conductlon path [for holes. '

current WLll,flow from the source to th draln through the
chénnel.‘ The gate toltage‘controls the emount of‘the cur-
rent. The higher %thd voltage (more negative) the higher -
voltage just ‘suf-"

ficient to cause channel formation is/known as the gate
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) [
; o n(Substrate) _ J
- Fig. 2-1 . ) .
P-Channel MOS?ET,before channel formation I(cross section)
; ; . ; , . . . 1] ‘ 3 J ) . ~ ‘ .

Sourse . Gate.(-) | Drain R

N
T
3t
v P ol

-

o : T e »Indqced L .
p-channel T «

"+ n(Substrate) ’ . N . - .

Py
YN

© .. - . Fig. 2-2 N
. - ‘, . \
Enhancement in a p-type MOSFET -‘(cross section) ’
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™ Vg =2 9’ +

where Ci=A €(ox). The threshold.
C:¢¢ t (ok)

(where C. dielectric constant, tox width of inyersion layer)

voltage is dependent upon the partlcular manufacturlng,

[

doplng concentratlon, dlelectrlc thlckness and the “crystal

lattice orlentatlon, of the silicon 1ngot from which the : o
wafer is sllced. Above the conductlon threshold(more ne- ‘
gative) the gate voltage enhgnces the channel charge bet- 8

ween the source and the drain thereby increasing the chan- d
‘ . i 'R
nel conduction. Such devices are called enhancement-type

-
*
N [

' MOS devices. - . . ' .

7

. ~ If the drain voltage is increased (more nega-

tive) while the gate voltage remains constant, provided , N

it is equal or more negatlve than the threshold(voltage,*___ﬂ_nh,,ﬁ,ﬁ

the current from the source to anln increases. Eventu-

ally it reaches a ‘point at which the current remains the
. é - :
same regardless of the increase of the drain voltage.

This point is called pinch-off point.

3 . X
gn& +
-

2.3 The Depletion MOSFET

- -
[

/ “ It is aiso‘possihie to built a transistor in
which a channel of the same éolarityxes the eource and

,' the dra;n exists without a bias on the gate. This is done -
b& diffusing a channel Between the source and the drain,
with the same tyne of impurity as ussed fer thg source. °
and the drain. Such a strncture is ehown inJFig. 5—3.

- . -
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In this device an appreciable drajin current Ipss flows fog; ~

zero gqté~to-source voltaée VG§—0. T’his stxructure has _been

made with an p-type dlffu51on between the sourca and the drain

)

regions. ‘IQ\EEis type of transistor, conduction decreases

"as positive gate voltage is applied" When the gate volgage

is made p051t1ve, negative charges are induced -in the chan—

'nel,AFig. 2-4. Since the ‘current in an FET is due to the

R > = -
majority cerriers (holes for p-type material), the induced
negative charges make the channel less conductive, and the .-
' '{ .
drain current drops as Vgg is made more negative. The re;t

distribution of chaﬁge in the channel causes an effective

depletion of msjority carriers,‘thus the name Depletion {
MOSFET. Note that the region near the drain Fig. 2-4 s
more depleted than near the source because of Che v‘ol“ta'ge
drop due to drain currentll,

)

2.4 Comments ¢ ‘ 5

MOs 1ntegrated circuits are simpler than blpolar

integrated circuits because bipolar circuits requlre at
t

,/least two more masking steps plus a number of additional

operations, such as oxide-deposition, é&tching, alloying
. ® :

etc. as we shall see in chapter 4. It has been this basic

s1mp11c1ty, w1th the promlse of.yery 1ow cost, that has
spurred work on MOS, structures and processes. MOS transxs-

tors differ significantly from junction transistors in -

—

operating prindiples, MOS_txan:;fféff—génsbe used to advan-
tage in many circuits because eir properties are similar

to thos€e of vacuum tubes.

™

/
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. : ’ Their ou%put respénse var:Les almost lmearly with
input and they have a high xnput 1mpedance because of the

layer of Si0, which results' in an input resistance)of . _ .

e T 10 ' \ -,
. . ].0:L to 1015 ohms. In contrast, bipolar transistors,which f

*are'curr'ent operated raéher than field-effect"v“devices, are

qu:.te non linear and havp a much/ lower input J.mpedance. '

. " The 'hlgh J.mpedance of MOS tranmstors makes it 51mpler
: \}

/

ko drjive a' large number- of success:.ve circuit stages and

. ] ) ’

| thereby to design more complex integrated c:.r‘s:m.ts than L
- / -

:/‘ with blpolar transistors. ° '

L4 Y
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« 3. OPERATING CHARACTERISTICS AND- CIRCUIT SYMBOLS .

g \d v -

k]

K} > *e

‘I‘he operating tharacteristics of the Enhancement

~ - MOSFET w:.l], .be co_ns:.dered f:Lrst .followed by'! the characte- _. —

L
N

- T ristics of the Deﬁletlon MOSFET. - S e

3.1 Enh'anJ)emer}t MOSFET ;
e The volt-ampere drain cheracteristi;c curw\les of a N
g ‘p-channel enha;\cent-mczs\de Mb_éFET may be plottead using“the )

‘ gate \foltage‘Ves as the com:rol variable, Fig, 3-la. Its

. < ’
transfer curve is shown in Fig.3-1lb. As it is shown from

i oo v " the; transfer characterlstlc curve the current In (dram
: ) . ( ) current) at Ves-> 0 is very small, of the order of few na-
(. “"' A noamgeres. As Ves becomes more negative the current’ Ip in-

‘creases slowly at first and then rapidly.' The value of
e v ~ .

'. 'Vé's at ~wh.i.ch Ip- reaches some defined value say lQ}!A,' is

. called \Fr or threshold voltage. The value of Vo for fhe

s -8t dard p—channel MOSFET is typically -4 volts, and it :.s
se a -12 volts power supply for the d&rain. Howe-

ver this we;r supply voltage, is 1ncompatxb1e with the SV

power supply used in. bipolar 1ntegrated c:l.rcults. In gene-
.

. ral a low threshold voltage allows.

‘a) The use of’ small power supply voltage. _
b) Campatible operation with bipolar devices.

) Smaller switching time due to the smaller voltage . -

, ‘ . swing required during switching. SR / o -
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. _Thefe are many methods\used to }ower the magnitute

. ' of threshoid voltage Vr. The first method uses a s:.licon ¢ |

TR crystal 1att1ce orxentatloﬂ in th/‘(loo) direction. It is

' found that in this orientation thé VT'lS one-half that of

’w<<1;;>,cgy§tal‘latﬁice orientation. The second method is to;
use a layer of silicon nitride 813 4. and $io, instead of ,

*  8i0, alone. In this structure the dielectric constant is
about twice that of Sio, alone andfreduces Vo to about 2
volts. The third melhod is to use polycrystaldne silicon do-

/ped with boron as the gate electrode lnstead of alumlnum.'
This reduces the contact potentlala between the gate elect-
- rode and the gate dlelectrlc Wthh.ln turn reduces V1. The
o davice produced with such a meghod is called 8111con gate \
' MOS. As 1t can be seen from equation 2- a.and graph Fig.3-2,
' -V depends also on senuagonductor doping, dens:.ty and msula- '

tor thlckness. Flg. 3-2 shows a graphical’ presentatlon of

the depend nce of threshold voltage on the doping densxty

it

and insula 'r‘thlckness for a 8115102 system. -

/) b ! B R ‘ -
3.2 Depletiion. MOSFET vt
‘ N Depletion mode MOSFET. The depletion type MOSFET
may also b4 opetated in an enhancemeat pode.”If we apply a

positive gate voitage Fig.2-8, negacive charges are induced

into the p-type channel. Since the current in an FET is due

-~ 1

to, the maJorlty carrlerS\(holes for an .p~-type materlal),

the induced negatxve charges make the channel less conductl-

—_—

ve, and the drain curgent“drops as Vps is magde more positive.

' )
. .
] .

-
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'The-redistribution'of chérgé in the channel causes aﬁ‘ef-
fegg}ge depletion of majority carrlers, which accounts
! - ) ‘s

for. the 6;signatlon depletlon " MOSFET.

. " 3.3 Symbols - L .
& KN . ' * 1 - /
- 5 The MOS andﬁbipolar transistor symbols are compa-

3 - . ‘red in-Flg. 3-3. The MOS devxce may also be. represented )
I S | by two diodes and a control plate in the " OFF " state,The
source is the reference terminal and.by'convention is oosi-
‘tiﬁe with respect to the drain just as’ the emitter in the
bipolar Qevices. ‘Tﬁe_drain is the ourput terminal in the.

MOS device as it the .collector in the bipolar device. The ",

gate in tlie MOS,deviEe is.the control terminal as is the

base in the bipolar device. The gate is a metal plate iso-
lated from the substrate by a thle oxlde dlelectrlc. The BN
fourth terminal on the MOS device is the substrate often
called the bulk or body. ) L . .
In switching ‘circuits it is desirable that the devi-
ce is normally <"01'«’!:"' therefore enhancement type YOS dev1ces
are ‘mostly used. This meaos that a potential must be'applied | o
to the control element to cause conduction. The process has
been descrlbed earller. _,r '
) N
Fig. 3-4 shows the electrlcal symbols, the transfer
characrerlstlcs, and output characteristics of the four ty-
pes of MOSFETs, p-enhancement, p-depletion; n-enbancement

. and n-depletion, for purposes of comparisoﬁz.
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4. FABRIGATION e N
. L . LB

Yy - : " > . ;o :
. , 4-1 General . ‘ e . T

.

. It was stated earlier that MOS integrgted circuits

&

are simpler than..bipolar integrated circuits. To'appgeciate

roe this , and as a comparlson of the two technologles, the - fab—
rication of blpolar I.C.s is also discussed here. The bJ.-

polar“I.C. fabrication will be discussed firlsty and then trcxe “

L

. MOS~fabricajtion will follow. _ L ' Cooa

4-2 Bipolar Fabrication

\

The basic struc,tu:c"e of a bipolar integrated circuit

comprised of one resistor, two diodes,.andja transistoxf-,.":’i‘s |

shown in Fié.4,—l and c;msists of ‘fpur' disﬁix;c't:’?layer; of

. . material. Tixe bottom layer.(l') (about 10 mils) is p~type si~-
lic'on" and serves as a substrate upen which t;he integrated
circuit is built. The second layer (2)is thin (‘-2’--mil), (10p)
n-type material which is érown epitaxially as a single cry-

. s't:al extension af t‘ihé substrate. All active and passive
components: are built within the n-type layer. A round sili-
con ingot w1th predetermmed impurities, is sliced J.nto wa-"
fers approxxmately 16 mils thlck and each wafer is lapped and

. pohshed to eliminate surfac“e 1mperfectn.ons~) Once p-type

silicon substrate is obta:med, an n-type epitaxial _J:ayer,
t'ypically 10 pm thick, is grown 6}1 tile substrate by Epita-
xial Growth. The epltaxial process produces\a thin’ film

of single crystal silicon from the vapor pl\ase upon an ex1s-—

. o tmg cry&’tal wafer of the same material. .'I‘he basic chemical °
t . ‘ N + +
AN . . .

»
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reastion that describes the epitaxial growth af pure silicon
is the’hyérogen-redpction of silicon tetracloride.
232+,,51c1 F=<—>= Si+4HCl :

Since it is required to produce epitaxial films of specific

o impurity concentrations, it is necessary to introduce impu-

fities into the silicon. tetrachloride-hydrogen gas stream.
» ' .

A thin léyer of SiO, is formed then over the entire wafer,‘

2
Fig.4-2a, by exposihg the epitaxial layer to an-oxygen {
atmosphere while being heated to about 100° cil.

‘The seeond“etep in bipolar I.C fabrication is th?,,f;
JIsoiation Diffusion. But before that, it is required to se—
lectively removeAthe Sioz, to form the openings.through
which impurities will be diffused. This: is done by photo-
lithogfaphic-etbhing process. Fifst the wafer is uniformly
coated.wifh photoresist. Then the mask with the desired
patern of opeqings,is placed over the pho;oresist. By ex-
posing the photoresist to. ultraviolet light through the
mask, the photoresist becomes polymerized under the tran-
sparent regions of the mask. The mask is removed and the
wafer is developed by a chemical thatwﬂlssolves the unex-
posed portions of photoresist, Fig.4-2b. It is then 1mmer-
sed in an etcﬁing solution of hydrofluric acid, which re-

. moves the oxide'from the areas of the windows uncovered by
the photoresist openings through whieh dopants are to be
diffused. The portions of Sio2 that are protected by tﬁe
photoresxst are not affected by the acid. The photoresist

is then removed and ity {; ready for the lsolation dlffu31on
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The steps involved in fabricating a monolithic circuit.

a) Epitaxiélsgréwéh} b) masking bperétion;

'¢) isolation diffusxov, d) base diffusion.

Bipolar I. c. ‘
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of acceptarfimpurities. The isolation diffusion lasts long
enougﬁ to permit the p-type impurities to penetrate through
the\epitaxial layer and reach the p—typé:substrate;Fig.4~2c.

_ Base Diffusion. A new layer of oxide is formed.
The.photoliéhographic pfdéess is used again to create the
pattern shown in gig.4-2d. The p-type'impurities are diffd-
sed through the.openings of this pattern and are shownlin l
Fig. 4-24. It this way the tragsistor base regions, the re-
sisf:ors , anode diodes and junction capacitors afe fopme%N .

Emitter Diffusion. A new oxide layer is formed

"over the entire surface. The masking and etching operations

are repeated to open windows in the p-type regions as shown

<
in Fig. 4-2e. Through the openings n-typ%,impurities are

diffused for the formation of -tramnsistor emittefs, and the

cathode regions of diodes. Additional windows (w; and w,)

are often made into the n régions to which a lead is to be

4

conneeted, Fig. ¢-2e, for the lower resistance colléctor..
. £ '
contacts. :
™~

Aluminum Metalization. To interconnect the various
. :

componénts of the integrated circuit a fourth set of win- = .

" dows is opened into.h newl§ formed Sio2 layer at the points

e

where contaét is to be made. After the(hindows are opened

by photolithographic process, the interconnections are madé™
using vacuum depoéition of a thin even film of aluminum over
the entifé wafer. The photoresist technique is then applied
again to etch away all undesired aluminum areas, leaving the'

11

desired pattern of interconnections only~—, Fig.4-2f:

oA
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.The package leads are connected, after alloying the eiuﬁinium
into.the slicon,to the integrated circuit by stitch bonding

of a1 mil aluminum or gold wire from the terminal pad on the
circuit to the package lead. ,
4-3 MOS Fabrication. o : .

Since p-channel MOSFE? is what we have been using in
our discussion, the p-channel fabrication process will'be
described. The st;;tlng ﬂeterlal for the p-channel proces-
hsinq is pollshed n-type llgh%ly’doped wafers in a resisti-
vity range of 3. to 6 ohm cm, with <ill)- crystal orientation}
After the wafer is thoroughly cleased, a masking (o.6pm) oxi--
de is grown over its entire surface to serve as a mask n

against subsequenﬁ diffusion, Fig. 4-3a. The growing of the

oxide by thermal oxidation is similar to the one already dis-

cussed in the bipolar fabricétion.
After the°oxidat;on we preceed wiEh the first/mas-
. king step whicﬂ defines the source and the drain regions,
Fig.4-3b. The kodak hoto Resist (KPR) KTFR, or KMER conside-
red, is of the negative type°ané‘therefore it is soluble in
certeig liquié developers (i.e tricloroethylene) unless poly-
merized. by exposufe to ultraviolet light. The whole photo-
lithographic-étching process-for defining the source and '
the drain~is~identical to the one described for the‘bipolar
device. After the photore81st is removed the wafer is rea-
dy for boron predeposition, Fig. 4-3c, The dlffusion of
dopants is usually accomplished by a two step processl2

The first step called predepasltlon , is used to 1ntroduce




. "ﬂ‘ (" ' / » i
dopanigimpur ties to only a shallow depth in the oxic::&er
. - codep

- second etep called "drive-in diffusion", diffuses the Hopant

ited.with the dopant on the silicon, Fig. 4- 3d The~

impurities deeper into:the silicon to the desired depth, in

_ ‘oxydizmg atm. Fig. 4- -3e. Prede’position is performed i:n a
diffus:.on furnace typ:l.cally in tb.e temperature range of 1000°

.to lOQO c. Volat:.ve compoundséof boron, such as diborane

.(82}16) and boron thrichloride (BC].3) or liguid compounds,
v .\ PR i
.such as \'boron tribromide ‘(BBr3) , are commonly used sources

of boron predeposition.
The wafer is now ready for drive-in diffusion. The

drive-in diffusion serves not only’ to diffuse the dopant im-
L &

N pur:.tles further into the sxllcon, but also to form a protec-

- ,’ﬁ
tive layer of oxide over the sensitive p-doped silicon, Fig.

7/ ' .
.\' ) © 4«3e.’ ‘ . ) ' ‘ . o)

|
|
\

: o O We are now ready for the second or q&te uaslung step.’

< The oxide layer is completely removed over the gate only and
N -

subsequently regrown to the final gate oxlde thlckness, 1000
x m?ximum.l The masking and etching operations are similar
to the previous masking step, exc@pt that the alignment of

the gate mask must be wvery p\ecise, since the gate oxide re- .,*'

HE .o
gion must extend to both source ‘and draJ.n. 'I‘he tolerance A
for misalignment depends on intentional gate overlap and
'‘the amount of lateral diffusion of the source and drain..

Af.te'r the completion of the etch and photoresist removal the

L 4

il

wafer qppears as in Fig.4-4a.

. | :
. .
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The gate ox1dat10n step fqllows ‘the gate masiung

M v

step. Oxidation of thlS layer is’ usually done in a dry " .

oxygen atmosphé{e. The gate ox1datlon step also simulta- . .

N

]
S neously dlffuses the junctions to theJ.r final depth. Since

;'thln layer of ox1de is* grown on the. psFregion contact areas ' g

2
at the same time, it must be removed, A third masklng and

etching vdii'eration completes this tasklo, Fi'g.‘4'-4b‘.
We are.gow ready to apply metal~j§tion inkercodnnect.
¢ i . .
Gold as the most common metallzatlon use

~/
. ~l~

electron beam evaporator ultrapure films on the order of

By meahs of .an L

~
~

1}1 tthk are dep051ted Fig. 4-4c. ‘\- - ' ' : 6\
N A fourth masklng step is used to delineate the
PR Sinterconhects_ and”‘bonding pads. ‘Precise ed?e definition and
freedom’ ?rorrg:defects is n‘e'ck 'ss‘ai‘yair; this step. Otherwis,e‘ .
.. shorts[/ from metai bridgiﬁg }‘opegs from metal voids may .

result. After this masking step and optlonal ox1de overcoat

may be applled from protectlon aga:.nst scratches. 'ﬂr fifth

and flna,l masklng operatlon ;s required to create pad w1ndows

. °©
o

to “remove this\oxide from the bonding pad regions; Fig 4—4d.‘.

3
B

v " The MOSFET :g_s now complete, -after alloylng the° contacts

o

=, 1nto the s1llcon, and@re can see that in 1ts fabi'lcatlon there

. 1< only one’ dq.ffus:.on step and no epitaxial growth. 1In :
N ] -]
5 -
bL‘polar‘ I.C. s on the other hand there" are 4 dlffu31on steps . v

>

. s ,
and_ an ep1tax1a1 growth. . . The masl_ung steps are approximately )
I .= . |
the same. It is therefore obvVvious that the ,MOS fabrication .
. : 0 ) L4,
is. simpler. 4 o : g 07
' - o I Co N -
' . Rl « el
LY a . .«
Q . " - » 2
' ! PR 1 s -
o, » { * >
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) , 5. . MOS' RESISTOR , ' .
5.1 Res\istor

. S
T . .
An active MOS Jtransistor can ke operated as a load

resistor by c':'onhecting the gate:-of the device to-a constant
.supply viltage or by shorting the gate and -drain together,’
5.
. %
" Fig. 5~1. 1In either case the resistor w:.li operate in the

‘ saturated rega.on of the transistor characterlstlc curves.:
- The variation of the res:.stance is small as comparéd with
M the no?l saturated région. The curves are nearly flat, Fig. T
5—2,'which means that a large change in drain voltege' has
little effect on the.drain current. Since the, oxide ,chara-
‘ cteristics have been established to give~sthe desired thre-~

. shbia voltage, the resistance is primarily a function of

‘the devise geometry.

'
“~

- %4

The operating of a MOS/resistor as the load of a

1 3

‘ simple inverter is shown in Fig. 5-1, while Fig. 5-2 shows ° \
> \;\ . the characteristies of the transistot comhih%d.;ith the - ya
resistor characteristics13._ Q, acts as the inverter and (/_"
, ‘ \\Q\l acts as the resistor. The inverter has tm stable ope- (
- rating pcn‘ts- ‘ IR ) ‘ ]
"1) Wwhen VG) Vo o Q, is on and the eutput voltage is near
\ . ground since the drop across the trans:.stor is neglJ.-
" . gible. ‘The supply voltage, Vpr is dropped across the | -
| C resistor and the reélstor value is- determned by the
.‘ . . ,drain current through the resxsto;:_: R-‘I—Ig- . . .

————— . « & - N N . - e e e - ——— s
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FIG. 5-1 - |

An inverter circuit with a MOS transistor Q; operated as

-

a load resistor.

LS
L
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.-ID © e l ' Aqtﬁye load linse,

- ‘ \ U . le .
L e Vo A
— . ( \_; -VD . e
: -+ VpVpe Volts
° ! FIG. 5-2

0 : .
- Transistor and resistor characteristics of the circuit

FIG. 5-1 combined. : L -
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2) When V‘é (-VT'; For this condition, the tranrsistor' Q2 is

‘turned "OFF" and.the output voltage becomes V'D"VT} as

shown in the characteristic curves FIG. 5-2, where Vo, ' .
is modified threshold voltage of MOS resistor 61 due- [/
to source biasing. The current flowing ‘through"the resis-

- = . h ,

0y, 4

tor at this point will bg leakage cﬁniérit only and the

. L
voltage drop wilf\‘ﬁ)e Vs -

* \e N
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C
| o ‘ | ' 6 MOS CAPACITANCE - o ,
| . - 6.1 General . - o ‘ .:‘ .
‘ Asglt was 1nd1cat%9 in ehapter.4 Fig. 4-4, the MOS
tranSLStor is made up of a 31llcon substrate ‘covered with a

~ thin layer of silicon' dioxide, and on top of that the metal

-

' N \gate, ﬁsﬁally alluminum. The electrical sandwich formed by.
. ' the gate metal, the oxide and the. substrate , forms the M;gs

capacitance. N ,

B _ The  MOS capa.citance is closely related to the J:.ntrin:- /

®

v

t

| ' sic operation of the transistor. Accordingly, all the capa-

| citances asiociated with the actual transistor are devided D e
-

into two classes, ;&xtr:‘msic and parasitic.

7 6.2 Intrinsit Capacitance - ~

. ' \ \ * i
.' The intrinsic capacitances are ‘associated with the . !
\charg"es stored on the gate electrode and in the channel it-

- o 4
. ’ . >

self. These capaciténces are illustrated in Fig.6-1 and.

N their values vary with vol::age because the charge distribu-
tioh on the gatc-: and in the chaneel changes as the voltages v
‘ . * change. Table 6-1 gives the range of values of these eapaci—
tances in the nonsaturation and saturation regioné‘? Cox is

\(:he ‘capacitance per unit area of the gate oxici'e parallel pla-' \

te capacitor and is expressed as; -

- Cox =. € ox -_Iszi.gb_ _____ (6~-1) . ‘

— -~

- N . t v ; L]
. tox ox
? ' where: g ox __perm:\.t:.v1ty of 'the ox:.de - - ,
‘ o . fKox_.d:Lelectrlc constant of the oxide (=4 for 8102)
-

g'o =permitivity of free space..-B 85x10 -6 PF/P

e .

-
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’ re ol . ;
-a) Schematic representation of intrinsic capacitance

- ¢

Gate electrode

* ° .
' Ga&e\::fde . Cés 7! ' -
P, . ' : t ‘
.. '~ Source . o .
' Channel ° PBinched-
channel
. -
J = , .
\Ql yLbocatién of the intrinsic
—:”" + *
FIG. 6-1
‘ ¥
\ o ‘
. - ’ o
t ) . ¢ \d
® ’
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Tablg! 6-1
Summary of Capacitance Values
’ o
. Intrinsié Range of Values Value in
' Capacitance in the nonsaturation  Saturatidn -
region i region
v
’
L . .
CGD 0 to 2 Cox o)
)
s ) .
. N . N
/ - ! 2 2 :
Ces~ - » ZCx 0 3C 3 Cox ‘
N R \
- - \/ °
¢ ) ' / ' .
7 ° - < ' "
,.
ch . . -0 ' (o)
7/ -
}1
' - /
\\.
‘ $ ,




"t =—oxide thickness
ox ,

ce given by 1

o o
°

In nonsaturation operatidh,‘thg int;fnsic gate to .
diain capacitance g C;p )'énd gate to sburce‘papacitance
( q;s) willqvery anywhere wit?in the ra?ges given in the
table 6-1ﬁéependiﬂ§ on the bi%s(COndictions involved.
. ~§ ] i ,
6.3 Small Signal Gate Capapifagce. ' s
The gate capacitance can be consideredvas a series

connection of Cox and a depletion layer capacitance Ca-

Before discussing the gate capacitance let us define what

we mean by depletion. The electrical condition of the si-
licon near the surface is described as being in accumula-
tion, depletion,or inversion, according to whether the mo-

bile charge dengity‘at,the surface is greater than,less

4

So when the gate voltage is positive the silicon'surface

- is strongly charged and.the capacitance is that of a pa-

.

rallel plate capacitance with tﬁj oxide as the dielectric,

‘When the gate voltage becomes more negative, a der

o

pletion layer begins to form under the gate region, start-

ing as a veiy thin layer and gradually increasing in thick- -

ness, thus decreasing ‘in capacitance. -When the gate vol-
tage approaches the_threshold‘voltégé, ah inversion layer
begins to form and the deplgtion layer nq.longer grows.
Thq\papacitanggﬁg‘g§ih1evels off at its minimum capacitan-

L -1 4,1 @ (&3).- : .
C¢ Cox Ca : ' ’

o

b

3 than, or opposite type .to that iq the bulk,réspéctiyglzl“‘“*‘-N~;N~
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- Depletion . Accumulation

Invertlon :[
layer Cd mi

2!

FIG. 6-2

Capc1tance of MOS structure as-a ‘function of gate voltage

This is the small signal capacitance between the gate metal

and the silicon substrate as.a function of the gate to sub-

(I °

strate-voltage. - - : o ¢
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, , .. £ : L
A curve representing the condition just described is
give in Fig. 6~2 where :°

C = capacitance per unit area.

Coxzzgapacitgpce per unit area of the gate oxide parallel

plate. - o ° y
Cé cépacitance ofithe depletion layer. )
- 6.4 barasitig éxéacitance. -

In additiqn to the intrinsic MOS capacitance, seve--
ral-other capacit;;ces are important in determining the per-
formance of<§he circuit. These are: S } )

Cuos ,ﬁetal—thin oxidé-siliéonjcapacitance. %Apéroximately
0.2 pF/milz. 'This is the cap&citance that actually
forms the transistor channel and is intrinsic to de- ¢

i
vice operation.\

. ) e ~

C “Junction capacitance, p-region to substrate. Appro-
- ximately 0.1 pF/milz. Capacitance is a function of

junction voltage. This is frequently one of the most

'siénificant'of the parasitic capacitances.

C Metal over field capacitance. Similar to cmos and ap-

proximately"UTUZ*pF/milz.\ C, can become significan

in chips with complex interconnections and large me- .

tal areas.

’
~

Cqp . Metal-thic oxide p-region capacitance. Approximately-

0.02-0.03 pF/milz. This is the capacitance that fre-

t

quently contributes noise couplingifrom one signal‘to

another inzcros§overs,‘ - o

MPT

Cc Metal;thin‘bxide-p-region capécitanéev approxiﬁatel§
0.2 pF/mil?. .

/ B
A
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7. 4COMPARISON OF MOS PROCESSES

]
L)

<7 1 P and N - Channel MOs

The flrst commercxal MOS integrated circuits were
of the p-channel enhancement type (PMOS), and today PMOS
circuits constitute about 80 percent of the total MOS mar-
két. The PMOS precess was the easiest to coctrol and the-
refore emerged as the first in vdlume manufacture. Becauj

-~ ‘ *
se of this, PMOS has been the basis of the development of

" £ s s .
, manmy~MOS process variations. Injtial work however was di-

rected at producing N-channel transistors. The fabrication
sequence for N-channel process is essentlally identical to
that -for p-channel. Therreason for'selectlng N-Channel,
was the theorztxcal advantage of employing electron conduc-
tion vs hole ¢éonduction in sx}1con1°. S o
‘The problem with N-channel is the fact that mbet,of'
the contaminantsiis MOS fabrication are mobile ions which
are‘positively cﬁarged and are.trapped %n the oxide layer -
between gate and substrate. in an N-channel device the gate

is normely positive with respect to the substrate and, the-
L]

? a
refore,| the positively charged.contaminants are repulsed to-

wards the interface between the SiO2 and the substrate. The

p051t1ve charge from these csptamlnants attracts free elec~
trons in the channel which tends to make the transistor turn

on premqturlly. In p-channel devises, the positive contaml—

nantions' are attracted to the aluminum-$io, interface by the’

negative gate voltage where they cannot effect the channel11
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It was stateq,earlier'that the theoteétical advan-
‘thizof n-channel over the p-channel'was due to electron
i conductibn versus hole conduction respectively. The elect-

ron mob{iity in the lightly dopped material is about
4 P e

1300 cm? volt™) sec-l while the hole mobility is&Z 500 cm? -

“”j . voit™t sec ;' Because of this the "ON" resistance of P—‘
channel dev1ce is almost three times 'that of the N-channel,
In other words, the P-chanrfel device must have more ghan
twice the area of the N-channel device tolachievg th; same
resiétancef Therefore N-channel MOS circuits can be smai-

 %er than P-channel devices. Since the operating speed is
limited érimarily by the internal RC time constants, and
‘the capacitance is dlrectly proportlonal to- the junction

) cross sections, the N -channel MOS is faster in sw1tch1hg
. applications. However, tr&ere are more fabrlqatlon prob-
' lems with the n-channel than yith the p-channel, such as
control of the threshold voltage, tendency of boron.dopant

in the p-type substrate'to redistribute during thermal o-

xidation, difficulty in making good aluminum contact e.t.c.

[

*

%.2 Complementary CMOS
The combination of PMOS and NMOS. is used to produ-
ce the CMOS or complimentary MOS. With both channel types
.combined in one circuit it ig pqssible to gainépe:ﬁprmancé~
'advankages over all other varietieg‘of';Ptegrated éifcuits

currently being manufactured.

¢ -

- y A

o Y

e e e e —er wem. s N . 3
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'the~device is placed. N e

A basic CMOS crrcuit is the inverter] which consists of one
p-channel and one g-chahnel transistor connected as shown
in Fig. 7-1. The CMOS technology is the most sophisticated
of the‘MOS=processes. In‘the circui sﬁown, Fig. 7-15, a.
low input signal means the N~channel traﬂﬁistor Q, is OFF
and: the P-éhannel transisdor is ON ’(logi¢ 1) . The output
is shorted to the positive supply, bLt'virtually no load

current is drawn dif a 51m11ar high 1$pedance MOS gate input
C

. 3 ‘ l. h P ‘\ —
When the 1nput‘51gnal goes hlgh, (Vin = +“bn)' Q

is assumed as the load.

’

is turned ON and Q, is turned OFF. THe output is pulled

'to'ground, Fig. 7-1b, but no steady steté current is drawn

(logic Q); Power dissipation in the coplimentary MOS circuit

(CMOS) is thus limited to the crossover conditions existiﬁg'
as the transition odcure from étate to state. Proper device
design for rapid turn-on and turn-off resplts in a dissipation,
factor as low as 2 nw per gate. The~hlgh.n013e immunity

is-also a dirett result of the complimentéry configuration,

since two separate configurations must be |\crossed. This

threshold is a direct funcrion of‘power sdpply voltage and

is typlcally 45% of the supply voltage14

P The CMOS cxrcult results in a morJ complex fabrica-

'tion process. ?ig. 7-1lc, shows a cross section o* the CMOS

integrated circuit inverter. The P-channel device remains.

t

directly within the N-substrafe.s To form|the .n-channel *©

device, however, a P-type "tub" must be created into which

¢
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a) Typical Coplementary Inverter- LT ~
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b) Input voltage, ottput vol;age and’ output current wave- .
, - forms, of the q€mplementary inverter. .
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c) Typical cross section of cmplementary MOS inverter
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\ ' In.addition channel stops must be placed .between the "tub"

*

and the P-drain to prevent channe'ling effects.

: 7, Ve >
Q@ v -
¢ ' *

- / 738 S?’me Appl:.catlons. ’ : '
| . ”,

} . N . The inverter just discussed is- a hlghly effectlve

\®.

| ' ' digltal ‘Swrtch w:.thv the lowest,, power consumption in either
’ ' B,, the ."on" or the "of£" state of any semlconductor dev:rce By
" inte connect,mg a number ‘of J.nverter stages one can bu:.lt a

N £ - \w.r:.ety of useful curcu:.ts w:Lth ‘extremely low oower consum-

~ ptlon. This propérty makes CMOS d:.rcu:.ts preferred for any

*

applicatlon where the power supply is llmlted like the bat-' '

«

C - . tery powered devices.

LY

_ A p and n-channel pair can also be conneCted in pa-
7 . |

rallel with the power sup'ply to form a transmission switch
. -~ " that q,an' l'iandle Both dig,,ital and analog s:ifgnals in either di-

g 5 rection. It.is possxble to make such a sw:.tch with a comple-

N

mentary paJ.r of bipolar transmtors, but such a c1rcu1t is
] ) L .,
o . oo costly to be commerciakly useful. . -

<
- <
8 Ly

re A rapidly growinq’ market fqr‘integrated [circu‘i.ts,
. s CMOS in part:,cular, is in watches and clocks. Electronic ti—
me pieces are now being built that have an accuracy impossib-,

3 le to attain by mechanical méansg ‘The circuit consists of a

o 'quart;-crvtal":oscill‘a’tor whose‘hiaim;y accurate fun&Mtal

frequency is devided -dow:. in meny‘ steps by countii’ng 'circuitry
. |
£ .. to the speed . requlyed to drive clock hands or perhaps an eleg-

. tro-opt:,c digital éevxce suéh as a ].1gu1d crystal display or"”
, & hghrb ennnlting diode array. The 1ow prlce of. mtegrated

[
> . " > .
- - l
. N L S
o © - - . . !

A Y . N . ¥ \\
- ' - M a .

t
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. 7‘-4 New Technologies

- cally grown sabphix;e
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circuit counters in combination with their accuracy and

v . “

reliabiiity}has created a ‘profound change in the industry.
Figures“?—zma and 7-2b show the diagrams of some f}applica~

tions of CMOS and Fig. 7-3 shows the diagram of‘’a PMOS de-

- . . 4
>

vice. - : ) ’

Although PMOS in’tegrath:ed circuits have lower opera-
ting speeds, 450 nsec accéss time, than the fastest bipolar
circuits, SO:n:se'c, even this limitation will .be minimized
in t,he near future. The”\gelatii‘lq low MOS speeds are due,gri- ‘
marily to the parasitic capacitance discussed earlier. ‘ca-
~pacitance refel;s to the ability of an insu]:at'or or a semic- -
‘ondu‘qtor to hold an electric charge, The effect of parasi-
t\lﬁ capé‘citance ig to impedé the mWQOf charge carriers "
through the field effe—'ét structure, thereby Slowing down its
overall switching time. ‘If these CézpaCitance,s cox;ld be mini-
mized, the inherent speed of the MOS transistqf, which is de-
fined by the mobility of\ the charge carriers 'and the dix'nén; ‘ \
tiofms(of ~t;1e s,tfucture, ‘would be coxx\}paraple to that of the - |
fastest bipolar transistBrrls. - |

An important step toward inchreasing the speed of MOS

»

transistors has been the devé*lOpént of a technique for depo- -

-

siting a very thin.l{aye'r of single-crystal silicon on an in-
sulating substrate. It is now posible to deposit silicon

layers only one micron thick on flat substrates of syntheti-

6, as a reswlt the c?pacitances of the

{{
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a) CMOS circuit schematic of a 3-input NAND. gate
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. o . Logic diagram
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b) CMOS circuit schematic of -a 3~input NOR gate
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The cross—-cuupled latch (RS flipf£L;p), MOS device
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relativelly thiek substrate. Individual transistors are ea-

source.and the drain'are reqdced by a factor of roughly 20

over yos transistors made of bulk silicon materialqin which
the‘source and the drein are diffused only partially into'a

sily isolated by chemically removing the:silicon film betwe-

en devices;' Tﬁe ;ntereodnecting wiring sits directly on the
inselating s;pphire and thereby does not contribpte the addi-
tiénal unwanted capacitance that arises when.the wiring is o

deposited on a bulk silicon substrate. When MOS circuits

are made in this thin-film form, called SOS 1silicon on sap-

' phzre) they combine the unique properties of MOS bulk devi-

‘ces with the hlgh speed of bipolar ones. At the present

tlme the SO0S structures are more expensive than bulk devi- -5
ces and will be used only when the additional cost is- Justl-”

fied. As the cost decreases SOS devices should be more yi-

dely used. As en example, an SOS eight-channel TTL compa-

tible analog multiplexer is 10 times faster 550 ps channel-

to channel ) than previous MOS deviees. The 50°psec access

time for an SOS 64-bit static RAM (random-access memory )

puts it in a class with many bipolar RAM's though it uses 10

times Fess power. The 1,024-bit RAM achieves the lowest

propagatioh~dela§gpower product of any RAMIG. Finally, SOS

256-bit shift registers have 10 times the speed of compara-

ble static registers-and 51; their inputs are TTL compatible .

$
o

f
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" 8. ADVANTAGES OF MOS DEVICES

. . 8.1 General

‘

‘There are two basic advantages for many manufac-
" tures for us1ng MOS LSI's:. economy and performance. Be-
1?- cause of the successful applicatlon of MOS LSI's in nume-
rous systems, the economic advantage is generally conce-
ded, particuiarly-where groduction of volumes are high. It
is important to distinguish between superior system perfor-
'mance and transistor c1rcu1t performance. The principal li-
:mltat;ons of MOS arrays are a result of lower speed charac-

teristics of present MOSFETS.

|

|

|

| A 4

The two basic advantages are’ further subdevided in- 1

]

~ to the following categories.
l . \\w\,
@ T
\° ' 8.2- Economic Factors \ .
a) Lower Initial Cost of System
. The low cost of system is primarily a result of the /

large decrease in the number of sem{oonductor circuite, which

! in turn causes a significant reduction in the number of in-
'terconnections, printed circuit packs nnectors, mother-

' ‘ boards, enclosures etc. For example_;i:::>s 8080 micropro~

cessor is an 8 bit pafa%lel central processing unit ('SLU 5

fabricated in a single chip n-ohann;l silicon gate MOS and

© . replacing a large number of oircuité previously reguiring

many IC's, thsr examples are EbM's (read only memories )

‘ ~ : RAM's etc. These reductions provide large savings in labour

LY

. ——— . . v




s

costs because the assembly and checkout of the system are

simplifiéd. The comﬁined effect of these savings is the
Jprincipal advantage of MOS.
. The small number of intérconnections within the MOS

‘LSI system is probably the mosﬁlimporténé single factor re-
sponsible for both lower initial cost and increased system
reliability. This is a result of the ability of a singlé
MOS Erray, such as a Kﬁﬁ aqd ROM, to replace many conﬁeh-
tional IC's and their associated interconhections. As poin-
ted out by Chang17; studies inticate that the cost of'per-'
ﬁanently connecting two terminals electrically varies from
iﬁ 0.05 for highly automated high volume productidn to more
than;# 1.00 for low volume, high reliability equipment;
The cost of connecting two points’ on ag integrgi?d?circuit
ﬁsiﬁg photolithographic techniques can be as litle as a few

thousandths of a cent.

b) Low Cost of éomplex Afrays due to Simpler Proceés

~ L
‘The low cost of arrays is a consequence of the sim-:
1A\ . -
pler, standardized manufacturing process as compared to bi-
BN

polar IC technology. Table 8-1 shows a comparisbn of the

0
basic manufacturing steps of the two technologies1 .
. 3 ' t

18

A similar comparison by Warner™ sguggests that the

bipolar process is about 30% more difficult to manufacture

e

than the MOS process when all factors are considered. How-
ever when the MOS-process is compared with the bipolar

process that is required for LSI, the differences T
N . . .

* -

’ - N
A\ 3




Table 8-1

Epitaxial Bipolar Fabrication Process’

~ Comparison of Metal Gate MOS and Double-Diffused

P-MOS

. Daugii\?iffused\

Diffusion
Process steps
High Temp. Process Steps

Masking Steps

38-45
2
1‘4-5

4 +Epitaxial
130

10

8

e,
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"'polar process is 5% more difficult than the standard ymetal

/S T
)

are considerably higher.“'Unlike the bipolar process the MOS
process requires no additional steps¢to provide two layers of
interconnect. A number of criticel process steps, particu-
larly the hégh té;;;rature diffusions plus the masking ope-vu
ratioos,”are'greately reduced in MOS. process. ansequently‘
the yield of MOS arrays greatly exceed those of bipolar chios
of Ctharable functional complexity. Of even greater import-
ance is the fact that the MOS- process can be held constant
.regardless of the array that is ‘being fabricated. With MOS
‘process, dircuit performance is varried by the design of the
MOSEET‘geometry not by ;3rying' the process as.is often done
in bipolar technology. More realistically therefore the bi--_
gate MOSlo | ' e o

Another factor tﬁat gives MOS LSI cost performance.'
eovaotage is the relatively small Eire.of MOS .arrays. §§nce
yield varies iﬁversely with die arear'this means lower die
costs and ‘therefore lower selling prioe. The bmall'size of

>

arrays is due to the use of active MOS load transistor in

place of large diffused resistors. The simpler process pro-

viées three benefits. First'31nce‘there are fewer.steps,

there is less. toler#hce built up and therefore less area ‘ 7
required for accumulation of tolerances. Second it requi-
res no isolation Junctlon as do bipolar transxstors. Iso-
lation Junctlons consume a lot of area due to the wide la-
teral diffusion step. Provisdon of two layes of intercon-
nect 1is the third benefit. The seéond.layerlof intercon-

S
o

'
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nect: ¢s formed during the normal processing. The intercon=.

nect lines act as resistors and since they ‘use low currents,

' tMey are tolerable for many circuits, unlike pipolar IC's

\
which use higher currenfts.

d) Automation possible due to the design process.
‘ AY

The design of the MOSFET, unlike the bipolar transis-

“tor, -is accomblished by straight forward mathematical techni-

- ques. It is thlerefore easily automated.by a computer prog=..-

aml 7. Frequently used common functions can be designed,

checked and stored on magnetic tape for use in designing new

MOS arrays. The automated design process’ is particularly well

! ) '
.puited for MOS LSI memories, such as RAM's, ROM's and variab-

le bit length shift memories.

Ay . T
P . . .

8.3 PERFORMANCE FACTQRS

a) Improved System' Performance

One of the most significant gdvant{ages of MOS LSI

- is the fact that the system’r,designgr has freedom of choice.

He can design a high performance system uifh no significant
increasel in system cost. Because of the small size of the
typical MOSFET in an array, active dev:.ces can be used as
ngeded with litle increase in chip aresa. Also its extremely
high input impedance permlts high fanout thh:.n the chip. -
l‘hese two features permit much more log:l.c w:.th:.n a given die

N

size. MOS LSI's reduce the cost per logic function so much

.

o 2




-53-

that it is no longer a design eriterion. This increesed lo-
gic capability can be used to provide greater computing or |
. e proceesjing powetlg . . | : . "
Higt system noise immunity is another advantage pro-
vided by MOS technology. The relatively high threshold vol- .
- tage of the standard p-channel process coupled with large

logic level swings, in dynamic loglc circuits, results in ty-

t

pical noise margins of at least 1 volt over the hormal com-

- ————
- ~

mercial equipment temparature range of 25°- 50°c. \\

“

b) Improved Reliability
The mere reductions in. perte -and interconnect are
obvi.ous contributors to better system ‘reliability. Even \ |
though the total number of interconnect:l.ons in the system is
. , ‘not great(ly reduced, e:_ctens:.ve tests and usage l‘}ave estab-
Y® 1jished the reiiab,ilityn of these mass fabricated’ connections. -
' The quelity of interconnections within an MOS chip.is rela-
tively easy to control and detect compered‘ to the difficul-
ty of controlling and detecting the external to MOS chip

connections. A : - \ )

g

An ~incre'ase in syste freliabili’ty, through reduction
, of system interconnect and Ja‘lity of parts, -inherently

tends to improve system maintainability. .

;
L

¢) Predictable Design
g\nother feature of MOS that leads, to performance
| ' ' ‘_advantages as well as economic advantages is the relative ©

|
| ‘ o ea:e with which MOS circuits can be designed to meet spe-
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cific performance requirements. This means that there is a -
high propability that an array will meet specifjcations_ in
the first design effort. The key to successful MOS LSI de-
§igns‘. is a stable process thoroughly characterized Sso that a
désigner need only to vary the topolog)y of the MOSFET to
achieve a given set of pérformance charactgris'ticslo. Once‘
the process is characterized and the design limits are set,
the average deéigner. has little trouble dete%'mining proper
MOSFET dimentiori:. He has jno concern fc‘>r diffusion timeé,
tempe atures, dpping concentrations etc,, _pa.rasiticn: diode “
effecIs are minimal witlh MOS technology.. -M@8 design a{.toma- "

tion further guar'antees consistent performance. 5

* 8.4 PROBLEMS AND LIMITATIONS

a)  High Development Costs

The development costs of' MOS LSI ;c,:hips can be very-
high and it depends on the‘requig:ed performance t'ype of' logic
aqd circuit complexity. The use of computer programgol to -
au£omate much’ of the routine tasks helps reduce the direct
costs associated with the desfé)\\cg\an array. The cost to de-
velope and ’maintain the -design automation programs howevef oo
plus the.costs 6f equipment to performe the aétual'tasks are
véy high. 1In addition :If a design change is required in.a.-
chip after the tozying is complete, the ent;{re tooling @y

have to’'be changed or tredone. -

lk"‘




a

>

array.

.b) High Testing Cogts.

L]
~

The cost of developing a test pr::gram or pattern for
the MOS array must also be considered. The magnitude of the
testing problem can be appreciated when one consideres the
number of possible inputs' on pn'array plus the number of in-—
ternal storage elements. With n inputs (whigh can be either
a ’1 or 0 ) and m iht\ernaJ. states (also binary) as many as

2n+m

¢) Limited Production Quantities

. !

the hﬂ’gh costs of desigr; and development must be amortized
over fewer units thar before. The fact that a single MOS
array replaces numerous discrete parts and convent’ional.

IC's limits its voYume of °usagé 4o several orders of mag-

&
nitude.

2]
»

- d) High Packaging Costs

Ll 4

The MOS LSI must be packaged to protect ig from con-
taminants, and-yet the package must be convenient to handle.

Multilead, hermitic packages suitable for MOS LSI are véry

-

., costly relative to the 14 and 16 lead dual\ in-line packages

used for most bipolar|ICs. For minimum costs, packages with

the least number of pins should be uged, ‘but this would most

e 2

test words may be require.d to thoroughly check out the

Because of wfe small volume of production required,, ’
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. ion implantaéion and silicon gate reduce the self capacitan-

- -

likely result in more MOS- LSI chips per system. It is al-

most certain that the high cost of ceramic and metal her-
metic packages will eventually force the development of
7 ’ ‘

'suitablé plasti¢ packages. As matter of facE‘this has al-:

i ready been started. ) ' g

8.4.1 Performance Limitations

a) Slow Speed

' The principal performance limitation;of MOS LSI is
the comparatively slow switching speed af the MdSFE@.a The
slow speed of the MOSFET is due to its iimiﬁéé ability to
charge and discﬁarge capacitive loaas. These’loaéé consist

‘of the self or intrinsic capacitance: of the device, which is
. ﬁ(

a function of the device dimensions and process parameters;

plus the stray capacitances. The limited ability to charge

- and discharge capacitance is a consequence of the low trans-

conductance (Im) of typical MOSFET used fn LsI. Since ®he
. N :
gm Of a MQSFET is highly dependent upori the state of the . - .

art of MOS techpoloéy, we can expect imbroqgments in the . fu-

.- ' -
" ture. For instance variations of the basic process such as

@ ¢

P

ce. Complementary MOS improves.the situation further but

the process becomes more comﬁ&icaﬁed and'thqrefbrg more cost-

A

. ‘ . -
e 1y . - N \ - . * .
.
‘ ! N ' .! - ! .

\

%,
\
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: f[ncoinpatibility With -Bipolar (,Circ,uits‘. . - (
N .: . ] ' ' . N A . l ,-\ P \b_
{ * ot . The standard threshold volt'agé\, channel MOS process '

"operates from power supply levels (12v). that are quite dif—-/ .

A foffent from those required. by bipolar‘ICs (5v). Of even

. greater importance are the incompatibilities of the input
‘ b o
*. and’ output loglc voltage lev'els of MOS circuits and bipolax
P > .
L ICs.'I Existing sysé’éms that - contain only blpolar IC's réqui-

re .buffers or 1eveI transnstors 1f _they have to J.nterface
.WJ.”tﬂl standard, threshold vvolt;age' M‘OS‘"arra‘ys., ¥When lnterfa-
4 - ;:inlg with wide-iy usea =Ti‘E"or‘D;rL/ inputs, the MOS output de-
_ a vice, myst be c.apable of 51nk1ng l 6 MA per input. S*c"e the

: current handllng capablllty of. the MOSPET is a 'direct func—-

- -

t\lon of the devxce size, output ‘Stages are not, only slow but -
R A
' ‘/consume consxderable chip area. This J.noa:eases the die size -

° .

¢
1Y

. and therefore the. cost of,the’ productl0 ., : : o
~ ' ' ~ ' ) . . o o * T M '
- M , * flo . % ) . i H
. L , 8:4.3 Business—Management Problems
- ! N \ R , - .

y . . »
—

. T - ' . . ‘ \
) . a) Costumer Suppl"ier Interface .'-~ - -- . -
.- - T.he MOS LSI has createdgnany problems common to, both
" 2

Ve . t thé semlconductor supp11Er ‘and the- syste‘ms mqnufacﬁurer. The
v © e loss of the dlstln.c't line that once separated the market o

» a the system ‘manufaci:urer from ‘that® of the semlconductor s,up-

8 » - 3

plier 15 a most lmportant orde. The pr:.mary cause of: éhls

» / » '
problem 1s the 1ncrea51ng number .of system functlons now perfor-

‘med by a single MOS LSI Chlp. Nat_:ural»ly &he system manufac-
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-

tdrers are concerned as they see their suppliers contrib

' ting more to the value of their product. The successful '
ot . . . ) : .

solution taq this npr_oble*..re dires involvement by top ma-

-+ nagement of both coétgx‘ngr a@d_supplierz;. ,, .

_'! ~ . .. . - . * N




qCON‘CLUS\ONq
L . -

Baman 2¥ -

MOS tech}xology, be it ‘of p—tibe‘,\n-type Qr com-
: . T

‘ plimentary t!ype, has; had -and will continue to have a tre-

mendous effect on semiconductor technology in general.
' ! N

o

MOS devices have already captured a large section of the

semiconductory market; and w#ll continue to do so in the

near future. . v .

R4
4

£

It was state‘d earl;.er “that the ma:‘ advantages of
MOS devices have been thelr high dens:Lty, 1ow power con-
sumpt:.on and snnpler fab\rlcatlon process. It was the high

r

dens:.ty advantage that led to the development of Large .
Scale Integrat:.on. (\I‘oday LSI dev‘lces such as ROM's and
RAM's constitute'a major portion of dollars spend on '
semicomiuctors. The total sales of MOS devices in 1973
have been 250 mJ.ll:Lon dollars while those "of bipolar de-
vices for the same year have been 400 mn.ll:.on dollars. -

A generation of microcomputers such as Intel's 8080 CPU..

replacing many IC's are commg into the market, and the

trend continues towards mmiturlzatlon. MOS devices with ’

thetr -small chip size are ideal for this trend.

-” 7 [}
.
g
o .
A-

A

Lo . The’ sxmpler fabrxeat:.\on -of 'MOS devxces :.n compa‘

)

" . rison to the blpolar pr:ocess,l as shown in table 8-1, has

the beneflt of being cheaper Lnd therefore more competiti-

,Ve. ‘ - “_ Nd

e ]
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3

The main disa&vantages of MOS devices have been,
7 ’ . .
their slower speed and incompatibility with bipolar .circuits.
. . N e
However.SOS (silicon on sapphire) technology coupled with

CMOS devices have improved the speed of MOS devices by a

- factor of 10. For example a 64 bit static RAM using SOS

technology has 50 nsec acceSs time which .puts it in the

same class with many blpolar RAM' s\thugh it uses 10 tlmes

less power. S, , . n

0
The .other disadvantage oﬁ‘MdS devices, the incom-
patitility with blpolar circuits, is being taken care of:
by the new devices that come into the market. SIrhey are
TTL compatible. - | ’ o | -
: The competltlon between the MOS and blpoiar dezébes

will contlnue and- in many cases the technologies of both

L}

' are combined to achieve better results. Such a casé happened

at.Bell Teiephone Laboratories.

. Bell Telephone.Laooraﬁories haJe_developed the so
calied Right Scale Iotegrgtioﬁ'(RSI) using "b$Mm leads"
technology: 64 bipolar chips, each_gzo46 Sy 0.063 inches, -
are mounted on a ceramic wafer and connegted into large

memory array. The 64 ehips-fit within an area of (.6 by
E) ¢ ' a

- 0475 inches and contains 40,960 devices. This equals 90,000

devices per square inch. -~ =
N - , o - O

- ‘ H
. v R P4
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