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Abstract

The relentless drive toward high-speed and high-density silicon-based integrated cir-
cuits (IC's) has necessitated significant advances in interconnect technology. In current
process technologies, transistors are interconnected by multilevel aluminum and tungsten
conductors encased in silicon dioxide (oxide) insulators. Continued scaling of 1C features
exacerbates performance limitations and chip reliability due to interconnects, thus height-
ening the need to replace the existing interconnect system with lower resistivity conduc-
tors and lower permittivity insulators. Copper integrated with oxide has recently been
announced as the next interconnect technology to enter |C manufacturing. The switch to
copper reduces wire delay, improves electromigration reliability, and lowers manufactur-
ing cost. Substantial improvements can further be achieved by incorporating low-permit-
tivity (low-k) dielectrics for capacitance reduction to mitigate wire delay, power
dissipation, and crosstalk noise issues. The integration of low-k dielectric with copper

remains a very active process devel opment effort in the semiconductor industry.

This dissertation explores process integration issues that dictate the design, perfor-
mance, and reliability of low-k polymer dielectric implementation with copper. In partic-
ular, the electrical isolation between interconnects is examined to identify potential
sources of leakage conduction. Moisture as well as leakage along interfaces between the
low-k polymer and dielectric liners contribute detrimentally to electrical leakage. Next,
the anisotropy in dielectric constant is investigated and a novel technique to measure the
lateral dielectric constant is demonstrated. The lateral dielectric constant of a blanket
dielectric film is determined to assess the effect of anisotropy on crosstalk noise. Finadly,
an extensive study of copper drift in various low-k polymersis presented to address barrier
requirements. An oxide-sandwiched low-k dielectric capacitor structure was developed to
facilitate the investigation. Copper ion penetration in low-K polymers is accelerated by
bias-temperature stressing and detected by capacitance—voltage and diel ectric time-to-fail-
ure measurements. The copper drift propertiesin various families of low-k polymers were

evaluated and compared.
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Chapter 1 Introduction

It began with the inventions of the transistor in 1947 [1] and the integrated circuit (1C)
in 1958 [2]. Fifty yearslater, the IC industry bears little resemblance to its innocent begin-
nings[3]. Today’s|C's are orders of magnitude smaller, faster, cheaper, and more reliable
than their early counterparts. Modern IC fabs with pricetags exceeding US$1 billion are
already commonplace. Yet, the corporations that finance these enormous investments are
actively speculated to grow well in excess of current profit levels. Though maturing, the

dynamic | C sector remains a hotbed of lucrative opportunities and future potential.

The exponential growth in IC production has been fueled by ever increasing demand
for high-performance, low-power, and compact silicon-based microelectronic products
that are relatively inexpensive and extremely reliable. To date, the industry continues to
meet this demand because of ongoing advancesin silicon (Si) wafer growth and semicon-
ductor manufacturing technologies, enabling more and more transistors to be packed onto
asingle chip. Theincreased level of integration isrealized primarily through reductionsin
the physical size of the transistor and a concurrent growth in chip size. These trends are
summarized in Figure 1-1 [4]-[7].
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1.1 Limitations with Interconnect Scaling

1.1 Limitationswith Interconnect Scaling

IC performance is dictated by the delays arising from propagation of electrical signals
through the circuit. These delays have traditionally been associated with transistor switch-
ing. Performance improvements have thus been achieved primarily through reductionsin
the size of transistor geometries, most notably the gate length in MOS technology [8].
With this paradigm, the industry has enjoyed continual improvements in IC performance

until only recent years.

The scaling of transistors has necessitated an increase in wiring density to accommo-
date increasing transistor densities over larger chip areas[9]. This has been made possible
by advances in interconnect technology enabling continued miniaturization of intercon-
nects as well as stacking of additional levels of metallization. Figure 1-2 illustrates a

state-of-the-art interconnect architecture for the 0.25-um technology generation.

-~ Imetal 5

metal 4

¥ metal 3

) ’ P TUCE R BE

SiO, interlevel dielectric (ILD)
TN TR ' TR S metal 2

W via/plug I
W o g PE ey i SRR metal 1

‘W local interconnect |
Si substrate

W contact transistor

Figurel1l-2  Cross-sectional scanning electron micrograph of state-of-the-art 0.25-pum
CMOS multilevel interconnect technology for high-performance logic.
Courtesy of Motorola.
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1.1.1 Interconnect Delays

Although signals propagate faster through transistors as dimensions are scaled down,
propagation through interconnects unfortunately becomes slower. In fact, in submicron
logic technologies, interconnects have become the performance limiter (Figure 1-3) [10].
Moreover, the increasing complexity of multilevel wiring architectures has escalated the
cost of interconnect manufacture to comprise over half of the total wafer processing cost
[11]. For thesereasons, the industry continuesto invest large-scale efforts to devel op cost-
effective technological and design solutions which can overcome the pending interconnect

problem.

The interconnect delay can be estimated by the RC delay— the product of intercon-
nect line resistance, R, and the parasitic capacitance coupling the interconnect to adjacent

lines and underlying Si substrate, C.
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Figure1-3 Intrinsic gate and interconnect delays as a function of minimum feature
size[10].

Page 30



1.1 Limitations with Interconnect Scaling

L2

tMtILD

RC = pe (1-1)

In Eg. (1-1), p, L, and ty,, are respectively the resistivity, length, and thickness of the inter-
connect, while € and t; o are respectively the permittivity and thickness of the interlevel
dielectric (ILD). For convenience, € isusualy cited in terms of the dielectric constant, K,

defined as €/eg where g is the permittivity of free space.

Various options exist to reduce RC delays. In some cases, the length of an intercon-
nect in a critical path can be reduced if additional levels of wiring were available [12].
However, this solution provides little benefit to designs already optimized for maximum
wiring and transistor densities. Moreover, extending any process flow will invariably
increase cost and reduce chip yield. The RC delay can also be reduced by dividing long
interconnects into shorter segments and inserting repeaters (inverter stages) between con-
secutive segments [13]. Repeaters sharpen slowly rising and falling transitions of alogic
stage output, hence shortening the time required to trigger the input of subsequent logic
stages. Repeaters are effective provided they can significantly reduce the effective RC
load driven by the preceding stage. The penalty though is increased power consumption,
chip area, and design cost. Yet another attempt to minimize interconnect delay isto lower
the IC operating temperature where both interconnect propagation and device switching
are faster [14]. Unfortunately, the added complexity and cost of cooling the chip can only

be justified in niche applications where performance is the only objective.

The technological solution for RC delay reduction is to replace the existing conduc-
tors and insulators that comprise the interconnect system with lower p and k materia