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In Chapter 9 we explore a number of relationships between process and device design 

and circuit layout. Processesare usually developed to provide devices with the highest 
possible performance in a specific circuit application, and one must understand the 
circuit environment and its relation to device parameters and device layout. 

In this chapter we look at a number of basic concerns in MaS process design, 
including channel-length control; layout ground rules and ground-rule design; 
source/drain breakdown and punch-through voltages; and threshold-voltage adjustment. 
Metal-gate technology is discussed first, and then the important advantagesof self-
aligned silicon-gate technologies are presented. Discussions of CMOS technology and 

the application of anisotropic etching to MaS devices complete the chapter. 

9.1 BASIC MOS DEVICE CONSIDERATIONS 

To explore the relationship between MaS process design and basic device behavior, we 
begin by discussing the static current-voltage relationship for the MaS transistor, as 
developedin Volume IV of this series.[l]The cross section of two metal-gate NMOS 
transistors is shown in Fig. 9.1. In the linear region of operation, the drain current is 

given by 

ID = ii"nCo(Z/L) (Vas - VT - VDs/2)VDs (9.1) 

for Vas ~ VT and VDs :5 Vas - VT. Co = KsEo/Xois the oxide capacitance per unit area, 

JLnis the average majority-carrier mobility in the inversion layer, and VTis the thresh

old voltage. 
One of the first specifications required is the circuit-power-supply voltages, which set 

the maximum value of Vasand VDsthat the devices must withstand. Once this choice is 
made, the only variables in eq. (9.1) which a circuit designer may adjust are the width 
and length of the transistor. Thus, the circuit designer varies the circuit topology and 

horizontal geometry to achieve the desired circuit function. 

, 
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Fig. 9.1 (a) Crosssectionof an integratedcircuit showingtwo adjacentNMOS transistors.A 
parasiticNMOS device is formed by the aluminum interconnectionover the field oxide with 
diffusedregions(2) and(3) actingassourceanddrain. (b) An NMOStransistorwith gate-to-source 
(Vas),drain-to-source(VDs),and source-to-bulk(VSB)voltagesdefined. 

Other device parameters are fixed by the process designer, who must determine the 
process sequence, times, temperatures, etc., which ultimately determine the device 
structure and henceits characteristics. These include specifying the gate-oxide thickness, 
field-oxide thickness, substrate doping, and field and threshold-adjustment im
plantations. The process designer also supplies a set of "design rules" or "ground rules" 
which mustbe obeyedduringcircuit layout. Theseincludeminimumchannellengthand 
width, spacingsbetweenfeatureson the sameand different masklevels, and overlaps 
betweenfeatureson different masklevels. A maskalignmentsequenceandtolerances 
must also be developedfor the process. 

9.1.1 Gate-Oxide Thickness 

Currentflow in the MOS transistor,for a given set of terminal voltages,is inversely 
proportionalto the gate-oxidethickness.The gateoxide will generallybe madeasthin 
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as possible, commensurate with oxide breakdown and reliability considerations. High-

quality silicon dioxide will typically break down at electric fields of 5 to 10 MV !cm, 
corresponding to 50 to 100 V across a l00-nm oxide. Present processesare using oxide 
thicknesses between 20 and 100 nm. Below 10 nm, current starts to flow by tunnel
ing, and the oxid~ begins to lose its insulating qualities. The choice of oxide thickness 
is also related to hot electron injection into the oxide, a problem beyond the scope of 
this text. [2-4J 

9.1.2 Substrate Doping and Threshold Voltage 

Threshold voltage is an important parameter which determines the gate voltage 'necessary 

to initiate conduction in the MOS device. The threshold voltage[l] for a device with a 

uniformly doped substrate is given by: 

E ~ /~"'T ""A.., +, TT ,NMOS: VT = cl>M - X - t + IcI>FI + [v 2K,EoqNB(2Ic1>FI VSB)]!CO- Qtot!Co 

(9.2) 

EPMOS: V = cl>M - X-:::£' 2 - IcI>FI - [V2K,EoqNB(2Ic1>FI - VBs)]/CO - Qtot!Co 
T' q 

Icl>FI = (kT! q) In(NB! nj) 

in which NB is the substrate doping. cl>M- X = -0.11 for an aluminum gate, 
cl>M - X = 0 for an n+-doped polysilicon gate, and cl>M- X = +1.12 for ap+-doped 

polysilicon gate. 
Qtott represents the total oxide and interface charge per cm2 and adds a parallel shift 

of the curves in Fig. 9.2 to more negative values of VT. This charge contribution to the 

threshold voltage had an extremely important influence on early MOS device fabrication. 

Qtot tends to be positive, which makesthe MOS transistorthresholdmore negative; 
n-channel transistors become depletion-mode devices (VT < 0), whereas p-channel tran

sistors remain enhancement-mode devices (VT < 0). During early days of MOS tech

nology, Qtot was high, and the only successful MOS processing was done using PMOS 

technology. After the industry gained an understanding of the origin of oxide and 

interface charges, and following the advent of ion implantation, NMOS technology 

became dominant because of the mobility advantage of electrons over holes. Today, total 

charge levels have been reduced to less than 5 X 1010charges!cm2 in good MOS pro

cesses, and the oxide charge contribution to threshold voltage is minimal. 

Substratedopingentersthe threshold-voltageexpressionthroughboth the IcI>FIterm 
and the square-root term. A plot of threshold voltage versus substratedoping for n- and 
p-channel, n + polysilicon-gate devices with 50-nm gate oxides is given in Fig. 9.2 for 

Qtol = O. The choice of substrate doping is complicated by other considerations including 

tQtot= QF+ Qrr + 'YMQM 
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Fig. 9.2 Thresholdvoltagesfor n- andp-channelpolysilicon-gatetransistorswith 50-nm gate 
oxides,calculatedfrom eq. (9.2). 

drain-to-substrate breakdown voltage, drain-to-source punch-through voltage, source-to-
substrate and drain-to-substrate capacitances, and substrate sensitivity or body effect. 

The source and drain regions are usually heavily doped to minimize their resistance 
andare essentially one-sided junctions in which the depletion region extends entirely into 
the substrate. Figure 9.3a gives the breakdown voltage of a one-sided pn junction as a 
function of the doping concentration on the lightly doped side of the junction. [S]Junction 

breakdown voltage decreases as doping level increases. Breakdown voltage is also a 
function of the radius of curvature of the junction space-chargeregion. Junction curva
ture enhances the electric field in the curved region of the depletion layer and reduces 
the breakdown voltage below that predicted by one-dimensional junction theory. A 
rectangular diffused area has regions with both cylindrical and spherical curvature, as 
shown in Fig. 9.3b. 

Punch-through occurs when the drain depletion region contacts the source depletion 
region, and substrate doping must be chosen to prevent the merging of these depletion 
regions when the MOSFET is off. Punch-through will not occur if the channel length 
exceeds the sum of the depletion-layer widths of the source-to-substrate and drain-to-
substratejunctions. For a transistor used as a load device in a logic circuit, the source-
to-substrate and drain-to-substrate junctions must both support a voltage equal to the 
drain supply voltage plus the substratesupply voltage. The depletion-layer widths can be 
estimated using the formula for the width of a one-sided step junction: 

W = Y(2KsEo(IVAI + <l>bJ)/qNB 

<l>bi = 0.56 + (kT/q) In(NB/nJ (9.3) 
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Fig. 9.4 Depletion-layerwidth of a one-sidedstepjunction asa function of dopingandapplied 
voltagecalculatedfrom eq. (9.3). 

The capacitance per unit area associated with a diffused junction is given by the 
parallel-plate capacitance fonnula with a plate spacing of W: 

Cj = KsEo/W 

The larger the doping, the larger the capacitance. Zero bias and a doping concentration 
of 101~/ cm3 result in a junction capacitance of approximately 10 nf/ cm2. 

Eq. (9.2) shows that the threshold voltage depends on the source-to-substrate voh" 
age, VSB.This variation is known as "substrate sensitivity" or "body effect," and it 
becomesworse as the substrate doping level increases. 

From the above discussion, one can seethat there are tradeoffs involved in the choice 
of substrate doping. Substrate doping is directly related to threshold voltage. It is 
desirable to reduce substrate doping to minimize junction c8:pacitanceand substrate 
sensitivity and to maximize breakdown voltage. Mobility als9 tends to be higher for 
lower doping levels. On the other hand, a heavily doped substrate will increase the 

punch-through voltage. 

9.1.3 Threshold Adjustment 

Ion implantation is routinely used to separate threshold-voltage design from the other 
factors involved in the choice of substratedoping. Substratedoping can be chosen based 
on a combination of breakdown, punch-through, capacitance, and substrate sensitivity 
considerations, and the threshold voltage is then adjusted to the desired value by adding 
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Fig. 9.5 Stepapproximation impurityprofileusedtoestimatetoaGaussian thethreshold-voltage 
shift achievedusing ion implantation. 

a shallow ion-implantation step to the process. Figure 9.5 shows a step approximation 
to an implanted profile used to adjust the impurity concentration near the surface. These 
additional impurities cause a shift in threshold voltage given approximately by 

AVT~ (l/Co) (qQ;)(1 - xi/ad)' Xi ~ Xd, Xd I:# ~ V qNB/4KsEoIcl>p 

(9.4) 

where Qi ~ xiNi represents the implanted dose and Xd represents the depletion-layer 

width beneaththe gate. For shallow implants, the threshold-voltageshift is approxi
mately proportionalto the implanteddose. The threshold-voltageshift is positive for 
acceptorimpurities and negativefor donor impurities. 

Example 9.1: An NMOS transistorwith ann+ polysilicongateis fabricatedwith a 25-nm 
gateoxide, a substratedopingof 3 x 1015/cm3,andsource/drainjanction depthsof 3 .urn. 
Determinethe thresholdvoltageanddrain-to-substratebreakdownvoltagesfor this device. 
What is the punch-throughvoltage for a channellength of 4 .urn if the substratebias is 
-3 V? A shallowboron implantationis to be usedto adjustthe thresholdto 1.0 V. What 
is the doseof this implant?AssumeVSB= 0 and Qtot= O. 
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Solution: For the n+ polysilicon-gatetransistor, 4>M- X - Eg/2q = -0.56 V and 
I4>FI= 0.33 volts (forni = 1 x 10Io/cm3andkT/q = 0.026 V). ForVsB= 0, thethresh
old voltage expression yields VT= -0.56 + 0.33 + 0.20V = 0.03 V. Interpolating 
Fig. 9.3 for sphericalbreakdownwith a substratedopingof 3 x 1015/cm3and a radiusof 
curvatureof 3 .urn gives an estimateddrain-to-substratebreakdownvoltageof 60 V. To 
estimatethepunch-throughvoltage,we useeq. (9.3) with 2W = 4 .urnandVA= VD+ 3, 
where VD is the drain voltage. Evaluating this expression yields VD = 89 V. 

For a shallow implant, the threshold-voltageshift is approximatelyIl VT= qIlQ/Co. A 
voltage shift of 0.97 V with an oxide thicknessof 25 nm yields IlQ = 8.4X 1011/cm2. 

NMOS depletion-mode (Vr < 0) transistors are routinely used in processesdesigned 
for high-performance logic applications. In order to reduce the NMOS threshold voltage, 
n-type impurities are implanted to form a built-in channel connecting the sourceand drain 
regions of the transistor, as in Fig. 9.6. The device characteristics of a depletion-mode 
transistor are similar, although not identical, to those of an enhancement-mode NMOS 
transistor, and the dose needed to shift the threshold voltage may be estimated using 

eq. (9.4). 

9.1.4 Field-Region Considerations 

The region between the two transistors in Fig. 9.1 is called thefield region and must be 
designed to provide isolation between adjacent MOS devices. Several factors must be 
considered. The metal line over the field reg!9i1can act as the gate of a "parasitic NMOS 
transistor" with diffused regions (2) and {3) acting as its source and drain. In order to 
ensurethat this parasitic device is never turned on, the magnitude of the threshold voltage 
in this region must be much higher than that in the normal gate region. Referring to 
eg. (9.2), the threshold voltage may be made higher by increasing the oxide thickness 
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~~-~/ ~C;- -;== - NAN 0 

I n+ J I~I n~" 
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P Depth,x 
x 
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Fig. 9.6 (a) Fonnation of a depletion-modeNMOS transistorusing a shallow ion-implanted 
layer; (b) net impurity profile underthe gateof the depletion-modeMOSFET. 



- -!""

9.2 MOS TRANSISTOR LAYOUT AND DESIGN RULES 181 

in the field regionandby increasingthedopingbelowthe field oxide. The "field oxide" 
is typically madethreeto ten times thicker than the gateoxide of the transistors. 

Anotherproblemoccursfor NMOS transistors.The substratefor NMOS transistors 
isp-type, usuallydopedwith boron.Weknow thatthermaloxidationresultsin depletion 
of boron from the surfaceof the silicon, and looking at eq. (9.2) we seethat boron 
depletionwill lower the thresholdvoltageof the transistorsin the field region. A field 
implant stepis often addedto modemprocessesto increasethe thresholdvoltageand 
compensatefor the boron depletionduring field-oxide growth. 

For PMOS devices,the substrateis typically dopedwith phosphorus.During oxi
dation, phosphoruspileup at the surfacetendsto increasethe thresholdvoltagein the 
field region.Thusphosphoruspileuphelpsto keeptheparasiticfield devicesturnedoff. 

Onemustalsoensurethatparasiticconductiondoesnot occurbetweentwo adjacent 
devicesdue to punch-through.The sourceanddrain diffusionsof eachtransistormust 
be spacedfar enoughfrom the sourceand drain diffusions of the other transistorsto 
ensurethat the depletionregionsdo not mergetogether.The spacingbetweenadjacent 
transistorsmust be greaterthan twice the maximumdepletion-layerwidth. 

9.2 MOS TRANSISTOR LAYOUT AND DESIGN RULES 

Designof the layout for transistorsandcircuits is constrainedby a setof rulescalledthe 
"designrules" or "ground rules." Theserulesaretechnology-specificandspecifymini
mum sizes, spacings,and overlapsfor the various shapesthat define transistors.Pro
cessesaredesignedarounda "minimum featuresize," which is the width of the smallest 
line or spacethat can be reliably transferredto the surfaceof the wafer using a given 
generationof lithography. 

To producea basic set of ground rules, we must also know the maximum mis
alignmentwhich can occur betweentwo masklevels. Figure 9.7a showsthe nominal 

y 

+x


EJ~LJ[J
Nominal x y x andy 

(a) (b) (c) (d) 

Fig. 9.7 (a) Nominal alignmentof the contactandmetalmasks;(b) worst-casemisalignmentin 
the x-direction, (c) in the y-direction, and (d) in both directions. 
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position of a metalline alignedover a contactwindow. The metaloverlapsthe contact 
window by at leastone "alignmenttolerance"in all directions.During the fabrication 
process,the alignmentwill not be perfect, and the actual structuremay have mis
alignment in both the x and y directions. Figures9.7b through d show the result 
of worst-casemisalignmentof the patternsin the x, y, and both directionssimultane
ously. Oursetof designruleswill assumethat this "alignmenttolerance"is the samein 
both directions. 

9.2.1 Metal-Gate Transistor Layout 

Figure 9.8 showsthe processsequencefor a basicmetal-gateprocess.The first mask 
definesthe positionof the sourceanddrain diffusions. Following diffusion, the second 
maskis usedto definea window for growth of the thin gateoxide. The third andfourth 
masksdelineatethe contactopeningsandmetalpattern.The metal-gatemasksequence, 
omitting the final passivationlayer mask, is as follows: 

1. Source/draindiffusion mask First mask 
2. Thin oxide mask Align to level} 
3; Contactwindow mask Align to level 1 
4. Metal mask Align to level 2 

An alignmentsequencemust be specified in order to properly accountfor alignment 
tolerancesin the groundrules. In this metal-gateexample,masklevelstwo andthreeare 
alignedto the first level, and level four is alignedto level two.. 

We will first look at a setof designrulesfor metal-gatetransistorssimilar in concept 
to the rules developedby Mead and Conway.[6]Thesegroundrules were designedto 
permit easymovementof a designfrom one generationof technologyto anotherby 
simply changingthe sizeof a singleparameter,A. In orderto achievethis goal, therules 
arequite loose in terms of level-to-level alignmenttolerance.We will exploretighter 
groundrules later in this chapter. 

A setof metal-gaterulesis shownin Fig. 9.9. The minimum featuresizeF = 2A, 
and the alignment tolerance T = A. The parameter A could be 5 ,urn, 2 ,um, or 1 ,urn, 
for example.Transistorsdesignedusingour groundruleswill fail to operateproperlyif 
the misalignmentexceedsthe specifiedalignmenttoleranceT. 

On the metal level, minimum line widths and spacesare equal to 2A. In some 
processes,the metalwidths aremadelargerbecausethe metallevel encountersthemost 
mountainoustopology of any level. 

On the diffusion level, the minimum linewidth is 2A. The minimum spacebetween 
diffusionsis increasedto 3A to ensurethat the depletionlayersof adjacentlines do not 
mergetogether.However,the spacingbetweenthesource/draindiffusionsof atransistor 
maybe2A. 

In this setof rules, the ~lignmenttolerancebetweentwo masklevelsis assumedto 
be 1A, whichrepresentsthe maximumshift of onelevel awayfrom its nominalposition, 
relativeto the level to which it is beingaligned.A lA shift canoccurin both thex and 
y directions. 

, 
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Square contacts are a minimum feature size of 2>" in each dimension. It is normal 
practice to ensure that the contact is completely covered by metal even for worst-case 
alignment. Depending on the alignment sequence, a 1>" or 2>" metal border will be 
required around the contact window. Likewise, a contact window must be completely 
surrounded by a 1>"or 2>" border of the diffused region beneath the contact. 

For our metal-gate transistors, the thin oxide region will be aligned to diffusion, so 
it requires a 1>" overlap over the source/drain diffusions in the length direction. The 



MOS PROCESS INTEGRATION184

-<
N

-<
""

~
-<
'""t

(a)
p

142A.-1- 3A.-1-2A.~1

-<
N

~

(::j

(b)P

1'"~14 ~I-~I
A 2A A

Fig. 9.9 A simple "A-based" set of "design rules" or "ground rules" basedon an alignment
sequencein which levels 2 and3 arealignedto level I andlevel 4 is alignedto level 2. (a) Rules
for metalanddiffused interconnectionlines: (b) rules for contactsbetweenmetal anddiffusion.
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source/drain regions must also extend past the thin oxide by at least lA in the width
direction. Contacts must be inside the diffusions by 1A. The metal level is aligned to the
thin oxide level, whereas the contacts are aligned to the diffusion level. A worst-case
layout therefore requires a 2A border of metal around contact windows but only a 1A
border around the thin oxide regions.

Figure 9.10 shows the horizontal layout and vertical cross section of a minimum-size
NMOS metal-gate transistor with Z/L = 10,\/2A = 5/1 at the mask level. The two
diffusions are spaced by a minimum feature size of 2A. Thin oxide must overlap the
diffusions by 1A in the length direction and underlap the diffusions by 1A in the width
direction. Metal must overlap thin oxide by 1A. Accumulated alignment tolerances cause
the minimum width of the gate metal to be 6A. The spacing between metal lines must
be 2A. The metal over the contact holes must be 8A wide because of the alignment
sequence used, and the contact hole must be 1A inside the edge of the diffusion. .The
resulting minimum transistor is 26A in the length direction and 16A in the width direction.

A new design rule has been introduced into this layout. The gate metal is spaced 1A
from the diffusion to prevent the edge of a metal line from falling directly on top of the
edge of the diffusion in the nominal layout.

Several observations can be made by looking at this structure. First, note that the
transistor i~ 416A2in total area, whereas the active channel area of the device is 20A2!
The rest of the area is required in order to make contacts to the various regions, within
the constraints of the minimum feature size and alignment tolerance rules. Second, there
is a substantial area of thin and thick oxide in which the gate metal overlaps the source
and drain regions of the transistor. This increases the gate-to-source and gate-to-drain
capacitance of Thetransistor. In this metal-gate transistor layout, the channel is defined
by the junction edges in the length direction and by the thin oxide region in the width
direction.

It should also be noted that there are several small contact windows in the source and
drain regions. The usual practice is to make all the contact windows the same size
throughout the wafer. From a processing point of view, equal-size contact windows will
all tend to open at the same time during the etching process.

9.2.2 Polysilicon-Gate Transistor Layout

Transistors fabricated using polysilicon-gate technology have a number of important
advantagesover those built using metal-gate processes. We will discover some of these
advantages by looking at the layout and structure of the polysilicon-gate transistor.

The mask sequence for the basic polysilicon-gate process from Chapter 1 is (again
without passivation layer) as follows:

1. Active region (thin oxide) mask First mask
2. Polysilicon mask Align to level 1
3. Contact window mask Align to level 2
4. Metal mask Align to level 3
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Fig. 9.10 Minimum-sizemetal-gatetransistorwith a Z/L ratio of 5/1 usingthe designrulesof
Fig. 9.9. The active gateregion is lessthan 5% of the total devicearea.

Somenewdesignrulesmustbe introducedfor this process.Polysiliconlines andspaces
will both be a minimum featuresize of 2)...The polysilicon gatemustoverlapthe thin
oxide regionby an alignmenttolerance)... The abovealignmentsequencerequiresI)"
polysilicon and 1)" metalbordersaroundcontacts.However,contactholesshouldhave
a 2)" borderof thin oxide due to toleranceaccumulation.
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Figure 9.11 shows the layout of the polysilicon-gate device with Z/L = 5/1 using
thesedesign rules. The total area is 168>..2.The active channel region now represents 12%
of the total area, compared with less than 5% for the metal-gate device. The polysili-
con gate acts as a barrier material during source/drain implantation and results in
"self-alignment" of the edge of the gate to the edge of the source/drain regions. Self-
alignment of the gate to the channel reduces the size of the transistor and eliminates the
overlap region between the gate and the source/drain regions. In addition, the size of
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Fig. 9.11 Minimum-size polysilicon-gate transistor layout for Z/L = 5/1. Theactivegate
region occupies12%of the transistorarea,andparasiticgatecapacitanceis minimized.
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the transistor is reduced becausethe source/drain metallization can be placed nearer to
the gate. In the polysilicon-gate layout, the channel is defined by the polysilicon gate
in the length direction and by the thin oxide in the width direction.

A very important side benefit resulting from this process is the third level of inter-
connection provided by the polysilicon. Circuit wiring may be accomplished on the
diffusion, metal, and polysilicon levels in the polysilicon-gate technology.

A design rule concerning edges has again been introduced into this layout. Metal
lines are spaced lA from ttie polysilicon gate to prevent the edge of the metal line from
falling directly on top of the edge of the polysilicon line in the nominal layout.

9.2.3 More-Aggressive Design Rules

The design rules discussed so far have focused on minimum feature size and alignment
tolerance. F and T are determined primarily by the type of lithography being practiced.
However, linewidth expansion and shrinkage throughout the process also strongly affect
the ground rules. Expansion or shrinkage may occur during mask fabrication, resist
exposure, resist development, etching, or diffusion. These linewidth changes are nor-mally factored into the design rules. .

In addition, alignment variation is a statistical process. Worst-case misalignments
occur only a very small percentage of the time. (For a Gaussian distribution, a 30-
misalignment occurs only 2% of the time.) Our set of rules based on worst-case align-
ment tolerances is very pessimistic. For exampl~, assuming that contacts are misaligned
by A in one direction, at the same time that the metal level is misaligned in the opposite
direction by A, results in an accumulated tolerance of 2A. However, this situation would

mostprobablyneveroccur. ,
Let us con~ider the impact of tightening two design rules in the polysilicon-gaie

process. First, we will let the edge of one layer align with the edge of another layer.
Second, a contact window will be allowed to run over onto the field oxide by lA. The
resulting layout using our polysilicon-gate alignment sequence is shown in Fig. 9.12.
The total areaof the device hasbeen reduced 25% to 120A2,and the active channel region
now represents17% of the total transistor area. We seehow ground rule changescan have

a substantial effect on device area.

9.2.4 Channel Length and Width Biases

Figure 9.13 presents another example of the interaction of the process with design-rule
definitions. Here we will assumea metal-gate process in which the source/drain junction
depth is equal to A and lateral diffusion equals vertical diffusion. Since we know that the
source/drain diffusions will move laterally under the edge of the oxide openings, the
contact windows can be aligned with the edge of the diffusions at the mask level but will
still be lA within the border of the diffusion in the final structure.

However, lateral diffusion requires the length of channel at the mask level to be
doubled to achieve the same electrical channel length in the device. The actual channel



MOS TRANSISTOR LAYOUT AND DESIGN RULES9.2 189

i

lOA. .11--
Fig. 9.12 More aggressivelayout of the polysilicon-gatetransistorin which two groundrules
havebeenrelaxed.Active gateareais now 17%of total devicearea.

lengthL = Lm - L\L, whereLmis the channellength asoriginally drawnon the mask
and L\L is the channel-lengthshrinkagewhich occurs during processing.This is an
important areawhere the processmust be controlled. For deviceswith short channel
lengths, L\L may be so severethat the devicesbecomeunusable.For the metal-gate
layout of Fig. 9.13, Zm/Lm= 4>../4>.. = 1/1 at themasklevel,andZ/L = 4>"/2>"=
2/1 in the fabricatedtransistor.

The developmentof self-aligned polysilicon-gatetechnologywith ion-implanted
source/drainregionswasa major improvement.The polysilicon-gateprocesseliminates
most, but not all, of both the channelshrinkagecausedby lateral diffusion and the
overlapcapacitanceresultingfrom alignmenttolerancesin the metal-gateprocess.

In Fig. 9.11, onecanseeanothersourceof channelbias. The "bird's beak"reduces
the size of the active region to below that definedby the active region mask, and it
introducesa processbias intQ the channel width of the polysilicon-gatetransistor.
Z = Zm - L\Z, whereZmis the width at the masklevel and L\Z is the channel-width

shrinkageduring processing.
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Fig. 9.13 Channel-lengthbias in a metal-gateNMOS devicecausedby lateral diffusion under
theedgeof thediffusion window. ThetransistorhasZ/ L = 1/1 at themasklevel butendsup with
an actualZ/L = 2/1 after the device is fabricated.Layout of the contactposition is basedon
knowledgeof the lateral diffusion which occursduring processing.

In setsof very tight designrules developedfor high-volume-productionICs, all
criticaldimensionsareadjustedto accountfor the processingandalignmentsequences.
This oftenresultsin a layout which must conformto a setof 50 to 100designrules.!?]
Sucha setof designrules is highly technology-specificandcannotbe transferredfrom
onegenerationof lithographyto the next. The Mead-and-Conway-stylerules!?]reacha
compromisebetweena setof ruleswhich is overly pessimisticandwastesa lot of silicon
area,andonethatis extremelycomplexbut squeezesout all excessarea.TheMead-and-
Conway-styledesignrulesarebeingusedfor low-volumeICs in which designtime, and
not silicon area,is of dominantimportance.

9.3 COMPLEMENTARY MOS (CMOS) TECHNOLOGY

ThebasicCMOS processof Fig. 1.5 requiresa p-well diffusion andfonnation of both
NMOSandPMOStransistors.Substrateresistivity is chosento give the desiredPMOS
characteristics,and an additional implant stepmay be introducedto adjustthe PMO~
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threshold separately. The p-well-to-substrate junction may range from a few microns to
as much as twenty microns in depth. The net surface concentration of the p-well must
be high enough above the substrate concentration to provide adequate process control
without severely degrading the mobility and threshold voltage of the NMOS transistors.
The surface concentration of the powell typically rangesbetween three and ten times the
substrateimpurity concentration. An additional implant step is often introduced to adjust
the NMOS threshold voltage.

Parasitic bipolar devices are formed in the CMOS processin which mergedpnp and
npn transistors form a four-layer (pnpn) lateral SCR, as shown in Fig. 9.14. If this SCR
is turned on, the device may destroy itself via a condition called latchup. [~,9]The p-well

depth and the spacings between the source/drain regions and the edge of the p-well must
be carefully chosen to minimize the current gain of the bipolar transistors and the size
of the shunting resistors Rs and Rw. A CMOS process will have a number of additional
ground rules which are not present in an NMOS or PMOS process. A more detailed
discussion of the design of bipolar transistors will be given in Chapter 10.

In order to reduce the resistanceof the two shunting resistors, ,.guard ring" diffusions

are sometimes added to the process, as in Fig. 9.14. Guard rings can be formed using
the source/drain diffusions of the PMOS and NMOS transistors or can be added as

-Vgs

Fig. 9.14 Cross-sectionof a CMOS structure,showingthe existenceof a parasiticlateralpnpn
SCR and the useof guardrings to reducethe value of R, andRwo
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separate diffusion steps. Recent CMOS process~s have used an n-well version of this 
technology, which pennits optimization of the NMOS devices fabricated in the original 

substrate. 
Twin-well processes, such as in Fig. 9.15, pennit separate optimization of both 

NMOS and PMOS devices.cIO]A lightly doped n- or p-type epitaxial layer is grown on 
a heavily doped n- or p-type substrate. (Lightly doped n- and p-type regions are often ~ 

referred to as v and 1Tr~gions, respectively.) Separateimplantations and diffusions are 
used to fonD wells for both the NMOS and PMOS transistors. The low-resistivity 
substrate substantially reduces the substrate resistance Rs and improves latchup re

sistance. 

Example9.2: A CMOS processusesan n-type substratewith a dopingof 1015/cm3.An 
implant/drive-inschedulewill be usedto form a p-well with a net surfaceconcentration 
of 4 x 1015/cm3andajunction depthof 7.5 ,urn.(a) What is the drive-in time at 1150°C? 
(b) Solvefor the implanteddosein silicon. (c) What are the thresholdvoltagesof the n
andp-channeltransistorsif the oxide thicknessis 50 nm? 

Solution: The 7.5-,umjunction depthandlow surfaceconcentrationsuggestthatthewell 
hasa Gaussianprofile resultingfrom a two-stepdiffusion or implanUdiffusionprocess.A 
final surfaceconcentrationof 5 x 1015/cm3is requiredto producea net concentrationof 
4 x 1015/cm3at the surface.Solving for the Dr productyields 

Dr = xi/2 In(No/NB)= 8.74 X 10-8 cm2 

At 1150°C, D = 8.87 X 10-13cm2/sec,which gives r = 27.5 h. The dosein silicon is 
given by Q = No~ = 2.62 x 1012/cm2.Thep-channel devices reside in the n-type 

substratewith a dopingconcentrationof 1015/cm3.FromFig. 9.2, thethresholdvoltagewill 
be -0.95 V. The deepwell diffusion will be almostconstantnearthe surfacewith a value 
of4 x 1015/cm3.Figure 9.2 yieldsann-channelthresholdof 0.2 V. A thresholdadjustment 
implantwould be neededin this processto increasethe n-channelthresholdvoltage. 

9.4 OTHER MOS STRUCTURES 

Chemical etching techniquesmay be used to crystallographic ally etch silicon. A solution 
of KOH, water, and alcohol[ll] etches the (100), (110), and (Ill) crystal planes at relative 
rates of 40 : 30: 1. This etch may be masked by silicon dioxide or silicon nitride and can 
be used to etch cavities and V-shaped grooves in (100) silicon (Fig. 9.16). 

VMOS technology[12]makes use of the grooves to reduce the channel length and 
increase the Z/L ratio of the MOS transistor. A basic VMOS process is shown in 
Fig. 9.17. The channel is formed along the four sides of the groove, and the channel 
length is detennined by the thickness of the epitaxial layer and the diffusions. At the time 
VMOS was invented, channel lengths achievable with this technology were much shorter 
than those that could be achieved with normal planar technology, becausethe epitaxial 
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Fig. 9.15 Twin-well CMOS structureat severalstagesof the process.(a) n-well ion implant;
(b) p-well implant; (c) nonselectivep+ source/drainimplant; (d) selectiven+ source/drainim-
plantusingphotoresistmask;(e) final structure.Copyright 1980IEEE. Reprintedwith permission
from ref. [10].
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Fig. 9.16 Groovefonnation in the surfaceof (100)silicon usinganisotropicetchingof silicon. 
(a) Top view; (b) cross section; (c) use of a groove in the fonnation of a YMOS transistor. 
Copyright 1977IEEE. Reprintedfrom ref. [12] with pennission. 

layer thickness was not limited by lithographic dimensions. Present-day MOS power 
transistors have improved and expanded the use of the ideas of the original VMOS 
structure. [13] 

9.5 SUMMARY 

In this chapterwe have exploredthe interactionof processdesignwith MOS device 
characteristicsand transistor layout, including the relationshipsbetweenprocessing 
parametersandbreakdownvoltage,punch-throughvoltage,thresholdvoltage,andjunc
tion capacitance.A low value of substratedoping is desiredto minimize junction 
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Fig. 9.17 Fabrication sequencefor the formation of VMOS transistorsfor use in memory 
circuits. (a) Buried-layerdiffusion; (b) epitaxialgrowth; (c) source/draindiffusion; (d) anisotropic 
etchandoxide growth; (e) metallizationandpatterndefinition. Copyright 1978IEEE. Reprinted 
with permissionfrom ref. [17]. 
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capacitance, substrate sensitivity, and junction breakdown voltage, whereas a high sub
strate doping is needed to maximize punch-through voltage. The use of ion implantation 
permits the designer to separately tailor the threshold voltage of the transistor. 

We have developed basic ideas relating minimum feature size and alignment toler
ancesand have discussed simple setsof layout design rules. The strong relation between 
layout design rules and the size of transistors has been demonstrated. Polysilicon-gate 
technology has been shown to result in a much smaller device area than metal-gate 
technology for a given transistor Z/L ratio as well as to minimize the parasitic gate ca
pacitance of the device. In addition, the polysilicon-gate process substantially reduces 
channel-length bias caused by lateral diffusion. 

A combination of ion implantation and diffusion is commonly used to form the p- or 
n-well required for CMOS technology. VLSI CMOS often uses twin-well processes 
which permit separate optimization of both the n- and p-channel devices. 
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PROBLEMS 

9.1 What is the maximumgate-to-sourcevoltagethat a MOSFET with a 10-nmgateoxide can 
withstand.Assumethattheoxidebreaksdown at 5 MV /cm andthatthesubstratevoltageis zero. 

9.2 Two n+ diffusedlines arerunningparallelin a substratedopedwith 1015boronatoms/cm3. 
The substrateis biasedto -5 V, andboth lines are connectedto +5 V. Using one-dimensional 
junction theory,calculatetheminimumspacingneededbetweenthelinesto preventtheirdepletion 
regionsfrom merging. 
9.3 Use one-dimensionaljunction theory to estimatethe punch-throughvoltageof a MOSFET 
with a channellengthof 1 ,urn.Assumea substratedopingof 3 x 1016/cm3anda substratebias 

of 0 V. 
9.4 Calculatethe thresholdvoltagefor the NMOS transistorwith the dopingprofile shownin 
Fig. P9.4. Assumean n+ polysilicon-gatetransistorwith a gate-oxidethicknessof 50 nm. 
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9.5 An n-well CMOS processstartswith a substratedopingof 3 x 101~/cm3. The well doping
nearthe surfaceis approximatelyconstantat a level of 3 x 1016/cm3.The gate-oxidethicknesses
areboth 40 nm.

(a) Calculatethe thresholdsof the n- andp-channeltransistorsusing eqs. (9.2).
\

(b) Calculatethe boron dosesneededto shift the NMOS thresholdto + 1 V and the PMOS
threshold to -1 V. Assume that the threshold shifts are achievedthrough shallow ion im-
plantations.Neglectoxide charge.

9.6 High-performanceNMOS logic processesusedepletion-modeNMOS transistorsfor load
devices.Thisrequiresa negativethresholdwhich canbeobtainedby implantinga shallowarsenic
or phosphorusdoseinto the channelregion. Calculatethe arsenicdoseneededto achievea -3-V
threshold in an n + polysilicon-gate NMOS transistor which has a substrate doping of 3 x 1016/cm3

and a gate-oxidethicknessof 50 nm.

9.7 Draw a compositeview of the situation resulting from a worst-casemisalignmentof the
masksfor the MOSFET layout shownin Fig. 9.10. Assumemetal alignsto thin oxide, andthin
oxide andcontactsalign to the diffusion.

9.8 Developa new setof groundrulesfor the metal-gatetransistorof Section9.2, assumingthat
levels2,3, and4 areall alignedto level 1.Redrawthetransistorof Fig. 9.10usingyour newrules.
In what ways is this layout betteror worsethan tllat originally given in Fig. 9.10?

9.9 Draw a crosssectionof a metal-gateNMOS transistoranda compositeview of its maskset,
assuminganaggressivelayoutwhich takesinto accountall lateraldiffusion. Assumea source/drain
junction depth of 2.5 JLmand assumethat lateral diffusion equals80% of vertical diffusion.
AssumeA is 2 JLmandZ/L = 10/1.

9.10 Draw the layout of a three-inputNMOS NOR-gatewith the dimensionsgivenon the circuit
schematicin Fig. P9.10.Be sureto mergediffusionswhereverpossible.Usethe moreaggressive
groundrules developedfor polysilicon-gatedevices.

VDD

~=!
5
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VA--j ~
~=.:?:.
L 1

Fig. P9.10

9.11 Our designrule examplesusedan alignmenttolerancewhich wasone-halfthe featuresize.
This ratio representsa very loosealignmentcapability.Developa new setof designrules similar
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to those of Fig. 9.11 for T = a and F = 4a. Draw the new minimum-size polysilicon-gate 

transistor using your rules. Compare the area of your transistor with the area of the transistor of 
Fig. 9.11 if A = 2a. 

9.12 An implant with its peak concentration at the silicon surface is used to adjust the threshold 
of an NMOS transistor. We desire to model this implant by a rectangular approximation similar 
to that of Figure 9.5. Show that Ni = Np 'IT/4 and Xi = Mp ~ by matching the first two 

moments of the two impurity distributions. 

9.13 A number of types of alignment test structures have been developed. [14.IS]Figure P9.13 

shows a simple test structure which can be used to measure the misregistration of the contact 
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