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An enhancement-mode device which is not turned off when Vo= 0 loses its ability to 

function as a switch. 
Similarly, the application of a drain voltage in short-channel devices can also cause 

drain-induced barrier lowering (DIBL). That is, the drain voltage can cause the surface 
potential to be lowered (Fig, 5-21),23, 71 As a resul~ the potential energy barrier at the 
surface will be lowered, and the subthreshold current in the channel region at the Si­
SiOz interface can be increased (5-21b). This implies that lost at the surface due to 
DIBL is expected to become larger as the gate voltage approaches VT, 

These two effects illustrate the complexity involved in modeling the overall 
subthreshold J. V behavior of short-channel MOSFETs. That is, both punchthrough 
current (in the bulk), as well as DIEL-induced current (at the surface), may 
simultaneously contribute to lost· 

Jo prevent punchthrough current in short-channel devices, the substrate doping can 
be increased to decrease the depletion-layer widths. These widths can be estimated using 
the formula for the width of a one-sided step junction: 

(5-17) 

where the built-in voltage, Vb;, given by 

Vbi = 0.56 + (kT/q) In (Ns/n;) ( 5 · 18) 

and where VA is the total applied voltage and NB is the doping concentration of the 
body, Figure 5-22 gives the depletion-layer width of pn junctions as a function of 
doping and applied voltage, 

However, increasing the substrate doping also increases the source-to-body and drain-

SOURCE 

0.0 Q_!J 1.0 1.1 1.2 L3 1.4 1.5 l.6 1,7 UI 1-9 

DISTANCE lMICRONSI 
0 5 10 15 20 25 

a) b) 

Fig. 5-21 (a) DIBL versus drain bias for short-channel MOSFET. (b) Experimental low­
current characteristics for a MOSFET with L ~ 2.1 µm, VsB ~ o.81 (© 1974 IEEE), 
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LO 

0. 10 '---'--'-'-'-~~--'-'~~~--'-'~ 
!0'17 

Fig. 5-22 Dcpletion~Jaycr width of a onc~sidcd step function as a function of doping and 
applied voltngc calculated from Eqs. 5-17 and 5-18. 

to-body junction capacitances, as well as the body factor. In addition, it reduces the 
breakdown voltages of the source/drain junctions. To avoid these drawbacks, an 
additional boron implant ( whose peak concemration is located at a depth near the 
bottom of the source-drain regions) can be performed. This additional doping reduces 
the lateral widening of the drain-depiction region below the surface without increasing 
the doping under the junction regions. With such implants, the component of the 
punchthrough current can be suppressed to well below the normal lost current of the 
device. 

For example, in Fig. 5-23, a 1.2-µm device with a body doping of l.9xJ015 cm·3 
without such a punchthrough-slopping implant shows a large value of lost even when 
VG = 0 V (curve A). This indicates that the device is already exhibiting punch­
through.26 Implants of boron with a dose of 8xI011 atoms/cm2 and different energies 
are then performed in an attempt to reduce lost to the values exhibited by a long­
channel device (curve B). If the implant is too shallow, the extra implant has the effect 
of shifting the VT of the device to well beyond the desired value. When the energy is 
increased so that the implant is sufficiently deep, the value of lost drops to that 
exhibited by the long•channel device. At the same time, the surface concentration 
remains essentially unchanged, so that VT is not appreciably shifted. 

In another example, the S.S. of a device without a punchthrough-prevention implant 
is measured as iLs length is varied (Fig. 5-24a). Al an Lerr of -0.85 µm the S.S. staris 
lo increase, indicating that punchthrough current begins to dominate lost· By adding an 
implant step that places boron atoms in the dashed subsurface region shown in Fig. 
5-24b, the punchthrough component of lost is suppressed so that it is not observed 
until Leff becomes nearly as small as 0.5 µm. 
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Fig. Sw23 Drain current versus gate voltage for n~clrnnncl devices with a substrate doping 
of 1.9x1015 atoms/cm3. source/drain junctions 0.47*µm deep, 575 A gate oxide, drain 
voltage of 5 V, and Vas of O V. Devices A and B have no channel implant, and devices C 

and E have a boron channel implant of 8x!Oll atoms/cm2 at various energies.26 (© 1978 
IEEE). 

5.5.3 Short-Channel Effects on l•V Characteristics 

The 1-V characteristics of short-channel devices arc significantly altered in three ways. 
First, the combined effects of reduced gate lengtl1 and gale width produce a change in 
VT, Second, the channel lenglh is modulated by the drain voltage when the device is in 
saturation (i.e., Vos> [VG - VT]), causing an increase in device gain over !hat predicted 
in an ideal long-channel device (channel-modulation effecl). Third, the mobility of 01e 
carriers in the channel is reduced by two effects, which also reduces lo. (The two effects 

arc the mobility-degradation factor, due to the gate field, and the velocity-saturation 
factor). 

Figure 5-25 shows the l-V characteristics of an MOS devicc.28 The curves in Fig. 
5-25a arc those of an ideal long-channel MOS device, while those in Fig. 5-25b show 
the effect of adding the channel modulation factor. Figure 5-25c shows the combined 
effect of adding the mobility degradation factor to those of Fig. 5-25b. The velocity 
saturation factor also has the effect of making the both lo and g01 independent of 
channel length in silicon MOS transistors for Leff$ 1.25 µm. More details on these 
effects arc provided in suitable device physics texts.1,3,28 
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A general guide to the design of short-channel MOSFETs is given in references 62 
and 69. In addition, a simple engineering model for short-channel devices has also been 
developect.68 Its purpose is to provide a simple picture of the essential electrical 
behaviors of the short-channel MOSFETs from the perspective of a circuit designer. 
That is, this engineering model relates the tenninal voltages to the drain current, much 
as Eqs. 5-8 and 5-10 yield the I-V characteristics for long-channel MOS devices. 
Consequently, device designers who need to relate device and process parameters to 
circuit parameters should also find this model useful. 

5.5.4 Summary of Short-Channel Effects on the 
Fabrication of MOS ICs 

In the first section of this chapter, we showed that the use of lightly doped substrates 
generally produced optimum device behavior in long-channel MOS transistors. In this 

I:~) I 
i -I ~ . /bl ' 

f 120-l /fC) \ . ' I I I 100 Gate Voltage (Vg) 

80 

Al 

0.5 0.7 0.9 11 13 
Elec11ica1 ch11t1ne, length (µrn) 

Source v G Vo R I Drain 

---=--11~1~~;; :···.·.-··.-c·, _j~: ~~~;; 
- - - ~ ~ Depletion region 
Punchthrou(h" ; , · / 

Bl Region 
11

- __ _j!f __ _ 
Implant p-we 

Fig. 5-24 (A) Subthrcshold slope versus electrical channel length for NMOS devices (VTn = 
= 0.7 V), having a common threshold adjustment implant and punchthrough implant doses of: 
of: (a) zero; (b) 2x1011 cm•2; and (c) 3x101 I cm·2.27 Reprinted with permission of 
Semiconductor International. (B) NMOS cross~section with implant placed into 
punchthrough region. 
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Fig. 5-25 The I-V curves of an MOS device showing the the effects of progressively 
increasing short~channcl behavior. (a) Long-channel behavior. (b) With channel-length 
modulation. (c) Addition of velocity saturation.28 (© 1986 IEEE). 

section we noted that higher substrate doping is needed to overcome some of the 
detrimental impacts of short-channel effects. Thus, trade offs need to be made in 
selecting the proper substrate doping-concentr'ation values to achieve optimum short• 
channel MOS device performance. Some of these trade offs are discussed by 
Kakumu,29 who points out that a higher substrate doping concentration produces 
decreased ring-oscillator gate delay in submicron CMOS because of increased junction 
capacitances and decreased carrier mobility (due to increased impurity scattering). 
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5.6 HOT-CARRIER EFFECTS IN MOSFETs 

If device dimensions are reduced and the supply voltage remains constant (e.g., 5 V), the 
lateral electric field generated in MOS devices increases. If the electric field becomes 
strong enough, it can give rise to so-called hot-carrier effects in MOS devices. This has 
indeed become a significant problem in NMOS devices with channel lengths smaller 
than 1.5 µm (and in PMOS devices with submicron channel lengths).30 Hot-electron 
effects arc more severe than hot-hole effects because of the higher electron mobility. 
Therefore, we begin our discussion by considering hot-electron effects in n-channel 
devices. At the end of this section we will also discuss the impact of hot-carrier effects 
on p-channel devices. 

The maximum electric field, EM, in a MOSFET occurs near the drain during 
saturated operation. A rigorous calculation of the field near the drain is a complex 
procedure, requiring a computer-aided solution of the two-dimensional Poisson equation, 
with the results of one such ana1sis being shown in Fig. 5-26. Nevertheless, the 
value of EM can be estimated from 2 

where 
EM = (Vos - Vosat) / m 

m = 0.22 l,,x 1/3 / xj'l/2 

( 5 • 19) 

(5-19a) 

and l,,x is the gate oxide thickness and xj' approximately corresponds to the source/drain 
junction depth. Although Vosat depends on Leff, the dependence is weaker than a linear 
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---,-G>-'-«-----r-1 _ _:~ 
0.1 0<2 0.3 0,4 0.5 0.6 0.7 0.8 

' Conventional ~,,t rt ..... __ 
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I\ LDD 

I 
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0, ! 0.2 0.3 0.4 0.5 0.6 0./ 0.8 
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Fig. 5*26 Magnitude of the electric field at the Si-Si02 interface as a function of distance: 

L = 1.2 µm, Vos= 8.5 v. Vos= VT-38 (© 1980 IEEE). 
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Fig. 5~27 Hot~carricr generation and current components.©- Holes reaching the source. 
@· Electron injection from the source.@• Substrate hole current.©• Electron injection into 

the oxide. 

relationship (especially if Leff> l µm). Thus, we can see that EM increases as device 
dimensions shrink, but this is due to thinner gale oxides and shallower junctions, as 
well as to the reduction in Leff• 

Regardless of the factors that increase their magnitude, such high electric fields cause 
the electrons in tire channel lo gain kinetic energy and become "hot" (i.e., their energy 
distribution is shifted to a much higher value than that of electrons which arc in thermal 
equilibrium with the lattice). Such hot electrons (which become hot near the drain edge 
of the channel, since that is where EM exists) can cause several effcclS in the device. 
First, those electrons that acquire 2':1.5 eV of energy can lose it via impact ionization, 
which generates electron-hole pairs. The total number of electron-hole pairs generated 
by impact ionization is exponentially dependent on the reciprocal of the electric field, -
1/EM. In the extreme, this electron-hole pair gcnerntion can lead to a form of avalanche 
breakdown (Process 1, shown in Fig. 5-27). Second, the hot holes and electrons can 
overcome the potential energy barrier between the silicon and the Si02 (-3.1 eV), 
thereby causing hot carriers to become injected into the gate oxide. Each of these 
events brings about ilS own set of repercussions. 

5.6.1 Substrate Currents Due to Hot Carriers 

When electron-hole pairs arc created by impact ionization, the electrons are normally 
attracted to the drain, and they add to the drain current. The holes, on the other hand, 
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enter the substrate and constitute a pan of the parasitic substrate current (Process 3 in 
Fig. 5-27). This substrate curren~ lsub, can itself produce several problems: 

• If a substrate bias-generator circuit is included on-chip, !he output of !he bias 
generator will be less negative wilh increasing substrate current. 

• If some of lhese holes are collected by !he source (instead of by !he body 
contact), and this collected hole current causes a voltage drop in the substrate 
material on !he order of 0.6 V, !he substrate-source pn junction will conduct 
significantly. Electrons will !hen be injected from the source to the substrate, 
just like electrons injected from emitter to base of an npn transistor (the forward 
injection shown in Fig. 5-27). These electrons can, in tum, gain sufficient 
energy as they travel toward !he drain to cause additional impact ionization and 
create new elec1ron-hole pairs. A positive-feedback mechanism thus exists, one 
that can sustain itself if the drain voltage exceeds a certain value. This is 
observed extemalJy as a form of breakdown, referred to as a snapback breakdown. 
A particularly clear explanation of this effect, including the reason for the 
negative-resistance, or "snapback," portion of the curves, is given in reference 3. 

• As some of the holes are accelerated through the drain-substrate depiction 
region, they may acquire enough energy to cause secondary impact ionization. 
This will create electrons far from the drain region. Some these electrons, 
instead of being collected by the drain, may escape the drain field and instead 
travel (sometimes hundreds of microns) to other nodes on the chip. This may 
lead to a reduction of the storage time of dynamic circuit nodes in DRAMs (i.e., 
manifested as a degradation of the refresh time).33 This excess electron current is 
reported to be around 10-4 times smaller lhan the substrate ionization impact 
current itself. 

• lsub may induce latchup in CMOS circuits. 

The magnitude of the subSlrate current depends exponentially on !he value of EM. An 
example of how lsub depends on decreasing channel length is seen in Fig. 5-28.34 

This shows !he maximum lsub generated at a voltage of 5 V versus the effective 
channel length for MOS transistors processed with the same technology. The 
magnitude of !sub would increase even more rapidly with shrinking Leff if !he oxide 
lhickncss and junction deplh were scaled together with !he channel length. 

5.6.2 Hot-Carrier Injection into the Gate Oxide 

The hot holes and electrons that are injected into the gate oxide cause another set of 
problems. First, some of these carriers pass to the gate electrode (mostly hot holes) 
and thus constitute a gate current, lo, typically in the fA (10·15 A) range. For higher, 
but still nondestructive, biases, the gate current can grow rapidly to become several pA 
(10•12 A). 
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However, some fraction of the hot carriers injected into the gate oxide do not reach 
the gate electrode. This is because the gate oxide contains empty electron states (also 
known as traps), which can be filled by the injected hot carriers. Such occupied traps 
generally become electron traps, even if they are initially filled with holes. As a result, 
there is a negative charge density caused by the trapping of the hot carriers in the oxide. 
This trapped charge acts like a contribution to the fixed oxide charge term in the 
expression for the device threshold voltage. Furthermore, the trapped charge accumulates 
with time. Due to the polarity of the trapped charge, the resulting shift in the n­
channel device threshold voltage is positive (i.e., VT increases in NMOS devices). If lo 
becomes of the order of pA, the trapping of a fraction of the electrons injected into the 
oxide can become a significant effect (the fraction that gets trapped is ~ I in 106 injected 
electrons). As a result, this increase in negative stored charge can lead to a permanent 
change in VT in the MOSFET. (The means by which charge in the oxide impacts VT 

was described earlier.) 

EXAMPLE 5-6: VT Shift due to Hot-Electron Effects. Given a short­
channel NMOS device with lox = 20 nm, a gate width of 5 µm, and a gate current of I 
nA that is momentarily caused by hot carrier injection. The current flows through a 
region of the gate oxide near the drain end which is 5 µm wide, and 0.2 µm Jong. 
Assume that 1 in 106 electrons of the gate current becomes trapped at an average 
distance of 0.1 lox from the Si-Si02 interface. How long does the gate current have to 
flow to change VT by 0.1 V in the region where the injection is occurring? 

1000 

i Vo" 5.0V ,_ 
ffi 100 
a: 
a: 
::, 
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~ 
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Fig. 5~28 The maximum substrate current due to impact ionization produced at a drain 
voltage of 5 V vs effective channel length for 250A gate oxide transistors.34 ((!;) 1986 IEEE). 
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SOLUTION: The gale current of 1 nA produces a current density across the injection 
area of 

10-9 nA /lxl0•8 cm·2 = 0.1 A cm·2 

Since 1 in 106 electrons become trapped, lhe rate of charge trapping, J0 ,, in lhc gate 
oxide is 0.1 x 10-6 = 1 xI0-7 C sec-1 cm·2. The shifl in VT due to the trapped charge 
in lhe oxide can be found from 

LI VT = ( I/Cox) (0.9 l,,x/lox ) L!Qtot 

or, solving for L!Qtot, 

L!Qtot= Cox LIVT/0.9 = [l.7xt0·7 x 0.1)/0.9 

= 1.89 x 10·8 C/cm2 

The time, l, necessary to trap this quantity of charge is 

t = L!Q10JJ0 , = 1.89xJ0·8/lxl0-7 = 0.19 sec 

5.6.3 Device-Performance Degradation Due to 
Hot-Carrier Effects 

The increase that occurs in VT leads to other changes in the MOS characteristics. First, 
the saturation current decreases because (Vo. VT) becomes smaller (Fig. 5-29a).77 

Second, as the substrate current increases, the transconductance decreases. Finally, since 
lhe trapped charge accumulates wilh time, the device performance will become 
unacceptable for a given application after a certain time of device operation. 

A device lifetime, t, can therefore be defined by selecting the maximum percentage 
of allowed degradation in lhe critical device parameter. It has been found, however, lhat 
lhis lifetime (regardless of whether VT or gm is monitored) can be related to lsub by a 
power-law relationship (i.e., ~ is observed to be inversely proportional to lsub when 
plotted on a log-log plot). Figures 5-29b and c show t as a function of Isub for: (a) t is 
defined as a 10-mV shift in VT; and (b) tis defined as a 10% degradation in 8m-

This has led lo accelerated testing techniques that stress lhe devices with higher drain 
voltages lhan would be used in normal operating conditions.35 A larger lsub is thereby 
produced, leading to shorter times to device failure (i.e., possibly defined by a 10-mV 
shift in VT or a 10% degradation in gm)- The time to failure under normal operating 
drain voltages (~) is then extrapolated from lhcsc data using curves as shown in Figs. 
5-29b and 5-29c.36,37 Device design can lhen be modified to yield a desired lifetime 
(typically, lO years) under nonnal operating conditions. 
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Fig. 5-29 (a) Degradation of IDSsat after strcssing.77 (© 1984 IEEE). Degradation of 
other device~performance parameters as a function of substrate current (!sub): (b) Lifetime 
defined as a 10-mV shift in Vy; (c) Lifetime defined as a JO-percent degradation in 8m• 
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5.6.4 Techniques for Reducing 
Hot-Carrier Degradation 

Device perfonnance degradation from hot electron effects can be reduced by a number of 
techniques. These include the following: 

• The voltages applied to the device can be decreased (e.g., by lowering the 
power-supply voltage from 5 V to 3.3 V). The decision to implement this 
reduction, however, is not in the hands of the device designer or fabricator. The 
issue of reduced supply voltages for submicron MOS technologies is covered in 
chapter 6, section 6.7 .2. 

• The time the device is under the voltage stress can be shortened (e.g., by 
using a lower duty cycle and clocked logic). 

• Appropriate drain engineering design techniques, which results in special drain 
slructurcs that reduce hot electron effects in MOS devices (i.e., double-diffused 
drains and lightly-doped drains), can be implemented. 

• The density of trapping sires in the gale oxide can be reduced through the use 
of special processing techniques. 

• Thin, lightly doped epitaxial-layers on low-resistance substrates can be employed 
to shunt away substrate current and help eliminate the problem of impact-ioni1,a­
tion-induced la!Chup. 

We will next discuss the details of the latter three approaches since their implement­
ation is the task of device and process engineers. 

5.6.5 lightly Doped Drains (LDD) 

It has beer! determined that hot-carrier effects will cause unacceptable performance 
degradation in NMOS devices built with conventional drain structures if their channel 
lengths arc less than 2 µm. To overcome this problem, such alremative drain slructurcs 
as double-diffused drains and lightly doped drains (LDDs) must be used. The purpose of 
both types of slructurcs is the same - namely, to absorb some of the potential into the 
drain and thus reduce EM. Double-diffused drains, however, are less effective for short­
channel devices (i.e., ;s;1.25 µm) because they cause deeper junctions and more overlap 
capacitance. We will thus restrict our discussion to LDDs. Table 5-2 shows the 
evolution in AT&T's Twin-Tub CMOS technology, with respect to such drain 
slructures.30 

In the LDD slructure, the drain is fonned by two implants (Fig. 5-30). One of these 
is self-aligned lo the gate electrode, and the other is self-aligned to the gate electrode on 
which two oxide sidewall spacers have been fonned. (An exrensive report on the details 
of sidewall spacer technology for both MOS and bipolar devices can be found in ref. 
66.) The purpose of the lighter first dose is to fonn a lightly doped section of the 
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Table 5.2 Evolution of Device Structures In AT&T's Twin-Tub CMOS 
Technology Development30 (Twin-Tub VI announced in 1989)83 

Twin-Tub! Twin-Tub II Twin-Tublll Twin-Tub IV Twin-TubV Twin-Tub VJ 

Design Rule 3.5µm 2.5µm 1.75 µm 1.25 µm 0.9µm 0.6µm 
Lorr 2 µm 1.5 µm 1.3 µm 1.0µm 0.75 µm 0.4µm 

to, 600A 35oA zsoA 200A 1soA 12sA 

Device Conventional Conventional DDD LDD N&PLDD N&PLDD 
Structure 

drain at the edge near the channel. In NMOS devices, this dose is normally l-2xl013 
atorns/cm2 of phosphorus. 

The value of EM is reduced by this structure because the voltage drop is shared by 
the drain and the channel (in contrast to a conventional drain structure, in which almost p "';~;:.,o, 9 
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Fig. 5-30 (a) Process sequence used lo form lightly doped drain (LDD) strncturcs. (b) 
Doping profile in an LDD structure taken through section A - A. (c) Doping profile in a 
conventional drain structure taken through section B - B. 
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the entire voltage drop occurs across the lightly doped channel region), Figure 5-25 
shows the electric-field profile at the drain of a MOSFET, both with and without an 
LDD slructure,38 We see that the electric field can be reduced by about 30-40%, Since 
the hot-electron-induced gale currents are exponentially dependent on EM, this is 
sufficient to reduce currents by many orders of magnitude. As a result, the stability of 
the device is greatly increased. To ensure a high quality interface under the sidewall• 
spacer oxide, it is important that the thermally grown gate oxide remain in place after 
the polysilicon gate etch. This requires a polysilicon etch process with high selectivity 
to oxide, since the gate oxide is typically less than 20 nm. 

The heavier, second dose forms a low resistivity region of the drain region, which is 
also merged with the lightly doped region. (In NMOS devices this implant is typically 
arsenic at a dose of about 1x1015 atoms/cm2.) Since it is further away from the 
channel than would be the case in a conventional drain slruclure, the depth of the 
heavily-doped region of the drain can be made somewhat greater without adversely 
impacting the device operation (e.g., 0.3 µm deep versus 0. 18 µm deep), The increased 
junction depth lowers both the sheet resistance and the contact resistance of the drain 
(see chap. 3). Deeper junctions also provide better protection against junction spiking, 

The disadvantages of LDD s1ructures are their increased fabrication complexity 
compared to conventional drain structures and the increased parasitic resistance of the 
source and drain regions caused by the lightly doped regions of the drain. This increase 
in parasitic channel resistance results in devices that dissipate more power for a constant 
applied voltage. 

The effect on the lo• Vos curves of the MOSFET due to the additional voltage drop 
across the two ligh,ly doped regions is that lo does not saturate until a higher value of 
Vos is applied. Due to the extra series resistance, the total channel conductance is 
appreciably lower in the linear region, but only slightly lower in the saturation region. 
This is because the channel region in saturation already has a high channel resistance, 
while in the linear region the resistance is much lower. The additional series resistance 
of the LDD therefore does not significantly increase the total resistance of the MOSFET 
in saturation, and Io remains less affected, Consequently, the drain current is reduced 
more significantly in the linear region than in the saturation region,) 

The J. V curves for LDD devices arc consequently recognizable by their 
characteristically round shape, as shown in Fig. 5-31, curve 6. These curves also 
illustrate progressively the other short-channel effects described in section 5,5, 
beginning with the l-V curve of an ideal long-channel MOS device (Curve 1). Thus, 
curve 6 shows the 1-V curve of a short-channel MOSFET with an LDD. 

5.6.5.1 Drain Engineering for Optimum LOO Structures. A proper 
LDD design should provide adequate hot-carrier protection while not introducing 
excessive source/drain resistance, which would degrade the device performance, The 
design and fabrication effort undertaken to achieve such an optimum LDD structure is 
referred to as drain engineering; this as we shall see, is a relatively complex task. A 
thorough approach to designing adequate hot-electron protection would entail addressing 
all of the following objectives: 
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Fig. 5~31 Progressive influence of short~channel effects and LDD on the characteristics of 
an ideal, long channel MOSFET (Curve J). Curve 6 shows the I-V curve of a short channel 
MOSFET that is also fabricated with an LDD, while Curve 5 shows the characteristic of the 
same device without an LDD.28 (© 1986 IEEE). 

1. Reducing the maximum electric field in the silicon as much as possible. 
2. Ensuring that the injection position (i.e., the EM point) is located under the 

gate edge. 
3. Ensuring that the impact ionization region is pushed far below silicon surface 

to reduce the possibility of hot carriers reaching the Si-Si02 interface. 
4. Separating the point where the electric field in the silicon is a maximum from 

the point of maximum current flow in the channel. 
5. Minimizing the increase in the parasitic resistance due to the LDD structure. 

The degree by which EM is reduced (Objective #1) depends primarily on the doping 
value of the lightly doped extension of the drain, as well as on its length. If the doping 
level is too high, the value of EM is not sufficiently reduced, and hot-electron 
protection is not provided. If the level is too low, the drive-current capability of the 
device is severely reduced, and the surface will easily be depleted by the hot carriers that 
do get trapped in the gate oxide above it (i.e., the device will again be vulnerable to hot­
electron degradation). A model which calculates the electric field in LDD structures has 
been published.72 It concludes that the lightly doped region should be long enough to 
attenuate the electric field to a value that is below the critical ionization field, but 
should still be short enough to keep the series resistance from becoming excessive. In 
early LDD structures in NMOS this meant that the primary parameters selected were the 
n· length and its doping conceniration.39 
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A process for fanning LDD structures in either or both PMOS and NMOS structures 
in CMOS with only two photomasks was reported by Parrillo, ct al.40 An extension of 
this process also uses removable TiN gate sidewall spacers and incorporates self­
alignment of the lightly doped regions to their respective gates without 
overcompensation (Fig. 5-32). Another example LDD structure in 0.8-µm CMOS is 
given in reference 4 I. 

To keep the location of the EM point under the gate (Objective #2) and yet maintain 
high drivability requires the proper combination of gate-drain (g/d) overlap length and 
spacer length. The g/d overlap length should be long enough to let the EM point lie 
under the gate, and the spacer length should be short enough to let then+ region reach 
under the gate. In general, for process controllability, if a 0.3-µm-thick polysilicon 
film is used for the gate, a 0.2-µm-widc spacer is selected. 

To attain Objective 113, a metal-coated LDD structure has been developc-0.42 It uses 
a deeper n· phosphorus profile than the n• source-drain (arsenic), in order to steer the 
maximum current path away from EM (Fig. 5-33b). 

A buried LDD structure has also been proposed to reach Objectives 113 and #4. This 
structure uses a retrograde LDD profile, with the peak concentration below the Si 
surface (Fig. 5-33c). Besides a reduction in substrate current similar to the metal-coated 
LDD, this profile also suppresses hot-carrier injection by driving the current away from 
the surface and shifting the avalanche region further into the bulk silicon. 

The buried LDD approach together with an additional shallow arsenic implant (Fig. 
5-34d), may allow NMOS transistors of 0.6 µm to be built with adequate hot-electron 
protection and with minimal the increase in parasitic resistance due to the LDD 
structure (Objective 115).30,43,44 The idea is to fonn an abrupt profile at the silicon 
surface underneath the spacer to reduce the series rcsistnnce. The buried LDD profile is 

r"-- ..• r •wmiQITii._ 1 • wn, 
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PWELL H WEU 

Fig. 5-32 Process sequence showing the TiN removable spacer process. (© 1989 IEEE). 
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Conventkma! LOO 

M•LDO (mctell coatod LOO) 

BLOO (burlod 1.00) 

Dl·LOO (double implant LOO) 

In.DD {lnYOfllod T gale LOO) 

GOLD (galtHira!n ovQflapp«I LOO) 

Fig. 5.33 Conventional LDD drain engineering and some of its variations - all designed 

to reduce hot-carrier effects - are shown.30 (© 1986 IEEE). 

used to force the main current path and the impact-ionization region deep into the 
silicon. There are two peaks in the lateral electric-field distribution, and the maximum 
current path is through the saddle point of these two high field regions. Thus, this 
device structure improves both the current drive and the hot-carrier resistance. A further 
modification of the buried LDD is the sloped-junction LDD (SJLDD), shown in 
Fig. 5-33e.45 In this structure a 165-keV phosphorus implant is used to form the 
lightly doped drain region; this provides improved device lifetime under high field 
stress. The main reason for the improvement is that hot-carrier generation is driven 
further away from the Si-Si02 interface by the junction of the SJLDD. 

5.6.5.2 Asymmetrical Characteristics of LDD MOSFETs. Formation 
of the lightly doped regions of LDDs is accomplished by means of ion implantation, 
with the polysilicon gate used as the implant mask. This can cause asymmetric doping 
of the source and drain regions,46,64 with such asymmetry occurring as a result of 
implanting off-axis (typically, at an angle of 7°) to avoid channeling (see Vol. l, chap. 
9). This produces lateral shadowing (S in Fig. 5-34) of the substrate on one side of the 
poly gate, and penetration of dopants through the leading corner of the poly on the other 
side. The problem is compounded by etch processes that produce a re-entrant angle in 
the poly gate sidewall (Fig. 5.34 • poly etch process A.) The impact of this effect on 
the device characteristics can be examined by considering the implants to the lightly 
doped and the heavily doped regions separately. 
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S, Lateral Shadowing (A) 

" l>OlV•OCI< 
H!OCfSS fl 

C:J 

e, Implant Angle (Degrees) 

Fig. 5~34 Percent asymmetry in saturated drain currents (Vos :::t:. Vas = 5 V) versus 

source/drain implant angle for LDD NMOS devices having reentrant~ and vertical-wall 
polysilicon gates. Insert schematically shows source-non-overlap (SNO} and drain-overlap 

(ONO) 1-V behavior.40 (© 1986 IEEE). 

If the implant that fonns the lightly doped region of the drain (usually phosphorus in 
NMOS devices) is done off-axis, the as-implanted region in the shadow of the gate will 
have its edge displaced from the gate edge. As a result, there will be no overlap of the 
implanted region and the gate edge. Even after a drive-in step, the overlap of this edge 
with the gate will be less than the overlap of the nonshadowed implant region edge and 
the gate. If the less-overlapped side is used as the source, the extra resistance introduced 
will reduce the drain current Oosno in Fig. 5-34), thus degrading circuit speed. 
However, if the drain side has less overlap, the extra resistance will not affect lo (curve 
lodno in Fig. 5-34). The asymmetry in drive current when the same device is connected 
in these two ways can be as much as 40%; this can be catastrophic in circuits that 
require closely matched device characteristics. 

The problems arising from such n- implant-shadowing can be alleviated by one of 
the following measures: 

• Insuring that the poly-etch process produces vertical sidewalls in the poly 
gates. 

• Avoiding excessive reoxidation of the polysilicon after its definition (note 
that this also prevents a gap from being established between the drain region 
edge and the edge of the gap). A dry-oxidation step is often employed to reduce 
the accelerated oxidation rate on n+ polysilicon. 

• Implanting with a vertical implant through a screen oxide27 (which reduces 
!he channeling that would otherwise occur when a vertical implant is perfonned). 
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• Using a poly-etch process that produces a slight positive bevel to the poly 
sidewall profile, and combining this etch with a smaller angle (3° vs 7°) off­
axis implanL 46 

Let us next examine how the implantation of the heavily doped region impacts the 
structure of the LDD. If an off-axis implant is again used with the heavily doped 
implant, asymmetric implant effects can again alter the LDD structure. That is, on the 
side of the gate that is not shadowed, the arsenic atoms penetrate the leading comer of 
the spacer and thereby enter the substrate under the spacer to some extent lf the spacer 
is too narrow, this can wipe out the lightly doped drain-extension region. When this 
happens, the device can lose the hot-carrier protection that was to be provided by the 
LDD structure, and it will become vulnerable to degradation by hot-carrier effects. To 
avoid this, the spacer must be sufficiently wide. Some guidelines for choosing the 
proper spacer width to deal with this problem are given in reference 47. 

The general problem involving the gate-to-drain overlap with respect to its impact 
on the MOSFET characteristics was reviewed by Ko, et at.48 It was observed that the 
critical dimensions in drain structures having weak overlap (WO) to the gate were only 
tens of nm in devices in which Leff= 1 µm. In general, the drain current decreases as 
the overlap is weakened, a double hump appears in the substrate current of asymmetrical 
WO devices, and the reliability of the WO devices can be lower than devices having 
adequate overlap. To avoid random degradation of device performance by WO effects 
that arise as a result of process variations, stringent process-control measures must be 
exercised when submicron devices are fabricated. 

5.6.6 The Impact of IC Processing on 
Hot-Carrier Device Degradation 

The lifetime of a device in which the hot-electron degradation impacts device 
performance can be increased by keeping the number of trapping centers in the gate 
oxide to a minimum. In essence, this reduces the density of states that the hot electrons 
injected into the oxide can occupy. Maintaining a minimum number of trapping 
centers can be achieved in several ways during the device-fabrication process sequence. 
First, the gate oxide should be grown by a process that produces low interface-trap 
densities (such processes are described in Vol. 1, chap. 7). It has also recently been 
reported that the incorporation of optimized amounts of fluorine during the gate-oxide 
growth process suppresses interface-state generation during injcction.49 Second, the 
degradation of the oxide caused by damage during process steps carried out in a plasma 
environment should be minimized (damaging processes include plasma-enhanced CVD 
of oxides and nitrides, RIE, and sputter deposition of metal). Finally, the amount of 
hydrogen that is incorporated at the Si-Si02 interface should be reduced. The latter two 
topics will be considered in more detail here. 

In typical CMOS processing, most of the damage created by RIE or ion implantation 
is annealed out at a high temperature (above 800°C) before metallization. Once the first 
layer of aluminum is deposited, however, the maximum annealing temperature is 
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limited to -450°C. It has therefore been reported that the RIE of the second layer of 
metal in multilevel metal processes deteriorates the device-aging characteristics. It has 
been found that while a subsequent anneal performed at 375°C is ineffective in 
annealing out this damage,50 an anneal at 450°C improves device-aging characteristics. 

Excess hydrogen at the Si-Si02 interface is also reported to be a culprit in increasing 
the density of the interface states. In most cases, hydrogen is used to fill the dangling 
bond, forming Si-H at the Si-Si02 interface. However, the Si-H bond can be easily 
broken by injected hot electrons. Furthermore, excess hydrogen introduced during 
processing can diffuse to the interface and lead to enhanced bond-breaking behavior. 
Such excess hydrogen can arrive during the final sinter step before passivation (i.e., in 
H2 or Nz + 5% Hz), or during the deposition of a conventional silicon nitride 
passivation layer. It has therefore been reported that sintering in pure Nz produces 
devices with a lower device degradation rate.SI Similarly, it has been reported that 
when a fluorinated nitride (F-SiN) is used as a passivation layer,50,52 devices exhibited 
slower degradation rates than those seen in devices with conventional SiN passivation 
layers. F-SiN films can be produced by incorporating NF3 in the deposition process to 
form an Si-F bonding structure instead of Si-H in this film. 

The presence of fluorine in the gate oxide (possibly inadvertently originating from a 
BF2+ source/drain implant implant) has recently been reported to increase the hot 
electron resistance of devices fabricated with such oxides.74 Other reports confinn that a 
deliberate incorporation of fluorine into the gate oxide (from implanting fluorine into a 
polysilicon film, and then diffusing it into the gate oxide) produces a more hot-electron 
resistant interface.78,79 

5.6.7 Hot-Carrier Effects in PMOS Transistors 

Hot-carrier effects are not significant in PMOS transistors at channel lengths greater 
than I µm because the impact-ionization rate of holes is 3 to 4 orders of magnitude 
lower than that of electrons at a given electric field. 53 At submicron channel lengths, 
however, hot-electron effects in PMOS start to become important. It has been reported 
that two hot-carrier effects predominate in such PMOS devices. Both are caused by hot 
electrons that are generated by impact ionization and are then injected into the oxide, 
becoming trapped. Hot holes do not appear to cause significant effect, unless a device 
is stressed at large magnitudes of Va. In PMOS devices, the gate-bias polarity favors 
electron injection {which is opposite to that in NMOS) but retards the injection of 
holes. 

In the first degradation effect, these electrons are trapped near the drain and shorten 
the effective channel length. This reduction in Leff is even more severe in the buried­
channel PMOS devices (used in CMOS technologies that have an n+ polysilicon gate), 
because their buried-channel nature makes them more vulnerable to source-drain 
punchthrough,54 and consequently increases subthreshold leakage, This effect is called 
hot-electron-induced punchthrough (HEIP). 

The second effect was observed in PMOS devices with p+, as well as n+, polysilicon 
gates. In these devices, the injected and trapped hot electrons also produce VT shifts 
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(which reduce the magnitude of VT) and increases in the transconductance, Sm· 
Nevertheless, contrary to what occurs in NMOS, in PMOS these effects tend to 
saturate. This is explained by the fact that the electrons trapped near the drain reduce the 
electric field present there in PMOS devices.55 As a resul~ this effect does not appear 
to limit PMOS devices fabricated with p+ polysilicon gates as long as Leff is 2'.0.6 
µm.56 Still, LDD structures appear IO be needed for p-channel devices fabricated with 
n• polysilicon gates when Leff gets to be 0.8 µm or less.54,5? 

The LDD structure also helps to reduce subthreshold leakage in PMOS devices, 
where excessive junction depths caused by lateral diffusion have been a problem. The 
use of LDD basically increases Leff, hence compensating for the Leff reduction caused 
by hot-electron injection. A new LDD structure for PMOS devices, called a halo WD, 
is described in reference 63. In this structure, a deeper phosphorus implant is placed 
below the lightly doped drain-extension p-type implant The punchthrough resistance 
of the PMOS device is reported IO be significantly improved by this LDD structure. 

5.6.8 Gate-Induced Drain-Leakage Current 

Another type of leakage current between drain and substrate in thin gate-oxide (12-28 
nm) MOS devices has been observed at drain voltages much lower than the breakdown 
voltage.58,59 This is not really a hot-electron-induced effect, but since it uses LDD 
structures to reduce its magnitude, we describe it in this section. The basis of this 
current is band-to-band tunneling that occurs through the gate oxide into the deep 
depletion layer in the gate-to-drain overlap region. It has been reported that in order for 
this leakage current to limited to less than 0.1 pA/µm 2, the oxide field in the gate-to· 
drain overlap region must be limited to 1.9 MV /cm. LDD structures are effective in 
reducing this leakage current, but only if the doping in the n· extensions is less than 
1018/cm3. Buried LDD structures with the peak of then concentration at several 
hundred angstroms beneath the Si-SiO2 interface appear to be even more effective than 
conventional LDD structures in reducing the effect. This effect is predicted to become 
more of a problem as devices continue to be scaled • that is, if a IO-nm-thick gate oxide 
is used, the E-field will be less than 1.9 MV/cm in the oxide only if a 3.1 V power 
supply is used. 
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PROBLEMS 

5.1 (a) A p-channcl MOS transistor is fabricated on an n substrate doped with J 015 

phosphorus atoms per cm 3, and a gate oxide which is 1000 A thick. Calculate the threshold 
voltage if ~m, = -0.6 cV and Q,0 , = 5x1ot l cm·2. (b) The tlrrcshold voltage of tl1c MOSFET in 
part (a) is reduced by using ion implantation of boron. What is the required boron dose in 
order to obtain a threshold voltage of -1,5 V? 

5,2 In the E-D NMOS process, depletion-mode NMOSFETs are used for load devices. This 
requires a negative threshold, which can be obtained by implanting a shallow arsenic or 
phosphorus dose into the channel region. Calculate the arsenic dose needed to achieve a -3 V 
threshold in a n+ polysilicon-gate NMOS transistor which has a substrate doping of 
3xl016/cm3 and a gate oxide t11ickness of 50 nm? 

5.3 (a) Why is <100>~orientalion preferred in NMOS fabrication? (b) What arc the 
disadvantages if too thin a field oxide is used in NMOS devices? (c) How is a self~aligncd gate 
obtained and what arc its advantages? (d) List tluec functions of t11e PSG ovcrglass layer? 

5.4 In NMOS processing, the starting material is a p~typc 10-D:-cm, <100>-orientcd 
silicon wafer. The source and drain are formed by arsenic implantation of 1016 ions/cm2 at 
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80 keV: the channel is implanted with 8xl011 boron ions/cm2 at 30 kcV through a gate oxide 
of 250 A thickness. (a) Estimate the threshold voltage change caused by the boron ion 
implantation step. (b) Draw the doping profile along a coordinate perpendicular to the 
surface and passing through (bl) the channel region, and (b2) the source region, 

5.5 Describe punchthrough current and subthrcshold current and explain the differences 
between them. 

5,6 Design a submicron MOSFET will) a gate length of 0,75 µm, (fhe gate length is tl1e 
channel length plus twice the junction depth.) If the junction depth is 0.2 µm, the gale oxide 
is 200 A, and the maximum drain voltage is limited to 2.5 V, find the required channel 
doping so that the MOSFET can maintain it long~channcl characteristics. 

5.7 An n-channcl MOSFET has a gate oxide 200 A thick. an Leff:;,.; LO µm, source/drain 
junction depths of 0.2 µm, and a threshold voltage of 0.6 V. If the device is biased at V c;s = 3 
V and Vos= 5 V, calculate the saturation voltage Vo;;at• and the maximum electric field, Emax· 

5.8 Explain the difference between the gatc~thrcshold voltage, VT, and the field~thrcshold 
voltage, Y.rF, of a MOS device, 

5.9 (a) Sketch a set of masks for fabricating an MOS transistor using Si.gate technology. 
(b) Repeat this exercise for an E-D NMOS inverter circuit with LOCOS isolation, buried 
contacts, and a depletion-mode load transistor, 

5.10 An NMOS structure consists of an n-type substrate with No :;:;;: 5xl015 cm·3, a gate 

oxide of 100 nm thickness, and an Al contact. The measured threshold voltage is ~2.5 V. 

Calculate the surface charge density. 

5.11 If a circuit designed wants to keep the off~statc leakage current to less than 1 pA and 
also wants the threshold voltage value to be 0.9 V (where VT is defined as the gate voltage 
that provides Ios;:;:: 1 µA), what value of subthrcshold swing (S.S.) will this device exhibit. 
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CHAPTER 6 

CMOS PROCESS INTEGRATION 

Complementary MOS (CMOS) is so-named because it uses both p- and n-type 
(complementary) MOS transistors in its circuits. (Figure 6-1 depicts a CMOS inverter.) 
Since CMOS technology is significantly more complex than NMOS with respect to the 
device physics and fabrication issues, the discussion here will include a thorough 
introduction to these subjects. (Note that an excellent comprehensive text on CMOS, 
dealing with both circuit and design issues, has recently been published.)1 

6.1 INTRODUCTION TO CMOS TECHNOLOGY 

6.1.1 The Power-Dissipation Crisis of VLSI, and How 
CMOS Came to the Rescue 

NMOS remained the dominant MOS technology as long as the integration level of 
devices on a chip was sufficiently low. It was inexpensive to fabricate, very functionally 
dense, and faster than PMOS. The earliest NMOS technologies required only 5 masking 
steps (including the pad mask).• On the other hand, NMOS logic-gates (e.g., inverters) 
draw de power during one of the inverter states. Therefore, an NMOS integrated circuit 
will draw a steady current even when being operated in the standby mode (i.e., even 
when no signal is being propagated through the circuit). Consequently, as the number 
of logic gates on the chip grows, the current being drawn (and hence the power being 
dissipated) also increases. Although this was always a limitation of NMOS for such 
applications as space-borne or portable electronic systems, it did not represent a 
drawback for most other applications when the number of devices on a chip was rcla-

* Early NMOS logic gates used butted contacts as well as enhancemcnt~mode transistors for 
both the driver and the load. Depletion~mode loads and buried contacts came later. Hence, of 
the seven masks of the E~D NMOS process described in chapter 5, only five were required in 
early NMOS technology. This resulted not only in lower manufacturing costs per wafer, but 
also in higher yields. Thus, the cost of manufacturing NMOS circuits was brought even lower. 

368 
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Fig. 6~1 CMOS inverter. (a) Circuit schematic. (b) Device cross section. 

tively small. Such was !he situation at the level of device integration !hat existed up to 
the mid-I 970s. 

With !he dawning of the VLSI era, however, power consumption in NMOS circuits 
began to exceed tolerable limits. A lower-power technology was needed to exploit the 
VLSI fabrication techniques. CMOS represented just such a technology. 

From a quantitative perspective, the ascendancy of CMOS was !he inevitable result of 
!he two-hundred-fold increase in functional density, and the twenty-fold increase in speed 
of integrated circuits between 1968 and 1987. For example, in 1969, 256-bit SRAM 
circuits (e.g., !he Intel 1101) used 12-µm design rules to create !he six-transistor SRAM 
cells; each cell occupied 20,600 µm 2. In 1987, however, SRAM cells using 1.2-µm 
design rules occupied only 150 µm 2. (The memory access-time in these respective 
memory circuits decreased from I µs to 46 ns.) By 1987 !he dccrea5ed size and attendant 
increase in chip size allowed 256-kbit SRAMs to be built. 

To take another example: The Intel 4004 4-bit microprocessor, introduced in 1971, 
had 2300 devices and was built in PMOS. The 8086 model, a 16-bit microprocessor 
introduced in 1978, had 29,000 devices and was built in NMOS, and the 80386, 
introduced in 1985, had 275,000 devices and was built in CMOS. 

Chips can dissipate a maximum of about 5 W of power and still be used in 
conventional, but expensive, IC ceramic packages. In order for the much less expensive 
plastic packages to be used, however, the maximum power dissipation is limited to 
about 1 W. The Intel 8086 dissipated around 1.5 W of power when operated at 8 MHz. 
Thus, by the late 1970s it was already possible to manufacture NMOS chips whose 
power dissipation approached unacceptably high values. (Note that when the 8086 was 
later reissued in CMOS technology under the model number 80C86, its power 
consumption dropped to about 250 mW.) 
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In a CMOS inverter (unlike in an NMOS inverter) only one of the two transistors is 
driven at any one time. This means that when a CMOS inverter is not switching from 
one state to the other, a high-impedance path exists from the supply voltage to ground, 
regardless of the state the inverter is in. Hence, virtually no current flows, and almost 
no de power is dissipated. CMOS thus allows the manufacture of circuits that need only 
several microwatts of standby power (Fig. 6-2). 

The problem of power dissipation can also be considered from both a chip perspective 
and a system perspective. From the chip perspective, if microprocessors of !he 32-bit 
generation were built in NMOS, they would dissipate 5 to 6 W of power. This would 
lead to severe heating and reliability concerns. In addition, expensive ceramic packages 
would be needed to house such chips. When such microprocessors are designed in 
CMOS, the power dissipation decreases to about I W. 

From the system perspective, let's consider memory chips. Although a 1-Mbil 
DRAM may consume only 120 mW of power in NMOS, it consumes even less (~50 
mW) in CMOS. Since there may be thousands of memory chips in a system (versus 
only a few microprocessors), the ramifications of lower power-dissipation are 
significant. Smaller power-supplies and smaller cooling fans are but two of these 
ramifications. 

6.1.2 Historical Evolution of CMOS 

Although CMOS is now the dominant integrated-circuit technology, for much of its 25-
ycar history it was considered to be only a runner-up for the design of MOS !Cs. The 
pairing of complementary n- and p-channel transistors to form low-power !Cs was 
originally proposed by Sah and Wanlass in 1963.2 The first CMOS ICs were fabricated 

NMOS 200 

150 

100 
L~~=1~00;:::====2~0:o===--::3ooh--

ch1p complexity (%) 

Fig. 6~2 As circuit complexity increases, NMOS power consumption rises to levels that 
eventually prevent further growth. In contrast, CMOS power consumption increases only 
slightly as the device count on a chip rises. 
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in 1966, and subsequent development of the technology was spearheaded by the RCA 
Corporation. The earliest volume commercial application was the use of the CMOS 
logic-inverter in the frequency divider circuits of digital watches. 

CMOS technology at that time had many disadvantages compared to PMOS and, 
later, to NMOS. The drawbacks included significantly higher fabrication cost, slower 
speed, susceptibility to latch up, and much lower packing density. As a result, until the 
1980s CMOS was limited to applications that could only be implemented with the 
technology's lower power dissipation (e.g., watches and calculators), or very-high noise 
margin (e.g., radiation-hard circuits). Furthermore, the advances made in NMOS 
fabrication were not rapidly transferred to CMOS, and for many years CMOS lagged 
behind the advanced Si-gate-NMOS and bipolar technologies. Except for the special 
applications mentioned above, it lay dormant for nearly a decade. 

At the time CMOS circuits were first fabricated, the processes of ion implantation 
and local oxide isolation (LOCOS) had not yet been developed. In addition, metal gates 
were being used for MOS devices and control had not yet been established over the large 
and quite variable positive oxide charges in the gate oxide. As a result, p-well 
technology was the only means of fabricating CMOS. 

While PMOS enhancement-mode transistors could be successfully fabricated in a 
lighlly doped (e.g., 1015 cm·3) n-substrate with a VT of about -2 V, NMOS enhance­
ment-mode transistors could not be fabricated on lightly doped p-substrates because the 
VT of NMOS metal-gate transistors on such substrates is negative. In addition, the 
problems of oxide charge and the segregation of boron at the field-oxide/silicon-substrate 
interface, when combined with necessity of having to use relatively-thin field oxides (in 
order to be able to achieve adequate step coverage over nonrecessed field-oxide steps; sec 
chap. 2), made it likely that parasitic channels would be established in the field regions 
between NMOS devices built on lightly doped substrates. Therefore, the only reliable 
way to manufacture enhancement-mode NMOS transistors for CMOS inverters was on 
regions with boron surface concentrations high enough to overcome these problems .. 

The p-well approach to building CMOS provided such regions, since the well had to 
be doped about ten times as heavily as the substrate for adequate control of doping in the 
well to be achieved. As a result, p-well technology became established in the 
companies that pioneered CMOS technology. Long after the problems of fabricating 
NMOS on lightly doped substrates had been solved (i.e., through control of the gate­
oxide charge and of VT by ion implantation) most of these companies continued to use 
p-well technology to design new circuits. While this was primarily due to historical 
inertia, p-well technology did have a few advantages over n-well technology (as will be 
discussed in section 6.2.2) 

The packing-density limits of the early p-well CMOS technology, however, were 
responsible for its poor performance. The packing density was much worse than that of 
NMOS, primarily beeause the n- and p-dcvices had to be surrounded by guard rings 
(n+ or p+ diffusions that surround the device, as shown in Fig. 6-3)114 to prevent the 
inversion of the field regions. 

Before LOCOS isolation and ion implantation became available, guard rings were 
needed to provide adequately large values of VT in the field regions. However, their use 
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Fig. 6~3 CMOS structure with guard bands. A CMOS inverter circuit is dcpicted.114 From 
W. C. Till and J. T. Luxton, Integrated Circuits: Maleria!s, Devices, and Fabrication. 
Copyright 1982 Prentice-Hall. Reprinted with pennission. 

results in very large-area devices.* As a result, until oxide isolation and channel-stop 
implants were developed, interconnect capacitance and resistance severely degraded !he 
speed pcrformance.t Once guard tings were no longer needed, however, !he devices could 
be brought closer together, and !he speed of CMOS circuits improved dramatically. 

When il became apparent in !he late 1970s that !he increases in power density and 
dissipation would make it impossible to design future generations of MOS circuits in 

* The drain regions must also be isolated from the guard rings by a lightly doped region to 
prevent avalanche or Zener breakdown, as seen in Fig. 6-3. This requirement exacerbates the 
area penalty when guard rings are used. 
t However, it should be noted that the fabrication of NMOS devices in heavily doped p~wells 

also increased the device junction~capacitances and reduced the magnitude of the drive current. 
This further decreased the performance of the circuits, but to a lesser degree than did the 
interconnect capacitance. 
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NMOS, the companies that had been stubbornly continuing to use NMOS for design 
and fabrication finally began to consider CMOS. It was natural for them to seek a 
technology that was compatible with the modem high-production-volume Si-gate­
NMOS processes that they had successfully perfected. Since n-well CMOS offers near 
compatibility with such processes, and since it allows n-channel transistor performance 
to be optimized (through fabrication in the lightly doped p-substrale regions), it became 
the technology of choice for many companies that had formerly been manufacturing 
NMOS inlegrated circuits.8 

It became evident, however, that neither p-well nor n-well would be the optimum 
choice for submicron CMOS. lnsiead, it appeared that twin-well CMOS would be more 
effective. As a result, many such processes were subsequently developed. 

We will examine the various well technologies with regard to their advantages and 
disadvantages in modern CMOS processes. Circuit designers and process engineers 
should be aware of the trade-offs. The advances developed through the refinement of 
NMOS were incorporated into CMOS technology, and the performance was thus 
dramatically improved over that exhibiled by primitive CMOS circuits. 

6.1.3 Operation of CMOS Inverters 

The CMOS inverter (for which the circuit schematic and a sample layout are shown in 
Fig. 6-la and 6-4, respectively) uses enhancement-mode transistors for both the NMOS 
driver and the PMOS load transistors. The gales of the two transistors are connected and 
serve as the input to the inverter. The common drains of each device are connected to 
the output of the inverter, and we assume that the inverter is driving some load 
capacitance, CL (e.g., the input to another CMOS logic gate). Note that both the 
source and the body of the NMOS transistor are connected to ground, while those of the 
PMOS transistor are connected to VDD (e.g., 5 V). 

The threshold voltage of the NMOS driver transistor, VTn, is positive (e.g., VTn = 
0.8 V), while that of the PMOS load transistor, VTp, is negative (e.g., VTp = -0.8 VJ. 
Figure 6-5a shows the inverter's output voltage, V 0 , as a function of the input voltage 
Vin· This curve is known as the static voltage input/output characteristic, or the transfer 
characteristic of the gale. 

When Vin= 0, Vosn = 0 and the NMOS transistor is OFF (since Vosn is <0.8 V). 
The PMOS transistor, however, is ON, since Vosp = -5 V, which is much more 
negative than -0.8 V. Thus, when Vin= 0, CL is charged to VDD through the turned­
on PMOS load transistor, and VO= 5 V. 

When Vin= 5 V, the NMOS transistor is turned ON, since Vosn = 5 V (which is 
>0.8 V). The PMOS transistor is turned OFF, since Vosp = 0 V (which is more 
positive than -0.8 VJ. Consequently, when Vin= 5 V 01 DD), the output is connected to 
ground through the turned-on NMOS driver, allowing CL to be discharged. Since the 
PMOS device is off, CL will be completely discharged, and VO will be O V. 

The most important property of the CMOS inverter is that when the gate is sitting 
quiescently in either logic state (VO= VDD or 0), one of the transistors is OFF and the 
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Fig. 6~4 CMOS invcrlcr layout. From D. A. Hodges and H. G. Jackson, Analysis and 
Design of Digilal lnlegrated Circuits, Copyright 1983, McGraw-Hill Book Co. Reprinted 
with permission. 

current conducted between Voo and ground is negligible (i.e., it is equal to the leakage 
current of the OFF device). This feature can be seen in Fig. 6-Sb, which plots the 
current through the inverter, loo, as a function of Vin (solid curve). The power 
dissipated in the static (or standby) mode is then dctennined by the product of the 
leakage current and the supply voltage. Since the leakage current of an MOS transistor 
in cutoff (subthrcshold current) is so small, very little power is consumed in the static 
mode. Another important feature is that the VO swings all the way from V DD to O as 
the inverter changes state; this characteristic of the output-voltage swing is referred to as 
swinging from rail to rail. 

Two other operational features of the CMOS inverter must also be mentionc<l. First, 
as can be seen in Fig. 6-5b, significant current is conducted through the inverter only 
when both transistors arc ON at the same time (i.e., during switching). Therefore, most 
of the power dissipation is due to the charging and discharging of CL, In fact, it can be 
shown that the power dissipation is essentially given by f CL Voo2, where f is the 
switching frequency. 
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Second, because the CMOS inverter output voltage can swing from rail to rail, it can 
inherently provide excellent noise margins. Noise margins are usually defined in terms 
of the logic-gate threshold voltages, VoH, VoL, VJH, and VJL (which are not the same 
parameters as device threshold-voltages, see Fig. 6-5a). The noise margins NML and 
NMH (Fig. 6-5b) arc defined according to the following equations: 

NML = VrL - VoL 
NMH = VoH - VoL 

( 6 - la) 
( 6- lb) 

Briefly, the argument for Eq. 6-la is that the logic gate (e.g.,Jnverter 1 in Fig. 6-6a) 
should provide a maximum "low output" that is less than the maximum "low input" 
that the subsequent logic gate (e.g., Inverter 2) can accept without causing the output 
voltage of Inverter 2 to be driven into the ambiguous portion of the transfer 
characteristic. The difference between VJL and VOL (the noise margin) then specifies 
how much noise voltage can be tolerated at the input node of Inverter 2 before its output 
will be driven to a voltage value that is logically undefined. 

In CMOS, VoL approaches zero, and VoH approaches Voo, Because of the steep 
transition region in the transfer characteristic, VJL and V 1H can be designed so that noise 
margins are on the order of Voo/4 for expected process variations and operating 
temperatures. Thus, for a 5-V CMOS technology, VNML can be 1.25 V, whereas in 
NMOS, VNML is typically only 0.3 V. 

For the performance of the logic gates to be maximized, the threshold voltages of the 
p- and n-channel transistors should be comparable (and, ideally, of equal magnitude). In 
addition, the threshold voltages should be as small as possible. The minimum values 
selected for VTn and VTp will be determined by the subthreshold leakage current, lost• 
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Fig. 6-5 (a) Oulput (V 0) versus input (VJ) voltage of CMOS inverter. (b) Current through 
inverter as a function of input voltage (solid curve); I~V characteristics of n.~ and µ~channel 
transistors (dashed curves). The numbers correspond to different points on the inverter 
transfer charactcristic.115 
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Fig. 6~6 (a) String of inverters connected in series. (b) Definition of noise margins. 

For example, if the guideline described in the section on the subthreshold current in 
MOS devices is used (section 5.2.3 in chap. 5), a minimum value of VTn would be 0.5 
V, to keep VoL at least 0.5 V below VTn and to maintain sufficiently small lost• 

6.1.4 Advantages of CMOS 

As noted earlier, the most important advantage of CMOS is its significantly reduced 
power density and dissipation.3.4,5,6 There arc other advantages as well, which fall 
into the following main categories: 

• device/chip performance 

• reliability 

• circuit design 

• cost issues 

These advantages, as well as the disadvantages of CMOS, will be discussed in this 
section. 

6.1.4.1 Device/Chip Performance Advantages. 

• Although logic gates designed in CMOS are larger than those of NMOS (primarily 
because of the increased spacing needed to isolate n-channel from p-channel devices), this 
packing density penalty is becoming less important, for several reasons. 

First, the CMOS gate uses a PMOS device rather than a depletion-mode NMOS 
device as the load. The PMOS device is usually made about twice as wide as the 
NMOS device in order for symmetrical driving capability to be achieved. The NMOS 
depletion-mode load, however, is four times as large as the NMOS driver. Hence, the 
area of the two CMOS devices is actually smaller than the area of the two NMOS 
devices in an inverter. 
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Second, since the devices arc built with submicron dimensions, the difference in the 
output drive capabilities (ID) of identically sized PMOS and NMOS devices is decreased 
due to velocity saturation effects (Fig. 6-7a). The area of the CMOS inverter devices 
will thus grow proportionately even smaller. 

Third, as devices become smaller, the fraction of the chip area required for 
interconnections becomes larger. Hence, the fact that the gate density is lower in 
CMOS in NMOS becomes less important. This is especially significant in random 
logic designs. 
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Fig. 6~ 7 (a) Ratio of µ-channel saturation current to n-channcl saturation current increases 
as the effective channel length of the devices shrinks, due to velocity saturation effects. (b) 
Comparative speed and power characteristics of various CMOS and bipolar logic families. 

 
 

Dell Ex. 1008B
Page 111



378 SILICON PROCESSING FOR THE VLSI ERA- VOLUME II 

• Although the input capacitance of CMOS is larger than that of NMOS (since there 
are two MOS gates connected in parallel at the input of CMOS logic elements versus 
only one in NMOS), the interconnect capacitance is becoming more significant than the 
gale capacitance as gate sizes shrink and interconnect lengths grow with increasing chip 
size. NMOS gates are thus no longer significantly faster than CMOS gates. 
Furthermore, as the chip heats up from excessive power dissipation, the circuits slow 
down (due to degradation of carrier mobility). The lower power advantage might 
actually make a CMOS circuit operate faster than a comparable, but hotter-running, 
NMOS part. 

• Since more devices can be placed onto a single chip in CMOS than in NMOS, less 
chip-to-chip driving is necessary, and the overall system speed is improved. 

• The fan-out capacitance for MOS devices is much smaller than that of bipolar 
transistors. Therefore, while the transconductance is also much smaller, if the load 
capacitance (other than fan-out) is small, much less current is needed to charge the next 
MOS gate compared to a bipolar logic gate. As the channel length of MOS device 
shrinks, it may be possible to decrease the delay time required to charge other gates on 
the same chip. On the other hand, because the performance of bipolar devices is 
relatively insensitive to shrinking device dimensions, the delay times in CMOS are 
approaching those of bipolar ECL, but at much lower levels of power dissipation (Fig. 
6-7b). 

• CMOS can be operaled over a wider range ofVoo values (e.g., 2-7 V) than NMOS. 

• Threshold body-biasing sensitivity is less important in CMOS, and hootstrapping is 
not needed for transference of a signal through a string of inverter. 

• The radiation hardness of CMOS circuits is much higher than that of NMOS. 

6.1.4.2 Reliability Advantages. 

• The heat generated during operation can raise the chip temperature to the point at 
which it becomes more prone to failure. Since CMOS circuits dissipate much less 
power, in most cases they should be inherently more reliable. 

• Hot-carrier degradation of MOS devices should be decreased in CMOS for several 
reasons. First, since hot-electron effects are much less severe in PMOS devices, the 
load devices in CMOS will suffer less degradation than the depletion-mode load devices 
used in NMOS. Second, the CMOS gates do not draw static current, so Iong-tenn, 
cumulative hot-electron induced degradation will be smaller. Finally, unlike NMOS, 
CMOS generally does not use hootstrapping (which increases the electric field in the 
device and thus aggrava!CS hot-electron degradation). 

• Electromigration failures in the metal lines of the circuit are reduced, since no static 
current flows in the metal lines. 
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• The soft error rates (SERs) of DRAMs and SRAMs can be reduced by one to two 
orders of magnitude when the memory arrays arc fabricated inside a well region where 
doping type is the opposite of the substrate's. The added SER protection arises because 
the reverse-biased well-substrate junction of CMOS creates a potential barrier agains, 
carriers generated in the substrate. 

6.1.4.3 Circuit-Design Advantages. 

• CMOS can achieve "static ratiolcss" logic design. Circuits that contain a p-channel 
transistor for every n-channel transistor are said to be "static," because such gates are 
triggered by the data path signal and do not require the use of an external clock. The 
design is said to be "ratioless" because the inverter voltage transfer characteristic docs 
not depend strongly on the relative geometric sizes of the p and n transistors. By 
contrast, commonly used "ratioed" NMOS circuitry must have transistor widths and 
lengths that are chosen hoth to balance the currents between transistors and to ensure 
that this balance is maintained, given changes in operating temperatures, power-supply 
voltage variation, and day-to-day differences in the manufacturing process. 

• As noted earlier, since the output of CMOS logic gates swings from rail to rail, 
excellent noise margins are inherently provided. 

• The flexibility in selecting transistor geometry provided by the ratioless nature of 
CMOS makes it much easier for "uncommitted circuit" designs, such as gate arrays and 
standard cells, to be implemented. In gate arrays and standard cells, the number of input 
and output signals (fan-ins and fan-outs) arc normally not known when the individual 
transistors arc laid out. As a result, it is very difficult with PMOS or NMOS to create 
gate-array and standard-cell configurations that possess sufficient design flexibility. 
Instead, most standard cells and virtually all MOS gate arrays are implemented in 
CMOS. 

• In NMOS, gating (or pass) transistors reduce the transmitted signal by the so-called 
threshold loss, whereas in CMOS such transmission gates leave the signal unchanged. 
As a result, signal regeneration can be less frequent in clocked CMOS circuits. 

• CMOS allows hoth analog and digital functions with high circuit densities to be 
implemented on the same chip. This has stimulated the development of switched­
capacitor techniques for analog-to-digital conversion and allowed their integration on a 
chip with a digital-signal algorithm. 

• The circuit-design benefits of CMOS for analog applications are that the switches 
have no offset voltage, and that the area required for operational amplifiers is much 
smaller than that needed for NMOS op amps. That is, while an NMOS op amp might 
take 30 transistors, the same op amp in CMOS might take one-third the number of 
transistors, as well as one-third the area. Furthermore, CMOS op amps arc three to five 
times smaller than bipolar op amps. 
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6.1.4.4 Cost Analysis. 

• When CMOS and NMOS !Cs were first being manufactured, CMOS required almost 
twice as many masking steps as NMOS. As NMOS processing grew more complex, 
however, the addition of depletion-mode loads, buried conlacts, punchthrough-prevention 
implants, and lightly doped drains significantly increased processing costs. The costs of 
fabricating CMOS circuits, however, did not increase proportionately. Hence, the cost 
differential between the two technologies has steadily been reduced; at present the cost 
of manufacturing CMOS may be only 20 percent higher than that of manufacturing 
advanced NMOS circuits. The slightly increased cost of CMOS manufacturing is more 
than offset by the savings in design, packaging, system heat management, and 
reliability. 

• The complexity of the design task is reduced in CMOS, lowering costs and allowing 
designs to be created more rapidly (which in turn, decreases costs further). Furthermore, 
since the time it lakes to bring a product to market often has significant impact on 
market share and profilability, a shortened design time may represent a large increase in 
profit. 

• Packaging cosL~ can represent 25-75% of the total chip-manufacturing cost. Since the 
reduced power dissipation of CMOS allows the use of cheaper IC package technology, 
there is a significant cost savings with CMOS packaging compared to NMOS. In 
addition, the elimination of cooling measures and the reduced failure rates of CMOS 
result in lower costs. 111ese savings translate into larger profit margins for both chip 
manufacturers and suppliers of electronic systems that use CMOS. 

• Because grounding of the subslrate can be done on the front side of the wafer, CMOS 
may not need back grinding or gold on the backside of the wafer, leading to further 
savings. 

6.1.5 Disadvantages of CMOS 

As is to be expected, CMOS also possesses disadvantages. Some of those listed here 
arc inherent to all MOS circuits; these have been considered in in more delail in earlier 
sections on NMOS technology. Other disadvan1ages, however, are unique to CMOS 
and will be given more in-depth 1reatment in this chapter: 

• Like NMOS, CMOS is susceptible to short-channel and hot-carrier effects when 
device channel lengths drop below about 2 µm (although as mentioned, the hot­
carrier problem is reduced to some degree in CMOS). In addition, hot-electron 
effects in p-channel devices apparently do not become severe until channel lengths 
of below 1 µm arc reached. 

• CMOS has a somewhat lower packing density than NMOS. 

• Static CMOS logic gates exhibit larger input capacitance than NMOS logic 
gates due to the additional input capacitance of the p-channel 1ransistors, which are 
in parallel with the n-channel transistors. 
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• The need to simultaneously manufacture high-quality PMOS and NMOS 
devices on the same chip can give rise to processing difficulties. 

• There are constraints on the scaling of PMOS devices manufactured with n+ 
polysilicon gates. 

• Well contacts must be provided, which takes up more chip area than required in 
NMOS. 

• The well drive-in step requires a long process time (e.g., four hours or more at 
1100°C). 

• CMOS is susceptible to latchup, and hence needs guard bands or epi (see section 
6.4.8). In addition, it is often very difficult to identify the exact location of the 
latchup site (i.e., special liquid-crystal or infra-red techniques must be used). 

• Most current CMOS technologies use n+-doped polysilicon as the gate material. 
An interconnect routing problem arises because the metal layer must be used when 
contact is made between this n+ polysilicon and the p+ source/drain region of 
PMOS devices. 

• Like all other MOS technologies, CMOS is vulnerable to electrostatic­
discharge damage. 

6.2 THE WELL CONTROVERSY IN CMOS 

There are many trade-offs involved in the optimization of a CMOS process. The 
choices revolve around the highly interrelated parameters of circuit performance, layout 
density, fabrication cos~ and tolerance to latehup. As described in chapter 5, obtaining 
the best circuit performance from an MOS device involves maximizing the drive current 
and minimizing junction capacitances and body effect - all of which favor lower doping 
concentrations in the device body. Optimizing density, however, favors raising these 
same doping concentrations (to avoid punchthrough and to achieve high field 
thresholds). Higher density is thus achieved by allowing closer packing of adjacent n­
and p-channcl transistors. (Issues relating to CMOS isolation will be described in more 
detail in a later section.) Latchup tolerance can also be improved by spacing n- and p· 
channel transistors farther apart (sec section 6.4), but this in tum lowers circuit density. 

These complex interacting tradcoffs converge on several processing configurations 
that are determined at the outset of the processing sequence through the selection of the 
type of well doping. The ramifications of this choice must therefore be considered in 
more detait.1.4,6 

6.2.1 The Need for Wells in CMOS 

Both n- and p-channel transistors must be fabricated on the same wafer in CMOS 
technologies. Obviously, only one type of device can be fabricated on a given starting 
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Fig. 6-8 CMOS circuits can be designed using (a) p-wcll, (b) n-well, or (c) twin-well 

tcchnology.3 (© 1983 IEEE). 

substrate. To accommodate the device type that cannot be built on this substrate, 
regions of a doping type opposite that present in the starting material must be formed, 
as shown in Fig. 6-8. These regions of opposite doping, called wells (or sometimes 
tubs) arc the first features to be defined on a starting wafer. This is done by implanting 
and diffusing an appropriate dopant to attain the proper well depth and doping profile. 
The well's doping type becomes the identifying characteristic of the CMOS technology. 

Normally, a p-typc substrate is connected to the most negative circuit voltage, and an 
n-type substrate to the most positive, to ensure that pn junctions are not forward-biased 
during circuit operation. Similarly, the respective well regions must also be connected 
to the appropriate circuit voltages to prevent forward-biasing of the junctions within the 
well (and between the well and substrate). Because the wells arc totally junction isolated 
from the rest of the wafer, it is especially important that such well contacts be made. 
That is, it may still be possible to contact the substrate from the backside of the wafer 
even if no provision is made for a substrate contact from the top surface of the wafer. 
Such a backside connection, however, cannot be established to the well regions. 

Because one of the device types must be located in the well, there has been some 
controversy as to which type of well should be used in CMOS-circuit fabrication. The 
performance of devices in the well will suffer as a consequence of the higher doping, 
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exhibiting higher junction capacitance, increased sensitivity to body effect, and decreased 
transconductance (due to reduced carrier mobility). Furthermore, substrate currents (e.g., 
due to hot-carrier effects) will be harder to collect from the well regions. The issue thus 
becomes that of deciding which device type should be subjected to such performance 
degradation. 

Some argue that the NMOS devices should be built in the substrate, where their 
better performance can be optimized (n-well CMOS). This argument is persuasive for 
companies that have had long experience in producing high performance NMOS, since 
they can merely transfer this technology to the building of NMOS devices in the p· 
substrate starting material. Furthermore, if a circuit-design technique rich in NMOS 
devices is used (e.g., Domino logic),97 most of the devices on the chip will be NMOS, 
which will again favor the building of NMOS devices in the p-substrate (and PMOS 
devices in then-well). 

On the other hand, the hot-electron-induced substrate current is much higher in 
NMOS than in PMOS and, as noted, is harder to collect from the well regions than 
from the substrate. In addition, device technologists might argue that the better­
performing NMOS devices can afford to have their circuit behavior somewhat degraded, 
as this will balance the performance between these and PMOS devices. 

The next sections will outline the pros and cons of both p-well and n-we!l 
configurations, as well as those of the more complex well configurations that have 
been developed (e.g., twin-well and retrograde-well CMOS). 

6.2.2 p-Well CMOS 

The p-we/1 process, illustrated in Fig. 6-8a, involves the creation of p-regions in an n­
type substrate for the fabrication of NMOS devices. The p-wells are formed by 
implanting a p-type dopant into an n-substrate, at a high enough concentration to over­
compensate for the substrate doping and to give adequate control over the p-type doping 
in the well. The starting n-type substrate, however, must also have sufficient doping to 
ensure that the characteristics of devices fabricated in the substrate regions are adequate (a 
minimum doping concentration of of 3xl014-lx1015/cm3 is required). Thep-well 
doping must therefore be about five to ten times higher than the doping in the 
n-substrate. If the p-well is doped too highly, however, the performance of the n· 
channel devices will be degraded through lower carrier mobility, increased source/drain to 
p-well capacitance, and increased sensitivity to body-biasing effects. 

As noted in section 6.1.2, p-well CMOS was the first type of CMOS that could be 
practically manufactured. The first companies to commercially offer CMOS com­
ponents produced many designs in p-wcll technology. As this experience was spread 
throughout the industry, p-wcll CMOS became widely established. 

There are several advantages of p-wcll over n-wcll CMOS. First, p-well technology 
may be the better choice for pure-static logic, in which a good balance between the 
performance of both MOS device types is beneficial. Second, it is attractive for 
applications that require an isolated p-region (such as those using an npn bipolar 
transistor as an on-chip driver or n-channel FETs for an analog input). Third, it is Jess 
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susceptible to field-inversion problems than n-well CMOS, and can thus be slightly 
easier to fabricate. c:Nc will describe later how p-well CMOS can use the well itself as 
a channel stop, whereas n-well CMOS must use a separate channel-stop process.) 
Fourth, if the so-called retrograde-we// process (rather than a diffusion of a shallow 
implant) is used to form the wells, p-well technology is more feasible. It is easier to 
form a p-rctrograde than an n-retrograde well, since boron ions penetrate deeper than 
arsenic or phosphorus ions at a given implant energy. 

Finally, p-well CMOS may be better for fabricating SRAMs. Since the alpha­
particle-induced soft-error rate (SER) becomes significant even in SRAMs if feature 
sizes are scaled to submicron dimensions, the cells should be made inside a well. The 
sensing of the state of an SRAM cell depends on the current provided by the cell. As a 
result, high-gain NMOS devices are more desirable for the pass gates and drivers in the 
cell, and must be built in a p-well. 

The organization that provides university communities with IC fabrication services, 
the MOS Implementation Service (MOSIS), offers a standard p-wcll CMOS process (as 
well as standard NMOS and advanced CMOS [twin-well] processes). MOSIS cooperates 
with various IC-manufacturing vendors that fabricate the designs submitted to it. 
Circuits designed to the specifications of the standard p-well process can be executed by 
vendors, which serve as silicon foundries for MOS IS. 

6.2.3 n-Well CMOS 

In the n-well process, shown in Fig. 6-8b, the p-channel devices arc formed in the more 
heavily doped n-wcll. As noted earlier, n-well technology became the choice of 
companies with extensive experience in building NMOS ICs.8 Because the NMOS 
device could be fabricated in a lightly doped substrate, virtually all of the experience that 
had been amassed in fabricating high-performance NMOS could be transferred to an n­
well CMOS process. As a result, virtually all EPROMs, microprocessors, and dynamic 
RAM designs in the generations of technology built with 1.25-2.0 µm dimensions were 
implemented with n-well CMOS. 

This technology does have some disadvantages. First, as mentioned earlier, it is more 
sensitive to field-inversion problems than p-well CMOS. Second, it may be more 
difficult to build pure-static, high-performance logic circuits with n-well CMOS. 

EXAMPLE 6-1: An n-well CMOS process is to be developed for operation 
with a power-supply voltage of Voo = 5 V. The substrate doping of the p-type 
wafers is 1x1015/cm3. The n-wclls are to have an average dopant concentration 
of lxI016!cm3. The p-channel MOSFET sources and drains are to have junction 
depths of 0.4 µm and an average dopant density of J018;cm3. What is the 
minimum n-wcll depth needed to avoid vertical punchthrough to the substrate? 

SOLUTION: Vertical punchthrough will occur if the depletion region of the 
source/drain-to-well junction were to contact the depletion region of the well­
substrate junction when VDD ~ 5 V (see section 5.5.2). 
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The source-to-well junction is essentially a one-sided pn junction with a 
built-in voltage of Vbi = 0. 82 V. From Fig. 5-20, we estimate that the 
depletion-region width extends into the n-well --0.35 µm, since there is no 
applied voltage across the junction (i.e., both the source and the well are 
connected to Yoo). The np-junction to the substrate has a built-in voltage of 
0.63 V, and the total depletion width of this junction at a 5 V bias is -1.9 µm. 
We calculate that about 0.19 µm of this depletion region is in then-well. The 
n-well must therefore be deep enough to accommodate the depth of the source 
junction (0.4 µm) as well as the sum of the depletion region widths in the well 
in order for vertical punchthrough to be avoided. While the total of these 
dimensions is 0.94 µm, it is good engineering practice to increase the depth of 
the well by about 50% to account for process variations. A reasonable well 
depth might therefore be 1.5 µm. 

6.2.4 CMOS on Epitaxial Substrates 

As will be described in the section dealing with latchup prevention (section 6.4.8.2), 
heavily doped substrates with a more lifhtly doped surface epitaxial layer have been 
utilized to suppress latchup in CMOS. 1 When such starting material is used with 
single-well CMOS, the epitaxial layer is doped to a concentration equal to that of the 
substrate in a nonepitaxial wafer used for that process. If a twin-well CMOS process is 
used, the epitaxial layer is doped to a level significantly lower than that required for 
building either the p- or n-channel MOSFETs (see section 6.2.5). 
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•'lg. 6-9 A p-on-p-epi doping profile and diffused n-well profile measured after the entire 
CMOS process has been completed. The as grown epi thickness is 4 µm and the final lightly 
doped epi thickness is about 2µm.116 (© 1987 IEEE). 
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The epi1axial layer is made thicker than the well depth, since the dopants in the 
heavily doped substrate under the epi layer diffuse toward the surface as the well dopants 
are diffused toward the bulk (Fig. 6-9). Thus, some of the epilaXial layer becomes more 
heavily doped during the CMOS process flow. The process is designed so that the 
bottom of the well is eventually adjacent to the heavily doped subsiratc region. 

Either n-epi on n+ subsirates or p-epi on p+ substrates can be used, with each method 
having advanlages and drawbacks. Because the problems with n-cpi on n+ are more 
serious, p-cpi on p+ is more widely used. The major limi1ation of the latter approach is 
that the outdiffusion of boron from the p+ is much more severe than it is in n-epi on 
n+. (The reason for this is that boron diffuses much more rapidly than antimony, which 
is the most widely-used n+ dopant material.) Thus, a thicker p· - epilaXial layer must be 
used. 

In addition, the transition region between the p+ substrate and the p·- epi layer is 
thicker, producing a larger series resistance (Rsub), which in turn reduces latchup 
immunity. On the other hand, the p-on-p+ material is less sensitive to process-induced 
defects, and the p-type substrate provides higher conductivity under NMOS devices. 
Such additional conductivity is desirable, since it reduces the volmge drops caused by the 
substrate current~ (generated as a result of the hot-carrier effects in short-channel 
devices). It is especially imporlant in the regions containing NMOS devices, since the 
hot-electron substrate current is much higher in such devices than in PMOS devices. 

The n-on-n+ epilaxial substrates also offer some advantages. First, SRAMs arc often 
built on n-type substrates, because the p-well to n-substratc junction provides protection 
from radiation-induced discharging of the memory's n-type storage nodes in the p­
wcn.12 Second, reirograde p-wells are easier to implement because their implanlation 
energy requirements are much lower. Third, the n-to-n+ transition region is smaller than 
that in p-on-p+ substrates, and the smaller value of Rsub provides improved latchup 
protection. 

The limilations of n-epi on n+ involve the process by which the heavily doped 
substrate is grown. Antimony (Sb) is then-type dopant used, both because its diffusion 
coefficient is so low and because it exhibits much less lateral autodoping than arsenic 
(the other slow-diffusing n-type dopant). The problem with Sb is that its segregation 
coefficient, k0 , is very small (i.e., ko,Sb = 0.023; sec, Vol. 1, chap. I), and thus a large 
quantity of Sb must therefore be put into the Si melt to ensure that a sufficiently 
heavily doped ingot will be produced. In even the most highly refined Sb there arc high 
concentrations of unwanted heavy metals, which become incorporated into the growing 
silicon crystal. In addition, the oxygen content of the Sb-doped crys1al is relatively 
small, due in part to the special growing conditions used when the Sb-doped ingot is 
pulled.7,9,10 As a result, inirinsic gettering techniques that would getter the me1als in 
the substrate arc not as effective as they are in p-on-p+ epi. For these reasons, n-on-n+ 
substrates are less frequently chosen when epi-CMOS is implemented.12 

A problem that exists with both types of epilaXial substrates for CMOS is that the 
wells cannot be made too deep, since the lateral diffusion would then lake up too much 
area. On the other hand, if the wells are too shallow, vertical punchthrough will 
ensue.13 A second problem is that of leakage current. Appreciable leakage current can 
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Fig. 6~10 Cross section of a twin-well 1.2-µm CMOS structure,12 Reprinted with 

permission of Semiconductor International. 

flow in the vertical path in two different situations. First, punchthrough can occur if the 
depletion regions of the p+ /n-wcll junction and the n-well/p+-substrate junction touch 
each other. The problem is even more severe in the case of the heavily doped p + 
substrate, due ·to the high degree of boron outdiffusion. A major limitation is thus 
imposed on the minimum epitaxial-layer thickness. Second, it may be possible for the 
source regions to become biased to a potential below V 55. 

Another problem of epi-CMOS is back surface autodoping. For example p-type 20 
Q-cm (7xJ01 4 boron/cm3) epi on a 0.005 Q-cm (2xJ019 boron/cm3) substrate is 
representative of epi for CMOS devices. If the substrate back is not sealed (e.g., using a 
scaling layer such as undoped silicon dioxide or silicon nitride), boron evaporation can 
contribute to autodoping on the front surface during the entire epi deposition cycle. 
This widens the cpi/substrate interface and may even prevent the epi from reaching the 
20 n-cm specified resistivity. Note that if silicon nitride is used as a sealing layer it 
should only be used in thin layers (e.g., less than 100 nm thick) since its high intrinsic 
stress causes it to bow the silicon.113 

6.2.5 Twin-Well CMOS 

With the twin-tub approach, two separate wells are formed for n- and p-channcl 
transistors in a lightly doped substrate (Figs. 6-Sc and 6-10). The substrate may be 
either a lightly doped wafer of nor p material, or a tbin, lightly doped epitaxial layer on 
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a heavily doped substrate. In either case, the level of surface doping is significantly 
lower than that required for building either the p- or n-channel MOSFETs. Each of the 
well dopants is implanted separately into the lightly doped surface region and is then 
driven in to the desired depth. 

The doping profiles of each of the device types can be set independently, since the 
constraint of single-well CMOS docs not exist (i.e., that the well doping must always 
be higher than the doping of the substrate in which one type of device is made). This 
was originally cited as an advantage of twin-well CMOS over single-well CMOS, with 
the argument made that both device types could thus be optimized.14 This claim for 
1-2 µm CMOS has been questioned by Chen,4 who points out that in modem single­
well CMOS processes, an additional implant is used to prevent punchthrough without 
the need to raise the entire substrate-doping concentration. By incorporating this 
additional implant, it is possible to build higher-performance devices than can be 
achieved with the twin-well approach, in terms of junction capacitance and sensitivity to 
body effect. 

Twin-well CMOS docs offer some significant benefits for devices with submicron­
channel lengths (although these advantages are gained at the cost of greater process 
complexity). 

The first, and most important advantage arises when devices with submicron channel 
lengths arc fabricated. Since it is recognized that the two device types perform similarly 
as channel lengths approach 0.5 µm, it is useful to provide symmetrical n- and p­
channel devices. Furthermore, at submicron dimensions the body doping of both 
transistor types must be raised significantly to prevent punchthrough and lo maintain 
adequate threshold-voltage levels. Thus, the advantage of having one type of MOS 
transistor in a lightly doped region (to optimize ils performance at the expense of the 
other) disappears. It is instead more beneficial to produce two types of active device 
wells, each with its own optimized doping profile (i.e., formed by separate implants 
into a lightly doped substrate).* 

The second advantage of the twin-well process is that it is compatible with the 
technologies of either isolation by selective epitaxial growth (SEG) or trench isolation.4 

Both approaches restrict the lateral diffusion of the dopanlS in each of the wells. In 
addition, sidewall inversion along the trench is less likely when both device sidewalls 
are butted against a trench that has been formed in a more highly doped weu.15 Finally, 
when deep trenches are used with a thin epitaxial layer on a heavily doped substrate, 
latchup can be eliminated. The combined use of the twin-well process and advanced 
isolation techniques allows n+ top+ spacing to be dramatically reduced in comparison to 
single-well technologies. 

* It is not useful to start wilh a substrate doped to the optimum level needed for just one of the 
submicron devices. If this were done, a single we11 of much higher doping would have to be 
established for the other type of submicron device, which would unnecessarily degrade the 
device performance. It is possible, with the twin~well approach, to have both types placed in 
a well of optimum doping profile. 
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A third benefit is that the combination of epitaxial substrates and the twin-well 
process allows either substrate type to be chosen with no effects on transistor 
performance and essentially no change in process flow. Such flexibility is useful since 
some applications are best met with n+ substrates and others with p+ substrates. This 
advantage may be important if a single process is needed for implementing designs with 
different applications. 

Finally, self-aligned channel stops can be easily implemented in the twin-well 
approach, allowing the spacing between n- and p-channel devices to be reduced. 
Although this spacing reduction is not as great as it would be if trenches or SEG were 
used, the process is much less complex with the twin-well method. 

6.2.6 Retrograde-Well CMOS 

Conventional wells are formed in single- and twin-well CMOS technology by 
implanting dopants and then diffusing them to the desired depth. However, the diffusion 
occurs laterally as well as vertically, which has the effect of reducing packing density. If 
a high-energy implant is used to place the dopants at the desired depth without further 
diffusion, much less lateral spread occurs (see Vol. 1, chap. 9). Such high-energy 
implants also cause the peak of the implant to be buried at a certain depth within the 
silicon substrate (depending on the implantation energy), and the impurity concentration 
decreases as it approaches the wafer surface. Since the well profile in this case is 
different from that of conventionally formed wells (in which the doping concentration is 
highest at the surface, and decreases monotonically with depth), such deeply implanted 
wells are known as retrograde wells. The retrograde-doping profile is retained by 
minimizing the temperature cycles of later process steps. Retrograde wells can be 
implemented on both bulk wafers and on epitaxial wafers.5 

Besides the potential benefit of increased packing density, such wells offer the 
following advantages:4 

• A retarded electric field is created in the parasitic vertical bipolar transistor 
(thereby providing some protection against latchup; see section 6.4). 

• Susceptibility to vertical punchthrough is reduced. 

• The conductivity in the bottom of the well is increased, which also provides 
some further latchup protection (as will be explained in section 6.4.5). 

• A higher threshold voltage can be achieved in the field regions of the p-wells 
since the boron implant is done following field oxidation (i.e., the boron does not 
segregate out into the field oxide as it is grown).16 

• Lateral diffusion of the boron is also eliminated, thereby reducing encroachment 
of the boron into the active regions. 

A disadvantage of the retrograde-well approach is that both the junction capacitance 
and body factor are significantly increased. For example, in a simulation of a 32-bit 
CMOS arithmetic logic unit (ALU), it was found that the circuit delay increases by 
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Fig. 6~11 (a) Twin-tub device cross section in which a retrograde p-well is used. General 
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General Electric A VLSI process. Also shown is a conventionally thermally diffused weII.5 

(© 1986 IEEE). (c) Simulated doping profiles in PMOS channel regions: dashed lines, lightly 
doped substrate; solid lines, retrograde n-well.23 (© 1982 IEEE). 

about 7% as the p-channel junction capacitance increases by 30 percent.4 When the 
retrograde well is fonned by means of a very high-energy implant, however, the doping 
concentration under the bottom of the source and drain regions is reduced, which reduces 
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the junction capacitance. This implies that if a very-high-energy ion implanter (-1 
MeV) were available as a manufactnring tool, the disadvautage of retrograde wells could 
be overcome.17 In addition, the higher doping that will be required in the wells for 
fabrication of submicron CMOS devices may meau a less severe junction capacitance 
penalty. 

Although both p-type18 and n-type19 retrograde wells have been demonstrated (see 
Figs. 6-lla and b,5 and Fig. 6-llc,23 respectively), the p-type technology has been 
more widely implemented. The reason for this is that a 700-keV (or greater) ion 
implanter is required for the formation of n-type retrograde wells. As of 1989 such 
machines were commercially available (e.g. NV 1003), but not yet found in ordinary 
production environments because of their relatively high cost The p-type retrograde 
well, on the other haud, can be formed either by implanting singly ionized boron at 400 
keV or doubly ionized boron at 200 keV (because of the larger projected rauge of boron 
compared with arsenic or phosphorus; see Vol. 1, chap. 9). Although the doubly 
ionized boron approach is achievable with conventional production implauters, it is not 
a trivial process to implement. In addition, a quadruple-well technology has been 
developed. This approach uses deep retrograde p- aud n-wells, as well as shallow p- and 
n-wells (Fig. 6-12))12 

A twin-retrojrade-well 0.7-µm-CMOS process for fabricating 1-Mbit SRAMs has 
been reported.7 The high energy implants also allow a restricted thermal budget to be 
used, thus reducing the up-diffusion from the p+ substrate. This permits the use of a 
thinner epi layer (which also helps prevent latch-up), and also allows implantation of 
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Fig. 6~12 Cross section of a quad~wcll CMOS dcvice,l l? Reprinted with permission of 
VLSI Design. 
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the channel-stop dopants after the field oxide has heen grown and planarized (thus 
minimizing lateral diffusion of the boron channel-stop dopants). 

6.2.7 Summary of CMOS Well-Technology Issues 

The selection of a particular CMOS process depends largely upon circuit applications, 
and to a lesser degree on technology evolution. For VLSI circuits with 1-2 µm design 
rules, n-well CMOS has been the more widely used single-well technology, both 
heeause n-channel devices can be optimized in the p-substrate and because most circuits 
use more NMOS than PMOS devices. In circuits that use transistor channel lengths 
smaller than 1 µm, twin-well and retrograde-well technology will become more 
attractive. As noted, the price will be increased process complexity. 

The optimum process-integration design strategy is to first select the well technology 
(and to decide whether or not to use epitaxial substrates), and to then select the isolation 
method. Once these decisions have heen made, the well depth and doping profile can be 
determined. The well depth will impact the lateral-diffusion distance of the well and the 
vertical-punchthrough voltage. The doping profile will affect transconductauce, threshold 
voltage, source/drain punch through, junction capacitance, carrier mobility, source/drain­
to-substrate breakdown, sensitivity to body effect, and hot-electron effects. 

6.3 p-CHANNEL DEVICES IN CMOS 

The fabrication of p-channcl devices in CMOS presents some unique problems which 
arise from the need to build both NMOS and PMOS devices on the same chip. The 
problems revolve around the choice of a doping type for the polysilicon gate electrode 
and the impact of this choice on the threshold voltage and transistor action of PMOS 
devices. 

6.3.1 PMOS Devices with n+-Polysilicon Gates 

As mentioned earlier, the threshold voltages of then- and p-channel devices in a CMOS 
circuit should have comparable magnitudes for optimal logic-gate performance. To 
allow for maximum current-driving capability, the threshold voltages should also be as 
small as possible, with the minimum value dictated by the need to prevent excessive 
subthreshold currents under normal circuit operating conditions. For 5-V CMOS 
technologies, typical threshold voltages are 0.8 V for VTn and -0.8 V for VTp• 
Furthermore, the most common choice for the gate material is heavily doped n-type 
polysilieon. The work function of n+ polysilicon is ideal for n-channel devices since 
these will yield threshold voltages of less than 0.7 V for reasonable values of channel 
doping and oxide thicknesses.* 

* Note that the polysilicon layer may be combined with a layer of silicide for sheet 
resistance reduction; since the polysilicon remains as the underlayer of the polycide, the 
work function of the gate electrode will not be changed. 

 
 

Dell Ex. 1008B
Page 126



CMOS PROCESS INTEGRATION 393 

Figure 5-4, chapter 5 shows the value of VT in devices manufactured with n+ 
polysilicon gates (left scale)18 as a function of doping and various gate-oxide 
thicknesses COtot is assumed to be small enough that its effect on VT can be ignored). 
The value of VTn is less than 1.0 V for gate-oxide thicknesses of 25 nm or Jess and a 
substrate doping of less than 1017 cm-3. Thus, the threshold voltage of NMOS devices 
can easily be adjusted to the desired value of 0. 7 V by means of ion implantation. 

When n+ polysilicon is used for the gate electrode of PMOS devices, however, it is 
not as easy to adjust VTp to -0. 7 V. Figure 5-4 shows VTp (on the left seale for n + 
polyJ as a function of rnbstrate doping and ga_te-oxide thickness. In the doping range of 
101 -1017 cm-3, VTp ts already more negative than -0.7 V. Thus, tmplantmg then­
doped body with more n-type dopant would only raise the magnitude of VTp, rather than 
bringing its value closer to the desired -0. 7 V. To reduce the magnitude of VT in 
PMOS devices using an n+ polysilicon gate, it is necessary to implant the channel with 
a shallow layer of boron. The dose must be heavy enough to overcompensate the 
n-surfacc so that a p-region depleted of holes is formed. This shifts VTp toward more 
positive values by forming a compensating layer. 

The fact that boron is implanted to adjust both VTn and VTp in CMOS circuits with 
n+ polysilicon gates suggests that a single implant could be used instead of two separate 
implants. Figure 6-13 shows that this can be accomplished if the appropriate 
background dopings are chosen for the substrate and the well.21 On the other hand, it 
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Fig. 6-13 Threshold voltages of n-channcl (YTn) and p-channel ( YTp) transistors as a 
function of boron threshold-adjustment dose. The CMOS structure uses an n~well implanted 
into a p~substrate (whose doping level is 6xto14 atoms/cm3). VTp results are shown for 
various implant doses of the n-wcn.21 (© 1980 IEEE). 
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Fig. 6-14 Channel potential profiles in PMOS device in CMOS. Dashed lines: buried 
channel PMOS in a lightly doped substrate. Solid lines: buried.,;hannel PMOS in a retrograde 
n-welL Dotted lines: surface channel NMOS drawn for comparison.23 (© 1982 IEEE). 

may be decided lo use two separate implants in order lo achieve better short channel 
behavior through individual optimi1.ation of then• and p-channel devices. 

6.3.1.1 Punchthrough Susceptibility. PMOS devices in which boron is 
used to adjust VT exhibit a high susceptibility to punchthrough effects, since the boron 
implant produces a p-layer with a finite thickness. The potential minimum in the 
channel is thus moved away from the Si-Si02 interface (Fig. 6-14), causing more 
current to flow below the surface of the devicc.23 Such PMOS devices are referred to as 
buried-channel transistors. As seen in Fig. 6-14 (which gives the calculated variation of 
the potential as a function of distance below the surface), the potential minimum moves 
further into the substrate as the thickness of the implanted p-layer is increased. 
As the potential minimum moves deeper below the surface, the punchthrough 
susceptibility also becomes more pronounced (sec section 5.5.2). This is illustrated in 
Fig. 6-15, which shows the results of a simulation22 in which tltc lines of equipotential 
in the channel region were plotted for various depths of the channel junction Yj (for a 
constant source/drain junction depth of 0.15 µm). As Yj is increased from 0.1 to 0.2 
µm, the drain electric field extends closer to the source for a constant gate and drain bias. 
Hence, this simulation predicts that more barrier lowering will occur as Yj is increased, 
leading to an increase in the punchtl1rough current. 

The calculated predictions are supported by experimental data, as shown in Fig. 6-16, 
which plots the subthreshold lo-V GS characteristics of the structures described in Fig. 
6-15. The subthreshold swing (S.S.) has the smallest slope when Yj is 0.2 µm 
(indicating that the largest punchthrough current flows in this case). In fact, when 
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V GS = 0, lost is increased by two orders of magnitude as Yj is increased from 0.1 to 0.2 
µm. 

Leakage currents due to punchthrough in PMOS devices can be a significant problem 
in some CMOS IC applications. For ULSI devices, even a small value of leakage 
current per device may not be tolerable. For example, it has been shown that in 
submicron PMOS transistors (Leff= 0.8 µm), the punchthrough current will increase 
by two orders of magnitude if Vos is increased from -1 V to -10 V.24 Thus, if the 
punch through current were 1 nA at -1 V, it would be increased to 0.1 µA if Vos were 
increased lo -10 V. Such leakage would cause the dissipation of a few-tenths of a watt 
of power in a chip containing 1 million PMOS transistors. 

The most obvious solution is to increase the PMOS device channel length. This is 
done in many CMOS technologies, and it is the reason that the minimum channel 
lengths of PMOS devices are often larger than those of the NMOS devices on the same 
chip. Another obvious technique is to make the p-buried layer as thin as possible. One 
of the reported approaches for achieving this involves implantation with BF2+ (which 
produces shallower boron layers than implantation with boron, see Vol. I, chap. 9). 
Another approach is to use a high-energy n-implant (e.g., As at 400 keV) in order to 
place more n-type dopant atoms below the pn junctions (the more heavily doped regions 
absorb the drain voltage in a shorter distance, while simultaneously squeezing the 
channel pn junction toward the surface).25 

To prevent a shallow implanted-boron layer from growing thicker, it is necessary to 
use a reduced thermal budget in order to restrict the process sequence following the 
implanJ in order lo restrict boron diffusion. Specific steps for restricting boron 
redistribution include the following:12 

l. Implant the boron through the gate oxide. This avoids the oxidation-enhanced 
diffusion of boron that would occur during the growth of the gale oxide if the 
implant were performed first. In this case, it is necessary to prevent the gate 
oxide from becoming contaminated during implant, either by material sputtered by 
the beam line or by vaporized resist material used as a mask against the implant. 
To prevent such contamination, a thin layer of polysilicon may be deposited on 
the gate oxide prior to the implant (in fact, immediately after the oxide is 
grown).26 

2. After the implant has been performed, the remainder of the polysilicon film is 
deposited. This polysilicon is doped during the deposition step (at -600°C) in 
situ with phosphorus, in order to avoid the 900°C phosphorus doping thermal 
cycle that would have to be used if the poly were doped following deposition. 

3. A BPSG glass layer is used as the dielectric between the gate and the first level 
of metal. A significantly lower temperature can be used to flow BPSG than PSG 
(e.g., 850°C versus 1000°C). A lower temperature cycle can thus be used to 
smooth the surface topography (flow step) and gently taper the contact holes after 
etch (reflow step). 
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The use of a boron implant to adjust VTp becomes less feasible as devices use even 
thinner gate oxides, since larger doses of boron are needed. Yj thus becomes deeper, and 
the punchthrough problem worsens. Solutions involving the use of gate electrodes 
other than n+ polysilicon must therefore be explored. One alternative is to use p+ 
polysilicon for PMOS devices; another is to use a material whose work function is very 
close to the mid-gap of silicon, thereby allowing symmetrical threshold voltages for n­
and p-channel devices. 5 

6.3.2 PMOS Devices with p+-Polysilicon Gates 

When p+ polysilicon is used for the gate material, VTp is shifted from the values that 
occur when n+ polysilicon is used. Figure 5-4, chap. 5 plots VTp as a function of 
substrate doping when p+ polysilicon is employed (using the scale on the right side of 
the figure). VTp can be seen to be less negative than -0.7 V over the substrate doping 
range of 1015-101 7 cm·3. Thus, it can easily be made more negative through the 
implantation of phosphorus or arsenic into the channel. If p+ polysilicon is used 
throughout the circuit, however, the NMOS device then has to be overcompensated in 
order for VTn to be reduced to sufficiently small values. (Note that some reports have 
heen published on the use of p+ polysilieon alone.27 ,28) This implies that it would be 
ideal to use both n+ and p+ poly gates on the same chip (with n+ poly for NMOS 
devices, andp+ poly forPMOS devices).100 

Such a dual-doped poly approach, however, would add process complexity, and would 
also introduce other problems arising from the need to connect the two types of poly 
(e.g., at the input of an inverter). Such problems occur when a silicide overlayer (or 
strap) is used to make the connection between n+ andp+ poly (as a method to avoid a 
separate, space-consuming metal contact). Because the silicide strap provides a very 
rapid diffusion path for boron and arsenic, one type of poly can he counterdoped by the 
other when the device is subjected to high-temperature excursions. This counterdoping 
can occur to the degree that a region of poly can change doping types (i.e., from n+ to 
p+). In such cases, the threshold voltage of devices with counterdoped poly will be 
shifted from tl1eir designed value. 

If the processing temperature is limited to 800°C after the two types of poly have 
been connected by the silicide, such lateral diffusion docs not produce significant shifts 
in VT.29 On the other hand, temperatures of 900°C will produce sufficient 
counterdoping to significantly shift VT. Since one of the last high temperature steps in 
CMOS is activation of the source/drain implants, this would mean either using a lower­
temperature activation step, or performing the step prior to formation of the silicide 
layer. Process considerations for 0.5-µm CMOS technologies using both n + and p+ -
poly gates arc described in reference 85. 

Another approach is to form a polysilicon electrode with an overlying conductor layer 
that suppresses such counterdoping. One such structure is a W-TiN-poly electrode 
structure.105 The thin (30-nm) TiN film acts as a diffusion barrier to the dopants in the 
poly and also prevents reaction hetween the poly and the W. V cry little of the dopant 
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present in the poly is found to diffuse into the W, even following an anneal at 900°C 
for 1 hour. 

Another problem encountered with p+ poly gates when a thin gate oxide is used is 
poor VT process control, due to penetration of the boron into the oxide (or further, into 
the silicon).78 It is reported that boron will penetrate gate oxides that are ,,;12.5 nm 
thick during a 900°C 30-minutc post-implant anneal in N2.81 This implies that if p+ 
poly gates are used, a lower processing temperature may be needect.85 

If too low a temperature is used, however, the boron implanted into the polysilicon 
will not be sufficiently redistributed. The polysilicon dopant concentration at the 
polysilicon-gate oxide interface could thus end up being less than the mid-JQ19/cm3. 
This would make the work function of the polysilicon different from the desired 
degenerately doped value, creating VT control problems in the MOS devices. 

It has also been found that the presence of fluorine in the gate oxide worsens the 
boron penetration problem (Fig. 6-17a)_l23, !24 Such fluorine can be introduced into 
the gate oxide if the PMOS source drain regions are implanted using BFz. Elemenllll 
boron is therefore considered inherently superior to BF2 as the implant species for 
surface-channel PMOS devices in CMOS technologies that use p-doped polysilicon. A 
study of enhanced boron diffusion through thin Si02 layers in a wet oxygen atmosphere 
is also reponed in reference 107. 

6.3.4 Gate Materials with Symmetrical Work Functions 
(for Both NMOS and PMOS Devices) 

Because the larger work functions of molybdenum (4.7 V), tungsten, or refractory 
silicides produce low and nearly symmetrical threshold vollllges for both PMOS and 
NMOS devices on moderately doped Si substrates, work has been conducted to 
investigate their suilllbility as gate-electrode materials.30 For example, TaSiz gates 
have been successfully implemented.31 Some of the benefits that such gate materials 
provide (besides symmetrical threshold-voltage values) include a reduction in 
subthreshold leakage currents and a decreased sensitivity to body bias (Fig. 6--l 7b). 

Molybdenum and tungsten films deposited by means of magnetron sputtering have 
also been evaluated in terms of adhesion to SiO2, mechanical stress, and compatibility 
with silicon processing techniques.32,33 It was found that both could be deposited with 
low compressive stress by adjusting the deposition conditions of the sputter process. 
Both films can also exhibit good adhesion to SiOz. (An additional advanlllge of Mo and 
Wis that their resistivities are about 100 times lower than that of doped polysilicon and 
about 10 times lower than that of polycide gates.) 

Some novel techniques had to be developed in order for compatibility to be 
eslllblished with the conventional Si-gate MOS process sequences. For example, it is 
necessary to use a wet H2 ambient to oxidize the silicon without oxidizing the Mo33 or 
W gates.30 (This procedure is useful when a screen oxide is to be formed prior to the 
source/drain implant, but after the formation of the gate sidewall spacers used in LDD 
structure.) In addition, Mo and W form a layer of columnar grains, which makes such 
films susceptible to ion implant channeling along the grain boundru;ies. When the 
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Fig. 6-17 (a) Boron penetration through the gate oxide causes the threshold voltage in 
BF2➔ implanted PMOS devices to shift positive at anneal temperatures above ~SOOQC.1 23 

(© 1989 IEEE). (b) Sub-threshold characteristics versus effective channel length for poly­
gate and TaSiz-gate PMOS devices.118 (© 1984 IEEE). 

source/drain implantatioo is pcrfonned, some of the dopants may thus penetrate the gate 
film. This problem cao be overcome by limiting the ion cnergy33 or by depositing a 
thin layer of PSG ( ~60 nm thick) on the gate electrodes prior to implantation.30 

Finally, VT control with refractory metal gates was once a problem because of the 
relatively high concentrations of radioactive impurities (e.g., U and Th) in Mo and W 
sputtering targets. Such impurities can also produce soft errors in large memories. 
Recently developed chemical-purification procedures have significantly reduced the 
concentrations of U and Th in these sputtering target materials.34 Methods for 
depositing Mo35 or w98 by CVD offer another option for forming of hi,h-purity 
films. A dcep-submicron CMOS process that uses a W gate has hccn reported. 7 
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6.4 LATCHUP IN CMOS 

A major problem in CMOS circuits is the inherent, self-destructive phenomenon known 
as /atchup,36 Latchup is a phenomenon that establishes a very low-resistance path 
between the Von and V ss power lines, allowing large currents to fiow through the 
circuit. This can cause the circuit to cease functioning or even to destroy itself (due to 
heat damage caused by high power dissipation). 

The susceptibility to latchup arises from the presence of complementary parasitic 
bipolar transistors structures, which result from the fabrication of the complementary 
MOS devices in CMOS structures. Since they are in close proximity to one another, 
the complementary bipolar structures can interact electrically to form device structures 
which behave like pnpn diodes. In the absence of triggering currents, such diodes act as 
reverse-biased junctions and do not conduct. It is possible, however, for triggering 
currents to be established in a variety of ways during abnormal (but nevertheless 
frequently occurring) circuit-operation conditions (e,g,, terminal overvoltage stress, 
transient displacement currents, ionizing radiation, or impact ionization by hot 
electrons), Since there arc many such parasitic pnpn structures on a VLSI CMOS chip, 
it is possible to trigger any one of them into latchup. 

The phenomenon of latchup is well underslood,37 and many approaches have been 
implemented to control or even eliminate it. However, since the problem is increasing 
in severity as device dimensions continue to shrink, new latchup suppression techniques 
will be needed. 

Latchup is fairly complex and can be a difficult concept to grasp for readers not well­
versed in device physics, We will therefore briefly review the device concepts relevant 
to the problem before discussing the processing, layout, and circuit design techniques 
that have been developed to solve it. 

6.4.1 Parasitic pnpn Structures in CMOS Circuits 

Our example device configuration will be a p-well CMOS technology, As shown in 
Fig. 6-18a, lateral pnp and vertical npn transistor structures arc inevitably created in 
p-wcll CMOS as a result of the multiple diffusions needed lo fabricate p· and n•channcl 
devices, The emitter of the lateral pnp transistor is the p+ source and/or drain, while its 
base is tl1e n-substrale and its collector the p-wclL Then+ source and/or drain comprises 
the emitter of the vertical npn device, while the p-well forms its base and then-substrate 
its collector. The equivalent resistances of Ilic substrate (Rsub) and the well (Rw) arc 
also important clements of the latchup structure. 

Several major aspects of these parasitic devices can be seen by studying the CMOS 
device cross-sections shown in Figs. 6-18a and 6-18b, First, the base of the npn 
transistor is connected to the collector of the pnp transistor (Le,, they are part of tl1e 
same n region in the CMOS structure), and the base of the pnp is connected to the 
collector of the npn. We can therefore draw a simplified equivalent circuit diagram of 
this connection (Fig, 6-18c), It can be seen that the base of each transistor is driven by 
the collector current of the other, forming a positive feedback loop, Next, we note that 
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Fig. 6~18 (a) Cross*sectional view of a p¥well CMOS inverter with parasitic bipolar 
transistors and lateral currents schematically shown.4 (© 1986 IEEE). (b) Schematic showing 
the parasitic npn and pnp transistors in a p-we11 CMOS inverter. From W. Maly, Atlas of IC 
Technologies, Copyright 1987 by the Benjamin/Cummings Publishing Company. 
Reprinted with permission. (c) Simplified equivalent circuit diagram showing how these 
parasitic transistors are connected in the CMOS structure. (d) Schematic version of the circuit 
diagram of part (c). (e) pnpn diode obtained by merging the connected nJ and P2 regions 

shown in part (d). 

 
 

Dell Ex. 1008B
Page 135



4-02 SILICON PROCESSING FOR THE VLSI ERA- VOLUME II 

the emitter of the npn is connected to V ss (e.g., 0 V), and the emitter of the pnp is 
connected to VDD• These external power-supply connections can also be added to the 
equivalent circuit diagram. 

It should be noted that this simplified diagram ignores the parasitic resistances of the 
electrical paths through the bulk regions of the silicon, Rsub and Rw, These resistances, 
however, are very important in the understanding and control of latchup, and they will 
therefore be incorporated as soon as the simplified description of the device behavior is 
presented (Fig. 6-18c). The simple pnpn diode circuit to be used in the initial 
discussion turns out to be a "worst-case" possibility. That is, the addition of R,ub and 
Rw to the circuit model actually reduces the latchup susceptibility of CMOS. Since the 
two transistors are connected via their base and collector regions, by merging both the 
n1 and the P2 regions in Fig. 6-18d, we come up with a parasitic device structure (Fig. 
6-18c). 

6.4.2 Circuit Behavior of pnpn Diodes 

Devices with structures like those shown in Fig. 6-18c and with external connections 
to the two end regions only, are known as pnpn diodes.• The terminal connected to the 
Pl region is called the anode, and the terminal connected to the n2 region is called the 
cathode. When an external voltage is applied with the anode voltage positive with 
respect to the cathode, and the resulting current I is measured, the 1-V characteristic of 
this device is observed to have four distinct regions (Fig. 6-19); as follows: 

Region 1. For voltages with values from a to b, very liulc current is observed 
to flow from anode to cathode, and the device is said to be in an OFF,Jorward­
blocking, or high-impedance state. In this state, junctions J1 and J3 arc 
forward-biased, and Ji is reverse-biased. The externally applied voltage appears 
primarily across the reverse-bias junction. 

Region 2. For voltages with values from b to c, the voltage across the reverse­
bias junction, Jz, approaches the breakdown voltage of that junction. The 
current during this voltage excursion increases slowly up to the brcakover 
voltage, Vgo (point c), at which point it suddenly increases abruptly. 

Region 3. For voltages from c to d, the device exhibits a differential negative 
resistance (i.e., the current increases as the voltage sharply decreases). This is 
a transient state, which occurs as the device switches from the OFF state to 
Region 4 operation (ON state). 

Region 4. For voltages beyond c, the I-V characteristic exhibits low-imped· 

* Note that the generic term diode simply means a device with two electrodes. Therefore, we 
should not expect the electrical behavior of all two terminal electronic devices to be alike. 
More specifically, we should not confuse pnpn diodes with pn diodes, with respect to 
electrical behavior. In fact, as we shall see, the I-V characteristic of the three junction pnpn 
diode is considerably different. and more complex, than that of the single~junction pn diode. 
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Fig. 6~ 19 (a) pnpn diode showing current reference direction and voltage polarities used in 
part b. (b) l-V characteristic of apnpn diode. 

ance behavior. The 1-V curve in this region behaves very much like that of a 
single forward-biased pn junction and is known as the ON, (or forward 
conducting) slate. In this state the junction J2 is forward-biased, and the 
voltage across the entire device is on the order of 1.0 V. If the current through 
the device is reduced while it is operated in this state, the device will remain 
ON only as long as I exceeds IH (the so-called holding current). If the current is 
reduced below IH, the diode switches hack to the high-impedance state. The 
voltage across the device when IH is flowing is called the holding voltage, VH, 
Thus, a pnpn diode operated with a positive voltage between the anode and 
cathode is a bistable device that can switch from an OFF slate to an ON state, 
or vice versa. If the external circuit can supply more current than IH, the device 
will remain latched in the ON state as long as power is applied. 

The parasitic pnpn structure in the CMOS circuiw exhibits essentially the same 1-V 
characteristic as the device just described. If the parasitic pnpn diode is triggered inlD 
operating in Region 4, and if the external circuit can provide the necessary holding 
current, the CMOS circuit will remain latched up in the ON state, even if the source of 
trigger current has been removed. 

6.4.3 Device Physics Behavior of pnpn Diodes 

Assume that a voltage source through a resis!Dr once again applies a positive voltage ID 
the pnpn diode, as shown in Fig. 6-19a, and that this produces a current l through the 
device. In Region 1 the applied voltage forward-biases J 1 and J3 and reverse-biases Jz. 
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If the emitter-base junction of a bipolar transistor is forward biased and the collector­
base junction is reverse-biased, the transistor is in the active mode of operation. Thus, 
in the equivalent circuit of Fig. 6- I 8c, transistors Q1 and Q2 are both biased in the 
active mode when the diode is operated in Region J. If a bipolar transistor is operated 
in the active region, the collector current of a transistor is given by le = a.IE+ Ico. 
When this equation is applied to Q1 and Q2, then 

Ic2 = - 0.2 I + Ico2 

(6-2a) 

( 6 - 2b) 

where 0.1 and 0.2 arc the common-base current gains of Q1 and Q2, respectively. 
According to Kirchhoffs current law, the sum of the currents entering Q2 must be 

zero. Using this law and the current components as shown in Fig. 6-!Sc, we get 

I • Icr - Icz = o ( 6 - 3) 

Combining Eqs. 6-2 and 6-3, we obtain 

( Ico2 + Ico, ) 
= 

l · ( 0.1 + o.z ) 
( 6 - 4) 

It can be seen that as the sum of o.1 + a 2 approaches unity, the current I increases 
witlmut limit. At this point ti1c device is said to break over. 

In bipolar transistors, the magnitude of a increases with collector current at low 
current levels (as shown in Fig. 6-20a). Since the value of le is increased as the 
avalanche breakdown voltage of the collector junction is approached, an increase in 
collector voltage can therefore lead to a significantly increase a.. 

When the collector currents arc small, both a. 1 and 0.2 arc much less than I, and the 
current flowing through the diode is essentially the sum of the leakage currents, Ico = 
lco2 + lco1- As a result of the effects Uiat lead to U1e increase of a., however, if the 
voltage across the pnpn diode is increased to a point near the collector-base junction 
breakdown voltage, !11c magnitude of the two alphas also increases. If the sum of the 
two alphas approaches unity, the current I begins to rise rapidly, which further increases 
the magnitudes of the alphas (this is an example of a positive-feedback, or regenerative, 
mechanism). When 0.1 + 0.2 = I, brcakover occurs, and Region 3 operation sets in. 

Beyond this point, device stability is provided by forward-biasing of the junction h 
Since both junctions in each of the two transistors arc now forward-biased, both Q1 and 
Qz are in the saturation region of operation. In saturation, the current gain of a bipolar 
transistor a. again becomes smaller. As a result, once the diode enters the ON region, 
the transistors enter saturation to the degree necessary to maintain the condition of 0.1 + 
0.2 = I. The current I then increases to a value that is essentially limited by the 
external circuitry. 
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Fig. 6~20 (a) Dependence of current gain on the collector current. (b) Equivalent circuit 
model of the latchup structure in CMOS, including the parasitic resistances, Rw and Rsub· 

In the ON region, the voltage across the device is the algebraic sum of the voltages 
across the three forward-biased junctions. Since the voltage drop across the center 
junction J2 is in the opposite direction of the voltage drops across J1 and J3, the total 
drop across the pnpn diode in the ON region is about 1.0 V. 

To maintain the diode in the ON region, the condition of a1 + a2 = 1 must continue 
to be satisfied. The holding current is the minimum current at which this condition is 
still met. If the current through the device is reduced to less than lH (or if the applied 
voltage drops below VH), the diode switches back to the OFF region of operation. 

We can also express the condition UJ + a2 = 1 in terms of the ~ of the device by 
adding (a1 a2) to both sides of the equation and rearranging tcrrns, to get 

This can be further rearranged to give us 

Since (a1/l - a1) =~!,and (az/1 - a2) = P2, we finally get 

a1 + a1 = P1 P2 = I 

( 6 - 5) 

( 6 - 6) 

( 6 - 7) 

We will refer to the expression P1~2 = l as the current-gain-product latchup condition 
for an ideal pnpn diode. 
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6.4.4 Summary of Necessary Conditions for Latchup 

Based on the principles of operation of pnpn diodes, the following four conditions must 
exist in a CMOS circuit in order for latchup to occur: 

Latchup Condition #1. The emitter-base junctions of both parasitic bipolar 
rransistors must be forward-biased. (It commonly happens, however, that initially 
only one rransistor has its emitter-base junction forward-biased. This condition 
may then supply the current necessary to forward-bias the emitter-base junction of 
the second bipolar rransistor.) 

Latchup Condition #2. 111e product of the transistor gains must be sufficiently 
large to allow regenerative feedback. (J'/e swill sec that the minimum product of 
f:\npn and f:\pnp needed to induce latchup in real CMOS s!Jucturcs is usually much 
greater than 1. That is, the f:\npnf:\pnp product needed to cause latchup I in ideal 
pnpn devices, but> 1 in actual CMOS s!Jucturcs.) 

Latchup Condition #3, The external circuit must be able to supply a voltage 
equal to or greater than the holding voltage, V H, of the pnpn s!Jucturc. 

Latchup Condition #4. There is a minimum latchup !Jigger time for which the 
stimulus must be present in order for the circuit to be latched. 

6.4.5 Circuit Behavior of pnpn Structures 
in CMOS Circuits 

In actual CMOS circuits, the parasitic pnpn device s!Juctures consist of two 
complementary parasitic bipolar rransistors adjacent each other. The parasitic series 
resistances of the elcctJical path from then-well contact to the npn collector, Rw, and 
of the path from the subs!Jate contact to the pnp collector, Rsub, arc also important 
circuit elements of the s!Jucture. Hence, the equivalent circuit that most accurately 
models the latchup s!Jucture in CMOS must include Rsub and Rw as well as the two 
parasitic bipolar transistors (Fig. 6-20b). 

One of the effects caused by each of these two resistors is that a portion of the 
collector current of each IJansistor is siphoned away, reducing the base current. As a 
result of such current shunting, the effective current gains of the bipolar rransistors arc 
reduced. In fact, when finite Rsub and Rw are included in the circuit, Eq. 6-7 - in terms 
of the current gains ~npn and Ppnp - must be modified to more accurately express 
Latchup Condition #2 for pnpn srructurcs in CMOS circuits. For the latchup s!Juctures 
in actual CMOS, therefore, the inequality is expressed as 

I-IR -lR(l+...1.._) sub w A. 
Ppnp 

( 6 - 8) 
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where IRsub and IRw are the currents that flow in Rsub and Rw, respectively. The 
minimum gain-product needed to induce latchup in CMOS circuits can thus be much 
greater than !, depending on the values of the series resistances. 

In general, the approaches to eliminating latchup can be divided into two categories: 
(1) those that reduce the bipolar transistor current gains, and (2) those that lower the 
value of the series resistances Rsub and Rw. If either of these approaches is successful, 
the latch up condition given by Eq. 6-8 will he harder to satisfy. In the extreme, for 
example, if R,ub and Rw could he made equal to zero, the two emitters would he short­
circuited and would thus he prevented from ever turning on. Even if Rsub and Rw are 
only made smaller, the values of IRsub and IRw will increase, making the right side of 
the inequality larger. Therefore, various techniques have been developed to decrease the 
values of Rsub and Rw. 

6.4.5.1 Value of ~ In CMOS Vertical Parasitic Bipolar Transistors. 
The current gain of the vertical parasitic bipolar transistor in an actual CMOS structure 
depends on the well depth, the well doping concentration, and the built-in field in the 
well (see chap. 7). In typical 1-µm CMOS structures, the well is 1-2 µm deep and is 
doped to -lxl016 cm·3. Inn-well technology, the current gain of the vertical pnp 
transistor, Ppnp, will he -100. In p-well or twin-well technology, the current gain of 
the vertical npn transistor, Pnpn, will he two to three times larger than that of the pnp 
device in n-well technology (due to the higher minority-carrier mobility in the base 
region). 

The transient response of the bipolar transistors is also important because of the 
minimum latchup trigger time (Latchup Condition #4 ). In addition, latchup in a real 
circuit is normally induced by transient triggering. The transit time for minority 
carriers across the base region is a measure of the transient response of a bipolar 
transistor. The minimum latchup trigger time may he approximated by the sum of the 
vertical and lateral bipolar transit times.40 A typical value of the transit time of a 
vertical transistor in a 1-µm n-well CMOS technology is several nanoseconds. 

6.4.5.2 Value of p In CMOS Lateral Parasitic Bipolar Transistors. 
The current gain of a lateral bipolar transistor is determined primarily by the layout 
spacing between the diffusion outside the well to the well edge, since this is the 
dimension of the transistor's ba5e width (although the gain is also impacted by the field 
doping outside of the well and the well depth). Since the base width of the lateral 
transistor is usually much larger than that of the vertical transistor, the p value is 
generally an order of magnitude lower (e.g., p ranges from -2 to 4 in CMOS structures 
whose n+ ton-well spacings vary from 5 µm down to 2 µm). 

The larger base width also means that the base transit time is also much greater. The 
poor current gain of the lateral bipolar transistor reduces the tendency of the CMOS 
structure to undergo latchup when de signals are applied, while the longer base-transit 
time increases the minimum triggering time for transient-induced latchup. As the 
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layout spacing shrinks in high-density ULSI, however, the ~ is increased and the base 
transit lime is reduced. 

6.4.6 Circuit and Device Effects that Induce Latchup 

For latchup to occur, the emitter-base junctions of both of the parasitic transistors must 
be forward-biased. This circuit condition can be produced in the latchup structure of 
CMOS circuits in three ways, each of which can be triggered by various physical 
stimuli. In addition, virtually all latchup failures occur as a result of transient stimuli. 
To fully describe the various latehup causing mechanisms, we will refer to Fig. 6-!8d 
(the equivalent circuit model), and to Fig. 6-l 8a (the CMOS inverter cross-section). The 
three scenarios36,38 that lead to latehup are described in the next paragraphs. 

6.4.6.1 An external stimulus forward-biases the emitter-base of 
one transistor, and Its collector current then turns on the second 
transistor. To explain latchup in such cases, let us assume that the externally 
applied stimulus is a voltage overshoot at the output node of an p-we/1 CMOS inverter 
driver circuit. This is, in fact, the most common cause of latchup.54 

The sequence of events is as follows: The source region of the PMOS device and the 
substrate contact are both connected to V DD to ensure that the source-substrate junction 
is never forward-biased (Fig. 6-18a). The drain of the PMOS device, however, is 
connected to the output of the inverter. If this output is low (e.g., 0 V), the drain• 
substrate junction is reverse-biased, and no latchup can occur - that is, both of the 
structures that could be emitters for the parasitic pnp device (i.e., the source and the 
drain of the PMOS device) are at potentials lower than or equal to that of the base 
region. If the output state of the inverter is high, the drain-substrate bias should then 
equal O V; in this case there should still be no reason for latch up to occur (i.e., we 
assume that the output of the inverter is designed to reach VDD in the high-output 

Slate). 
If a voltage overshoot occurs at the output terminal, however, the output node 

experiences a condition in which V DD is execcded. (Overshoots and undershoots are both 
common, especially at input/output [I/0) device nodes, where signals tend to be noisy). 
If the overshoot causes the voltage at the drain region to exceed VDD by more than 
about 0,6 V, the p+-n drain-substrate junction becomes forward-biased. Holes are 
injected into then-substrate (the base of the pnp; see Fig. 6-18a), from the p-type drain 
region of the output node. (This region behaves like a second emitter to transistor Q1.) 
In essence, a triggering current flows through this emitter. 

Some of the holes of this triggering current recombine in the base, while the 
remainder reach the p-well (the collector of the pnp). The latter represent the pnp 
transistor collector current, which now flows both into the base of Q2 (lB2) and through 
Rw to Vss- The fraction of the current that flows through Rw causes a voltage drop 
across it; this voltage is also impressed across the emitter-base junction of the npn 
transistor (Fig. 6-18a). 
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If the voliage drop across Rw reaches 0.6 Y, the npn device will be turned on. That 
is, then+ source (the emitter of the npn) will emit electrons into the p-well (the base of 
the npn). Some of these electrons will reach the n-substrate and will drift out of the 
Yoo terminal. If enough electron current exists in then-substrate and if sufficient 
resisiance, Rsub, exists between the Yoo coniact and the p+ source, an IR drop will 
develop, causing the p+ source to inject holes into then-substrate. This hole current 
adds to the initial hole current injected from the positively biased drain region. Thus, the 
positive-feedback scenario between the pnp and the npn transistors is triggered, and 
latehup is rapidly induced. A vollage undershoot when the output node of the inverter is 
in the low slate will have the same net effect, except that the npn will be the first 
transistor to tum on. 

Transient overshoot or undershoot voltages are a particular problem at the outputs of 
CMOS driver circuits. since impedance mismatches at the far ends of transmission lines 
or printed-circuit-board wiring traces result in reflections that return to the driver output 
node. It is therefore especially imporiant to utilize stringent latchup-prcvention 
measures at the input and output circuitry of CMOS chips (some combination of guard 
structures and multiple-well contacts should be used; see section 6.4.8.3). 

6.4.6.2 An external stimulus causes current to flow through both 
bypass resistors, lorward•biaslng one or both bipolar transistors. 
Triggering mechanisms that can cause currents to flow in both bypass resistors (Rsub 
and Rw) include avalanche breakdown of the well-substrate junction (Jz, in Fig. 6-18e), 
photocurrenLs due to ionizing radiation, and n-well displacement currents (due to the 
charging or discharging of the large well-to-substrate junction capacitance). As shown in 
Fig. 6-21, the effects of these mechanisms can be modeled by adding a current source, 
10 , and a capacitance, Cw,, to the equivalent circuit model of Fig. 6-20b. It is evident 
that leakage or displacement currents can still flow in both resistors, even if the bipolar 
parasitic transistors are in cutoff. 

Examples of the external stimuli that produce these currents are: (a) vollagcs across 
the power-supply terminals that exceed the breakdown voliagc of Jz (and hence cause 
avalanche breakdown current, 10 ); (b) ionizing radiation that causes photo generation 
leakage current, !0 ; and (c) external voliage transients (e.g., the voltage step function 
that occurs when a chip is powered-up) that produce displacement currents in the course 
of charging and discharging Cws• 

If the current in the bypass resistors is large enough, it can turn on both transistors. 
Typically, however, one of the resistances is larger than the other, and the voliage drop 
across the larger resistance causes the transistor to which it is connected to be turned on 
first. The positive-feedback mechanism that induces latchup is then set in motion, and 
when Latchup Condition #2 is satisfied (as given by Eq. 6-8), the circuit latches up. 

6.4.6.3 Current Is shunted through one ol the parasillc 
transistors by some degradation mechanism, and the resulting 
collector current !lows through the bypass resistor ol !he second 
transistor, turning II on. The triggering mechanisms that effectively shunt 
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Fig. 6~21 Latch~up equivalent circuit including wcll~to~substrate capacitor, Cps, and 
parasitic current source, I0 • 

current through a low-impedance path from the emitter region to the collector region of 
one of the parasitic transistors include the following: 

• Inversion of the field region between the source/drain regions of the MOS device 
in the substrate (emitter of lateral bipolar device) and the edge of the substrate 
(collector region). 

• Punchthrough between the substrate region and the source/drain regions of the 
MOS device in the well. 

• Avalanche ionization near the drain due to hot-electron effects. Note that in some 
cases this type of triggering mechanism can induce latchup even at voltages lower 
than the supply voltage, Voo. 

When one of these effects causes a large enough current to be shunted to the collector of 
one of the parasitic transistors, this current will flow through the bypass resistance of 
the second transistor, causing it to become turned on. Latch up will occur if the 
positive-feedback mechanism causes Latchup Condition #2 to be satisfied. 

6.4.7 Test Methods for Characterizing Latchup 

The most common parameters used for characterizing latchup arc trigger current (!trig), 
holding current (IH), and holding voltage (VH), The trigger current is the current that 
must pass through the emitter-base junction of the pnpn device in order for latchup to 
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Table 6.1 Latchup Stimuli 

1/0 node voltage overshoot and undershoot 
Avalanche of well-substrate junction 

(extra-high voltage on some node) 
Photogeneration 

(ionizing radiation) 
Displacement current transient 

(voltage transient during power-up of chip) 
Inversion under field oxide 
Punchthrough between n+ and n-wcll 
Hot-electron-induced current 

Type 1 

Type 2 

Type 2 

Type 2 
Type 3 
Type 3 
Typo 3 

be induced (i.e., it is the current drawn from the power supply just before the lest 
structure enters the latched state). Large values of ltrig, lH, and VH are desirable for 
reduced latch susceptibility. The efficacy of the processing and circuit-layout schemes 
designed to reduce the values of Rsub and Rw are therefore evaluated by measuring the 
values of ltrig and V H· ff it is found that Vu is greater than the power-supply voltage. 
the circuit is said to be latchup-immune. This assertion is based on Latchup Condition 
#3. Even if latchup is momentarily induced, it will not be sustained, because the 
power-supply voltage will be less than VH. 

The susceptibility of CMOS circuits to latchup is often determined experimentally 
by measuring the total current through the pnpn path while overstressing the anode 
voltage. With the source and n-well contact (Fig. 6-22) maintained at Von, the isolated 
voltage on the p+ region in the n-wcll is raised above Voo.39 The value of ltrig is then 
measured for the circuit structure being evaluated. (Once a latchup has been triggered. 
the stressing voltage on the isolated region is returned to Von-) The value of VH is 
measured by lowering Von after a latchup. 

Techniques for studying the transient behavior of latchup have also been described. 
Such transient testing may provide better characterization of the latchup that occurs in 

Flg. 6~22 Measurement technique for determining latchup triggering by p+ ovcrvoltage. 
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Fig. 6~23 Transient latchup measurement setups: (a) p+ ovcrvoltage triggering; and (b) n+ 
overvoltage triggering. l l 6 (© 1987 IEEE). 

actual circuit environments (Latchup Condition #4). One test involves the measurement 
of the pnpn diode current when different vollagc ramp rates arc impressed on the isolated 
p+ region of Fig. 6-!Sa. This allows characterization of the displacement-current­
triggcring event, described as being one of the causes of Type 2 mechanisms. In 
another test setup, an overvoltage pulse is applied to the drain of the device described in 
Fig. 6-23. For a given pulse height, the pulse width is increased until latchup is 
triggered. As the pulse length approaches the bipolar transient response time, the pulse 
height needed to induce latchup increases. When the length is further reduced, latchup 
cannot be triggered, regardless of how large a pulse amplitude is applied. 

A third transient test for latchup involves pulsing the base of one of the parasitic 
bipolar transistors.40 Transient excilation with a pulse width shorter than the minimum 
regeneration time causes no latehup. 

Another technique for evaluating the latchup hardness of a CMOS circuit design is 
given by Troutman,36 who defines a differential latchup criterion. The following dala 
need be gathered when this technique is used: the bypass resistance values; small-signal 
alphas of both parasitic transistors; base-emitter saturation currents for both transistors; 
and temperature. 

6.4.7.1 Modeling Latchup In CMOS Technology, Modeling of latchup 
has been attempted by a number of different groups. It has turned out to be a difficult 
undertaking, since the phenomenon involves bipolar transistors with strong injection 
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effects, with the structures also inherently distributed in nature. As a result, 
conventional one-dimensional device analysis is very difficult to apply. 

6.4.8 Techniques for Reducing or Eliminating 
Latchup Susceptibility 

Circuits are described as being either latchup-free or latchup-immune; the distinction 
between the two terms is important. Latchup-free refers to the ideal situation in which 
latchup will never occur under any circumstances. Latchup-immune refers to circuits 
that will not exhibit latchup under normal operating conditions, but that could be forced 
to do so through the application of sufficiently high voltages or the injection of high 
currents. While as of this writing there is no industrial standard for latehup hardness, a 
circuit is generally recognized as being latchup-immune if it can withstand an luig of 
more than 500 mA at the l/0 pins. 

Latchup immunity exists if VH is less than the power-supply voltage per Latchup 
Condition 113. Many reports in the literature describe such a circuit as being /atchup­
free. However, Troutman, points out that even transient switching (unsustained 
latchup) can cause circuit problems and undesired power dissipation.38 Thus, he argues 
that the most effective way to prevent latchup problems is to ensure that the pnpn 
structw-es remain in the OFF state at all times. 

The approaches to reducing or eliminating susceptibility to latchup can be divided 
into three categories, as follows: 

1. Processing techniques that reduce the current gains of the parasitic transistors 
to the degree that Latchup Condition 112 cannot be satisfied. 

2. Processing schemes that either reduce the values of Rsub and Rw or eliminate 
the parasitic pnpn diode structure. 

3. Circuit-layout procedures that decouple the parasitic bipolar transistors. 

6.4.8.1 Processing Techniques That Reduce Current Gains. 
Several techniques have been utilized in an attempt to reduce p of the parasitic bipolar 
transistors (bipolar spoiling). The first group involves methods that physically separate 
the emiuer and collector regions of the lateral transistor (in which the n+ regions are 
kept far from the n-well border). Obviously, for high-density circuitry, merely 
increasing the spacing of these regions on the wafer surface is not a good solution. 
Another approach for keeping these regions apart is to use recessed oxides and/or trench 
structures to increase the distance carriers must travel from the n+ region to the well. 
While these techniques do help, by themselves they provide inadequate latchup 
protection. (These techniques will be described in more detail in the sections dealing 
with device isolation). 

The techniques in the second group attempt to reduce the minority-carrier lifetimes in 
the base. These include gold doping to produce trapping sites,41 neutron irradiation to 
cause structural damage and resultant recombination centers,42 and harnessing of the 
oxygen precipitates formed in the substrate bulk by internal gettering processes for use 
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as efficient recombination centers for minority carriers.43 The first two of these lead to 
increased leakage currents, while the third has little effect on lateral transistors with 
small base widths, since the precipitates do not form in the lightly doped epi. As a 
result, the techniques in this group have not been widely implemented.* The third type 
of technique involves the use of a retrograde well, which reduces the vertical bipolar 
gain by providing a high Gummcl number and a retarded E-field in the basc.4 However, 
care must be taken to remove injected carriers so that lateral transistor action to the well 
edge is not increased.39 This approach also requires the availability of a high-energy 
implanter. 

The fourth type involves the use of silicided source/drains45.46 to reduce the 
emiller efficiency of the parasitic bipolar transistors. These techniques have the 
disadvantage of degrading the gain of the MOS devices.47 

In summary, the methods described above can help to reduce latchup susceptibility, 
but provide an insufficient degree of latchup protection. The remaining two categories 
of latehup-suppression techniques, have been found to be much more effective, and as a 
consequence, they have been much more widely implemented. 

6.4.8.2 Processing Techniques That Reduce Rsub and Aw or 
Eliminate the pnpn Structure. Techniques that reduce the series resistance 
values include the use of epitaxial layers on heavily doped substrates and the use of 
retrograde implants. Techniques that eliminate the pnpn path use either: (!) a 
combination of deep trench isolation structures and epitaxial layers on heavily doped 
substrates; or (2) silicon-on-insulator (SOI) substrates. 

The use of lightly doped epitaxial layers on heavily doped substrates is effective in 
reducing latchup susceptibility for two reasons. First, the highly doped layer 
substantially reduces the value of Rsub by placing a low-resistance path for majority 
carriers in the substrate in parallel with the more lightly doped epi region in which the 
devices are formed. Hence, it very effectively shunts the lateral parasitic bipolar 
transistor. Second, any minority carriers injected into the epi layer that then diffuse into 
the highly doped substrate are more rapidly recombined there, so that fewer reach the 
collector of the lateral bipolar device. 

Figure 6-24 shows the trigger current and the holding voltage as functions of n+ to 
p+ spacing, d, for various epi thicknesses.48 Thin epi can be seen to dramatically 
improve latchup immunity from either standpoint. For a 12-µm epitaxial layer, the 
triggering current required for latchup is less than 1 mA when d = 10 µm. When the 
epitaxial thickness is reduced to 3 µm, d can be reduced to 5 µm, and !trig is increased to 
80 mA. The advantage diminishes as d approaches the epi thickness. However, the 
minimum epi thickness is limited by outdiffusion of impurity atoms from the heavily 

* An approach to creating oxygen precipitates in a thin layer 2.5 µm below the surface by 
means of ion implantation of oxygen and epi growth has recently been reported.44 Since 
these precipitates are positioned so that they reside in the base region of the lateral pnp 
device, they are effective in reducing its alpha by decreasing the minority~canier lifetime in 
the base. 
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Fig. 6~24 Triggering current versus n+ -to~p+ separation in an n•wcll CMOS structure.48 

(© 1985 IEEE). 

doped substrate during epi deposition and subsequent wafer processing (see section on 
autodoping in Vol. I, chap. 5). That is, due to this effect the effective epi thickness is 
thinner than the initial epi thickness. (The effective epi thickness is defined as the 
thickness of the epi layer when the doping concentration is less than some specific 
number- e.g., lxt018 cm·3,) The fact that n-epi on n+ produces a sharper epi interface 
than p-epi on p+ implies that n-epi should provide better latchup protection.4 But as 
noted in section 6.2, on well technology in CMOS, this benefit is obtained only at the 
price of accepting the other drawbacks inherent to n-cpi on n+ wafers. 

The disadvantages of epi CMOS include increased wafer cost, lower breakdown 
voltages, and increased leakage currcnts.49 In addition, epi-laycr growth may generate 
defects that will lead to reduced chip yields. 50 

With respect to retrograde implants, it has been found that retrograde wells can be 
effective against latchup for several reasons.4 In p-well technology, the retrograde 
implant is used to form the p-wcll, with the following advantages being gained: 

• The retrograde profile gives a high doping concentration deep in the well, which 
reduces the gain of the vertical bipolar device. 

• The heavier doping near the bottom of the well reduces Rw, thereby helping to 
decouple the bipolar transistors. 

 
 

Dell Ex. 1008B
Page 149



416 SILICON PROCESSING FOR THE VLSI ERA VOLUME II 

• The retrograde well can minimize thermal processing following epitaxial-layer 
deposition. Epi layers with thinner effective thicknesses may therefore be possible if 
retrograde wells arc combined with epitaxial layers. 

• If !he combination of !he two techniques is used, a process !hat also reduces both 
Rsub and Rw is obtained. 

In n-well technology, !he retrograde implant is a p-type implant !hat is placed beneath 
the NMOS devices in the subs1rate.51 This creates a p+ layer in !he substrate !hat has a 
much smaller transition region than a p-cpi-on-p+ substrate, thus providing even better 
latchup protection. 

Trench isolation, as described in chapter 2, allows n+ and p+ regions to be placed 
close to one another in CMOS. If !he trenches arc deeper than the well regions, they 
provide physical separation among device types. However, when trenches are used 
without epitaxial layers on heavily doped subs1rates, their main contribution to latchup 
immunity is that they force carriers in the lateral transistor base region to travel greater 
distances to reach the collector. As a result, trench isolation alone does not significantly 
increase ltrig or VH, The major advantage of using trenches on !heir own is the increase 
in latchup response time, which results in a substantial improvement in transient upset 
prevention. When deep 1renches are combined with a lightly doped epitaxial layer on a 
heavily doped substrate, however, latchup-frce structures arc produccct.11,96 As minority 
carriers injected into !he substrate attempt to diffuse toward !he collector, !he deep trench 
forces !hem into the heavily doped subslratc. There they rapidly recombine, substrate 
and hence never arrive at the collector region. 

Silicon-on-insulator technology is also receiving wide attention, since in addition to 
providing electrical isolation between the MOS devices, it results in latchup-frec CMOS 
structures. Each MOS device is isolated from neighboring devices by the insulating 
layer; as a result, !he pnpn path is no longer present. 

6.4.8.3 Circuit-Layout Techniques for Decoupling Parasitic 
Bipolar Transistors. Two types of structures can be incorporated into the circuit 
layout that will provide latchup protection: guard structures, and substrate and well 
contacts. 

Guard structures arc heavily doped diffused regions !hat encircle the well. Troutman 
states that !hey arc the most effective layout procedure available for providing latchup 
protection,39,54 and this claim is supported by the simulated and experimental evidence 
of Mcnozzi ct al.52 Guard-ring structures can be fabricated either outside the well (in 
which case !he guard surrounds the outer edge of the well region), or inside it (in which 
ease !he well is placed between the active device regions and !he well border). The guard 
can be either a miMrity-carrier or a majority-carrier s1ructure. 

Minority-carrier guard rings have a doping type opposite lo that of !he region in 
which they are formed (Fig. 6-25). Normally, these guard rings arc placed in the 
substrate outside of !he well edge (e.g., an n-type diffusion in !he p-subs1ratc of an 
n-well CMOS technology). Since the guard is connected to the power supply in such a 
way !hat the pn junction it forms with the substrate is reverse-biased, this type of guard 
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Fig. 6-25 [(a) and (b)] Minority-carrier guard in substrate: (a) n+ -diffusion guard; (b) 
Deeply diffused guard in epitaxial CMOS. [(c) and (d)] Majority-carrier guard in substrate: (c) 
p+ ~diffusion guard for reducing substrate sheet resistance; (d) Contact ring is preferable to 
p+•diffusion guard in epi-CMOS. (e) Majority-carrier guard in well. (c) n+-diffusion guard to 
reduce n~we11 sheet resistance. (f) n+ ~diffusion guard to steer current away from vertical pnp 
emitter. 36 From R. R. Troutman, Latchup in CMOS Technology, Copyright Klcwer 
Academic, 1989, Reprinted with permission. 

ring will collect any minority carriers in the substrate that diffuse into its depletion 
region. The carriers are thus prevented from reaching the well, and as a result, the 
collector current of the lateral bipolar transistor is reduced. The main role of minority­
carrier guards in preventing latchup is to provide this reduction in effective current gain. 

If a thin epitaxial layer is used together with a deeply diffused guard, the effectiveness 
of the guard is increased (Fig. 6-25b).36 That is, the path of minority-carrier diffusion 
is narrowed (by the reflecting boundary where the high and low doped regions in the 
substrate meet); this forces the carriers closer to the guard ring, where they can be 
intercepted. In addition, any minority carriers that enter the heavily doped substrate 
recombine more rapidly there. 

Majority-carrier guard rings, on the other hand, are doped with the same type of 
dopant as the regions in which they are Conned. While they can be implemented outside 
the well, they are usually more effective when placed inside. The function of this type 
of guard is to provide a shorter (and, hence, a lower-resistance) path for the carriers that 
constitute the collector current in the well (or substrate). The majority carriers in the 
collector must drift to the power-supply node through Rw (or R,ubl once they enter the 
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collector region, and the guard rings effectively reduce the value of Rw and R,ub by 
placing smaller resisrances in parallel with these series resisrances. 

The reason that the majority guard is usually placed within the well is that the value 
of Rw is generally higher than that of R,ub• The effective lateral resisrance can be quite 
high in shallow wells, since the source/drain diffusions in the well pinch the lateral 
current paths. Thus, a guard ring in the well that reduces the disrance between the well 
edge and the well conracl can be very effective in reducing the large value of Rw, A way 
lo implement three guard structures with only two diffusions is to place one guard so 
that it overlaps the well and substrate boundary (Fig. 6-26). 

Vollage drops along the power supply bus lo which the guard ring is connected 
should never be allowed to become large enough to initiate a latchup condition. For 
example, if the bus to which the guard is atlached has a sufficiently large resisrance that 
the vollage of then+ guard in then-well drops to 4 V, when the output rises to 5 V, the 
emil!er tied to this higher voltage will tum ON, initiating a potential latchup event. 

Troutman also emphasizes that a substrate-contact majority-carrier ring should be 
mandatory for all chips.36,39 This would minimize lateral bypass resisrance by 
distributing substrate majority carriers. When used with epitaxial CMOS, such conlacl 
rings can reduce lateral bypass resisrance to below 1 Q; in addition, they arc as effective 
as backside substrate contacts in eliminating latchup. In fact, the need for multiple 
majority guard rings (which would surround each of the well regions) can be eliminated 
through the use of a single substrate contact ring (as long as il is used together with 
wafers that have a thin epi layer on a highly doped substrate). 

The major limitation of guard rings is that they decrease overall circuit density. In 
the input/output circuits of CMOS, however, the MOS transistors must be made quite 
large in order for sufficient off-chip drive-current capability lo be provided. Thus, the 
area penalty imposed by guard-ring use around these circuits is usually quite small. 
Because of the noisy signals encountered al the l/O nodes of a chip, the use of guard 
rings to suppress latehup in such circuitry is widespread.54 Each of the output devices 
in the substrate is typically surrounded by a majority-carrier guard ring (tied to Von in 
p-well CMOS, and to V ss inn-well). 

Note that n-well CMOS generally provides better latchup immunity than p-well, for 
two reasons.8 First, since the mobility of majority carriers is higher in an n-well than 

Fig. 6-26 Implementation of two guard structures with only one diffusion by placing one 
guard so that it overlaps the well-substrate boundary.52 (© 1987 IEEE). 
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in a p-well, Rw in the 11-well is lower than in a comparable p-well. Furthermore, Rw is 
usually much higher than Rsub, especially in thin wells that are pinched by source and 
drain diffusions. Thus, the lower value of Rw in the n-well can be of significant help. 
Second, because hot-electron-induced substrate currents are much higher in NMOS than 
PMOS devices, it is better to have the NMOS devices in the substrate. Such currents 
are more easily collected from here than from the well region, especially if an epitaxial 
layer on a heavily doped substrate is used. 

The second type of circuit-layout technique to be discussed is that of substrate and 
well contacts. The use of guard rings in the well may represent too large an area penalty 
because in high density circuits multiple well contacts can serve as an alternative 
approach to improving latchup immunity. However, this approach is not as effective as 
the use of guard rings.52 

The number and placement of power-supply contacts to both the well and the 
substrate also impact the effectiveness of this approach. Increasing the number of well 
contacts to Voo reduces latchup susceptibility, since the resistor length ofRw for each 
FET in the well is reduced when a well contact is in its proximity. The contact 
spacings should therefore be no more than two squares apart, to ensure that no local 
high-resistance regions exist. The well contacts should be hard-wired to the power­
supply connection (ground or Voo) with a metal stripe. In this way, any injected 
charge will be shunted to the supply rail through a low-impedance path that will not 
contribute to the well's already relatively high lateral resistance. 

The closer the contacl.S are to the source regions of the MOS devices, the smaller the 
potential drop during current flow, leading to increased latehup immunity. The use of 
butted source-substrate and butted source-we// contacts, in which then+ and p+ regions 
are contiguous and connected to the same potential has thus become popular.101 While 
such butted contacts also conserve area, they are limited to FETs that operate with 
grounded sources. 

6.5 CMOS ISOLATION TECHNOLOGY 

In CMOS !Cs, like kinds of devices within a given well must be isolated in the same 
manner as the devices in either NMOS or PMOS circuits (i.e., through a combination 
of a thick field oxide and channel-stop doping). However, the isolation requirements of 
CMOS technology extend beyond those of either PMOS or NMOS alone, in that in 
CMOS it is also necessary to isolate the p- and n-channel devices from one another. 
The isolation of p-channel from n-channel devices must satisfy two requirements: (!) 
any possible leakage currents that could flow between adjacent PMOS and NMOS 
devices must be suppressed; and (2) the susceptibility of CMOS to latchup must be 
minimized. 

In CMOS structures, the isolation spacing between then- and p-channel devices is 
defined as the total of the distances between the edge of then+ region of then-channel 
device and the edge of the well, and the edge of the p+ region of the p-<:hannel device and 
the edge of the well (or, in other words, then+ top+ spacing - Fig. 6-27). 
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Fig. 6-27 (a) Layout top view of the isolation region between n-type and p-type 
transistors in CMOS. (b) Cross sectional view of a CMOS inverter showing the channel 
stops that are designed to prevent the surface under the field oxide from inverting.53 (© 1986 
IEEE). 

Basic isolation between p- and n-channel devices in CMOS is established by both a 
reverse-biased well-substrate junction and by the regions under the field oxide (as long as 
they are not inverted). This isolation, however, may not be perfect. Unwanted current 
flow can arise due to junction breakdown, the formation of leakage paths between 
devices, or latchup. The key leakage paths involve the parasitic MOS field devices 
created in the field regions between the devices.* Leakage currents can arise if these 
well-border parasitic field devices conduct prematurely, as a result of surface inversion, 
or punchthrough below the surface.** As noted, the latchup effect in CMOS arises as a 

* The parasitic NMOS field transistor at a pwwell border consists of then+ source, the p-well 
body, then-substrate drain, and the polysilicon gate runner over the field oxide, as shown in 
Fig. 6-27b. Similarly, the parasitic PMOS field transistor at this well border consists of the 
p+ source, then-substrate body, the p-well drain. and the poly runner over the field oxide. 

** In Fig. 2-4 of chapter 2 we described how punchthrough can occur between the source and 
drain of the same device, or between the source/drain regions of neighboring devices of the 
same channel type. In this case, we refer to the punchthrough between the border of the 
substrate and source/drain regions in the well. 
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result of the parasitic bipolar devices. Various isolation techniques have therefore been 
developed to prevent both leakage and latchup. Device and process simulators used to 
model such CMOS isolation structures are described in chapter 9. 

Interest in n· and p-channel isolation techniques is very keen, because such isolation 
requires much more area than between like types of devices. For example, in early 
single-well CMOS technologies, the isolation spacing required was typically about 
three times the diffusion depth of the well. 8 Thus, for a 4-µm well depth, a minimum 
n+ top+ spacing of ~12 µm was needed. In early twin-tub CMOS technologies, which 
used dual-channel stops, a minimum of 3-9 µm of lateral space was necessary for 
effective isolation.* In chapter 2, however, we showed that isolation between like kinds 
of MOS devices can be accomplished with isolation spacings of only 1.0-1.5 µm. The 
large area penalty of p- to n-channcl device isolation is one reason why CMOS 
technologies using conventional isolation methods cannot achieve as high a packing 
density as NMOS. 

This isolation-spacing requirement is due in part to the processes used to fabricate 
CMOS devices. Wells are typically driven in quite deeply to ensure that enough charge 
exists below the transistor to prevent vertical punchthrough to the substrate. This 
results in both a lateral diffusion of the well dopant and a reduction in the surface 
concentration near the border of the well (Fig. 6-28). The channel stop doping in the 
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Fig. 6~28 Impurity surface concentration near the border of the two tubs in twin-tub 
CMOs.14 (© 1980 IEEE). 

* A 3-µrn minimum space between n+ and p+ regions was reported for a non-trench isolated, 
twin-we11 CMOS process. To achieve such tight spacing, high-pressure oxidation was used to 

grow the field oxide. This wa5 more effective in preventing interdiffusion of the impurities 
from the two wells than an atmosphcric*prcssurc field-oxidation process would have bccn.29 
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Fig. 6~29 Threshold voltage of n- and p-channcl parasitic device as a function of the 
separation between the transistor edge and the tub bordcr.14 The upper curve in the left-hand 
graph shows the parasitic n-channel threshold-voltage reduction near the tub border when no 
adjacent n-tub is present. When an n-wcll is present, the tl1reshold voltage is reduced (lower 
curve), since the interdiffusion of the two types of impurities reduces the net surface 
concentration of each dopant near tl1c well border.14 (© 1980 IEEE). 

substrate at the edge of the well is also substantially reduced, due to the compensation 
between the acceptor and donor atoms; this causes a reduction in the threshold voltage of 
the parasitic MOS field transistors. We will next describe this phenomenon in more 
detail for the case of twin-tub CMOS. 

Figure 6-29 shows the threshold voltage of each type of parasitic device as a function 
of the separation between the transistor edge and the tub border. 14 The upper curve in 
the left-hand graph shows the parasitic n-channel threshold-voltage reduction near the 
tub border when no adjacent n-tub is present. When an n-well is present, the threshold 
voltage is reduced (lower curve), since the intcrdiffusion of the two types of impurities 
(Fig. 6-28) reduces the net surface concentration of each dopant near the well border. 
Unless the net dopant-reduction effects are somehow counteracted, the spacing between 
adjacent n+ and p+ devices must be kept quite large (e.g.,> 10 µm) to prevent inversion 
beneath the field oxide. 

If smaller spacings between n- and p-channel devices are to be possible, the channel­
stop doping concentration must somehow be increased, particularly in the substrate 
regions inn-well CMOS. During field oxidation, boron segregates into the oxide, while 
phosphorus piles up at the silicon surface. As a result, in an n-well process a separate 
p-lype channel-stop implant must be added to increase the surface concentration of the 
lightly doped p-substrate. Without such an implant, inversion between then-channel 
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devices is likely to occur. In p-well technologies the well itself is an adequate n-type 
channel stop, because heavier boron doping exists in the p-well, and the concentration 
of phosphorus is increased al the surface of then-substrate during field oxide growth. 

In twin-tub processes, two channel stops are needed to reduce the isolation distance as 
much as possible. Figure 6-30, which is based on a 2-D device mode!,53 shows the 
impurity contours in the isolation region of a CMOS twin-tub process (with retrograde 
wells). 

The AT&T Twin-Tub V technology,55 is an example of an advanced CMOS process 
uses a LOCOS-based approach to isolate like devices. The starting material is a p-epi 
layer on a p+ substrate. The technology is implemented with a single-mask, self­
aligned twin-well process that uses two channel-stop implants (as well as two separate 
well implants). 

First, phosphorus and arsenic are sequentially implanted into the n-well areas, 
forming a high/low doping profile (channel-stop and well; Fig. 6-31). Since arsenic 
diffuses much more slowly than phosphorus, it will remain near the surface of the well 
during the drive-in step. This high arsenic concentration provides an effective channel 
stop for p-channel devices and also protects against punchthrough. 

Next, a relatively thick masking oxide is selectively grown over the n-well region, 
and the p-well implant (boron) is then performed. Because the implant is blocked by 
the oxide that covers then-wells, it enters the silicon only in the p-well regions (a self­
aligned implant step). Both well regions are then driven in (with the thick oxide over 
then-wells being retained), and a second boron implant (which will serve as the p-well 
channel stop) is carried out. This implant is kept shallow because a high pressure 
LOCOS process is subsequently used lo grow the field oxide, minimizing the lateral and 
vertical impurity-profile spreading. Once again, the implant is self-aligned to the p-well 
regions by the presence of the oxide on the n-wells (Fig. 6-31 ), The masking oxide is 
then removed, and a nitride masking layer is deposited and patterned to cover the active 
areas. Finally, the field oxide is formed. 

This process makes it possible to achieve adequate isolation and a reduced tendency 

0.0 

1.0 

T ~-~-~--~ 
4000 ,\ , FIELD OXIDE 

5 ~ 1016 

, l • l016 

l ;!00 A 

NWHL 

- 1.0 
1, 10m 

f, . 1016 

5 , 101~ 

r, SVflSTRAH 11 1016 

1 '5o ,_,,L_,J,2 __ 3-'-_j4c__j,5_....J.._6 _ _j7'-___J/5 

µm 

:n•TVPE 

Fig. 6~30 2-D net-impurity contours in the isolation region of a retrograde-well CMOS 
structure,53 (@ 1986 IEEE). 
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Fig. 6-31 (al) - (fl) Twin-tub dual-field implant process.I 19 (a2) • (f2) Self-aligned twin­
tub and field-implant process using high-pressure field oxidations.62 

toward latchup with smaller device separations than are possible with an atmospheric­
pressure oxide-growth process. Nevertheless, a 7-µm spacing must be used between the 
n+ and p+ regions in the Twin-Tub V structure to provide a VH greater than the power­
supply vollagc (5 V). Since this spacing still represents a significant layout-density 
limitation, alternatives to the LOCOS-only process arc being vigorously pursued. 

In another, more recent study using n-wcll technology, high-field channel-stop 
implant doses for the substrate (yielding a peak concentration of 5xl016 boron 
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J<"ig. 6-32 Schematic of an n-well CMOS with trench isolation.4 (© 1986 IEEE). 

atoms/cm3) allowed n+ top+ spacings of 2.4 µm with conventional wells, and 1.8 µm 
spacings with retrograde wells. 106 

6.5.i Trench Isolation for CMOS 

The two major alternative CMOS-isolation approaches are trench isolation58 and 
selective epitaxial growth (SEG) isolation. Trench-formation technology, discussed in 
chapter 2, is applied to CMOS to attack the problems of latchup and punchthrough. Its 
main advantage is that latchup can be completely eliminated if a process employing a 
thin epitaxial layer on a heavily doped substrate is used, and if the trench is allowed to 
penetrate to the heavily doped rcgion. 11 Trenches of micron and submicron widths have 
been used to reduce p+ ton+ spacings to 2-2.5 µm.57 In addition, when trenches deeper 
than the well depth are used, they replace the reverse-biased pn junction as the isolation 
structure at the well sidewalls (Fig. 6-32). 

As of 1988, active devices can not yet be set against the trench sidewall, due to 
channel-inversion problems associated with the vertical trench sidewall (Fig. 6-33).56 
The sidewall inversion is caused by the horizontal parasitic MOS device, with the well 
acting as the gate electrode and the trench dielectric acting as the MOS gate oxide (with a 
thickness equal to the trench width). The voltage across this parasitic device is 5 V 

Poly gate 

p-Substrato 

2 3 4 5 6 
µm 

Fig. 6~33 The corresponding two¥dimcnsiona1 potential contours showing sidewall 
inversion; the simulation is done at Qb ;5x!OIO cm-2, NA; 6xJ014 cm-3, Yoo; 3 V, Vos 
; 0 V, Vsa; -1 v.120 (© 1983 !EEE). 

 
 

Dell Ex. 1008B
Page 159



426 SILICON PROCESSING FOR THE VLSI ERA - VOLUME II 

under nonnal CMOS operating conditions. This gate voltage and the narrow (e.g., 
1-µm) trench width can easily cause inversion along the sidewall, outside the well but 
facing it. 

There arc two reasons why p-wells exhibit more severe trench-sidewall inversion 
problems. First, some of the needed boron doping segregates into the trench oxide 
during the thennal oxidation step. The second reason is the presence of the fixed charge, 
which is nonnally positive. 

Once sidewall inversion occurs, n-channel devices with regions butted to the same 
sidewall become electrically connected by a path along the sidewall. Two obvious 
solutions are to leave a separation between then+ and the sidewall or to increase the 
trench width, with the end result of either approach being an increase in the isolation 
spacing. Because of this limitation, the minimum n+ top+ isolation distance in trench 
isolation is 2-2.5 µm (1988). 

Trench isolation has several other disadvantages, as follows: 

• Fabrication is much more complicated than in LOCOS, making this an 
expensive alternative approach. 

• For adequate filling and planarization, only one trench width can be utilized 
(unless SEG refill of the trenches is used). 

• Another type of isolation is also needed (usually LOCOS) for most inactive 
parts of a chip. If a trench deeper than the well depth were used to isolate each 
device within the well region, each device would be isolated from the substrate. 
To keep the device bodies from floating, it would be necessary to provide each one 
with its own well contact, rather than using a single contact for the entire well. 
Chip area would thus be wasted, defeating the purpose for which the technology 
was adopted. 

6.5.2 Isolation by Selective Epitaxial Growth for CMOS 

Various schemes using SEG have been explored as CMOS isolation alternatives (sec 
chap. 2 for more details on SEG technology). One of the first, selective-etch-and-refi/1-
with epi (SEREPl), uses an epi refill of recesses in silicon, with the sidewalls 
passivated prior to refilling. In one approach,59 the well regions were anisotropically 
etched to a 5-µm depth, and a 200-nm thermal oxide was grown on the recess surfaces. 
This oxide was removed from the bottom of the recess with an anisotropic dry etch, 
leaving it on the sidewalls. Buried layers were formed by arsenic implantation into the 
bottoms of the wells, and tl1cn epitaxial silicon was selectively grown in the wells. By 
controlling the growti1 rate, it was possible to refill the wells so that the surfaces were 
level with the outside substrate. 

The SEREPI structure offers the advantages of minimum isolation area and also the 
flexibility of dopant-profile control in the epitaxial silicon in the wells. A similar 
process, reported by Kasai ct at.,60 uses a sidewall layer consisting of a 250-nm-thick 
composite film of oxide and nitride (sec Fig. 2-34b, chap. 2). After these layers have 
been removed anisotropically through dry etching, a sacrificial oxide is grown on the 
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bottom of the trenches and is then wet-etched away to remove any dry etching damage. 
Finally, an SEG step is performed. 

While it is possible to make then+ top+ isolation distance as small as 0.25 µm, 
with either approach, some problems exist. First, LOCOS must still be used to isolate 
devices from one another within the same well. Second, unless a deep boron implant is 
added to the n-channel side of the isolation, sidewall leakage or inversion can occur. 
Finally, the 0.25-µm distance between p+ and n+ regions can become a limitation for 
mnsking of opposite-type implants if n+ and p+ junctions are to be placed on opposite 
sides of the 0.25-µm-thick dielectric. 

Another SEG-based approach for isolating CMOS has been deseribed by Manoliu and 
Borland,15 and by Stivers.61 In this approach, windows are anisotropically etched into 
a 1-2-µm-thick surface-layer oxide (see Fig. 2-43, chap. 2). Separate implants are used 
to form p+ layers in those recesses designated to be p-wells, and n+ layers in those that 
are to be n-wells. The oxide recesses are then refilled, using an SEG step in which 
sidewall inversion in the p-wcll is suppressed by tailoring the doping profile of the 
boron doping (i.e., this region is doped with lxJ017/cm3 in the active area of the 
n-channel devices). As a result, no subthreshold "kink" is observed in the turn-off 
current (such kinks in the subthreshold current curve are due to leakage from source to 
drain along the sidewall of the isolation structure). 

The two buried layers increase the latch-up immunity of the CMOS devices 
considerably. Furthermore, this approach eliminates the need for an additional LOCOS 
isolation. Although this technique was only tested for minimum spacings of 2 µm, it 
is estimated that it will provide adequate isolation for spacings down to l µm. Finally, 
good planarity and gate oxide integrity were observed. 

The technique of retrograde wells hns also been investigated for implementing reduced 
isolation spacing and increased latchup immunity in CMOS (as well as for enhancing 
other device characteristics). 16,19 In this approach, the wells are formed by means of a 
high-energy implant, which is performed following formation of the field oxide. 
Because the peak of the implant is well below the silicon surface, the impurity 
concentration in the well decreases as it approaches the surface (hence the name 
"retrogrJde well"). 

It is easier to implement p-well CMOS with retrograde wells, since boron has a 
higher implant range in silicon than docs phosphorus, and boron implants thus require a 
lower ion-implantation energy in order to achieve a similar depth. Because the well is 
formed after the field oxidation, retrograded p-wells can have higher NMOS field­
threshold voltages compared to those exhibited in conventionally-formed wells. (In the 
latter, some of the boron segregates into the oxide during field oxidation, leaving less 
boron present at the silicon surface. This reduces the field-region threshold voltage.) In 
addition, the lateral diffusion of boron that occurs when the channel-stop implant is done 
prior to field oxidation is eliminated. 

There are several drawbacks to the retrograde well approach. First, it produces devices 
with a high junction capacitance (Cj) and a high body-effect coefficient (y) due to the 
relatively high doping concentration below the surface in the wells. These effccL5 
decrease the speed of circuits manufactured with such devices. Second, this approach 
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may require the use of implanters with accelerating voltages greater than 400 keV. 
While such machines are available, their low beam current makes them incompatible 
with high-volume manufacturing needs. Note that doubly ionized boron can be 
implanted with an accelerating voltage of 200 ke V to obtain the same result, and that 
such a voltage is within the range of ordinary implanters. However, the beam current in 
this case remains low (see Vol. I, chap. 9.) 

6.6 CMOS PROCESS SEQUENCES 

Since there are so many options available for designing a CMOS process flow, no 
"standard" approach has been adopted. The process flows presented here arc merely 
illustrations of the general sequence of process steps and of the types (and number) of 
masking layers used. We will first present examples of simple p-wcll and n-well 
single-level-metal CMOS process !lows. Such process sequences might be used in the 
fabrication of CMOS circuits wiU1 a minimum feature size of l.25-2.0 µm. We will 
then describe a twin-well, double-level-metal process !liat uses LDD structures. With 
additional enhancements such as trench or SEO isolation, the filling of contact holes and 
vias with CVD metal, and novel intcrlcvcl dielectric planarization methods, such a 
process would likely be used in the manufacture of CMOS circuits with submicron 
dimensions. 

6.6.1 Basic p- and n-Well CMOS Process Sequences 

A basic single-well CMOS process can be implemented in either p-well or n-well 
technology using eight masking levels. Figure 6-34 shows seven of the eight masking 
levels of a basic p-well process. Figure 6-35 illustrates the front end masking levels of 
an n-well process. (The back end steps of a process sequence are those that begin with 
the contact masking step. Thus, the term front end processing, refers to all of the steps 
up to that point.) We will describe an example n-wcll CMOS process in more detail. 

The NMOS devices in the n-well technology arc formed in the lightly doped p­
substrate (Slxl015/cm3), while the PMOS devices arc formed in the more heavily 
doped n-well (~lx!016/cm3). The starting material is either a lightly doped <100> p­
type wafer or a heavily doped <100> p+ wafer with a thin (5-10-µm thick), lightly 
doped p-type epitaxial layer at the surface. A process for enhancing the gettering 
capabilities of the wafer may be employed before feature formation on the wafer surface 
is begun (see Vol. 1, chap. 2). 

The n-well regions are the initial features formed on the starting material. First, a 
thermal oxide is grown and a CVD nitride film deposited. Then Mask #1 is used to 
pattern windows in these layers, through which phosphorus for the n-well is implanted. 
Since the implantation process is unable to place the phosphorus ions deeply enough 
into the silicon, these impurities must be driven in to the appropriate depth during 
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Fig. 6~34 Cross sections and top views of a typical p-well CMOS process at all mask 
levels: (a) p-well mask; (b) active-area mask; (c) poly-gate mask; (d) p+ mask; (e) n+ mask; 
(f) contact mask; (g) meta! mask. 1 From J. Y. Chen, CMOS Devices and Technology for 
VLSI. Copyright Prentice- Hall. 1989. Reprinted with permission. 
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Fig. 6~35 Cross sections and masking levels and associated processes of an n-wcll CMOS 
front-end process.1 From J. Y. Chen, CMOS Devices and Technology for VLSI. Copyright 
Prentice~ Hall. 1989. Reprinted with permission. 

subsequent high temperature cycles. An oxide is also grown on the n-well regions 
during the drive-in step. At the conclusion of the drive-in processes the surface 
concentration in the well is -lxI016;cm3, and the impurity concentration gradient 
within the well is also rather small. Note that the redistribution of the well dopant 
occurs laterally as well as vertically. 

Next, a boron !hreshold-adjust implant is carried out. There is no resist mask for this 
step, as the thin oxide or oxide/nitride layer covering the silicon wafer surface protects it 
from contamination. As was described in section 6.3.1, !his single implant can provide 
a correct VT adjustment for bo!h !he NMOS and the PMOS devices. 

The surface is then stripped of its oxide and nitride/oxide layers, and a new pad• 
oxide/nitride layer (needed for LOCOS) is formed. Mask #2 is then used to pattern this 
layer to define !he active device and field regions. A boron channel-stop implant is 
performed for !he p-substrate field regions. Allhough no separate mask is used, the 
boron implanted into !he well field regions is not of sufficient concentration lo 
significantly alter the n-concentralion !here. In addition, when the field oxide is !,'Town 
the phosphorus piles up beneath it in the well regions (sec Vol. l, chap. 7), while some 
of the boron implanted during the channel•stop implant segregates out into the field 
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oxide. Hence, the surface concentration of phosphorus in the well remains high enough 
that a separate channel-stop implant is usually not needed for the well region. 

The field oxide is then grown, after which the nitride/oxide layer is removed from the 
active device regions (see chaps. 2 and 5). Next, a gate oxide is grown, in the same 
manner as that described in chapter 5 for NMOS devices. (Note that a sacrificial pre-gate 
oxide is frequently grown and stripped prior to the growth of the actual gate oxide.) 

The deposition of polysilicon by CVD for the gate layer is then carried out. This 
layer is subsequently doped with phosphorus to form an n+ polysilicon gate material. 
The resistivity of the polysilicon should be as small as possible, since this layer also 
serves as an interconnect structure. (In more advanced processes, even lower resistivities 
are achieved by forming a silicide layer on top of the polysilicon layer.) Mask #3 is 
used to pattern the polysilicon. 

Masks #4 and #5 are then used to selectively implant the source/drain regions of the 
PMOS and NMOS devices, respectively. The polysilicon protects the channel region 
under the gate from being implanted. Arsenic is preferable for then+ regions so that 
shallow junctions and minimum lateral diffusion under the gate can be obtained. (It is 
typically implanted to a dose of 3-6x!015 cm-2, and with an energy of 40-60 keV.) 
Boron is often implanted as BF2+ (for shallow junction formation) at doses of l-5x!015 

cm-2 and energies of 30-50 keV. Typical values of source/drain sheet resistance should 
be below 30 .0./sq. Ohmic contacts to the n-well and p-substrate are formed 
simultaneously with the implants that create the NMOS and PMOS source/drain 
regions, respectively. These implants are then annealed with a short thermal process at 
a moderate temperature (e.g., 900-1000°C). The gate oxide that covers the source and 
drain regions during the implant is usually later stripped and regrown, since it has been 
damaged by the heavy implants and may have been contaminated by the RIE step used 
to pattern the poly. 

A CVD doped oxide (with the dopants being either phosphorus, or boron + 
phosphorus) is deposited to a thickness of 50-100 nm. to serve both as a dielectric 
between the polysilicon and metal layers, and as a gettering layer. This layer is flowed 
(see Vol. I, chap. 6) to improve the wafer-surface topography with respect to metal step 
coverage. 

Mask 116 is used to open contact windows in the CVD oxide so that connections can 
be made between the metal layer and the silicon and polysilicon. Following a ref/ow 
step, an aluminum (or aluminum-silicon) layer is deposited and patterned (using Mask 
#7). The wafers are subjected to a final anneal step, which is followed by the deposition 
of the passivation layer. Mask 118 is then used to open windows in this layer. 

An important aspect of this simple CMOS process is that it uses only one more 
mask than the E-D NMOS process described in chapter 5. The three extra masks in the 
CMOS sequence (two masks for the source/drain implants, and one for the well mask) 
replace the depletion-mode implant mask and the buried-contact mask of the E-D NMOS 
process. Thus, the process complexity of a modem simple CMOS process is not much 
greater than that of advanced NMOS. 
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6.6.2 Twin-Well CMOS Process Sequence 

This section describes an advanced ten-mask, twin-well CMOS process (Fig. 6-36). 
Again the process sequence options arc many, so there is no one standard process. What 
is described here is an academic, hypothetical baseline process sequence that almost 
certainly does not exist exactly as presented, and that is useful primarily as a vehicle for 
illustrating a general sequence of steps in advanced CMOS-circuit fabrication. Where 
the process steps arc not significantly different from those of the single-well process, 
details will not be repeated; instead readers will be referred to the appropriate sections of 
the book. 

6.6.2.1 Starting Material. The starting material in an advanced twin-well 
process is typically a <100>-orientation, heavily doped substrate on which a thin 
(5-10-µm thick), lightly doped epitaxial layer has been grown. Although n-epi-on-n+ 
substrates have some advantages for a few special applications (e.g., for building CMOS 
SRAMs; see chap. 8), p-epi-on-p+ substrates arc the more common choice, because they 
arc less sensitive to process-induced defects (see section 6.2). 

6.6.2.2 Formation of Wells and Channel Stops. The twin wells are the 
first features to be formed, assuming that neither trench isolation nor SEO isolation is 
being used. (Note that, as described earlier, trench isolation would require an additional 
masking step.) The well-formation procedure can be carried out in a number of ways. 
The most obvious method is to use two masking steps, each of which blocks one of the 
well implants. A single masking-step procedure, however, has been developcd,63 and 
that is probably the most commonly used approach (see Fig. 6-31). 

Nlttfde 
Twin-Tub V CMOS Structure 

Fig. 6-36 Cross section of AT&T's Twin-Tub V CMOS structurc.121 Reprinted with 
permission of Semiconductor International. 

 
 

Dell Ex. 1008B
Page 166



CMOS PROCESS INTEGRATION 433 

In this method, a single mask is used to pattern a nitride/oxide film that has been 
fonned on the bare silicon surface (Mask #1). The openings in the film become the n• 
well regions, and phosphorus is then implanted into them (e.g., at 80 keV). Next, a 
thennal oxide is grown on these regions, to a thickness that is sufficient to block the 
boron implant used to fonn the p-wells. After stripping of the oxide/nitride layer, the 
silicon in the p-well regions is exposed, while then-well regions are covered with the 
implant-blocking oxide. Thus, during the p-well implant (e.g., at 50 keV), the boron 
penetrates the silicon only in the desired areas. 

Next the wells are driven in (e.g., at l 100°C for 500 min). At the conclusion of the 
drive-in steps, the concentration in the wells for a 0.8-µm-CMOS process could be 
-1x10t6Jcm3 for the p-well, and ~3xJQ16/cm3 for then-well. Then-well might have a 
higher doping concentration, to improve the punchthrough perfonnance of the PMOS 
devices and to eliminate the need for a separate channel-stop step for the n-well. A 
higher concentration in both wells would still produce devices with relatively low 
capacitances at the bottoms of the source/drain-to-well junctions. 

The channel-stop implant procedure is also usually included in the part of the pro• 
cessing sequence in which the wells are fonned. In one reported twin-well process,26 

only a p-well channel-stop implant (boron) is used, because the doping in then-well is 
high enough (3xl016 cm·3) that a separate channel stop implant is not required. In this 
case, an unmasked boron implant is done following both well implants, but prior to 
field-oxide growth. 

In a second approach,55 an additional mask can be used to provide both n-wcll and 
p-well channel stops (Fig. 6-3la). Note that in this procedure, the boron channel stop 
is implanted into both the n-well and p-well field regions; the phosphorus channel stop 
must be increased to compensate for the presence of the boron in the n-well field 
regions. The disadvantages of this method include the additional alignment step between 
the channel stops and the well masks, the interdiffusion that occurs during the oxidation 
step, and the asymmetry of the doping profiles. (The latter is due to the increased phos• 
phorus concentration that must overcompensate the nonseleetive boron channel stop). 

A maskless variation of this method has been developed to overcome the above 
drawbacks (Fig. 6-3lb).55,64 In this sequence, both arsenic and phosphorus are 
implanted into then-well regions. This places both the dopants that form the well and 
the dopants that fonn the channel slop into the n-well regions prior to implanting of the 
p-wclls. An oxide is then selectively grown on the n-well regions, and the boron 
dopant for the p-wells is implanted. After the n-wells have been driven in, the oxide 
over then-wells is retained, and a second boron implant is carried out. This implant 
serves as both a channel stop in the p-wcllfield regions and a punchthrough-prcvention 
implant in the active regions of the p-well. 

Various approaches have been proposed to prevent excessive redistribution of the 
boron channel stop implant during field-oxide growth. These include: 

l. Co-implanting of Ge with the boron, which has been found to reduce the 
boron diffusion constant. 65 

2. Implanting of the field regions with Cl to increase the field-oxide growth rate 
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