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CHAPTER 1

PROCESS INTEGRATION
FOR VLSI and ULSI

Since the creation of the first integrated circuit in 1960, the density of devices that can
be fabricated on semiconductor substrates has steadily increased. In the late 1970s the
number of devices manufactured on a chip exceeded the generally accepted definition of
very large scale integration, or VLSI (i.e., more than 100,000 devices per chip) (Fig.
1-12). By 1990 this number had grown to more than 32 million devices per chip (16-
Mbit DRAMs), and it is generally acknowledged that the era of ultra-large-scale
integration (ULSI) has begun. The increasing device count has been accompanied by a
shrinking minimum feature size (Fig. 1-1b), which as of 1990 had decreased to
~0.5 pum in the most advanced commercially available chips.
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Fig. 1-1 (a) Increase in the number of transistors per microprocessor chip versus year of
introduction, for a variety of 8-bit and 16-bit microprocessors, and (b) The decrease in
minimum device feature size versus time on integrated circuits.

1
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2 SILICON PROCESSING FOR THE VLSI ERA — VOLUME II

Progress seems likely to continue at a rapid pace, with even further reductions in the
unit cost per function and in the power-delay product of integrated circuits projected.
Silicon processing has been the dominant technology of IC fabrication and is likely to
retain this position for the foreseeable future. The entire adventure of silicon device
manufacturing represents a remarkable application of scientific knowledge to the
requirements of technology. Our books* are intended 1o serve as a comprehensive and
cohesive report on the state of the art of this technoloev, a5 practiced at the time of

publication. ﬁ
Floor Plan DESIGN —
Architectural, Wafer Fabrication
Logic, Circuit
Completed
l Control ’. + Wafers
T Verification Testing
of Above
t Design Steps
—J | +
Logic Schematic

S L-L' B Test Vector Assembly and
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by | I, v .

[ DESIGN Testing
LayoutVerification
Circuit Schematic ad ‘
Delay Extraction -
Layout + B i
B )
Mask or Reticle 7?” ey
i 1 E l]n(! o
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Fig. 1-2 Steps required for the manufacture of very large scale integrated circuits (VLSI).
* SILICON PROCESSING FOR THE VLSI ERA - Volume 1: Process Technology; Volume 2 -

Process Integration; and Volume 3 - Assembly, Packaging, and Manufacturing Technology
(the latter is scheduled to to be published approximately in 1992)

TSMC Exhibit 1021, Page 25 of 37



PROCESS INTEGRATION FOR VLSI AND ULSI 3

Figure 1-2 illustrates the sequence of tasks followed in the manufacture of an integrated
circuit. These tasks can be grouped into three phases: design, fabrication, and testing.
Our books are concerned primarily with the fabrication phase. We describe the IC
manufacturing steps that occur from the point at which the circuit design has been
completed and the necessary design information has been rendered into the form of a
circuit layout. In this form, the layout information is ready to be used to generate a set
of masks (or reticles) that will serve as the tools for specifying the circuit patterns on
silicon wafers. For VLSI and ULSI circuits, the layout information is stored in a
computer.

The details concerning the individual fabrication processes (e.g., those associated
with creating patterns, introducing dopants, and depositing films on silicon substrates
to form integrated circuits) are the subjects of Volume 1. In this second volume, we

e e e e e e e |
| I
i
| I
MASK |
A > ! b
v —C Q0+ — o —@-~&
WAFER | @ B :
| OXIDIZE, DIFFUSE PATTERN :
IMPLANT,
| EVAPORATE, |
DEPOSIT ;
CRYSTAL WAFER SLICE | WAFER PROCESSING WAFER | !
GROWTH ANO POLISH | PROBE | |
e e v s e e ) !
: (G750 > - -
N 1%
Nz | :
I pice |
: ! DIE ENCAPSULATE
I | ATTACH AND TEST
I I
¢ |
~50 TO 1000 CHIPS S0OURCE
I
| : 10" TO 108 i
| £ | COMPONENTS A MOSFET
\.::::—hh‘-:“:::‘:' 5 TO 20um
B - fp——=-10 TO40um
S ‘\ S T —— e e
MR b— BIPOLAR
e TRANSISTOR
100 TO450 mm 0-1=1cm / \ COLLECTOR
(0.5 TO O.73mm EMITTER
THICK ) BASE

Fig. 1-3 The fabrication process sequence of integrated circuits.
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Fig. 1-4 (a) Example of the patterns transferred to a wafer during a seven-mask process
sequence, and (b) Cross section of completed devices in a basic CMOS process.

undertake a discussion of the sequences of the steps performed to produce the device
structures of the circuits. The text describes how the various individual processes are
integrated together so that the end result is a completely realized integrated circuit.

One perspective of such a process-integration effort is illustrated in Fig. 1-4. It can
be seen that a series of masking steps must be sequentially performed for the desired
patterns to be created on the wafer surface. The other processing procedures performed
between the masking steps serve to create the desired device structures. An example of
the end result of a complete process sequence is shown in Fig. 1-4b as an IC cross-
section.

This book is roughly divided into two parts. The first part deals with what we refer
to as subprocess integration (Chapters 2, 3, and 4), while the second covers complete
process integration (Chapters 5, 6, 7, and 8). Chapter 9 covers the subject of process
simulation, an approach applicable to both the subprocess and complete process-
integration development efforts.

The function of subprocess integration is to produce device structures that can be
used in a variety of integrated-circuit technologies (i.e., isolation, contact, and
interconnect structures). The purpose of the process-integration task is to design the
process sequences used to manufacture complete IC technologies (i.e., NMOS, CMOS,
bipolar, BICMOS, and IC memory devices).
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5.5 SHORT-CHANNEL EFFECTS AND HOW THEY
IMPACT MOS PROCESSING

The device characteristics of MOSFETs (such as threshold voltage, subthreshold
currents, and I-V characteristics beyond threshold) are well predicted by Egs. 5-1 through
5-10, if the channel lengths of the transistors are "long" (i.e., if they exceed 2 um in
length). A guide to the design of such long-channel MOSFETs is given in reference 70.

For shorter channel devices, however, a series of effects arise that result in
significant deviations from the values predicted by the long-channel models. Such
short-channel effects become a dominant part of MOS device behavior when channel
lengths decrease below 2 um. The effects are briefly described here to provide readers
with a basis for understanding the processing steps that have been developed to mitigate
their adverse impact on device performance. So-called hot-carrier effects will be
described separately in the following section, even though these have only been
observed in short-channel devices. More details on short-channel effects in p-channel
CMOS devices are also given in chapter 6. A guide to the design of submicron channel
MOSFETs (those with channel lengths < 1 um), is presented in reference 62.

Short-channel effects can be divided into the following categories: (a) those that
impact VT; (b) those that impact subthreshold currents; and (c) those that impact I-V
behavior beyond threshold.

5.5.1 Effect of Gate Dimensions on Threshold Voltage

5.5.1.1 Short Channel Threshold Voltage Effect. VT becomes less
well predicted by Eq. 5-6 as the dimensions of the gate are reduced, and the error
becomes significant when the dimensions are reduced to less than 2 um. To get good
agreement with measured data, a term lAVT | must be subtracted from the VT value
obtained from Eq. 5-6. Thus, as the device length is reduced, the measured value of VT
of n-channel enhancement-mode devices becomes less positive than that given by Eq.
5-6, while for n-channel depletion-mode devices, VT becomes more negative. For
p-channel (enhancement-mode) devices, VT becomes less negative.

The discrepancy arises because the equations for Vr given earlier in the chapter are
based on one-dimensional theory.20 It is assumed that the space charge under the gate
is a function of only the vertical electric field, Ex (and is thereby influenced only by the
charge on the gate). If the channel length is long, this is a reasonable assumption, as
the influence of the drain and source junctions on the quantity of charge in the channel
can be neglected. However, as the channel length approaches the dimensions of the
widths of the depletion regions of the source and drain junctions, these depletion regions
become a greater part of the channel-depletion region (Fig. 5-17a). Thus, some of the
channel-depletion region charge is actually linked to the charge in the depletion region
within the source and drain structures, rather than being linked to the gate charge.
Hence, some of the channel region is partially depleted without any influence of the
gate voltage. (In the extreme, if the two built-in depletion regions spanned the entire
channel length when no voltage existed between source and drain, they could deplete all

TSMC Exhibit 1021, Page 28 of 37



MOS DEVICES AND NMOS PROCESS INTEGRATION 339

Ve 7
]011
Vg Vp
6 %, =50 nm Vaa =S¥
= L r, =0.5um
i ; .
n T M| Xam //J\ n Sr
S R TR T 5 X 10
/ L \ >
=2 N - 4}
_____ - el 8
-
|
W B
X 10%
p substrate .
N, = 10
L 1 o
Vg
0 | | 1 ] ]
0 | 2 3 4 5
aj b) L,pm

Fig. 5-17 (a) Yau's model of charge sha:ing.73 (b) Theoretical threshold voltage as a
function of channel length for various substrate doping concentrations.-"I3 Reprinted with
permission of Solid-State Electronics.

of the channel region at the Si-SiO; interface.) Since some of the channel is depleted
without the need to apply a gate bias, less gate charge is required to invert the channel
in short-channel devices than in a long-channel device with comparable substrate
doping.

A relatively simple equation that predicts the threshold lowering (AVT) in terms of

the device parameters is

qNAWmuxj(lJ{ 1+ZEIMA} -1)
A

AVT = (5-16)

where Wpnay is the maximum depth of the depletion region in the channel, and x; is the
junction depth of the source drain regions.’*

This effect is important because in order to be able to establish slightly positive VT
values (e.g., < +1 V) in long-channel NMOS transistors with lightly doped channels, it
is necessary to increase the doping concentration at the surface of the channel.
Consequently, in order to allow short-channel enhancement-mode NMOS devices to be
fabricated with the same V- value, the substrate doping concentration must be further
increased. Since the magnitude of this effect increases as the device length is reduced (as
is predicted by Eq. 5-16 and illustrated in Fig. 5-17b), it will be necessary to
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progressively increase the substrate doping concentrations as devices are made smaller,
in order to maintain suitably positive values of V.

Application of a drain voltage causes the drain depletion region to extend into the
channel region, where it acts as an additional substrate bias, and reduces V.21

5.5.1.2 Narrow Gate-Width Effect on Threshold Voltage. In contrast
to the short-channel-length effect, devices with narrow channel-widths require that such
a positive-value correction term be added to Eq. 5-6 to give good agreement with the
calculated values.2Z This effect is primarily due to the encroachment of the channel-
stop dopants under the edges of the sides of the gate (see chap. 2). This has the effect of
doping the channel at these edges more heavily than at the center (Fig. 5-18a). Thus, it
requires more charge on the gate to invert the channel than if such encroachment did not
occur, and this causes a shift in VT from its predicted value (Fig. 5-18b).23 On the
other hand, if the voltage on the gate is held constant, the edges of the channel will
have a higher VT than the center of the channel. Because (Vg - VT) is smaller, narrow-
channel devices will thus conduct less drain current. Several schemes are also described
in chapter 2 for reducing the channel-stop encroachment and thus reducing the narrow-
width effect.

Narrow-width effects are still observed even if there are no channel-stop implants.
These arise because the relatively thinner depletion region under the field-oxide device
distorts the depletion region under the gate oxide and prevents the formation of an
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Fig. 5-18 (a) Schematic depiction of the narrow-channel effect. (b) Threshold voltage
shift AVT caused by the narrow-channel effect for a MOSFET with Na = 1015 cm'3. and toy =
50 nm.22
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inversion layer at the two edges. Although this leads to a slightly higher VT, the effect
is much less severe than that observed in devices with heavy channel-stop implants.

5.5.2 Short-Channel Effects on Subthreshold Currents
(Punchthrough and Drain-Induced Barrier Lowering)

In section 5.2.3 we described the nature of subthreshold current flow (Ipst) in
MOSFETS, noting that a specific value of the subthreshold-swing parameter (S.S.) can
be attributed to such "normal” Ipg currents in long-channel devices. In short-channel
MOSFETs, however, larger Ipg; values are observed at lower voltages than predicted by
long-channel device models: one manifestation is an increase in the value of S.S. Note
that even relatively small values of Ipst can limit the transistor's ability to isolate nodes
in a dynamic circuit or can allow excess current in static inverters. Hence, care must be
taken to minimize Ipg. Two of the primary causcs of increased Ipg; are punchthrough
and drain-induced barrier lowering (DIBL).

Punchthrough is normally observed when the gate voltage is well below VT. It
occurs as a result of the widening of the drain depletion region when the reverse-bias
voltage on the drain is increased. The electric field of the drain may eventually penetrate
into the source region and thereby reduce the potential energy barrier of the source-to-
body junction (Fig. 5—19).23 When this occurs, more majority carriers in the source
region have enough energy to overcome the barrier, and an increased current then flows
from source to body. Some of this current is collected by the drain, thereby increasing
Ipst- In general, punchthrough current begins to dominate Ips; when the drain and
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Fig. 5-19 Surface potential in the channel for devices with different channel le:ngths.23
(© 1979 IEEE).
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Fig. 5-20 (a) 2-D potential profile of an n-channel MOSFET with a drain bias of: 1)3V;
2) 7V;3)9 V. Channel length = 1 gm. (b) Simulation of the potential profile of an n-
channel MOSFET with a gate and drain bias of 0 and 9 V respectively. The surface DIBL and
bulk punchthrough paths are indicated. From K. M. Cham, ef al., Computer Aided Design and
VLSI Device Development. Copyright 1986 Kluwer Academic Publishers. Reprinted with
permission.

source depletion regions meet, and it can be suppressed by keeping the total width of
the two depletion regions smaller than the channel length. 24

Calculations of the potential in the bulk channel region in devices that use ion
implantation to adjust V indicate that the barrier is lowest away from the Si-SiO;
interface (usually at almost the same depth as the source/drain junction depths). That is,
the Vr-adjust implant increases the doping concentration near the surface of the channel,
causing the drain depletion region to be wider in the bulk than it is near the Si-Si0p
interface. As a result, punchthrough current flows below the surface (Fig. 5-20).
Consequently, the gate voltage has less control over the subthreshold current (i.e., even
with sufficient gate voltage.to turn off the channel, Ipst can still flow in such devices).
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An enhancement-mode device which is not turned off when Vg = 0 loses its ability to
function as a switch.

Similarly, the application of a drain voltage in short-channel devices can also cause
drain-induced barrier lowering (DIBL). That is, the drain voltage can cause the surface
potential to be lowered (Fig. 5-21).23, 71 As a result, the potential energy barrier at the
surface will be lowered, and the subthreshold current in the channel region at the Si-
SiO; interface can be increased (5-21b). This implies that Ipg at the surface due to
DIBL is expected to become larger as the gate voltage approaches VT.

These two effects illustrate the complexity involved in modeling the overall
subthreshold I-V behavior of short-channel MOSFETs. That is, both punchthrough
current (in the bulk), as well as DIBL-induced current (at the surface), may
simultaneously contribute (0 Ipst.

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

W = \/2&&(WA|+VH (5-17)
qNs

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

Vi = 0.56 + (kT/q) In (Ng/n;) (5-18)

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

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

141 Vps = 10V
1.2} Vps = aw
10} Vps = 7V
-5

0.8 | SOURCE Vog= S5V
0.8
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a) b) Vp (V) —=

Fig. 5-21 (a) DIBL versus drain bias for short-channel MOSFET. (b) Experimental low-
current characteristics for a MOSFET with L = 2.1 um, VSB = 081 (© 1974 IEEE).
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Fig. 5-22 Depletion-layer width of a one-sided step function as a function of doping and
applied voltage calculated from Egs. 5-17 and 5-18.

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

For example, in Fig. 5-23, a 1.2-um device with a body doping of 1.9x1013 cm-3
without such a punchthrough-stopping implant shows a large value of Ips; even when
VG = 0 V (curve A). This indicates that the device is already exhibiting punch-
through.26 Implants of boron with a dose of 8x1011 atoms/cm? and different energies
are then performed in an attempt to reduce Ipg, to the values exhibited by a long-
channel device (curve B). If the implant is too shallow, the extra implant has the effect
of shifting the Vr of the device to well beyond the desired value. When the energy is
increased so that the implant is sufficiently deep, the value of Ipst drops to that
exhibited by the long-channel device. At the same time, the surface concentration
remains essentially unchanged, so that V is not appreciably shifted.

In another example, the S.S. of a device without a punchthrough-prevention implant
is measured as its length is varied (Fig. 5-24a). At an Legs of ~0.85 um the S.S. starts
to increase, indicating that punchthrough current begins to dominate Ipg;. By adding an
implant step that places boron atoms in the dashed subsurface region shown in Fig.
5-24b, the punchthrough component of Ipg, is suppressed so that it is not observed
until Legr becomes nearly as small as 0.5 ym.
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Fig. 5-23 Drain current versus gate voltage for n-channel devices with a substrate doping
of 1.9x1013 atoms/em3, source/drain junctions 0.47-um deep, 575 A gate oxide, drain
voltage of 5 V, and Vgg of 0 V. Devices A and B have no channel implant, and devices C
and E have a boron channel implant of gx1011 atoms;"cm2 at various energies.26 (© 1978
IEEE).

5.5.3 Short-Channel Effects on |-V Characteristics

The I-V characteristics of short-channel devices are significantly altered in three ways.
First, the combined effects of reduced gate length and gate width produce a change in
VT. Second, the channel length is modulated by the drain voltage when the device is in
saturation (i.e., Vps > [VG - V7)), causing an increase in device gain over that predicted
in an ideal long-channel device (channel-modulation effect). Third, the mobility of the
carriers in the channel is reduced by two effects, which also reduces Ip. (The two effects
are the mobility-degradation factor, due to the gate field, and the velocity-saturation
factor).

Figure 5-25 shows the I-V characteristics of an MOS device.28 The curves in Fig.
5-25a are those of an ideal long-channel MOS device, while those in Fig. 5-25b show
the effect of adding the channel modulation factor. Figure 5-25¢ shows the combined
effect of adding the mobility degradation factor to those of Fig. 5-25b. The velocity
saturation factor also has the effect of making the both Ip and gr independent of
channel length in silicon MOS transistors for Legf <1.25 pm. More details on these
effects are provided in suitable device physics texts.1-3:28
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A general guide to the design of short-channel MOSFETS is given in references 62
and 69. In addition, a simple engineering model for short-channel devices has also been
developed.68 Its purpose is to provide a simple picture of the essential electrical
behaviors of the short-channel MOSFETs from the perspective of a circuit designer.
That is, this engineering model relates the terminal voltages to the drain current, much
as Egs. 5-8 and 5-10 yield the I-V characteristics for long-channel MOS devices.
Consequently, device designers who need to relate device and process parameters L0
circuit parameters should also find this model useful.

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

In the first section of this chapter, we showed that the use of lightly doped substrates
generally produced optimum device behavior in long-channel MOS transistors. In this
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Fig. 5-24 (A) Subthreshold slope versus electrical channel length for NMOS devices (VT =
= 0.7 V), having a common threshold adjustment implant and punchthrough implant doses of:
of: (a) zero; (b) 2x1011 cm‘z; and (c) 3x1011 em2.27 Reprinted with permission of
Semiconductor International. (B) NMOS  cross-section with implant placed into
punchthrough region.
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Fig. 5-25 The I-V curves of an MOS device showing the the effects of progressively
increasing short-channel behavior. (a) Long-channel behavior. (b) With channel-length
modulation. (c¢) Addition of velocity saturation.28 (© 1986 IEEE).

section we noted that higher substrate doping is needed to overcome some of the
detrimental impacts of short-channel effects. Thus, trade offs need to be made in
selecting the proper substrate doping-concentration values to achieve optimum short-
channel MOS device performance. Some of these trade offs are discussed by
Kakumu,2® who points out that a higher substrate doping concentration produces
decreased ring-oscillator gate delay in submicron CMOS because of increased junction
capacitances and decreased carrier mobility (due to increased impurity scattering).
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