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PREFACE

With the dawn of the new millennium, IC technology-nodes have evolved beyond
0.18-micron. New processes also had to be developed to meet the needs of this
Deep-Submicron Era, including: copper/low-k dual-damascene interconnects;
high-k MOSFET-gate and DRAM dielectrics; 300-mm wafers; chemical-
mechanical polishing (CMP); excimer-laser-based DUV-lithography; chemically-
amplified (CA) resists; silicon:germanium (Si:Ge); and silicon-on-insulator (SOI).
The semiconductor industry, however, also experienced an economic decline of
unprecedented severity at the start of the 2000 decade. It seams clear that to fuel the
recovery, chip manufacturers will have to exploit the above innovations. Such
processes are a path to achieving the performance goals of future IC technology-
nodes that will be needed for manufacturing new and profitable electronic products.

This is the first available book dedicated exclusively to describing such deep-
submicron process technologies (including those listed above). It is intended to
provide semiconductor engineers and researchers with a comprehensive, state-of-
the-art reference about these emerging and leading-edge processes. While many
other books have been written about the “traditional” IC fabrication processes,
none offer what this volume contains. It’s sole focus is those techniques needed to
manufacture chips for 0.18-um (and smaller) generations. Thus, it belongs on the
shelf of every microelectronic professional whose livelihood depends on having a
thorough grasp of the latest advances in IC fabrication techniques. There is no
faster way to gain this information. As with our other volumes, owners will find
themselves referring to this text again and again!

Readers can still consult Vol.1, 2™ Edition for background material on basic IC
fabrication modules, as this book (Vol. 4) does not repeat that information. Instead,
it presents over 800 pages of new content about the process technologies of the
2000’s. It also has over 900 references (with 200 of these being published since
2000), and more than 500 illustrations. It is written in the same lucid, user-friendly
style that has been widely praised in the other volumes of Silicon Processing for
the VLSI Era.

As with the previous volumes, this text was produced using an accelerated
book-production schedule. By employing revolutionary publishing techniques
made available in the 1990’s, Lattice Press can turn a finished manuscript into a
published text in less than 3 months (a task that takes most publishers of technical
books 15-18 months). This allows our books to be released faster, and to contain
the most-up-to-date information at the time of publication.

xxi
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xxii PREFACE

SILICON PROCESSING FOR THE VLSI ERA is a multi-volume treatise
designed to provide a comprehensive and up-to-date treatment of this important
and rapidly changing field. The volume in hand is the fourth in the series.
Volume 1 (Process Technology, 2" Edition) was published in 2000 and deals
with individual processes employed in the fabrication of silicon ULSI circuits
(such as silicon wafering, thermal oxidation of silicon, CVD and PVD of
amorphous and polycrystalline films, diffusion and ion implantation of dopants
in silicon, microlithography, and patterning technology). Volume 2 (Process
Integration) was released in 1990, and describes how the individual processes of
Volume 1 are combined in various ways to produce MOS and bipolar VLSI and
ULSI circuits. The task of integrating these various fabrication processes together
is referred to as process integration. In Volume 3 (The Submicron MOSFET,
published in 1995) the topics of submicron MOSFET device physics and the
relationship between such device physics and submicron MOSFET fabrication
are addressed.

A book of this length and diversity would not have been possible without the
indirect and direct assistance of many others. From an indirect perspective,
virtually all of the information presented here is based on the research efforts of
countless numbers of scientists and engineers. Their contributions are recognized
to a small degree in citations of their articles given in the references at the end of
each chapter. The direct help was also provided by many people, and the
resulting text is thus significantly better. The author expresses heartfelt thanks to
those who gave their time, energy, and intellect.

Important direct help came from members of my immediate family. My wife,
Carrol, read the manuscript for grammatical and stylistic correctness. My son,
Ross, designed the cover and improved many of the graphics. My daughter,
Jennifer, helped in marketing the book. Thus, it truly represents a family
enterprise.

Stanley Wolf

For additional copies of the books contact:

LATTICE PRESS
Post Office Box 340
Sunset Beach, CA 90742 USA

www.latticepress.com

For your convenience an order form is provided on the final leaf of the book.
It can also be ordered from the LATTICE PRESS website.
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Chapter 11
SILICON-ON-INSULATOR (SOI) TECHNOLOGY

In this chapter the characteristics of silicon-on-insulator (SOI) technologies
fabricated with deep-submicron MOSFETs are described. The focus is on the
SOI-devices themselves as well as on the process technologies used to fabricate
both the starting SOI-wafers and the SOI ICs. An argument is also presented as
to why SOI technology may provide a path for continuing to advance CMOS ICs
for several more generations. That is, implementation of SOI may make it
possible to exceed the limits facing bulk-silicon-CMOS in the near term.

11.1 WHAT IS SILICON-ON-INSULATOR (S0I)?

1 Silicon-on-insulator (SOI) circuits consist of ICs made from single-device islands
' dielectrically isolated from the substrate and each other. Each such island
contains a single transistor, with the isolated transistor being either a MOSFET or
a bipolar transistor. However, since about 90% of the ICs manufactured in 2002
are based on CMOS-technology, the discussion in this chapter will be restricted
to SOI technology involving MOSFETs. Figure 11-1 shows a cross-section of a
MOSFET fabricated on an SOI wafer that also uses STI as the isolation structure
to provide lateral isolation. Note that in the case of a MOSFET fabricated on an

Gate Shallow
Trench
Isolation

ntsource and drain §$i0, Insulator
Fig. 11-1 Cross-section of a MOSFET fabricated on an SOI wafer.
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SOI wafer, a buried oxide (BOX) underneath the device provides vertical “
isolation, and a trench oxide (in this example), provides the lateral isolation. 5
Since the trench oxide extends all the way through the silicon device layer atop

the BOX (and a thermal oxide exists on the wafer top surface), dielectric material

continuously surrounds each MOSFET on all sides. Thus, complete electrical

isolation is provided for the MOSFET with respect to all other devices, and the

substrate, on the wafer.

11.1.1 Isolation Issues in GMOS Fabricated in Bulk-Silicon Wafers

The electrical isolation requirements of CMOS ICs built in SOI are quite
different from those encountered when CMOS ICs are fabricated in bulk-silicon.
To see why, the circuit strategies and structures needed for isolation purposes in
CMOS circuits on bulk-silicon must be examined. For reference purposes a
single-MOSFET built in a bulk-silicon-substrate is shown in Fig. 11-2a (with
various device structures and regions defined). Figure 11-2b shows two
NMOSFETs built on a p-doped substrate, together with the parasitic-transistor
that exists in the field-region separating the active devices. Semirecessed-
LOCOS is used to produce the field-oxide (which is part of the device structure
employed to maintain electrical isolation among such MOSFETs). Figure 11-2¢ |
shows an n-well CMOS structure fabricated in a p-type bulk-silicon wafer. This
figure also shows the parasitic MOSFETs that are associated with that structure ’
(as well as the pn-junction that separates the n-wells from the p-substrate). Again,
a semirecessed-LOCOS field-oxide plays a role in maintaining electrical
isolation among the MOSFETs of the CMOS structure. (It should be noted that
shallow-trench isolation [STI] is used in place of LOCOS to form the field-oxide
in CMOS technologies below 0.35-um. Nevertheless, the isolation issues
described here for CMOS on bulk-silicon remain the same, regardless how the
field-oxide is formed). Finally, in Fig. 11-2d a cross-section of a CMOS IC
structure is depicted, together with a schematic depiction of the parasitic-bipolar-
transistors and associated lateral currents.

Using the IC device structures described above, the isolation issues involved
in CMOS ICs can be undertaken. The first item to be noted is that the pn-junction
separating a well from the substrate must be kept under reverse-bias to prevent
current from flowing from the power-supply-line to ground through forward-bias
of this junction. Second, inter-device isolation for devices within a well (intra-
well isolation) or within the substrate regions, entails the use of a field-oxide to
suppress spurious surface-leakage effects between active devices within a well.
Third, a field-oxide and channel-stop implants are also used to prevent leakage

S—— e —— —— — s i —

Exhibit 1015 - Page 20 of 120



SILICON-ON-INSULATOR 503

Possible Spurious Channel
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Fig. 11-2 a) A single MOSFET built in a bulk-silicon substrate, with various device
structures and regions defined; b) Two MOSFETs (e.g., both NMOSFETs) built in a
substrate having one type of doping (i.e., on a p-doped substrate), together with the
parasitic transistor that exists in the field-region separating these MOSFETs.
Semirecessed-LOCOS is used to produce the field-oxide (which is part of the device
structure employed to maintain electrical isolation among such MOSFETs); ¢) An n-well
CMOS structure fabricated in a p-type bulk-silicon wafer. Also shown in the figure are
the parasitic MOSFETs that are associated with that structure, as well as the pn junction
the separates the n-wells from the p-substrate; d) A cross-section of a CMOS-IC-structure
is depicted, together with a schematic depiction of the parasitic-bipolar-transistors and
associated lateral currents; €) The parasitic bipolar transistors that exist in CMOS
structures can be turned on, which can cause the CMOS IC to go into a latchup state.
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between devices among different wells (inter-well isolation). Yet, despite
employing these isolation structures, intra-well- and inter-well-leakage still
occurs to some degree in CMOS ICs made in bulk-silicon (and the problem gets
worse as the devices are brought closer together). Note that Volume 3 can be
consulted for a more detailed discussion of isolation issues in CMOS built in
bulk-silicon wafers. In addition, the parasitic-bipolar-transistors that exist in
CMOS structures can be turned-on, and this can cause the CMOS IC to go into a
latchup state (Fig. 11-2e). That is, latchup can occur because two parasitic-
bipolar-transistors are always simultaneously formed in the course of fabricating
a CMOS structure. In bulk-CMOS, these two transistors are connected in such a
way that if the current gain of the loop formed by these two devices is larger than
unity, latchup can occur. Latchup can be triggered by different mechanisms, such
as node- voltage overshoots, displacement-current, junction-avalanching, and
pho-tocurrents. It is true that latchup is a well-understood phenomenon which can
be dealt with in bulk-CMOS using proper processing and design methodologies.
However, with the constant reduction in feature spacing, latchup immunity in
bulk CMOS ICs remains a continuing challenge.

11.1.2 Isolation in SOI CM0S

The isolation issues of CMOS fabricated in SOI wafers are much less complex
than those involving CMOS ICs in bulk-silicon. This is because each MOSFET
in SOI is built in an island of silicon on an insulating substrate. Hence, all of the
previously-mentioned possible isolation causes are eliminated. Let us explain this
assertion in more detail.

First, the requirement of keeping the pn-junction that separates the CMOS
well regions from the substrate under reverse-bias is eliminated. That is, this
requirement no longer exists because a continuous oxide barrier exists in SOI
between the well-regions and the substrate. Consequently, current cannot flow
between the power and ground lines, even if the junction in question becomes
forward-biased. Second, the possibility of leakage current between devices
within a well (intra-well-leakage) and from well-to-well (inter-well-leakage) is
eliminated. This is because the parasitic-field-region-MOSFET does not exist (as
a result of the field oxide extending through the silicon film and joining the
buried oxide). In other words, the channel between the source and drain of any
parasitic-field-region-MOSFET is electrically interrupted by the oxide moat
surrounding each MOSFET within an SOI IC. Consequently, leakage current due
to: 1) field-inversion of the channel of a parasitic-field-region-MOSFET; or
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Table 11-1 ITRS Roadmap of the Required MOSFET Junction Characteristics

Year 2000 2001 2002 2003 2004 2005 2008 2010 2014
Gate size (nm) 120 100 85 80 70 65 45 32 22

S/D junction depths (nm)

Contact 65-125  55-105  45-90 43-5 38-75  35-70  30-55 20-40 15-35
Extension/channel 36-60 30-50 2543 24-40 20-35 20-32 16-26 11-1¢ 8-13
SSRD channel 18-30 15-25 12-22 12-20 10-18 10-17 B8-13 5-1C 4-£
Extension doping

Sheet resistance 310-760 280-730 250-700 240-675 220-650 200-G625 150-525 120450 100-400
(Q/sq.)

Resistivity (103Q-cm) 1.1-46  084-36 062-30 057-27 044-2.3 040-21 024-14 0.13-0.86 0.06-0.52

Lateral extension junction abruptness (nm/decade)

For V-roll-off con'*ol 12 10 8.5 8 7 65 45 3.2 22

For spreading 4.8 4.1 3.4 2.9 ai 24 1.25 0.8 0.5
resistance control

R e T L =

2) parasitic-MOSFET subsurface-punchthrough, do not exist in SOI-technol-
ogies. Finally, the existence of vertical- (as well as lateral-) isolation within SOI
ICs eliminates the possibility of latchup. That is, the current paths from the
collectors of the parasitic-bipolar-transistors to the bases of the complimentary
bipolar-transistors (which set up feedback paths in CMOS in bulk-silicon that
cause the circuits to enter latchup), are interrupted by the vertical oxide of the
SOI. Hence, latchup can no longer occur in SOI ICs.

Despite the fact that intra-well and inter-well leakage paths are interrupted in
SOI CMOS structures, new intra-device parasitic transistor paths inherent in SOI
CMOS structures can still produce leakage current, as is discussed in Sect. 11.7.

11.2 THE “END OF THE ROAD FOR BULK CM0S” SGENARIO PREDICTED BY
THE 2001 INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS

The 2001 International Technology Roadmap for Semiconductors (ITRS-2001)
indicates that planar CMOS transistors on bulk-silicon are expected to reach their
limits at gate lengths of about 50-nm in the 2005-2006 time frame. That is, the
ITRS-2001 analysis documents a clear “end-of-roadmap” event-horizon at the
onset of IC device scaling to 50-nm gate-lengths.! The premise of the ITRS study
i was to predict, as far as possible, the characteristics of an extension of the
industry’s “standard technology,” namely, planar-CMOS-transistors fabricated

W A -t.%-'.r::ﬂ;ﬁ%:‘-
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on bulk-silicon wafers. The study concludes that many process and materials
constraints combine to force this change in the technology path. That is, the
conclusions drawn in this study are that sometime between 2005 and 2008 nearly
all of the 30 or so transistor characteristics required for the extension of Moore’s |
Law are listed as “no known solutions.” This is a clear signal that IC transistor |
technology requires fundamental changes in the next half-decade. In this section [
the principal issues limiting junction-formation in sub-100-nm CMOS ICs on [
bulk-silicon will be detailed. As part of the discussion to be presented in the next l|
section (Section 11.3), it will be described how some of these constraints can be
removed or relaxed through the use of SOI. That is, by implementing CMOS-on- L
SOI a path may be provided to allow CMOS ICs to be fabricated beyond the 50-
nm gate-length-limit faced by CMOS-on-bulk-silicon. An extension of as much
as a decade beyond the “end-of-the roa-map” scenario posited by the ITRS-2001 |
may be possible by fabricating CMOS ICs on SOI-wafers. {
The three principal challenges for forming shallow-junctions in CMOS on
bulk-silicon wafers are as follows:
1. Limiting dopant-diffusion in the source/drain regions to shallow depths; I
2. Activating a sufficient percentage of the dopants implanted into the
source/drain regions to provide source/drain regions that exhibit
sufficiently low contact-resistance and sheet-resistivities:
3. Obtaining source/drain junctions that have highly-abrupt vertical and
lateral doping-profiles.

The ITRS-2001 values for these key transistor parameters, as a function of the
device generation (which correlates to the gate-length of that generation and the |
expected time of its introduction) are given in Table 11-1.

11.2.1 Source/Drain Junction Scaling

As MOSFET gate lengths (L) are scaled, the other device structures (i.e., the .
gate-oxide-thickness and the junction-depth of the source/drain extension) are
also scaled proportionally. To maintain such “proportional scaling” for CMOS
when the gate-length decreases below 100-nm, the design rule used in the ITRS-
2001 study was that the junction depth of the source/drain extension
Xj(extension) Would scale according to: Xj(extension) ~0-33 X Ly, within a range of
+25% (see Fig. 11-2a for a graphic that depicts the region referred to as the
source/drain extension). Controlling junction depths to less than 55-nm for sub-
100-nm MOSFETs will push the limits of sub-keV boron implantation and
“spike” anneals.?
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11.2.2 Dopant Activation in Shallow Source/Drain Junctions

In the ITRS-2001 model, it is expected that ways will be found to produce highly
doped source/drain extension-regions having a sufficiently low resistivity (to
reduce the sheet-resistance of these regions) at the same time the depth of the
junctions of these regions is reduced. If this can be done (i.e., if the resistivity of
the source/drain extension regions could somehow be reduced from the value of
103 Q-cm [that is produced in the source/drain extension-regions of 0.15-um
NMOS transistors by using low-energy boron implantation {0.2-2.0-keV} and
“spike” anneals] to say 104 Q-cm) a sheet-resistance versus junction-depth curve
(as plotted in Fig. 11-3 for the value of p =104 Q-cm) could be obtained.?
Overlaid on these sheet-resistance versus junction-depth curves (with p as the
parameter), are the industry expectations of the value of p for: 1) high-perfor-
mance ICs; and 2) cost-focus (i.e., lower-cost) ICs, as taken from the ITRS-2001.
That is, the values of p that the ITRS-2001 roadmap expects in order to be able to
fabricate CMOS ICs on bulk-silicon for smaller gate-length-devices, decreases
from about 103 Q-cm for NMOSFETs with gate lengths of 0.14-um, down to

105
Boron resistivity
| ]
4
o " ITRS99
a Cost-focus
E Performance-focus
‘§ 103 . Resistivity
8 e 10 Q-cm
] T 5107 Q-cm
] s 10 Q-cm
102 \
0.2-2 keV B implants Ty,
1000°C/10s to 1100°C/spike RTA “~. _
1 I o | .
10°y 10 100 1000
Junction depth (nm)

Fig. 11-3 Sheet-resistance and junction-depths for low-energy boron implants and spike-
implant anneals, and industry expectations for S/D extension junctions (starting with 140-
nm gates to 22-nm gates at the head of the arrows) for cost-focus and performance focus
devices. The dopant resistivity for sub-keV boron implant and spike-RTP process (in CZ-
Si) is limited by a “wall” at about 103 Q-cm.
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about 104 Q-cm for NMOSFETs with 22-nm gate lengths (corresponding to a
junction-depth of 8-nm and a sheet resistance of 100 Q/sq). Some alternative
doping technology may be required to achieve such low resistivity. Possible
alternative doping techniques include: a) low-temperature (or selective) epitaxy;
b) diffusion from a doped-glass source; ¢) diffusion from a low-temperature Si-
Ge alloy; d) direct gas-source-diffusion in an RTP-system; e) gas-immersion-
laser-diffusion (GILD); and f) planar-doping-layers using atomic-layer-epitaxy
(ALE). Of these many possible processes, low-temperature-epitaxy may hold
some key advantages, as it can also be done in a selective manner (which may
possibly minimize masking steps). However, with selective epitaxy, separate
hard-masks are required for n- and p-S/D-regions. On the other hand, GILD with
projection masking (PGILD) does not require resists or hard-masking and may
become an important doping technology.

At this time, however, it is not clear whether any of the above methods of
reducing the value of p in the source/drain extension regions of NMOSFETs will
be able to reduce p down to 104 Q-cm. In fact, the resistivities of junctions
formed by the present day “best methods” of sub-keV boron implants and spike
anneals appears to be limited by the “activation-wall” to a value no smaller than
103 Q-cm.*

11.2.3 Doping-Profile Abruptness in Shallow Source/Drain Junctions

To permit sub-100-nm MOSFETs to exhibit the performance characteristics
expected in the ITRS-2001 roadmap, the total source-to-drain resistance of such
MOSFETSs must be kept sufficiently small.? Controlling this total source-to-drain
resistance-value in deep-submicron MOSFETS requires that special attention be
paid to the contact-resistance and spreading-resistance at the junction of the
source extension and the channel. As shown in Fig. 11-4, parasitic-resistances
exist in the path between the metal-to-Si substrate interface and the region in the
device where the actual transistor action begins (see also Sect. 5.4, Chap. 5).

In the planar MOSFET, the device-region in which transistor-action occurs is
the channel-region under the gate. The current flowing from the metal-
interconnect lines to the channel-region must be transported from the metal-Si
contact to the edge of the channel through the source or drain regions (Fig. 11-4).
In the MOSFET, current enters the contact perpendicular to the wafer surface,
and then travels parallel to the surface in order to reach the channel. The total
parasitic-series-resistance, Rg, of the current path from the contact to the edge of
the channel can be modeled by the sum of four components,

Rs = Rgo+Rgy + Rep + Ry (11.1) |
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(a) * METALLURGICAL
%ee| JUNCTION
X ac
- —
Rac
Rco Rsp
(b) Rsh

Fig. 11-4 Schematic drawing showing: a) current paths within the source and drain
regions, of a planar MOSFET and; b) their corresponding representative series resistance
components.’ (© 1979 IEEE)

where R, is the contact-resistance between the metal and the source/drain
region, Rgp, is the sheet-resistance of the bulk-region of the source and drain, Ry,
describes the resistance of the current lines crowding near the channel end of the
source, and R, is the accumulation-layer resistance. Qualitatively, for a non-
abrupt junction, Rsp and R, arise because, after leaving the channel, the current
does not immediately spread into the bulk of the source-drain regions (the
parasitic-resistance-effect in these bulk regions is Rgp). Thus, Ry, and R, exist
because the accumulation-layer conductance is much higher than the
semiconductor conductance in the vicinity of the junction (see again Sect 5.3).

The key issue for sub-100-nm MOSFETs is the abruptness of the doping-
profile at the lateral edge of the source extension and its effect on Rgp and Ry
The ITRS-2001 study calls for lateral-doping-profiles that decrease into the
channel region at a slope of ~3 nm/decade in concentration, for 100-nm gates.
Obtaining a lateral-doping-profile abruptness of less than 3-nm/decade presents
severe challenges for bulk silicon doping by implantation and rapid thermal
annealing. As-implanted profiles for 0.2-keV boron into pre-amorphized silicon
have a vertical profile steepness of 2.5-nm/decade.® The key S/D-extension
profile in the lateral direction, still remains to be characterized, and will be
further broadened by thermal annealing in actual transistors.
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11.3 WHY S0I?

|
I
Silicon-on-insulator (SOI) technology has long been used in many specialized i
applications, such as radiation-hardened or high-voltage integrated circuits. It is i
only in recent years (since about the mid-1990s), however, that SOI has emerged I
as serious contender for low-power, high-performance applications.” The power l
consumption, P, in CMOS ICs is given approximately by: |

P ~C Vaf +V Yegkage (11.2)

where C is the total capacitance, V is the supply voltage, f is the frequency, and |
Ileakage is the standby-leakage-current. Thus, in low-power applications the
supply voltage must be reduced to decrease both terms of this equation. This |
power-supply reduction has had to follow the evolution in battery-voltage and
capacity. The SEMATECH roadmap target has been to reach 0.9V by the end of
the century. However, at such a low voltage, the IC performance is also reduced
due to a smaller value of I, in MOSFETs. As will be seen, however, the use of
SOI allows the drain current to be significantly increased, even at such low
voltages. SOI therefore also becomes appropriate for emerging system-on-chip
ICs used for smart power, as well as for micro-electromechanical systems
(MEMS), mixed-signal, and integrated-optics applications.
SOI also provides a path to permit the scaling of ICs to go forward. That is, to
continue to increase performance and keep up with Moore’s Law, several
cumulative approaches have been adopted. The evolution of IC technology in
the near future which uses this strategy is summarized in Fig. 11-5. This diagram
indicates that integrating copper wiring and SOI will represent the next step
toward the continued improvement in IC performance. Here we list the advant-

|

Copper Wiring

Performance

Bulk Silicon

Aluminum Wiring
Bulk Silicon

Time

Fig. 11-5 Technology migration for future IC progress.
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ages offered’ by CMOS-onSOI which contribute to such performance

improvement.
1. Improved Speed-Performance. The speed performance of SOI ICs is
enhanced by 20-35% compared to the same circuits fabricated in CMOS on
bulk-silicon if they are operated at the same voltages. (The reasons for this
increase in speed performance is due to a number of factors that are listed
later as other advantages of SOI.) Thus, SOI circuits built using the design
rules of “generation-n” of some CMOS technology in bulk silicon will
operate as well as the ICs of “generation-n + 1” of CMOS-on-bulk-silicon.
This also implies that if a roadblock occurs in some upcoming generation of
CMOS on bulk silicon, by having the capability to produce these ICs in
SOI, it will be possible to fabricate ICs that allow that roadblock to be
exceeded for at least one generation (if not more).

2. Reduced Power-Consumption. If CMOS-ICs in bulk-silicon and CMOS
ICs in SOI are operated to give the same speed-performance, there is a 35-
70% reduction in power-consumption in the CMOS-on-SOI ICs. This
advantage provides CMOS-on-SOI a huge competitive edge for low-
voltage/low-power applications operated with a one-battery supply. Figure
11-6 depicts this performance-versus-power tradeoff issue.

3. Reduced Junction-Capacitance. One reason for the increased
performance of CMOS-on-SOI is that the junction-capacitance of the
MOSFETs is significantly reduced. For example, a depletion-capacitance
exists at the drain-substrate junction, and its value is a function of the
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Fig. 11-6 a) Power drain and access time for bulk and SOI CMOS for drive voltages
ranging from 1.2 V; b) Comparison of 48-bit-multiplier performance between bulk and
SOI using a 0.25-um CMOS technology.
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substrate doping-concentration. The higher the substrate doping-concentra-
tion, the higher the capacitance. Modern submicron circuits increase the
substrate doping-concentrations with each new technology generation,
which contributes to an increased junction-capacitance. However, in SOI
circuits, the maximum capacitance between the junctions and the substrate
is the capacitance of the buried-insulator. This capacitance is proportional to
the dielectric constant of the capacitance material. Silicon dioxide (which is
used as the buried insulator), has a dielectric constant kgjo, = 3.9 which is
three times smaller than that of silicon kg; = 11.7 Therefore, a source/drain
junction located on a buried-oxide gives a parasitic-capacitance
approximately three times smaller than that of a bulk-junction. Since the
SOI buried-insulator-thickness does not scale with device scaling, parasitic-
capacitances do not necessarily increase as SOI technology progresses.

As a result of the above phenomena, and depending on the circuit layout,
the total capacitance of a CMOS SOI-IC can be reduced by 15-50%
compared with the same IC fabricated in bulk-silicon. In fully-depleted SOI
(FD-SOI) MOSFETs (described in Sect. 11.5.1), the source/drain-regions
butt-up against buried oxide (BOX), and thus no pn-junction exists at that
device-region boundary (and hence there is no depletion-region that needs
to charged and discharged there). Even in partially-depleted SOI devices
(PD-SOI), the depletion-region of the junction of the source/drain-regions
extends to the BOX, and does not increase in volume beyond that point once
this depth is reached. Thus, even in PD-SOIs the maximum junction-
capacitance of the source-to-body, CjSB- and drain-to-body, CjDB- is limited
to a smaller value than that existing a comparably-sized MOSFET in bulk-
silicon. The wiring-capacitance (i.e., associated with interconnect lines
running over the field regions of an IC) is also slightly reduced by the
presence of the BOX in SOI wafers.

4. Latchup Elimination. As noted in Sect. 11.1.2, the phenomenon of latchup
is eliminated in CMOS-on-SOI ICs and the techniques needed to suppress
latchup in bulk CMOS are unnecessary. This also means that the use of
epitaxial-wafers with a heavily-doped-substrate to control latchup in some
applications is no longer needed.

5. Reduction of Interwell-Isolation-Spacing. Due to the elimination of the
possibility of latchup, and the ability to retain adequately low intra-well and
inter-well leakage-currents due to the dielectric isolation, it is possible to
reduce the isolation-spacing design rules, compared to those needed in
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CMOS ICs in bulk-silicon (especially the n*-p* spacing). In addition, the
contact-overlap-spacing can be smaller. Thus, the packing density of the
CMOS SOI-IC is increased, allowing circuits with greater functional-
density to be fabricated on the same area of silicon. There is also no need
for high-energy implantation of well-dopants.

6. Reduced Soft-Error-Sensitivity. SOI reduces the substrate-collection-
volume for alpha-particle- and cosmic-ray-generated electron-hole tracks,
hence lowering soft-error-sensitivity. In particular, SOI- technology for
ECL-bipolar/CMOS ICs is preferred because of the high sensitivity of the
ECL peripheral-circuitry to radiation.®

7. Improved MOSFET Turn-0ff Characteristic (Steeper Subthreshold-Slope).
The subthreshold slope, S;, of MOSFETs built on SOI-wafers is much
steeper than that of MOSFETs in bulk-Si-wafers. Subthreshold-slopes as
small as 62-mV/decade have been observed in SOI MOSFETs.® The small
value of S; implies that an SOI-MOSFET can be turned-off with a smaller
gate-voltage swing. This allows faster switching in MOSFETs, along with
i the use of lower threshold-voltages. A lower threshold-voltage allows lower
S power-supply-voltages to be used, and an increase in the drive-currents of
i SOI-MOSFETs compared to MOSFETs built in bulk-silicon.

_'E-fb 8. Reduced Leakage-Current Arising from Garrier-Generation in Junction
Depletion Regions. The ability to make the source/drain junction-areas of
i SOI-MOSFETSs smaller by approximately two decades, also decreases the
I volume of the depletion-regions of these junctions. Thus, less leakage -
current arising from the generation of carriers in these regions is produced,
which reduces the standby leakage-current of SOI-ICs to a comparable
degree. The negligible leakage current makes SOI ideal for low-power ICs.

9. Compatibility with Bulk-Si CMOS Process Tools & Processes. The SOI

b process-technology is compatible with the conventional process-technology
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'rl used to fabricate CMOS ICs in bulk-silicon. Thus, the tools and facilities
i used to fabricate CMOS-on-bulk-silicon can also be used to fabricate
B CMOS-on-SOI. The SOI process-sequence is even somewhat simpler than
rF. that used to fabricate CMOS on bulk-silicon. That is, there is no need for the

well-formation process in SOI-ICs, nor any need for channel-stop-implants
to suppress lateral-surface-leakage between devices due to field-inversion.

10. Advantages for System-On-Chip (SOC). A high-resistivity substrate
under the BOX can be used, which can significantly reduce the device
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capacitance and the loss of passive components, such as inductors and
transmission-lines, commonly used in analog- and rf-devices. 10 Therefore,
SOI offers advantages over bulk-Si to realize a system-on-a-chip by
integrating high-performance digital and analog/f circuits on the same chip.

11. Increased Drain-Current. The drain current of SOI-MOSFETs, I, is
also increased due to the significantly lower doping that can be used in the
channel. The ability to tolerate lower-channel-doping occurs because of the
natural punchthrough suppression arising from the backgating effects of the
insulator interface.

12. Improved Circuit Reliability Due to Elimination of Junction-Spiking.
When contact is made to a MOSFET in bulk-CMOS, unwanted reactions
between the metal or the silicide can take place, leading to the problem of
“junction-spiking” (and the attendant rise in uncontrolled leakage currents).
While barrier materials normally control this problem, the potential for its
occurrence is still there in bulk-CMOS. If MOSFET: are fabricated in thin
SOI material, the source and drain junctions extend to the buried insulator.
In that case, no leakage will be produced if some uncontrolled metal-
silicon reaction occurs.

11.3.1 The Path of Using SOI May Allow Extension of the ITRS Roadmap

Many of the challenges for CMOS transistors in bulk-silicon discussed in Sect.
11.2 are relaxed or removed when SOI-wafers are used instead of bulk-silicon
wafers, and SOI technologies offer new options for transistor design. With the
20-50% increase in transistor speed that can be achieved by switching to SOI, the
performance of ICs can be increased without the cost of a shift to a higher
lithography resolution. SOI “thin-body” CMOS transistors provide excellent
control for the off-current (leakage) characteristics that limit the endurance of
battery-operated computer and communication devices. Furthermore, soft-error-
immunity and radiation-hardness of SOI devices is seen as a key requirement for
expansion of high-data-rate network-servers that form the core of Internet and
other global data-transfer-links.

In addition, SOI-wafers are opening a path for the extension of planar CMOS
transistor design by perhaps a decade beyond the “end-of-roadmap” limits
foreseen in the ITRS-2001 study for 50-nm gates on bulk-silicon. Operational
SOI transistors have been studied with gate lengths as small as 25-nm and Si
channel thicknesses of 1-nm.
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TABLE 11-2 COMPARISON OF KEY ISSUES FOR SUB-100-nm
CMOS FOR BULK-SILICON AND FULLY-DEPLETED SOl MOSFETS

Critical Issue Bulk silicon SOl
Junction depth RTP/(LTP) Set by Si-SOI film
Dopant activation Thermal budget on Lateral diffusion limit
vertical and lateral diffusion
F Junction abruptness Critical vertical and lateral Carrier injection still requires abrupt
Ef. abruptness limits lateral junction in thin-body
% Contacts Extended S/D Extended S/D
Off-current Requires halo Dual gate
; Threshold control SSRD (super-steep SiGe gate
b retrograde doped channels)
B or SiGe gate
| Well doping High-energy implant No well

E To begin, it is easier to control the junction-depths of the source/drain
extensions in SOI devices. In bulk-silicon, obtaining shallow-junctions requires
careful control of thermal budgets, with the use of rapid-thermal-annealing-
“spikes” or laser-annealing to limit both the vertical- and lateral-dopant-
diffusion, while obtaining high degrees of dopant-activation and adequate defect
annealing. With fully-depleted, thin SOI (FD-SOI) MOSFETs (discussed in Sect.
11.5.2), the source/drain-extension junction-depth is determined by the Si-SOI-
layer thickness. This means that the thermal-budget-constraints on vertical-
junction-depth are essentially removed for fully-depleted-SOI CMOS devices.
Second, the ability to activate dopants in the source/drain-regions of CMOS in
bulk-silicon is limited by the thermal-budget on vertical- and lateral-diffusion
effects, while in FD-SOI MOSFETSs only the lateral-diffusion sets a limit on this
thermal-budget (a potentially less difficult problem to solve). Third, in CMOS-on
bulk-silicon both the vertical- and lateral-abruptness of the source/drain-
extension doping-profile needs to be controlled, whereas in FD-SOI, only the
abruptness of the lateral-doping-profile of the source/drain extension-region
needs to be controlled. Fourth, the well-doping in CMOS-on-bulk-silicon needs
to be carried out with high-energy ion-implanters, but in CMOS-on-SOI, no
wells even need to be formed. Finally, SOI-technologies can be developed to
include new device structures, such as dual-gate and high-channel-mobility (with
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Si:Ge-CMOS), that provide new tools for transistor designers to increase signal
speed while decreasing off-current leakage-levels. The transistor characteristics
and process tradeoffs for bulk-silicon- and SOI-wafers are summarized in Table
11-2. The process challenges shift to controlling lateral-diffusion and obtaining
abrupt-junction-interfaces.

One of the critical processes that will be needed to allow thin-SOI-wafers to
serve as the substrates for sub-50-nm CMOS is the ability to fabricate thin-SOI
wafers with high-levels of control over the SOI-Si device-layer-thickness,
electrical-properties, and interface-characteristics. The Smart-Cut® and
Nanocleave® processes described in Sects. 11.6.3.2 and 11.6.3.3, respectively, |
are two approaches that may allow these goals to be met.

The timeline for the use of the various types of “thin” SOI MOSFETSs can be
linked to the projections made by the ITRS-2001 (Fig. 11-7). The thickness of
the Si-to-SOI surface layer (Tg;) will shrink according to the approximate design
rules of Tg; ~ 2 x Xj(s/Dcontact region) for partially depleted SO MOSFETS (see
Fig. 11-2a, which shows what is meant by the terms “S/D contact-region” and |
“S/D extension region”), and Tg; ~ 1xX;s/pextension) UP to the year 2000 I
timeframe, production SOI-ICs were being manufactured using PD-SOL r

For the time between 2001 to 2005 (i.e., for MOSFETs with gate lengths of '
0.15-um down to 0.07-um), the Si-SOI layer thicknesses being used is expected
to cause the type of SOI FETs to be a mix of partially-depleted (PD) CMOS for
mainstream logic and ASIC devices, and fully-depleted (FD) SOI for high-
performance processor and server/router devices.

For CMOS devices with gate-lengths in the range of 50-nm (beginning in
about 2006), the multitude of process and performance issues described in the
ITRS study will preclude the use of planar-CMOS on bulk-Si as well as in
partially-depleted SOI. By migrating mainstream transistor structures to fully-
depleted SOI, it may also be possible to extend CMOS circuit technologies a full
decade beyond the “end-of-roadmap” for planar-CMOS on bulk-silicon. “Thin-
body” SOI, with gates sizes at 20-nm on Si-SOI layers of ~10-nm are now at the
threshold of research devices. If scaling continues at the historical rate of a 0.7
shrink every three years, these devices would be in production by about 2015.

11.4 HISTORY OF SILICON-ON-INSULATOR (SOI) TECHNOLOGY

Silicon-on-insulator technology has been available since the late 1960’s, and has
been used since that time for military integrated-circuit applications. However, it
has taken more than 30 years for the first mainstream commercial SOI devices
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Fig. 11-7 Timeline of Si-SOI layer thickness linked to junction depth and gate size
predictions from ITRS-2001.

to be offered. As described in Sect. 11.3, the advantages of SOI technology are
well known. First, circuits fabricated in SOI wafers have reduced parasitic-
capacitance when compared to bulk or epi wafers. Less capacitance translates to
lower power or higher speed. Second, SOI devices have improved radiation-
induced single-event-upset (SEU) immunity, and thus they are useful for space
applications. Even large memory arrays that are used in terrestrial applications
are subject to SEU and may require SOI circuits. Third, SOI devices are
completely free of latchup. Finally, the fabrication process in SOI wafers can be
simplified by reducing the number of masks by as much as 30%. However, SOI
wafers are more expensive to fabricate and may contain more defects than bulk
or epi-silicon. As the requirements for improved speed, reduced power, and less
expensive processing have become more important, a keen interest in SOI
technology has been re-kindled among mainstream device suppliers.*!

Currently there are a number of useful approaches for making SOI wafers.
The first group includes the “legacy” SOI technologies of dielectric isolation (see
Vol. 2, Chap. 2, for more information on the dielectric-isolation-technology) and
silicon-on-sapphire (SOS) that were developed in the 1960’s, and that even
today, still find limited application. (As we will note, an improved SOS
technology is currently being used to fabricate high-performance rf-devices.) The
more modern SOI-technologies are based on either a buried-insulator-layer
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created by ion-implantation technology (e.g., Separation by [Mplanted OXygen
[SIMOX]), or by a wafer bonding (WB) technique. (The insulating substrate for
SOS wafers is sapphire [i.e., very pure single-crystal, aluminum oxide, Al,O5].
On the other hand, the insulator for the SIMOX and wafer-bonding technologies
is silicon dioxide.) Various (and to-date, unsuccessful) attempts have been made
to grow single-crystal silicon (or large-grain polycrystalline-silicon) directly on
amorphous insulators.*2> When devices were first built on SOI-wafers, small
islands of silicon were formed (typically by etch techniques) on top of the
insulator. In modern SOI ICs, either LOCOS or STI is used to complete the
dielectric isolation. Individual devices are then fashioned in the islands and these
devices are then interconnected in a conventional manner. SOI-technology has
been the subject of intense research and development in the late 1990s. A number
of symposia that address SOI technology are held on a regular basis.*445 For
more information on the evolution of SOI circuits, see Sect. 11.8,

11.5 SILICON-ON-INSULATOR DEVICES

The MOSFETs built using SOI-substrates are categorized in a number of ways.
The first such grouping differentiates between so-called thick-SOI-MOSFETs
(built on SOI-substrates whose Si layer is thicker than 1 micron - i.e., > 1.0-um),
and thin-SOI-MOSFETs (in which this layer is less than 1 micron thick - i.e.,
< 1.0-um). The applications for “thick” SOI include power-IC switches, rf
bipolar-signal-processors, and a wide variety of MEMS and optoelectronic
devices. Thick-SOI devices were also historically used for a variety of military
applications (e.g., radiation-hardened ICs) and for such commercial-applications
as high-voltage and high-power devices. The principal SOI-material being
presently used for VLSI and ULSI CMOS signal, logic, and memory applications
is “thin” SOI (50-1000-nm thick [0.005-1-um]. The “thick” SOI market segment,
at only $50 million/year is a very small piece of the $110 billion/year
commercial, mainstream CMOS IC market (and is not likely to grow
significantly in the future). Hence, we will not further deal with such devices, but
instead will focus on “thin” SOI devices in the rest of this section.

Within the category of “thin” SOI devices, there are a number of additional
subcategories, namely partially-depleted SOI-MOSFETs and fully-depleted SOI-
MOSFETs. The thickness of the silicon-device-layer of the SOI-structure can be
chosen so that the SOI-MOSFETs will operate in one or the other of these
modes. Each of these SOI device types will be discussed separately in more
detail. Note once again that one of the ways that MOSFETs fabricated in SOI
differ from the MOSFETSs fabricated in a bulk (i.e., non-SOI) substrate is that the
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channel region (or body) of the SOI-MOSFET is not automatically connected to
any external terminal (i.e., intrinsically the body of the SOI MOSFET is
electrically floating). This aspect of SOI-MOSFETs (a floating body), leads to
so-called floating-body-effects, which can be detrimental to device performance.
Floating-body effects in SOI-MOSFETs will be described in more detail later.

11.5.1 Partially-Depleted Thin-SOI-MOSFETs (PD-S0I)

Partially-depleted, thin-SOI-MOSFETs (PD-SOIs) are given this name because
when the maximum gate-bias is applied to the MOSFET, the depth of the
resultant depletion-region in the channel of such devices is shallower than the
thickness of the silicon layer (Fig. 11-8). Note that “thick” SOI MOSFETs are
also operated as partially-depleted MOSFETS.

As mentioned earlier, the body of SOI-MOSFETs is intrinsically floating.
That is, unless a contact to some circuit potential is explicitly provided, the
potential of the SOI-body is floating (Fig. 11-9a). However, if the SOI-MOSFET
body is grounded (i.e., by independent body contacts or by body-source ties),
partially depleted SOI MOSFETs behave very much like bulk-Si MOSFETs, and
most of the standard Iy(Vgg,Vpg) equations and design concepts apply. If body-
contacts are not supplied, so-called floating-body effects arise, leading to
potentially detrimental consequences (including the introduction of a kink in the
dc I-V characteristics, a reduction in breakdown-voltage, and the causing of
hysteresis and instability during dynamic operations). The issue of floating-body

} Fig. 11-8 Partially-depleted transistor in a Si layer over an isolation layer.
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Fig. 11-8 a) Top-down view of an SOI-MOSFET in which no provision is made for
contacting the body. Unless a contact to some circuit potential is explicitly provided, the
potential of the SOI-body is floating; b) MOSFET with body-contact made on one side of
the MOSFET channel; ¢) An “H-gate” SOI-MOSFET (i.e., a body-contact is made on
each side of the MOSFET channel).

effects in partially depleted SOI MOSFETS is described in further in Sect. 11.9.

Note that body- and substrate-contacts were routinely used when “thick” SOI
devices were fabricated, as shown in Fig. 11-9b. To avoid the possible device-
performance-degradation that floating-body-effects could cause, early partially-
depleted, thin-SOI-MOSFETs also used either separate body-contacts or source-
body ties, again as shown in Fig. 11-9b. However, since the body-region of the
MOSFET beneath the channel can exhibit a high resistance, a single body-
contact tied to ground may not be adequate. In some applications a body contact
is made on both sides of the MOSFET channel, forming a so-called “H-gate”
(Fig. 11-9¢).1! Figure 11-10 shows how a body-contact is made to an SOI-
NMOSFET both from a top view, and from a cross-sectional view. Figure 11-11
shows the layout of a DRAM sense-amplifier-circuit fabricated in SOI, in which
a body-to-source-tie is employed.

While body-contacts (and body-source-ties) can be used to avoid the problems
associated with the floating-body-effect, these structures consume valuable
silicon-circuit-area. That is, the global use of body-contacts on every SOI
MOSFET in a circuit may severely degrade the density (and hence also the
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Fig. 11-10 A top-down and diagonal cross-sectional view of an SOI-NMOSFET with a
body-contact made on one side of the MOSFET channel.

performance), of a large-scale IC design. As a result, in more recent SOI ICs
built using partially-depleted thin SOI MOSFETs, attempts were made to find
ways to eliminate the need to use such body-contacts. As shall be seen in Sect.
! 11.9, it has been demonstrated that in some circuit applications, such body-
i contacts may not need to used. That is, the device-performance-degradation
t caused by floating-body-effects may be small enough to allow the elimination of
body-contacts from such SOI circuits.
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Fig. 11-11 Layout of a SOI-NMOSFET DRAM sense amplifier incorporating a body contact.
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When CMOS circuits are built with partially-depleted thin-SOI-MOSFETs
(and are powered with the same voltages), switching-speeds are observed to
increase by 20-30% compared to equivalent circuits in bulk-silicon devices.
Alternatively, partially-depleted SOI devices can be operated at lower voltages
and lower battery-power-drains with a significantly-smaller speed-penalty than
bulk-silicon devices. As noted earlier, since partially-depleted SOI-MOSFETs
operate electrically in essentially the same manner as bulk MOSFETS, an
immediately useful advantage is that circuit designs from bulk-silicon devices
can be imported into the SOI environment with only a modest investment in
circuit redesign. As of 2000, the SOI circuits being offered commercially were
largely based on partially-depleted SOI-MOSFETs.

11.5.2 Fully-Depleted Thin SOI MOSFETSs (FD-SOIs)

In fully-depleted, thin-SOI-MOSFETs (FD-SOIs) the depth of the depletion-
region in the channel of the transistor extends entirely through the thickness of
the surface-silicon-layer of the SOI-structure (Fig. 11-13b), even when there is
no-bias applied to the gate. (In addition, the junction-depth formed in the
source/drain-regions in fully-depleted SOI-structures is also as deep as the Si-
surface-layer-thickness. Hence, there is no pn-junction at the [source/drain]/BOX
interface, and thus there is no depletion-region at that interface to contribute to
the source/body- and drain/body-capacitance.) This also implies that there is less
overall junction-surface area than in a CMOS-structure formed in bulk-silicon
(which results in reduced leakage-currents and junction-capacitances). In the FD-
SOI case, the depletion-charge is thus constant and cannot extend further into the
body as the gate-bias is increased. As a result, the application of a gate-bias
results in more inversion-layer-charge for the same gate-bias as in a bulk-Si
MOSFET. This has several beneficial effects, including: 1) drain current is
increased; and 2) subthreshold-slope becomes steeper (Fig. 11-12). However, the
Ip(Vgs:Vps) equations used to model bulk MOSFET and PD-SOI MOSFETS
are no longer valid, and new I-V relationships need to be used for FD-SOIs.
Although circuit-designs need to take full account of the special conditions of
operation in an SOI layer, the highest gains in circuit-speed, reduced-power
requirements, and the highest level of soft-error-immunity are realized with fully-
depleted SOI-devices. That is, FD-SOI devices exhibit the following advantages
over bulk and partially-depleted SOI-MOSFETs: 1) sharper subthreshold slope;!2
2) higher drive-current; 3) higher-transconductance; 4) reduced parasitic-
capacitance; and 5) reduced short-channel-effects.!3 The latter benefit is gained
because some of the charge that would otherwise be needed to support the
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Fig. 11-12 a) Log-plot of drain-current I, versus gate-voltage in SOI-MOSFETs made
with two different silicon film thicknesses: 90-nm (left curve) and 450-nm (right curve).
The inverse-subthreshold-slope, S, (in millivolts per decade) is indicated. Vg =1 V; b)
S; as a function of threshold voltage for various SOI film thicknesses (n-channel device).

channel depletion-region-charge is instead produced by charge in the substrate
under the BOX. However, as of 2001, fully-depleted SOI MOSFETs were not yet
being widely implemented in commercially available ICs.

The reasons fully-depleted SOI MOSFETSs were not being used in commercial
production by 2001 is that these devices must meet the requirement that the
silicon-film-thickness must always remain well below the depletion-region-width
in the channel, during all modes of the MOSFET operation (i.e., from when the
device is OFF through inversion). This dictates the use of a low threshold-
voltage-value, and the ability to keep the Si-SOI surface-layer-thickness well
below the depletion-region-width under conditions of thickness variation. That is,
it must be possible to control the Si-surface-layer-thickness to within 5-10-nm.14
This imposes severe limitations on the manufacturability of the device. (Use of
partially-depleted SOI MOSFETs in an SOI-circuit, on the other hand, alleviates
the constraint on Vi and its sensitivity, allowing the channel-doping-profile to be
tailored to meet any desired Vp value, thus easing the manufacturing problem.)
Nevertheless, by the end of 2001 this situation was starting to change. Intel
announced a 50-nm FD-SOI structure, and said that they would use FD-SOI
MOSFETs to build ICs from 2005 and beyond.%6 In addition to FD-SOI, the Intel
MOSFETs incorporate elevated source/drains (see Sect. 5.3.2).
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Fig. 11-13 Schematics of partially-, fully-depleted, and “thin-body” (double gate) SOI |
MOSFETs. |

In FD-SOIs some of the gate-charge is balanced by charge in the depletion- ¢ |
region of the channel, but additional charge will arise in the substrate beneath the ?
BOX layer. This induced charge in the substrate will have the effect of trying to
establish an inversion layer along the interface between the Si surface layer and
the BOX (i.e., the substrate beneath the BOX acts as a back-gate). As a result, a
coupling exists between the potentials on the top-gate and the back-gate, and the
electrical characteristics of the channel along the back-gate vary with bias
applied to the top-gate. For example, leakage along the back-gate-channel will
be caused by the application of a bias on the top-gate. In fact, when the Si-
surface-layer of an FD-SOI becomes too thin, the top-gate eventually can no
adequately longer turn-off the FD-SOI MOSFET. In such cases it may be
necessary to fabricate these FD-SOI MOSFETSs with a dual-gate structure and a
thinned body-region (as discussed in Sect. 11.5.3.2 and as shown schematically
in Fig. 11-13c). Such dual-gate FD-SOI-devices offer the prospect of excellent
control of the off-current of small channel-length SOI-MOSFETs.

A dual-gate FD-SOI has both a top-gate and bottom-gate (Fig. 11-13c). The
channel is sufficiently thin so as to be fully-depleted and an inversion-layer is
established at both the top and bottom gates. To minimize short-channel-effects
the channel-thickness must be considerably smaller than the gate-length.43 For
gate lengths smaller than 50-nm, this will require thin silicon layers of 20-nm or
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less. The potential transconductance of a dual-gate device is approximately twice
that of a bulk-device because of the presence of two gates. Also, the subthreshold
slope, S, is potentially much improved over a conventional MOS device. Several
theoretical studies have shown that the silicon thickness for a single-gate FD-SOI
device must be about 1/2 that of a dual-gate device for equivalent short-channel
effects. 48

However, by 2000, dual-gate FD-SOIs were still in their infancy, and were far
from being ready for consideration as devices in commercial ICs. That is, there
are major problems in the practical manufacturing of dual-gate FD-SOIs. In a
horizontal configuration, a gate must be fabricated below a thin silicon layer and
accurate alignment of the top-gate over the bottom-gate must be achieved. All of
these steps are very difficult.

11.5.3 Process Technologies Used to Fabricate Fully-Depleted SOI Devices

As noted earlier, one reason it is difficult to manufacture FD-SOI is that it must
be possible to fabricate very thin Si-SOI surface-layers and to control their
thickness to within 5-10-nm. Here some of the process sequences that have been
developed to try to meet these requirements are listed.

11.5.3.1 FD-SOI Fabrication by Thinning the SI-S01 Surface Layer by Thermal
Oxidation: An early process for fabricating FD-SOI devices was reported in
1992.15 In this work a 220-nm-thick Si-SOI layer formed with a SIMOX process
was the starting substrate. This layer was thinned to a 40-nm-thickness by
carrying out a blanket thermal-oxidation of the Si-SOI layer and then etching off
the oxide in an HF etch step. A LOCOS isolation-structure was used to provide
lateral isolation. After forming the gate, a titanium salicide process was used to
form TiSi, on the source-drain regions and on the polysilicon gate. The silicon in
the source-drain regions was completely converted to TiSiy so that the silicide
layer lies on top of the buried-oxide. A silicidation that fully consumes the SOI
layer in the source/drain regions was chosen for ease of control. Figure 11-14
shows a cross-section of the finished device.

11.5.3.2 FD-SOI Fabrication by a LOCOS-Recess of the MOSFET Channel-Region:
As the thickness of the Si-SOI layer (Tg;) has to become even thinner than the
40-nm-thick Si layer used in the FD-SOI device of the previous section, the
parasitic resistance of the source/drain regions of such devices becomes too large
to obtain the required device performance characteristics (even if these regions
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Fig. 11-14 Cross-section of the ultrathin SOI transistor with silicided source/drain and gate.

are silicided). An approach which allows the S/D regions to remain thicker while
reducing the thickness of the body has thus been developed. In this method, the
body region of the FD-SOI device is thinned by using LOCOS process, as shown
in Fig. 11-15.16 In one example, a SOI wafer with a Tg; of 195-nm was the
starting material. A LOCOS process was used to thin the body region of the FD-
SOI device to a 110-nm thickness. MESA active islands were formed by
selectively etching back the Si-SOI to the BOX layer. These MESA islands were
then oxidized to provide the lateral isolation.!? Figure 11-16 shows an SEM of a
completely fabricated FD-SOI device.

[

| 1

$i02

Si Substrate

Fig. 11-15 Cross-section of a LOCOS-thinned “thin-body” SOI MOSFET.
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Fig. 11-16 SEM of completely fabricated SOI-MOSFET.

11.6 FABRICATION TECHNOLOGIES USED TO PRODUCE
STARTING SOI-WAFERS

There a number of methods for fabricating starting SOI-wafers. Here those being
currently used to make SOI wafers will be discussed. The annual production of
SOI wafers in 1998 was only 10-million square-inches of silicon wafer.
However, it is predicted that the total SOI-wafer-demand will grow by a
compound annual growth rate (CAGR) of 55% between 1999 and 2005. In 2005,
this should make the production of SOI wafers reach 187-million square-inches.
The SOI merchant-wafer market registered $100 in revenue in 1999 (this did not
include the captive SOI wafer production by such companies as IBM).

11.6.1 Silicon-on-Sapphire (S0S)

The work on silicon-on-sapphire (SOS) dates back to the 1960s when there was
interest in this technology for its well-known immunity to radiation damage.
Sapphire is insulating, and so circuits built in SOS substrates have high speed and
excellent device-isolation. That is, unlike in other SOI approaches (where a
buried oxide-layer is used to provide vertical isolation), the entire sapphire
substrate is an insulating material. This reduces microwave losses and makes
SOS an ideal candidate for the integration of rf-circuits for wireless
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communications. Furthermore, the high thermal-conductivity of sapphire
facilitates thermal dissipation through the substrate, which alleviates the self-
heating effects of the other SOI technologies as described in Sect. 11.9. Device
isolation can be easily achieved through simply removing the conducting silicon
between the transistors by etching down to the insulating sapphire-substrate. SOS
circuits were historically used for radiation-hardened applications. There are
several excellent review articles on this subject and the reader is referred to them
for additional details.!8:19

Since SOS technology is limited to fabrication of MOS devices, a (100)
orientation of the crystalline-silicon film is desirable. This orientation has been
hetero-epitaxially grown on several different sapphire (i.e., crystalline alumina)
orientations, specifically (0112), (1012), and (1102). The lattice-parameter
mismatch between the Si-epi layer and the sapphire-substrate is sufficiently large
to cause the generation of misfit dislocations, stacking faults, and edge
dislocations in the Si-epi layer. The defect-concentration is heaviest near the
substrate/epi interface and decreases as the film grows.20 Figure 11-17 shows the
stacking fault density as a function of epitaxial-film-thickness in a thick SOS
film. However, current requirements for fabrication employ so-called fully-
depleted MOSFETs (which are defined in Sect. 11.5) and these must be built in a
Si-epi films only 0.1-0.3-um thick. These films can be highly faulted, and
require additional processing to improve their crystalline quality.

The accepted way to improve the film quality is the technique of
amorphization (by implanting a high dose of Si into the deposited silicon
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Fig. 11-17 Stacking-fault-density as a function of the distance from the silicon/sapphire

interface in an MOS structure.2! Reprinted by permission of the American Physical Soc.
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epitaxial layer) followed by solid-phase-epitaxial regrowth (SPE).?2 In
thick SOS films only a single amorphization is required. That is, an ion
implantation step causes the region near the interface to become amor-
phized. Then the undamaged single-crystal-Si near the surface is used as
seed material for the epitaxial regrowth of the amorphous layer. Since the
regrowth is primarily along the <100> direction, stacking faults and twins
do not propagate, leaving a controllable number of dislocations in the film.
For thinner SOS films a double SPE (DSPE) process may be required. In this
approach, the Si-region near the sapphire-interface is first amorphized by a high-
energy ion-implantation step, and the surface-regions are used as a seed for
regrowth.23 This is followed by a lower-energy ion-implantation step that then
amorphizes the surface-region of the Si. The previously re-crystallized bottom
layer is now utilized as the seed to re-grow the surface-amorphous-layer. Devices
fabricated in such material show higher surface mobilities and lower junction
leakage than either untreated SOS, or material obtained from a single SPE-
process.24 Peregrine Semiconductor, which markets high-performance SOS-rf
devices for the commercial market, builds these devices using standard ULSI
processing techniques on 200-mm SOS wafers. SOS films may require additional
characterization over that used for conventional epi-films. These methods are
comprehensively reviewed by Cullen ef al,25 and Munteanu et al.26

11.6.2 SOI by Separation by Implanted Oxygen (SIMOX)

A widely used approach to manufacture SOI wafers is that of Separation by
IMplanted Oxygen, or SIMOX. This process was first proposed by Izumi of NTT
in 1978 (and who also coined the acronym SIMOX).27 The SIMOX technology

Implanted oxygen or nitrogen ions
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Fig. 11-18 Implanted oxygen ion process for the formation of a SIMOX wafer.
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is based on the ion-implanting a high-dose of oxygen ions (O%) into a silicon
wafer (~1.4x1018 O jons/cm?), such that the peak concentration lies about a half
micron beneath the silicon surface. After implantation these wafers are subjected
to a high-temperature-anneal which forms a continuous stoichiometric
subsurface-layer of silicon-dioxide (Fig. 11-18). This buried-oxide (or BOX)
layer electrically separates the top and bottom portions of the wafer, and is
typically 350-nm thick. The single-crystal-region of silicon above the BOX is
typically 250-nm thick. The result is a wafer with a thin surface-silicon-film of
high-crystalline-quality, which also has an abrupt interface to a buried layer of
stoichiometric-SiO,.

The SIMOX process has undergone significant evolution since it was first
introduced. In early-SIMOX the material was of very-poor quality. That is, the
defect-density (dislocations, oxide-precipitates, and polycrystalline-silicon-
inclusions) was so high that epitaxial-silicon had to be grown on top of the
silicon overlayer in order to obtain a silicon film good enough for device
fabrication. In addition, at that time, the implantation of sufficient oxygen to
form a buried-oxide-layer in a 2x2 cm? area on a silicon-wafer required 24 hours
(using a conventional implanter). Thus, most SOI researchers viewed SIMOX as
just a laboratory curiosity. Nevertheless, when NTT produced a 1-k SRAM using
SIMOX in 1982, the SOI community began to consider SIMOX from a less
skeptical perspective.

In 1985, Eaton (now Axcelis) produced the first high-current oxygen-
implanter, the NV-200, according to specifications provided by NTT. This
machine could implant O ions at a beam-current of 100-mA and at energies up
to 200-keV. The availability of such an implanter was a key step toward allowing
SIMOX development to go forward.

Before 1985, SIMOX wafers were annealed at 1150°C (which is the highest
temperature available in conventional furnaces equipped with quartz tubes). In
1985, it was demonstrated that annealing at 1300°C in a furnace equipped with
either a polysilicon or a silicon-carbide tube (and even at higher temperatures -
up to 1405°C - in a lamp-annealing system) could dramatically improve the
quality of the material, and produce atomically sharp silicon/silicon-dioxide
interfaces. Other improvements (to be discussed in more detail later), included
the use of multiple-implants, and a lower oxygen-dose. Eventually, by the late
1980s, SIMOX-wafers began to be produced commercially by publicly-traded
companies (e.g., Ibis Technology).

As a result of all of this progress, three forms of SIMOX have been
developed. The first two forms (high-dose SIMOX and low-dose SIMOX) use
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conventional ion-implantation technology to implant a high-concentration of
oxygen. A third version of the SIMOX process, which uses a plasma immersion
implanter for the oxygen implant, is called Separation by Plasma [Mplantation of
OXygen (SPIMOX). The latter technique is a potentially low-cost process for
fabricating SOI substrates, because the oxygen atoms are implanted by plasma-
immersion ion-implantation (PIII, see Fig. 11-26). The whole wafer is implanted

f! at once and implantation is thus independent of wafer size. This results in high
F* wafer throughput. A possible drawback of this technique is the lack of ion-beam-
q selection and the fact that this process may cause more contamination in the SOI
| wafer than would a conventional ion-implanter.28 High-dose SIMOX was the
first technique to be developed, and it was followed more recently by the low-
dose SIMOX-process. The high-dose SIMOX and low-dose SIMOX forms are
described in more detail here.

Although SIMOX wafers can be obtained from several commercial suppliers,
the high-dose SIMOX wafers are still significantly more costly than bulk-Si or
even epi-Si wafers.?? However, the development of the low-dose SIMOX
process appears to significantly cut the premium that must be paid for SIMOX
wafers. In fact, it is estimated that SIMOX wafers in the future may not cost any
more than epitaxial wafers (whereas in 2000 they cost 2-3x the cost of epi
wafers). Future cost-reductions in SIMOX wafers will come from such advances
as increased beam-current (e.g., 2x that of present implanter-technology). Note
that the SIMOX process has only two major steps: 1) oxygen implantation; and
2) annealing. Since SIMOX wafers are commercially available from various
suppliers, introducing SIMOX wafers into production does not require any major
infrastructure changes in a fab. Furthermore, after years of development work,
SIMOX-SOI-wafer and device-fabrication processes have achieved sufficiently
high-quality and low-cost to be applied commercially. In August 1998, IBM
announced it would apply its leading-edge CMOS technology to commercialize
SOI-CMOS products based on low-dose-SIMOX SOL

11.6.2.1 High-Dose SIMOX

Figure 11-18 shows a schematic of the high-dose SIMOX process. The sequence
of steps involved in the high-dose SIMOX process is as follows:

1. The starting material is typically a (100) device-quality Si-wafer. The
wafer is first subjected to a high dose (1-2x1018/cm?) oxygen (O*) ion-
implantation step at high enough energy (150-300 keV) so that the peak
(projected range) of the implant is deep within the silicon (0.3-0.5-um).
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This process is carried out using a dedicated high-current oxygen-ion-
implanter, typically with a beam current of 100-mA. For reasons described
in the next paragraph, the wafer is maintained at a temperature of ~600°C
during the oxygen-implant step.

Note that stoichiometric-silicon-dioxide contains 4.4x1022 oxygen
atoms/cm>. Therefore, from such considerations alone, an implantation
dose of 4.4x10'7/cm? should be sufficient to produce a 100-nm-thick
buried-oxide-layer. Unfortunately, due to the statistical nature of ion
implantation, the oxygen-profile in silicon does not have a box shape, but
rather a Gaussian profile. Thus, these implanted-oxygen atoms will spread
out over a wider range than 100-nm, and silicon-dioxide-stoichiometry is
not reached. If the wafer was annealed after such a 1-2x1018/cm? oxygen-
dose, oxygen precipitates would be formed at a depth equal to the depth of
the maximum oxygen-concentration, but no continuous layer of SiO,
would be formed. Experiments have shown that a dose of 1.4x10!8 oxygen
atoms/cm® must be implanted in order to create a continuous-buried-oxide-
layer. The standard dose (which is the most common) is 1.8x1018/cm2, and
produces a 400-nm-thick buried-oxide-layer upon annealing. As the dose is
increased above 1.8x1018/cm2, the overall oxygen-implant-profile no
longer shows a higher peak value, but instead becomes broadened. This is
due to the fact that at the elevated temperature of the implant, oxygen can
readily diffuse to the Si/SiO, interface, where oxidation occurs. The dose
of oxygen at which the continuous-buried-oxide-layer begins to form
(1.4x10'%/cm?) is called the “critical dose.”

2. The wafers are then given a post-implant anneal for sufficient time (3-5
-hours) at an extremely high temperature (1300-1350°C [in furnaces
equipped with poly-crystalline-silicon or silicon-carbide tubes], are now
considered standard annealing conditions) in N, (with about 2% oxygen
added, to protect the silicon from the pitting phenomenon which occurs
when silicon is annealed in pure-nitrogen at high temperatures), or Ar. It is
generally agreed that the higher the annealing temperature, the better the
quality of the SIMOX material. An anneal in pure-nitrogen can also be
performed if a cap-layer of oxide (usually deposited by CVD) is formed on
the wafer after the implant, and prior to the anneal.

This extremely-high-temperature annealing-step has three functions: 1)
It drives the chemical reaction which forms a continuous-buried-
amorphous-oxide (BOX) layer of silicon-dioxide near the peak of the
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implantation. (The choice of a sufficiently-high O*-implant-dose and
energy provide the required oxygen concentration to enable stoichiometric
SiO, to be formed); 2) It removes many of the defects (dislocations)
formed during the ion-implantation step; and 3) It dissolves any SiO,-
precipitates in the silicon device-surface-layer and denudes this layer of
oxygen as well (see Chap. 2 for a discussion of denuded-layer formation in
CZ-silicon-wafers). To allow integrated-circuit devices to be fabricated on
the wafer after the formation of the BOX, a thin layer of crystalline-Si must
remain above the BOX-layer. The BOX-layer depth is defined by the depth
of the ion-implantation and it’s thickness is limited to about 0.5-um.

The evolution of the SIMOX structure during the high-temperature-
anneal (as mentioned above) is quite complicated, but it is useful to
summarize the phenomena that occur from a thermodynamic perspective.
During annealing, both dissolution of the oxide-precipitates and
precipitation of the dissolved-oxide takes place in the oxygen-rich silicon-
layers. Oxygen diffuses out of the top silicon-surface, initially denuding the
zone near the silicon-surface. Within the bulk of the silicon, small
precipitates dissolve into silicon and large precipitates grow from the
dissolved oxygen. At any given temperature (and for a given concentration
of oxygen in the silicon), there exists a critical precipitate radius, r., below
which a precipitate will disappear, and above which it is stable. The critical
precipitate radius increases with temperature, and becomes essentially
infinite at very-high temperatures. At temperatures above 1300°C the only
stable precipitate is the buried-oxide-layer itself, which has an essentially
infinite radius-of-curvature. The complete dissolution of all precipitates at
annealing temperatures greater than 1300°C, and the diffusion of dissolved
oxygen towards the buried-oxide-layer explain the thickness increase of the
BOX when high-temperature annealing is performed.

The fact that a thin-layer of high-quality crystalline-silicon must exist
above the BOX-layer implies that the lattice structure of the silicon in this
region must maintain a high-degree of crystallinity in the face of the high-
dose oxygen-implant step. The high oxygen-implantation-dose does
amorphize the layer of silicon that lies above the projected range.
However, it would be unacceptable if complete amorphization occurred,
and a polycrystalline layer was formed during further annealing. This
would happen if the temperature of the wafer was kept too low during the
oxygen implant step. On the other hand, by keeping wafers at a
temperature greater than 500°C during the implant (by a combination of
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beam power and external heating), the amorphization damage anneals out
during the implantation process (“self-annealing”), and a high-quality
crystal-structure is maintained in the silicon layer at the wafer surface. By
maintaining such an elevated temperature during the implant, the implanted
oxygen also tends to diffuse away from the vicinity of the projected range
to form a broad, flat concentration plateau. Note that the most commonly
used implantation temperatures range between 600°C and 650°C. This is
because SiO, precipitates form in the silicon overlayer at higher
temperatures (700-800°C), mostly near the bottom interface. However,
large precipitates are also observed near the surface region of the silicon
film (and this therefore sets an upper limit of 700°C on the implantation
temperature).

3. If the device requires thicker silicon layer than can be achieved with the
depth of ion-implanted oxygen, an epitaxial-Si layer can be deposited to
provide this additional thickness.

The are several shortcomings associated with the high-dose SIMOX technology,
including the following:

1. The formation of SIMOX wafers requires extremely high doses of
oxygen, and this necessitates very-long implantation times (which, as we
shall see, contributes to the high-cost of SIMOX-wafers). The need to
anneal the wafers at the extreme temperatures exceeding 1300°C may also
be a limitation for 300-mm wafers.

2. Transition metals may be sputtered from the beam-line or end-station
components during the implantation. These metals can deposit onto the
SIMOX wafer surface and can then be driven into the silicon by the wafer-
heating and subsequent thermal processing. Their presence in the silicon
will enhance junction-leakage and reduce the minority-carrier-lifetime of
the devices. Metallic contamination is present in all implant processes, but
since high-dose SIMOX implants are nearly a thousand times greater than
those of conventional high-dose source/drain implants, the metal
contamination problem is potentially increased by approximately the same

degree.
This issue was especially troublesome during the early days of SIMOX,

when implanters were not yet built to limit transition-metal-sputtering.
Since that time, however, great efforts were made to reduce the metal
contamination sources, and silicon or silicon-dioxide shields have been
placed in implanters such that the beam never “sees” any metallic part. The
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design of high-temperature furnaces used to anneal the SIMOX material
has also been optimized in order to minimize the diffusion of metallic
contaminants from the furnace heating-elements into the furnace tubes.

3. Pinholes in the buried-oxide-layer will occur if a particle is present on
the wafer during the oxygen-implantation-process. Such particles screen
the oxygen implant at that point. The result is a breach in the buried-oxide-
layer that represents a flaw in the insulating barrier at that point. Careful
wafer cleaning and attention to particulate control in the implant process
can control this problem.

~—
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4. Despite the high-temperature anneal, the surface silicon may retain a
dislocation density on the order of 103/cm?2. The presence of such defects
can cause reduced oxide-integrity and increased junction-leakage.
However, devices fabricated in the best SIMOX material have been shown
to be able to build excellent quality CMOS and bipolar ULSI circuits.30

5. SIMOX-wafers are more costly than bulk-Si-wafers, although the cost is
expected to sharply decrease as the popularity of this technique expands.
The cost reduction will be partly achieved by improvement in the implant
equipment used to fabricate SIMOX-wafers. For example, SIMOX-
dedicated ion-implanters are now available from IBIS Technology. Such
implanters can furnish adequate throughput and acceptably-low levels of
metallic-contamination. These production tools have an output of 100-mA
of O" at an acceleration voltage 210-keV. The total transition-metal
contamination on the wafers (from Ti to Zn) has been measured to be less
than 5x1010 atoms/cm?,

11.6.2.2 Low-Dose SIMOX

A recent trend with SIMOX fabrication is to use a lower oxygen-implant-dose
than is used in the high-dose SIMOX approach. With the low-dose technique,
improved, lower-cost SOI substrates are obtained. For example, a typical modern
SIMOX implanter with a nominal 50-mA of O% beam current has a maximum
output of only about 25 wafers of 200-mm diameter per day, round the clock
operation. The low-dose SIMOX process also drastically increases the crystal
quality of the silicon layer above the stoichiometric BOX layer. The oxygen
implant dose is reduced to about 4x1017-1.0x1018 ions/cm?, and at an energy
around 120-keV. Note that only a very-narrow process window close to the dose
of 4.0x10!7 ions/cm? will produce a continuous, precipitate-free BOX layer.
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Table 11-3 compares the process conditions used to produce SIMOX with high-,
medium-, and low-doses of oxygen.

A silicon-layer between 150-200-nm deep is produced, but the lower oxygen-
implant-dose also reduces the BOX layer to thicknesses of only 90-150-nm
(depending on the selected oxygen dose).3! A high-temperature anneal in Ar (i.e.,
at 1350°C) is then carried out, just as is done in the high-dose SIMOX process.
However, this high-temperature-anneal in an inert ambient is followed by a
subsequent high-temperature anneal in a gas mixture of inert gas and 30-60%
oxygen (at ~1350°C).

The oxygen in the furnace-ambient at this high-temperature both oxidizes
some of the superficial silicon layer, but also diffuses through the surface silicon
layer and reacts at the buried-oxide/Si-interface to form new oxide within the Si
(Fig. 11-19). This has the effect of increasing the thickness of the BOX-layer.3!
This process of growing the BOX-layer to a greater thickness by annealing the
low-dose SIMOX wafers in oxygen is called an internal thermal oxidation
process (ITOX). Note that as long as the oxide grown on the surface of the silicon
during ITOX is thinner than 500-nm, there exists a linear-relationship between
the thickness of this oxide layer (t,,) and the thickness increase in the buried

TABLE 11-3 Physical and Electrical Properties of Commercial SIMOX

Parameter Units | Standard Dose | Medium Dose | Low Dose
SIMOX SIMOX SIMOX

Silicon Thickness | A° 1500 - 2000 1500 - 2200 1500 - 1800

BOX Thickness A° 370 - 400 170 - 190 90 - 150

HE-Defects cm™ <1 <1 <1

Density

Dislocation cm™ <10’ <10° <10°

Density

Stacking Fault cm™ <10’ 10° - 10° 10° - 10°

Tetrahedara

Surface Rougnness | A° 7-10 5-7 3-5

(10um x 10um)

Metallics (TXRF) | cm™ <10" <10" <10"

Short Density cm™ <0.1 <2 <2

Electron Mobility | cm’/V-s | 850 - 1000 850 - 1000 850 - 1000

Hole Mobility em’/V-s | 200 - 325 200 - 325 200 - 325

Oxide Charge Clem” [2-3x10" 1.5-3x10" ] <2:5 x 10"

Interface State cm?eV” [2-3x 10" 1-3x10" 1=-2:5x10"

Density

Transconductance | mS 400 - 440 900 - 1200 1000 - 1300

(Gmsat)
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oxide Atgox): tox = 0.06 Atgoy (Fig. 11-19c¢). The internal-oxide also grows at
the expense of the bottom of the silicon overlayer.

In the low-dose SIMOX process, the BOX formation consists of oxygen
precipitation, growth of the precipitates, and their coalescence during the high-
temperature-anneal process. This sequence of events occurs because the oxygen
implantation dose is less than the SiO, stoichiometry, even at the depth of the
peak-oxygen-concentration, and a stoichiometric-SiO,-buried-layer is required to
be formed to produce effective dielectric isolation. By carrying out the ITOX
process, the BOX in the low-dose-SIMOX-process is made thicker and exhibits
better isolation characteristics. The upper part of the BOX after the ITOX process
is essentially a thermal-oxide-layer. Since the upper segment of an ITOX-
SIMOX layer is essentially a thermal oxide, such important BOX properties as
the breakdown-field, show a marked improvement (i.e., the breakdown-field is
increased from 3-4-MV/cm for the case of conventional low-dose SIMOX to
more than 5-MV/cm for ITOX-SIMOX, see Fig. 11-19d).4° This improvement
can be attributed to the BOX-thickness incremental-increase due to ITOX. In
addition, the ITOX reduces the size and density of silicon pipes in the BOX,
which is the main cause of BOX breakdown.’® In 2001 IBIS Technology
licensed a low-dose-SIMOX-technology from IBM called Advantox® MLD.

In 2000, IBM said recent advances in the production of low-dose-SIMOX-
wafers will cut incremental processing costs of SOI to only 3% over the costs of
producing ICs on bulk-Si-wafers. Low-dose-SIMOX-wafers are commercially
available from such vendors as Ibis, Komatsu, and Nippon Steel. For example,
the Ibis-1000 model is currently available. The next generation oxygen implanter,
the Ibis-2000 (which can accommodate both 200-mm and 300-mm wafers) was
under development in 2001, and is forecast to be ready for delivery in the first
half of 2002. Figure 11-20 is a photograph of a Powerd™ processor made by
IBM using a SIMOX-SOI-based process.

11.6.3 Wafer Bonding

Another popular technology for producing SOI wafers is wafer bonding.32 Wafer
bonding is a simple concept. Basically, wafer bonding refers to the phenomenon
that mirror-polished, flat and clean wafers of almost any material, when brought
into contact at room temperature, are locally attracted to each other by van der
Waals forces and adhere, or bond to each other. The bonding process is started by
locally applying a slight pressure to the wafer pair, and the bonded area spreads
laterally over the whole wafer area in a few seconds. Because the bonding
achieved at room temperature is typically relatively weak, wafer pairs bonded
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Fig. 11-19 a) An XTEM of SIMOX wafers before and after high-temperature-oxidation at
1350°C; b) A schematic drawing of SIMOX wafers before and after high-temperature oxida-
tion at 1350°C; c) Relationship between the thickness of the ITOX layer and the superficial
thermal-oxide-layer formed by high-temperature-oxidation at 1350°C; d) Relationship
between the thickness of the ITOX-layer and the reciprocal of the oxidation-temperature.

at room temperature are usually subjected to a heat treatment to strengthen the

bonding interface.
In the application of the bonding-process to form SOI-substrates, two ther-

mally-oxidized-Si wafers (or one oxidized-wafer and one bare-Si-wafer) are first
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Fig. 11-20 Photograph of an IBM Power4™ processor using a SIMOX-SOI-based process.

first bonded by applying pressure to the wafers at room temperature (Fig. 11-21).
A subsequent furnace anneal is used to increase the bonding strength. After such
bonding, most of the silicon from one of the wafers is removed, leaving a thinned

b) direct bonding d) thinning

Fig. 11-21 Generic direct-wafer-bonding process flow.
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layer of silicon from one of the wafers. The IC devices are built in this remaining
thinned-silicon-layer, which now exists over the oxide present at the interface of
the bonded wafers (i.e., a buried-oxide). The wide-availability of chemical-
mechanical polishing (CMP) in IC processing, as well as a variety of other
thinning approaches has led to wide and diverse use of wafer bonding. Unlike
SIMOX, the wafer-bonding technique can form BOX-layers up to 50-um thick.
A book has recently become available dealing with the topic of wafer bonding.33

There are several approaches for achieving bonding. In one method, two
oxidized-silicon-wafers are held together (face-to-face) by applying external
pressure to the wafers while they are exposed to an oxidizing-ambient at about
700°C.34 Bonding is believed to take place by the conversion of oxygen trapped
between the wafers, into SiO,. The conversion consumes the oxygen and creates
a partial-vacuum that forces the wafers into intimate contact, allowing the
chemical-bonding-reaction to proceed. The chemical-reaction is believed to be
the polymerization of silanol bonds to form siloxane networks.

A second approach applies a moderate voltage across two oxidized-wafers
placed face-to-face at temperatures in the range of 1100-1200°C.35 Since no
mechanical force is required when the wafers are first placed in the furnace, this
method is less likely to introduce crystalline-defects. A third approach uses one
oxidized-wafer and one bare-wafer. Both are treated with an acid solution that
forms O-H groups on the surface of the wafers. After drying the wafers are
placed face-to-face at room-temperature in clean air. After this treatment a self-
adhesive contact is formed which holds the wafers together during the bonding
process. The bonding is completed by annealing the two wafers at 1100°C in a
nitrogen-ambient for 4 hours.36

Recently it has been demonstrated that bonding can occur at temperatures as
low as 150°C, if the process is performed in a moderate vacuum (e.g., several
torr).37 It is believed that the vacuum significantly reduces the amount of trapped
nitrogen at the interface. Trapped nitrogen can prevent an intimate contact of the
bonding-surfaces during annealing, and hinders formation of the required
covalent-bonds. It is also possible to achieve full-bonding-energy directly at
room-temperature under ultra-high vacuum conditions if the wafer surfaces are
free of adsorbates.38

It should be mentioned that particles or protrusions on either surface being
bonded, do prevent bonding, (at least locally) around these disturbances. These
lead to locally-unbonded-areas that are frequently termed interface bubbles or
voids. Such voids are, of course, undesirable, since they can lead to delamination
of devices located in imperfectly-bonded-areas during chip-assembly and
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packaging. Voids with a diameter of several millimeters are readily created by
particles 1-um or less in size (and these are easily revealed by infrared or
ultrasonic imaging). Therefore particles on wafers have to be avoided by proper
cleaning and by carrying out all bonding procedures in an ultra-clean
environment (Fig. 11-22).

11.6.3.1 Bond-and-Etch-back SOl (BESOI): Once the wafers are bonded it is
necessary to remove most of the silicon from one of the wafers to produce the
SOI structure. There are several proposals being evaluated for this removal
process. The bond and etch-back SOI (BESQOI) technique is used to produce
relatively thick-films of both oxide and silicon. The BESOI wafers typically have
thicker, yet better-quality silicon and buried-oxide-layers than do SIMOX wafers.

The silicon-layer on BESOI substrates can be thinned in one of several ways.
Mechanical grinding and polishing can be used to thin the Si to a thickness down
to ~1-um, but only to within 10-30% uniformity. Better uniformity can be
achieved by using an etchstop. Several etch-stoplayers have been developed,
including: a boron-doped-layer, a silicon-germanium-layer, a carbon-implanted-
layer, and a porous-silicon-layer.

In the first of these etchstop methods, a lightly-doped B-region can act as an
etchstop-layer when it is formed on a heavily boron-doped-substrate (Fig. 11-23).
That is, the wafer that will ultimately contain the device consists of a lightly-B-
doped epitaxial-layer on a heavily-B-doped-wafer. After oxidation and bonding
of the lightly-doped surface of this wafer to another wafer, the heavily doped

Cover
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L R
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Fig. 11-22 Schematic of the microcleanroom setup and procedure.
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1 Initial Silicon
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g Annealing 1100°C &
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Fig. 11-23 Schematic of the Bonded-and-Etched-Back SOI technology (BESOI).

substrate is removed by an etch process that preferentially etches such heavily
doped silicon. The epi-layer that remains bonded to the second wafer determines
the thickness of the active-device-layer and the sum of the thickness of the oxides
on the two wafers determines the thickness of the buried-oxide. One of the issues
with this approach is that two silicon-wafers are required to make one device-
SOI- wafer. Another is that the uniformity of the thickness of the silicon-layer
depends on the etch-stop-selectivity (which can vary, depending on the etch-stop
method used, from 10 to 10).

Such BESOI methods are widely used for “thick” SOI applications (i.e., >
l-um), such as power devices (high-voltage and high-temperature devices) and
micromechanical machines (MEMS). The power-devices are used for military,
industrial, and aerospace applications. The share of the thick-film segment of the
SOI market dropped from 80% in 1995 to 53% of the market in 1999 and was
taken over by the thin-film segment. Future thick-film SOI applications will be
driven by industrial and automotive applications.>

11.6.3.2 Hydrogen-Implantation-Induced Layer Splitling to Create SOI
Substrates (SMART-CUT®): A recent (and elegant) wafer-bonding-based method
has been developed for forming SOI substrates using a technique to obtain very-
uniform and thin regions of single-crystal-silicon. This technique employs a
process called hydrogen-implantation-induced layer splitting.39 The process is
also referred to by its inventor M. Bruel (and by the company that sells such SOI
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substrates [SOITEC SA, France]), as Smart-Cut.® The Smart-Cut process also
allows the sacrificial-wafer to be reused and only one wafer is therefore required
to make a bonded SOI substrate. (The SOI material made with the Smart-Cut
process is termed UNIBOND.®) There are two reasons why this process may be
significantly less-expensive than the process used to fabricate SIMOX-wafers.
First, the sacrificial wafer can be re-used. Second, because the implant-dose is an
order of magnitude lower than even one in the low-dose SIMOX-process (and the
implant is done at room temperature in a conventional implanter), the cost of the
implant step is significantly lower, compared to those used in SIMOX.

Figure 11-24 shows how the process works. Two device-quality-wafers
(labeled A and B) start the process. Wafer-A is oxidized (to a thickness of about
0.5-um) to form what will become the buried-oxide of the SOI-structure. Then
this wafer is ion-implanted with a high-dose of hydrogen ions (=5x1016 H*
ions/cm?) through the oxide, using a conventional high-current-implanter. The
peak-concentration of this implanted hydrogen-dose is at a projected range Rp of
about 0.2-um below the oxide-surface. At this point, only micro-cavities or
micro-bubbles are formed at the R}, of the implantation. For reasons explained
next, the depth of the H* ion implantation determines the thickness of silicon
above the BOX.

1 Initial Silicon

2 Oxidation

Smart Cul® implantation

Cleaning & Bonding

Smart Cul® Splitting

Annealing 1100°C &
CMP Touch polish

Waler A becomes
newAorB

Fig. 11-24 Process flow for fabricating Smart-Cut® wafers.
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After implanting the hydrogen into Wafer-A, both Wafers A and B are
cleaned and low-temperature bonded face-to-face. The bonded wafers are next
annealed (at 400-600°C). During this anneal the implanted-hydrogen precipitates,
and this precipitation-process merges the buried network of bubbles and voids at
the vicinity of the depth of R,,. As these hydrogen-filled microcavities continue
to grow and merge, they eventually form a continuous microcrack along the line
corresponding to the peak of the implanted-hydrogen. At that point Wafer-A
delaminates from along that line, and Wafer-B (which now has a BOX-layer
covered by the silicon layer from Wafer-A) becomes the SOI wafer. Meanwhile,
Wafer-A remains available to be used as the sacrificial wafer of another
UNIBOND substrate. Both wafers are then annealed at 1100°C to remove
defects. This is followed by a “light” CMP (or “touch-polish”) to erase the
surface-roughness resulting from the layer-splitting process. Wafer-A, which is
now only a fraction of a micron thinner than it was before the start of the process
is used as Wafer-B when the process starts over. The use of ion implantation for
layer separation improves the layer-thickness-uniformity over that of bond-and-
etch-back SOI-wafers. The method is used to prepare commercially available
200-mm SOI wafers with a silicon thickness above the BOX in the 100-nm range
and a uniformity of better than 5%. The dislocation density is < 10%/cm3, the
surface roughness is < 2 A (rms), and metal contamination is < 5x1010/cm3 .40

11.6.3.3 Nanocleave® Wafer-Bonding SOI: The fabrication of starting wafers for
SOI can also be carried out in other ways. One of these processes, named
Nanocleave® was introduced by Silicon Genesis Inc. in 1998.43 The process
combines growing a SiGe/Si epitaxial layer, low-temperature wafer-bonding, and
a room-temperature cleaving-process to produce sub-100-nm-thick layers of
single-crystal-silicon over a buried-oxide substrate. One of the key advantages of
the Nanocleave process is that it can produce such thin SOI-layers with a
uniformity of several percent over an entire wafer. This type of uniformity is
necessary for the successful fabrication of fully-depleted CMOS-SOI-FETs.
Other thinning techniques (such as etch-back or CMP have increasing difficulty
maintaining such SOI-layer thickness-control when silicon layers of sub-100-nm
thickness are being produced. The Nanocleave process uses an atomic-scale
cleaving-process that produces cleaved surfaces with an as-cleaved surface
roughness less than 5-A (as measured by AFM). In addition, the Nanocleave
process potentially offers a method that is lower in cost than any of the other
fabrication processes used to fabricate SOI-substrates. The Nanocleave technique
also offers another path toward the capability of fabricating both “ultrathin” Si-
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SOI-layers (10-to-50-nm-thick Si) and “nanothin” Si-SOI (5-to-10-nm-thick Si)
required for the MOSFETs with gate-lengths smaller than 50-nm that are
scheduled to begin production by 2010.

The Nanocleave process begins with the formation of a cleave-plane, the
growth of a thermal-oxide-layer and Si-device layer on a high-quality “donor”
wafer (Fig. 11-25a).44 This “donor” wafer is then bonded to an inexpensive
oxidized “handle” wafer (on which the device layer will ultimately reside).

The cleave-plane is created by first epitaxially growing a layer of Si-Ge on the
“handle wafer, and then continuing the growth of this layer with an epitaxial-Si
device layer (Fig. 11-26a).63 The buried Si-Ge-layer is a compressive-strain-layer
of a non-dislocated Si-Ge alloy, which contains no porous-regions, inclusions, or
voids, as shown in Fig. 11-26a. When device wafer is separated, the resulting
separated surface has a surface roughness, as measured by AFM profiling of 0.2-
nm, or less.

After the cleave plane has been formed and a thermal-oxide is grown on the
surface of the wafer with the cleave-plane (which will become part of the buried-
oxide-layer in the finished SOI-device), the “donor” wafer is bonded to the

B. Form Device Layer
A. "Donor” waler & Cleave Plane

DONOR RECLAIM

ANNEAL
& CLEAN
) P
S
HANDLE WAFER ATOMIC LAYER sol
WAFER BONDING CLEAVING WAFER

Fig. 11-25 Process flow of the Nanocleave® SOI technology.
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“handle” wafer (which also contains a surface-oxide layer). Plasma-bonding
techniques are employed to increase the initial bond-strength to sufficient levels
for the room-temperature process used to transfer the silicon-layer from the
“donor” to the “handle” wafer. This transfer process (by cleaving the device layer
from the “donor” wafer from the “handle” wafer) is carried out next (Fig. 11-
25b). Since the bond-strength is significantly greater than the interface-strength
along the cleave plane, a novel cleaving process is used to separate the Si device
layer from the “donor” wafer (which results in the creation of an SOI structure on
the “handle” wafer). In the Nanocleave process, the donor wafer cleaving is done
at room temperature (unlike in the Smart-Cut-process that uses an elevated
temperature anneal for the cleaving step). In the Nanocleave process, the drive
force is a static pressure of N, gas. A mechanical fixture secures the bonded
wafer pair as a high-pressure nitrogen-gas is introduced along the strained Si-Ge
layer. That is, cleaving is controlled by fracture along a cleave-front within the
Ge-rich Si-layer. A thin-film of material from the “donor” wafer remains bonded
to the substrate “handle” wafer, producing an SOI-structure. The result is an SOI-
wafer with a silicon-layer whose thickness uniformity is within 1% across a 200-
mm wafer. Furthermore, the atomic-layer cleaving-process is claimed to produce
an as-cleaved surface roughness of less than 1-nm (typically 2-5 A).63 This is an
order-of-magnitude smoother than the 80 A of hydrogen-induced thermal
cleaving obtained with the Smart-Cut technique. The smoother surface in the
Nanocleave process is acceptable for many IC applications with no additional

?
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* ‘Ge-rich layer
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: Selective
Chemical Efch

SOl Surface

Fig. 11-26 a) HR-TEM image of the boundary area of a Ge-rich, epitaxial strain-layer and a
crystalline-Si-device-layer in a state prior to atomic-layer-cleaving; b) The residual Ge-rich
layer on the as-cleaved-wafers are subsequently removed through a selective etch step.
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surface polishing. The edge of the SOI-layer has a smooth and regular character
without the need for edge polishing. The residual Ge-rich layer on the as-cleaved
wafers is subsequently removed through a selective etch step (11-26b).

A fully automated tool that separates bonded donor-handle wafer-pairs is
available for this purpose. The high-quality wafer can be used to produce many
thin-film transfers, reducing the process cost. Another factor that contributes to
further cost-reduction arises from the fact that the “handle”-wafer is separated
_ from the device-layer by the buried-oxide-layer. Consequently, a “handle” wafer
| with considerably relaxed electrical and chemical specifications (and therefore
lower cost) can be used in this process.

Post-cleave-processes for layer-thickness-adjustment include: 1) Si layer
thinning using etching processes; and 2) layer-thickening by growth of additional
Si or Si-Ge multilayers. The layer-thickness-control for thickened wafers is better
than 0.5% with a within-wafer thickness-uniformity of 2% or better (Fig. 11-27).

11.6.3.4 ELTRAN® Wafer Bonded SOI

A relatively new SOI structure (originated and developed by CANON Inc.),
which is also based on wafer bonding, is called ELTRAN.® The name ELTRAN
comes from Epitaxial LAyer TRANsfer by BESOI (Bond and Etch-back SOI
method) with selective-etching of porous-silicon (Fig. 11-28).45:46 ELTRAN
wafers became commercially available in 1997 for 200-mm substrates.

The porous-silicon surface on an otherwise bare-silicon-wafer is formed by an
anodizing treatment of the silicon surface. The ELTRAN method is characterized
as BESOI implemented by growing an epitaxial-layer on a layer of porous-
silicon. (It has been demonstrated that high-quality epitaxial-layers can be grown
on porous-silicon.) The surface of the epitaxial-layer is then thermally oxidized,
and this layer will eventually become the buried-oxide-layer of the SOI-structure.
This wafer (with a thermally-oxidized epitaxial-film grown on porous-silicon)
is then bonded to a “handle” wafer as the “donor” wafer. In early ELTRAN
wafer fabrication process, the “donor” wafer material was removed after bonding
by a grinding process (down to the porous-silicon-layer). The exposed porous-
silicon that remains after the grinding-process is then removed by a wet-chemical
etch. A mixture of HF and H,0, is used for this etching step, since it provides an
etch selectivity as high as 105:1 between the porous-silicon and the epitaxial-
layer. At the end of the process, only the epi-layer remains on the top of the oxide
layer and handle-wafer. The ELTRAN process has been shown to produce 470-
nm-thick SOI-layers with a 14-nm thickness uniformity.

In the more recent ELTRAN process (Fig. 11-29), a double porous-silicon

Exhibit 1015 - Page 65 of 120



548 SILICON PROCESSING FOR THE VLSI ERA - VOLUME IV

10%F R S L I
- NanoCleave SO| Wafers
=3 Within Wafer (squares)
L=
g |
-:: ]
©
S |
w0
3 l
£ 10°¢ E ,
Q2 2 z |
= Wafer to Wafer (triangles) | |
Edge exclusion =5 mm
November, 2000
10-1 L L s sl i A s i aly . .
10? 10° 10°* Silicon Thickness (nm)

Fig. 11-27 Si-SOI layer-thickness-uniformity and average layer-thickness-control for
post-cleave thickening of as-cleaved SOI-wafers with cleaved 200-nm Si-SOI-layers.%3

layer is grown on the “donor” wafer, with each of these porous-silicon-layers
having a different porosity. The porosity of the porous-silicon-films on the wafer
surface can be adjusted by changing the value of the anodization current. After
bonding it becomes possible to physically separate the “donor”-wafer from the
grecimnnli.
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Fig. 11-28 Process flow for ELTRAN® SOI wafer fabrication.
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Fig. 11-29 The ELTRAN process flow for device wafer re-usage. Bonded pairs are split
within the porous-Si layer. The device wafer sides are used as a starting device wafer.
The handle sides result in ELTRAN watfers after etching the porous-Si and H,-annealing.

“handle” wafer using a physical splitting process (i.e., a water-jet slices the SOI-
layer from the seed layer).%2 The splitting occurs along the interface between the
two porous-silicon layers. That is, since the porous-layers are a double-stacked
structure with different porosities, the strain-energy accumulated at the interfacial
area limits splitting to an extremely narrow range (because the interface between
the first and second porous layers is mechanically the weakest point in the
structure). Therefore, the stress-configuration induced by the double porous-
layers is responsible for the splitting mechanism.

For splitting a “water-jet” technology is used. The water jet — a small
collimated water stream — is injected at the edge of the bonded-pair and splits the
two wafers at the thin porous-silicon iayer. The double-layered porous silicon
structure contains the stress concentration, with the result that both of the split
wafers (SOI and seed wafer) are covered by the porous silicon protective layers.
The water-jet drives high-pressure water into narrow gaps by fluid wedging and
applies uniform pressure, reducing the chance of damage. The splitting yield is
reported to be over 90%, and automatic water-jet splitting-machines are in
production use.

The device layer over a buried-oxide is then formed by the etchback of the
porous-silicon. After the porous-silicon-film is removed, the surface of the device
silicon-layer is flattened by hydrogen-annealing (see Chap. 2, for a discussion of
hydrogen-annealing of Si wafers).
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There is another economic benefit of the more recent, double-porous-silicon-
layer process used to form ELTRAN wafers. In this process (and like in the
Smart-Cut and Nanocleave processes discussed in the previous sections), after
the splitting process, the “donor”’-wafer becomes available to be used as another
a “handle”-wafer (instead of being ground away, as in the early ELTRAN
process). Canon announced that it has expanded the production of ELTRAN
wafers from 2000-per-month to 10,000-per-month in November 2000. This
production expansion is being supported by a greater marketing of ELTRAN
wafers. To this effect Canon opened a marketing office in the U.S. to achieve this
goal.53

11.7 LATERAL ISOLATION IN SOI

SOI-CMOS-structures eliminate all inter-device leakage-currents by building »n- ;
and p-type islands on an insulating substrate for p- and n-channel transistors, r
respectively. Field-inversion and device-to-device-punchthrough do not exist in 1
SOI-technology, but new parasitic transistors in an SOI-structure can still give
rise to leakage-currents. SOI-CMOS-technology depends on high-quality
isolation. The methods used to laterally isolate SOI structures will be described
here, as well as a description of the leakage paths that arise as a result of each of
them. The three techniques for providing lateral isolation in SOI are: 1) MESA
isolation; 2) LOCOS isolation; and 3) shallow-trench isolation (STI).

11.7.1 MESA Isolation

MESA isolation was the early method used to create islands of silicon on an
insulating substrate (Fig. 11-30). The technique is attractive because of its
simplicity. That is, in MESA isolation the active-device-regions (the silicon
islands) are formed into a “mesa” by using a mask-step and a silicon-etch step to
remove the silicon in the field-areas down to the insulating-substrate. The SOI |
oxide helps as the etch-stop-layer, while anisotropic-etching allows for é
minimization of the distance between adjacent mesas. Passivation of the islands .
(mesas) is performed at the gate-oxidation step, where the gate-dielectric is
grown not only on top of the silicon islands, but on their edges as well. |
Although the MESA isolation method is simple, it also has some inherent
problems. The first involves the etching of the mesas and the thermal-growth of
the gate-oxide that is subsequently grown over the entire mesa. That is, the
etching of the mesas produces silicon islands with sharp upper-corners. When the
gate oxide is grown on these islands, the oxide at the top corner is thinner than on
the flat areas of the mesa (typically 30-50% thinner than on the top surface - see
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Vols. 1 and 2 for a discussion of oxide-thinning at corners during thermal-
oxidation processes.) When the gate-material is run over the mesa and voltage is
applied to turn-on the MOSFETs built in the mesa, the thin-oxide at the corner
can cause premature gate-oxide-breakdown. The gate-oxide-breakdown-voltage
may also be reduced on the sidewalls, since the crystal orientation may be
different from that of the top surface of the silicon wafer. The growth-rate of
Si0, is dependent on the silicon-crystal-orientation of the surface on which it is
being grown. Furthermore, crystal-orientations other than (100)-Si generally have
larger fixed-oxide-charge-densities and surface-state-charge-densities than (100)-
Si, and this can decrease the threshold-voltage of MOSFETS built on such mesas.
The second problem relates to the steep sidewalls produced by an anisotropic-
etch of the silicon-mesas. When a polysilicon-layer (used to form the MOSFET
gate) is deposited on the mesa (typically to a thickness of 400-nm), an
anisotropic-etching of the poly will leave stringers along the mesas, and this may
short the gates of devices within the same mesa. Overetching is therefore needed
F to remove such stringers, but this can lead to poor dimensional-control of the
b poly gate-lengths.
e
¥

The third problem involves early inversion along the top of the mesa
sidewalls, which behave like lateral (edge) transistors in parallel with the top
(main) device. This is due to charge-sharing of the depletion-regions caused by
the poly running over the top and sides of the mesa-sidewalls. Thus, the corners
show a lower threshold-voltage than the main channel of the MOSFET. This
manifests itself as a kink in the subthreshold-characteristic of the drain-current.
f Such a deterioration of the subthreshold behavior is most pronounced in
. NMOSFETs in SOI-mesas, and can be alleviated by performing a boron-implant
" into the field-regions of the silicon wafer before etching the mesas. This boron-
implant is then driven-in laterally into the active-area. The mesas are then etched,
leaving the sidewalls more highly doped than the active-channel. Figure 11-31
shows a perspective drawing of a laterally-isolated MESA SOI-NMOSFET with

a T-gate and a body-substrate contact.

11.7.2 LOCOS-Isolation for SOI

LOCOS-isolation is the second technique that has been used to produce lateral-
isolation among active-silicon-islands in SOI. LOCOS is more complicated than
MESA isolation, but it has the advantage of already being in wide use in bulk-
CMOS technology. LOCOS-isolation in SOI is much the same as LOCOS in
bulk-CMOS (see Vols. 1, 2, or 3 of Silicon Processing for the VLSI Era for more
details on the LOCOS process.) However, there are some issues that do arise
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11-31 Mesa lateral-isolation SOI NMOSFET with a T-gate and body-to-substrate contact.

when LOCOS is applied as the technique for producing lateral-isolation in SOL.
These issues are discussed in this section.

The LOCOS lateral-isolation-technique in SOI consists of the following steps
(for producing NMOSFETs): a thin pad-oxide is grown, and a silicon-nitride-
layer is then deposited by LPCVD onto the pad-oxide. Using a masking step, the
nitride is patterned to define the active-silicon-areas. Boron is then implanted
around the islands of p-type silicon that will contain the NMOSFETs (i.e., a
channel-stop-implant). Next, the field-oxide is thermally grown. No oxide growth
occurs over the active-areas which are protected by the silicon-nitride. A nitride
and pad-oxide stripping step completes the process. In SOI the field-oxide-
growth is carried out so that the thermally-grown field-oxide completely
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consumes the silicon in the regions not covered by the nitride, with the thermally-
grown field-oxide reaching through to the buried oxide (see Fig. 11-32).

The lateral-encroachment of the field-oxide (called the “bird’s beak™) is
proportional to the thickness of the grown field-oxide. This encroachment has
typical values of a fraction of a micron, and this hampers the use of the LOCOS
technique for submicron bulk-CMOS processes (where field-oxide-thicknesses of
0.3-05 um are grown). The problem of “bird’s-beak”-encroachment in SOI-
CMOS is even worse than in bulk-CMOS processes. This is because the
oxidation-kinetics in SOI are somewhat different, particularly when the growing
field-oxide reaches the buried-oxide. That is, consumption of silicon during
oxide-growth on a bulk-silicon-wafer is 0.45-t,,, where t,, is the oxide-
thickness. That means that a thermal-field-oxidation process that produces a
silicon-dioxide-layer about twice as thick as the consumed silicon-layer must be
used in a bulk-CMOS. For example, a silicon-layer of about 125-nm is consumed
when a 250-nm SiO, field-oxide-layer is grown.

By comparison, a 125-nm silicon-layer above the buried-oxide of an SOI-
wafer is not fully oxidized if only such a 250-nm silicon-oxide growth-process is
used. That is, unoxidized-filaments of silicon remain in SiO,-layers grown by the
250-nm SiO,-process on an SOI-wafer with a 125-nm silicon-layer above the
buried-oxide. To ensure that such silicon-filaments no longer remain in the
silicon-dioxide-layer, an oxidation-process equivalent to one that would grow a
350-nm-thick SiO,-field-oxide on a bulk-wafer must be used. In other words, a
process that grows an oxide 3-times-as-thick as the silicon-layer consumed has to
be used in SOI to completely laterally-isolate the active-regions with a LOCOS
process. The longer field-oxidation-process produces even more “bird’s-beak”
encroachment (and more lateral-boron-diffusion from the channel-stop-implant
into the active-region) than a LOCOS-process in a bulk-CMOS process.

Another problem of the LOCOS method of lateral-isolation is that source-to-
drain leakage-current in the subthreshold-region of operation can also be
increased by the parasitic-edge-transistor that exists along the sidewalls of the
silicon-active-regions in parallel with the main-channel of the SOI-MOSFETs.
The problem is most severe in LOCOS-isolated SOI-NMOSFETs for the
following reason: A p* channel-stop-implant is carried out before the field-
oxidation to prevent such edge-transistors from being turned-on prematurely and
causing excess subthreshold-leakage-current. However, during the field-oxid-
ation step, such implanted-boron segregates into the growing-oxide on the top of
the silicon-surface - and into the buried-oxide as well. As a result, the boron
doping at the tip of the bottom corners of the active-device islands ends up being
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quite low, allowing edge-transistor-leakage to arise. One method suggested to ‘
alleviate this problem is to perform a second boron channel-stop-implant after the

LOCOS field-oxide-step has been completed. Since the implant step is carried

out after the field-oxide step, such B will be implanted into both active-regions

and field-regions of the wafer. The energy of the implant can be adjusted to place

the peak of the B-implant-dose close to the meeting point of the grown- and
buried-oxides. Thus, this implant step will not impact the doping-concentration

of the main MOSFET channels near the surface of the active-regions.

11.7.3 Shallow-Trench Isolation (STI) for SOI

Because of the problems associated with the MESA and LOCOS isolation
techniques for providing lateral isolation in SOI technology, the more advanced
SOI technologies have adopted shallow-trench-isolation as the lateral-isolation
method of preference (Figs. 11-1 and 11-33). That is, the active-regions of the
silicon are formed as in the MESA isolation method, but in STI the regions
between the mesas are filled with a CVD-dielectric-material and then the surface
is planarized by CMP to yield a flat wafer surface. Oxide remains in the trenches
between the mesas, and its top surface lies in the same plane as that of the
silicon-islands. STI eliminates the problems created by the sidewalls of the
mesas, and the issues associated with the LOCOS-isolation method for SOI.
(That is, the problem of “bird’s-beak” encroachment does not occur when STI is
used. Also, anomalies in the oxidation kinetics associated with field-oxide
growth in SOI do not have to be addressed since the field-regions between the
active devices are filled using CVD rather than a thermal-oxidation process).
However, the same general issues involved with shallow-trench-isolation meth-
ods in bulk-CMOS still have to be addressed when applying an STI approach to
SOL Chapter 9 of this text provides a detailed discussion of STI technology.

11.8 SOI PRODUCT EVOLUTION

Table 11-4 presents a list of the SOI circuits that have been introduced during the
International Electron Devices Meeting (IEDM) from 1989 to 1998.64 It provides
an indicator of SOI R&D efforts. The initial publication of the gain in the speed
of a relatively small IC fabricated in SOI has been followed by a series of studies
of performance-enhancements of larger ICs, mostly using SIMOX wafers. In
general, these ICs were fabricated using partially-depleted SOI-MOSFET
technologies, and silicon- and BOX-thicknesses were all comparable (and fairly
thick). In 1998, IBM announced it would apply its leading-edge SOI-CMOS
technology (including copper interconnects), to commercialize SOI-CMOS prod-
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Table 11-4 Summary of SOI Circuits Presented Annually at IEDM%4

Bell Labs IBM Motorola Mitsubishi Hyundai DEC IBM Intel
1989 1993 1995 1996 1997 1997 1997 1997
Circuit Prescaler  0.5Mb CPU 16M 16 M 4 Mb 4 Mb
SRAM DRAM DRAM SRAM SRAM SRAM
Technology (ym) 0.50 0.50 0.50 0.50 017 0.35 0.25 Sub-0.25
Voo 1.0 1.0 20 1.8 1.8
Silican thickness 134 100 100 200 200 2007 150
BOX (nm) 235 400 400 250 200 400 400
Lateral isolation LOCOS MESA LOCOS STl STi STI
Silicon layer PD/FD Non- PD Body-cont., PD Non- PD
characteristics depleted thin Si film depleted
(75nm) sol
beneath FOX
Metal levels 1 2 4 6 5
Performance 50% 25-35%
improvement
Power reduction 50% 170-300% 18%
Yield (it known) Low Same as bulk Approaching bulk Low
Conclusions Bulk CMOS Both Not clear 20% Highest- No
and claims design, body-tied if circuit performance performance speed
performance and floating is improvement 0.25um advantage
2 x bulk body functional! CMOS over bulk
MOSFETs technology for sub-
reported. 0.25um
FB effects logic

negligible applications

ucts based on SIMOX. Figure 11-16 shows a SEM of a 0.18-um IBM IC
structure built using SOIL. The company believes SOI processors are 30% faster
than bulk-CMOS versions, and that they provide comparable circuit yields and
add less than 10% to wafer-processing costs. Other companies have also
announced the transition to SOI for high-speed microprocessors or low-power
logic circuits. This is a positive development that supports IBM’s claim that
CMOS could move more towards SOI in the next few years (see Fig. 11-5).

In 1999, the presentation of new SOI devices occurred primarily at the
International Solid-State Circuits Conference (instead of at the IEDM).
Announcements were made concerning the successful fabrication of a number of
SOI circuits in this ISSCC 1999 Conference. These circuits included 32- and 64-
bit microprocessors, and 16-Mbit DRAMS on SOI. Depending on the technology
and circuit layout performance, 10-40% enhancement was reported. A 0.18-um
SOI-CMOS technology for high-performance logic applications, however, was
described by IBM in the 1999 IEDM. This SOI technology used a low-dose
SIMOX substrate, shallow-trench-isolation, dual gate-oxide-thickness, dual
threshold-voltage (Vp), dual-doped-polysilicon, cobalt-silicide, low-k dielectric
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in their interconnect scheme, and seven layers of copper metallization. The SOI
circuit devices were partially-depleted MOSFETs, and the test chip built using
this technology contained a microprocessor-circuit that demonstrated
performance above 1-GHz.%:59 These reports indicate a new-degree of maturity
in SOI technology.

The 0.18-um SOI process of IBM was qualified by that firm for production in
the summer of 2000, and work was continuing to qualify a 0.13-um SOI process
in 2001. The 0.13-ym SOI technology would allow production of high-
performance devices with 44-million transistors. IBM also said that it had begun
shipping its AS400 servers with 0.22-um SOI devices early in 2000, and that
their newer “Turbo” Unix machines would employ 0.18-um SOI-processors
running at well over 800-MHz. The 0.18-um designs utilize shallow-trench-
isolation, dual-work-function-poly, local-interconnect, and borderless tungsten-
interlayer interconnect.

At the end of 2001, IBM reported on their 2™ generation 0.13-um SOI
process. The power supply voltage was 1.2 V, and a thinner SOI-layer and a
gate-dielectric material with a higher concentration of nitrogen were used. The
i interconnect structure can have as many as 8 levels of metal. A completely low-k
dielectric stack (i.e., with SiLK for the main dielectric material and SiC as the
hardmask material and the post-CMP cap-dielectric). The Cu wires are formed
using a dual-damascene process.

11.9 PROBLEMS ASSOCIATED WITH S0I

11.9.1 Floating Body Effects in Partially-Depleted SOl MOSFETs

In partially-depleted SOI MOSFETs, the depletion-region under the gate when
the MOSFET is operated in inversion does not extend all the way to the buried-
oxide interface. Instead, a neutral-region still exists. When the body is grounded
(say, with an independent body-contact), a partially-depleted SOI-MOSFET
behaves very much like a bulk-MOSFET, and most standard I(Vgg,Vps)
equations and design concepts still apply. However, if a body-contact (connected
by a conducting-line to ground) is not made to the SOI-MOSFET, so called
floating-body-effects arise, some of which have a detrimental impact on the SOI
MOSFET behavior. These are discussed in more detail in the following sections.

11.9.1.1 Kink Effect in Partially Depleted SOI NMOSFETS: The kink effect
manifests itself as a “kink” in the output characteristics of partially-depleted SOI
MOSFETs (Fig. 11-34). The kink appears in the graph of the drain current of
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Fig. 11-34 Illustration of the kink-effect in the output characteristics of a partially-
depleted SOI-MOSFET.

such devices above some value of the drain voltage. It is often quite pronounced
in SOI-NMOSFETs, but is usually absent in SOI-PMOSFETSs. The kink-effect is
also not observed in any bulk-MOSFETSs operated at room temperature if a
substrate or well contact exists. It may be observed in bulk-NMOSFETs if they
are operated a low temperatures or in NMOSFETs fabricated in a floating p-well.

The kink-effect occurs for the following reason. When the drain voltage is
large enough in an NMOSFET, the electrons near the drain are accelerated across
the channel-drain depletion-region by an electric-field that is strong enough to
cause electron-hole pair generation by impact-ionization (in PMOSFETs the
coefficient of electron-hole pair generation by energetic-holes is much lower than
that of energetic-electrons - which are the carriers in NMOSFETSs). Drain
voltages typically get this high when the MOSFET is operating in the saturation
region (Fig. 11-34).

In a bulk-NMOSFET, electrons generated by this effect rapidly move into the
drain, adding to the drain-current. The generated holes exit the device through the
body-contact where they become substrate-current. In partially-depleted SOI-
NMOSFETs, the generated electrons still move out of the drain and add to the
drain-current. The generated holes, however, collect in the NMOSFET body,
where they raise the potential of the body, with respect to the source (which is
grounded). The amount by which the potential of the body is raised can be
calculated, but this requires iterative solving of a set of complex equations, and
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will not be described here. However, when the body-potential rises about 700-
800 mV, it starts to significantly impact the output-characteristics of the
NMOSEFET.

That is, an increase in the body-potential has the same effect as biasing the
substrate (body-effect). In other words, when the body of an NMOSFET is
positively biased, it will give rise to a decrease in the threshold-voltage, Vr, of
the NMOSEFET (this is termed the body-effect). The decrease in Vp causes an
increase in the drain-current, and this increase shows up as a “kink” in the drain-
current curve of the SOI-NMOSFET. The kink represents an annoyance when
analog circuits are designed with SOI NMOSFETsS, but can actually lead to the
fabrication of faster digital-circuits.

The situation regarding floating-body-effects in fully-depleted SOI-MOSFETs
is somewhat different than in partially-depleted devices for several reasons. First,
in the fully-depleted SOI-MOSFET, the body of the MOSFET at threshold has
the same potential as the surface of the silicon at the top Si/SiO; interface.
Hence, any holes generated by impact ionization at the drain will migrate out of
the source and not collect in the body (which, in a partially-depleted SOI
MOSFET, will have a lower potential than the source, and will thus attract the
generated holes). Hence, there is no collection of holes in the body region, and
the body-effect is also insignificant. In other words, the generation of holes by
impact-ionization in fully-depleted SOI-MOSFETs does not decrease V-, and
hence no kink-effect is observed in fully-depleted SOI-MOSFETsS, even in the
absence of a body contact (i.e., body contacts are thus no longer needed). Second,
since the potential of the body-region is higher, the electric-field at the drain will
be smaller, reducing the number of electron-hole-pairs generated by impact-
ionization.

There is, however, some effect on the subthreshold-slope of both partially-
depleted and fully-depleted SOI-MOSFETs that is produced by the electron-hole
pairs generated by impact-ionization at the drain. That is, as the MOSFET is
being turned-on (but is still in the subthreshold-regime), the generated-holes will
collect in the body (which has a lower potential than the source in both partially-
and fully-depleted SOI-NMOSFETs if it is being operated in the subthreshold-
regime). These injected-holes charge the body and produce a forward-bias on the
body-source junction that reduces the threshold-voltage. As a result, the
subthreshold-current increases, and the subthreshold-slope of the I(Vgg) curve
is not as steep (i.e., the turn-off behavior of the device is degraded).
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11.9.1.2 Transient Iy Effecis: The floating-body may also produce transient-
effects in the drain-current of a partially-depleted SOI-MOSFET. For example,
an overshoot in the drain-current occurs when the MOSFET is turned-on (e.g., by
increasing the gate-voltage from 0 to Vpp). What is happening is that majority-
carriers are being expelled from the volume of the silicon of the floating-body
under the gate that is becoming a depletion-region, and these carriers collect in ‘
the remaining neutral-region of the floating-body. This causes the potential of the \
floating-body to rise, and (as is described in the section on the kink-effect), this
causes an increase in the drain- current. However, these excess-majority-carriers
recombine and eventually equilibrium is re-established. At that point, the
potential of the floating-body is returned to the value it would have without the
presence of the excess injected- majority-carriers. Thus, the drain-current
gradually subsides with time to a lower value. A reciprocal transient undershoot
in the drain-current is observed when the gate voltage is switched off (e.g., if the
gate-voltage decreases from Vpp, to 0).

Such short-duration transient spikes in the drain-current can impact such SOI-
circuits as SRAMs and DRAMs, which use pass-gate configurations. The amount
of charge that is passed by the transient floating-body-effects must be accounted
for in the design of such circuits.

11.9.1.3 Effect of Building Partially Depleted SOI-MOSFETs Without Body-Contacts:
As discussed in the previous sections, the floating-body of partially-depleted
SOI- MOSFETs has an impact on various MOSFET performance characteristics,
most of which appear to be undesirable. However, Shahidi made a radical
proposal in 1994, He suggested that in many important commercial circuit
applications, partially-depleted SOI-MOSFETs could be used without contacts to
the floating-body, and that this could be accomplished by making some modif-
ications to the circuit design. Furthermore, by leaving the body floating, not only
would the density be increased, but circuit-speed would be improved as well.

Early applications of SOI were limited to space and military programs where
radiation-hardness was more important than performance and cost. These
products were built with partially-depleted SOI, and fixed potentials to the body
were provided by well- and substrate-contacts, just as is done in bulk-CMOS
technology. In commercial applications, the considerations of performance and
cost become paramount, and radiation-hardness is almost never an issue. Thus,
Shahidi suggested that the floating-body-effects would not significantly degrade
the performance of many SOI-ICs tailored for specific applications. If that was
the case, the floating-body-contacts could be left out. In fact, several bulk-SRAM
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circuits and microprocessors were implemented in a partially-depleted SOI-
technology that did not employ floating-body-contacts, and these SOI-ICs did
indeed exhibit high-performance. In addition, they met all other commercial
product specifications (such as stress, reliability, burn-in, and yield). Although
- some circuit-modifications to the bulk-CMOS circuit design had to be made
when implementing them in SOI, these modifications resulted in a higher
performance gain than would have been obtained by merely re-mapping the bulk-
CMOS design into SOL3! The floating-body-effects on the change in drain-
current were compensated for in the circuit designs by a number of solutions, and
these allowed the SOI-ICs to be successfully designed and fabricated using
partially-depleted SOI-MOSFETs without contacts to the floating-body.52

Another floating-body issue arises when designing 0.13-um SOI-CMOS

circuits (and beyond), as a result of the very thin gate-oxide-thicknesses needed
for these generations of devices. That is, such thin-gate-oxides give rise to a
significant amount of gate-to-body tunneling-current. The charge introduced into
the floating-body modulates the body-voltage and therefore causes a so-called
history-effect, which can become excessive on 0.1-um SOI-CMOS circuits.60

This history-effect can be explained as follows: The gate-current in these

circuits can change the device “ON” V), but does not usually change the “OFF”

Vs Therefore, the gate current will not impact the delay when the input signal

switches from “0” to “1” for the first time, but it will impact the delay when the

input signal then falls from “1” to “0” (1* switch V}) - and the impact of this
__ delay will persist when the input signal switches the second time from “0” to *1”
| (2™ switch Vy,¢ — Fig. 11-35). This history-effect must be minimized in 0.1-um
SOI-CMOS by appropriate device-design.

Minimizing the history-effect can accomplished by making two
modifications to the SOI-MOSFET device-design: 1) the silicon-dioxide gate-
dielectric is replaced with a dielectric having a higher k-value (which reduces the
gate-current for an equivalent-oxide-thickness); and 2) the value of gate-side
junction capacitance Cj is adjusted.50 (That is, C; controls the drain-capacitance
coupling to the body, and hence determines the 2% switch Vi.) By adjusting Cj
at a given level of gate leakage-current, the 1% and 2™ switch delays can be
balanced (thereby eliminating the history effect in the switching delay). From a
performance point of view, a low-value of C; is beneficial. C; can be reduced
effectively by scaling the SOI silicon-layer thickness.
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Fig. 11-35 Definition of 1* and 2™ switch rise-to-fall delay for the NMOSFET in an SOI-
CMOS inverter. (© IEEE 2000).5

11.9.2 Short-Channel-Effects in SOI-MOSFETs

SOI-MOSFETs offer good short-channel behavior, especially for devices with
channel lengths smaller than 0.1-um. Fully-depleted SOI-devices are being
studied for low-power/low-voltage applications because they appear to exhibit
the best short-channel behavior. However, the silicon-thickness and the buried-
oxide-thickness have to be made ultrathin in single-gate fully-depleted SOI-
MOSFETs to achieve the best short-channel behavior (i.e., the silicon-thickness
must be considerably smaller than the junction-depth of a comparable bulk
technology). Even in such ultra-thin SOI-MOSFETs, back-channel-potential
control-issues can exacerbate such short-channel-effects as threshold-voltage-
rolloff and this issue must be addressed.>%55

The problem of threshold-voltage-rolloff arises in deep-submicron single-
gated fully-depleted SOI-devices because the depletion-region-charge of the
source/drain-regions cannot terminate in the buried-oxide region, and thus must
terminate in the substrate below the buried-oxide or in the channel-region (Fig.
11-36).53 Because the buried-oxide is thick, a portion of the depletion-charge will
terminate in the channel. Thus, the source and drain behave like fringing back-
gates. If the channel is short, the fringing-fields from these parasitic back-gates
can induce back-channel-conduction, which enhances the problem of threshold-
voltage-rolloff with decreasing channel-length. This phenomenon has been
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{ )

Buried Oxide
Silicon Substrate

Fig. 11-36 Electric-field lines in the source/drain and body pn-junctions in a short-
channel SOI-MOSFET. Some of these lines terminate in the substrate beneath the buried-
oxide (BOX), while others terminate in the body, producing fringing-electric-fields.5

studied by simulation and empirically modeled.> Reducing the buried-oxide
thickness can also help alleviate the 2-D charge-sharing through the buried-
oxide, because the bottom substrate is brought closer to the source and drain
regions, provided there is no significant depletion in the substrate. Simulation
studies have been presented that predict that single-gate SOI-MOSFETs, even
with ultra-thin silicon channels, do not provide adequate immunity against short-
channel-effects in 25-nm channel-length devices.57

Vo =

-
(a) Double-gate (b) Groun_d-plane
v Ve
W fea Vo
Vs
Vg Va Vo

(c) Single-gate SOI
Fig. 11-37 a) Double-gate; b) Ground-plane; c) Single-gated SOI-MOSFET. Gate
material work-function is set at the mid-gap of the silicon band gap. On-chip biasing of
the ground plane is assumed. The source/drain junction is abrupt. The channel length
(Lg) is the metallurgical channel length. (© 1998 IEEE) 37

Double-Gate Ground-Plane
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As a result, two alternative approaches have been proposed to reduce the
threshold-voltage-rolloff problem described above. That is, it has been suggested
that either a double-gate SOI-device, or a ground-plane SOl-device, be used
instead of a single-gate SOI-device (Fig. 11-37). Simulation studies show that
double-gate SOI-MOSFETs give the best control over the threshold voltage
rolloff problem, but the difficulties in fabricating double-gate SOI MOSFETSs are
daunting. Instead, a compromise structure (namely an SOI device with a low-
resistance ground plane) has been proposed.’®37 In the ground-plane SOI
MOSFET, the low resistance ground plane can be biased with a power supply |
separate from that used to control the gate. This offers the flexibility of tuning the |
threshold voltage by means of the bottom gate bias.57 Both double-gate and
ground-plane SOI-MOSFETs are shown to able to meet the electrostatic design
requirements.

11.9.3 Self-Heating Effects in SOl MOSFETs

SOI MOSFETs are thermally insulated from the substrate by the poorly heat-
conducting buried-oxide layer. Consequently, removal of excess heat generated
by Joule heating within the transistors is less efficient than in bulk-CMOS
technology. As a result, the device-temperature in SOI technologies can rise
substantially above what it would be in a comparable bulk technology. Although
the heat transfer rate is lower in an SOI device, heat is nevertheless still
transported out through a number of paths, namely: 1) through the buried oxide
layer; and 2) laterally through the silicon-island into the contacts and
metallization. As we shall see below, however, such heating effects have not
proved to be a significant problem in SOI CMOS technology.

The increased operating temperature within an SOI-MOSFET can have an
impact on the device-performance. The most significant effect is that the mobility
of the carriers in the channel is reduced. That is, if a MOSFET is being operated
in the saturation-region, and the drain voltage is increased, there will be a larger
voltage drop at the drain-junction. This will increase the power dissipated in the
device and its temperature will rise. Once the device temperature is increased by
this effect by 50°C (to 150°C), a significant reduction in carrier-mobility will
occur. This effect will manifest itself in the output characteristics of the device in
the form of a drop in the drain-current with increasing drain voltage (Fig. 11-38).

However, in CMOS circuits, all of the MOSFETs normally operate in a
standby-mode. Large drain-currents in any device occur only during switching,
and these cease after a very brief period of time (< 1-ns). Since the thermal time
constants of SOI MOSFETs are on the order of several tens of nanoseconds, it
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Fig. 11-38 The effect of self-heating in SOI-MOSFETs on output characteristics of the device.

seems that this self- heating effect generally will cause no problems in CMOS
digital circuits, with a few exceptions. That is, in logic-circuits that exhibit short
transition times, temperature rises of only 2-3 degrees are observed compared to
bulk-CMOS. However, in such circuits as off-chip drivers (that can be ON for a
significant portion of the switching cycle), the temperature rise is observed to be
higher (e.g., ~10 degrees).

11.9.4 Reliability Issues for SOI

There are also some reliability issues unique to SOI-technology that should be
addressed when considering SOI for ULSI applications.®! Such an analysis
indicates that SOI-circuits do not exhibit significantly worse reliability behavior
than comparable bulk-CMOS-circuits. Some of the reliability issues associated
with silicon-on-insulator ICs are reviewed here.

First, bulk- and SOI-CMOS circuits appear to react comparably with respect
to off-state current degradation when subjected to bias-temperature stress-
testing. Hence, this apparently does not represent a special reliability-problem for
SOI. Second, channel hot-electron-degradation (CHE) in SOI-devices is more
complex than in bulk-MOSFETs because charge-trapping and interface-state-
generation can occur at both the gate-oxide-interface and at the buried-oxide-
interface. Third, the defects responsible for gate-oxide yield and reliability have
been minimized by 2000 in state—of-the-art SOI-materials to acceptable levels.
This claim is supported by TDDB tests on gate-oxides on both bulk- and SOI-
materials (i.e., the oxides grown on both the bulk- and SOI- materials show
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Fig. 11-39 SOI unique defect fails (induced by burn-in stress), are negligible part of the
overall failure population.®! (© 2000 IEEE)

similar failure distributions). Fourth, SOI-devices appear to be less susceptible to
charging damage than bulk-CMOS devices. Finally, when failure mechanisms in
SOI-microprocessor-circuits are catalogued, the percentage of fails due to SOI-
unique defects represent a negligible portion of the failure distribution (Fig. 11-
39). In summary, these reports indicate that by using state-of-the-art SOI
material, highly reliable products can be produced.
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Chapter 12
MULTILEVEL INTERCONNECTS FOR ULSI

The semiconductor industry continues to pursue the development of ever more
powerful ICs. This effort basically involves a two-pronged approach. The first
approach seeks to increase the speed of individual transistors through a continual
reduction in the minimum size of device features. Such scaling also provides an
increase in the device density on the chip. The second approach entails
developing increasingly complex interconnect systems, which now use
multilayer structures of metal wiring separated by interlayer dielectrics (ILDs).
This enables the higher-speed devices to be interconnected (resulting in ICs with
enhanced performance and system functionality). Efforts in both of these
development arenas are supported by continually more sophisticated device and
circuit designs.

The tradeoffs between individual device and interconnect performance depend
on the details of the circuit architecture. When the IC industry was in its early
stages (i.e., from the mid-1970s to about 1990), circuit design rules were in the 1-
5-um range. During that time, interconnect delays could generally be ignored
because they were typically much smaller than the device switching times (which
were ~50-Mz). However, by the mid-1990s, microprocessors and other large area
ULSI devices with millions of circuit elements and speeds greater than 1-GHz
were envisioned. Designers then began to realize that interconnect delays would
become comparable to (and could eventually exceed) the intrinsic delays of the
transistors. It was generally agreed that beyond the 0.25-um technology node, the
overall circuit performance would be dominated by the efficiency with which de-
vices are connected, rather than by the speed of individual devices (Fig. 12-1).1

In addition, by the mid-1990s, two different technological domains had also
started to collide — namely circuits designed.for purely for radio-frequency (rf)
applications and others designed merely for digital applications. That is, f cir-
cuits were typically low-density and high-frequency (GHz) designs used in
avionics and wireless communication, whereas digital circuits strove for high-
density and covered a wide performance spectrum (1-100 MHz). The merger of
performance requirements (or mixed-signal products), reflects a growing trend,

573
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Fig. 12-1 RC-delay as a function of feature size.! (© IEEE 1997)

and places additional demands on interconnect systems as performance
requirements continue to escalate.

In this chapter, some of the challenges related to the performance and density
issues of ULSI interconnects will be discussed. The discussion will be divided
into two parts:

1. The performance requirements of ULSI interconnect systems;
2. The evolution of the materials and architecture of interconnects for ICs.

The exact feature size at which the interconnect RC delay equals and then
surpasses the intrinsic transistor delay depends on the details of the circuit
design. Furthermore, the total overall interconnect delay #;,, is composed of four
components and can be approximated by:2

tint =RoC +0.4 [(ROLS + (10f)1-]1/16 + 0.7 RC,, (12.1)

where R, is the output resistance of the driver device, fof is the time of flight of
the electromagnetic wave in the interconnect, and C;,, is the input capacitance of
the device in the next gate. These four terms contribute differently to the overall
delay, depending on the gate-length and gate-width, the interconnect line-length,
and other geometrical parameters. However, most signs point to the feature size
of the order of 0.5-um at which the interconnect RC-delay starts to become a
significant part of the overall signal delay.
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12.1 EVOLUTION OF THE STRUCTURE AND MATERIALS USED IN IC
INTERCONNECTS

Interconnects for ICs have evolved from the single-level-metal system on the
original IC patented by Noyce, to the multi-level-metal interconnect systems
used in today’s ULSL In this section we will describe the evolution of these
interconnect systems. This will point out the limitations that existed for previous
generations of IC interconnect technologies, and how they were overcome by
learning how to build more advanced interconnect systems. By describing the
state-of-the-art of current interconnects, we will also be able to see the limitations
they face, and what kinds of techniques are being explored to overcome them.

12.1.1 Single-Level-Metal Interconnects in Early ICs

In 1959 Robert N. Noyce invented the concept of the monolithic-integrated-
circuit (IC) while at Fairchild Semiconductor. His patent application described
how planar silicon-bipolar-transistors and resistors could be interconnected with
thin and narrow aluminum lines adherent to an underlying silicon-dioxide film
(S10,) that covered the surface of the silicon chip. Contact holes were etched in
the oxide film, and these allowed the aluminum lines to make contact to the
circuit devices fabricated within the silicon substrate. After the aluminum lines
were patterned, a passivation layer (e.g., a CVD P-doped SiOj film) would be
deposited over the entire wafer. Figure 12-2 shows a schematic of how such a
single-level-metal interconnect system was fabricated. The materials used in
these early ICs (Al and SiO,) were selected because they had many unique
advantages. These advantages proved to be so compelling that this same
combination of materials was used for many generations of IC interconnect
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Fig. 12-2 Schematic of process steps used to produce a single-level-metal interconnect.
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Fig. 12-3 SEM showing the patterned metal layer on a circuit with only one layer of metal.

technology. As a point of reference for materials parameters, the resistivity of |
pure Al is p,; = 2.7-uQ-cm, and the dielectric constant of SiO, is kSiOg =4.2 (for
the type of SiO, used in dielectric films under the aluminum). Later versions of
this interconnect system used Al films alloyed with Si to improve contact
stability. Figure 12-3 shows an SEM of a circuit using only one-level of metal.
Note that the metal wires made in this traditional way of creating the IC
interconnect structure are formed by: 1) depositing a blanket layer of the metal
over the entire wafer; and 2) selectively removing the metal from regions on the
wafer where the metal is not needed (i.e., with a subtractive etching process).

12.1.2 Double-Level-Metal Interconnects in Early Bipolar ICs

As the density of ICs increased with decreasing feature size, it became necessary
to have more than one level of interconnect. In NMOS ICs, the polysilicon-gate
material could serve as a local-interconnect level (eventually covered with a
silicide to form a polycide), and this level could be covered with a single-level of
metal (Al-Si) to form a two-level interconnect system.

In bipolar technology there is no MOSFET poly-gate structure, and thus to get
two-levels of interconnect, it is necessary to use two-levels of metal (Fig. 12-4).
Thus, the first two-level-metal interconnect systems for ICs were used in bipolar
technology. (Figure 12-5 shows the steps used to fabricate such a 2-level-metal
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Fig. 12-4 Schematic of a double-level-metal structure used in early bipolar-ICs.

interconnect structure.) In these 2-level-metal bipolar-ICs there was no attempt
made to planarize the dielectric layer that separated the 2-levels of metal (i.e., the
interlevel dielectric, or ILD). The holes opened in the ILD to allow Metal-2 to
contact Metal-1 were termed vias. While the two-level-metal process could be
successfully implemented on bipolar-ICs, the step coverage of Metal-2 as it ran
over Metal-1 lines was marginally acceptable. Thus, it would not have been
possible to continue to use this process to form a three-level-metal interconnect,

A VA

even in bipolar-ICs.

Pattern metal 1

Fig. 12-5 Schematic drawmg of the sequence ¢ of process steps used to produce a double-
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(e)
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Fig. 12-6 Topography conditions that arise in MOSFETs that make it difficult to fabricate
a double-level-metal structure without some kind of planarization method.

Likewise, when CMOS ICs came to replace NMOS ICs (in the mid-1980’s), it
was no longer possible to use the polysilicon as a local interconnect layer in the
same manner that it had been used in NMOS. This was because polysilicon in
early CMOS technologies was n-doped, and therefore it could not be used to
make contact to PMOS source/drain regions. Instead, it also became necessary to
use a double-level-metal interconnect structure in these CMOS ICs.
Unfortunately, the same approach to fabricating a double-level-metal structure
used in the early bipolar ICs could not be used in CMOS ICs. That is, the steps
created by the polysilicon layer (together with the steps caused by Metal-1) were
too high to allow adequate step coverage when Metal-2 lines had to run over such
(poly + Metal-1 hills), as is shown in Fig. 12-6.

(d)

12.1.3 Double-Level-Metal Interconnects in CMOS ICs (Partial
Planarization of the ILD)

To enable double-level-metal interconnect structures to be fabricated in CMOS
ICs, the fabrication sequence used for making double-level-metal interconnects
in bipolar ICs had to be modified. That is, it was necessary to be able to partially
planarize the ILD prior to depositing Metal-2. The partial-planarization
technologies used in the CMOS ICs of the late 1980’s included resist etchback
and the use of spin-on glass (SOG). Details concerning these partial-
planarization methods can be found in Vol. 2, Chap. 4. Furthermore, the contact
holes and vias were opened with a two-step etch process. The first half (which
opened the top half of the via) used an isotropic etch process, while the second
etch step (that opened the remainder of the via) used an anisotropic process. This
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Fig. 12-7 a) Schematic of a via with a “champagne-glass” shape; b) SEM of actual via.

two-step via-opening process produced via profiles that had a “champagne-glass”
shape (Fig. 12-7). Such vias were easier to adequately fill with Metal-2. Note that
Al-alloy films were typically used (e.g., Al:2%Cu) because they exhibited better
electromigration characteristics than did pure-Al films. Figure 12-8 depicts a
schematic of a double-level-metal structure for CMOS technology, and Fig. 12-9
shows a SEM of an actual CMOS IC with such a two-level-metal interconnect-
structure. Three-level-metal structures in bipolar-ICs could also be fabricated

with this approach.

Fig. 12-8 Schematic of a double-level-metal structure in CMOS with partial-planarization.
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Fig. 12-8 SEM of an actual double-level-metal structure in CMOS with partial planarization.

The partial-planarization of the ILD allowed the step-coverage of Metal-2 to
be sufficiently improved, and the “champagne-glass™ via profile allowed Metal-2
to adequately fill the vias. Nevertheless, the topography of the IC remained too
rough to allow this technology to be extended for producing three-level-metal
interconnects in CMOS-ICs.

12.1.4 Three-Level Metal Interconnects in CMOS ICs:
(CMP of the ILD & W-Plugs)

To enable three-level-metal interconnects (or more) to be fabricated in CMOS-
ICs, a technique for globally-planarizing the ILD after it was deposited was
needed. The technology developed for this purpose was chemical-mechanical-
polishing (CMP) of the CVD-SiO, ILD. With this technique, the next level of
metal would not have to cover any steps, but could be deposited on a completely
planar surface (Fig. 12-10).

While CMP of the ILD solved the problem of metal lines having to cross high
steps, it created a new difficulty. That is, as shown in Fig. 12-10, the vias that
have to be opened in the planarized ILD are of varying depths (with some being
quite deep). Such deep vias could no longer be adequately filled by the traditional
PVD process used to deposit metal layers (sputtering), even if a two-step via-etch
process was used. To address this issue, a CVD (instead of PVD) process was
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Fig. 12-10 a) If no planarization is used, the via and contact holes between adjacent
conductor levels all have approximately the same depth; b) If planarization of the intermetal
dielectric layer is achieved, the vias will vary widely in depth.

used to deposit the metal to fill the vias. The metal chosen to fill the vias in this
manner was tungsten (CVD-W). A blanket CVD-W process was developed that
could deposit a layer of W over the entire wafer covered with a planarized ILD
(Fig. 12-11), such that variable-depth-vias across the wafer could also be
completely filled. This blanket-W film would then removed from the planar |
wafer surface (by etching or CMP), leaving W only in the vias (i.e., W-plugs |
were created). The process of filling recesses in a dielectric layer with a metal I
film and removing the overburden with etchback or CMP (rather than depositing,
patterning, and etching the metal on top of a dielectric layer) is called a I

Silicon or Al

l Etchback W
| | —w — W |
A, - |

| i

' ,

Fig. 12-11 Schematic of the process used to form W-plugs with CVD-W and etchback.
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Fig. 12-12 Schematic of the process used to form the “hybrid” W-plug/Al-alloy structure.
“damascene” method. Its name comes from the ancient decorative practice of
inlaying metal in wood or ceramics that originated in Damascus.

The layer of aluminum alloy (e.g., Al:2%Cu) from which the interconnect
lines are patterned is then deposited and etched by the usual subtractive process.
Fig. 12-12 shows a schematic of the steps used to form one-level of this type of
interconnect structure. Figure 12-13 shows a schematic drawing and a SEM of
such an interconnect structure with stacked vias.

p=———h — Passivation 1
:Al*Cu- Alloy JAlCu| USG
e \fetal d

= 1]

Fig. 12-13 a) Schematic of a W-plug/Al-alloy interconnect structure with stacked vias;
b) SEM of an interconnect structure with stacked vias and five-levels of metal.
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Note that in several aspects this sequence involves a hybrid process-
technology approach. First, two-types of metal are used, one for the plug that fills
the via (W), and another to form the metal lines (Al:Cu). Second, a single-
damascene process is used to remove unwanted W from atop the entire surface of
the chip, while a subtractive etch-process is used to selectively remove Al:Cu
from some regions of the chip surface, and thus form the interconnect lines.

The ILD-CMP/W-plug/Al:Cu-line interconnect-fabrication-approach solved
some significant problems, allowing it to be used to form interconnect structures
with an indefinite number of levels of metal. These solutions are: 1) the metal
lines on every level have no steps to cover; 2) vias of varying depth can be
completely filled using the CVD-W step; and 3) the vias can be stacked on top of
one another if a CMP process is used to planarize the surface of the W-plugs
(which allows the density of the interconnect structure to be increased).

12.1.4.1 Problems of W-plug/Al-line Interconnect Structures: While this
approach to fabricating multi-level interconnects represented a significant
advance, it also introduced some drawbacks. First, it is a complex process, in that
it uses two-types of metal, and two-different metal-deposition-processes (each
with its own set of process tools). This fabrication complexity is compounded by
the fact that two-CMP steps, one ILD-etch-step, and one metal-etch-step are
required. Second, the overall resistance of the Al-line/W-plug-structure can grow
to be too large for small sized interconnect paths (whereas this resistance value
can be reduced by using a lower-resistivity conductor-material - e.g., Cu).
Finally, there are some problems associated with W-contacts and vias. That is,
electromigration problems in Al often occur in the vicinity W-contacts and vias.
This may be partly due to mechanical stresses that can develop at W/AI
interfaces (which may enhance electromigration, or promote void and hillock
formation). But it is also because the different material in the contact or via
serves as a point for flux-divergence. Al also has a lower electrical resistivity
than W. This can be detrimental with respect to electromigration effects, es-
pecially in circuits where current flow between different materials is significant.

12.1.5 Dual Damascene Cu/Low-A Interconnects

An alternative approach to forming interconnects on ULSI ICs is the dual-
damascene approach. The Cu/low-k dual-damascene interconnect scheme has
been pursued because it has several advantages over the subtractive W-plug/Al-
alloy interconnect approach. First, an all-Cu interconnect structure has a lower
resistivity and better electromigration resistance characteristics than the W-
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plug/Al-alloy system. Second, by incorporating low-k dielectrics, the parasitic
capacitances of the interconnect structure are reduced, also improving the RC-
delay. Third, only one CMP step is needed (i.e., CMP of the Cu/diffusion barrier
film stack), compared to the two-CMP steps needed for the subtractive
interconnect (i.e., CMP of the W-plug and the ILD dielectric layer). Fourth, the
damascene approach avoids having to etch Cu lines, a difficult process to
implement in manufacturing. Fifth, only a single interface exists for the via (i.e.,
the barrier metal in contact with the Cu film in the metal level below, versus the
two interfaces at the top and bottom of the W-plug).

The Cu/low-k dual-damascene interconnect also has some difficult challenges,
some of which are listed here. First, Cu is a fast-diffusing and device-failure-
inducing contaminant, even when present in trace concentrations in the silicon.
Therefore, it must be surrounded by a diffusion barrier on all sides to prevent it
from entering the silicon substrate. Deposition of diffusion-barrier-materials into
high-aspect-ratio trenches and vias with sufficient thickness everywhere becomes
harder as the via and trench dimensions are scaled. Second, CMP of Cu (and the
underlying diffusion-barrier-metal-layer) is also a complex process. Third, the
deposition of Cu-layers by electroplating introduces another new, and potentially
contaminant-producing process technology into the wafer fab. Fourth, developing
low-k materials to replace CVD-Si0O, as the ILD layer for the dual-damascene
structure is not simple, and new materials will need to be found for several gen-
crations of low-k dielectric applications. These issues are discussed in detail in
other chapters of this book, namely: low-k dielectrics (Chap. 14); issues of dual-
damascene interconnects (Chap. 15); and copper deposition and CMP (Chap. 16).

The following sequence of steps is used to create a dual-damascene
interconnect structure (see Fig. 15-3 in Chap. 15):

1. A low-k interlevel dielectric (ILD) film is first deposited;

2. Vias and trenches are next patterned and etched in the ILD (two masking
and etch steps are needed to accomplish this result);

3. A multi-layer film (i.e., barrier-metal/Cu) is deposited into the vias and
trenches of the ILD (the barrier-layer and Cu-seed-layers are deposited by
PVD, and the main Cu-layer by electroplating);

4. The barrier-layer/Cu film is removed from regions above the surface of
the ILD by CMP, leaving the barrier-layer/Cu recessed in trenches and vias;

5. The entire wafer surface is covered with a non-conductive diffusion-
barrier-layer material (e.g., SiN) to complete the encapsulation of the Cu.
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Fig. 12-14 Schematic showing the orthogonal architecture of multilevel interconnect lines.

12.1.6 Other Geometrical Aspects of Multilevel ULSI Interconnects

There are two other geometrical aspects of ULSI multi-level interconnects that
should be discussed: 1) orthogonal directions of alternating metal levels; and 2)
tiers of metal lines containing the same pitch.

In a multi-level-metal interconnect structure, alternating levels are run
orthogonal to the levels above and below (Fig. 12-14). This serves three
purposes. First, maximum flexibility of routing signals is made possible by using
such an orthogonal multilevel structure. Second, the intralevel-capacitance
between levels is minimized. Third, crosstalk can be reduced. Figures 12-15 and
12-16 show examples of such an orthogonal structure in a W-plug/Al-line
interconnect structure, and in a Cu dual-damascene interconnect structure,
respectively. Figure 12-17 shows a cross-sectional SEM of a six-level-metal in-
terconnect structure that reveals the use of orthogonal metal-level layout as well.

Multilevel interconnect structures are also typically arranged in tiers. Tiers are
pairs of orthogonal metal levels with equal pitch. In some interconnect systems,
only two tiers are used (i.e., a local interconnect-tier and a global interconnect-
tier, Fig. 12-18a). In a local interconnect-tier, the wires are only used within a
cell or a block. In such local tiers the finest metal-pitch allowed by the design
rules is employed. In a global interconnect-tier, the wires are used for inter-block
communication. Thus, the lines may be quite long, and are thicker and wider than
those in the local interconnect tier. In interconnect structures that contain six or
more levels of metal, there may be a more optimized three-tier network (i.e., one
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Fig. 12-15 SEM of orthogonal architecture of metal lines in a W-plug/Al interconnect.
that contains a third, semi-global tier, as shown in Fig. 12-18b).

12.2 PERFORMANCE REQUIREMENTS OF ULSI INTERCONNECT SYSTEMS

By 2001, microprocessors for consumer PCs were operating at speeds greater
than 1-GHz (and even faster in the most advanced workstations). Data in Table

2 rag e - o

Fig. 12-16 SEM of orthogonal architecture of metal lines in a Cu interconnect.
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Fig. 12-17 SEM of a cross-section of a 6-metal-level interconnect.

12-1 taken from the 1999 ITRS,3 summarizes the projected interconnect needs of
microprocessors out to 2014, with respect to performance, density, feature size,
and other critical technology parameters. Here we discuss those parameters and

issues involved in allowing multilevel interconnect structures to achieve the
2 Tier Network

Optimized 3 Tier Network
Global
Tier |
Global
Tier
Semi-
> global
Tier
> Local
A Tier | == Local
s, Tier

| Fig. 12-18 The architecture of interconnects also utilizes a hierarchy of tiers.
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TABLE 12-1 Selected Overall Technology Characteristics based on the
1999 International Technology Roadmap for Semiconductors.?

Vear 1999 2002 2005 2008 2011 2014

Technology node 180nm 130nm  100mnm  70nm  S0nm 35 pny

MPU 5 pitch 230 160 115 80 55 40

MPU gate length (nm) 140 85-90 65 45 30-32 20-22

DRAM % Pitch (nm) 180 130 100 70 50 35

MPU chip frequency on-chip across chip 600 800 1100 1400 1800 2200
clock-MHz (Cost-performance)

MPU chip frequency on-chip local clock-MHz 1250 2100 3500 6000 10000 13000
(High performance)

High volume-MPU (Cost-performance) chip size at ramp 170 214 235 269 308 354
(mm?)

High volume-MPU (Cost-performance) 7 18 41 100 247 609
Mitransistors/cm? at ramp (including SRAM)

Memory chip size at production (mm?) 132 152 174 199 229 262

Memory chip Gbits/cm?** 0.20 0.52 1.23 3.05 7.51 18.5

Maximum power w/high performance heat sink (Watts) 90 130 160 170 174 183

Maximum power (Watts) -Battery (hand-held) 1.4 24 2.0 2.0 22 2.4

Minimum logic Vdd—{Maximum performance) Volts 1.8 1.5 1.2 0.9 0.60 0.60

Minimum logic Vdd—(Lowest power) Volts (battery power) 1.5 1.2 0.90 0.60 0.50 0.30

performance goals listed in Table 12-1. The performance parameters that will be
addressed are the following:

1. Propagation-delays (RC-delays) in digital circuits;

2. Power dissipation issues in ULSI interconnects;

3. Crosstalk in ULSI interconnects;

4. Contact resistance;

5. ESD protection.

12.2.1 Propagation-Delays in ULSI Multilevel Interconnects

As noted in the introduction of this chapter, for technology nodes beyond 0.25-
um the overall performance of ICs will generally become limited by the
performance of the interconnect system on the chip. The most widely used figure
of merit of an interconnect system is its R;,;C;,,-delay, which represents a
measure of the time-delay for signal propagation. R;,, denotes the resistance of
the interconnect metal-line and C;,; denotes the effective capacitance between
the line and its surroundings. For the multi-level interconnect systems found in
ULSI chips at the 0.25-um technology nodes and beyond, the estimated effect of
various geometrical and materials parameters on the R;,,C;,; delay can be
modeled using the test-structure shown in Fig. 12-19.11 This test-structure
consists of a set of metal lines between two grounded metal planes, all embedded
in the interlayer-dielectric medium (ILD). Let us assign the following symbols to
those aspects of the interconnect system depicted by this test-structure.
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Fig. 12-19 Simplified RC-delay test-structure.!! (© IEEE 1995)

That is, the metal-line width is w, the metal-line thickness is t, the spacing
between the lines is s, the metal-line pitch is p (p = w + 5), and the thickness of
the ILD between the top of the metal lines and the grounded planes is d. Also let
the length of the metal lines be /, and the resistivity of the metal be p Some
equations can now be derived that allow the contributions made to R;,; and C;,;
from: 1) the materials properties; and 2) the interconnect architecture, to be
expressed. In these derivations the pitch p and the metal thickness ¢ will serve
serve as the parameters in the equations. In that way it will be possible to set w =
ap, and d = bt, where a and b are constants appropriate for the given geometry.

Using this approach, the resistance of a metal line is calculated from:

R;ys = pliwt = pl/apt (12.2)

Next, the capacitance between the metal lines and the grounded planes C;
(separated by an ILD whose relative dielectric constant is k), is calculated from:

Cic =ke,wl/d = ke apl/bt (12.3)
and the intralevel capacitance C;; (assuming the same ILD) is found from:
Cpp =ke, tl/s = ke, tl/(p —w) = ke, tiA1 - a)p (12.4)

where &, is the permittivity of free space. In Eqs. 12-3 and 12-4, Cj; represents
the “vertical” capacitance between a metal line and a ground plane above (or
below), and Cj; represents the “horizontal” capacitance between two
neighboring lines. The total capacitance C;,; of a metal line relative to its
surroundings is thus written as:

Cint=2Crg+ Cyp) =2ke,l{[ap/bt] + [t/1 - a)p]} (12.5)
For the R;,,C;,, time delay constant, it follows that:
RintCint =2 Ripy (Cr6+ Cpp) (12.6)
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By combining Eqgs. 12-2, 12-3, 12-4, and 12-6, we get:

Riy(Cins = 2Pk, 2{[1/612] + [Va(1 - a)p?]) (12.7)
This equation can also be rewritten as: '
R Cins = 2Pke,(PIp2){([p%/b12] + [1/a(1 - a)]} (12.8)

The right-hand side of Eq. 12-7 has a natural interpretation, in that the factor
2pke, represents the materials contributions, and the factor [2{[1/62] + [1/a(1 -
a)p?]} represents the geometrical contributions, to the interconnect time delay.

Equation 12-8 can also be examined from a slightly different perspective if
one defines the aspect ratio A of the metal lines as the ratio of line-thickness to
line-width; i.e., A = t/w, or equivalently A = t/ap. In terms of A, Eq. 12-8 can be
expressed as:

R;yiCins = 2Pke,(PIp?){[1/22bA%] + [V/a(1 - )]} (12.9)
It can be observed that the term 1/a2bA2 in Eq. 12-9 represents the “vertical”
contribution to the total capacitance, and 1/a(1 - a) represents the “horizontal”
contribution to the total capacitance.

Several conclusions about the performance of a multilevel interconnect sys-
tem can be drawn by further examination of Eqs. 12-7 to 12-9. Two separate
cases can be considered: 1) where the same ILD is used in the interlevel and
intralevel spaces (i.e., the value of k is constant throughout); and; 2) where the
spaces between metal lines are assumed to be filled with a material of a lower k.

12.2.1.1 Gase When the A-Value of the ILD is Constant Throughout the
Interconnect System: In this case, from Eqs. 12-8 and 12-9, it can be seen that
for a fixed length / and a fixed aspect-ratio A, the RC-delay increases
quadratically with decreasing feature size (i.e., decreasing pitch p). These two
equations also indicate that for A << 1, the interlayer “vertical” capacitance is
more important to the RC-delay than the intralayer (or “horizontal) capacitance.,
whereas the opposite is true for A >> 1. Also note that for the simplest geometry
(wherea=0.5and b =1 (i.e., d =), Eq. 12-9 reduces to:

RintCint = 8pke,(PIp([1/A2] + [1]) (12.10)
12.2.1.2 Case When the k-Values of the Interlevel-ILD and the Intralevel-ILD are

Different: In this case, one ILD is used between the metal lines and ground planes
(whose “vertical” [between levels] k-value is given by k; ), and another ILD is
used between the metal lines themselves (whose “horizontal” [intralevel] k-value
is given by k;;). In that case, Eq. 12-9 becomes:

RiniCint = 206,(PIpD [ ky g /a%bA2] + kyy [Va(l - @)])  (12.11)
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Again, for the simplest geometry where a = 0.5and b = 1 (i.e., d = 1), Eq. 12-11
reduces to:
RiiCis = 8P, (PIpP){[ ky g /A2] + [ky 1) . (12.12)

Equation 12-12 demonstrates several important conclusions. First, if a high
aspect ratio interconnect structure is used on a given level (i.e., A is large), the
large value of A will mitigate the influence of k; ; (i.e., it doesn’t matter as much
if an ILD with a high or low value of k; is used between interconnect levels).
However, the value of k;; plays significant in determining R;,,,C;,, for this case.
Second, Eqgs. 12-11 and 12-12 indicate that the contribution of the intralayer
capacitance to the total capacitance (namely, that due to the term 1/{a[l-a]}), is
minimized when a = 0.5; i.e., when w is one half the pitch p.

While Egs. 12-11 to 12-12 offer some general insight for minimizing the
R;,,+Cins-delay, the interconnect structure can also be treated as consisting of two
tiers, termed: 1) the local interconnect tier; and 2) the global interconnect tier
(see Sect. 12.1.6). There are some differences in the ways in which the minimum
RC-delay can be achieved in each of these tiers. The issues of are considered
next.

12.2.1.3 Minimizing the RC-Delay In Local-Interconnect Tiers: The local
interconnect tiers are those used to route interconnect lines within a cell or block,
and in which the finest metal pitch allowed by the design rules are employed. In
these tiers, the routing lines are so short that it can be assumed that R;,, <<
| er,?s and Cjp >> Cypgps (i€, f:he wire res.istance of lines shorter. t.han ab0u-t 1-

mm is much less than the transistor on-resistance R;,;,)- In addition, the lines
! are so close that the largest component of C;,, is intralevel capacitance, C;;.In
| this case, the RC-delay in local interconnects is not found from Eqs. 12-2 through
12-4 (which assume the RC is controlled by R;,; and C;,,) but instead is
described by the following equation:

Rrranscinr B Rtrans k&‘otl/ ) (12.13)

Thus, unlike in the global interconnect tiers where the RC-delay is controlled by
R;,C;n; (and where the delay is thus dependent on the square of the interconnect
length [), in the local interconnect tiers the delay is only linearly-dependent on
the interconnect length. In addition, in this region C;,, is dominated by the
intralevel coupling between adjacent lines. Furthermore, in the local interconnect
regions it is also clear that changes in the metal resistance will not play a big role
in altering the RC delay, since Ry, ;s >> R;; This means that in this line-length
regime, the resistance and capacitance are decoupled. Consequently, factors that
reduce C;,,; (such as lowering the value of k between metal lines, and reducing
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Fig. 12-20 Interconnect versus delay, from ITRS99.3

the height of the metal lines), will help decrease the RC-delay (provided that the
interconnect resistance of the metal line does not exceed that of R, due to the
reduction in the height of the metal lines). Figure 12-20 shows it is predicted that
the relative delay of local interconnect tiers will remain roughly comparable to
the gate delay as devices are scaled down toward 50-nm gate-lengths.

12.2.1.4 Minimizing the RC-Delay In the Glohal-Interconnect Tiers: The factors
that minimize the RC-delay in the global tiers of the interconnect structure are
somewhat different than the factors that govern minimizing RC-delay in the local
interconnect tiers. (The global interconnect tiers are those used for inter-block
communication employing the upper metal levels.) First, there are two coupling
regimes that are encountered in global interconnect tiers — the intralevel regime
and the interlevel regime. Figure 12-21a depicts the conditions that exist in the
intralevel regime (which is typical of the denser interconnect lines found in the
lower levels of global interconnect tiers). In this regime the intralevel capacitance
dominates (C;; >> C; ). In the interlevel regime (which tends to exist in the
upper levels of the global interconnect region, where wide wires are used to
lower the resistance of long runs — Fig. 12-21b), the interlevel capacitance
dominates (Cy 5 >> Cp ).

In the intralevel global interconnect-regime, R;,,;Ci,;1s calculated by
combining Eq. 12-2 and 12-4, to get:
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(a) Dense metal case where C11>C12 (b) Wide metal case where C11<Cl12
Major contribution in metal level Major contribution between metal levels

Fig. 12-21 Capacitance coupling contributions for interconnect systems: a) Dense
interconnect case where major coupling is between minimum-spaced lines; and b) Wide
interconnect lines where the major coupling is between metal-levels.

Rin(Cint = 2RinsCrp. = 2 ke, pl2/ws (12.14)

int

In the interlevel global interconnect-regime the interlevel-capacitance dominates,
and hence R;,,,C;,; is calculated by combining Eqs. 12-2 and 12-3:

R;Ciny = 2 ke, pl2/td (12.15)

int~int
We see that in both cases the RC delay is strongly impacted by the length of the
interconnect line (i.e., RC increases as the square of the line-length).*

In many circuits it is undesirable to operate under these conditions (i.e., in
which the interconnect limits the propagation delay of the circuit). To overcome
this limitation, some circuit designs include repeaters or buffers along the
interconnect lines that exceed a critical length. The use of repeaters (while not
desirable from a circuit-density standpoint), is nevertheless an essential technique
for optimizing signal propagation. Implementing repeaters can even extend the
usefulness of a given process technology. Their use will optimally halve the
delay of a long line, with a small penalty of the repeater-delay and some device
area.!3 Figure 12-22 shows how the addition of repeaters to an interconnect
system can reduce the number of levels of metal as the functional density of ICs
is increased.!® In another example, Figure 12-23 depicts the interconnect delay
contribution vs. feature size for varying repeater insertion lengths of 3000-um

* Note that the intermediate situation (i.e., where both intralevel- and interlevel-
capacitance effects are comparable in magnitude) is treated by Eqgs. 12-8 and 12-9, since
this situation lies between the two extremes and includes capacitive contributions both in-
and between-metals-levels.
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and 5000-um.!4 Note that reducing the spacing at which repeaters are placed can
compensate for delays due to RC parasitics and circumvent the need for new
materials (e.g., Cu and low-k dielectrics).

On the other hand, where long interconnect lines must be used, large pitches p
must be employed, and the lines should be made wider and thicker. This implies
that long interconnect lines should only be implemented in the upper interconnect
metal layers where there is this room for increased pitch (wider lines and spaces),
and where the lines can be made thicker. This is the approach that is commonly
used today.

Thus, a multi-level interconnect system requires a hierarchy of scales, with the
smallest lines in the first metal-level, and progressively wider (and perhaps
thicker) and longer lines in the upper levels. One disadvantage of using thicker
and wider lines in the upper levels is that fewer metal lines can be fabricated on
any level. Consequently, to achieve the same functionality in the face of
continued feature size scaling, the number of metal levels used in interconnect
systems will also continue to grow.
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Fig. 12-23 Gate and interconnect delay versus feature size. Interconnect delay is shown
for repeater spacings (L) of 3000-um and 5000-xm.4

On the materials side of this issue, it is evident that the lowest R;,,,C;,-delay in
global interconnect-layers will be achieved if a metal with the lowest possible p
is used together with an ILD having the lowest possible k-value. With respect to
the metal, this means using copper. (The details of fabricating metal
interconnects with copper are described in Chap. 16). With regard to the ILD, it
is especially beneficial to selectively reduce k;; between the metal lines. We will
explain how this can be accomplished in Chap. 14.

12.2.2 Power-Dissipation Issues in ULSI Interconnects

As the requirements for performance in ULSI continue to increase, the power
demands will also arise unless the overall system capacitance, resistance and/or
operating voltages can be reduced. The power-dissipation associated with a
functioning IC can be calculated using either of the following two relationships:

P ~ fCpysqV? (12.16)
or

P~ Iiotat* Reotal (12.17)
where: P = power dissipated (watts)

f = operating frequency (Hz)

Ciptal = total IC capacitance
= Cirans + Cipy (farads)
Ryt = total IC resistance
= Rypans + Rips (ohms)
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V = IC operating voltage (volts)

Iiotal = IC operating curran (amperes)

Cirans Ciny = transistor & interconnect capacitance contributions
Rirans Rins = transistor & interconnect resistance contributions

Although Egs. 12-16 and 12-17 indicate that the IC operating voltage plays
the greatest role in determining the power dissipation, its selection is based on
circuit and system design issues. On the other hand, the system resistance and
capacitance are the chief parameters that can be controlled by the fabrication
technology. Currently, the transistor resistive losses are responsible for most of
the chip power dissipation (and these are discussed in Chaps. 1 and 5). However,
as the ICs are being operated at higher and higher frequencies, an appreciable
fraction of the power dissipation and voltage drops are associated with the
resistive component of the interconnect. Due to the decreased size of
interconnects on ULSI (~200-nm minimum feature sizes in 2000), interconnect
resistance is increasing and losses can become significant if the wiring is not
designed properly. The overall resistance of the interconnect includes both the
line resistance and the resistance of one or more contacts and/or vias along the
wiring path. Joule-heating caused by current flowing through the resistive
interconnect enhances electromigration and represents a growing reliability con-
cern. The power dissipated at the higher-resistance transition-regions of the con-
tact or via interface is of special concern, especially for large pulsed currents.
Since power-dissipation in interconnects is a growing problem, it is necessary to
ensure interconnects are properly optimized to reduce such power-dissipation.

int

12.2.3 Crosstalk in ULSI Interconnects

Another issue that impacts the performance of ULSI interconnects is crosstalk.
Interconnect lines of substantial length act as “antennae” which experience
unwanted voltage pulses induced by the rapid voltage swings in neighboring
wires of close proximity (which arise from the propagation of digital pulse
waveforms along the driven lines). Induced voltages due to intralevel-coupling
(the largest crosstalk component between dense wires in the same level) can
easily achieve 20% of the supply voltage for very rapidly changing clock
waveforms.# Figure 12-24 shows a simulation of the amount of crosstalk
experienced by an undriven wire that is 1-mm long, separated by 100-nm from an
adjacent interconnect line of the same length and driven with a very fast clock
edge.> V1 is the driving waveform and V2 is the crosstalk voltage induced in the
undriven line. The rate of rise of the clock edge imposes a large induced voltage
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Fig. 12-24 Electrical modeling result showing the crosstalk voltage induced from a driven
interconnect-line (V1) into an undriven line (V2) seeing a 20-psec waveform-edge. The
lines were spaced at s = 1000-nm with a common length of 1-mm. 10

which is related to the parasitics of the interconnect. In this example, where the
clock-edge rise time is 20-psec, the magnitude of the imposed crosstalk voltage
can be as much as 60% of the voltage waveform V1 (2 x 0.6 = 1.2V). As the
intralevel-spacing between interconnects decreases, the magnitude of the
crosstalk noise can become substantial, as is evident from the simulation data
shown in Fig. 12-25.

It is more difficult to establish the level of crosstalk in dynamic systems than
in the example given above. More sophisticated circuit simulators are required to

; Crosstalk vs line spacing at
06 ] high frequency operation

0 1 2 3 4 5 6
Intraline Spacing, s (microns)

' Fig. 12-25 Simulation results showing that the magnitude of the crosstalk between 2 in-
J terconnects separated by different line spacings, s.!% Conditions described in Fig. 12-24,
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estimate the impact of such crosstalk on circuit device performance. The
potential of surrounding wires, wire resistance, wire length, and the capacitive
load all affect the amplitude of crosstalk signals. Nevertheless, it is possible to
reduce intralevel crosstalk by changing the relative dielectric environment. That
1s, by inserting an embedded low-k dielectric between dense intralevel wires,
electric-field lines can be diverted to the short orthogonal lengths of underlying
interlevel wiring (lowering capacitive-coupling between intralevel interconnects).

Crosstalk will become a significantly greater problem as ULSI mixed-signal
devices begin to emerge in the marketplace. It is predicted that noisy digital wires
and circuit elements will cause a number of problems for analog elements that
are in close-proximity to such sources of noise. New techniques involving such
novel electrical-isolation-methods as shielding and signal conditioning will be
needed. This is because, in some circuits, analog devices must be immune to such
“noise” down to levels that are three to six orders of magnitude smaller than the
power-supply voltage-levels.

12.2.4 Contact Resistance in ULSI Interconnects

The magnitude and uniformity of contact and via resistance is another
forthcoming challenge (see Vol. 2, Chap. 3 for more background information on
contact and via resistance). Contact and via resistances can be substantial and
have a significant impact on the overall wiring resistance of the interconnect
system. These resistance contributions act in the same way as adding length to an
interconnect line, and thus can factor heavily into voltage drops and delays in the
wiring. For 0.25-um contacts with an interfacial-contact-resistivity p_ to heavily
doped silicon of 5x10-8-1x10"7-Q-cm?2, such contact-resistance values are
approximately 100-200-ohms/contact.5 Vias for systems using Al alloys with W-
plugs have practical metal-to-metal contact resistivities of approximately 2x10-°
Q-cm? and a resistance of about 5-Q/via at the same geometry.” Vias which use
copper metallization, however, are expected to show substantially lower contact-
resistance because they have only one critical barrier interface per via (instead of
two interfaces when W-plugs and Al alloy interconnect lines are used), and
because the interfacial-contact-resistivity should be lower than 1x10-2-Q-cm?2.8
Cleaning prior to the deposition of the contact- and via-filling conductor-films
and control of dimensional tolerances are critical to the reproducibility of via or
contact resistance. It is predicted that production variability will increase with the
migration to smaller feature sizes and have a negative impact on resistance. This

Exhibit 1015 - Page 116 of 120



MULTILEVEL INTERCONNECTS FOR ULSI 599

resistance must be accounted for in the delay analysis when multiple levels with
a large number of contacts and vias are used.

12.2.5 Electrostatic Discharge Protection Issues of Interconnects

Electrostatic discharge events (ESD) can cause large transient currents to flow in
an IC. This can cause “fusing” in upper wiring levels, thus jeopardizing the long-
term reliability of the IC. ESD robustness has been shown to be a severe
reliability concern by several research groups, for interconnect generations with
metal features smaller than 0.25-um.10 Since short term discharges can exceed
2000 volts for durations of hundreds of nanoseconds, it has been shown
interconnects are becoming more prone to failure due to this type of electrical
stress. Copper interconnects exhibit a substantially better resistance to this type
of failure, when compared to aluminum interconnects, due to the higher melting
point and thermal conductivity of copper.

12.3 SUMMARY OF USLI INTERCONNECT ISSUES AND FUTURE TRENDS

Based on the discussion of this chapter, the following trends are likely to be
encountered in ULSI interconnect systems:

1. If the materials of an interconnect system are not changed (i.e., the metal
resistivity p and ILD-k values remain the same), the RC-delay will
continue to increase as device dimensions (and therefore interconnect pitch
p) are reduced. There are two main reasons why this increase in RC occurs:

a. Increasing the aspect ratio A of metal lines (to keep R constant)
beyond about 2 produces diminished improvements in RC - even for
a constant pitch p (because C;; rises while R remains constant).
However, if the pitch is reduced, this makes C;; grow even larger,
which, in turn causes an additional rise in RC.

b. The metal line lengths tend to scale less strongly than does the
metal pitch p. Hence, even as devices keep shrinking, the ICs will
continue to contain some rather long lines (which will have larger
Ciotal/unit length, for lines with the same length).

We noted earlier, however, that in short- and intermediate-length local
interconnects, changes in the metal resistance will typically not play a
major role in the RC-delay (since in this regime Ry, ,, s >> R;,,). For such
cases, the resistance and capacitance are decoupled. That is, factors that
reduce interconnect capacitance (such as a reduction in the dielectric
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constant of the ILD, and/or a reduction in the height of the metal lines),
will help improve RC delay (as long as the interconnect resistance increase
due to reducing the metal film thickness does not approach R;,,,,).

2. If p and/or k can be decreased (especially a reduction in the value of £ of
the ILD used in intralevel metal spaces k;;) this will cause a decrease in
RC. Hence, there will be continual effort expended to integrate Cu and
low-k dielectrics into ULSI interconnect systems. The issues involved with
incorporating low-k ILDs are covered in Chap. 14, and the challenges
encountered when attempting to implement Cu-metal-interconnects are
described in Chap. 16. Figure 12-26 shows a possible migration path for
materials use in IC interconnect structures. 1

3. More levels of metal will need to be used as the feature sizes are
decreased.

4, Optimizing interconnect length is a powerful method for reducing RC-
delay. This can be influenced by design philosophy and device
architecture. Use of repeaters, while not desirable from a density
standpoint, is another key approach for optimizing signal-propagation, and
can extend the use of a given process technology. Since incorporation of
repeaters into an interconnect system is a circuit-design issue, this
approach not considered further in this text.

5. Increasing the metal line aspect-ratios and adding more levels of

interconnect are two methods for improving interconnect performance and
density. However, these approaches will reach practical limits in a few

G jonal/Conservative Subtractive Al + W-Plug +
ILD CMP/W CMP
F
Low-k Dielectric Silicides + Borderless

Contacts + Borderless Vias +
Local Interconnects

/

Low-k + Integrated Subtractive Al + Al-Plug

Y

Low-k + (Dual) Damascene Al

y

B
"] Low-k + Dual-Damascene Cu

Fig. 12-26 Schematic illustrating an interconnect migration. 13
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generations.!! (For example, continuing to increase the aspect ratio A
above A = 2 will bring only diminished improvements in RC because the
reduction in the metal resistance will be offset by an increase in intralevel
capacitance.) New interconnect materials, improved circuit-design
techniques, and possibly novel interconnect schemes will be needed to
address the growing limitation that interconnects pose to ULSI
performance. Circuit design needs to more accurately model interconnect
performance to avoid overdesign or unexpected performance limitations,
and automatic layout tools need to make more efficient use of existing
interconnects. The novel interconnect approaches include RF-transmission
and optical-interconnects. More information about these novel techniques

can be found in Ref, 12.

REFERENCES

1. S.C. Sun, “Process Technologies for Advanced Metallization and Interconnect
Systems,” Tech. Dig. IEDM, 1997, p. 765.

2.R. Liu et al.,, Proc. Int. Interconnect Technol. Conf. (IEEE), 1999, p. 21.

3. International Technology Roadmap for Semiconductors, 1999 Edition,
Semiconductor Industry Association, San Jose, CA.

4. C. Cregut et al., “Low-k Dielectrics Influence on Crosstalk: EM Analysis and
Characterization,” Proc. of the International Interconnect Technol. Conf., San
Francisco CA, June 1-3, 1998, p. 59.

5. H.P. Bakoglu, Circuits, Interconnections, and Packaging for VLSI, Addison
Wesley Publ., Reading MA, 1990.

6. I.S. Park, et al, “Fabrication of 256 Mbit DRAM with a Fully Planarized
Double Level Interconnection,” Proc. 12" VLSI Multilevel Interconnect Conf.
(VMIC), Santa Clara CA, 1995, p. 45.

7. K. Kikuta er al., “Comparitive Study of W-plug, Al-plug, and Al-Dual-Dama-
scene for 0.18 ym ULSI Multilevel Interconnect Technologies,” Proc. of the
Internat. Interconnect Technol. Conf., San Francisco CA, June 1-3, 1998, p. 140.
8. ]. Zhang et al., “CVD Cu Process Integration for sub-0.25 ym Technologies,”
Proc. of the Internat. Interconnect Technol. Conf., San Francisco CA, June 1-3,
1998, p. 163.

9. S.H. Voldman, “ESD Robustness and Scaling Implications of Aluminum and
Copper Interconnects in Advanced Semiconductor Technology,” IEEE EOS/ESD
Symposium , 1997, p. 316.

Exhibit 1015 - Page 119 of 120



602 SILICON PROCESSING FOR THE VLSI ERA - VOLUME IV

10. K. Banerjee et al., “Characterization of VLSI Circuit Interconnect Heating
and Failure under ESD Conditions,” 1996 IEEE 34" International Reliability
Physics Proceedings, April 30-May 2, 1996, Dallas, TX, p. 237.

11. M.T. Bohr, “Interconnect Scaling — The Real Limiter to High Performance
ULSI,” Tech. Dig. IEDM, 1995, p. 241.

12. M.E. Thomas and R.H. Havemann, “Overview of Interconnect,” Ch.12, in
Handbook of Semiconductor Manufacturing Technology, Y. Nishi and R.
Doering, Eds. Marcel Dekker, New York, 2000, pp. 303-4.

13. H.P. Bakoglu and J.D. Meind], “ Optimal Interconnection Circuits for VLSI,”
IEEE Trans. Electron Dev., May 1985, p. 903.

14. J.C. Eble et al, “Minimum Repeater Count, Size, and Energy Dissipation for
Gigascale Integration (GSI) Interconnects,” Proceedings of the International
Interconnect Conf., San Francisco CA, 1998, p. 56.

15. J. Givens, “Engineering CMP for Manufacturability and Yield,” Abs. Mtg.
Electrochem. Soc., Fall 1999, Abs. 1275.

16. S. Wills, “Interconnect Architecture,” in JEDM 2000 Short Course: Advanced
Interconnects: Design, Process, Integration, p. 27.

Exhibit 1015 - Page 120 of 120






