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1. Introductica.

Thia ashert design wmanual is aimed to introduce a atudent to COMOS
technology so that he can design aimple MOS circuits in a multiple
projest chip enviroment. The manual treat only CMOS technology.

2. The CHMGS prineiple.

CHCE  techrnology i3 based on two devices, n-channel and p-chanmel
H}5-transistora. The use of this complementary pair of devices
givea CMIS digital circuits with some unique properties. They will
be highly symmetric {with respect to¢ zerc and one), they will have
large signal margins (the zeros and ones will be very distinct) and
they will use very little power (power iz wused oniy for
transitions). These propertisz makes CHMOS s wvery attractive
technology for ¥1SI cireuits in the future.

In fig. 1 we show shematic pietures and current wvoltage
characteristics of the two fransistor typez. The current voltage
characteristic for an n-channel transiastor can be written:

ID = KP*(W/L)*< u(VG-VT) - u{VG-vT-vD} > ,
u{X) = <{X + aB3(X))/2:%%2

where KP is a constant, W/L is the width fo length ratio of the
trangister, V& iz the gate voltage, VI ia the threshold woltage of
the +{ransistor {a constant) and VD is the drain voltage. The
characteriztic of the p-channel devige i3 obftained by changing sign
of ID and all wvoltages-. 4 wvery zimple view i3 1o assume that an n-
channel! device i3 copen for zerc gate-source voltage and shorted far
a high gate-source wvoltage and that a p-channel device also is open
for zere gate-source woltage but ashorted for =2 high negative
voltage.

The principle of the CMOE digital circuit family is clearly seen in
fig. 2. When the input voltage VIN is zerc (VSS) the n-channel
device is open and the p-device is shorted. This makes the osutput
voltage high, VOUT = VID. 3Similarly VIN = V0D makes the ocutput
voltage low, VOUT = V35. The operation is completely symmetric with
respect to VS5 and YDD. The outpot signal ia locked fto aither V3S
or ¥ID. Note also that in neither state is there a current path
frem ¥DD to ¥33, thus the circuit use no atatic power. Finally note
that the substrate of the zo-channel device i3 connected fto W33 and
the aubstraie of the p-channel device to VDD. The two aubsirates
nay therefore be used as V35 and YDD supply lines.

How do we find a practical way to fabricate the CMOS circuita? In
fig. F we show the real structure of a silicon crystal with a CMOS
inverter integrated in ift. We can note that the p-channel M0S
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transistor is made directly in the n-type silicon wafer. The n-
channel device i3 made in a special p-well, formed by diffusing in
p-dopent into the wafer in selected areazs. The p-well and the -
wafer makes up =2 pn-diode. However s3 this diode alwayas is
backbiased {as the n-substrate is comnectsd to VDD and ths p-
well to ¥8S8) it will not affect our circuit at =11-

3. Some aimple CHMOS circuits.

The simplest CMIS circuit 13 the inverter cireuit already shown
{fig. 2). Thia circuit can easily be ertended to HOR and NAND
gates, =see fig. 4. In the case of the HOR gate YOUIT=0 if any of the
inputs are high (sherting the cutput to V33) and VOUT=VDD anly if
both inputs are low (shorting the output to VDD). Az in the case of
the inverter mno current flows in either state. Comparinmg with the
HAAD gate agsin demonatrate the symmetry of CMOS. The HAND gate is
obtained if the HOR gate dis put upside dewn or if the logic
notation is changed from positive to negative logic.

Another circuit example is the transmission gate {pass gate) shown
in fig. 5. The pass gate i3 used as a switch, controlled by P. Its
aimplicity =and ite property to be bidirectional makes it a very
useful device.

4. The metal gate CMOS process and design rules.

Aa different processes have different gecmetry and as geometry
hecones amaller with time it 1s comvenient to relate all measures
to a wonit size, LAMBDA. [AMBIM can for example be the largest mask
arror which can occeur in the process.

et us fake a closer look upon the fabkricaticon procesz for metal
gate CMOS circuits. In fig. © we show the whole fabrication process
ina steps corresponding to the different masks used. We show only
the process far the n-channel tranaiztor. The p-transiaster
fabrication is completely asnelogous, one just exchanges n and P
diffuziona and deletes the p-well and the zuard.

The first process i3 to uses an oxide maak to define the p-well
area, The right hand part of figz. & shows the mask. The p-well is
diffused imto the silicon wafer through the opening in the oxide.
A3  this diffusion iz rether deep one must remember that it also
diffuses under the oxide adge as shown in the figure. We will
return to thia.

Next step iz the p-diffuszion which is uzed for seurse and drain in
p-transistors and for guard bands argund n-transistors. Guard hands
are used in the actual process to avoid so called latch-up (to be
discuszed in section 7). The p-diffusion is not so deep, but zives
anyway some underdiffuszion near the oxide edge, d. Agsuming d to be
less than TAMBIM allows us to put d4iffusions as close aa 4 unitse of
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LAKEDA withoui risk for shorts. This is +thus the first design rule.
Furthermore we will not allow the diffusion to be marrower than 4
units. We may also understand the p-well mask now. By always
putting the p-well mask edge 3 units inside the outside edgze of the
p-guard band, its underdiffusion will be masked by the guard. Then
#e do not need to comaider this underdiffusiocn any further in our
design work.

Hext step concerns the n-diffusion for drain and scurce of our n-
transistor. Again, we have a smal)l underdiffusion , d. This mask
zets the importsnt channel length of the +transistor, L. A3 @
norsally iz of the order of half the LAMBDA unit we may allow the
mazked value of L to be 3 units. The real L then becomes 3LAMBDA -
2d. Tn some cases it iz of interest to contact the transiztor
source with its guard band or its substrate. This is done . by
putting the two diffusions together and placing s metal coatact on
top. MNete that the two diffusions can not be contacted directly.
Without the metal short we will get a pn-diode.

We will now open holes in the field oxide for thin oxide areas. A=
shown in fig. 6 apenings are formed both aver transistor gate areas
and over contact cut areas. In the transistor gate area is the
field oxide opening overlapping the diffusioms by 2 units. It is
very important that the gate metal control the channel all the WAF
te the n-diffusion edges. It must alsn contrgl the whale thin oxide
part of the gate ares, thus it must overlap the field oxide adze i
LAMBDA at the transistor edge. The field axide opening around the
contact cut shall overlap the coming contact cut by 1 unit. This is
to maks the contact opening easier to etch.

The contact cuts are now formed. The important point is to have the
opening large snough to give reliable contacts. We have chosen a
minimum opening of 4 r 4 units. Parthermore the opening must be at
least 2 vnits inside a diffusion edge to aveid any shorts to
substrate.

The final mask is the metal mask. Por the metal we will use the
following rules. Minimum width 4 units, minimum geparation 3 units,
minimum overlap over source and drain diffusions 1 anit and minimum
overlap over field oxide edge and at transistor sdges 1 unit. Over
8 contact cut we are satisfied by a zero overlap.

The complete design rules are given in Table 1 and are demonstratad
in fig- 7.

In some cases a more complete set of guard bands are used in order
to prevent surface leakage currents. This is often used when the
(MOS circuit is to be operated at higher voltages, e.g. 15 V. In
such a caze each traasistor and each diffusion is surrounded by a
guard band with opposite dopinz. Also, the gate metal is always
arranged so that it contrels all area between a transistor zate
edge and the nearest guard band. The additional design rules for a
completely guarded CMOS process are demonstrated im Table 2 and
fizg. 8.
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Table 1. Design rulez for the metal gate CMOS process.

Hule units of LAMBDA

Diffusions, general
i Minimum width
I Minimun separation
Diffusions, transistor
D3 Minimum channel length
D4 Minimum channel width
Diffusions, shorted n to p
IR Minimum separation
DA Kinimum separatiom n-diffusion to cuter edge of
p guard band : B

o RN =

Zontact cuts
€1 Minimum width
C2 Minimum separation fto diffusion edge
€% Minimum overlap over diffusion

B b

Metal, general
M1 Minimom width
M2 Minimum separation
Metal, transistor
M4 Winimum overlap over sourcc and drain diffusions 1
M4 Minimum extension over transistor adge
Metal, contact cuts

W e

M9 Mipimum overlap over comtact cut 0
Bonding pads

Mt Minimum area of pad, VID or V33 501 50

others FIx50

M7 ¥inimum separation between pads 50

MA Minimum separation betwsen pad and pther structure 2%

p-well
Wi The p-well shall be placed 3 units inside the cuter edge
of the p zuard band.

Field oxide cuts
F1 Minimum =zeparation Z
F2 The field oxide shall be Temoved 2 units cutside the dif-
fusion sdgea in transistors, 1 wait outside a framsistor
edge, | unit outside confast suts and 1 unit cutside
metal electreodes of thin oxide capacitors.

Overglasas
31 Overglass shall cover everything except pads, from 3
units inside the pad metal edge

Guard bands
A p-type guard band must surrcund any p-«ell and be cono-
nected to VSS at appropiate distances.
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TABIE 2, Design rules with full guard bands.
Rule units of LAMEDA
Metasl, transistor, M4 Minimum overlap over guard bands 3

Field oxid cuta, F2 The field oxide shall be removed 2 units out-
side the diffusion edges (including guard bands} in transistors, 1
unit outside contact cuts and 1 undit outside metal electrodes of
thin oxide capacitors.

Buard bands. The guard band shall be layed out sc that each
transistor or conductor diffusiom is completely surrcunded by
either 2 guard band or a transistor channel. AI] guard banda of the
same type shall be connected.

5. Stick diagrams.

Az demonatrated in the previgs section it is quite cumberaome to
make # detailed layout. FPurthermore, not only the design rules must
be rconsidered, one must also handle the overall topology- One must
for example handle the placemeat of devices and the routing of
interconnections. In order to simplify this task it is convenient
to divide the problem into two. First the topological problem is
solved in a symbolic layout. After this iz dons it is gquile easy to
transform this symbalic layosut into the final detailed layout.

We will use stick diagrams as aymbelic layouts. In fiz. 9 we ghow
g circuit schematic and a =tick diagram of a CMOS inverter. In the
stick diagram we use a green line for n-diffuesion, a red line for
p-diffusion and a bIue 31ine for metal. A filled circle meansz A
cont?ct and an open cirecle a transistor gate area (thin oxide
ared).

The atick diagram formed in thiz way containe all necessary
topolegical information. I iz quite easy to make s detailed layout
from it. Purthermore the stick diagram is easy enough to read so it
may replace a circuit schemsatie.
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6. CMDS logic circuitry.
Basic logiecal functicns.

The basiec logical functions like inverters, NAND- and ¥0HR-gates
have already been discussed. These are implemented using the
gircuite in fig 4. Mixed MNAND sand MNOR fupnctions can also be
realized ir a similar way, as shown in fig. 13. An important point
iz how the circuits can be realiszed ftopologically. One solution
which appears to be quite effiecient is to form one raw of n-
transistors and cme row of p-transistors above each other, as shown
in fig. 11. This approach can bz used quites gensrally.

The transmission gate.

The tranamission gate is a very powerful element in MOS cirecuitry,
gea fig. 5. In CMOS beth the control signal snd it"s inversze are
regquired for proper operation. It is not too important that they
overlap exactly, but when they do not overlap at all, the state of
the gate may be undetermined. Iy combining an inverter and =a
transmisslon gate we may form a triatats inverter, Fig. 12a. Such =z
circuit may alse he realiszed according to Fig. 1°2b.

Tranaistor switching networks.

More general legicsl functions than sinpls WAND or HOR functions
may be realimed with transistor switching networks. The principls
15 demonstrated in figz. 13. Starting with the fhruth table the idea
iz to make & conducting =series combination to V35 or VDD depending
e the oputpat wanted for a specific input. Only n-transistorz are
used for VSS comnections {where a high input makes the {fransister
conducting} and only p-transistors are used for VOD-comnections
{where a Low input makes the tramsistor conducting). 4n egxanple of
a circuit generated in this way from the truth table in fig. 13a is
shown in fig- 13b. Hetworks generatad in this way may often be
gimplified. In the actual example we can for example find {wo n-
transister chaina which are egual except for C in the first chain
and C° in the second. It is quifte obvicus that these can be
combined +to one chain without the ¢ and €7 transistors. See fig.
13c. Further aimplifications can be made wusing, for example the
Carnaugh-diagram msethod. In fig. 13d is tae Carnaugh-diagram for
this circuit shown. 3ince the n-transistors puilaz the output to
zerep 1t 13 matural te form the n-tranaistor network from mintermsa
with zerc s and according to this the p-transistor network will be
formed from mintermns with one"s. The inputs must heowever be
inverted in the p-transistor case since they are in “on” state when
the gate i3 szero. From the the zimplified functions we can sgain
generate a transistor network similar to the earlier network given
in fig. 1%¢. Finally we can gemerate a very nice and regular layout
uszing a aimilar principle as discussed eariisr, fig 13e. Again we
use rows of n- and p- transisisrs which are crossed by inputs and
gates. The layout is regular and simple enough toc be antomstized.



PAGE &

Jtatic storage elements.

The atandard elsment for astatic storage iz the flipflov circuit,
which in it"z2 simplest form 1s two crosscoupled inverters, see fig.
14a. Such a circuit have two =ztable states, Q=1 or 9=0. The state
of the flipflop is easily "read” by comnecting one of the ouiputs
to 8 gate. "Writing” the flipflop, i.e. changing the ztate of the
flipflep, i3 not as simple as reading 1%, here we can use gzeveral
methods. One is to write it with "brute force”. This can be done by
forcing 1%t to a new sfate with & strong TRI-state output, with a
driving capability large enough to force the flipflop inverter
output to the new state, see fig 14b. The =ame principle can be
used 1n & different way to form a set-reset flipflop, fig 14c. In
both these cases we have to be careful with the design in order to
be sure that the set/reset transistors can force an inverter cutpmt
to its opposite state.

Another method to "write™ the flipflop is to break it up inte two
geries connected inverters during the writemede. This can be done
with a transmission gate, as shown in fig 144. It is alse possible
to break it up only “"partizlly”, by replacing the transmission gaies
with a large resistance, fig. 14e, which holds the flipflep in its
state. The resistance may be very large as it only needs to
gompensate for leakage currenta. If it is large, i.2. about ten
timea larger than the tranaiastor resistance, the flipflop will
quite easy Bbe {urned to a new atate without disturbance from the
patput.

4 third method, finally, is to replace one or both inverters in the
flipflop with BQR-gates to form a set-reset flipflop, fig 14f.

Iynamlc storage and its use.

in MOS eireaits it 1is possible to form isolated nodes with wvery
hizh impedance, fig 15a. Such a node may be useld as a temporary
atorage element (with a storage time in the order of 1 ma.} The
gircult in fig 1%z. i3 thus a zimple storage element whisch can be
uzed a3 a register cell. Hegister cells like the one shown in fig
152 can be combined to & dynamic shift register, fig 15b. Such a
register must be driven by a twophase non-overlapping clock, P1 and
£2. During the period P1 is high node 2 is set by the information
previously atered at nede 1. During the period P2 is high, this
information is mowved +o node F. The clock signals must  be
nonoverlapping in this case fto prevent data from running atraight
through the chain of elemcnts. Furthermore its period time must be
short enough compared with the storage time 4o prevent information
loss.

The c¢locking prineciple of the snift register in fig 1% can be usad
in other forma of logical circuits. It can, for sxample, be used in
finite-state machines like the one shown in fig 16. The logical
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network must contain dynamic storage nodes at the inputs il.e. it
cannat be built with transmission gates. Usaally it is built with a
FLA,a gate network or a transistor switching network.

Iyvnamnic operation can be used in any ferma of MOS8 circuitry. In the
cage of transistor switching networks, they ecasn =ometimes be
further 2implified by using the storage capability of the output
nede. In a sequential! machine, any transistor combination that only
keepas the state from the previowa atate can be omitted. This means
that when Fyou are constructing the network you need only to take
care of states that change the cutputs from the previous state and
that states where neither the p-transistors nor the n-transistors
are conducting are permitted.

Clocking and clock generation.

The clocking principle discussed above i3 wvery useful and is
recommended for a2ll MOS logic design. If used =trictly by the
principle demonstirated in figa. 15 and i6 there will be no rTace
problems in the design. It is however important to have clock
fignals of good gquality with n¢ overlap. Such signals 2an
conveniently be generated by the circnit showm in fig- 17. In this
circuit one clock signal, =say at H2, can net go high unless the
other =ignal, N3, is low due toc the AND gate generating NZ. The
cleck signals at W2 and ¥3 are therefore safely not overlapping.-
The aame is trues after the buffers Lif these have an on delay which
is shorter than their off delay {as is true for a CMOS buffer
inverter wifh egqual transiastor agizea). Hote, that wire delays and
delays in other clock buffers may degrade the clock signals if they
are used to drive many galtes.

Precharge circuits.

CMO3 logic circuita are more complex than v-d035 clrcuits as one
often must aae two logical networks to form a laogical functien [zee
figa. 4 and 12}. A rclocked CMOS network may, however, be
conglderably reduced hy using the principle of precharge.

The principle of precharge i3 demonstrated in fig. 128. Again we use
a nonoverlapping twophase clock, Pt, P2. When P1 is high (Its
inverze iz low)}, transistor T! is off and T2 is on. Nede N1 is thus
precharged to a high value. This walue iz not transmitted further
as the fallowing tristate inverter is off (P2 ia low). When P1 goes
low, transistor T2 is off and ™ is on. The n-network (which forms
the desired logic function by a network of n-transistors) thus
becomes active and discharges the neode N1 if the logic funetion
gives a low aignal Tfor the actwal input. If the logaic function
gives a high aignal the n-network is not conducting and N1 ias kepi
high due +tv dynamiec storage at the necde. Schortly after P1 goes
low, P2 goes high, thus propagating the logic output at N1 to  the
output. The output value will be valid at least during the time P2



PAGE 10

ia low dus o the dynamic storage at the tristate output nede. The
gutput iz therefore perfectly suited £¢ be an input fo a following
stage with opposite clock phases. Compars our 3hift register
example in fig.1% with fig. 19.

The precharge principle thus allews us to Teplace the p-iransizter
network from %he 2tatie circuits with a gingle clocked p-
tranaistor. This is of course very important im circuifs with many
inputs and even more so in array cireuits, like PLA"s or ROM™s. It
also givea faster circuits as the less efficient transiaster type,
the p-transistor, is used only single and as the number of pates to
be driven by the logic sigmal is halved, thus halving the input
capacitance of sach gate.

Another important property of the ecircuwit in fiz. 18 is that it has
no problams with charge redistrubuticn. In precharge cirenite  this
problem easily occur. Charge rediastrubution o¢eur foT sxample in
the cirewit in fig. 20. Here, node N2 may be low imitially and is
not precharged when P1 iz low. When P1 zoees high the charge in node
N1 have to be shared with node WZ (apd with some internal nodes in
the n-astwork). The actual voltage level in node NI iz therefore
reduced accaording to the balance between the capacitances at the
two nodes. Always be very careful with charge redistrubution.

Domino lagic.

Circuits of the type shown in fig. 18 may =2lso0 be cascadsed inszide
the latch functions (the tristate inverters). See fig. 2t. In this
zase both nodea H1 and KT are precharged high during F1. When P1
goes low, N2 is initially low dus to the precharged N1. n-network 2
iz therefore inactive until H1 and N2 are valid. The walid sisgnal
is thus rippling through the mnetworks. The principle is called
domine logic {compare z atring of falling domine bricks). Bote that
this principle oprevents us from using any extra inverszion hetwsen
the two n-networks. This iz an important limitatiom t» the logical
functions which can be efficiently realized in tais structure.
Another  important limitation  is the problem of charge
redistribution in ihe second {and following) n-network. As the
aignal at N2 asometimes <change after the precharge cycle 1=
finished, the charge ai W3 may be redistrubuted inside z-network 2.
The only case when charge redistrubution de not occur is if n-
network 2 is a pure parallell array of tranaistors.

The dominoe strueecture may alsc be realized without the inverters
betwesn the n-networks if each second network is replaced by a p-
network configuration according te fig. 22.

brray logic.

With array logic we mean logie built from twodimensional arrays of
equal or nearly squal cells. Such arrays are often wvery efficient
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and easy to design. Thay are well suiled for siructured design and
automatic design. We will discuss two types of array logic below,
programmable 1ogic arrays (PLA"s) and read snly memories (ROM s).
Another important array type is read write memories (RWM s, often
termed RAM 5).

Programmable logical arrays {PLA s).

A& PLA i3 uaually derived from two-level AND-OR fumctios as shown in
fig. 23. 3ince apy simple logical operation, in most Eechnologies
gives an inverted outpat aignal, the network is converted to a
HAHD-NAND or a WOR-NOR network with a simple boolean operatioun,
fig. 23b. This network may be physically realized with two arrays,
one for the input gates and one for the output gates, fig. 23%c.
Each array is formed a= a block of gatea., A4z =zeen sbove it i=
pesaible to chese betwsen AND and HOR gates. In CHMOGS technology
HARD =tructures are preferable since the n-transistors arec
gonnected in =serdes and they have about two times better current
capability than p-transistors. In fig. 254 is the symbolic laysnut
for the compleste PLA given.

The static realization shown in fig. 23d ia not very efficient due
te the demand for two transistors, ome n-transistor and one p-
tranaistor, in each cell. This also ecalls for s well edge in each
cell. Mach more efficient sclutions are obtained wsing precharge
logic.

In fig. 24a we demonstrate a PLA using two level domino logic, with
alternating n and p networks, The aymbolic Jayout 1a coniderably
simpler than the static wveraion of the asame PLA in fig. 23d. Note
that each array contain only one type of Etransistorsz, which gives 3
very demze layout (no well edges are aesedad in the array). See alszo
2 cell layout comparisen in fig. 24b. In our example in fig. 24a we
have chosen to ose a seriez combination pof n-transistors az input
array {NAND function) as n-transistoras are leas sensitive to series
conngction. In  the putput array we use a parallell combination of
p-transistors {again a WAND-function). As this is a second level in
doming configuration we also avold charge redistrubuticn in this
way- Alss compare fig 23d. A drawback of the proposzed sztructure is
that 1t =til]l may be 3lowWw 2= guite many n-transistors in seriss
must discharge a node with large 1load. Faster atructures are
obtained with inverters between the arrays {as buffer amplifieers)
or by avoiding tne doming technigue, that ia by  dividing the PLa
function into two clock phases by having tristate inverters betwesen
the two arrays. In such a case both arrays may be paralield
transistor arrays.

Read only memories (ROM =).

A read only memory i3 only 3 spegial case of a PLA. If the input
array of the PLA is formed as a complete decoder for the input word
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we have a RIM. Sec fig 2%. Az the input array thus iz fixed only
the output array is programmed in this caasec.

T. Electrical constrainta.

3o far our dsscription has been only gualitative in that we have
not dizcussed transistor sizes, switching apeeds ete. The above
description is however sufficient fo design CM0S circuwits that
works. The CMOS priciple is nice encugh to work for any tranaistor
dimensionz and any fanocut. The speed of the circuit may however be
very bad if transisteor sizes and fanouts are net considered. In
this section we will discuss the speed problem as well as some
pther electrical constraints.

Switching speeds.

The time mneeded for switching a signal betwsen two logical states
ia given by the time nesded for the driving tranaistor to charge or
discharge the actual node capacitamce. Let us study ths inverter in
fig. 26. A1l capeacitances connected to nede N2 iz summed to give
2. In fig. 26 we show what capacifances may make up C2. Hote that
the gate-drain capacitances are doubled becsuse of the Miller
affect. The eunrrent driving capacity of the n-channel pulldowm
transistor is of the order of:

IDN = KPN*(wa/LN )*<{VDD-VTH)**2>

where we have used the formula for the transistor saturation
current with its gata wvoltage squal to VDD. In the same way we may
eatimate the driving capability of the p-tiranaistor:

INP = KPP*{WP/LP)¥<(VDD-VTP)*¥*2>

Kormally KPN/KPP is equal to about 2.5 because of a difference in
mobility of electromes and holes. However,the high doping of the p-
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well maikes the n-—transistor less cfficient sc the actual difference
in current is amaller, in our case a factor of 2.0. The delays of
the inverfter can now be exprezsed as fellows:

TF = k®C2%YDD/I0H, TIN

0 to VDD

TR = k*C2*VDDL/IDP, VIN

YOD to O
Or, if we define the delay for twe inverters, the pair del=zy:
TD = KEC2*YDD*(1/IDR + 1/IDF)

The factor k takes care of the fact that the transistor current de
change during the swithing and the actuwal definition of the delay.
The most natural way to define inverter peir delsy ia to measure it
inside a long chain of identical inverters. The reason for the lcng
chain is to simulate the waveform eccuring in a real asystem. 4n
appropiate value for k for such a definition iz Z.

43 can be seen from the above formulas, the d€lay depends strongly
on the capacitive lead. For a large capacitive load it is therefore
reasonable to increase the driving capability of the transistors. .
This i= sasily done by increasing the transistor widths, WN and WP.
In grder to obtain symmetric delays (the same valus of TF and TR}
one may make WP 2.0 ftimes larger than WN, thu=z compensating for the
difference in KF.

The same formalism as given above can be used for HAND and NOR
gates. Twoe conducting fransistors in pearallell will have their
currents added. Two transistors in series will be equiwalent +o =2
frapeistor with double gate length, they will thus have omly half
the current capability of a 3ingle transistor {thiz rcan again be
compensated by increaaing their widths).

41as the transmission gate may be handled by the =zame formalism,
naotmally assuming only one of the transistors active [ the n-channel
device when the transmifted signal ia zero and the p-channel device
when it is equal to VDD}.

Power consumption.
The power consumption in CMOS-circuits consists masinly of the cur-
rent used to charge(discharge) the lgad capacitors. When a signal
node with the capacitance CZ2 goes high, it will zensume the charge
QD from WLD:

QD=CZ2*YDD
This gives a approximate maximum current consumption, for one gate,

of:
IND=FMAT*2*YDL

whers FHAX is the maximum operating freguency to be used (Note that
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TMAX<1/TD }. it iz important to analyze this current and design the
V0D and V33 supply lines 3o that they always can support the cur-
rent. In logical cgircuits we may ellow a maximum voltage drop of
0.4*VDD in the supply lines. For a large number of gates or a comp-
late chip it is normally noi necessary o sum all maximum currents.
A gate consumes current only when it is swiftched and only a small
fraction, say USAGE, of 811 the gates are active saimul taneously.-
Thizs, for N gates we may use the following expression for the cur-
rent consupiion:

IDD{N }=TUSAGE*K*IDD

An appropiate walue for USAGE must be eatimated by the designer.
The chip powsr consumption, finally, is given by:

P=VDD*IDD{N )

The <hip power must normally be limited to about 5000W, in order to
not heat the chip too much.

Conductors ete.

When designing circuite, net only the transzistor parsmeters are of
importanse. Also the propertiesa of conductors, like metal or 4if-
fusion wires, are important. These are charaterized by two parame—
ters,capacitance per surface area and surface resistivity. The
mesning of capacitance per aurface area is obvicua. Burface
resiativity have the dimension QHMSE, aometimes named ohms/aguare,
and the resistance of a wire with the lenght L and the widih W is
given by:
R=R3*L/W

whera RS is the aurface resisftivity.-
Latch-up-

CMOS circuits have 3 specizl problem called latch-up which must be
gonsidered by the designer. The problem iz that the pnpn-structures
which occur along the silicon surface may act as thyristors. Such a
gtructurs may be a p-transistor source, n-substrate, p-w#well and an
n-transister source. These thyristors may turm on as 3 reszult of
aome transient signal, can=ing the whole gircult asupply to be
shorted. To prevent the pnpn-structure to turn on wWwe recommend the
designer always to connect the p-guard to V83 at short diastances
(about 100 LAMBDA apart). By such an action there will always be a
small resistance (leas than 2 kohms} between the thyriator p-gate
and V35, thus preventing the gate-cathode digde to become forward
bilasged.

SUPRLiea-

Finally we need to discuss the supplies, VID and ¥V55. The central
supply network c¢ould be designed in many ways. We recommend that
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two heary meial lines for V33 and YDI¥ s=surround the hole <hip,
ingide the pads, and that cells are supplied from these lines by
metal wires. Inside cells, diffuzion linea may be used for the
supplies. It is aquite convenient to use guards {or diffusions of

‘game type as the actual substrate } for this purpose. Especially

for the fully pguarded process weo will get SURPLY lines
automatically in this way. One must however be very careful with
the series resistance in the supply lines. Cells which are operated
frequently must have a supply resistance of less than 10 kohmz at 5
¥ or 3 konma at 10 V supply valtage. Note also that any p-well must
be comnected &o ¥S5. Finally the n-subairate must be connected to
YD at some points in the chip area.

8. Design methodclogy-

When designing smaller integrated eircuits, with 1& to 100 devices,
zpecial deszign methods are not really needed. Hormally such =
circuit is designed by a ‘circuit disgram, which may be tranaformed
inte a2 layout directly by the designer. The layout iz made by
drawing or by using a graphical editer om a computer. It can be
checkad manually for design erreors. Pure geometric design rule
violations ¢an also be checked by a compuier program. Ii is
obvicusly wvery important that the design is correct before
faprication. The fabrication =step ias too expensive to be used z@s a
mean af checking the design. 3till, it may be not be known Lif the
circuit disgram is correct, that iz i1f a “gorrect” circuit
{according to the circuit diagram) perform ss wanted. Again, this
zan not be checked by fabrication but may instead be chacked by
aimulation. Simulation of a small circuil iz easily done with an
analog simulator 1ike SJFICE. 4n analog simulatoér is a computer
program which simulates the the electrical behavior of the circuil
by using mathemathical aodels of the devices in the circuif.

Cur goal i= to learn how to design large integrated circuifs , with
100 to 100000 devices. Then, a new methodology ia needed as all the
obvious methods discusaed above, fail. A system with thousands of
devices is too large to be handled by direct layout from a circuit
diagram. This is experienced in aevaral ways, the design time will
be very large, direct layout control and analog simelation will
give too long runtimes on the computer.

Ia the following we will discuss a design methodolagy, well suited
to handle large systems, termed “structured design”. This term
cantain several modern methods. The basic idea iz to divide a large
problem inte subproblems ia as ordered way. Other important idsas
are topdown design and correctness by construction. Topdown design
meana that the work starts with a functionsal deseription which then
iz tranaformed into a mors detailed description, for example a
block diagram. The block diagram is then tranaformed fo next level
of description and s=o on, until a ccmplete layout is defiged. In
fig. 27 ia some common levels of deszign demonatrated.
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3trict topdown design is normally dmpossivle since s lot of
interaction between differ=ant lewela i3 needed. Correctness by
construction means that the design is done with very strict desiga
rules {which can not be violated) =0 that errers c<an not occur.
Correctness by construction can for example be cobtained in a design
gtep which is fully automatic (through a computer program).

Structured desizo.

The structured design methodology for integrated circuit deslgn was

pioneered by Carver Mead and Lynn Conway and is presented in  their

wellknown book “Introduction to VLSI systems” {Addison Wesley, New

York, 13980) It containa two important partz, Thiarchy and

regularity. Hiarchy means that the design is partitioned into parts

in a hiarchiral manner. If the whole design is considered fo be

cell @, this cell contains other ecells, say cell 1 to 5, which

containag other cells ... until we reach the lowest level cells

{often called leaf cells), see fig. 28. Regularity considers the
wiring strategy. If no wiring strategy iz used {random wiring), the

wiring normally takes mores space than the logical cells. Alseo,

wiring normally takea peeds a lot of design time and gives rise fo

many errorg. Regularity in wiring often means that the overall

Wiring is done before the cell layout. Regularity also means ase of
regular structures Like HRead Only Memoriea, Programmable logical

arrays eotc. tructured desigzn iz conveniently gupported by
algorithmic methods, that is by using programming languages,

compilers and computers in the design work.

Hiarchy.

A hiarchical method of design iz abaolutely nascessary in large
designs, but is very useful also in small designs. An  important
principle dis that when a atructure, for example a transister, is
designed and checlked, the same structure can wuwsed also in other
parts of the design without redesign and without rechecking. If
sach ztructure is simple enough the number of design errora is
drastically reduced due te the ease of zentrel. Hiarchy iz used in
all levels of design (subaystems, blocks, gates, tranasistors,
masklayers). Let us study some examples from the CMOS cell library
CLIBZ. Fig. 29 illustrabtes the use of hiarchy in the layout ZIevel.
Fig. 29a is a transistor gate region, containing diffusions, field
oxide cut and metal. 811 lambda measures are correct for a ztandard
trensistor and we need not to check this measures any mors. fig 29b
iz a contact hole with all necesasary layers. Combining a few c¢ells
of thoas types with +two metal wires and an extra diffusion for
guard band gives an inverter cell, fig 2%c. Hote that at each level
the amount of new infermaticon is limited, which makes control eaay-
Al30 each subeel] is chozen 2o it fits well to other subeells and
have a welldefined functiom. The inverter is now a complete logieal
eell which can be combined with other cella, see fig. 29d.
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I+ is wvery uassful to divide the hiarchy 1in cells containing
rectangels (subleafcells and leaf cells) and in cells containing
only other cells and wires (composition cells}. Transistors and
contact holes are thus subleaf cells, the inverter iz 8 leaf rcell
and the combined c¢ell ia our exampls is a composition cell, see
fig. 29c and 29d. The whole hiarchy deacribed here may be deacribhed
by the Jlayout language CIF which 3z hiarchical in itself. A=
composition <¢ells contain omly cellas and wires, they can
alternatively be described in more simple layout languages (the
language does not need to contain rectangles, polygons, field oxide
ete.) An example of such a language ia CHICO.

It ia very important to note that the hiarchy discussed above deals
not only with the layout description of the deaign but with other
descriptions =as well. A& leaf cell is for example desceribed by &
functional deseription (for example “inverter”) or a circuit
diagraem. A4 compesition cell can always be described by a circuit,
logic or block diagram containing other compesition cella (blocks)
or léaf cella {logic gates or transisters), sec fig. 30.

The hiarchy should be chosen o that any cell is well defined ia
function and interfacing properties. The partition of the problem
intg c=2lls must be done with great care.

The hiarchy alac supports the use of standard cell libraries. A
gtandard cell 1ibrary iz a library of cells which iz predesigned by
gpecialists 1im leaf cell design &and made availible to the chip
designer. The c¢eslla must b wall PTOVED, debugged and
characterized. For each cell elsctrical data, logical delays etec.
ia given. It is often po=sible to use only standard cellas from the
library 1im a new design, agaln making design sasier and with leass
grraors. Standard cells may of course be used together with own leaf
cella.

Regularity.

Az menticned abeve, regularity mean= a regular wiring strategy.
Such & atrategy use less wiring gapace, it is faster to design and
it gives less errors. The basic idea is very simple. 3se fig. 3t.
Let all long range wires go straighf through large parts of the
chip and straight through the cells. Such wires are for example
supplies and clocks but may also be buses and controls. Two sets of
long range wires may normally b2 used, one vertizal and one
horizrontal. In metal gate CMOS one set 139 made in metal and the
other 4in diffusion. Short range wires should occur only between
adjecent cells, prefsvably formed by direct abutmeni of the cells.

This basic idea ia accomplished in two waya. Pirat, in any layouat
work, the deaigner should start with a global wiring strategy,
putting down =all long range wires in two directiens on his fleor
plan. #part from supplies and clocks it i= often useful to mt
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"data" wires and "control” wires perpendiculsr te each other. It
may even be worth wide to redesign the logic block diagram at this
point, in order to obtain a more regular wiring. Even better is of
course  to  conaider the wiring strategy from the beginmning, at the
aystem design stage- The vnitimate gosl is to bs able to lay out all
cells, and have the wiring done by that, as suggested in fig. 31.
Sacond, the celia to be used must be designed dinfto the wiring
strategy wused. As mentioned above the zoal iz to have all cells
fitting each other s0 that no sxtermal wiring is needed. In
practice thia iz sccomplished in two ways. For cells wich is uzed
many timea in similar or sams envircment, it is often worth wide to
design special leaf cella for the actusl design. Thais also means
that an overall architecturs which uses regular structures (many
gqzal cells in rows or arrays) is vey efficient both in design and
performance. An extreme example of this principle is a ROM. For
galls which is used only very few times in the same enviroment,
library cells are preferable. Such cells may s=till fit into our
wiring sirategy if they are designed din a proper way- It is
reasonable to have supplies, clocks and inputs on all cells as
wires atraight through the cells and in the same diregctions in all
gella. A cell strategy cxample from the library CLIEZ is shewn in
fig. 32. =

Alzgorithmic methods.

I¥ is quite ocbvious that computing techniques can be of great use
in design of integrated cizeuits. In thi3 section we will not dis-
cuss sonventicnal ecmputar aids in design, auch a3 apecial programs
like simwlators of gf%hical editors. We will instead discuss the
direct use of computing technigues in the design.

One way of uaing computing techniques in integrated circuit design
bg-to depgoribathe—eteendt Jogioen ja to deseribe the circult
directly in a programming language (for svample PASCAL). A listing
of this program is thea the circuit definition. Edifing the program
means changing the circuit. Executing the program means that a mask
description is produced. If this prineiple is used for the layout
the program is often termed LAP {LAyout Program). The ides may be
extended alas to other deacriptions than layout, so that a program
execution for example simulates the circuit.

If we wuse s LAP to describe our leaf cells we may introduce para-
meters of of these cells. We may for example define a BOR-gate cell
with n inputs. Bach time the cell is used, a certain u is defined
and the program produces a layout deseription of the appropiate
gate upcn execution. We may also have flexible cells in our lib-
rary, we may for example give the distance betwesn two inputs az a
parameter. Thiz can be very useful if we want direct abutment of
cells as discussed in the scction "regularity” above.
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The id=a of parametrized leaf cells can be expanded inte larger
parametrized cells. We may for example define a parametrized PLA-
cell with =ize and truth table as parametera. This can be further
extended to simple finite state machines and the pregram may inclu-
da logical optimization etc. When the LAFP idea 13 sxtended like
this the system is often called "Silicon Compiler” instead of LAP.
The idea iz that 2 high level description of a circuit, 3Itke—the
Feuth toble of g gsirpeuid-, Llike the fruth table of a2 finite state
machine, ia directly compiled into a layout description inm & way
aimilar to the compilation of a high level programming langusge
into executable code.

9. Some process paramsters

We will here list some parameters of the ASEA-HAFOD metal gate CHOS
Process.

Trangistora:

KPR=21E-b6 A/(V**2}
{PP=5.4E-5 A/(V¥*2)
YTH=1.4¥

YTP=-1.7¥

maximum currents for W/L=8/3 IDN=0.33 M4 at 5¥ G5.5M4 at 157
IDP=0.1% MA at 57 Z2.1M4 at 15V

Resistivities:

P-diffusisn BIP=70 ohma/S0

N-diffusion EDH=10 ohma/SG

metal FM=0.02 ohma/5Q

Capacitancies

P-diffusion COpP=008 MF/SS0M (millifarads’
N-diffusion CIN=0.2 WF/30M

¥etal on thick ocxide (M=0.0% MF/SqM
Metal on thin oxide OMG=0.4 MF/3GM

furrent densifty recommendations

WMaximum current in 8 um(4 LAMEDA) metal wire 10N
Magimum current in 8 * 8 um™2 (4%4 LAMBDA) contact 3MA

Note that the contact window periphery is the limiting factor,
thus uze zeveral small windows instead of one large windew if
necedagary.
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10. The silicon gate CMOS proccss and design rulez.

A more modern process for CMOS manufacturing is the silicon gate
process. It is gquifte different from the metal gate process and need
therefore quite different design rules. Alao, this process exist in
many different forms. Hopefully the dJdifferent forms 1leads io
similar rules =50 that we need only to consider one form here. We
have chozen te describe a procsss using selegtive oxidation and a
p-well.

The sastarting material is n-type silicon. It is first coated with a
ailicom nitride layer which i1s then paftterned and etched to define
device and field oxide regiona. 3Jee fig 33. During subaequent
oxidation & thieck oxide can be thermslly grown in theae regions on
the wafer mnot covered with nitride, whilat oxidation ia prevented
in ofher aresas,

A thick layer of photoresizt iz then azpun on  the wafer and
patterned to defime the p-well regions. The well deopant 1is
implanted through the holes in the resist layer (and throwgh the
nitride}. After have removed the photoresiat the well dopant is
driven dinto the required depth by diffusion and the field oxide is
grown in these regions not covered by nitride.

The nitride 1is now etched off and a thin oxide 13 growna in its
place. This thin oxide will bBbe the active gate oxide In our
transistors. A layer of polysilicon is deposited over the wafer,
pasterned and etched to form transistor gates and the first level
¢f intercomnect.

" Separatz masks is then used for the p-channel and n-channel source
and drain regions. These masks only give the approximate ares of p
and n-doping. The =xact edges of doping i3 given by the polysilicon
and field oxide edges by using implant energies which are too small
for the dopant ions to penetrate these layers. Im sach a way the
dopings are "selfaligned” with these edges. Implantation of p and
n-dapants ia followed by & short amneal %o activate the dopants.

Following source and drain dopings, the wafer is again oxidized,
now forming a new oxide over the polysilion layera. 4Uontact holes
are cut through the oxide layerz toc make connections to the
underlaying doped silicon or polysilicon. Finelly sluminum is
pvaparated over the wafer and patterned to form the second inter-
connection layer and the whole wafer iz covered by a protective
glass layer.

Hote that the poly=silicon interconnect layer can not make contact
directly to a source/drain region in this procezs. Alse note that
any daoping crossed by polysilicon forms a ftranaiator. Therefors any
connection of polysilicon te a 8ilicon doping must be done via
metal and any doping interconnection under polysilicon musf he done
via a metzl bridge. '
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The design rulea for this process are given in Table 5 and
illustrated in fig. 34.

41so0 atick diagrams will he somewhat different in the Si-gate
process. In fiz. 35 we give a number of examples of stick disgrans,
corresponding to the diagrams given esrlier for the metal gate
procedas {figsa. 3, 11, 13 azmd 23).

The design rules defimed here is alsc applicable to the #ilkicon
gzate silicon on sapphire (505} CMOS procesa. The main difference
between the itwo processea is that the n and p type transistors are
made in different thin silicon islands which i3 made om insulating
sapphire. This means that there is never a latchup problem. Also
any n and p diffusion can bte close together without risk for
sutoatrate shorts, for example for making coentact hetween them.
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Table 5. Design rules for the Silicon gate THMOS procezs.

Tule

Field oxide cut (Epi in 305)

M min
F2 min
I3 min
F4 min

width

zeparation

separation to p-well outside p-well
geparation to p-well inside p-well

Polysilicon, gemeral

P1 min
P2 min

width
separation

I3 separation to field oxide cut

Folysilicen, ftransistor

P4 gate extenaion at transistor =dge

PS5 min separstion to field oxide inaide field oxide cut

Polysilicon, contact cuts

Po min

overlap over contact cut

Contact cuta

C1 min
L2 min
C% min
C4 min
C% min

5ize

separation

separation &0 field edge inside field cut
separstion to polysilicon

gize p to n diffusion contact

Ct Bo contacts over gate area
07 Ho contact over both polyesilicon and field oxide cut

Matal

Mi min
M2 min
M3 min
M4 min
M5 min

p=well

W1 min
W2 min

width

geparaticn

overlap over contact cut

spacing to parallell polyszilicon
spacing to parallell field oxide cut

width
geparation

p and n diffuasiona

D1 Overlap over field oxide cut
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