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Sec. 2.3 MOS Transistors 19

2.3.2 MOSFET Operation

When a voltage greater than V, is applied to a gate, the semiconductor
surface is inverted to n-type and a MOSFET channel is formed, as shown in
Fig.2.11. Forsmall drain voltages, the entire channel is inverted and channel
conductance is proportional to the inversion charges. This area is the linear
region in which the drain current £, is proportional to V,; and the FET acts
as a resistor.  As V, increases and reaches a point such that {(V,; + 2dy) is
just larger than the band bending produced by the gate voltage, the inversion
disappears at point X near the drain (Fig. 2.11b). The channe! is then pinched
off at this point and the corresponding drain voltage is defined as V,,,,, because
for V, > V... I, remains essentially constant.  As shown in Fig. 2.11(c).
the additional voltage above V, , Is consumed for widening the depletion
region and the potential at Point X remains constant.  Point X moves toward
the source as V, exceeds V. but the movement is very slight; hence, [,
increases very little.  The drain current basically remains at a constant level,
I, for V, > V... However, for a device with very short channel length,
a slight movement of the pinchoft point can be a significant portion of the
entire channel length, thereby causing significant increase of /.. Other

short channel effects will be discussed in Sec. 2.5.

Linear and saturation regions. This section derives the basic MOS-
FET characteristics. 1f a MOSFET is biased with sufficient gate voltage to
cause surface inversion, the free charge in the inversion layer at a distance y
from the source is

Q:Av.u = Q,—.fu = @bﬁ..-.v ﬁ..wwu:

where (,(v) is the charge induced in the semiconductor per unit area at Point
y. DBecause

Qy) = -GV — 0y

i

-GV, — 20, + V(W]} (2.15)

Vp> W iE
Channel ¥, small

{a) ib) (c}

Figure 2.11 [lustration of the operation of a MOSFET for V, > V,: (a) ¥, <<
Vi (D) Vy = Vand (e) V> V., (Rel. 1).
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Sec. 2.4 Buried Channel Devices 27

The discussion of an inverter circuit in Chapter 4 will illustrate the significance
of the body effect on circuit performance.

MOSFET types. All derivations previously mentioned use n-channel
transistors as an example. Similar results can be obtained for p-channel
devices with reverse polarity for all terminal voltages and threshold voltage.
Table 2.1 summarizes important equations for #- and p-channel MOSFETs.
In both cases, the devices are off unless a sufficient gate voltage is applied.
This type of device {(normally-off) is called an enhancement mode device,
Anaother type of transistor is normally on unless reverse-polarity V, (e.g..
negative V, for an n-channel) is applied to turn it off. These devices (nor-
mally-on) are called depletion mode devices.

For an n-channel depletion device, the threshold voltage is made neg-
ative by adding an arsenic ion implantation during device fabrication. A
total of four different types of MOSFETS result, as shown in Fig. 2.17. The
corresponding I-V characteristics are also shown.  In n-channel cases, a pos-
itive ¥, must be applied to turn on an enhancement-mode device. But. a
negative ¥V, must be applied to turn a depletion-mode device off. A deple-
tion-mode device delivers current at ¥V, = (0 and is often used as the load
device in NMOS logic circuits.  In p-channel cases. one applies a negative
V, 10 turn on an enhancement-maode device, but a positive ¥, to turn off a
depletion-mode device. However, depletion-mode p-channel devices are
normally not used in present MOS technologies. In a CMOS circuit, en-
hancement mode p-channel MOSFETSs are often used as load devices. A
depletion-mode device is commonly made by forming a thin n-type surface
layer in the p-substrate for n-channel cases or a thin p-type surface layer in
the n-substrate for p-channel cases. Thus, source and drain are connected
with the same type of semiconductor layer unless this layer is fully depleted
by applying the appropriate gate voltage. The presence of this surface laver
however changes normal MOSFET operation from surface-channel condue-
tion to buried-channel conduction.

2.4 BURIED CHANNEL DEVICES

Discussions so far have covered device operations in surface-channel MOS-
FETs in which carriers propagate at the semiconductor surface. However,
in some devices such as depletion-mode devices, carriers propagate slightly
under the semiconductor surface. This type of device is called a buried-
channel device. Fig. 2.18 shows the cross-section of a buried-channel nMOS
device. Notice the n-type layer with the doping concentration Ny, and june-
tion depth x;. The device has 1wo depletion regions. The bottom region
originated from the p-r junction, and the top region is associated with the
MOS capacitor. The depletion width is not uniform because, under the bias
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148 CMOS Process Technology Chap. 5

pMOS V¢° Vl!

g e

n-5i pMOS

{b}

Figure 5.21 Schematic cross-sections of a 3-D CMOS/S0] inverter: {a) Joint-gate
(JMOS) type; and (b} siacked type {Ref. 33. © 1983, [EEE).

To date. a 1.1K gate array® and a 256 bit SRAM™ have been dem-
onstrated for 3-D CMOS/SOL.  The 8K bit parallel array multiplier in the
gate array exhibits complete operation. The 256-bit SRAM 1s configuratcd
with the NMOS memory cells in the bottom layer and the CMQS peripheral
circuits in the top layer as shown in Fig. 5.22. Complete memory operation
including the intralayer and interlayer data transfer has been demonstrated,
Roth these circuits were fabricated with a laser recrystallized SOI laver. An
even larger circuit. 2 64K SRAM, was demonstrated™ using p-channel loads
made in a non-crystailized polysilicon SOI layer. The as-deposited polysil-
icon was hvdrogen passivatcd rather than beam recrystaliized for manufac-
turability. Although the p-channel polvsilicon FETs had low mability. the
resultant CMOS configuration provided lower static power than that of a
conventional NMOS RAM with poly load resistors.  On the other hand. SOl
advantages such as latchup free. high density. high alpha-particle immunity
also existed in this structure.

Despite the fact that sizable CMOS circuits have been demonstrated in
two-layer SO1, 3-D VLS using CMOS/SOI technotogy has a long way 10 g0

Sec. 5.10 Bipolar/CMOS !ntegration— BiCMOS 149
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Figure 5.22  Circuit dingram of a 3-D sttic RAM (Ref. 37. ¢ 1986, IECE)}

for production. A reliable and high-throughput recrystallization process for
SOI layers is needed.  Intra- and inter-layer interconnection with planari-
zation must be developed. High vield, fast turn-around and redundance
circuits are other concerns for VLSI fubrication.

5.10 BIPOLAR/CMOS INTEGRATION—BICMOS

As described in Chapter 1. CMOS offers low power which 15 attractive for
VLSI. especially in digital applications. However. the speed of CMOS.
u]lbough comparable with NMOS, is slower than what bipolar cian provide,
it is particularly true when heavy-loading or long interconnects need to he
driven. A bipolar transistor not only can deliver o large current. it also has
wellcontrolled tuen-on voltage, good noise margin and small logic swing for
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150 CMOS Process Technology ~ Chap. 5
ECL (Emitter-Coupled Logic). ECL also provides a high speed sense am-
plifier for static RAMs. Al these advantages make it suitable for high speed
circuits and analog applications. [1s major disadvantages are: bigh power.
poor density and limited circuit options.

BiCMOS technology is the integration of bipolar and CMOS devices
on a single chip. The intent is to offer high density. low power CMOS arrays
with high speed bipolar drivers. 1t can also provide analog and digital system
integration on the same chip. With BiCMOS. the advantage of high density
and low power in CMOS can be combined with the speed advantage offercd
by bipolar. Other improvements inciude ECL and TTL (Transistor Tran
sistor Logic) interface, high speed 1/0s. less sensitivity to fan-out and cutput
load. reduced clock skew and improved internal gate delay.  Because bipolar
devices offer more current driving ability. for high speed applications. Bi-
CMOS does not have to be down-scaled as much as CMOS.  One-to-two
micron BiCMOS eun offer circuit speed as high as submicron CMOS. Con-
sequently, the 5 V power supply can be maintained and submicron process
needs are not as high. The major drawbacks to BICMOS arc higher cost
and longer fabrication time.

5.10.1 BiCMOS Operation

Figure 5.23 shows a BiCMOS inverter. When the inpul (Vi) is Tow,
both N0 and N1 are off but the p-channel device is on and the base of the
upper npn bipolar rises to V,, and above, turning the bipolar on and pulling
the V,,, upto Vpp — Vpe. When the input (V,,) is switched to high, Q1 is
cut off. and sa is N2; but N1 is turned on and the base of the lower apn
bipolar is charged (V,,,,) 10 V.. turning the bipolar on and pulling the output
voltage (V,) down to V..

Because the BICMOS output does not swing the full rail (V,, to ground).
the superior noise margin and zero static power dissipation inherent in CMOS
are not fully maintained. As the output is pulled down, V. goes 10 V.
although V,,, eventually can be discharged below Vg, it would take an
unreasonably long time. For practica) cases, the BICMOS output docs not
go to ground, noise margin is therefore degraded and when it drives to another
CMOS input gate, power dissipation for the CMOS gate is slightly increased.
The amount of power dissipation depends on the threshold of the n-channel
FET in the CMOS input gate. If | pA is used to define the threshold voltage
(V1,). the static current dissipated at the n-channel FET of the CMOS gate
can be approximated as

ll) =10 b= (VTH >
where Vy,, is the nchannel FET threshold voltage and S, is the FET subthres-

hold factor in mV per decade as described in Chapter 2 (Eq. 2.36). The
static power dissipation of the CMOS gate. which is proportional to I, can

V. S, in Amp (5.1)

R
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VDO

_KQ,

BICMOS Inverter

Figure 5.23  Circuit schematic of a BiCMOS inverter.

be reduced by increasing the threshold voltage and decreasing subthreshold
swing. However, 100 high a threshold voltage results in lower current dniving
ability. hence poorer circuit speed. As an example, if Vo, = 0.7 V. §, =
100 mV/decade. then f,, = 1 pA because Vi, = 0.7 V. [f V,, is raised to
1V, then {, = 1 nA, an improvement of three orders of magnitude in power
dissipation.

Figure 5.24 shows delay time for the BiCMOS inverter plotted versus load
capacitances (C,).%¥ Notice that the speed improvement is greater as the load
capacitance becomes larger. This improvement is due to the fact that a bipolar
device normally delivers much more current than a MOS device. Therefore,
compared to CMOS, bipolar or BICMOS is less sensitive to the output load
capacitance. In first order approximation, the slope of the line 1s roughly

Sp = 1ufCe = QUL C) = VI,
V., for the CMOS case {

]

th
i
S

= V e = V, (Bl for the BICMOS case
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152 CMOS Process Technology  Chap.5
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Figure 5.24 Propagation delav versus load capaciance (Rel. 3)

where @ is the charge stored at the load capacitor, V, is the output voitage.
and /, is the output current, which is the drain current (f;,) for the CMOS
case, and is the collector current {/, } in the BiICMOS case.  Although /;; and
i, are gcometry-dependent. ie.. I, = WL and I x I, » A,. the bipolar
current [ in general is much larger than the drain current [, of a FET of
similar size. So, for gates that need to drive a heavy load (=0.5 pF}, BiICMOS
is faster for a factor of two or more. For a very small load (<0.1 pF in this
cxample). the BiCMOS circuit is actually slower because it takes time to
charge additional bipolar junction capacitances. lnintegrated circuits, a large
fan-out normally corresponds 10 a high load capacitance. Compared to bi-
polar for the same fan-out, CMOS has a larger load capacitance to drive due
to the higher input capacitance. As shown in Fig. 5.24. delays for CMOS
inverters increase as 1.28 ns/pF and this loading effect decreases to (1.58 and
0.36 ns/pF for BICMOS inverters with twa different emitter areas. Notice
for fan-out greater than 2, the BiCMOS inverters run faster than the CMOS
inverter.

Slightly more complex BiCMOS logic such as NAND and NOR gates
are shown in Fig. 5.25. Again, only two bipolar devices are used in spite of
the increase in FET counts.  With respect to the total device count and extra

;
!

=
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"’lno
l/‘/
Q1

[
VI Q—"—{ ND
o—-—H NO

v
> o Yo

BiCMOS NAND GATE
(a}

Figure 5,28  Schemates for {a) NAND, and (b) KOR BiCMOS circunes

layout area. the penaly of adding bipolar drivers on o CMOS logic circuit 13
reduced as the CMOS circuit component becomes larger.

5.10.2 Bipolar Device Characteristics

In this section. one-dimensional bipolar device operation is discussed.
Important device characteristics and relevant process paramciers are also
described 1o provide a background for the discussion of BICMOS technology.

Shown in Fig. 53.26 are the cross-sectional view of an npa bipolar tran-
sistor. its corresponding one-dimensional representation and the impurity
doping distribution. It is a three erminal device with a heavily doped »-
type emitter that emits current, a lightly doped n-type collector that collects
current and a p-type base region. As shown in Fig. 5.26(b). it is like two
p-n junctions connected back-to-back, but the p region is very narrow. Dur-
ing normal operation, the emitter-base pn junction is forward biased and the
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154 CMOS Process Technology Chap. §

out

N1

¥

N2

i

Bi CMOS NOR Gate
{b)

Figure 5.25 Contuged

collector-base junction is reverse biased. A transistor biased under this con-
dition operates in the so-called active region. Under forward bias, the emitter
current (/) is caused by the diffusion of electrons from the r* emitier to the
p-type base (/) and the diffusion of holes from the base to the emitter (F.).
The current components governed by diffusion are

Ing = AgqDpp dnyldy = AggD, g ny(0)/W, {5.3a)
Ie = ApqDye dpildx = ArqDye (YW, (5.36)
Ig = Iyg * Ipg (5.3¢)

assuming Wy and W, are very small so that linear approximation can be
applied. A is the emitter area, D, and D, are the dilfusivities for electrons
and holes, ny and p}. are the excess minarity carrier concentrations in the
base and emitter regions duc 1o mjection under forward bias at the emitter-

Collectar

""

O-Substrate

(a)

() ity -,
L

Emittes ot
7

[ W, —tfa— | —ae]

froth— \
"”“—(—O Collectos

B e e——— T

Va0 f‘i‘/ V>0
Base
]
10"t
oy
Auried
ayer
iﬂ"
Collactor
10" n 1
i
|
s W —al

4]

.

Figure 5.26  An apr bipolar transistor: {a) cross-section of an Apr transistor, (k)
One-dimensional representaion. and {c) Impuniv doping deanbution n one di-
M AN

Greenthread Ex. 2059, p. 10 of 47
Cirrus Logic, et al. v. Greenthread
IPR2024-00001



156 CMOS Process Technology Chap. 5
p'{X}orn' (X)
y
n " emitter n collector
PO
P‘EOQ,"
=W, X=0 \ aaitin

Fipure 5.27 Excessive minority carricr distsibution in a one-dimensional spre tram-
sistor.
base junction. They are calculated as

nilx) = ngfx) = npy = Aplexp(gVa,/KT) = 1] atx =10 {(5.40)

0 (5.4b)

px) = px) = ey = PrexplgVae/kT) = 1] atx
where 1, and pe are the minority carrier concentrations. Hy, and Pro are the
minority concentrations at equilibrium. and Vg is lhe_fonlvurd bias emitter-
base voltage. Figure 5.27 shows the distribution of minority concentrations
in the base and cmitter regions. The slopes of the curves correspond 1o
current values. The excess clectron concentration reaches zere at thc; ba_lse-
collector junction because the junction is reverse hiase:d and the electric field
in the depletion region across the junciion sweeps carriers away. N'mme :r_m:
n,{0) is much larger than p;-(0) because prn = n; and theﬁ majority carrier
concentration (i.¢., the doping concentration) in the base i much h_:s; than
that in the emitter. Asaresult, /. << fyz. The ratio of the currentinjected
into the base to the total emitter current is defined as emitter efficiency (¥,)

and is expressed as
Yo = InglUng + fp) 1 — Leellur (5.5)
= 1 = [D,p QW)W D,np(0)]
Using Einstein relation (D = pkT/g). the above equation can be writien as

Yo = 1 = (,paWal(pneWe) = 1 - Ryp/Ryp (5.6)

Sec 510 Bipolar CMOS tntegration — BiICMOS 157

where pp and ne are majority carrier densities in the base and the emitter.
psWy is the total majority charge in the base and is called the Gummel
number. The higher the Gummel number. the lower the emitter efficiency.
Ryse and Rgy are the sheet resistances for both the emitter and base. respec-
tively. Because typical values of Ry and R, are tens and thousands re-
spectively, vy, is close to but less than unity.

Not all injected electrons are coilected at the collector.  Some of them
are recombined in the base region and the portion which reaches the collector-
base junction is defined as the base transport factor (T):

lue {dngide)
T="—=——7"-"" (5.7)
| (e (dngldx), g
Solving the diffusion equation for », with boundary conditions. the above
equation can also be shown as™

T = (CoshW,/L ) !
i = WRN2L:,) since W, << L,

il

(5.8}

i]

where L,y is the diffusion length of minority carriers in the base. L, =
(D,3,)"* where 1, is the minority lifetime.

Because the collector-base junetion is reverse biased. the total collector
current (/) is approximately equal to Iy, assuming the junction leakage
current is negligible.  The common base current gain () can then be written
as

] oo Iy . )
o w Lo DO INE Ty, = |1 Wa2L )1 — Ry, 'Ryp) (5.9)
iy I Ie
Again. « is typically slightly less than one.
Bascd on Eqs. 5.3a and 5.4a. the current driving ability is

TA;qD,nilexp(gVarKT) = 1]
Wy

The denominator is the Gummel number. The numerator indicates that the
current of a bipolar transistor is exponentially dependent on the voltage across
the emitter-base junction. In reality. because of the IR drop from the base
contact to the emitter-base junction (Figure 5.26a), the Vg term in the above
equation should be replaced by Vge = IRy,

The {c versus Vg, curve is known as the Gummel plot. Figure 5.28
shows experimental data for I and i, versus V. plotted lincarly and semi-
logarithmically. Notice that the curve in Figure 5.28(b) is steep and a turn-
on voltage at about (.7 V can be defined. A larger emitter area, a narrow
base and/or a lower base doping concentration can increase bipolar curremt
driving ability. However, a narrow base or a low base doping concentration
can cause significant base width modulation, an undesirable effect similar to

le = aly = alyly, = (5.10)
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Ig (A} Sec. 510 Bipolar’/CMOCS integration—BICMOS 159
I {A)

the short-channel effect in MOSFETs. This base width modulation, known
as Early effect. leads 10 increased output conductance for the bipolar tran-
sistor,

The base doping concentration should be much higher than the collector
doping concentration 5o that most of the depletion width extends to the
collector region to minimize Early effect and to maintain sufficient collector-
hase breakdown voltage (BV p,) and collector-emitter breakdown voltage
(BVcep). However, a lightly doped collector gives a high collector resistance
(R¢). resulting in a reduced current at a given bias condition. A common
way to accommedate both high breakdown and low collector resistance is to
use a heavily doped buried layer (Fig. 5.26a) under the lightly doped collector
region so that R, can be greatly reduced.

The common emitter current gain (B) is defined as /.71, and equals
a/(l — «}. Depending on a. B values range from tens to hundreds.  The
higher the «. the higher the B. From Ey. 5.9. it is clear that narrow huse
width. low emitter sheet resistance and fow Gummel number in the base cun
all increase the common emitier current gain. Again. the Gummel number
cannot be too low duc to the limitation in output conductance and breakdown
voltages.

While current gains are important DC parameters. transit time (1,) is
important for high frequency operation. 1, is the time needed for the carriers
to teavel across the base region. It can be approximated hy

5 = Wy (5.11)

1€-02 1E-02

decade

decade TR

fdwe

1E-12
0000

b¢ {ma) I, (m A}

where v is carrier velocity and { ) means averape value. Because
do = Apginde) = Apgleinp(t)2 (5.12)
and
{o = Iy = qD A n(DYVW, {5.13)
equating Eq. (5.12) and (5.13),
{ry = 2D,/W, (5.14)

10

1000 | 4!

dw

and
T, = Wi2D, (5.15)

can be obtained.

The above derivation, based on the concepts of average velocity and
average minority carrier concentration, is at best an estimation. 1T, is also
the time required to remove all minority carriers from the base when the
emitier-base voltage (V) switches 10 zero. It is interesting to note that
1./, = B. The reciprocal of the transit time corresponds to the frequency
timitation for the operation of a bipolar transistor. In reality, even before
the operating frequency reaches 1/, current gain decreuses at high frequen-

000
1000

¢ 00 1 L L i

Ve 01w )

]

Flgore 5.28 Collector and base current (/; and /) versus base-emitter voltage
(Vap) fOr an npu transistor: {a) Gummel plot in semi-logarithmic, und {b} Gummet
plot in hinear.
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cies due to additional RC time constants associated with parasitics. The
cutoff frequency fr, defined as the frequency at which the common cmjtter
current gain is unity, is an important parameter for high frequency operations.
fr can be cxpressed as™

”(Zﬂ"rmwl) (5 1(’)

Ir

and
Ttulal = Tl + C}E’glu + C}Cfgm (5.17}

where C;c and Cc are the junction capacitances at emitter and collectc_)r
junctions and g, is the transconductance defined as 8/./8Vy,. To obtain
good high frequency responsc, the parasitic capacitances and resistances must
be reduced. ln addition, the intrinsic basc transit time must be decreased.
Aldng with the use of the buried layer, a thinrer collector layer (small W)
and/or a heavily doped collector plug under the collector contact can further
decrease R, (Fig. 5.26a). A

The previous discussion assumes that the carrier concentration lnject‘ed
to the base is much less than the majority carrier concentration ( pg) which
equals the base doping concentration (N, g). This assumption is pftf:n inva!id
at high current levels in which ng >> N (5. In such cases, the majority carrser
concentralion must increase to maintain charge neutsality in the base. This
condition is called conductivity modulation. As a consequence, the effective
base doping concentration becomes higher, resulting in a smailer cnitter
efficiency and a reduced current gain. High level injection also occurs at the
collector and is known as Kirk effect.*> For npa devices, it was assumed that
minority carriers (electrons) that reached the depletion cdge of the rcv_erseiy
biased collector-base junction were swept across so that clectron density (n)
in the depletion region was negligible. This assumption is not valid ata high
current density J (/ = gnv where ¢ is electron velocity). Because 21s limited
by the saturation velocity due to scattering, a finite amount of 1t exists w‘hen
Jis large. This electron density J/v adds to the negatively charged ionized
accepiors in the depletion region at the base side so that the total charge
density increases.

At the collector side, where the depletion region was composed of the
positively charged ionized donors, the injected electrons dccrcasgd the charge
density and even changed the net charge from positive to negative. 1In fact,
the concept of the depletion region is not reflected accuralc]y here due to
the presence of a large number of carriers. It should be described as a space
charge region. This modulation of charge density, for a constant coltect.ur-
base voltage, must be accompanied by a narrowing of the depletion region
at the base and a widening of thc depletion region at the collector side.
Consequently, the undepleted (or neutral) base widens. resulting in a reduc-
tion of the current gain at high currents and a poorer frequency response.
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5.10.3 BiCMOS Process Technology

BiCMOS technology can be developed in two basic ways: adding hipolar
on CMOS or adding CMOS on bipolar. Because the discussion. thus far.
has been concentrated on CMOS icchnology., the former method will be used
to build BiCMOS. This method has been used for several recent BIiCMOS
developments.***** It often compromises bipolar performance to be com-
patible with existing CMOS and minimize added processsteps. 1na BiCMOS
circuit, vertical apn transistors are needed because they have higher carrent
gain compared 10 a pnp transistor or a lateral device. Furthermore, each
bipolar transistor should be isolated so that it s not limited 1o emitter-follower
type logic only. N-wells are used in CMOS as the isolated collectors for the
vertical npr transistors.  Thus. CMOS with a-well* or twin-tub on p-substrate*
is commonly extended 1o BiCMOS,

Because buried-layer is normally used for npa bipolars to reduce col-
lector resistance. a buried-layer mask is defined and followed by a shallow
arsenic implant (Fig. 5.29a). A p-type epi layer is then grown and n-wells
arc formed above the s * buried layer (Fig. 5.29b). After the standard CMOS
LOCOS field isolation, another mask and boron implant are then needed to
form the rpn base (Fig. 5.29%c). Subsequent to standard gate oxidation,
polysilicon deposition and gate definition. the #* mask is used 1o implant
arsenic for the nMOS S/D. the npn cmitter and n* contacts for the collector
and n-wells (Fig. 5.29d). Similarly, p~ mask is used o implan: boroa for
the pMOS 5/D and base contact. Standard contact and metal masks and
associated process steps finish the entire BICMOS process (Fig. 5.29¢). No-
ticc that Masks | and 4 are the additional masks needed for making bipolar
on a CMOS chip. With buried-layer, 1t is nccessary to grow an epi layer,
which is often already included in CMOS for latch-up prevention. Boron
base implant is yet another extra process step.  The entire process consists
ol 9 masks: buried layer. n-well, active area, npn base. poly. n*. p*. contact
and metal. This sequence descnbed the basic BICMOS process in which
MOSFETSs are not scaled to minimize short-channel effects and npn bipolars
are not high performance devices.

As discussed in Secs. 5.2 and 5.3. for micron or submicron CMOS,
additional masks and implanis are necessary for FET threshold adjustment
and punchthrough protection. as well as for the double-level metal, The
boron implant designed for #-channel punchthrough protection can also be
used to form the npn base; however, this compromise does not. in general,
produce a base well suited for the npn bipolur.  To incorporate n-well and
n* buried layer. the BiCMOS substrate must be a lightly-doped p-type.  For
latchup immunity. p * buried-layer can also be included 10 reduce the substrate
resistance (shown as a dashed curve in Fig. 5.24¢). The p* layer also creates
a pip* hi-low junction which is known 1o reduce a-particle induced soft error
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as described in Chapter 4. This addition requires one more mask, making
the BiCMOS process three masks more than the twelve masks commo_niy
used for today's CMOS processes. Another significant performance im-
pravement is the addition of a polysilicon emitter**** which i; ~known 10
increase emitter efficiency, hence current gain. Because poly51l1con.1cch~
nology has matured in CMOS, it would not be difficult to add to the b1_polar
devices. In fact, for SRAMSs using poly-load resistors, the same polysilicon
layer can be used for the poly emitters. Trench isolation is very attractive
for this hybrid technology because several different types of devices need to
be isolated with tight isolation space. Figure 5.30 shows an exampie of the
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advanced BiCMOS device structure with trench isolation. #* and p " buried
layer. and a polysilicon emitter.

5.10.4 BiICMOS Applications

Static random access memory. BiCMOS is penetraiing the CMOS
market in high speed applications. Because SRAMSs are always performance-
sensitive, BICMOS is attractive for SRAMs requiring higher speed. higher
density and lower power than what can currently be achieved by either CMOS
or ECL. While CMOS cannot compete on speed. pure ECL dissipates too
much power and is very costly.  With BICMOS SRAM. sub-10 ns access time
and <1 W power dissipation are feasible. Thesc characteristics offer Bi-
CMOS an opportunity in high performance workstation and superminicom-
puter applications. One example is a second-level cache to the memory
architecture that serves as a backup for higher system speeds by supporting
the first-level (CPU) cache on misses and reducing the need to access the
main memory, which normally consists of DRAMs with much longer (100-
150 ns) access times.  This second-level cache is best implemented by large
(1 Mwords) SRAMs with cache cvcle times sct at 25 ns. 256K BiCMOS
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SRAMs with 10-15 ns access ime and low power dissipation are desirable
for this unique application.

Most present BiCMOS SRAMs use conventional 6-T CMOS ccells or
4-T cesistor-load nMOS cells with bipolar transistors only for sense amplitiers
and peripheral circuits. The BIT line and the BIT line from a CMOS RAM
cell are connected 1o a bipolar differential pair of the sense amplifier for high
speed sensing. The bipolar differential amplifier ts similar 1o the CMOS
amplifier discussed in Chapter 4. The two #MOS input FETs are now re-

v(i I

Figure 5,38 Circoit schemat of @ BiOMOS ilferentaal wmplilicr
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placed by the two npn bipolar devices shown in Fig. 5.31. The load resistors
can be implemented by pMOSFETs. Compared to the CMOS differential
pair in which the FET drain current was linearly proportional to the gate
voltage, the bipolar collector current (I, or I..) is exponentially dependent
an the base-eminer voltage shown in Eq. 5.10. As a result. the bipolar
differential amplifier has much higher gain for a very small differential input
signal. thereby leading 10 a very fast sense amplifier.

BiCMOS SRAMs containing CMOS or aMOS cells have been made at
256 kbit complexity.®” ** Table 5.4 summarizes their charactenstics and com-
pares them to high speed ECL RAMs. ™ ** BiCMOS access imes ure 10 =
2 ns. not much slower than ECL speed, the power dissipation is much less.
and the cell sizes are much smaller. The Hitachi ECL uses a Ta,O. capacitor
and the Fujitsu ECL uses a pap load cell so that memory cell size can be
kept around 500 pm*. BiCMOS technologics for the 236K SRAMs have
current gain (B) ranging from BU-100and f,’s at 8 + 1 GHz. For comparison.
1 Mbit CMOS SRAMs made by ~0.8 pm technology have access times af
15-25 ns.** ** with cell sizes of ~60 pm- for 6-T cells.

BICMOS SRAM cells have been proposed™ ™ 1o decrease access time
while maintaining low power of CMOS memory arrays.  Using a bipolar
transistor to deliver more current can reduce the nme to charge BIT line
capacitance during READ operation. hut at the expense of lurger cell area
for the bipolar device. A two-port BICMOS SRAM cell that combined ECL
tevel word-hne voltage swings and emitter-follower bit line coupling with a
static CMOS latch was designed and fabricated.™

As shown in Fig. 5.32. CMOS cross-coupled latch is formed hy MI,
MZ. M3 and M4. The READ Word Line (RWL) acts us a power supply for
the CMOS Jatch. and the WRITE Word Line (WWL) controls the pass
transisior (M3) just like 2 CMOS SRAM cell. bui with a single-ended WRITE.
WRITE Bit Lines (WBLs) for unselected columns have 1o be biased at a safe
level which does not change the state of the cell residing in the selected row.
The condition of disturbing the unselected cells is more severe when RWL
is low because of the reduced noise margin associated with the small supply
on the CMOS latch.

The cell is read by raising RWL. The emitter follower (O6) and Q7
form a differential pair for the sense amplifier. For a low output, the npn
bipolar device QG is off and the bit {ine current f,, flows through Q7. The
1y R drop results in a low V. For high outpui. the increase of RWL is
coupled to the base of Q6 through the pMOS (M2). Q6 is then switching
1q: away from Q7%nd v, is at logic high.

An experimental 4K x L bit two-port SRAM™ fabricated by a 1.5 pm
5 GHz BiCMOS process offers a READ access nme of 3.8 ns. & power
dissipation of 550 mW, and the ccll area is 650 pm®. approximately 35%
larger than that of a 6-transistor CMOS cell implemented with the sume design
rules. The memory can offer independent and simultancous READ and
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TABLE 54 256K BiCMOS SRAMs and ECL SRAMs

Jin

Power

Access

Cell Size
ume (ns)

in pm’

Design

g GHz

(W)

Rule

Arschitecture Technology

Source

L]

0n.72

0.75
04

4-T 12

61"

0h

17

1.0 pm

0.8 pm

BiCMOS
BICMOS
BICMOS

256k x |

National*’

‘l'lh‘

]

LU

29 k % 1

9

AT

54.7
495
524

1.0 pm
i.0 wm
1.2 pm
1.2 pm

2%k x|

Hitachi®

o~

s

10

(Ta,04)

{pnp)

ECL

1k x4

Mk xl

Hituchi®
Fujitsu"

5

100

ECL

Ho

24

Sk x 10 ECL 760 (SBD)?

[BMY

* Using TiN for self-aligned ltocal interconnect

$Using Schotiky Barrier Diode
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READ WORD LINE {RWL)

Z

WHRITE BIT LINE{WBL)

READ BIT LINE{REL}

Figure 5.32 Circult schematic of a two-port HICMOS SRAM cell [Rel. 38,
© 1958 IEEE)

WRITE. meking it applicable for the design of video. cache. and other ap-
plication-specific memaories.

Gate array and standard cells. Combining bipular and CMOS offers
/O flexibility (ECL and TTL compatible) and rew architectures, in addition
1o high speed and high density in gate array apphlications.™  Bipolar provides
high driving ability with reduced lavout arcu, making it attractive for high
density gate arrays. [Internal CMOS logic with a bipolar buffer results in
negligible static power dissipation and low propagation delay under loading.
Because high density pate arrays normally use fan-out of 3-35 or even larger.,
BiCMOS certainly has an advantage in speed as previously described.  For
large arrays. BICMOS has less clock skew because of its high driving ability
per unit arca: deep clock trees are not oeeded in peneral.  Large signal swing
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in CMQS often results in noise spikes. BiCMOS offers ECL V'Os with smail
signal swing. Switching noise can then be better controlied. BiCMOS.
CMOS RAM cells. ECL buffers, macrocells. and analog functions can all be
integrated in application-specific pate arrays.

For a standard cell, BiCMOS a¥so offers a large degree of freedom in
cell design and high speed ECL blocks can be developed and integrated wiih
CMOS/BICMOS logic. Finally. the merge of apn bhipolar and CMOS tran-
sistors can offer high speed and low offset operational amplifiers and com-
parators. As previously deseribed, a bipolar differential pair offers high gain
and more precisely controlied input voltages as compared with its CMOS
counterparts. Compared to MOS technology in which threshold voltage is
sensitive to manufacturing process and device dimecansions. the bipolar emitter-
base turn-on voltage {V ;) is much more precisely controlled and well-matched
pairs can be more easily obtained. Offset voltages of MOS opernional
amplifiers are typically an order of magnitude larger than those of bipolar
circuits® because closely matched MOS input devices are difficult to make
and voltage gains arc lower. Qn the other hand. MOS circuits can be made
with higher packing density. BiCMOS thus offers the low input offscis and
high gains of bipolar circuit components while maintaining high packing den-
sity and low power. These components are the basic blocks for high speed
and low power A/D and D/A converters.  BiCMOS certainly provides more
opportunities in the integration of digital and analog functions on a single
VLSI chip.

5.10.5 Summary

In general, about three extra masks and associated processcs are re-
quired for adding bipotar transistors on a CMOS 1C.  Major gains are: faster
speed, higher current driving ability, ECL /'O compatibility, and more flex-
ibility in analog design. Longer turn-around time and higher costs are ex-
pected. It is not worth using BiCMOS to replace CMOS for implementing
digital systems with low or medium performance. For high performance
digital applications or mixed digital/analog systems, additional values offered
by BiCMOS justify its extra cost. Moreover. for state-of-the-art CMOS VLSI
technology, the mask count is about a dozen and the process steps are already
large; another three masks and additional precess steps needed for making
bipolar devices do not comprise more than 15-20% of the CMOS process
steps. [n addition. as bipolar and CMOS technology approach submicron
dimensions, they share more processing techniques such as epitaxy. polysil-
icon gate/emitter, trench isolation, and RIE. This technological convergence®™
further justifies the merging of bipolar and CMOS for high performance
analog/digital system applications.
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EXERCISES

> = .
In a p-well CMOS, the #-type substrate has a doping concentration of 1 % t_:r
cm ' and the p-well concentration is § x 1™ em % caleulate source/drain junclion

*
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capacitances and body effect coefficients for hoth 1- und pchannel FETs assuming
the gate oxide is 200 A for both devices.

. In a standard CMOS process, specify cthe necessary masking sequence in correct

order and also state the number of masks needed for a double-level metal process.

. To design a retcograde p-well with a well depth of | um, how high an implant

energy must be selected for the beron implant and what should be the minimum
resist thickness if a resist mask is used during the high energy implant?
Repeat Exercise 3 and assume a retrograde #-well is nceded.

. Describe the major process steps and masking sequence for a CMOS/SOS and

compare them with a bulk CMOS process.

. In an apn bipolar transistor. the emitter sheet resistance is 3 01 the intrinsic

base sheet resistance is 5000 £ the base width s 0.1 wm: the clectron diffusion
length 1o the base region is 10 pm; and, the elecirun mobility i3 1000 cm’ Vesee;
calculate the common emitter current gain (@) and maximum frequency (1/2,).
From the Gummel plot shown in Fig. 5.28, calculate the bipolar transconductince
(g..) defined as @1, /@V,, and compare it with the transconductance (g, = &4,/
aV ) of the n-channel MOSFET shown in Fig. 2.13.

. Describe the additional masking lavers and process steps needed for adding npn

bipalar transistors to an #-well CMOS process
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contact to poly-gate distance is 10 pm. calculate the intrinsic transistor channe!
conductance {g,). transconductance(g,,). and total g, and g,, in which source and
drain resistances are included (assuming contact resistance is negligible).

4. Describe punchthrough current and subthreshold current and explain the differ-
ences between them,

5. An n-channel MOSFET has 200 A £,,. } pm L, 0.2 pmx,and V, = 06 V. If
the device is biased at V, = 3 V and ¥, = 3 V. calculate the saturation voltage
V..., and maximum electric field £,..

6. (2) Write the E,, expression for an LDD »MOSFET and using the £_ value
calculated in Exercise 5. calculate the decrease of £, if the . LDD length is0.2
pm. (b) If a FET channel width is 10 jum and the 51D sheel resistance in the LDD
region is 1000 (VL. calculate additional 5/D resistance due 1o the LDD insertion
and compare it with the intninsic FET resistance.

9. Describe the process sequence for an LDD CMOS process and state qualitatively
the advantages and disadvantages of an LDD structure.

8. If n* polysilicon is used for both m- and p-channel FET gates in a CMOS chip.
what are the threshold valtages for the n- and p-channel devices assuming 250 A
gate oxide, 5 x 10" cm ' substrate doping concentration. and a fised oxide charge
density of 5 x 10" c¢m *?

9. For Exercise 8, what are the threshold voltages if p~ polysilicon is used for noth
n- and p-channel devices?

7/
7/

CMOS ISOLATION

The preceding chapter discussed device design for individual n- and p-channel
transistors. Because as many as hundreds of thousands of transistors are
used in a CMOS VLSI chip. they must be properly isolated so that the
conduction state for each transistor can be individually controlled.  What is
unigue in 1 CMOS circuit 1s the isolation among opposite-type Lransistors as
well as among similar-type transistors. This chapter starts with the physics
and techniques of ficld isolation in MOS technologics. It then discusses
isolation in CMOS including physical and electrical isolation. failure mech-
anisms, dependence on process architecture, and new isolation techniques for
future CMOS.

7.1 BACKGROUND

One important aspect of integrated circuit technology is the art of isolation
among transistors which are all built in a common silicon substrate. The
state (on or off) and conductance of each transistor can only be controlled if
proper isolation exists among transistors. 1f not. leakage current paths occur.
causing DC power dissipation. noise margin degradation, and voltage shift
on a dynamic node. Crosstalk among transistors can destroy the logic stare
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234 CMOS Isolation  Chap. 7

of cach device. Dynamic RAMs are very sensitive (o lcakage because it can
deprade memory holding time. hence requiring more refresh cycles, In a
CMOS circuit. leakage current in the isolation region can escalate latchup,
an important phenomenon to be described in the next chapter.

Device isolation is becoming more critical in VLS because of increased
tranststor counts and decreased isolation space. For a VLSI chip. a smail
amount of leakage per transistor can induce significant power dissipation for
the entire chip. For example, if a VLSI chip has one miflion transistors with
cach transistor producing 1 pA leakage. the total power dissipation for the
entire chip would increase on the order of a few watts.  Because the transistors
are closely packed on a VLS8! chip. adequate isolation between neighboring
devices is more difficult.

In MOS 1echnologies, isolation is commonly formed using a thick oxide
and/or a heavily-doped Si layer in the field region among active MOSFETs
(Fig. 7.1). The thick oxide is often called ficid oxide and the heavily-doped
region is often referred to as channel stop. This field isolation works well
for isolating active MOSFETs if only the Si surface in the active channel
region is allowed to invert. This inversion occurs when the gate voltage
reaches the threshold voltage of the active MOSFETs. As described in
Chapter 2, threshold voliage increases with the increase of oxide thickness
or substrate doping concentration according to Eq. 2.11.  Thus. threshold
voltage in a field region consisting of a thick oxide and/or heavily doped
region is normally around 10 V or more. at lcast an order of magnitude higher
than the threshold of active MOSFETs. As a result. surface inversion docs
not occur under the field oxide because the polysilicon or metal lines on the
oxide isnormally at S V or below. In normal operations. a conducting channet
is allowed to form only in the active area. pot in the field region

Freld Omide Lo

device
Channe! Stog

S-substrate

lee =00- 200X Loy

Figure 7.1 Schematic of fickd isolation with self-uligned channel siop for MOS
1Cs
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7.1.1 Test Structures

This section considers NMOS technology only. Shown in Fig. 7.2 is an
IC structure consisting of an aluminum interconnect line running between
two active r-channel MOSFETs. Both a top-view layout and a cross-sectional
view arc shown. The aluminum line acts as a gate on the thick field oxide
and the two n* diffusions adjacent 10 it act as source and drain, forming a
parasitic FET. This FET 1s commonly used as a test structure 1o detect
leakage current in the field region under the aluminum interconnect lines
Because polysilicon lines are also used for interconnects in an IC, a similar
structure as shown in Fig. 7.3 is also possible. Notice the subtle difference
as the n' regions adjacent to the polysilicon gate do not abut to the field
oxide. This exact structure in general may not exist in an actual IC layout
because polysilicon lines normally do not extend over the active (thin oxide)
area (sce Fig. 7.4(a)) unless they are a¥so used for the gate electrode of active
transistors (Fig. 7.4(b)). Here. the polysilicon line serves as gate clectrode
as well as the interconnect between the two elecirodes. In Fig. 7.3. the

;//
—— e W/{ﬂA ‘

{al

Alumirigm gate
AMmos attive

P /—_—-———-—;.-_.L..._, F gl owide

Aﬁ\h E _— A | FB

Drtubilrate

{b}

Figwee 7.2 Alumunom-gate parastic MOSFET hetwren nwo actve dovices in NMOS
technology: {a) layoul. atd {b) cross-sechional view
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Figure 7.3 Polysilicon-gate parasitic MOSFET between two active devices in NMOS
1echnology: {a) layout: and {b) cross-scctional view.

silicon surface under the thin oxide is normally inverted at a very low gate
voltage (=1 V), resulting in vltra shallow “a* ™ regions. If the silicon surface
under the field oxide is inverted, the two transisiors are basically shortened
and isolation between the two transistors is completely broken down. Thus.
the test structure shown in Fig. 7.3 is a good test vehicle for the case shown
in Fig. 7.4(b), because leakage current measured from the parasitic FET
indicates the onset of surface inversion under the ficld oxide.

For the layout shown in Fig. 7.4(a). the test structure that has polysilicon
overlapping the field oxide also tests the worst case because inversion is harder
to achieve under field oxide that is not covered with a polysilicon line (see
arcas pinpointed by arrows in Fig. 7.4{a)). The configuration in Fig. 7.4{a).
which is often seen in a real circuit, is unlikely to have an isolation problem
if the test structure in Fig. 7.3 passes the isolation test.

Another difference between the aluminum and polysilicon gate parusitic
FETs is the thicker oxide in the former devices due to an additional oxide
layer deposited to separate polysilicon and aluminum interconnects. The
total oxide under the aluminum 1s typically 1-2 pm, while in the polysilicon
device, the pate oxide is composed of thermally grown oxide only, which is
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Polysilicon Poly
imterconnect gate
Field oxide
ta)
n” a*
Pohysikicon
777 7% ware
n® n*
Field oxide
L)

Figure 7.4 Polysilicon lines s transistor gate: and inerconnect in real NMOS IC
layouts.

about 0.5-1 wm. In both cases, the thick ficld oxide and the doped silicon
surface underneath inhabit surface inversion unless the gate voltage is raised
several volts above the 5 V supply.

7.1.2 Field Threshold Voltage

Fieid oxide threshold voltage (V). as cited in the literature 1o evaluale
the rigorousness of field isolation, has often been defined as the voltage
required to get 1-pA current in a parasitic FET. This definition is crude and
as sth i_/r,- of >5 V does not necessarily correspond to an adequate isolation
for circuits operated at 5 V power supply.  Actually, the suhthreshold swing
of thq parasitic thick-oxide FET is so large (c.g.. §, = 0.5-0.6 V/DEC) that
the aircuit must operate at 3-4 V below Ve to ensure a <1 pA off-state
current. In other words. V.. so defined, must he at least 8=9 V for a SV
circuit operation.  This condition must be met for minimum isolation spacing
in a given technology. because V., decreases with isolation spacing in a similar
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way to the short-channel effect observed in active FETs.! Even worse, as
temperature increases, Ve decreases and the subthreshoid swing (V/DEC)
rises.? For example, Vr reductions as much as 2 V were noted as the
temperature was increased from 25 to 125°C.¢ o .
Finally, another problem cxists if circuits are used n a radiation envi-
ronment, because the threshold shift, caused by radiation-induced oxide charges,
is proportional to the oxide thickness to a power of between 2 and 3} The
resulting threshold shift for a field oxide can be 5 to 13 V depending on the
total dose of radiation. 11 is therefore essential to pravide an additional
margin for radiation-hard circuits in which field threshold volitage as high as
= 20 V may be necessary. A more stringent measure of isolation will be

discussed in Sec. 7.3.

7.2 MOS ISOLATION TECHNIQUES

An ideal isolation technique must satisfy all of the following requircments.
First, leakage current must be negligible between active dcvi‘_:::s. For MQS
technology. the silicon surface under the ficld oxide cannot be mverted‘dynng
circuit operation. Second, spacing between active dcvu_:r:s shpuld be n_'nmm}al.
This requirement is particularly important for VLSI isolation. Thlrd. i80-
lation should nat consume a significant portion of the active device area ar
result in significant narrow-channel effect as described in Chapter 2. ‘[n other
words. the transition from an isolation arca to the neighboring active arca
should be abrupt. Fourth, the isolation process should not adv_ersely affect
the process parameters required for fabricating the active F:lewce. In this
way, the performance of an active device can be optimal. Fmalliy. a process
should not be 100 complicated to control. For some applications. the low
leakage requirement should be met in high-temperature or radiation envi-

ronments.
7.2.1 Window or Moat Isolation

This method involves etching windows for the active devicesin a uniform
thick oxide. This technique was used before LOCOS* was invented and was
an industrial standard. The process is simple if a channel stop is not incor-
porated. Although sufficiently high ficid threshold voltage can be achieved
with a thick enough field oxide alone, step coverage becomes a senous prob-
lem. Metal or polysilicon lines at the sharp cdge of the oxidc_ steps tend to
break, especially when they are narrowed down for VLS! interconnects.
Techniques such as implanting argon ions ncar the wp portion of the oxide
have been used to change the ctching rate for the formation of a sloped oxide
edge. This method facilitates step coverage, however, at the expense of a

I
#

e g —— - e~
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larger layout area to accommodate the gradual transition from the active to
isolation region. Obviously. reduced oxide thickness is most effective to case
the step coverage problem, but then a channel stop must be incorporated to
produce adequate field threshold voltage.

For p-channel MOS technology. a window isolation structure with self-
aligned channel stop was developed.®  In this structure, a phosphorus implant
over the entire wafer is performed after the windows are etched into the field
oxide. The phosphorus-doped active repion is compensated by a shallow
boron implant that goes only through windows patterned in the ficld oxide.
The phosphorus implant forms an r-type channel stop under the field oxide.
whereas the boron implant through the windows provides adequate channel
doping for active devices. This process is similar to the retrograde #-well
CMOS process as described in Chapter 5.  Good device characteristics were
obtained for MOSFETs with 8-pm channel length. However, the two im-
plant conditions must be controlled precisely to achieve the exact doping
compensation for threshold control. A 2 o variation of (.33 V was found
in earlier work.* This control problem becomes morc serious for scaled
devices, which require higher implant doses and lower threshold voltage.

Similar window isolation has been done for NMOS technology.  Active
channel regions are first defincd by etching windows in a thick field oxide.
Boron ions are deeply implanted under the oxide to form a p-type channel
stop.® The boron impurities in the active regions are counter doped by a
shallow phosphorus implant 10 set a low threshold voltage.  Again. this proe-
ess 18 like a retrograde p-well process. The cross-sectional view of the final
device structure is shown in Fig. 7.5.  Although submicron MOSFETSs with
adequate threshold and punchthrough voltages were made, they had poor
body effect and high junction capacitance because of excessive boron im-
purities in the channel region. Moreover, a significant 2-D fninging ficld
effect existed in the devices with narrow channel widths. Figure 7.6 shows
the 2-D contours for potentials and carnier concentrations in a narrow-channe!
device with its gate biased slightly above threshold voltage.  Only hall of the
channel is shown due to the symmetry of the structure. The cross-section is
perpendicular to the direction of current.  Even with a precisely-defined ficld
oxide edge, both surface potential and electron concentration decrcase sig-
nificantly near the edge of the channel. resulting in a reduction of effective
(or clectrical) channel width. This channel-narrowing effect is the origin of
threshold increase and transconductance decrease as the channel width is
reduced,

In spite of the problems previously mentioned. direct window isolation
provides advantages for isolation in high-density 1Cs.  Compared to LOCOS.
another isolation technigue. direct window (moat) isolation has been shown
to save W% -40% of the silicon area.' 1t was pointed out that increasing
doping eoncentration in shortchannei (=1 pm) MOSFETs relaxed the re-
quirement of &, {channel stop) > M, (channel). where &, represented tbe
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Figure 7.5 Cross-sectional view of an nMOS device using window wolation and
channel slop.

dopant concentration.'” It was therefore possible, using a single boron im-
plant, 1o form a channel stop under the field oxide and provide punchthrough
protection in the channel region.

Another implant was made to adjust threshold voltage after the active
areas were defined. This technique, however, was not completely satisfactory
for an optimum NMOS process. Neither channel stop nor channel area can
have optimized doping distribution by using only one implant. The boron
implants selected in the work' may have offered suitable punchthrough pro-
tection, but the boron profile was too deep to provide appropriate body effect
and junction capacitance for the active devices. Also, the dopant concen-
tration for the channel stop might not have been sufficient.

Another NMOS process that forms channel stops for device isolation.
but independently dopes channel regions for active devices. has been pro-
posed.® After etching windows into field oxide with a patterned photoresist
layer. a layer of metal is deposited and the portion above the field oxide is
subsequently lifted off. leaving metal just inside the windows. The metal
inside the windows acts as an implant mask to block boron ions while they
are implanted through the field oxide to form channel stops. The channel
stops are sclf-aligned to the thick field oxide for high packing density. Mean-
while. the active devices can have an optimum impurity profile. The asso-
ciated liftoff process is, however difficult for VLSI production.
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Figure 7.6 Two-dimensional contours of equipoientials and clectron concentra
tions for a pon-plinar MOS structure in chanae! width direction (Rel 13, 10 1982
IEEE).

7.2.2 LOCal Oxidation of Silicon (LOCOS)

The LOCOS (LOCal Oxidation of Silicon) process® is commonly used
for the isolation of active devices in the MOS IC industry. As shown in Fig.
7.7, thns process uses a patterned nitride layer together with a thin buffer
oxide underneath to mask the active arca. This pad oxide releases stress
caused by the nitride layer. and is therefore often referred to as SRO for
Stress-Relief Oxide. The nitride/oxide mask is used to block ions during
channel stop implantation and the same mask is then used for local oxidation.
The nitridc/oxide masking Jayer is stripped after LOCOS. The resulting
isolation structure consists of a semi-recessed field oxide with the channel
stop naturally scif-aligned to the oxide edges. This standard LOCOS process
<an be modified to produce fully recessed field oxide if the Si substrate in
the isolation region is ¢tched before LOCOS. Normally, the amount of Si
etched is roughly half of the desired field oxide thickness so that an isoplanar
surface is formed after LOCOS. This scheme however adds more processing
steps and concerns for ¢ich-induced crystal damage and increased oxidation
encroachment.
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Flgure 7.7 Process sieps for LOCOS solation with self-aligned channel stop

Applying LOCOS to VLSI isolation is severely limited by field oxide
encroachment and lateral diffusion of channel-stop dopants into the active
device area. Oxidant diffuses through the buffer oxide under the nitride,
hence inducing oxidation near the nitride edges. This lateral oxidation en-
croachment makes the edge of the LOCOS oxide resemble a bird’s beak.
The impurity atoms in the channel stop region also diffuse laterally during
LOCOS and other subsequent high temperature process steps. Figure 7.8
is an SEM micrograph showing the bird's beak structure due to lateral oxi-
dation. As shown in Fig. 7.9, the lateral oxidation rate is a function of the
lateral distance from the nitride edge and depends on buffer oxide thickness.
Both oxidation encroachment and impurity lateral diffusion overtake the
active arca near the channel edges. Hence, the physical channel width W,
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Figure 7.8 SEM micrograph showing the cross-section of 1he bird's beak due to
oxide encroachment (Ref. 9. © 1981 IEEE).
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Figure 7.9 Lateral oxidation rale as a [onction of the lateral distance from nitride
edge for various buffered oxide thicknesses used in the LOCOS process (Ref. 9,
© 1981 IEEE)
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becomes less than the designed channel width W,. The difference (W, —
W,) becomes a significant portion of W, when devices are scaled down for
VLSI applications. Furthermore. the electrical channel width (W.,} is even
less than W, because the 2-D narrow-channel effect applies to LOCOS as
well as other non-planar isofation schemes, such as window isolation. Both
physical and clectrical channel-narrowing effects increase the FET threshold
voltage and reduce its current driving capability. To maintain the desired
channel width, the corresponding mask dimension must be drawn oversized,
resulting in wasted layout area. Other considerations are nitride-induced
crystal defects and step coverage on non-planar surface.

Several methods have been tried to improve LOCOS isolation in terms
of reducing the bird's beak. Sealed-Interface Local Oxidation (SILO)® uses
a thin (<300 A) nitride film directly on Si to seal the interface. shutting off
lateral oxidant diffusion during local oxidation. As predicted in Fig. 7.9, the
lateral oxidation rate decreases sharply as the buffer oxide thickness is re-
duced. Consequently, a steeper step angle and reduced bird’s beak® can be
obtained (Fig. 7.10). A thicker nitride layer can reduce the bird's beak even
further, but at the expense of generating more stress, more crystal defects,
and higher leakage. To achieve low stress and a small bird’s beak. a sandwich
masking layer (Fig. 7.11) consisting of a thin nitride (100-20¢ A).an LPCVD
(Low-Pressure Chemical Vapor Deposited) oxide (300 A) and a thicker nitride
(1000 A) has shown basically defect-free ficld oxide with encroachment of
only 25% of the oxide thickness {Fig. 7.12). A conventional LOCOS gen-
erally has lateral encroachment of =80-300%.

Another attempt to improve LOCOS is the use of the SideWAIl Masked
Isolation (SWAMI) process, ' which offers basically defect-free and near-zero
bird’s beak, but at the expense of process complexity. As shown in Fig.
7.13, the process starts with forming and patterning a composite masking
layer with stress relicf oxide (SRO 1), and nitride (Nitride 1) on active regions.
The Si substrate is then etched with a sloped sidewall and channel stop is
implanted (Fig. 7.13a). A second compaosite nitride/oxide layer is then formed

Figure 7.10  An SEM micrograph
showing the cross-section of reduced
bird’s beak in a SILO structure (Refl 9.
€ 1981 [ECE).
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SILO

NITRIDE SEALING FILM;
S

B e

S

‘ S | Figure 7.1t Process steps for a samd-

wiched SILO structure

and an LPCVD axide is deposited (Fig. 7.13b). Afier RIE etching of the
CVD oxide. an oxide sidewall spacer is Jeft (Fig. 7.13c). This sidewaﬁ spacer
is then used as a mask to ctch the nitride I1. then the mask is stripped (Fig.
7.}'3d). LOCQS is then performed with the Si sidewall prolected from lateral
oxxdat.ion encroachment by the thin nitride spacer (Fig. 7.13¢}. Al masking
materials are then stripped and gate oxide is grown (Fig. 7.13f). The process
employs two nitride masks. anisotropic oxide and mitride ewhing. The slope
of the sidewall (=34} must be controlled during Si eiching. A near isoplanar
structure is achieved as shown in Fig. 7.14 and good electrical characteristics
have been obtained.

Figure 7.12 SEM micrograph showing
the cross-section of minimum encrooch-
ment wsing the sandwich strecture
shown in Faig. 7 11 (Ref 9. € 48],
IEEE)
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THE SWAMI
e NITAIOE T
“ rrencr ::zﬁ ARG 1
—rv—n-rrn-ﬂf = W
(a)
——J——_—l—-—',.- LPCVD S0,
NITRIDE O
\.,. SRO O

(e)

Figure 7.13  Thc major process sicps of SWAMI (Side WALl Masked solation)
{Ref. 10, ©« 1942 IEEE)

7.2.3 lIsoplanar Field Oxide

Another isolation approach involves etching a shallow (several tenths
of a micron) step in a silicon substrate and filling it with a depositing oxide.
This isolation has fully recessed isoplanar configuration and is bird’s beak-
free. It was introduced as BOX for Buried OXide."' A liftoff technigue
using aluminum®' or molybdenum!?® as a stencil was employed for this ap-
proach. As shown in Fig. 7.15, SiO, was plasma-deposited at 300°C for the
ficld oxide. A wet etching before liftoff was done to remove oxide at the
sidewalt of the Si groove. Because the oxide at the sidewall was highly
stressed, its etch rate was much higher, allowing preferential etching. The
oxide on the metal stencil was then lifted off by resolving the metal. To fill

Sec. 7.2
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iy ———

03 B8 A 11 WS

151 oxwde burying step

Figure 7.14 SEM micrograph showing
the cross-section of & SWAMI structure
(Ref 10, « 1982 IEEE)

Aluminum

510,
Implanted
region

Si wafer

{After buflered HF e1ching)

|

|~ Plasma-deposited
Si0y

-V Groowves

2nd Oxide burying step

T

=

I~ Resist
- CVD S0

— Field SiO,
& Figure 7.15 Process steps in BOX

—]

(Buried OXide) technology {Ref 11,
« 1981 [ERE)
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3

planar isolation with fully-recessed field oxide not only eliminates physical
encroachment and surface topology, but also avoids the clectrical 2-D fringing
fielc! eﬁiect illustrate.d in Fig. ?.6.. Fig. 7.17 shows _thc ZTD contours of po-
tential lines and carrier concentrations for the planar isclation structure.  No-

tice that both potentials and electron concentrations are uniform across the
entire channel width, indicarting negligible electrical channel-narrowing effect.
Despite all of the advantages of the isoplanar structure, the associated
liftoff process is. so far, doubtful for production. The use of preferential
etching can facilitate liftoff. but even then the process may be too complicated

Figure 7.16 SEM micrograph showing the cross-section of isoplanar PHITOR for manufacturing VLSI circuits. Other processes, such as trench, are being
structure {Ref. 13, © 1982 IEEE). ' developed for realizing isoplanar isolation. Section 7.4 will discuss these
techniques.
: : " Table 7.1 summarizes the various MOS isolation techniques discussed,
g a as deposited and RIE etched &k _ :
in the V-grooves at fthe step, another oxide was depo Key process steps. distinct features, and schematics are included. For the
a planar surface. icati and: i ;
to form - P‘ll-’nar '-;;u‘. S cine photoresist 1o [ift off low-temperature (100°C) present MQS IC f_abnf:auonl. starladdrd LO_COS or improved LOCOS such as
ACS':i“; A _‘j‘: (rll’ll-?utox) w%tspaiw proposed for field isolation.”” The idea SILO. is still the dominant isolation technique, even though scaling isolation
hoto- oxide (Fho bl aci
zgain is to provide a fully isoplanar structure as shown in Fig. 7.16. The tpaany Tor Visbheame sehcic.

7.3 ISOLATION IN CMOS

Layout density has been a major problem in bulk CMOS because both a-

A and p-chunnel devices must be made on the same chip and the two devices
must be properly isolated. The two types of devices must be separated

gﬂéE physically by at least one well. which is normally formed by diffusion. Be-

cause diffusion is an isotropic process, a large layout space is required to
accommodate lateral diffusion during well formation. Another problem is
the implementation of channel stop(s) for CMOS devices. In NMOS tech-
nology. the p-type channel stop can be formed easily under the LOCOS oxide
to raise field threshold voltage weli above the 5 V power supply. In the case
of CMOS. a p-type channel stop is still necessary 1o provide isolation among
n-channel transistors. Moreover, it must be spatially restricted to the n-
channel area only. Similar requirements apply for n-type channel stops needed
in the p-channel area. These additional construints require extra layout
spacing between the #- and p-channel areas unless some sort of self-aligned
— . POTENTIAL structure can be realized. Even worse. the channel-stop doping concentration
— — - ELECTRON CONCENTRATION al the edge of the weil drops substantiafly due to lateral diffusion and the
' compensation between acceptor and donor impurity atoms.  As an example,

4000 A

' 13 3
oav 1013 em

10 em 2

o
&
<
—— TR

5 - SUBSTRATE Fig. 7.18 shows this effect through 2-D simulation for the iwin-tub process."*

The solid curves show the reduction in set impurity concentration at the well

e boundary when both boron and phosphorus implants are used. The dashed
SR =

line represents a case in which only boron implant was used. The doping
reduction leads to isolation problems associated with the tight spacing between
an n- and p-channel device.™

Is and elcctron concenira-

Figare 7.17 Two-dimensional contours of cquipoteatial e

uons for 2 fully-recessed isoplanat MOS structure 1n channel width direction
13, € 1982 [EEE).
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TABLE 7.1 Comparison of Various MQS Field Isolation Technalogies

TECHNIQUE

KEY PROCESS STEPS
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DEFECT FORMATION

.
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LOCOos
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PROTECTION
OFf SIDEWALL

EXCELLENT SURFACE
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WINDOW
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=
o 5
fo L]

.
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OX\DE
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PERFECTLY FLAT (PLANAR:
SURFACE

NO tMPURITY
REDLSTRIBUTON

REQUIRE Al MASK AND
PLANARIZATION 8Y RIE

PHCTOX

k]

PHOTOX

NO BIRD S BEAK
SUPER-PLANAR
NO A1 OR RIE
NOT MATURE

" e e

TRENCH

EFFECTIVE FOR BIPCLAR
OR CMOS WELL ISOLATION

INCREASED PARASITIC
INTERCONNECT CAPACITANCE

COMPLICATED

=2um WIDE?

- SyM,
5i0,
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Cg/Cgq

pWELL \ nWELL
\
y
\
" ‘
0.1 It ' Hj3. 4 |
6 5432101223458 7 8

LATERAL DISTANCE, um

Figure 7.18 Impurity surface concentration near the border af the two tubs in
twin-tub CMOS (Ref. 14, € 1980 IEEE).

In a CMOS circuit. proper isolation must be provided among opposite-
type devices as well as between similar devices,'s The following sections first
describe isolation among similar devices. followed by the discussion of iso-
lation among opposite-type devices, then the enhancement of isofation by
using retrograde-well technologies and finally, vertical isolation between dif-
fusion in the well and the substrate.

7.3.1 Isolation Among Similar Transistors

This section will discuss isolation between two a-channel transistors and
two p-channel transistors. These similar transistors must be isolated properly
to aveid leakage current occurring in parasitic FETs. Parasitic FETs are

Greenthread Ex. 2059, p. 29 of 47
Cirrus Logic, et al. v. Greenthread
IPR2024-00001



252 CMOS Isalation Chap. 7

formed by polysilicon or aluminum interconnect hoes on relatively thick field
oxide and adjacent pn junctions.

Test devices for solation between two #-channel active transistors were
described in Sec. 7.1.1. Problems asseciated with the conventional definition
of ficld threshold voltage were discussed in Sec. 7.1.2. Instead of defining
threshold at 1 pA. a stringent way to test field isolation is to measure the
field threshold voltape (V). defined as the gate voltage that generates a
small and acceptable drain current at drain voltage equal to power supply
voltage.i.c..currently a5V Vy,;,. The V. values measurcd a1 drain currents
of 10 pA. 1 nA and 0.1 pA in a 20 pm wide FET are shown in Fig. 7.19."*
The test structures used for this measurement are shown in Figs. 7.2 and 7.3.
The LOCOS field oxide thicknesses for polysilicon and aluminum gate FETs
are about 0.5 and 1.0 pm, respectively in this example. A boren field implant
of 4 x 10" em * at 25 KeV is used for the channel stop formation before
the LOCOS oxidation. The higher current (0.1-1.0 gA) corresponds to a
threshold similar to the threshold defined at the onset of strong inversion.
This definition is suitable for the active MOS transistors but not particularly
useful for parasitic FETs in which a very low level of leakage current {10 pA
— 1 nA) s a serious concern for maintaming isolation.  Notice that the Vs
are higher for the aluminum gate because of the assaciated thicker ficld oxide.
The thicker oxide also gives poorer subthreshold slope. causing V,, curves
to separate further. The V,, decreases as the channel tength (n™-to-n"
separation) is reduced in a way that is analogous to the short-channel cffect
commonly observed in active MOSFETs (sec Chapter 2. Sec. 2.5), This
effect should be taken into account when setting #*-10-n * layout design rules.
For the example shown in Fig. 7.19, ¥V, values are 10 V or above even at 1
pm separation between two n2-channel active devices,

Parasitic FETs among p-channe) active devices are identical to those
shown in Figs. 7.2 and 7.3 except that the doping types ere reversed. The
symmetric parasitic pMOSFETs are. in general, harder to turn on because
the net oxide charge density ((; term) is commonly positive. making the ¥,
even more negative. As shown in Fig. 7.20.' the absolute V., values are
well above 5 V. The test devices used here are fabricated from the same
CMOS process which made the devices used for obtaining data in Fig. 7.19.
The channel stop is formed by a shallow phosphorus implant inside the n-
well. The very high Vo values in the polysilicon gate devices are not always
measurable due to dielectric breakdown in the thin oxide region between the
polysilicon gate and the source. Notice that the alominum gate devices
exhibit greater short-channel cffect, due to thicker oxide.

Leakage can also be observed in the parasitic FETs if puncbthrough
between the two ™ (or two p*) regions occurs.  Due to the relatively high
doping concentration in the field region and shallow n* or p* diffusion
regions, punchthrough usually does not take place unless the separation be-
tween the two diffusion regions is sealed below 1 pm, Breakdown is normaily

)

=

© AT

————

Sec. 7.2
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Vps = Svalts W =20pm

Threshold voltage (volts)

25 Drain
f current
L /.‘ - - o — 0134
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- /'7‘. G .. ina
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15 - /A'T—‘ a - o 40 tpA
- o &
L 2o P a o 2 inA
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& i B o o o 10pA
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i Polysilicon gate
5 1
!
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Figure 7.19 n-Channcl field threshold voltages for symmetneal parasiic FETs
(Ref. 16).
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limited by avalanche breakdown which, in general. occurs at voltages well

above 5 V.
Vs = -5 voits W=20um
Absolute threshold voltage \ 7.3.2 Isolation Among Opposite-Type FETs
(vni%o y Dran & = . . :
C current _ In addition to physical separation and the precise definition of channel
N Aluminum gate ‘ stops. electrical isolation between n-channel and p-channel active devices is
we et ©  just as important. Inadequate isolation leads to leakage between opposite-
r InA type devices. This lcakage corresponds to the subthreshold leakage measured
80 L in parasitic FETs.
L 10pA
r Test structures. Fig. 7.2l shows two parasitic FETs formed at the
70 R edge of an n-well by aluminum or polysilicon lines. The n* and the n-well
L o form source and drain for the parasitic ntMOSFET while the p* and p-sub-
C strate serve as source and drain for the pMOSFET. Here. the source and
ol 1 J L drain are not symmetrical and the a-well and p-substrate are used as drains
[ i because a deeper drain junction and a highly conductive source always pro-
50 L r duce maore subthreshold current, thereby representing a worst case condition
i for isolation. Similar to the test structures described in Sec. 7.3.1, the two
1 F structures have two differences between them. The field oxide in the alu-
40 Polysiicon gate - 8 minum pate structure is thicker than that in the polysilicon gate. Also, the
L . |
[ 0.1pA
30 - s 5 @ ° 90nA aluminium gate
L O 5 0 © 0 o 2 o 10pA
o @x
<. 4 »
w | o P Lo . A
[ field oxide
) ne @\_
w [ : - =+ c
[ | nweell
o PP B I L U NI WU S SRS B S| - p-iubstrate
0 5 3 1.5 s .5 3 35 4 ne+ to n-weil *p+ to p-substrate
Nominal p » to p + separation {ym) MOSFET MOSFET
Fipure 7.20 p-Channel field threshold vohages for symmeinical paresitie FETs polysilicon gate
(Ref. 16). 4 !
’i - f
’-f field oxide
| 1 P+
'l r -l DCH
n-well

p-substrate

Figure 7.21  Asvmmetric psrasitic FETs formed at in-well edge
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n* and p* in the polysilicon gate structure are self-aligned to the polysilicon
gate instead of butting against the LOCOS edges. This test structure sim-
ulates the real CMOS inverter layout shown in Fig. 7.22.'” although the actual
p* and n* are not along the same direction of the polysilicon gate. When
the gate is biased at 5 V, the n-channel surface under the polysilicon gate
{(indicated by n-CH) is inverted to n-type but is isolated from the n-well by
the p-substrate as long as the field region in the p-substrate is not inverted.
Similarly, as the gate is turned to 0 V, the p-channel surface under the
polysilicon gate (indicated by p-CH) is inverted to p-type but is isolated to
the p-substrate unless the field region inside the n-well is inverted.

The present test structure serves as a good vehicle to test the field
inversion problem under the polysilicon lines. However, the true source and
drain diffusions in the polysilicon gate case are kept further apart than in the
aluminum gate case (Fig. 7.21). This instance tends to inhibit punchthrough
and hence does not test the worst punchthrough problem.

As n*-to-n-well or p* -to-p-substrate spacing is reduced, the magnitude
of the field threshold voltage for either AMOS or pMOS parasitic FET de-
creases, again similarly to the short-channel effect commonly observed in an
active MOSFET. This threshold rolt-off effect in parasitic asvmmetric FETs
is very serious because of the associated deep drain (n-well or p-substrate).
The deep drain is also more likely to cause drain-to-source punchthrough,
which is another failure mode in CMOS isolation. Moreover, the two failure
modes, field inversion and punchthrough, are coupled through 2-D effects.’”
For worst-case considerations, ficld inversion must be measured at maximum
drain bias and punchthrough must be measured at highest gate voltage.

Modelling. Two-dimensional process and device modelling is carried
out using the SUPRA and GEMINI programs discussed in Chapter 3. The
input parameters for the SUPRA program are adjusted to achieve agreement
with the measured profiles in the vertical direction. The GEMINI program
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is basically a Poisson’s equation solver, but is quite adequate for molation
modelling in which only very low levels of current are concerned.

Fig. 7.23(a) and (b) show the 2-D impurity distribution and the corre-
sponding potential contours for the # * -to-n-well aluminum gate asymmelric
parasitic FET."® The device is formed using a conventional diffused n-well
technology. The nominal separation of n* diffusion from the n-well (that

mask edqe locations

DO ping nithde f-well
ey

0
. P Py
£ v A R b T T ———
) SO S W 51
¥ 1r e Ty -
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Figure 7.23  2-D simulated impurits doping and potential contours in the 2 to-
a-well parastie MOSFET {Ref 1. © 1987 ILCE)
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is. the separation of the nitride LOCOS mask and the n-well implant resist
mask) is 2.4 jm; the locations of the mask edges are indicated on Fig. 7.23{(a)."™
Motice the fairly high p-type field doping level between the n* diffusion and
the well.

Fig. 7.23(b) ilustrates a solution to Poisson’s equation for the structure
depicted in Fig. 7.23(a). The n-well and parasitic gate are hiased to 3 V with
respect to the p-substrate and n* source: this instance represents the worst
case for leakage with a 5 ¥ supply. In this case. the parasitic FET is off as
indicated by the 0 V surface potential in the middle of the channel. The
suppression of lateral spread of the well-substrate depletion region hy the p-
type field dopants can be clearly seen,

Figs. 7.24(a) and (b) show simulated doping and potential contours.
respectively for a p*-lo-p-substrate aluminum gate parasitic FET. In this
case, a device formed using the retrograde n-well technology is taken as an
example. The nominal separation of p* diffusion from the p-substrate (that
is, the separation of the nitride LOCOS mask and the a-well implant resist
mask) is 1.2 pum; the locations of the mask edges are indicated on Fig. 7.24(a)."
Note that the retrograde well is shallower under the field oxide than under
the active area,'®® and also that the climination of an n-well drive-in again
limits ateral diffusion of the well dopants. The solution to Poisson’s equation
illustrated in Fig. 7.24(b) is obtained assuming that the p-substrate and par-
asitic gate are biased to ~5 ¥V with respect to the n-well and p* source. again
representing the worst case for leakage. The potential contours at 0 V or
below are all well inside the oxide. indicating that the Si surface underneath
15 at positive voltage. This indication means that sufficient voltage margin
exists belore inversion occurs.  Also, notice that the depletion region asso-
ciated with the drain junction is mostly extended 1o the p-substrate rather
than the n-well, which is much more heavily doped than the p-subsirate.
Because the n-well scrves as the channel region in this structure uand only a
small portion 15 taken by the drain depletion region, lateral punchihrough
between p *-lo-p-substrate is less likely ta happen.

n* -to-n-well parasitic FETs. Fig. 7.25(a) shows field inversion volt-
ages defined by drain currents of 10 pA. | nA, and 0.1 pA. measured at a
5 V drain voltage for both aluminum and polysilicon gate »n*-to-n-well par-
asitic FETs." The threshold lowering effect below 2 wm nominal n * to n-
well separation is clear. The n-well in these devices acts like a deep drain.
and the associated depletion region extends into the substrate toward the n*
source. This extension causes short-channel threshold lowering and drain-
induced barrier lowering similar to normal active devices.

The thresholds of the thinner gate oxide of the polysilicon pate parasitic
MOS transistors are lower than those of the aluminum gate devices. and the
curves corresponding to the differem subthreshold drain currents are closer
together due to the improved subthreshold swing.  As described in Chapter

-
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2. the subthreshold swing (S} decreases as the gate oxide is thinned More-
over, :hrgshold lowering is less for polysilicon gate FETs, which is aﬁuin due
to the thinner gate oxide. At the smallest n" -to-n-well separution; (1-1.5
pm ). the larger threshold reduction in the aluminum gate FETs causes the.lr
_thfesholds to be lower than those of polysilicon gate devices, Conseéﬁcmlv

it is the aluminum gate structures which ultimately limit the n'uni.mum u.p—
aratior. Furthermore. the oxide quality and lhic:kne.\:a control of the ;1|u-

Greenthread Ex. 2059, p. 33 of 47
Cirrus Logic, et al. v. Greenthread
IPR2024-00001



260

Conventional n-well architecture

Threshold voltage (volts)
25 Orain
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Figure 7.25 {a) Threshold voltages: (b) breakdown voltages for the asvmmetric
n--to-n-well parasitic FETs (Ref. 18. © 1987 {EEE).

minum gate oxide often make its threshold less reproducible from run to run.

and so more safety margin must be given,

The breakdown voltages of n*-to-n-well parasitic FETs also indicate
that the aluminum gate FETs ultimately determine minimum separation. Fig.
7.25(b) shows that at 1.2 pm #° to »-well spacing. the polysilicon gate

&>

-
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Conventional n-well architecture
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Figure 7.25 (Continned

punchthrough voltages measured at 10 pA. 1 nA, and 0.1 pA. with Vg =
3 V are all about twice the corresponding values for aluminum gate devices.
At larger separations, breakdown in the polysilicon gate devices is limited by
the dielectric strength of the thin gate oxide. where the polysilicon overlap's
the active arca in the n-well (indicated as p-CH in Fig. 7.21(b)). and so
punchthrough or avalanche breakdown cannat be measured.  As compared
with the symmetric parasitic FETs previously described, punchthrough n
asymmetric FETs is much more severe because of the deeper drains in these
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N-CHANNEL PARASITIC MO'S TRANSISTOR BREAKDOWN VOLTAGES

Aluminium gate Vs = 5Svolts  1p = 10pA

80

n + ta n-well transistor
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Figure 7.26 Avalanche znd puachthrough breakdown voltages for the symmetric
{n"-to-n") and asymmenric {n * -to-n-well) parasitic AMOSFETs (Rel 21. & 1987

IEEE).

devices. Fig. 7.26 shows an obvious difference by comparing an n' -to-n’
parasitic FET to an n* -to-na-well device.”

p*-to-p-substrate parasitic FETs. Ficld inversion voltages for p7-
10-p-substrate parasitic FETs are shown in Fig. 7.27 for bath aluminum and
polysilicon gate devices.' Because nominal p*-to-p-substrate separation

e — ]

5
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represents the separation of the nitride LOCOS musk and the n-well resist
mask, and the actual p* in the polysiticon device is abutted to the polysilicon
edge rather than the nitride edge. the actual p* to p-substrate separation is
larger than its nominal value by the length of the poly-overlapping thin oxide.
Threshald values can only be obtained at 0.6 pm or less, again due 1o the

dieleciric breakdown io the thin oxide region. At nominal zero separation
in the polysilicon devices, the actual 7 10 p-substrate separation is about the
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Figure 7.27 Threshold vohages for the asymmetric g° -to-p-substrate purasitic
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264 CMOS Isolation Chap. 7

same as the length of the poly-overlapping thin oxide. that is. 1.2~pm. For
the aluminum gate case in which the p~ is abuited to the LOCOS edge. the
devices fail to operate. _ _
p* to p-substrate lateral punchthrough is not obscrv.e:d until the r.no_mmal
separation is reduced to 0.6 pm. As previously d_c:.cnbcd. this minimum
punchthrough is mostly duc to the fact that the majority of the drain depletion
region is extended into the lightly doped p-substrate, which acts as the drain
in this structure. Vertical punchthrough between p* to p-substrate can be
a more serious problem especially when the #-well depth is scaled down for
CMOS VLSI. In general. vertical punchthrough presents a probiem if leak-
age current flows betweena p * and p-substrate lhrOugh_an n-well, In norr:n_a!
CMOS operation, the n-well is at V4, the p-substrate is at v, and the p |:
biased between Vi, and V,,. However. during iransicnt ov;r'shnm- the p
or p-substrate can become negatively biased. so the condition should be
considered. )
The problem can be illustrated by using an cxan.'-pie.of a con\'c::l|onnl
but shallow (about 1 am) n-well with its profile shown in Fig. 7.28(a).> The
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Figure 7,28 Verticat doping and potential pmf_ilq foral.2 pm CMOS_ slrUft:rc.
(a) Net doping. and (b) potential profiles, solid lines: p~ voh.ag,c varies ‘::.r“T-ﬁ
substrate grounded, dashed lines: substrate bias changes with p ficed at 3 V. The
n-well is always at § 'V (Ref. 22, © 1987 IEEE}.
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corresponding potential distribution is shown in Fig. 7.28(b), in which the p*
is biased between + 5V and — 5 V while the n-well and p-substrate are biased
at normal operatton voltages shown as solid lines.” Asthe p* is swept from
3V 10 0 V. the p*/n-well depletion region extends further into the well;
however, the potential barrier remains even when the well is fully depleted.
Consequently, no vertical punchthrough current is present during normal
opcrational conditions. The barrier disappears when the p* potential reaches
—5 V. thus punchthrough current flows from the substrate up to the p*.
Punchthrough current can also flow from the p* down to the substrate if it
is negatively biased (shown as dashed lines). Because most of the well-to-
substrate depletion region is into the lightly-doped suhstrate rather than into
the well, the p* -to-substrate potential barrier cannot be lowered significantly
until the substrate is at a large nepative bias (< —70 V). The situation is
altered however if the p-substrate is replaced by a p-epi layer on a p* sub-
strate. Because the heavily-doped substrate prevents the extension of the
well-substrate depletion region down to the substrate, the depletion region
is forced up into the well.  As a result. the Vg, needed to lower the potential
barrier is reduced, thus making it easier to causc verticai punchthrough. As
shown in Fig. 7.29.% the V» magnitude at the breakdown of vertical isolation

55 [
_ asf
! -
£
@ 35|
=
]
>
[
E asf
2
m
S Vo< Sv
£ 'SF | sense L
gg et
5F p-subsirate n-woll
Ot 1 1 n 1 X I L 1
o} 2 4 -] 8 10 12 14 16

Naminal api thicknass {pm)

Figure 7.29 Vertical punchthrough voltage versus paminal (i.¢.. as-grown) cpi
thickness in a CMOS structure with 1.1 pm well depth. Sense curreat = 1 nA
{Rel. 22, © 1987 IEEE}.
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56 CMOS Isolation Chap. 7

decreases as the epi layer is thinned. At 4 pm nominal (as-grown) epr
thickness, isolation breaks down at V;p of about —5 V. Therefore. vertical
isolation may limit the use of the thinnest epi layer.

7.3.3 Retrograde Well Technologies to Improve
Isolation

As discussed in Chapter 5, retrograde wells are formed by high-energy
implantation after the LOCOS oxidation cycle. Lateral diffusion is greatly
reduced resulting in a significant saving of layout space. Because a well(s)
is basically used to separate n- and p-channel transistors, isolation among
these opposite-type devices are expected to improve. The retrograde p-well
technology™ was originally proposed to reduce the well depth and corre-
sponding layout area. Although this technology has shown sufficiently high
field threshold voliages and p*-to-p-well punchthrough voltages, n-well is
used as an example to compare the differences between a retrograde and
conventional well technology in CMOS isolation.'®'®  Moreover, the com-
parison will be restricted to aluminum gate structures.

To make a fair comparison, conventional n-wells in this comparison are
formed by minimum diffusion to achieve well depths in the active area as
shallow as the retrograde wells made by high-energy implantation. The self-
alipned feature of the n-well and ficld implants is preserved in a conventional
well to achieve rigorous isolation at minimum »#* to p* spacings. [n other
words, the conventional well technology is optimized to compete with the
retrograde-well approach.

The important process steps in forming the n-wells for both technologics
are shown in Fig. 7.30."°" Both technologies start with the definition of
active areas by nitride masking. Next, the #-well is aligned to it.  Blanket
boron field implant is used to form a p-iypc channel stop for n-channel
transistors. The boron impurity concentration inside the n-well is compen-
sated by the phosphorus implant used for the n-well formation. The major
difference is that a conventional well is formed prior to LOCOS whereas the
formation of the retrograde well is done after LOCOS. Because a retrograde
well is formed by high-energy ions implanting through the field oxide. the
well depth in the field region is only about half of the wei} depth in the active
region. This depth is ideal in the sense of providing a shallow drain for the
n*-to-n-well parasitic FET, thereby improving isotation. Meanwhile the well
in the active area is kept relatively deep so that the performance of the active
transistors in the well are not significantly degraded. Furthermore, in the
active area, the implanted impurity profile peaks near the bottom of the well,
which is desirable for vertical isolation. At the same timc, the profile peaks
near the Si surface in the field region. which again is ideal for forming a
channel stop and for preventing p*-to-p-substrate lateral punchthrough.
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Figure 7.30  Process architectures for retrograde and conventional n-well CMOS
structurcs (Ref. 16)
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Figs. 7.31(a) and (b) show measured and modelled aluminum gate field
inversion voltages and breakdown voltages, all defined at 10 pA drain current,
for n* 1o n-well parasitic transistors with two different n-well technologies. 't
At large 1 * 1o n-well scparations, avalanche breakdown at the well-substrate
junction occurs before punchthrough takes place. The lower avalanche
breakdown voltage observed with retrograde wells is attributed to higher well
doping. As previously described, shallower retrograde wells should have less
short-channel effects in terms of threshold lowering and drain-induced barricr
lowering. These expectations are confirmed from the threshold results (Fig.
7.31(a)) and punchthrough data (Fig. 7.31(b)).

Fig. 7.32(a) shows ficld inversion voltages for lateral p* -to-p-substrate
parasitic devices.'™ The absobute values are much higher than those for n* -
to-n-well devices. These higher values are due in part to the higher field
doping necded in the n-well 10 ensure adequate compensation of the boron.
They are also partly due to the fixed charge at the Si—SiO. interface, which
is likely to be positive and therefore increase the magnitude of the threshold
voltage of p-channel transistors. It is also clear that short-channel effects
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are much less severe in these p-channel parasitic devices. particularly for the

retrograde structures; the thresholds do not fall unti! the channel length reaches o p'-TO-PWELL o*-TO-n-WELL
about 0.5 pm. This effect is due to the higher channel {(s#-well) doping in 3. agie. TARAMITICTRT Mokt L o
these parasitic transistors, and to the drain (substrate) doping being lower = b [\\I S L ¥
than the channel {n-well) doping. g = .
Fig. 7.32(b) shows breakdown voltages obtained with the same p° 10 = L i \\Ln * 2 Lo I
p-subsirate devices. and comparison with Figs. 7.31(a) and (b} again shows & \\
the superior performance of these structures.™ In these types of parasitic z w0 \ |
FETs. the p-substrate. which is regarded as the drain, is not only deep but 2 k
wraps around under the p* source (Fig. 7.21). Thus. the possibility of both < ’°"_225-z'3-£1-1|g‘}7 o "_zlo 22 24 26 28 30
lateral and vertical leakage paths between the p* diffusion and the p-substrate & GATE VOLTAGE (Vgl V

exists. The limiting values of breakdown voltage {or retrograde n-wel! siruc-

tures is set by well to substrate avalanche breakdown, as in the case of the & £

i i M iy s ' S : L,:e -TO-pWELL SPACING, L :n" -TO-n-WELL
S. ever, with conventional wells, the fimit 1s set SPACING

by p * -to-p-substrate vertical punchthrough breakdown. Thus. the maximum

; - » 7. b p—— st as 2 HH % i 4
breakdown voltage shown on Fig. 7.32(h) for these devices s not the same :ﬁ:wrmf;}gl?:::o:j cmh'{i‘;;:f'{g"g‘;,‘ i e

as that shown on Fig. 7.31(b). cven though the drain-channel junction is in
fact the same in both cascs.

The use of retrograde wells for both n- and p-welis has been applied to
twin-tub CMOS technology and was called quadruple wells to emphasize the
{ fact that for each type (n- or p-well), two wells were needed. one in the active

N-WELL ; . y _

area and another. shallower one in the field region.  The two shallow wells

serve as self-aligned channel stops with the #- and p-type impurily concen-

SURFACE CONCENTRATION tration tightly restricted on different sides of the well boundary. Fig. 7.33

shows that the reduction of net impurity concentration occurs only within a

Ay few tenths of a micron near the mask edge rather than a few microns. s

N-TYPE observed in a conventional twin-tub structure (Fig. 7.18). Experimental data

P S - show that at a4 pm n* -to-p * separation, subthreshold eakage in the isolation

," region is <1 pA for gate voltages between — I3 V and 20 V (Fig. 7.34).M

] Modelling results suggest that a 2 pm n”-to-p* separation is sufficient for
providing adequate isclation."’

In spite of all the advantages associated with the retrogeade well 10

device isolation, specific concerns for this tcchnology have been expressed.

i ey RPN }l loe aady -massy As discussed in Chapters 5 and 6, the active devices made inside a retrograde

02 04 06 08B 10 12 14 16 18 320 well generally suffer more .from junction capacitance and h(?dy effect. Tl‘{ﬁ

HORIZONTAL DISTANCE. 4 fgrml_;:r leads to a decrease in speed of about 5= 1_(}.‘% ina l}r‘PleJl CMOS quuc

; circuit. Another major concern is the availability of the high-¢nergy im-

planter and the lack of understanding in using such a machine in a production

environment.
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Figure 7.33 Surface impunily concentration al the boundary of the p- and a-
retrograde wells in quadrupte-well CMOS (Ref 24, © 1984 TEEE)
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2

2.4 NEW ISOLATION TECHNIQUES FOR CMOS

7.4.1 Trench Isolation

Trenches in the Si substrate have been proposed for CMOS isolation. '_‘ o
This isolation technigue has several advantages. First. it eliminates oxidation
encroachment (known as bird’s beak) in LOCOS. The uslsocnatf.-d narrow-
channel effect is then prevented. Second. trenches l‘i]lcq with oxide provide
a planar surface, thus avoiding a step-coverage problem. Finally. }vhen trenches
of several microns depth are used in a CMOS chip. they prfmdc‘a physical
separation between opposite-type devices. Consequcnfly. isolation can be
achieved with very narrow #°-t0-p* spacing. Fig. 7.35(a) shows the sche-
matic of an n-well CMOS structure with trenches which can be as narrow as
I pm separating the a* and p*. Notice that the trenches here are deeper
than the r-well to effectively isolate the p-channel device.

Trench isolation also has several problems associated with i, making
this technology difficult in production. First. fabrication is very complicated

n-CHANNEL p-CHANNEL

5n* POL\E

i ot
TRENCH n-WELL

(a)
P-SUBSTRATE

Y
POLY GATE 4

nm
- B W N O

P-SUBSTRATE -
1 |

0 1 r 3 q 5 6
pm

{b)

Figure 7.35 Trench isolation and potential distrnbution. (a) Cross- scctional vicw
of an n-well CMOS with trench isolation: (b) the corresponding 2-D cquipotenil
comtours; the simulation is done at (2, « 5 x 10" cm LN, = 6x 10%cm ?
Von =3V, Vg = OV V = =1 ¥V {Rel. 27, © 1983 [EEE).
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because it involves anisotropic etching. conformal oxide or poly deposition.
and planarization. All these processes become even harder if trenches with
variable widths are needed. Second. process-induced damage and deposited
films always produce fixed charges (), ) inside and at the boundary of the
trenches. Hence, extra leakage appears along trench sidewalls.  Finally.
sidewall inversion is a major problem that can place a limitation in layout.
Sidewall inversion is caused by the horizoatil parasitic MOS device with the
well acting as a gate electrode and the trench dielectric as MOS gate oxide
with thickness equal to the trench width. The voltage acress this MOS device
is 5 V under normal CMQOS operating conditions. This 5 V gate voltage.
and the narrow {e.o.. | um) trench width can easily cause inversion at the
sidewall outside, but facing the well. In the case of n-well technology. the
situation is worse because both lightlv-doped p-substrate and @), (normally
positive) escatute sidewall tnversion. The 2-1) potential contours in Fig.
7.35(b) indicate that the surface potential at the sidewall opposite the #-well
exceeds 0.5 V. causing inversion there.”” Once stdewall inversion oceurs, n-
channel devices with n* butted to the same sidewall will short aleng the
sidewall. An obvious solution is 1o leave a separation between the #™ and
the stdewall or to increase trench width: however. both are done at the expense
of layout space. thereby defeating the purpose of this technology. More
appropriate approaches would be to reduce (), through hetter control in
trench ctching and filling. andior 10 dope the sidewall surface 10 a higher
concentration, i.e.. forming the channel stop at the sidewall. The former
approach is difficult because 1t requires extensive process refinements and
detail characterization of @, at the sidewall. The latter approach is effective
in preventing sidewall inversion as shown in Fig. 7.36.

In this example. the Si potentiaf at the sidewall decreases from 0.5 V
(Fig. 7.36n) 1o negative voltages (Fig. 7.36b) when the sidewall is boron-
doped to 5 % 107 cm *. Low subthreshold leakage has been measured from
an n-channel MOSFET. with its source and drain abutted to the sidewall.™
However, it is extremely difficult to implement a CMOS structure in which
only one side of the trench is doped. In the #-well example shown in Fig.
7.354. only the sidewall in the p-substrate needs to be doped 1o form a p-
type channel stop. the other side of the trench is in the #-well and should not
be counter-doped by p-type impurity atoms. The payoff for trench isolation
technology in CMOS may not be worth the extra complexity and associated
cost™ unless minimum 2" -to-p* separation is absolutely critical to achieve
very high packing density.

7.4.2 Selactive Epi Growth
Selective epitaxial growth (SEG) has recently been developed for CMOS

isolation.* ¥ In this technology. Si is first etched away from the well areas
using an oxide mask. then a laver of insulator is formed at the sidewall. and
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Figure 7.36 2-D poicntial contours simulated for a trench struclure in a p-type
substrate with N, = 8 x 10" em 3: (a) no sidewall doping: (h) with sidewall
doping. Dashed lines correspond 1o the doping contours m the sidewall,

finally the well is filled by selective epi growth. Fig. 7.37 shows the schematic
of the processing steps for an n-well CMOS. Here phosphorus ions (P*)
are implanted after the sidewall oxide is formed.™ The SEG technique is
then used to grow Si only on the Si substrate. but not on the oxide surface.
The n* at the bottom improve vertical isolation and lower well sheet resist-
ance. With this etch-and-regrowth technique, doping sidewalls outside the
n-well arc implemented by depaositing a boron-doped film at the sidewall and
driving boron into the sidewall before the formation of the sidewall insulator.
It is also advantageous to dope the sidewall inside the n-well to higher n-tvpe
concentration, but it is not necessary because the n-well is already highly
doped and, with the positive (., the n-type Si next to the trench oxide (sec
arrows in Fig, 7.37d) is less likely to invert. o this process. LOCOS is stil
needed to form field oxide with various isolation widths.

One way to eliminate LOCOS completely is illustrated in Fig. 7.38."
A thick oxide layer is formed and windows are eiched in the oxide using the
active-area mask. Selective epi growth is then applied to fill the windows
followed by an n-well diffusion. The sidewall doping is difficult 10 achieve
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Figure 7.38 SEG process steps for making CMOS with variable isolation widths
(Ref. 31).

with this method. A technique to achieve both sidewall doping and variable
oxide widths can be done by applying SEG twice 10 form n- and p-wells
independently. As shown in Fig. 7.39." sidewall doping can be added im-
mediately after Step 5 by depositing a boron-doped film. filling p-tvpe SEG
epi. and driving boron atoms into p-well sidewalls.

Although the SEG technology appears attractive in CMOS isolation, it
is still in its infancy. More work nceds to be done to understand matenal
quality at the sidewall of the SEG growth epi layer. Obviously, good selectivity
and a clean substrate arc key issues in this technology.
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Figure 7.3% SEG process steps for indepeadent p- and w-well formation (Ref.
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7.4.3 SOS and SOI Isolstion

Silicon-on-insulator {SCI) CMOS structures eliminate all previously-
mentioned isolation problems by building »- and p-type islands on an insu-
lating substrate for p- and a-channel transistors. respectively. The SOS and
SOI process technologies were discussed in Chapter 5, Sec. 5.8 and Sec. 5.9.
Similar or opposite type transistors are isolated by insulator and possibly by
air. Ficld inversion and punchthrough do not exist in an SOI or SOS tech-
nology, but new parasitic transistors inherent in an SOS or SG! structure can
produce leakage current.

As shown in Fig. 7.40(a), a silicon island is formed on an insulator
substrate such as sapphire or oxide.*® A thin gate oxide is grown and the
polysilicon line crossing-over the island serves as the gate of the MOS tran-
sistor. Two parasitic devices can be found in this structure. First, the substrate
contact, the insulating substrate, and the hackside of the island form a Metal-
Insulator-Semiconductor {M1S) FET. referred to as a back-channel MISFET.
Second, the polysilicon gate over the isiand sidewall forms a sidewal] parasitic
FET in parallel with the active MOS transistor. Both parasitic devices can
result in leakage current, aithough the leakage is intra-device rather than
inter-device in its nature. Because defect density at the Si island and insulating
substrate is normally high due to lattice mismatch and film contamination, 3
back chanpel is easily formed because of inversion. Current flowing in this
back channel cannot be switched off by applying voliage on the poly gate at
the front surface. Therefore, a residual off-state leakage current is normally
observed as shown in Fig. 7.40(b).** Another lcakage current, edge feakage.
is also shown in the figure. This leakage component arises from the parasitic
sidewall FET. For a {100) 3OS or SOI film, crystal orientation at the sidewall
is {111) which normally results in higher fixed oxide charge (O} after oxide
growth. Consequently, threshold voltage at the sidewall is lower than at the
active transistor, thereby resulting in a leakage component in the subthreshold
characteristics of the active device. Higher leakage reduces noise margin and
increases power dissipation in CMOS circuits built on $OS or SO technology.

7.5 ISOLATION DESIGN RULES IN CMOS

The results shown in Fig. 7.31 indicate that it is possible to maintain adequate
isolation between n* diffusions and n-wells at ahout 1.5 pm nominal sepa-
ration by using conventional wells, and down to | pm separation with retro-
grade wells. At the same time, the results in Fig. 7.32 show that p*-to-p-
substrate separations down to (.6 pm can be achicved with either well type.
Thus it should be possible to realize full CMOS structures with about 2 pm
n*-to-p* separation using conventional n-wells, and about 1.6 um separation
with a retrograde well technology. However, these results are obtained with
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Figure 7.40  SOS and typical clectrical performance: (a) the 3-D representation
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isolated n* -to-n-well and p* -to-p-substrate parasitic transistors. To ¢stablish
isolation design rules, it is necessary to demonstrate such small sepuarations
in full CMOS devices.

Fig. 7.41 shows supply currents drawn by full CMOS structures with 1.8
pm n*-to-p* separations (1.2 pm #*-to-n-well edge and U.6 pm p*-10-n-
well edge).™ Fig. 7.41(a) shows the measurement arrangement. The output
node. connecting the #* and p* diffusions closest to the well edge. is cither
shorted to ground (Vo = 0} or to the supply line (Vi = V). This
instance simulates an inverter with its output in either a Low or High state.
ldeally the supply current drawn by the CMOS device should be zero in both
cases, but any leakape duc (o inadequate solation between the #- and p-
channel devices will be detected as a component of the supply current.

Fig. 7.41(b) shows results for conventional well devices. When Vi o =
Vap- no potential difference exists between the #* diffusion and the n-well.
so na Jeakage current flows between them. The limiting mechanism in this
caseisp’ top-substrate breakdown, and according to Fig. 7.32, no breakdown
should be abserved below 20 volts. Clearly. the worst case for leakage is with
the output node at ground. Under this condition, the full supply voltage
appears between the #* diffusion and the 2-well, and the mechanism limiting
the maximum operating vollage is #° -to-u-well punchthrough leakage. The
results shown in Fig. 7.41(b) for Vo = U arc consistent with the punch-
through breakdown voltages shown in Fig. 7.31(b). Fig 7.41(b} shows thal
significant leakage occurs at Vi, = 5 volis or above. The CMOS device
shown does not provide isolation with sufficient safety margin for 5 V op-
eration. Increasing the #n* to a-well spacing to 1.8 mm (n* to p* separation

ov Vi

Vo = 0 L7 = :Vcn rlan

p-subsirate nowell

{a)

Figure 7.41 Test structures and [-V curves for o full CMOS iselatton structure:
(it} rest structure and measurement arrangement; (b) leakage current for conven-
nonal well: and (¢} leakage current for retrograde weil devices (Ref. 18, © 1987
IEEE)
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= 2.4 pm) gives a maximum operating voltage hmited by junction breakdown
{just over 20 volts. in this case).

Fig. 7.41(c) shows results for retrograde well devices with .8 pm 1*-
to-p* separation. In these cases. the leakage current remains below 10 pA
for supply voltages as high as 10 V. providing a good safety margin for 5 V
operation. Again. the condition with Vo = 0 sets the lowest breakdown
voltage. although p*-to-n-well junction avalanche hreakdown occurs at only
a few volts more than the onset of #* -to-n-well punchthrough leakage.

In a standard LOCOS-isalated CMOS IC. isolation among similar-type
transistors can be achieved with 1 wm isofation spacing. Isolation among
opposite-type transistors is more involved. however modelling and measure-
ment results show that it is possible to achieve isolation betwcen an n- and
a p-channel transistor with approximately 2.4 pm isolation spacing. The use
of retrograde wells can further reduce this isolation dimension ta below 2
pm. At such small isolation dimensions. latchup becomes a major problem
and ultimately may be the factor limiting the 1solation spucing between an #1-
and a p-cbannel transistor. Latchup in CMOS will be discussed in the next
chapter.
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EXERCISES

. Suppose the field oxide under a &~ palysilicon hoe s 66 A and the p-iype charnel

stop under the oxide is doped to 1 X 107 ¢on ' caleulate the threshold vohage
and the subthreshold swing factor if the oxide charge deosity is 1 3 100" cm =,

1. Y. Chen and D, E. Snyder, “Modeling Device Isolation in High Density CMOS.” 2. If the measured threshold voltage of an aluminum-gate field oxide test device s 8
[EEE Electron Device Leir., vol. EDL-7. p. 64, 1986. V and the measurement 1s done at | pA. what is the leakage current when the

_ A. G. Lewis. J. Y. Chen, R. A. Martin, and T, Y. Huang, ~Device Isolasion in aluminum hne is at 3 V (assuming the subthreshold swing is 0.5 Videc at room
High Density LOCOS-lsolated CMOS, " JEEE Trans. Electron Devices. vol. ED- chpcralurc)? If the threshold voltage decreases to 6.5 V when temperature is
34, p. 1337, June 1987. F increased to 125°C. what is the leakage current at 53 V?

. R. A. Martin and J. Y. Chen, “Optimized Retrograde N-Well for {-pm CMOS 3 Basedl on the I-V relation of an MOSFET. measured current is propartional to the
Technology.” IEEE J. of Solid Stare Circuits, vol. SC-21. p. 286, 1986. electric chgnncl »fidih'(W,J. Describe how one can extract ¥, by measuring a series
R. A. Martin, A. G. Lewis, T. Y. Huaog. and J. Y. Chen. "A new process for of test deviees w.'nh d!ffcrcm dhrapm ehunnet widths, .
one micron and finer CMOS.” IEDM Tech. Dig.. p. 403. 1985, 4, Usmg. a planar iselation »lcchnn]ug__v su::h_ as ruilyvrecr:s?»'cd LO(..OS. assumy that

y o ; A electrical channel narrowing effect is negligible. Supposing the difference between
]'.Y' Chen and A G. Lewis. " Parasitic transistor effects in CMOS VLSL." JEEE 1 the actual physical channel width and the drawn channel width is 0.8 pm and the
Circuits and Devices Magazine, Vol. 4. p. 8. May 1958, transconductance of a minimum size FET must be ut least 0.7 mS, what should be

. A.G. Lewis, R. A. Martin, J. Y. Chen. T.-Y. Huang. and M. Koyanagi. " Vertical the minimum drawn channe! width? 1f the physical separation beiween two adjacent
isolation in shallow n-well CMOS circuits.”” JEEE Electron Device Leu.. EDL-S. FETs must be 2 pm to provide proper isolation. what should be the minimum
p. 107, 1987, ‘ drawn separation? And what is the minimum drawn and actual pitch in the active

. R. D. Rung. C. J. Dell'Oca. and L. G. Walker. ~A retrograde p-well for high- area’ (Assume that the FET has 1, = 200 A, mn, = 300 cm®/Vasee, L, = | pm.)
density CMOS.™ JEEE Trans. Eleciron Devices. vol, ED-28. p. 1113, |981. 5. Based on Figs. 7.19 and 7.20. obtain the subthreshald swing (5.} for the parasitic

#- and p-channel FETs {both Al- and poly-gate devices) with a 2 pm separation
between the two n1° or two p* diffusion regions
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i 5

LIST OF SYMBOLS

Symbol Deseription
a bipolar common base current gain
o, clectron impact ionization rate
a, hule impact ionization rate
Ar emitler area :
B bipolar common emitter currnt gain _
B comman emilier current gain for an npn bipolar
B, common emitler current gam fer a pap bipolar
[ oxide capocitance per unit area
(o depletion capacitance pes unit area
C, gale capacitance per unit ares
- Miller capacitance
(43 siray capacitance
G load capacitance
Cou gate-to-drain capacilance
C Bale-to-source cupacitance
< -
C.n gate-to-bulk capacilance
Cos overlapping capacitance
Ca fringing field c.apacnancc
G junclion capacitance
D diffusivity
D intrinsic dilfusivity
D:, electron diffusion constant

threshold energy for overcoming SifSi0, encrgy harrier

Symboal Description
d depletion width
... maximum depletion width
[~ inversion laver thickness
£ threshold enerpy for impact jonization
£
£ eleciric field
E, maximum electric ficld
Ea effective electric field
A critical electric field
E, activation energy
E conduction band edge
E, valence band edge
& intrinsic energy level
E, Fermi level
£, quasi Fermi level for electrons
£, quasi Fermi level for holes
£, oxide dielectric constant
€y silicon dielectric constant
D, tulk poreniial
.3 surface poteatial
L work function difference
L% wark funcoion of a metal
L8 work function of a sermiconductor
5 Bipolar cutoll frequency
G generation rate due to smpuct ignization
B MOSFET channel conductance
B MOSFET iransconduciance
1, cmitter curment
[ electron current insected from emitter
Ipn hole current injected from base
I base current
In collector currem
[ clecteon current at Base-collecior junction
f - substrale current
Ty () drain current
(1) pate current
Iy sOurce current
[ latchup rigger current
[ . latchup holding current
J, clectron current densaty
4, hole current densay
k Boltzman consiant
A dimensionless umit for Jamda design rules
A, het electron mean free path
! charactenistic channel length
L MOSFET channel length
Lo MOSTET effective channel length
Log ¢lectron diffusion length in an npr bise
¥, dceeplor impurity density
N, donor impurity density
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Symbaol Description

#, intrinsic free carrier conceniration

" free electron concentration

g excess electron density in an npn base

yo ¢lectron density 10 an #pa base at equilibrum

P free hole concentration

Prer hole density in an apn emitter at equilibrium

Pr excess hole density in an Apn emitier

p charge density

[ contact resistivity

G wotal charge a1 MOS gate

Q. free charpe at MOS inversion layer

Qs total depletion charge

Qs fixed charge density

R recombination and generation rate

R. drain resistance

R, source resislance

Ry substrate resistance for laichup charecterization

Ry well resistance for laichup characierization

R, fransistor resistance

L emitter sheel resistance

R basc sheet resistancy

R, contact resistance

R, projected range in implaot profile

¥ body effect coelficient

B emitier cllicvency

o, standard deviation (straggle) in an implant profije

h MOSFET scaling factor

5, subthreshold swing factor

T, ¢lectron temperature

[P gate oxide thickness o

Hon field oxide thickness

I rise vime I3

Y fall time

B verter delay nme

T, bipolar base transit time

Ty mobility

®. clectron mobility

R, hole mobility

v carrier velocity

Vi base emitter bias voltuge

View base-emitter vohage for an npa bipolar

Vi base-emitter vollage lor a pap Mpolar

L™ p-n junction built-in voltage

V. (V) source voltage

V. (Ve) drain voliage

Vi (Vo) power supply voltage

L saturation drain voluape

v, (V) gate voltage

ok substrate vohage
v, MOS thresbold voltage

Appendix List of Symbols 3
Symbot Description
Vo (V) #-channel threshold voltage
Vy (Vi) p-channel threshold voltage
N threshold voliage for an enhancement-mode FET
Vio threshold vohage for a depletion-mode FET
¥ threshold voltage for a ficld oxide FET
Vin Mlat-band voltage
Vo (Vu) punchthrough voltage
w MOSFET channel width
W, MOSFET effective channel widih
W, btpolar base width
W, bipolar ¢mitter widih
X, junction depth
X electron affinity
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