High-Performance Interconnects: An Integration
Overview

ROBERT H. HAVEMANN, MEMBER, IEEEAND JAMES A. HUTCHBY, MEMBER, IEEE

Invited Paper

The Information Revolution and enabling era of silicon ul- resultant Information Revolution for over 40 years. The
tralarge-scale integration (ULSI) have spawned an ever-increasing expected entitlement of periodic improvements in density
level of functional integration on-chip, driving a need for greater (Moore’s Law) and performance has, heretofore, been

circuit density and higher performance. While traditional tran- hieved th h uti devi i dlor i
sistor scaling has thus far met this challenge, interconnect scaling achieve rough evolulionary device scaling andior in-

has become the performance-limiting factor for new designs. The Crease in chip size. For classical transistor scaling, device
increasing influence of interconnect parasitics on crosstalk noise performance improves as gate length, gate dielectric thick-
and R(L)C delay as well as electromigration and power dissipa- ness, and junction depth are scaled. In contrast, scaled chip
tion concerns have stimulated the introduction of low-resistivity \yiring (interconnect) suffers from increased resistance due
copper and low-permittivityk) dielectrics to provide performance - .
and reliability enhancement. Integration of these new materials to a decrease '_n conductor cro.ss—secFlonaI area} a”?' may
into integrated circuit fabrication is a formidable task, requiring  @lso suffer from increased capacitance if metal height is not
material, process, design, and packaging innovations. Additionally, reduced with conductor spacing. Thus, RC parasitics play
entirely new technologies such as RF and_optical interconnect_s an increasing role in overall chip performance as feature
may be reqwr_ed to address future global routing needs and sustain size scales, as shown in Fig. 1 [1]. As operating frequencies
performance improvement. : . P :

continue to spiral upward, parasitic inductive effects must

Keywords—Aluminum metallization, ball grid array (BGA), also be considered.

bandwidth, bottom antireflection coating (BARC), chemical-me-  gayeral recent analyses [2]-[7] have highlighted inter-

chanical planarization (CMP), code-division multiple access, connect performance issues for future technoloay nodes
coplanar waveguides, copper metallization, crosstalk, diffusion P ISSu utu ay

barrier, dual damascene, electrochemical deposition (ECD), elec- SPecified by the ITRS [8]. A chief concern is the increasing
tromigration, frequency-division multiple access (FDMA), global latency or RC delay of global wiring. Since local and

interconnects, IC packaging, interconnect, interlayer dielectric intermediate interconnects tend to scale in length, latency is
(ILD), International Technology Roadmap for Semiconductors yominated by global interconnects connecting large func-

(ITRS), intrametal dielectric (IMD), latency, local interconnects, i I logic biock illustrated in Fiq. 2. Eut .
low-% dielectrics, microstrip transmission line (MTL), Moore’s lonal 10gic bIocks, as liiustrated In F1g. 2. Future increases

law, optical interconnects, physical vapor deposition, RC delay, in microprocessor chip size predicted by the ITRS [9] bring
RC parasitics, RF interconnects, 3-D interconnects. heightened concern, since interconnect latency is propor-
tional to the square of length. While design solutions such
as the use of repeaters (as shown in Fig. 1) or reverse scaling
may mitigate latency in the near term, these approaches

Enhancements in integrated circuit (IC) density and typically result in larger chip size and/or more levels of
performance have fueled the semiconductor industry andinterconnect, leading to higher product cost.

Additional interconnect performance issues that have
been identified includerosstalk and noiseparticularly for
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metal could be used for copper versus aluminum wiring and

25 —e— Typical Gate Delay sidewall capacitance could be reduced. Later introduction of
71 —v— Interconnect Delay, L = 5000um low-£ dielectrics relieved sidewall capacitance [12]-[17] and
—=— Interconnect Delay, L. = 3000um provided more latitude in the optimization of RC, power, and

g
(=]
T

crosstalk versus metal thickness and spacing.

The simulations shown in Fig. 5 highlight the respective
performance advantages of a I@awdielectric and copper
metallization in a typical microprocessor implementa-
tion [18]. Although aluminum/lowe competes well with
copper/oxide (without comparing current density restric-
tions), the highest performance is achieved when copper
U and low+ are combined, as evidenced by the industry trend.
20 25 3.0 The improved electromigration resistance of copper also

Feature Size (um) allows higher current densities to be used in design, enabling
further improvements in density and performance versus
Fig. 1. Gate and interconnect delay versus feature size. aluminum metallization.
Interconnect delay versus feature size. Interconnect delay is Typical microprocessor designs utilize a hierarchical or
shown for repeater spacings ) of 3000 and 500@:m.

“reverse scaling” metallization scheme (Fig. 6) where widely
spaced “fat wires” are used on upper global interconnect
and power levels to minimize RC delay and voltage drop.
Maintaining power distribution at constant voltage through
equipotential wires to all/y; bias points requires increas-
ingly lower resistance global wires as operating voltage con-
tinues to scale and switching frequencies increase. This need
is being partially addressed by the introduction of ball-grid-
array packaging technology that distributes individual power
feeds across the chip, eliminating much of the need for lateral
power distribution across chip. New packaging technologies
will undoubtedly play an equally important role in alleviating
power dissipation and system performance bottlenecks.
| et N e —— In order to meet future performance needs, the ITRS [8]
predicts an acceleration in the need for new interconnect ma-
terials and processes. Table 1 highlights some of the key re-
qguirements for future technology nodes that will be discussed

As transistor operating voltage continues to scale down- in the following sections. Of particular note is a need for
ward, interconnect crosstalk becomes increasingly importantincreased current handling capability, lower permittivity di-
and noise levels must be reduced to avoid spurious transisto€lectrics, and a reduction in metal barrier thickness. These
turn-on. Since crosstalk is dominated by interconnect side- changes, while extremely challenging, are to a certain extent
wall capacitance (as is overall capacitance for minimum fea- evolutionary since traditional wiring technology will be em-
ture size as shown in Fig. 3), process-related solutions suchployed. However, recent simulations [19] predict that in spite
as the use of thinner metallization and/or léawgielectrics ~ of these material changes the performance roadmap will not
must be explored. be met. Revolutionary approaches are needed to meet the per-

The interconnect scaling scenario shown in Fig. 4(b) illus- formance challenge, and several new candidate interconnect
trates how sidewall capacitance can be mitigated by reducingtechnologies will be discussed in Section IIl.
metal thickness, thereby avoiding any increase in crosstalk
as conductor spacing decreases. However, for this approacl?I
resistance and current density in the wire increase with the
square of the scaling factor, so RC delay and Joule heating Over the past decade, the introduction of new materials
increase, the latter raising reliability concerns. It is obvious and processes into the interconnect, or back-end-of-line
that for this scaling approach to be effective inimproving RC (BEOL) portion of the IC process flow has become more
delay and crosstalk, a lower resistivity and higher reliability the norm than the exception in the race for improved density
metal is needed; insertion of a lower permittivity (Idsy-di- and performance. Example innovations include: new chem-
electric offers additional performance improvement. ical vapor deposition (CVD), physical vapor deposition

The introduction of copper metallization served as an en- (PVD) and electrochemical deposition (ECD) techniques for
abler for aggressive interconnect scaling due to its lower re- metals, novel dielectric and metal planarization techniques
sistivity (~1.8 u£2-cm) as compared with traditional AICu  using chemical mechanical polishing (CMP) and new di-
metallization £&3.3 £2-cm) as well as improved reliability  electric materials/processes for improved gap filling and/or
[10], [11]. Thus, for a fixed resistance per unit length, thinner reductions in permittivity ).
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Fig. 2. Comparison of length scaling for global versus local wires.
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Fig. 3. Components of parasitic capacitance versus feature size.

with improved resolution. Planar dielectric surfaces also

) % | / %/ Csi enhqnced rocess mar .in and igld, singe less overetch was
1 _* % _' % required topclear metalgflllamené in forming tungsten tplugs

and aluminum leads. Later substitution of tungsten CMP
for plasma etchback in tungsten plug formation provided
AgfS SCs1 additional yield enhancement and proved the viability of
7 7 % Ay8? polishing inlaid metals (an ancient jewelry making process

c
% 05 ! . " . known as damascene) to form interconnect structures as
06 0.6
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illustrated in Fig. 7 [20]. Although subtractively etched

aluminum alloys with damascene tungsten plugs is still the
most predominate interconnect system, a rapid conversion
to copper damascene is in progress driven by a need for

Fig.4. Interconnect scaling scenarios for (a) fixed metal height and higher performance and reliability.
(b) fixed metal aspect ratio.
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A. Dual Damascene Copper

3200
The success of metal CMP served as an enabler for the

fabrication of copper interconnects, which had proven diffi-
cultto delineate by subtractive etch due to the limited number
of volatile copper compounds. Copper deposition techniques
(CVD, PVD, and ECD) were also developed to provide the
necessary super-conformal filling of damascene structures,
with ECD on a PVD copper seed layer and underlying PVD
barrier metal emerging as the currently preferred production
method. A dual damascene (DD) structure offers a further
400 advantage in cost when compared with the single damascene
or subtractive pattern/etch approach. In the dual damascene
process, the conductor (trench) and via are formed prior to
deposition of the metal barrier/Cu seed/Cu fill as shown in
Fig. 5. Microprocessor performance as a function of feature size Fig. 8. Thus, only one metal fill and one metal CMP step
and interconnect technology (logic depthl2 gates). are required for each level of interconnect, resulting in lower
process cost as compared with the single damascene process.
Initial changes to conventional aluminum metallization The dual damascene approach also provides lower via resis-
were driven by density and reliability concerns. Examples tance and improved reliability by: 1) reducing the number of
include the use of aluminum reflow for enhanced step interfacesin the via (one bottom interface for DD Cu versus a
coverage into high aspect ratio contacts or vias, and thetop and bottom interface for single damascene Cu or Al with
subsequent introduction of CVD tungsten fill/letchback to W plugs) and 2) providing full wire/via overlap at the top of
form contact/via plugs. These improvements were necessanthe via (although overlap of the via with underlying metal
to provide reliable metal fill of the high aspect ratio con- is still subject to misalignment error). The disadvantages of
tacts/vias that were a consequence of lithographic scaling.a dual damascene approach include higher aspect ratios for
Likewise, dielectric CMP was implemented to improve the etch/fill and more complicated integration schemes.
fidelity of high-resolution lithography by providing a more Several different dual damascene integration schemes
planar surface for imaging as depth of focus decreasedhave been demonstrated, but all approaches can generally
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Fig. 6. Typical MPU interconnect cross section illustrating hierarchical scaling of Cu damascene.
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be categorized as “via first” or “trench first” depending on The ILD and IMD, with intervening etch stop layer (if
which pattern is initially delineated. A comparison of the desired), are deposited sequentially when using the via first
generic buried via first, via first and trench first approaches or trench first approach, and the major difference between
is illustrated in Fig. 9. In the buried via approach, the via these integration schemes lies in the sequence of pattern and
level dielectric, or interlayer dielectric (ILD) and an etch etch. In the via first approach, a high aspect ratio (HAR)
stop layer (typically silicon nitride or silicon carbide for etch is required to form vias prior to trench pattern. In sub-
inorganic ILDs and oxide for organic ILDs) are sequentially sequent trench patterning, the via is typically filled with a
deposited, followed by pattern and etch of the via into the bottom antireflection coating (BARC) and/or photoresist to
etch stop layer. Following photoresist removal, the metal protect the dielectric barrier at the bottom of the via and pre-
level dielectric, or intrametal dielectric (IMD) is deposited vent Cu exposure during trench etch (see Fig. 10). Removal
and patterned for trench delineation. The subsequent trenctof the BARC/photoresist plug after trench etch requires ag-
etch is extended to the underlying metal level through the gressive cleaning procedures which may damagehai~

via opening, while the etch stop layer maintains the trench electrics. In the trench first approach, the via is patterned on
bottom. The etch stop layer is removed from the bottom of the etched trench, which may present significant topography
the trench during the final etch step, which simultaneously as shown in Fig. 9. In case of misalignment, partial vias can
clears the dielectric barrier from the bottom of the via. only be avoided by extended overetch to ensure that the full
The chief advantage of the buried via approach is that all ILD/IMD thickness is cleared, which taxes etch selectivity
patterning is done on planar surfaces; major disadvantagedo the via etch stop layer (not protected by a BARC as in the
include the need for an etch stop layer (which increases case of a via first approach).

sidewall capacitance), the need for high etch selectivity to Recently a fourth integration approach, the “top dual
the etch stop layer and susceptibility to partial via definition hardmask” approach shown in Fig. 11 [21], has been demon-
if trench and via are misaligned. Partial vias present a strated [13]. In the top dual hardmask approach, the trench
potential reliability issue and, thus, this integration scheme and via patterns are replicated in two different hardmask
should be avoided unless ample alignment tolerance ismaterials rather than in the IMD or ILD. Thus, photoresist
provided in the product design. can be removed prior to dual damascene trench etch, thereby
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Table 1
(a) Near-Term MPU Technology Requirements (ITRS) and (b) Long-Term MPU
Technology Requirements

1
DRAM Half Piizh (2000 Litho ITRS) 180 130 15 100 00 )
MEU Half Pitch (3000 Litho ITRS) 180 180 130 115 100 0
Mumber of metal levels # gxira levels
6T 7 TE+2 B+ 2 2 2
for ground planes & SOC newds T i e
interievel matal bulk
dlalactric constant 29 7 =7 0 -
inserievel Ml sTecEve
kit phiias as4p | 2935 | zsas | 2339 | 2129
Conductor sfiecive resslvily of Cu
wiring [wob ) 22 22 22 22 2 22
Cu BarrierCladding Tuckness
. L 15 14 12 12 11 10
Total Inerconmecl Langh
b 12692 | 14684 | msa4 | 218e8 | 25248 | dnese
Feiiabil
pira I"’m 0.40 0.4 0.z 023 0.20 .16

|:| - Solutions exist

|:| = Splutions being pursued

- - Mo known manufacturable solutions
(@)

¥ear of First Product Shipment THE EIT] 014
DRAM Half Pitch (2000 Litho ITRS) (11 40 a0
MPU Hall Pitch (2000 Lisho ITHS) To ] a5

Conducior sffective resialivity of Cu
wiring [uahm-em)
Cu BarrieriCladding thickness (nm)

Total Imterconnsct Langth (m)

E1TH0 H1853 14BR3E

Reliabiity
{FITaim X 10E-3)

0.1 OE 0.0k

|:| - Solutions exist
|:| - Solutions being pursued

- = Mo knoem manufacturable solullons
(b)

minimizing exposure of the underlying IMD to potential can provide reasonably planar topography for patterning,
plasma or chemical damage. The dual hardmask scheme alswith exact mask thickness depending on etch selectivity.
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Good etch selectivity between the hardmask materials and Single Dual [

the IMD is the critical enabler for this approach. Therefore,

orga_nip IMD_s with inorganic hardmgsk_ combinations such — | -
as nitride/oxide tend to be more easily integrated. s -
* B ER

) A Earisr |

B. Low+ Dielectrics |
Numerous lowk organic and inorganic materials span- 3

ning a wide range of dielectric constants, from &ir=£ 1) . Cep

to fluorinated oxides ¥ ~ 3.6) have been explored for

use in interconnect systems (see Table 2). However, only a
limited number have been introduced into production (pre-
dominantly with aluminum metallization) due to integration
and reliability issues. Integration and reliability issues
that have impeded implementation of Idw-dielectrics
include thermally or mechanically induced cracking or ad-
hesion loss, poor mechanical strength, moisture absorption,
time-dependent behavior, chemical interactions (especially
those which may occur during photolithography, etch/clean

1 Tt - B

F

¥

I Jalllsl |

and dielectric/metal deposition), low electrical breakdown, } (] coioe
and poor thermal conductivity. Relative permittivities of B copem
less than~2.5 are generally achieved by the introduction L

of porosity, which further reduces mechanical strength and il - —

(for the predominant open pore systems) may increase
moisture/chemical adsorption as well. While early demon-
stration of copper and porous lok-integration provides
encouragement [22], co-optimization of material, process Fig. 8. Cu damascene flow options.
and integration architecture will be necessary for successful

. Didesriz Eich SiopBarmis

manufacturing implementation. the low+ dielectric between the metal leads results in a sig-
Still, the performance advantage of Igwdielectrics pre- nificant reduction in RC delay, extending the performance

viously highlighted in Fig. 5 is clear, and is further under- enhancement curve for at least one technology generation.

scored in Fig. 12 for the case of a dielectric with= 2, Likewise, use of a homogeneous lawprovides further im-

representing an approximate 50% reduction in permittivity provement, though less dramatic due to the dominant side-
compared with standard plasma oxide~ 4.1). Insertion of wall capacitance component.
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Fig. 9. Dual damascene integration schemes.

Fﬁﬂ:?‘:ﬂﬂm¢ ;':': ;:ﬁ?ﬁ?;ﬂ;:, k dua b the lower permittivity is “embedded” at the conductor/IMD
level, while the second material is employed at the via/ILD

level. Since lowk materials typically exhibit less mechanical
strength and reduced thermal conductivity as compared with
silicon oxide, the embedded lowapproach allows co-opti-
mization of electrical, mechanical, and thermal requirements
[23]. The embedded low-approach is expected to become
increasingly more important as porous léwnaterials with
reduced mechanical strength and thermal conductivity are in-
troduced.

Although sidewall capacitance dominates at minimum
feature sizes, it is important to optimize the IMD and ILD

Generally, three types of dielectric structures (Fig. 13) thicknesses at each metal level for overall system perfor-
have been utilized for lovi- dielectric insertion in copper mance and reliability. Key performance considerations
damascene architectures. Lowest overall capacitance ismpacted by parasitic capacitance include signal delay,
achieved by the first structure [Fig. 13(a)], where the crosstalk, and power. As integrated circuits are scaled, the
conductor is embedded in a homogeneous iodielectric length of local or intermediate interconnect levels typically
and no etch stop layer is used beneath the conductor. Initialscale as well, so alleviating RC delay at these levels may be
trench depth is controlled by a timed etch, and some vari- less important than reducing crosstalk. High-performance
ation in depth with feature size or location on the wafer is microprocessors are particularly susceptible to crosstalk
expected. Insertion of an etch stop layer beneath the trenchnoise due to increasing frequency and lower transistor
as shown in Fig. 13(c), improves trench depth control but threshold voltages. Since crosstalk is proportional to the
leads to slightly higher capacitance, since commonly usedratio of sidewall capacitance to total capacitance, this
etch stop materials (silicon nitride, silicon carbide) exhibit ratio must be minimized, and structures that offer lower
higher permittivity than typical lows dielectrics or silicon  overall capacitance [Fig. 13(a)] may not be the best choice.
oxide. Final conductor thickness for all structures shown in However, to minimize RC delay and power, lower overall
Fig. 13 is impacted by CMP erosion and dishing (for wide capacitance is generally preferred, and the increased vertical
leads). capacitance of wider global interconnects must be taken into

In the third structure, shown in Fig. 13(b), two different account.
dielectric layers are used (not counting etch stop layers), Another factor that must be considered in choosing
one with lower permittivity than the other. The material with a dielectric architecture is the aspect ratio of the dual

Fig. 10. Cullow k reliability failure mechanisms.
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Fig. 11. Top dual hardmask with trench first approach.

Table 2
Example Low# Dielectric Materials

K Deposition

Mateial e Sy | Method
Fluorinated Silicate Glass (FSG or 32-38 CvD
SiOF)
Polyimides 3-35 Spin-on
Hydrogen Silsesquioxane (HSQ) 28-3.0 Spin-on
Methyl Silsesquioxane (MSQ) ~27 Spin-on
Methylated Silica 27-3.0 CcvD
Fluorinated Polyimides 25-3.0 Spin-on
Poly (arylethers) 27-298 Spin-on
Thermoset Polymers ~2.6 Spin-on
Parylenes (including co-polymers) 22-26 cvD
Fluorinated Amorphous Carbon 21-25 CVD

{a-C:F)

PTFE (Teflon) ~1.9 Spin-on
Porous Inorganics (Xerogels, 1.8-22 Spin-on
Templated Silica
Porous Organics <2.2 Spin-on

damascene structure. Higher dual damascene aspect ratiogverall performance tradeoff analysis. Design-in reliability
challenge etch, clean, and metal deposition processes anénalysis can also be used to identify heat dissipation issues
may require new process technology development. Thus,in low-k dielectrics. The thermal modeling simulations in
it is important to include aspect ratio considerations in the Fig. 14 highlight the increased temperature seen on upper
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F T T T T the prerequisite reliability testing (thermal cycling, HAST,
6010 . .m koo Gap Only 7 etc.) is an essential part of the product development process.
[ — : K-Aze Hog;?gl?nous ,/- -]
5.0e-10F o9 A C. Copper Reliability
g 4.0e-10 s //f.-" /‘/ . Copper metallization offers significant performance and
2 ! . ,/_‘_-" /,-/ . reliability improvement but presents numerous integration
ig_ 30e10F & -\ﬁ,/_,.-" vy . and reliability challenges. Since copper readily diffuses
> : % ._,..-"'/./ ] into silicon and most dielectrics, copper leads must be
8 20e10F \:,_:// . encapsulated with metallic (such as Ta, TaN) and dielectric
! 1 (such as SiN, SiC) diffusion barriers to prevent corrosion
1.06-10 ] v 3 and electrical leakage between adjacent metal leads. Copper
AP PP S T ] diffusion is also greatly enhanced by electric fields imposed
0.0 02 0.4 06 038 1.0 between adjacent leads during device operatieh ¥ 10°
Metal Width/Space (pm) V/cm), and absolute barrier integrity is crucial to long
term device reliability. Thus it is important to optimize
Fig. 12. Impact of low% on interconnect performance. dielectric etch/clean, chemical mechanical planarization,

copper/barrier metal deposition processes and dielectric
barrier deposition (see Fig. 16) to produce chemically and
mechanically stable interfaces.

As metal width and intrinsic barrier thickness decrease
with scaling, copper containment becomes increasingly more
roblematic. Surface roughness, such as may be encountered

levels of metal due to the poor thermal conductivity of
low-k dielectrics, which is typically less than one third that
of oxide [24]. Joule heating in turn accelerates electromi-
gration in metal leads, and more effective cooling (from

the substrate/package) is needed to maintain mterconnecEn etched porous lov-dielectrics, brings additional con-

reliability. Alternatively, the embedded structure [Fig. 13(b)] .ons New CVD and atomic layer CVD (ALCVD) metal
can be used to provide a lower overall thermal conductivity ¢ o .such as WN, TiSiN, and TaN are under investigation
for the multilayer dielectric stack, as shown in Fig. 14 for as potential thin b:arrier s,olutions

the case of an oxide ILD [23]. ) . Copper, unlike aluminum, does not have a self-passiva-
While copper conductors alleviate Joule heating effects o |ayer. Exposed copper surfaces will continue to oxi-
through improved reliability performance, integration gize, leading to poor barrier adhesion and high resistance
of low-/ dielectrics with copper brings new integration njess preventive measures and/or adequate cleaning are em-
concerns such as copper CMP on fragile lowraterials  pjoyed to produce chemically and mechanically stable inter-
and degradation of lov- properties by etch and clean faces. The electromigration behavior of copper also differs
chemistries. These integration challenges become formi-from ajuminum in that surface diffusion tends to dominate
dable as more and more porosity is introduced in the oow-  oyer grain boundary diffusion, especially for narrow lines ex-

dielectric to meet the ITRS permittivity goals. Bilayer pipiting bamboo grain structure [25]. This difference may be
oxide/low-: dielectric schemes may be required to enhance gne reason preliminary data shows deterioration of copper
the mechanical strength and heat dissipation of futureidow- reliability at smaller feature sizes [25].

dielectric systems, and novel packaging techniques will also  copper resistivity has also been projected to increase dra-
likely be needed to minimize stress and optimize thermal matically with smaller feature size due to electron scattering
cooling. . . . _ _ from grain boundaries and conductor walls [26]. While
A final, but important integration consideration for low- 4 degradation in the performance of current generation
dielectrics is compatibility with the packaging environ- global interconnects~2 xm conductor width) has been
ment. Although the flip chip (bumping) approach tends npoteq at low temperatures-(60 °C) where the electron
to dominate high-end products that are currently targeted mean free path is increased [5], more study is needed to
for low- dielectrics, wire bonding of chips containing  characterize scattering behavior. As feature size continues
low-/ dielectrics is also likely to be needed as copper/low- 1 shrink, ultrathin barriers or self-passivation techniques
technology becomes pervasive. Fig. 15 offers a comparisonang improved grain size and texture control will likely be

of bump and wire bond challenges. For ball bond, com- eeded to optimize the effective resistivity of copper. Further

pressive forces will severely test low-materials, which  gy,qy is also needed to verify the reliability performance of
typically have poor mechanical strength as compared with 5,p-100-nm wires and implement metallurgical improve-
oxide. In contrast, bumping will apply shear stress to the ments if necessary.

multilayer dielectric stack, taxing the adhesion of dielectric
and metal interfaces. Significant improvement in packaging

: : Il
technology and/or novel low-integration schemes [such
as the embedded approach shown in Fig. 13(b)] will be  The bandwidth for data transmission (or communica-
needed to overcome these challenges. Early evaluation oftion) on global interconnect lines, either on a single chip or
low-k dielectrics in the packaging environment, including between chips along a substrate or board, is decreasing as in-
mechanical evaluation of bonding and bumping as well as tegrated circuit technology is scaled to the future technology

A LTERNATIVE INTERCONNECTAPPROACHES
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30 1 —8— Embedded airgap
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nodes. For intrachip interconnects, bandwidth is decreasing
due to a migration to smaller dimensions and a concomitant
increase in clock frequency. (On-chip interconnect lines are
RC dominated not LC; LC lines are limited by onset of skin
resistance and have lower bandwidth than RC lines. Pure LC
lines are probably not going to be important for some time
to come). For interchip data communication, bandwidth is
decreasing due to the relatively long time delays of package
ball grid array (BGA) interconnects and the slow scale-up o : T T ) .
in number of input—outputs (1/0s) with respect to on-chip Interconnect Level
bandwidth.

The use of reverse scaling techniques, optimally spaced
repeater amplifiers, and, perhaps, active equalization tech- 6 1
niques [27] for intrachip global wires will mitigate global
interconnect latency for the near term, but alternative solu-
tions will still be needed for the advanced nodes extending
to and beyond 35 nm. Furthermore, delays due to package
and board-level connections must also be taken into account
when transmitting signals between chips. Overall system
delay involves ahierarchy of interconnects, each delaying
the signal by increasing amounts. In the long term new N
design (e.g., microarchitectures such as asynchronous block 02 0a 0s oe o 12
functions) or technology solutions (e.g., guided RF using Low-k Thermal Conductivity (W/m-K)
coplanar waveguides, free space RF, optical interconnects)
will be needed to overcome the performance limitations of Fig. 14. Thermal issues for lovi- materials.
traditional global interconnects. Alternative technologies
for global interconnects should meet the following goals: proposed thus far include: 1) optical interconnect; 2) RF
1) they should provide both intrachip and interchip global interconnect; and 3) three-dimensional (3-D) integration
interconnect without any penalty in latency for going off technology. These approaches are briefly discussed and
chip (i.e., eliminate the traditional hierarchical approach) compared below.
and 2) they should substantially reduce the latency or delay .
of signal transmission, provide adequate signal bandwidth A+ OPtical Interconnects
for future needs, and reduce cross coupling noise and power Optical interconnect technologies have long been con-
dissipation. Alternative global interconnect approaches sidered as attractive alternatives to providing both interchip

20 o

T (deg C) above substrate

—e— Low-k material embedded in SiO,
—w— Homogeneous Low-k Material

NormalizedT at Metal 5§
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and, perhaps eventually, intrachip replacement technologyplementation. Miller [28], [29] shows that the bandwidth of
for metal/dielectric global interconnects. Proposed optical electrical interconnects isA/12, whereA is the cross sec-
approaches can be grouped into guided wave and freetion area of the interconnect ahds the length, and isnde-
space. Guided wave optics involves the use of waveguidespendenbf 3-D scaling of the wires. The use of repeater am-
to contain the optical signals within a board, package, or plifiers helps to increase the electrical bandwidth, but these
on a chip. Free-space optics utilizes diffractive optics and amplifiers are not conveniently available to off-chip intercon-
conventional lenses or microlens arrays to guide single or nects. Also, off-chip electrical interconnects are much longer
multiple parallel optical beams in free space. Fig. 17 shows than on-chip wires, thus causing the off-chip interconnects to
one example of a free-space optical interconnect systemlimitthe system bandwidths. Optical interconnects, however,
that uses both refractive lenses with either a diffractive or are not bandwidth limited in this way, although they are lim-
reflective optical distribution surface. ited by the propagation delays of optoelectronic components
Compared to electrical wires, optical technology offers such as transmitters, modulators, and receivers. Further, the
fundamental advantages to global interconnects, given thatsignal propagation velocity of electrical interconnects tends
the technology can be realized in a simple, cost effective im- to be 10%—-30% of the speed of liglt,whereas the optical
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propagation velocity for guided waves tends tob@ /3)c. circuits that are quite small (e.g., 27 18 um? in area).
The signal propagation velocity for free-space optics is ap- Other issues with optical interconnects are the technologies
proximatelye, with the latency again being limited only by  for fabricating lll-V devices on silicon. Heteroepitaxial
the optoelectronic components including the transmitters or growth of 1lI-V vertical-cavity surface-emitting lasers
modulators and the receiver circuits. For these and other rea{VCSELSs) on silicon CMOS circuits is a very difficult
sons, optical interconnects are most attractive as off-chip ortechnology limited by reliability concerns. However, solder
package/board applications. Furthermore, optical intercon- bonding technologies are available for attaching IlI-V
nects used for off-chip and on-chip clock and signal distribu- lasers, modulators, and detectors on silicon circuits.
tion have similar bandwidths and latency, and they, therefore,
eIiminate .the hierarchicgl constraints imposgd by off-chip B. RE Interconnects
electrical interconnects, i.e., the lower bandwidth and longer
delay times. Radio frequency or wireless interconnect technologies
Optical interconnects must overcome some rather difficult only recently have been considered as viable candidates for
fundamental and technological challenges before they will either on-chip or, more likely, for off-chip interconnects
find application even in off-chip applications. The firstissue, replacing metal/dielectric global wires. This new approach
particularly for on-chip guided wave optical interconnects, is has become possible because of the confluence of wireless
the relative size of optical components (particularly waveg- technologies for communications applications with high-fre-
uides and photo-receiver circuits) required. For this reason, quency silicon technologies. The cutoff frequencies of these
guided wave optical interconnects may require separate ac-advanced silicon technologies approach values sufficient to
tive layers in the vertical dimension with via interconnect to provide adequate data bandwidths in packages and, perhaps,
the functional blocks to support the required optoelectronic on the chip. As with optical, RF technology is divided into
components. A second issue may be realization of an ac-the categories of free-space transmission and guided-wave
ceptable error rate for the optical data links. Obtaining an transmission. The approach involving free-space transmis-
acceptable error rate will require a tradeoff between the op- sion is focused upon demonstration of a 24-GHz wireless
tical signal power versus the use of error correction tech- clock distribution system in CMOS technology with both an
niques. An on-chip optical interconnect technology may re- on-chip clock transmitter and, alternatively, with an off-chip
quire either impractical high levels of optical signal power or external clock transmitter. The 24-GHz clock frequency will
area intensive error correction circuits. The latter, again, can be divided down to obtain the required clock data rate [31],
be achieved perhaps in a separate set of active interconned32].
layers. The approach employing guided waves uses on-chip
Regarding technological challenges, active optoelectronic transceivers driving capacitive, near-field couplers to feed
components (sources, modulators, and detectors) will mostthe signals into a coplanar waveguide (CPW) or a microstrip
likely be 1lI-V compound semiconductor devices. While transmission line (MTL) [33], [34]. As shown in Fig. 18, this
some of these components can be fabricated in silicon, CPW or MTL “base station” is located on another substrate
they exhibit quite serious and fundamental performance placed directly above the CMOS chips in a multiple-chip
challenges. These challenges include low photodetectorpackage and is used to transmit the signals to all of the
quantum efficiency and extremely low external quantum receiver nodes. A novel feature distinguishing this approach
efficiency for light emitters. Similarly, further development is the use of code division multiple access (CDMA) and
of electomechanical optical components for use in free spacefrequency division multiple access (FDMA) to obtain up
optical interconnects also is required. Optical interconnectsto 100 channels in a 100-GHz carrier connecting multiple
suffer additional disadvantages, some of which are rathertransmitting and receiving nodes all coupled to the same
fundamental and others are more technological. Power CPW/MTL “base station.” Using local area network (LAN)
dissipation for receivers, and, to a lesser extent, transmitterscommunication techniques applied to microsystems appli-
can be prohibitively large. However, there is growing evi- cations, this micro-LAN (M-LAN) approach will provide
dence that the power required per optical channel, i.e., onehigh-speed, low-loss intrachip clock/signal distribution
transmitter (or modulator) and one receiver connected via among multiple block functions on a chip, or, more likely,
free-space may dissipate less than 6 mW of power [30] with among multiple chips in a package.
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MCM Package antenna, receiver) size and error correction noted in the
previous discussion of optical interconnects.
CPW or MTL RF interconnect has additional difficult challenges to over-
B B L come before becoming a viable candidate to replace global
Et.n I;_.“_1 ah' c"il ¢ I 1.___':" wires and/or BGA package interconnects. First, for package
applications, the RF implementation must be cost competi-
tive with BGA and must support the required form factors.
Further, the power dissipated by RF interconnect support cir-
cuits must be equal to or less than the power dissipated by
the global interconnect wires and BGA, and the silicon area
consumed by these RF circuits must be less than a few 100
pm?. Another issue is the area required by a coupling capac-

@ @ itor, ~600/mf, is.approaching t.he size of the ballsina BGA
Groundad ® e package. This raises the question of how such a large capac-
Matal itance impacts interconnect delay time. Also, the RF power
Shield 2 & dissipation cannot add a significant amount of heat to an al-
& & ready heavy thermal load. Finally, similar to optical intercon-
nects, RF interconnect systems will likely require adaptation
= Tﬁnmm‘- - i = of new system architectures to fully exploit the capabilities
Capacitive manmalm of RF interconnects.
Fig. 18. ULSI chips communicate with each other through a C. 3-D Integration
miniature wireless LAN inside an MCM package. (Source: M. F.
Chang [33], [34]) Another approach to addressing the problem of global

wires dominating clock delay is to reduce the number

Compared to global electrical wires or to BGA signal and the average lengths of the longest global wires. 3-D
distribution in a package, RF interconnects potentially offer integration of active transistor layers or, as an intermediate
several advantages. First, circuits can be synchronized ovesstep, placement of the clock/signal and power/ground wires
much larger areas because both approaches transmit signa@n opposite sides of a chip has been shown to reduce the
three to ten times faster for guided wave or free-space Number and average length of two-dimensional (2-D) global
transmission, respectively, compared to global wires or to Wires by providing shorter “vertical” paths for connection.
BGA package interconnects. In addition, the bandwidth A 3-D approach has also been shown to reduce overall chip
of the RF approaches, much like optical interconnects, is area when designs are interconnect-limited.
only limited by the bandwidths of the transmitting and 3-D integration also offers some attractive advantages
receiving components, and not by the transmission medium, related to system performance and enabling of new system
as is the case for global wires. Also, the crosstalk betweenarchitectures. First, it can extend the performance of
channels should be much improved, particularly for the high-speed transistors to technology nodes where the
approach using FDMA and CDMA communication tech- global wires otherwise are expected to present serious
niques. Furthermore, the signal multiplexing capability of frequency limitations to advanced CMOS. Second, for
the M-LAN approach should reduce the actual number of systems-on-a-chip (SOC) applications, 3-D integration
I/0 ports going off-chip and the M-LAN communications may provide the means to integrate dissimilar technologies
techniques can provide new flexibility to reconfigure the (digital, memory, analog, RF, etc.) in the same cube (offering
interconnect system simply by changing the CDMA codes. many of the wiring delay advantages of 2-D integration) but
As with the optical interconnect approaches, RF wireless on different active layers. For example, power hungry digital
interconnect eliminates the hierarchical propagation delay circuits could be located on the bottom layer adjacent to the
or latency problems differentiating on-chip interconnect heat sink and lower-power/higher-voltage analog circuits
delays from the much longer off-chip BGA delays. On-chip on the top active layer. 3-D approaches could also enable
and off-chip signal delays for wireless should be comparable integration of huge amounts of cache memory on top of a
and much improved over package delays associated withhigh performance microprocessor chip.

BGA package interconnects. The recent introduction of several new process tech-
RF interconnects are a very new approach for intrachip nologies may for the first time offer viable manufacturable
and interchip interconnects, although the techniques pro-processes for 3-D integration of CMOS. Perhaps the most
posed are well developed for wireless communications important of these is a SOl CMOS integrated circuit man-
applications. Similarly, all of the required silicon technolo- ufacturing process recently announced by IBM [35]. Other
gies exist, albeit the very high cutoff frequencies expected new processes include low-temperature wafer bonding
for the 100-nm nodes and below will be needed to provide and layer separation technologies [36], [37] sophisticated
sufficient capacity of the RF interconnect systems. However, techniques for epitaxial growth of selectively positioned
RF interconnect approaches also face the same fundalayers and islands of silicon [38], [39] and chemical-me-
mental issues related to component (transmitter, waveguide chanical polishing to obtain planar surfaces. These processes
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collectively raise 3-D integration of CMOS to the realm of for 3-D integration may be as an enabler for new systems
possibility. architectures.

Several different schemes have been proposed for imple- o .
menting 3-D integration for the advanced technology nodes. D+ Migration to Alternate Interconnect Technologies
These approaches range from simply locating interconnect A major question for each of the alternative intercon-
metal on both sides of single die or active layer (e.g., nect technologies is how their bandwidth will scale with
clock/signal on the top side and power/ground on the back the increasing on-chip bandwidth of CMOS technology
side [40], [41]) to fabrication of vertical CMOS gates with nodes. This question needs further analysis for all the
the P(N)MOS transistor placed on top of the N(P)MOS approaches proposed, although preliminary analysis sug-
transistor [38], [39]. A variety of schemes call for attaching gests that optical interconnects will keep pace with the
die to one another using wafer bonding combined with layer upward scaling on-chip bandwidth [28], [29]. Another issue
removal technologies [40], [41]. The die can be attached related to exploiting these new approaches is the maturity
“top-to-top” (facilitating heat removal through the back and manufacturing readiness of the required fabrication
of each of two active transistor layers) or “top-to-back” processes. Global wires with repeaters have been in use
(facilitating use of three or four active layers in single stack). starting with the 0.25:m node, and the active equalization
Fig. 19 illustrates three of these approaches. techniques can be readily implemented with currently

Complex and difficult challenges remain, however, in- available CMOS technology. The RF M-LAN capacitively
cluding management of thermal dissipation from interior coupled CPW/MTL and direct broadcast techniques also use
stacked active layers, the need for 3-D routing and placementCMOS technology, although obtaining sufficient bandwidth
tools, development of new systems architectures to exploit capacity may require availability of the 100-nm technology
3-D integration, etc. Furthermore, there are diminishing node. Realization of optical interconnects, however, will
returns for adding more than three or four active layers likely require introduction of IlI-V technologies for the
to a 3-D chip. For this reason, including more than four active components (lasers, modulators, photodetectors) and
active layers would provide no further savings in active chip free-space optical components (diffractive, refractive and
area needed to realize a system function or, therefore, inreflective gratings, lens, mirrors, etc.).
cost per transistor or function. The main near term benefit Daly [42] pointed out the growing dominance of data com-
of 3-D integration may be the performance enhancementsmunications athescarce resource in future packaged micro-
of global interconnect wires. Potentially, the biggest win electronics systems, and proposed new systems architectural
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approaches for relieving this problem. A technology-centric
scheme for addressing the data communications issue within
a multichip package is to completely separate the functions
of global data communications from other systems functions.
This can be done by introducing a separate data commu-
nications chip into the multichip package [33], [34]. This
data communications chip could contain all of the global
interconnect or data communications infrastructure (trans-
mission media and support circuits) and would be used as
a board within the multichip package to which the other sys-
tems chips are flip-chip bonded. Further, this data commu-
nications chip could provide a degree of intelligence by in-
tegrating interconnect switches allowing reconfiguration of
the system. Finally, data communications by optical trans-
mission could be eventually integrated into the data commu-
nications chip.

A plausible migration path for interconnect or data com-
munications technologies could be to first develop the com-
munications chip using global wires integrated with their
support circuits (repeaters and active equalization circuits).
If warranted, the RF M-LAN and/or direct broadcast ap-
proaches can be implemented followed eventually with the
optical transmission technologies.

IV. CONCLUSION

The ever-increasing density, performance, and reliability
requirements of ULSI circuits create significant process in-
tegration challenges for future interconnect systems. New
materials such as copper metallization and fodielectrics
have been introduced to meet the performance challenge.
While new materials may provide interim relief, their con-
tinued rapid introduction, as emphasized by the ITRS, brings
considerable risk and fails to satisfy long-term technology
needs. The bandwidth for data transmission (or communica-
tion) on global interconnect wires either on a single chip or
between chips along a substrate or board is decreasing as in-
tegrated circuit technology is scaled to the future technology
nodes. While new system architectures may mitigate this
crisis, alternative global interconnect schemes must also be
explored. Several novel interconnect approaches that show
promise include optical, RF, and 3-D interconnect technolo-
gies. Each of these technologies is also fraught with signif-
icant challenges, but hold the promise of higher bandwidth
and continuing performance improvement.
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