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Preface

By Lin Chao
Editor and Publisher, Intel Technology Journal

Hello. This Q2’08 Intel Technology Journal (Vol. 12, Issue 2) covers Intel’s 45nm CMOS technology which
proved pivotal to the advancement in silicon processes technology by extending Moore’s Law.

On a personal note, it has been a privilege for the past 12 years to serve as your publisher and editor for this
Intel Technology Journal (1T]). This is my last issue as publisher and editor. My thanks to the many of you
who have read ITJ since it went online in 1997. ITJ was a pioneer and was among the first technical journals to
publish on the Web, and use the Web as its sole publishing means. I remember in 1996 making the decision to
publish the ITJ solely online and at the time thinking the Web is risky, but worth trying. Time has shown that
the Web was the right decision!

In future, this Journal will be integrated into Intel Press publications.

ITJ has been a repository of Intel technical advancements. ITJ started in 1979 and we are making preparations
to make some of the earliest papers available for sharing. 1 wish to thank the authors who shared with a world-
wide community their knowledge and insights about how the technology came into being; after all, who knows
better than the actual people who worked on it? Indeed, the authors are also the people who worked directly on
the technology. To the authors, [ am proud and grateful to have gotten to know you and shared your passions
and the heights and lows of advancing the forefront of technology. Thank you to this journal’s dedicated team,
to Intel’s management for your support, and the world-wide community of readers and authors; I am very
proud of what we created together. Thank you.

This Intel Technology Journal (Vol. 12, Issue 2) focuses on Intel® 45nm high-k metal gate silicon technology.
To quote Gordon Moore, co-founder of Intel Corporation, “this is the biggest change in transistor technology in
40 years.” In this journal there are seven papers that give in-depth coverage to three key aspects of the
technology’s transistors and interconnects, variation and design for manufacturability, and packaging and
reliability. The new process also produces Intel's first completely lead-free microprocessor products.

Two papers look at transistors and interconnects. The first paper reviews, for 45nm technology, the details of
the high-k+metal gate transistors that have been introduced for the first time into high-volume manufacturing.
The second paper introduces the issues associated with on-die interconnects and describes how they are
addressed on Intel's 45nm high-performance logic process technology. The on-die interconnect stack for Intel's
45nm process generation delivers a 2X higher area density, a 10% lower average capacitance, and improved
power distribution.

The next three papers look at manufacturing issues related to variations and designs. The third paper states that
process variation is not an insurmountable barrier to Moore's law, but is simply another challenge to be
overcome. This is illustrated with data from the 45nm process generation where process variation is shown to
be at least equivalent to (and in many cases better than) process variation in the 65nm- and 90nm-process
generations.

The fourth paper looks at 45nm SRAM as a lead test vehicle. Every new generation of process technology at
Intel is developed and certified using an SRAM-based "X-chip." X6 is the technology lead vehicle used for the
45nm technology serving as a platform for the co-optimization of circuit design and process technology for
SRAMs as well as critical design evidence for products. The fifth paper reviews the complex dependencies of
design and process to be able to manufacture into microprocessor products. Co-optimization between design
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between design and process meets the challenges for maintaining Moore's Law while delivering fast ramp-up
and high yields. The variation, density, and yields on the 45nm process show the success of this Design for
Manufacturing (DFM) methodology.

The final two papers look at packaging and reliability. The sixth paper reviews in depth the reliability of Intel's
45nm HK+MG transistors demonstrating that these devices deliver reliability comparable to conventional SiO,
devices at ~30% higher operating fields with negligible stress-induced leakage current ( SILC) degradation.
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paper, we shat o ent of a
high-volume manufacturing compatible assembly process for packaging Intel's 45nm, completely lead-free
devices. Key technical challenges were addressed through development of novel FLI solders, fluxing material,
and process solutions. Small form-factor packaging challenges were overcome by a series of innovative
materials and process changes to achieve a reduction in form factor while meeting the technology reliability

goals. This enables Intel's continuing leadership in thin and light notebooks and smart phone devices.

We are very proud to have eliminated the use of lead in this technology which also makes Intel a leader in
achieving environmentally green products.
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Foreword

By Bill Holt

Senior Vice President, General Manager, Technology and Manufacturing Group

In 1965, as the first integrated circuit products entered the marketplace, Intel co-founder Gordon Moore made
the now famous observation that the number of transistors on a chip doubled periodically. Not only would
Moore’s dictum prove true, its longevity has surprised everyone, including Moore himself. The most powerful
chips today have over two billion transistors each, up from less than a hundred components per chip when
Moore made his observation. This steady, relentless increase in transistor density has made computing
powerful, affordable, and ubiquitous. It has enabled the internet age.

While Intel’s 45nm technology represents the next step in this continual evolution, lurking under the hood are
some revolutionary changes in materials and structures. As the transistor was scaled, fundamental limits of
some of the building blocks were reached. One component of the transistor, the gate insulator, had been
thinned successively to the point that in the prior generations it was a scant 5 atomic layers thick and could be
scaled no further. In anticipation of this issue, Intel began a program in the 1990s to find a new material to
replace silicon dioxide, the material used for the gate insulator for over 40 years. The result was a new
insulator material based on the element hafnium. This new high k (high dielectric constant) gate insulator
needed to be coupled with a change to another component of the transistor, the gate electrode, which was
changed from silicon to a proprietary set of metals. Intel’s 45nm CMOS technology is the first in the world to
feature these new materials, in what Gordon Moore has called “the biggest change in transistor technology
since the introduction of the polysilicon gate MOS transistors in the late 1960s.” Interestingly, Intel led the
move to manufacturing polysilicon gate electrodes in the 1960s and now is leading the move back to metal
gate electrodes. Intel’s ability to lead the industry in delivering this exciting new technology is a reflection of a
strong research and development pipeline, and the dedication, discipline, and hard work of hundreds of
talented engineers.

Beyond the significant changes to the transistors, this technology also features improved interconnects, the
wires that link the transistors together on a chip. Ideally, these wires transit signals across the chip with rapid
speed and low power consumption. 45nm interconnects are, on average, 10% faster than those of the previous
generation. The technology also needs to be affordable. Intel’s unique low-cost patterning techniques allowed
the extension of proven 193nm dry lithography to 45nm at a lower cost than immersion lithography. The
technology also supports Intel’s green computing initiative. In addition to the lower power consumption levels
that result from the new transistors and interconnects, Intel’s 45nm technology features another first: a lead-
free process and enablement of lead-free packaging.

A key strength that allows Intel to bring new technologies to market quickly lies in its advantage as an
integrated device manufacturer to co-optimize the product design and the manufacturing process. Design for
manufacturability techniques, methods for dealing with variation, and the ability to prototype circuits early in
the development cycle all lead to a technology that is ready to enter the market early and ramp to high volumes
quickly. The details of these aspects of Intel’s groundbreaking 45nm CMOS technology are covered in this
issue of the Intel Technology Journal.
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ABSTRACT

For the 45nm technology node, high-k+metal gate
transistors have been introduced for the first time in a
high-volume manufacturing process [1]. The introduction
of a high-k gate dielectric enabled a 0.7x reduction in Tox
while reducing gate leakage 1000x for the PMOS and 25x
for the NMOS transistors. Dual-band edge workfunction
metal gates were introduced, eliminating polysilicon gate
depletion and providing compatibility with the high-k gate
dielectric.

In addition to the high-k+metal gate, the 35nm gate length
CMOS transistors have been integrated with a third
generation of strained silicon and have demonstrated the
highest drive currents to date for both NMOS and PMOS.
An SRAM cell size of 0.346p” has been achieved while
using 193nm dry lithography. High yield and reliability
has been demonstrated on multiple single-, dual-, quad-,
and six-core microprocessors.

INTRODUCTION

One of the key methods to enable transistor gate length
scaling over the past several generations has been to scale
the gate oxide. This improves the control of the gate
electrode over the channel, enabling both shorter channel
lengths and higher performance. As the gate oxide was
scaled the gate leakage increased; this increase in gate
leakage was insignificant until the 90nm technology node
(Figure 1). At the 90nm and 65nm nodes, the scaling of

the gate oxide slowed as a result of the power limitations
from the increase in gate leakage. In order to overcome
this at the 45nm technology, a gate dielectric with a higher
dielectric constant (high-k) has been introduced. This
enabled a >25x gate leakage reduction while scaling the
Tox by 0.7x.

10 1 1000
+ 100

T 10

Electrical (Inv) Tox (nm)
Gate Leakage (Rel.)

1 T T 7T T T T 0-01
350nm 250nm 180nm 130nm 90nm 65nm 45nm

Figure 1: Trend of inversion Tox and gate leakage vs.
Intel technology node

The introduction of high-k gate dielectrics has been
slowed by several issues [2—4]. The first was the
interaction by the high-k material with the existing
polysilicon gates. This interaction led to high trap
densities at the interface that pinned the Vt of the
transistor to an undesirable value. The second was the
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degradation of the channel mobility in the presence of
high-k dielectrics. The third issue was the poor reliability
of the high-k dielectric.

The gate electrode effectiveness has also been
increasingly impacted by poly depletion effects. This has
led to lower drive currents when the transistor is turned
on. By selecting a compatible metal gate electrode with
the high-k gate dielectric, both the poly depletion effects
and the Vt pinning at the high-k/polysilicon interface can
be eliminated while providing higher channel mobilities

[5].

In introducing high-k+metal gate transistors for the 45nm
generation, these significant challenges needed to be
overcome. First, we had to determine which material to
use for the high-k dielectric and find dual-band edge
metals that were compatible with that high-k dielectric.
Second, an integrated CMOS flow needed to be developed
that matched the channel mobility of SiO, while meeting
the reliability requirements for the technology. The
development of this CMOS flow was complicated by the
need to mesh the process requirements of the metal gate
process with both the thermal limitations of the junction
formation steps and the uniaxial strain-inducing steps,
both of which have become central to the transistor
architecture.

Along with the above-mentioned improvements in
performance and gate leakage with high-k+metal gate, a
key requirement of the technology node was an increased
packing density for the transistors. For each node, an
~50% area scaling is expected, and this technology
continues that trend. A key challenge to overcome in this
scaling is the loss of performance due to scaling of the
stress-inducing features of the technology. Use of 193nm
dry lithography for critical layers at the 45nm technology
node was preferred over moving to 193nm immersion
lithography, due to lower cost and greater maturity of the
toolset. In order to achieve the tight 160nm gate and
contact pitch requirements, unique gate and contact
patterning  process flows were developed and
implemented.

TRANSISTOR PROCESS FLOW

The two common methods for introducing a metal gate to
the standard CMOS flow include either a “gate-first” or
“gate-last” process. Most comparisons of these two
process flows focus on the ability to select the appropriate
workfunction metals, the ease of integration, or the ability
to scale; however, these comparisons typically fail to
comprehend the interaction of the process flows with the
strain-inducing techniques. By use of a high-k first and
metal gate-last flow, it is possible to maximize the benefits
of the stress-inducing steps and high temperature junction

formation, while minimizing the thermal processing of the
workfunction metals.

In the metal gate-first flow (Table 1), the high-k dielectric
and dual-metal processing are completed prior to the
polysilicon gate deposition. The dual metal gates are then
subtractively etched along with the poly gates prior to
Source/Drain (S/D) formation. In contrast, for the high-k
first and metal gate-last flow used in this work, a standard
polysilicon gate is deposited after the hafnium-based,
high-k gate dielectric deposition (Figure 2). This is
followed by a standard polysilicon processing flow
through the salicide formation steps.

Table 1: Comparison of unique steps in gate-first and
high-k first, metal gate-last process flows. Key
differences are highlighted in bold.

Gate-First High-k first, Gate-Last

Isolation Isolation

High-k gate deposition High-k gate deposition

Dual Metal-Gate
Deposition

Poly-Silicon gate
deposition/patterning

Poly-Silicon gate S/D formation

deposition

Poly-Silicon/metal etch

S/D formation Salicide/Contact etch stop

Salicide/Contact etch stop | Poly-Silicon gate removal

Dual-Metal Gate
deposition

1" ILD deposition/polish

Contact formation Contact formation

Metal Gate

{different for NMOS & PMOS)

High-k

Silicon Substrate

Figure 2: TEM of high-k/metal gate stack

After deposition of the contact etch stop and the first
Interlayer Dielectric (ILD) films, a polish step is used to
expose the poly gates and enable removal of the dummy
poly. The PMOS workfunction metal is then deposited. A
patterning step removes the PMOS metal from the NMOS
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area. The NMOS workfunction metal is deposited, and the
gate trenches are filled with Al for low gate resistance. By
using novel gap-fill techniques, robust gate resistance is
enabled to sub-30nm gate lengths (Figure 3). A metal
polish step is used to remove the excess metal and
planarize the gate trenches. The flow then continues with
the contact and interconnect processing steps.

2.5
Q &
£ 20 © P-type gate
3~ A N-type gate
£ E
o215
3 4
AP ‘i,
5 & & ¢
Z

0-5 T T T

20 30 40 50 60

Gate Length (nm)

Figure 3: Gate sheet rho versus gate length showing
scalability of gate fill process

Figure 4 shows a TEM of the high-k/metal gate NMOS
and PMOS transistors with the embedded SiGe S/D strain
layer on the PMOS and Ni salicide. The strained silicon
techniques that Intel first introduced at the 90nm and
65nm nodes were further enhanced in this generation. The
Ge concentration of the embedded SiGe S/D was
increased to 30% from the previous generations of 23% in
Intel’s 65nm technology [6] and 17% in the 90nm
technology [7].

Figure 4: TEMs of high-k+h1etal gate NMOS and :
PMOS transistors

DESIGN RULES AND 193NM DRY
PATTERNING

Contacted gate pitch is a key measure of front-end density,
and the scaling to 160nm maintains the 0.7x scaling trend
(Figure 5). This is the most aggressive contacted gate
pitch reported to date for a 45nm high-performance logic

technology. The contact process has also been modified,
with trench contacts replacing conventional contacts for
lower series resistance. Trench-contact-based local routing
improves layout density, especially for cross-coupled
inverter pairs that are very common in microprocessor
SRAM and register file arrays. Tight pitches and trench
contacts allow SRAM cell size to be scaled to 0.346pum’
(Figure 6).

10000 1 r 10

SRAM Cell Area
0.5x every 2 years

Contacted Gate Pitch
0.7x every 2 years

Contacted Gate Pitch (nm)
)
(=]
o

100 T T T T T 0.1
250nm 180nm 130nm 90nm 65nm  45nm

Technology Node

Figure 5: Contacted gate pitch and SRAM cell size
scaling trend for Intel’s technology nodes
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Figure 6: Diffusion and poly layers for 0.346 um’ 6-T
SRAM cell

In order to enable these tight pitches by use of low-cost
0.92NA 193nm dry patterning, innovative processes were
developed to produce robust patterning. This is
demonstrated by the fidelity of the poly lines in Figure 6.
The gate patterning process uses a double patterning
scheme. Initially the gate stack is deposited including the
polysilicon and hardmask deposition. The first lithography
step patterns a series of parallel, continuous lines. Only
discrete pitches are allowed, with the smallest at 160nm,
to assist in the patterning. A second masking step is then
used to define the cuts in the lines. The two-step process
enables abrupt poly endcap regions, devoid of rounding
that allows for tight contact-to-gate design rules (Figure
7). There are no additional masking steps from this
process, since the 65nm generation also used two reticles
for poly patterning.

45nm High-k+Metal Gate Strain-Enhanced Transistors
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Figure 7: Top-down SEM post-poly-patterning process
showing 160nm poly pitch with minimum gate length
lines. Note the square poly ends, devoid of rounding.

The contact patterning process uses a similar pitch
restriction to facilitate lithography. Trench diffusion
contacts run parallel to the gates with discrete pitches,
while trench gate contacts run orthogonal to the gates. Use
of trench contacts has the added benefits of lowering the
contact resistance by >50% and allowing their use as a
local interconnect, which improves SRAM/logic density
by up to 10%.

TRANSISTOR RESULTS

The introduction of the high-k gate dielectric delivered a
dramatic gate leakage reduction relative to 65nm
transistors of >25X for NMOS and 1000X for PMOS
(Figure 8).
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Figure 8: Gate leakage reduction of 25-1000x with use
of high-k+metal gate relative to 65nm technology

The high-k+metal gate transistors exhibit excellent short
channel characteristics due to the combination of Tox
scaling and the optimal workfunction metal gates (Figures
9 and 10). The excellent gate control is also illustrated in
the well-behaved subthreshold characteristics (Figure 11).
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Figure 11: Subthreshold Id-Vgs for both NMOS and
PMOS transistors

PMOS performance is improved by using high-k+metal
gate as well as by the enhancements to the embedded SiGe
processing. The PMOS drive current (Figure 12) of 1.07
mA/um is a marked 51% improvement over 65nm [8].
NMOS drive current (Figure 13) is 1.36mA/um, 12%
better than the previous-generation, 65nm transistors. The
average drive current improvement versus 65nm is 32% at
the same voltage and Ioff, despite scaled transistor pitch.
The linear drive currents show similar enhancements with
PMOS (Figure 14) at 0.178mA/um and NMOS (Figure
15) at 0.192mA/um. These drive currents are
benchmarked at 1.0V, a low 100nA/pm Ioff and at 160nm
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contacted gate pitch. Both the saturated and the linear
drive currents represent the best drive currents reported to
date for a 45nm technology at low Ioff. Figure 16 shows
the transistor performance vs. gate pitch for this
generation illustrating that both density and performance
are improved with this transistor flow.
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Figure 12: PMOS Idsat of 1.07mA/um at 100nA/pm
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Figure 16: Performance vs. gate pitch for 90, 65, and
45nm generations

STRESS ENHANCEMENT IN A METAL
GATE FLOW

Since its introduction at the 90nm node, strain has become
a central performance enhancement element for the
standard CMOS flow. The most commonly used
techniques for implementing strain in the transistors
include embedded SiGe in the PMOS S/D, stress
memorization for the NMOS, and a nitride stress-capping
layer for NMOS and PMOS devices (Table 2).
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Table 2: Comparison of stress enhancement methods
for 65nm and 45nm nodes. New features are

highlighted in bold.
65nm Method 45nm Method
PMOS PMOS
Embedded SiGe S/D Embedded SiGe S/D with

higher %Ge
Poly Gate Removal
Enhancement

NMOS NMOS

Tensile Nitride Cap

Tensile Trench Contacts

Gate Stress Memorization +
S/D Stress Memorization

Metal Gate Stress (MGS) +
S/D Stress Memorization

A key benefit of using a gate-last flow comes from
removing the poly gate from the transistor after the stress-
enhancement techniques are in place. It has been shown
that the stress benefit from the embedded S/D SiGe
process is enhanced through this removal of the poly gate,
since the poly gate acts as a buffer counteracting the effect
of the embedded S/D SiGe [9]. This benefit can be
illustrated in simulation with an estimated 50% increase in
lateral compressive stress by removal of the polysilicon
gate (Figure 17). The combined impact of the increased
Ge fraction in the embedded S/D and the strain
enhancement from the gate-last process allow for a 1.5x
higher hole mobility compared to 65nm, despite the
scaling of the transistor pitch from 220nm to 160nm.

Before gate removal After gate removal

o
J
i 1
;

Figure 17: Stress contours in the PMOS transistor
before and after the removal of the polysilicon dummy
gate. Stress in the channel is shown to increase 50 %
from 0.8GPa to >1.2 GPa.

For the NMOS device, two methods of stress

enhancement have been employed in this technology.
First, the loss of the nitride stress layer benefit, due to
scaling the pitch from the 65nm technology node, has
been overcome by the introduction of trench contacts and
by tailoring the contact fill material to induce a tensile
stress in the channel. The NMOS response to tensile
(control) vs. compressive contact fill materials is shown in
Figure 18. The stress impact of the trench contact fill
material on the PMOS device is mitigated by use of the
raised S/D inherent in the embedded SiGe S/D process.
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Figure 18: Ion-Ioff benefit of tensile contact fill
showing a 10% NMOS Idsat benefit. Contact
resistance is matched for the two fill materials.

For NMOS stress memorization, there are two primary
methods commonly used, one is memorization of stress in
the (S/D) of the device and the other is memorization in
the poly gate [10]. The metal gate-last flow is compatible
with the S/D method while the poly gate component
would be compromised. To compensate for this, the poly
gate component is replaced by Metal Gate Stress (MGS).
i.e., modifying the metal-gate fill material to directly
induce stress in the channel [11]. By introducing a gate fill
material with a compressive stress, the performance of the
NMOS device is enhanced and adds to the contact fill
technique (Figure 19). By use of a dual-metal process with
PMOS first, the stress of the NMOS gate is decoupled
from the PMOS gate through optimization of the PMOS
gate stack to buffer the stress.
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Figure 19: Ion-Ioff benefit of compressive gate stress
showing a 6% NMOS Idsat gain. Tensile contact fill is
used on both sets of data.

RING OSCILLATORS

The transistor performance gains are reflected in the ring
oscillator performance data. Gate delay data from ring
oscillators with a fanout of 2 is benchmarked at
100nA/um Ioff each for NMOS and PMOS, at 1.2V for
65nm and a lower 1.1V for 45nm. The ring oscillators use
the minimum contacted gate pitch (220nm and 160nm) for
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each technology. Despite the scaling of both voltage and
gate pitch, FO=2 gate delay is reduced from 6.65pS
(65nm) to 5.1pS (45nm), for a gain of 23% (Figure 20).
Table 3 breaks out the RO gains between NMOS/PMOS
Idsat, Idlin, and the gate and junction capacitances,
illustrating the marked impact of the PMOS performance
gains on the ring oscillators.
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Figure 20: Ring oscillator delay vs. leakage for
fanout=2. Comparison of delay for 65nm vs. 45nm is
at 1.2 and 1.1V, respectively.

Table 3: Breakdown of RO gains vs. 65nm results. The
voltage scaling term accounts for the reduction in
VDD from 1.2V (65nm) to 1.1V (45nm).

Component Benefit
(%)
PMOS Idsat +13
PMOS Idlin +18
NMOS Idsat +3
NMOS Idlin +2
Cjunction +2
Cgate/Cov -8
Voltage Scaling| -7
Total +23
CONCLUSION

High-k+metal gate transistors have been integrated into a
manufacturable 45nm process for the first time. Selection
of the metal-gate flow (high-k first, metal-gate last) was
made to maximize the benefit from the strained silicon
steps. Novel stress techniques were also developed to
replace the stress methods that are compromised due to
scaling and the metal gate flow. The scaling of the
transistor density was achieved through development of
new poly and contact patterning schemes The resultant
transistors provide record drive current at low leakage and

at tight contacted gate pitch achieving both performance
and density benefits. This is demonstrated in the ring
oscillators with a 23% gate delay reduction compared to
65nm at the same Ioff and 10% lower VDD.
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ABSTRACT

This paper introduces the issues associated with on-die
interconnects and describes how they are addressed on
Intel’s 45nm high-performance, logic process technology.
The 45nm process generation uses carbon-doped oxide
low-k dielectric and aggressive scaling of the silicon-
carbide-nitride (SiCN) etchstop film to achieve a 10%
average capacitance reduction at the MT1-MTS8 layers,
relative to the previous 65nm generation. A thick MT9
layer is added to provide a low resistance path for power
routing. MT1-MT8 interconnect RC performance
benchmarking and the process and reliability concerns
associated with the MT9 redistribution layer are
discussed. The combined MT1-MT9 interconnect stack
provides high performance and high reliability and
enables a completely lead-free (Pb-free) product.

INTRODUCTION

The density and performance of the on-die interconnect
stack must continue to improve with each process
generation to support increasingly powerful and compact
microprocessors. At the same time, process costs must be
strictly controlled. The on-die interconnect stack for
Intel’s 45nm process generation extends the dual
damascene processing scheme used on previous
generations and adds several innovations for increased
density and performance [1].

A new, low-cost and low-resistance Metal-9 layer (MT9)
is formed on top of the conventional interconnect stack to
support improved power distribution between the C4
bumps and the other metal layers. This MT9 redistribution
layer is formed by copper plate-up between sacrificial
photoresist lines in a similar fashion to C4 bump
formation. The MT9 layer is covered by a silicon nitride
passivation layer, a polymer dielectric, and finally, the
copper C4 bumps.

The Metal-1 to Metal-3 (MT1-MT3) layers use 193nm
dry lithography with 160nm pitch to achieve high-density
wiring with lower process cost than immersion
lithography. These metal layers also achieve low
capacitance due to aggressive scaling of the SiCN
etchstop film along with use of carbon doped oxide
(CDO) low-k dielectric. The median RC performance for
the MT2 layer is 0.20fF/um capacitance and 3.3ohm/um
resistance at 160um pitch, as measured on the high-
volume manufacturing process with electromigration
performance that is consistent with the requirements of
high-performance microprocessors.

Overall, the on-die interconnect stack for the 45nm
process generation delivers 2X higher area density, 10%
lower average capacitance, improved power distribution,
and a completely Pb-free product.

Process Discussion

The on-die MT1-MT?7 interconnects are formed by dual
damascene patterning with highly manufacturable low-k
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CDO dielectrics. The lower layer metal pitches are
160nm, while upper layer metal pitches increase
progressively to optimize density and performance as
shown in Table 1 and Figure 1. MTS is also formed by
dual damascene patterning, but it uses PECVD SiO, as the
dielectric film, and the MTS layer is covered with a thick
PECVD silicon nitride film.

Table 1: Layer material, pitch, thickness and aspect

ratio
Layer Dielec?ric Pitch Thick Asp‘ect
Material (nm) (nm) Ratio
Metal 1 |Low k 160 144 1.8
Metal 2 |Low k 160 144 1.8
Metal 3 |Low k 160 144 1.8
Metal 4 |Low k 240 216 1.8
Metal 5 |Low k 280 252 1.8
Metal 6 |Low k 360 324 1.8
Metal 7 |Low k 560 504 1.8
Metal 8 | SiO, 810 720 1.8
Metal 9 | Polymer 30.5um | 7um 0.4

Figure 1: SEM image of interconnect stack up to MT8

The MT9 redistribution layer is formed using a plate-up
process. It begins by depositing a blanket Barrier/Seed
(Ti/Cu) layer over the entire wafer. The MT9 line/space
pattern is created using a thick photoresist followed by
standard Cu electroplating to form the MT9 lines. The
resist is then stripped and the Barrier/Seed between MT9
lines is removed. The finished MT9 wires are capped with
a 400nm PECVD silicon nitride film for improved
isolation.

The MT9 layer is covered with 16um of a spin-on
polymer dielectric that 1is patterned by standard
lithography techniques and cured in a furnace. From this
point onwards the processing is very similar to that used
to form the Cu bumps utilized in the 65nm process [2, 3].

Figure 2 shows a cross-section view of the MT9, VA9,
and Cu bump layers.

Cu Bump

VA9

Figure 2: SEM image detailing the MT9 and VA9
layers

After Cu bump formation, the wafers are tested, diced into
individual die, and assembled into packaged units. The
electrical connection between die and package uses a Pb-
free solder as shown in Figure 3. Details of this process
are described elsewhere [4].

Figure 3: SEM image showing a Bump post chip
attach

RESULTS

The 45nm process delivers reduced capacitance relative to
the previous 65nm process generation through a
combination of techniques. The newer process replaces
Si0, dielectric with low-k CDO dielectrics at MT1, MT6,
and MT7 for a >20% capacitance improvement at those
layers as shown in Figure 4. Also, at the lower metal
layers, the SiCN etch stop layer is aggressively scaled for
an additional 5% capacitance reduction. Overall, the
newer process achieves a 10% average capacitance
improvement while re-using the robust CDO dielectric
film and capital equipment from the previous process
generation.
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Figure 4: Capacitance comparison between the 45nm
process and 65nm process

It is important to accurately benchmark interconnect RC
performance. Interconnect capacitance and resistance are
measured for minimum pitch lines with 50% dense,
minimum-pitch metal patterns directly above and below
the measured feature. Total capacitance is the sum of line-
line capacitance and layer-layer capacitance as indicated
in Figure 5.
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Figure 5: Components of capacitance measurement

Measured capacitance and resistance values for the 45nm
process are shown in Figures 6 and 7 at the MT2 and MT6
layers, respectively. The MT2 layer delivers median
values of 0.20 fF/um total capacitance and 3.3 ohm/um
resistance at 160nm pitch. Resistance at lower metal
layers includes a 10% resistance penalty to enable high
current density without electromigration failures for high-
performance logic products. The MT6 process delivers
median values of 0.21 fF/um total capacitance and 0.38
ohm/um resistance at 360nm pitch.

MT2 R and C values measured at 160nm pitch with
MT1 (below) and MT3 (above) at 50% density
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Figure 6: R and C values for MT2 at 160nm pitch

MT6 R and C values measured at 360nm pitch with
MT5 (below) and MT7 (above) at 50% density

50% density

Total Capacitance (fF / micron)

50% density

2.8

Inverse Resistance (micron / ohm)

Figure 7: R and C values for MT6 at 360nm pitch

The thick MT9 lines allow for neighboring bumps to be
connected by a low-resistance path that enables current
redistribution upon initial electromigration (EM) damage
at individual bump/solder joints. The large cross-section
area of MT9 and its excellent electromigration resistance
achieves redundancy of neighboring bumps without
concern for electromigration in MT9 itself. Figure 8
shows an electromigration Time-to-Failure comparison
between a single daisy chain of C4 bumps vs. two daisy
chains of bumps tested in parallel, connected through
MT9 with twice the amount of current; and both tested
under accelerated conditions of higher temperature and
higher current. As the plot indicates, MT9 redundant
layout increases bump EM performance by at least 1.65X.
Due to long testing periods, the stress ended without any
redundant links failing. These data show that MT9
delivered the desired bump EM improvement.
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Figure 8: EM fail rate for redundant Cu bumps

Figure 9 shows a Confocal Scanning Acoustic Microscope
(CSAM) image of a product unit (full stack) taken after
packaging with Sn-Ag-Cu solder. Areas of cracking or
interface delamination will show up as white or black
spots apart form the contrast variation of the underlying
pattern. As seen in Figure 9, no contrast areas are
observed, which shows that the unit is free of cracking or
interface  delamination. These results have been

demonstrated on thousands of units and across the
expected process variations.

Figure 9: CSAM image of a production unit post
packaging
It is critical that this thick MT9 layer also be reliable in
addition to achieving electrical benefits. Figure 10 shows

a CSAM of the MT9/VAO layer after 25 hours of HAST
stress; the image is clean of any delamination or cracking.

Figure 10: CSAM image of a production unit after 25
hours of HAST

DISCUSSION

Interconnect design is a compromise between density, RC
performance, and cost: narrow wires deliver high-density
but relatively poor RC performance, while wide wires
have better RC performance but reduced density. Extra
metal layers can improve either density or RC
performance, but they also add process cost. High-
performance logic products are designed with fine pitch
wires at the lower layers where density is critical, and with
wide/thick wires at the upper layers where RC
performance is critical.

Intel’s 45nm interconnect process uses a unique solution
to the problem of interaction between density, RC
performance, and cost, by adding a low-cost, very-low-
resistance layer to improve the power distribution network
at the upper metal layers. The reduced requirement for
power distribution in the MT6, MT7, and MTS8 layers and
the move to low-k dielectric at MT6 and MT7 enables
these layers to allocate more chip area to signal wires,
resulting in improved RC performance, without adding
process cost.

The lower metal layers use 160nm pitch with dry 193nm
lithography to achieve high density with acceptable RC
performance and relatively low process cost. The
tungsten-filled local interconnect layer beneath MT1 helps
to achieve high density. The re-use of robust dielectric
materials with optimized thickness improves RC
performance at the lower metal layers while maintaining
high reliability and controlling process cost.

The new process exceeds the reliability requirements for
high-volume manufacturing. The 45nm process with its
seven layers of low-k dielectrics has significant intrinsic
margins to film cracking and/or interface delamination
even with the increased stress of a Pb-free process. The
MT?9 redistribution layer has excellent EM performance
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on its own and enables redundancy between Cu bumps,
which effectively improves their EM resistance as well.
The complete interconnect stack is capable of
withstanding temperature shock, HAST, and PreCon
stresses, all of which exceed end-of-life goals [5, 6, 7].

CONCLUSION

The on-die interconnect stack for Intel’s 45nm process
generation delivers a 2X higher area density, a 10% lower
average capacitance, and improved power distribution
relative to the previous process generation. The new
process also enables Intel’s first completely Pb-free
microprocessor products.
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ABSTRACT

The key message of this paper is that process variation is
not an insurmountable barrier to Moore’s Law, but is
simply another challenge to be overcome. This message is
illustrated with data from the 45nm process generation
where process variation is shown to be at least equivalent
to (and in many cases better than) process variation in the
65nm- and 90nm-process generations.

We begin this paper with an introduction and historical
overview of process variation. Although there has been a
trend in recent years to convey process variation as a new
challenge associated with advanced CMOS technologies,
process variation has been a continuing theme throughout
the history of semiconductor process engineering.

We continue with a review of critical sources of variation
specific to the 45nm generation, including highly random
effects (random dopant fluctuation, line-edge and line-
width roughness), variation associated with the gate
dielectric (oxide thickness, fixed charge, defects and
traps), patterning proximity effects (classical, and those
based on optical proximity correction (OPC)), variation
associated with polish (shallow-trench isolation, gate, and
interconnect), variation associated with strain (wafer-level
biaxial, high-stress capping layers, and embedded silicon-
germanium (SiGe)), and variation associated with
implants and anneals (implant tool-based, implant profile,
rapid-thermal anneal, and implant variation associated
with poly-grain boundaries).

We then explore the variety of process, design, and layout
techniques used in the 45nm generation to mitigate the
impact of variation. Pure process mitigation techniques
include targeting key transistor properties to reduce
random dopant fluctuation, reducing traps at the high-k
metal-gate (HiK+MG) interface to reduce random charge
variation, improving patterning techniques to reduce line-
edge roughness and endcap variation, and improving
polishing technologies to reduce systematic cross-wafer
variation. Combination design-process techniques include
optimizing topology, using OPC to reduce random and
systematic variation, and adding dummy features to
reduce systematic variation. Pure design techniques
include chopping techniques to compensate for random
variation and common-centroid layout techniques to
compensate for systematic variation.

We move on to illustrate the success of these mitigation
techniques by reviewing detailed data characterizing
variation in the 45nm generation. Three different types of
measurements are presented to illustrate various variation
mechanisms. The first is in-fab measurement of variation,
used to characterize gate dimensional variation for the
45nm versus 65nm and 90nm generations. The second is
low-frequency electrical measurement of matched
transistor pairs, used to extract random variation for 45nm
versus 65nm transistors. The third is measurements of
product ring oscillators, used to determine both systematic
and random within-wafer and within-die variation for
45nm versus 65nm products.
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Finally, we reinforce the key message that variation does
not pose an insurmountable barrier to Moore’s law, but is
simply another challenge to be overcome.

INTRODUCTION AND HISTORICAL
OVERVIEW

Moore’s-Law-driven technology scaling has improved
VLSI performance by five orders of magnitude in the last
four decades. As advanced technologies continue the
pursuit of Moore’s Law, a variety of challenges will need
to be overcome. One of these challenges is management of
process variation [1, 2].

Although there has been a trend in the CMOS literature in
recent years to convey process variation as a new
challenge associated with advanced CMOS technologies,
that viewpoint does not effectively capture the history of
process variation. Process variation has always been a
critical aspect of semiconductor fabrication.

The first discussion of random variation in semiconductor
devices was Shockley’s 1961 analysis of random
fluctuations in junction breakdown [3]. Shockley’s
concepts of random variation were extended to MOS
devices by Keyes [4] in 1975 when he modeled the effect
of random fluctuations in the number of impurity atoms in
the depletion layer of a field-effect transistor (FET).
Systematic variation in MOS devices was first addressed
formally in 1974 by Schemmert and Zimmer [5] when
they computed the sensitivity of ion-implanted MOS
threshold voltages as a function of the implantation energy
and the oxide thickness. A more extensive analysis of
threshold voltage sensitivity using a closed-forum
numerical simulation was presented by Yokoyama et al. in
1980 [6] with a Monte Carlo approach developed by
Alvarez in the same year [7]. Interconnect variation has
also received significant attention over the years, with Lin
et al. presenting a detailed treatment in 1998 [8] that was
expanded by many authors in the early 2000s [37, 40—43].

While the continued decrease in the ratio of feature sizes
to fundamental dimensions (such as atomic dimensions
and light wavelengths) means that management of
variation will play a significant role in future technology
scaling, the evidence shows that process variation has
been a continuing theme throughout semiconductor
history.

CRITICAL SOURCES OF VARIATION IN
THE 45NM GENERATION

45nm technology is subject to a number of variation
effects that are well documented in the literature [9-63].
Examples include highly random effects (random dopant
fluctuation (RDF) [9-17], line-edge and line-width
roughness, line-edge and line-width roughness (LER) and

(LWR), respectively [18-21]), variations in the gate
dielectric (oxide thickness variations [22-26], fixed
charge [27], and defects and traps [28-34]), patterning
proximity effects (classical, and those associated with
OPC [35]), variation associated with polish (shallow
trench isolation (STI) [36, 40], gate [37-38], and
interconnect [39,42-44]), variation associated with strain
(wafer-level biaxial 4649, 57], high-stress capping layers
[50-52], and embedded silicon-germanium (SiGe) [53—
56]), and variation associated with implants and anneals
(tool-based [58], pocket implants [59-60], rapid-thermal
anneal RTA [61] and variation associated with poly grains
[62-63]).

Random Dopant Fluctuation (RDF)

MOS threshold voltage variation due to random
fluctuations in the number and location of dopant atoms is
an increasingly significant effect in sub-micron CMOS
technologies (see Figure 1 and [9-17]). As the number of
dopant atoms in the channel decreases with scaled
dimensions, the impact of the variation associated with the
atoms increases. Figure 2 illustrates the decreasing
average number of dopant atoms in the channel as a
function of the technology node. Note the change from the
lum technology node (with many thousands of dopant
atoms in the channel) to the 32nm technology node (with
less than 100 atoms in the channel).

Dt

Figure 1: Random dopant fluctuations (RDF) are an
important effect in sub-micron CMOS technologies

RDF is assumed to be the major contributor to device
mismatch of identical adjacent devices and is frequently
represented by Stolk’s formulation (Equation 1)

g()

\Weff Leff |~ N2\ Weff - Leff
illustrating that matching improves with decreases in
channel doping (N) and gate oxide thickness (7ox), and it

degrades when device area decreases [12].
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Figure 2: Average number of dopant atoms in the
channel as a function of technology node

While Equation (1) assumes that the only contribution to
random variation between two adjacent matched devices
is random dopant fluctuation, in practice it is known that
additional effects also contribute to the measured variation
[14]. Identifying the magnitude and root cause for these
additional effects is important in facilitating the
development of mitigation techniques. Many groups have
attempted to estimate the size of these additional effects
by comparing measured data to simulation [15-16]. As an
example, we reported the results of such a study [17]
where we compared simulation results to 65nm silicon
data and showed that simulated RDF is ~65% of the total
NMOS oV;. Similar results were obtained when we
compared 45nm simulation results to data where the
simulated RDF is ~60% of the total PMOS cV7.

Line-edge and Line-width Roughness (LER
and LWR)

While random fluctuations in patterned lines occur in both
the front-end and the back-end of the process, the primary
concern with LER/LWR is variations in poly-gate
patterning (see Figures 3 and 4). For poly-gate patterning,
LER and LWR are associated with increases in the sub-
threshold current [18, 19] as well as degradation in the
threshold voltage (V) characteristics [20, 21].
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Figure 3: LER/LWR definitions [19]

Diaz et al. [18] quantified the impact of LER on transistor
performance by comparing devices from a 130nm
technology (80nm nominal gate lengths and 17A oxide)
that were patterned with a 193nm binary solution (9.3nm
LER) and 248nm alternating phase shift mask (APSM)
solution (6.5nm LER). LER reduction from 9.3nm to
6.5nm translated into measured improvement of 1.5X for
a nominal device. For the subnominal 70nm device, a 2X
improvement was observed.

In a similar experiment, Kim et al. [19] evaluated the
impact of LER and LWR on device performance using a
set of 80nm node single nMOS transistors from low-
power SRAM devices fabricated with various
combinations of gate length, gate width, LWR, and LER.
The amount of LER and LWR was controlled by applying
different resist materials, defocus, and overetch time.
Their experimental data showed that LER effects began
when the gate length was less than 85nm. They observed a
four-order of magnitude increase in the standard deviation
of the subthreshold current for the smallest gate lengths in
the study.

Fukutome et al. [20] were able to use scanning tunneling
microscopy (STM) to directly assess the impact of LER
on the carrier profiles of source-drain extensions in sub-
micron MOSFETs. They observed that the roughness of
extension edges induced by gate LER depended on the
implanted dose, halos (pockets), and various co-
implantations. They showed an improvement of 4nm in Vy
roll-off with a decrease in the average LER, and they
confirmed that co-implants induced a degradation of SmV
in the standard deviation of V.

Asenov et al. [21] studied the combined effect of LER and
random discrete dopants on current fluctuations. They
were able to demonstrate that the two sources of
fluctuations act in a statistically independent manner when
taken into account simultaneously in the simulations. They
also showed that the LER-induced current fluctuations
have a much stronger channel length dependence and, as
devices are scaled to shorter dimensions, LER is expected
to supplant RDFs as the dominant variation source.
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Figure 4: LER/LWR of poly gates has been modeled
by a number of researchers [18-21]

Variations in the Gate Dielectric

The high-k metal-gate (HiK+MG) devices used in the
45nm generation are subject to a number of variation
effects in the gate dielectric [22-34]. These include
variations in oxide thickness, fixed charge, and interface
traps. These physical changes in the dielectric result in
parametric variations in drive current, gate tunneling
current, or threshold voltage.

Oxide Thickness

Asenov et al. [22] have studied the intrinsic threshold
voltage fluctuations introduced in the atomic scale
roughness of the gate interfaces in deep submicrometer
MOSFETs through carefully designed simulation
experiments. Their simulations show that intrinsic
threshold voltage fluctuations induced by local oxide
thickness variations become comparable to voltage
fluctuations introduced by RDF for conventional MOS
devices with dimensions 30nm and below.

Koh et al. [26] have evaluated gate-tunneling leakage
current both experimentally and theoretically for
MOSFETs with 1.2- to 2.8nm-thick conventional SiO,
gate oxides. They showed that the statistical distribution
of gate-tunnel leakage current causes significant
fluctuations in V7 when the gate oxide tunnel resistance
becomes comparable to the gate poly-Si resistance. They
set the scaling limits (when using a low-resistive silicide
gate, and with a conventional gate oxide) at an 0.8nm gate
oxide thickness.

Fixed Charge

The presence of fixed charge in the high-k layer can affect
the mobility and the threshold voltage. As a consequence,
variation in the fixed charge may affect the uniformity of
the threshold voltages on devices. Kaushik et al. [27] have
studied this effect and estimated the fixed charge in high-k
dielectric films based on a slant-etched SiO, layer that
allows a thickness series on a single wafer.

Defects and Traps

Electron mobility degradation and V; instability due to
fast transient charging (FTC) in electron traps is a
continuing concern in high-k dielectrics.

Lucovsky [28] has extensively investigated defects in
HfO, gate dielectrics through the combination of
spectroscopic measurements with electrical detection of
defect states. Two types of defects have been proposed,
those associated with grain boundaries in the
nanocrystalline HfO, and those associated with different
charge states of the O-atom vacancy. Similar conclusions
are reached by other researchers [29-31].

Wen et al. [32] have investigated the effects of FTC by
studying the impact of metal gate electrodes on mobility
degradation. Their studies suggest that the increase of
FTC in HfSi, may be attributed to higher density of the O
vacancies in the high-k dielectric caused by the HfSi,-
induced O scavenging process.

Optimization of HfO, processing such as N incorporation
[33] or use of HfSiON, [34] has also been shown to
reduce the charge-trapping effects.

Patterning Proximity Effects

The general lithography expression for the minimum
resolvable critical dimension (CD)—assumes equal
line/space—is given in Equation (2),

A
CD,,, =k — 2
'NA (2)

min
where k; is a measure of lithographic aggressiveness
(small is aggressive) and includes illumination conditions,
resist materials/chemistry, OPC and other resolution
enhancement techniques (RETs). The continued decrease
in k; for more advanced technologies is illustrated in
Figure 5.
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Figure 5: Generational trend in k,
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A variety of techniques can be applied to layers with low
k; to improve the lithographic patterning and reduce the
variation. One of the most powerful of these is OPC [35].

OPC pre-distorts the mask data following specific
algorithms in order to achieve a desired pattern on the
wafer. OPC is based on a highly phenomenological
process model that incorporates lumped optics, resist,
wafer stack, and mask effects. This model generates a
mask-to-wafer optical transfer function, and an OPC
algorithm is written to invert the transfer function. An
OPC recipe is developed using an iterative algorithm that
modifies the starting database in order to achieve the
desired pattern on the mask. An example of the power of
OPC is shown in Figure 6, which compares patterning
with and without OPC applied.

CONTOUR PREDICTION - no OPC PREDICTION WITH OPC APPLIED

SEM IMAGE - AFTER

Figure 6: OPC pre-distorts the mask data in order to
achieve a desired pattern on the wafer

Polish

Chemical mechanical polish (CMP) is a critical process
step in advanced semiconductor technologies. In the front
end, CMP has been used for polishing STI [36], and more
recently for polishing gate-in, gate-last, metal gate
processes [37]. In the back-end, CMP is used for polishing
dielectrics in a conventional process and metals in a
damascene process [37].

In a traditional STI process [36], shallow trenches are
etched into silicon using a nitride hard mask followed by
oxide deposition to fill the trenches. A CMP step removes
the excess oxide on top of the nitride and partially
polishes the nitride layer. The remaining nitride is stripped
to expose the active regions where subsequent processing
forms the transistors. Subsequent process steps (poly
patterning, spacer, silicide formation, etc.) are sensitive to
variations in the height of the oxide “steps” between the
edge of the STI and diffusion produced by CMP variation.

In a high-k, first gate-last process [37], SiO, growth is
replaced by high-k gate dielectric formation. After
interlayer dielectric ILD deposition, a poly polish step

exposes poly gates, and a gate trench is formed by
removal of the dummy poly. Workfunction and
conduction metals are deposited in the gate trench and
then planarized using a metal polish step. The gate-fill
step is sensitive to variable height gates produced by the
poly gate CMP variation, and subsequent process steps are
sensitive to both height and recess variation from the
combination of poly-gate and metal-gate CMP variation
[38].

In the back-end [39] the traditional subtractive process
uses a metal etch to pattern and remove titanium and
aluminum. The subtractive metal process is followed by
ILD, a CMP planarization step, and tungsten via
fabrication step. In the subtractive process, the sensitivity
is to ILD variation produced by the dielectric CMP
planarization. Damascene-copper reverses the process, by
etching troughs and vias into an insulator, depositing a
copper diffusion barrier and copper into the troughs, and
using CMP to remove excess copper and barrier material.
An ILD is added after the Cu-CMP. In the damascene
process, the sensitivity is to Cu and ILD variation
produced by the metal CMP planarization.

One commonly applied method for improvement of
variation in any CMP process is the addition of dummy-
features. Tian et al. [40] review some of the historical
approaches to dummy-feature placement and modeling
and present a time-dependent relation between post-CMP
topography and layout pattern density for CMP in STI.

In the back end, much recent literature has been devoted
to the topic of modeling interconnect variation produced
by CMP. For example, Yu et al. [41] characterize the
smoothing and planarization effects of ILD polishing by a
polynomial equation with a small number of fitted
parameters. Choi et al. [42] combine a set of scripts and
commercial tools to incorporate Cu-interconnect CMP
effects in a full-chip static timing analysis. Soumyanath et
al. [43] present a nonintrusive time-domain technique to
characterize interconnect performance on a 0.25um, 1.8V
process. The technique is based on simple time-delay
measurements from a repetitive waveform. Finally,
Mehrotra et al. [44] analyze interconnect timing
performance in a high-speed microprocessor by using
timing analysis in conjunction with a post-extraction net
adjustment.

Strain

Prior to the 130nm process generation, classic “Dennard”
transistor scaling [45] was sufficient to support the 0.7X
delay reduction per generation required by Moore’s Law.
For the 90nm generation and beyond, additional
enhancements have been required. Primary among these
enhancements is the use of strain.
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During the 1980s, researchers began to explore channel
strain approaches for transistor enhancement where thin Si
layers were grown on relaxed SiGe substrates such that
the thin Si layer would take the larger lattice constant of
the SiGe and create biaxial tensile stress in the channel
[46-49].

In the early 2000s, a new class of transistor strain
approaches was developed that used process features
external to the transistor (rather than strain in the channel
itself as with the biaxial approaches) to strain the
transistor. Among these approaches were high-stress
capping layers [50-52] and the use of embedded SiGe in
the PMOS source-drain regions [53-56].

Process strain creates a number of new variation
challenges, both random and systematic. Researchers are
beginning to focus both theoretically and experimentally
on quantifying the magnitude of strain-induced variation.
In Tsang et al. [57] for example, an analytical model was
developed to predict threshold variation as a function of
Ge fraction, layer thickness, channel length, and doping
profile. This model was verified with simulations and
experimental data for n- and p-MOSFETs in both single-
and dual-channel architectures.

Implant and Anneal

In addition to the fundamental variation mechanism of
random dopant fluctuation (discussed earlier), there are
also a number of variation sources associated with the
physical implant and anneal processes.

The implant tool conditions are a significant source of
transistor variation. Al-Bayati et al. [58] have studied the
device sensitivity of ultra-shallow junction processes to
tool-related implant and annealing parameters. In their
work, NMOS and PMOS devices were studied to quantify
variation as a function of the accuracy of dose, purity of
dose, spike anneal peak temperature, and the ramp-up and
cool-down rates.

The architecture of the pocket (halo) and extension (tip)
implants is also critical for variation management. Tanaka
et al. [59-60] have investigated the statistical V7
distribution for a variety of pocket (halo) implantation
conditions through both experimental measurements and
device simulation. They showed that the increase in V7
asymmetry caused by the pocket profile degrades the total
fluctuation of V; by greater than 15%.

The advent of advanced RTA processes has introduced
new variation sources. Ahsan et al. [61] investigated the
impact of RTA anneal on process variation and noted that
most of the observed variation can be accounted for by
lamp annealing-driven variations in R,,, and V7. They also
showed that the variation correlates with the calculated
reflectivity for the lamp RTA spectrum and is dependent
on the local, mm-scale pattern density.

An additional variation mechanism related to implant
technology arises from the poly-crystalline nature of
conventional gates. Enhanced diffusion, variations in
dopant activation, and implant channeling along grain
boundaries can all cause increased variation. Fukutome et
al. [62] have investigated the effect of randomly oriented
and rotated poly-Si gate grains on lateral carrier profiles
of extension regions in sub-50nm MOSFETs by direct
observations and electrical measurements. By optimizing
the grain boundary they were able to demonstrate a 26%
reduction in threshold voltage variation. Brown et al. [63]
developed a coherent 3-D statistical simulation study of
the impact of poly-Si granularity on the variability in
CMOS transistors and concluded that for realistically
scaled bulk MOSFETs, the poly-Si and random dopant-
induced variations compete at 35nm and 25nm channel
lengths. They further concluded that if LER does not scale
by the International Technology Roadmap for
Semiconductors (ITRS), fluctuation due to poly-grain
boundaries becomes the dominant source of variability
for channel lengths below ~25nm.
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Figure 7: Cell topology enhancements for mismatch improvement

PROCESS, DESIGN AND LAYOUT
TECHNIQUES USED IN THE 45NM
GENERATION TO MITIGATE THE
IMPACT OF VARIATION

Many techniques were applied in the 45nm generation to
mitigate the impact of process variation. These techniques
can be characterized as pure process techniques (i.e.,
techniques transparent to design), combination process-
design techniques (i.e., techniques that exercise tight
cooperation between process and design), and pure design
techniques (i.e., techniques transparent to process).
Examples of pure process mitigation techniques include
targeting key transistor properties to reduce random
dopant fluctuation, reducing traps at the HiK+MG
interface to reduce random charge variation, improving
patterning techniques to reduce LER and endcap variation,
and improving polishing technologies to reduce systematic
cross-wafer variation. Examples of combination design-
process techniques include optimizing topology, using
optical proximity correction to reduce random and
systematic variation, and adding dummy features to
reduce systematic variation. Pure design techniques
include chopping and autozeroing to compensate for
random variation and common-centroid layout to
compensate for systematic variation.

Process Mitigation Techniques

Pure process mitigation techniques are techniques
implemented by the process and transparent to design. As
an example, recall that RDF is a major contributor to
random variation and is frequently represented by Stolk’s
formulation (Equation 2)
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illustrating that matching improves with decreases in
channel doping (N) and gate oxide thickness (7ox), and
degrades when device area decreases [12].

Historical scaling (which reduces gate oxide thickness)
suggests a continued improvement in the random variation
coefficient (C2). However, as illustrated in Figure 8, the
historical improvement trend in C2 slowed when gate
leakage concerns limited gate oxide scaling with
conventional gate oxides at the 65nm generation. The
introduction of 45nm HiK+MG, which restored historical
gate oxide scaling due to reduction in gate oxide leakage,
was a pure process technique that mitigated the impact of
RDF and enabled a return to an historical scaling trend.
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Figure 8: HIK+MG enables a return to an historical
scaling trend with associated improvement in C2

Traps in the HiK+MG dielectric are another source of
random variation. A number of process improvements
were incorporated in the 45nm process to reduce the
impact of traps. Figure 9 shows pulsed IV characteristics
for early versions of the HiK process vs. a later improved
version. Initial HiK+MG material showed a large
hysteresis effect—as well as high-bias-temperature
instability (BTI) degradation in direct-current (DC) stress.
Later versions of the process (incorporating a variety of
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improvements) showed negligible hysteresis
demonstrating that traps were virtually eliminated.
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Figure 9: Dielectric trap improvement in the 45Snm
generation as measured with pulsed IV [64]

LER and LWR are key contributors to random variation in
advanced technologies. A variety of advanced patterning
techniques were applied in the 45nm generation to
improve the patterning and reduce the LER (see Figure
10).
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Figure 10: A variety of techniques were applied in the
45nm generation to improve the patterning and reduce
the LER

Another lithographic variation improvement incorporated
in the 45nm generation was to change the poly-patterning
process so that the poly endcaps are square rather than
rounded (see Figure 11 and 7). Square endcaps eliminate
the systematic variation associated with “dogbone” and
“icicle” endcaps.

Figure 11: Square poly endcaps implemented in 45nm
technology to eliminate the variation of “dogbone”
and “icicle” endcaps

A number of modules in the 45nm generation were able to
incorporate significant process improvements to reduce
systematic variation. One of many examples is shown in
Figure 12, which illustrates the improvement in 45nm
MT1 within-wafer (WIW) resistance uniformity over the
65nm generation due to improvements in Cu CMP.

MT1 within-wafer resistance uniformity
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Figure 12: Improvement in 45nm MT1 within-wafer
resistance uniformity due to improvements in Cu
CMP

Combination Process—Design Mitigation
Techniques

Combination process-design mitigation techniques are
techniques that exercise tight cooperation between process
and design. An example of a combination process-design
mitigation strategy is to change the topology of the SRAM
from a “tall” design to a “wide” design (see Figure 7 and
Ref. [19]). The wide design improves CD control and
variation by aligning the poly in a single direction,
eliminating diffusion corners, and relaxing some
patterning constraints on other critical layers.

Combination design-process improvements resulting from
optimization between reticle enhancement techniques and
the lithography process were widely used in the 45nm
generation. An example is shown in Figure 13, which
shows the improvement resulting from an OPC/RET
update that resolved the issue of a poor resist profile
causing variation in metal pattern after etch.
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Backend Computational Lithography - DFM example
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Top-down resist CD meets spec, but poor contrast leads to poor resist profile
which is transferred to metal pattern after etch, resulting in shorting marginality

E !

Computational lithography solution

Figure 13: An example of a design-process OPC/RET
update in the 45nm generation that resolved the issue
of a poor resist profile causing variation in metal
pattern after etch

Combination  process-design  strategies such  as
dummification and fill techniques at diffusion, poly, and
in the back-end have been used historically to reduce
systematic variation induced by the lithography, etch, and
polish modules. The 45nm generation continued this
improvement trend by extending the dummification and
fill methodologies of past generations. Figure 14
illustrates  this improvement by comparing poly
dummification between 65nm and 45nm test vehicles.

Figure 14: Poly dummification improvements between
65nm and 45nm generations as demonstrated on a test
vehicle

45nm TEST CHIP

65nm TEST CHIP

Recent generations have seen the impact of non-
uniformities at the poly layer extend beyond lithography,
etch, and polish into modules such as RTA anneal [60].
Figure 15 shows an example of a combination design-
process mitigation strategy where dummy features were
incorporated to improve poly density and thus improve
RTA temperature uniformity to reduce systematic
transistor variation.

Before After
Optimization Optimization
Poly
Layout
Extraction
Temperature
Simulation
15

Figure 15: Dummy features were incorporated in
45nm generation to improve poly density and thus
RTA temperature uniformity

Design Mitigation Techniques

Pure design mitigation techniques are techniques
implemented by design and transparent to process. An
example of a pure design mitigation technique used in the
45nm generation to reduce the impact of random variation
is chopping, as shown in Figure 16. In chopping, the
inputs to a differential amplifier are swapped, or chopped,
under the control of a clock signal. The same clock signal
is used to swap the outputs, and then the results are low-
pass filtered.

w

Clock

A |
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Figure 16: Chopping was used in the 45nm generation
as a pure design technique to mitigate the impact of
random variation

A more sophisticated design approach used in the 45nm
generation to reduce the Vcemin impact of mismatch due
to random variation in the SRAM was the incorporation of
dynamic forward body bias (FBB) as shown in Figure 17.
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In this approach, the Nwell is partially discharged 1-cycle
before the word-line by a programmable pulse. The Nwell
then remains at lower bias during back-to-back access to
minimize switching power. The SRAM PMOS FBB
circuitry is integrated along the 8-column boundary and
consumes less than 2% area overhead.

Charges N-Well to VCC
during idle mode
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~. N-Well
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Figure 17: Use of SRAM PMOS FBB to reduce the
Veemin impact of mismatch due to random variation

Systematic variation is best minimized through the use of
good layout techniques. One of the design techniques used
in the 45nm generation was to lay out matched devices so
that they have the same centroid or center of gravity (see
Figure 18); then, any device effect that manifests itself as
a gradient across the layout will impact each set of
matched devices equally.

M2 dummy M2 M1

I+|=|+|

Figure 18: Common centroid layouts were used in the
45nm generation as pure design techniques to mitigate
the impact of systematic variation

dummy M1 dummy

CHARACTERIZATION OF VARIATION
IN THE 45NM GENERATION

We illustrate the success of these mitigation techniques by
reviewing detailed data characterizing variation in the
45nm generation. Three different types of measurements
are presented to illustrate various variation mechanisms.
The first is an in-fab measurement of variation, used to
characterize CD variation for 45nm versus 65nm and

] _‘,.Sf'z’/\ Well voltage
drooping too

90nm generations. The second is DC electrical
measurement of matched transistor pairs, used to extract
random variation for 45nm versus 65nm transistors. The
third is frequency measurements of product ring
oscillators, used to determine both systematic and random
WIW and within-die (WID) variation for 45nm versus
65nm products.

In-Fab Characterization of Critical
Dimension (CD)

Maintaining poly-gate control is critical for managing
variation between process generations. Figure 19 presents
summary data from in-line measurements of gate CD
across four generations that show that the 45nm
technology generation was able to maintain a 0.7X scaling
to prior generations for WID, WIW, and total variation.
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Figure 19: The 45nm generation continued the
historical scaling trend of 0.7X in poly-gate variation
control

DC Measurement of Matched Transistor
Pairs

DC electrical measurement of matched transistor pairs is a
basic technique used to extract random variation for 45nm
versus 65nm transistors. Figure 20 illustrates the random
variation for both 65nm and 45nm generations as
extracted from matched transistor pairs. Note an ~20%
improvement in intrinsic random variation from the 65nm
to 45nm generations.
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Figure 20: Pelgrom plot illustrating the improvement
of the 45nm over 65nm generations

Ring Oscillator Measurements

A powerful tool for assessing process variation is locating
ring oscillators (see Figures 21 and 22) routinely in all
product designs. The detailed ring-oscillator data can be
used to identify areas of concern for process teams to
resolve.
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Figure 21: Ring oscillators can be located in product
die

Figure 22: Ring oscillators were added to 45nm
products to provide detailed within-die and within-
wafer variation data on revenue product material

Figures 23 and 24 show examples of the use of ring-
oscillator frequency to determine systematic and random
WIW variation across generations. Systematic WIW
variation data from ring oscillators (Figure 23) on
microprocessor product material illustrates that systematic
variation has remained essentially constant across the last
four generations. Random WIW variation data from ring
oscillators (Figure 24) on microprocessor product material
illustrates the ~50% improvement in random variation
between the 65nm and 45nm generations enabled by
HiK+MG. Note also that the 45nm random WIW
variation is comparable to the 130nm process generation.
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Figure 23: Systematic within-wafer variation data
from ring oscillators on microprocessor product
material illustrating that systematic variation has
remained constant across the last four generations
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Figure 24: Random within-wafer variation data from
ring oscillators on microprocessor product material
illustrating the ~50% improvement in random
variation enabled by HiIK+MG between the 65nm and
45nm generations

Figure 25 gives an example of ring-oscillator data (used in
conjunction with a calibration structure) to extract average
systematic WID V7 variation comparisons between 65nm
and 45nm generations. Note that NMOS has improved
45% (from 20mV to 11mV) and PMOS has improved
22% (from 9mV to 7mV) between the 65nm and 45nm
generations.
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Figure 25: Ring-oscillator data (used in conjunction
with a calibration structure) to extract 65nm to 45nm
systematic within-die NMOS and PMOS YV, variation
illustrating the improvement is enabled by HIK+MG

between the 65nm and 45nm generations

CONCLUSION

Although there has been a trend in the CMOS literature in
recent years to convey process variation as a new
challenge, process variation has always been a critical
element in semiconductor fabrication. From the first
discussion of random variation by Shockley in 1961 [3] to
the most recent 45nm results [14, 17], understanding and
mitigating process variation has been a continuing theme
throughout semiconductor history.

While management of process variation is likely to play
an increasingly important role in technology scaling, a
variety of process, design, and layout techniques can be
applied to mitigate the impact of this variation. Examples
of pure process mitigation techniques used in the 45nm
technology include targeting key transistor properties to
reduce RDF, reducing traps at the HiIK+MG interface to
reduce random charge variation, improving patterning
techniques to reduce LER and endcap variation, and
improving polishing technologies to reduce systematic
cross-wafer variation. Examples of combination design-
process techniques used in the 45nm generation include
optimizing topology, using OPC to reduce random and
systematic variation and adding dummy features to reduce
systematic variation. Examples of pure design techniques

used in the 45nm generation include chopping techniques
to compensate for random variation and common-centroid
techniques to compensate for systematic variation.

The success of the 45nm process variation mitigation
techniques is well illustrated by 45nm data. In-line
measurements of gate CD across four generations show
that the 45nm technology generation was able to maintain
a 0.7X scaling to prior generations for WID, WIW, and
total variation. Intrinsic random variation extracted from
matched transistor pairs shows an ~20% improvement in
intrinsic random variation from the 65nm to 45nm
generations. Systematic WIW variation data from ring
oscillators on microprocessor product material illustrates
that systematic variation has remained essentially constant
across the last four generations. Random WIW variation
data from ring oscillators on microprocessor product
material illustrates an ~50% improvement in random
variation between the 65nm and 45nm generations
enabled by HiK+MG. Ring oscillator data (used in
conjunction with a calibration structure) shows that
NMOS average systematic WID V; variation has
improved 45% (from 20mV to 11mV) and PMOS has
improved 22% (from 9mV to 7mV) between the 65nm
and 45nm generations.

The key message of this paper is that process variation is
not an insurmountable barrier to Moore’s Law, but is
simply another challenge to be overcome. This message is
illustrated with data from the 45nm process generation
where process variation is shown to be at least equivalent
to (and in many cases better than) process variation in the
65nm and 90nm process generations.
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ABSTRACT

Every new generation of process technology at Intel is
developed and certified using an SRAM-based “X-chip.”
X6 is the technology lead vehicle used for the 45nm
technology serving as a platform for the co-optimization
of circuit design and process technology for SRAMs as
well as critical design collaterals for products.

As the workhorse of the embedded memory, SRAMs play
an essential role in all Intel products in achieving power-
performance goals. SRAMs are also ideally suited for
process-defect sensitivity and detection. The SRAMs on
X6 had featured several different SRAM designs and
register files that were individually optimized to take
advantage of the Hi-K metal gate process for various
product applications. Intel’s revolutionary 45nm
technology was instrumental for aggressive SRAM
scaling. The tileable SRAM array in X6 was architected
to directly support product applications. The X6 also
served as the vehicle for several critical memory circuit
technology developments, including second-generation
dynamic sleep control and dynamic Forward Body Bias
(FBB). To support process and design learning, X6
includes an infrastructure of advanced test features: for
example, an Error Correction Code (ECC) emulator is
designed to quantify the benefit of error corrections and a
Programmable Built-in Self Test (PBIST) for high-speed
testing with raster capability. Fine-granularity In-Die-
Variation (IDV) oscillators track process variation.
Critical circuits such as electrically programmable Fuse,
Phase Lock Loop (PLL), Digital Thermal Sensor (DTS),

and advanced 1I/Os allowed technologists and designers to
work closely to optimize the process and circuits earlier.

The X6 testchip successfully met the goals of process and
critical collateral certification to support both process and
product development needs and played an essential role in
Intel’s rapid product ramp at the 45nm technology node.

INTRODUCTION

“X-chips” have been serving the needs of process
technology development at Intel for many generations.
They have always been based on SRAM building blocks.
SRAM has the unique advantages of stressing the most
critical design rules of a process technology, providing
large area coverage that increases defect sensitivity, and
of providing fine addressable granularity to enable fault
isolation and analysis.

In this paper we focus on X6, the testchip that was used to
certify the Hi-K metal gate process technology at the
45nm node. Over the generations, the X-chips have
evolved beyond the original goal of providing test data
needed to identify process defects, to a platform for the
co-optimization of process technology and critical design
collaterals for the products. In the following section, we
provide an overview of the X-chip.

Testability is a key concern with X-chips, and X6 is no
exception. The testchip must be sensitive to process
defects and must exercise the critical design rules. A
process should not get certified on the testchip and
encounter yield or performance issues when a product is
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subsequently ramped on it. The complexity of modern
semiconductor processes results in significant lead time
from wafer starts to end of line, while the total time
available to certify a process remains, at best, the same.
For the process engineer this means only a limited number
of “info-turns” during the development phase. To reduce
this information turnaround time, X6 includes a test
infrastructure that allows the collection of relevant data
with reduced test time and features that aid fault isolation.
We discuss this aspect further in the test features section.

We now provide descriptions of the critical design
collateral content of X6 SRAMs and some key mixed-
signal circuits that have high process sensitivities in the
context of product design. Therefore, these classes of
circuits are obvious choices to be included in the testchip.
We discuss a product-ready and tileable common SRAM
subarray design along with performance results. In
addition to 6T SRAM arrays, X6 also included multi-port
SRAM, a.k.a., register file (RF) memories, for the first
time to broaden the process and product co-learning. New
fuse technology is developed with X6 to provide for
expanded product requirements. A significant number of
analog elements such as different kinds of Phase Lock
Loop (PLL), Digital Thermal Sensors (DTS), and
advanced I/O circuits were also part of the X6 testchip. In
the following sections these collaterals are described
along with the key learnings for technology development
and circuit optimization.

X-CHIP OVERVIEW

The X-chip series started many generations ago with the
X1 testchip that was the certification vehicle for the
180nm node process technology. From X1 to X6 the role
and content of the testchip has grown significantly.
However, in the midst of these changes some elements
and challenges remain the same.

The memory cell still remains the most critical collateral,
the design of which requires careful consideration. The
footprint of the memory cell often sets the design rule
limit at a given technology node, and it has a large impact
on the product die-size, given the tens of megabyte-sized
caches of modern CPUs. The stability of the cell at lower
voltages often determines the low voltage operation of the
products and hence the power consumption. Any
systematic process defect mechanism will have a huge
impact on product yield due to the tiling of millions of
memory bits in product caches. Due to these reasons it has
been a product design requirement for several generations
to copy exactly the memory bits developed on the X-
chips.

The SRAM bits are organized into addressable units
called subarrays that have a rectangular matrix-like
structure with rows and columns. During a read or write
operation from the memory subarray, a specific row and

specific columns are activated depending on the address,
and a group of bits called a Word are read or written. A
subarray is designed to be very compact since it is tiled
many times to form an on-die cache in a real product. The
compactness can be achieved by exercising the tightest
design rules. Once a subarray design is complete, large
portions of the X-chip area can be tiled with these
subarrays with minimal additional effort. Thus, the
SRAM on the X-chips has always proved to be sensitive
to many different kinds of process defects. The fine
granular addressability of the compact subarrays allows
rapid isolation of the defect location.

On the test infrastructure side X-chips have always
carried an I/O interface that can communicate at the
desired speeds with all the different tester platforms. A
Programmable Built-in Self Test (PBIST) has also been
an integral part of X-chips to allow high-speed, on-die
testing and burn-in tests. Among the mixed-signal
collaterals, X-chips have always included the PLL. This
also serves as a clock multiplier for on-die, high-speed
SRAM testing.

X-chip design faces some unique challenges compared to
product design. All the key electrical parameters of the
transistors and interconnects will evolve significantly
from the beginning to the final goal of the technology,
when the process reaches its maturity. Yet, if the design is
not robust enough to comprehend this evolution and still
be largely functional, it will not be able to provide robust
silicon data for continuous process learning. Testchip
circuits are designed largely based on engineering
judgment with limited simulation data available to the
designers when the design is finalized. The concept of
“correct-by-construction” is essential in ensuring the
robust design. Layout design rules get defined almost
simultaneously with the testchip design process. This
creates uncertainties and the inevitable last-minute
changes for testchip designers. The impact of design rule
uncertainties is mitigated by working closely with the
rule-definition teams. Another reason for tight coupling
with the design-rule-development activity is that the
testchip often throws up scenarios not considered at the
time of design rule definition. The testchip provides the
first reality check for the process design rule set and
validation flows. The design time allowed for the testchip
is rather short. The testchip design schedule must be
synchronized with the process integration schedule so that
it does not become a bottleneck for technology
development. Process learning accelerates significantly
with the arrival of the first testchip silicon.
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Discrete test structures

Figure 1: X6 reticle

Figure 1 shows a diagram of the X6 reticle. There are two
different flavors of die on this reticle, and each die is
instanced twice. Thus we have four SRAM-based dice on
the reticle, and two dice are allocated for discrete test
structures. We focus on the SRAM-based X6 testchip.
The two flavors of the X6-SRAM testchip have similar
architecture and content. However, having two different
flavors allows designers to test different flavors of the
same circuits and compare directly the merits of each.
While the same can be done on a single testchip design,
having two die flavors makes it convenient by adding
parallelism to the design process, which then shortens the
design time.

X6 Test Features

The main SRAM chip-level tileable unit is called the
Raster Unit (RU). An RU is a portion of SRAM
convenient for generating raster maps. It is significantly
bigger than a small subarray but small enough to be tested
in a reasonable time. All RUs can be tested in parallel,
which saves test time. The RU-based architecture of the
testchip allows easy integration of different flavors of

memory bits and subarray designs while ensuring that
each flavor is statistically significant in size.

The chip-level inputs are collected from the I/Os located
at two edges of the die. The major busses are located
along a center spine of the die connecting the RUs to the
I/O and other control blocks. Another center spine in the
orthogonal direction contains the major non-SRAM
blocks such as the PBIST, Test Access Port (TAP), Fuse
unit, and PLL. The synchronous circuits are all located
within the RU with the exception of PBIST. There are two
clock domains in each RU. One of them is a high-
frequency clock and the other a low-frequency clock. The
high-frequency clock is contained entirely within the RU,
and no synchronous paths communicate between the RUs.
This feature makes the chip design very tolerant of clock
skew.

The PBIST on X6 can be programmed to generate the test
patterns required for SRAM testing. This is useful in
cases where the tester cannot support complex test
patterns, as in the burn-in test platform and also for high-
frequency testing where expensive high-speed testers and
complex I/O circuitry can be avoided by on-die testing.
The scheme for high-frequency testing is illustrated in
Figure 2. The PBIST is part of the low-frequency clock
domain. The advantage is that the PBIST design is
unlikely to become the bottleneck for frequency and
hence is tolerant to the process being off-target in terms of
performance, during the development stage. A Parallel-to-
Serial (PS) converter converts the low-frequency
instructions received as parallel instructions to high-speed
serial instructions [1]. An on-die compare circuit
compares the “read” data from the SRAM, and the
“expect” data from the PBIST pattern to determine
pass/fail.
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Figure 2: High-frequency testing scheme

The high-frequency testing scheme described above is
adequate for determining the SRAM maximum frequency
of operation (Fmax). However, for SRAM design
validation and process learnings, it is also quite useful to
have raster data at Fmax to determine what limits Fmax—
especially for products. The high-frequency raster feature
will stall the PBIST when a failure occurs. The faulty
addresses will be recorded in on-die storage elements and
later can be scanned out to identify the location of the
faulty bits.

Error Correction Codes (ECC) are becoming very
important in modern SRAM design. ECC is an essential
part of the large array for data integrity under all product
conditions. Since X6 is used to optimize the SRAM
memory bit and subarray design, it is important to
quantify the impacts of having ECC. X6 has a simple
ECC emulator that can quantify the benefit of ECC.

X6 has a TAP that controls the scan function. There are
many scan chains dedicated to a specific purpose. Two
major roles of the scan chains for process learning are to
physically isolate a defect and to support process variation
tracking through the use of In-Die-Variation (IDV)
oscillators. When a process defect occurs between two
stages in pipelined implementation of synchronous
circuits, it is possible to feed the logic cone with the
defect with various input combinations by using a scan
chain and also by recording the output of the logic cone
the same way. By analyzing the logic cone output for
different input combinations you can, in a large number of
cases, pinpoint the failing device. The majority of the
circuitry above the subarray level in the RUs is pipelined,
and scan provides a useful method of failure isolation and
process learning. IDV oscillators are well known for their

ability to track process variation of different process
parameters ranging from transistor performance to various
kinds of leakage, interconnect delay, and device mismatch
[2]. The easiest way to control and extract data from IDV
oscillators is through scan chains. X6 provides a robust
set of scan chains for this purpose that allow a fine spatial
granularity of IDV oscillators on-chip, which otherwise
would be impossible to manage using I/O bumps alone.

X6 Memory Design: SRAM and Register File

CMOS technology scaling continues to drive the increase
of on-die memory density to meet performance needs in
applications such as microprocessors. Meanwhile, the
device variation and leakage are increasing as the
miniaturization of the transistor continues. As a result, it
has become increasingly challenging to design SRAM
with an adequate stability margin for low-voltage
operation while at the same time keeping the power
consumption low enough to meet system-level power
requirements. The X6 testchip is a 153Mb SRAM design
that is optimized for a 45nm Hi-K Metal-Gate technology
[3].

Figure 3 shows the SEM top-down view of the 0.346 um’
6T-SRAM cell fabricated in the 45nm Hi-K Metal-Gate
CMOS technology [3]. The cell design takes full
advantage of the new technology features such as trench-
contact in achieving high-density and low-voltage
operation. The Hi-K Metal Gate transistor technology
essentially eliminates the gate leakage in the bitcell. The
overall measured cell leakage is reduced by 10x, as shown
in Figure 3. This leakage reduction provides enormous
benefits in power-constrained applications.
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Figure 3: SEM top-down view of 0.346 mm’ SRAM cell in 45nm technology (left); SRAM cell leakage comparison
between 65nm and 45nm technologies (right)
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Figure 5 describes the array architecture and configuration
along with critical timing of the array. A 16KB subarray
with a 256-row bitline and a 128-column wordline is first

constructed to achieve optimal array efficiency while
meeting an aggressive frequency target. The subarray has
both built-in column and row redundancies for yield
improvement. The terminology in Figure 5 for rows and
columns is (M+N) where M is the base number and N is
the redundant value. To meet today’s microprocessor
bandwidth requirements, the subarray is designed to
support 64-bit wide Read and Write. Write is performed
with a 64-bit data stream within a single cycle. Read data
comes out of the subarray in two consecutive cycles with
two 32-bit “chunks,” in order to minimize the global
routing congestion. Both Sleep and Forward Body Bias
(FBB) have independent control circuits along the
256x256 sector boundary, which provides the fine
granularity to achieve balanced design between switching
power and area efficiency. The design has achieved up to
3.8GHz operating frequency at 1.1V power supply as
shown in Figure 4.
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Figure 5: 16-KB subarray configuration and critical signals’ timing diagram

The PMOS strength in the 6T SRAM cell is essential to
maintain the cell stability during the active mode for low-
voltage operation. Using lower threshold voltage PMOS
is often prohibitive due to excessive transistor leakage. In
X6, a dynamic FBB for the PMOS in the SRAM cell is
developed to improve the robustness of low-voltage
operation while meeting stringent product and
manufacturing requirements at minimum design
overhead. Figure 6 shows the critical circuits for the
dynamic FBB design.
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SRAM N -Well g

Pulse
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Figure 6: Dynamic SRAM PMOS FBB circuit

The amount of FBB is determined by the ratio of two
PMOS devices (PL and PD), and these devices have a
built-in programming control. To meet fast and dynamic
requirements, an NMOS pull-down path, formed by

transistors ND and NS and controlled by a pulse signal, is
employed to achieve the fast voltage transition at the N-
well. A feedback or shutoff mechanism is also used to
prevent the N-well voltage from dropping too low and
causing excessive junction leakage. The trip points of the
inverters, SI1 and SI2, are optimized to meet this need.
The pull-down signal pulse is programmable and
generated off the wakeup signal. It starts the discharge of
the N-well voltage one cycle before the WL is turned on
in order to ensure that the N-well voltage level has
reached the intended static level. By applying the FBB
selectively to the activated portions of the large array, the
overall power impact from FBB is kept to a minimum.
Test results demonstrate that a wide range of FBB
strength can be achieved under high-frequency operation.
The stronger PMOS under FBB can improve the
minimum operating voltage up to 75mV without
increasing the overall SRAM leakage power dissipation.

The use of dynamic sleep design to lower SRAM power
supply has been proven to be effective in reducing the
static power consumption by reducing leakage [4]. The
SRAM voltage control during the sleep state is critical to
maintain the integrity of the data stored in the array. High-
volume manufacturing requires programming capability
[5]. A scheme with active feedback control on SRAM
VCC has been proposed to improve Process-Voltage-
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Temperature (PVT) variation [6] requiring off-chip
voltage reference. In this design, an on-die programmable
voltage generator is designed with N-well-based precision
resistors. It provides low design overhead as well as
insensitivity to different PVT conditions. A simplified
Op-Amp further reduces the overall area overhead down
to less than 2%. The integrated new design is shown in
Figure 7. SRAM VCC is more sensitive to temperature, as

it is dependent on subthreshold leakage, which is the
dominant leakage source in Hi-K metal gate technology
where gate leakage has been eliminated. The use of the
active control along with the temperature-insensitive on-
die reference voltage generator provides a much tighter
SRAM VCC distribution compared to passive control.
This translates into about 100mV lower standby voltage
during sleep state and better leakage reduction.
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Figure 7: Active SRAM VCC control with integrated on-die programmable reference voltage generation

cache that is formed with the common 16KB subarray

The modular architecture of the X6 SRAM design
described above has enabled the 16KB subarray to be
used directly as the building block for a 6MB L2 cache in
the next-generation Intel® Core"2 processor-based CPU
[7]. The die photo of this product with the L2 cache
highlighted is shown in Figure 8. This silicon-verified and
process-optimized subarray was one of the key
contributors to the successful production ramp of this
product. Thus, the utility of using a common SRAM
design for similar applications across different products to
reduce manufacturing risk is clearly established. A

detailed description of the SRAM design can be found in
[8].

Multi-port register file memories are very common and
important in CPU and other logic products. Due to unique
circuit topologies used in this kind of memory, the
sensitivity to process variation, e.g., NMOS and PMOS
strength ratio, has increased as technology scaling
continues. The X6 testchip contained several important
RF arrays that are directly used by the lead CPU products
at Intel. They have proved to be very effective in
optimizing the transistor parameters as well as providing
better circuit-modeling enhancement for various designs.

X6 FUSE
Fuse-based  electrically  programmable  read-only
memories (PROM) have been widely wused in

microprocessors for a variety of important applications.
These include improving microprocessor yield by
repairing defective SRAM bits using row/column
redundancy, permanently storing die identification, and
effectively trimming devices used in analog circuits such
as thermal sensors and I/O. Fuse designs in X6 were
optimized for the Hi-K metal gate process. In this
generation we developed an array-based design for high-
density fuses that significantly improved the area
efficiency of the fuse block for increased product
applications.
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X6 Mixed Signal and Analog Circuits

The X6 technology lead vehicle includes a group of
mixed signal and analog collateral circuits. CPU products
require increasing amounts of analog circuit content. The
analog technology dependencies differ from digital
dependencies by device and component type, and they
have a stronger focus on gain and operating range metrics
as opposed to digital drive current and capacitive load. A
technology that produces high-yielding, high-performing
SRAM and digital logic does not ensure analog circuit
functionality and performance. Including analog circuits
on the X6 technology lead vehicle enabled evaluation of
unique analog technology requirements.

A set of circuits targeted at the lead 45nm product were
incorporated in the design to allow greater technology
flexibility. They include PLL, Gunning Transceiver Logic
(GTL) I/O buffers, and DTS. The PLL design also
includes multiple types of Voltage Controlled Oscillators
(VCO) for design optimization. The GTL I/O buffer
contains programmable termination resistors for design
tuning. All these circuits have been directly used in the
lead product design. Figure 9 shows a waveform captured
from the product I/O.
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Figure 9: GTL I/0 waveform (X-axis 1ns/div)

As CPUs demands more data bandwidth, the future
generation of Intel CPUs will feature new high-speed
serial I/Os, also called Quick Path Interconnect (QPI)
circuits. Many circuits used in the physical
implementation of QPI circuits have strong process
technology dependency. Several critical components of
QPI circuits, including differential transceiver, Delay
Locked Loop (DLL), duty cycle correction circuits, and
low-jitter LC-PLL are incorporated in X6 and provide
significant early silicon-based learning. A capability of
6.4GT/s has been demonstrated as shown by the eye-
diagram in Figure 10.
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Figure 10: 6.4GT/s operation shows clean eye-diagram
and error-free with BIST

SUMMARY

The role of the X6 testchip in the 45nm Hi-K metal gate
process development is discussed in this paper. X6 played
a critical role in supporting process development by
providing a platform for process yield and performance
enhancement. In parallel it also served as a test bed for
co-optimization of critical design collaterals with the
process technology. There exists a significant advantage
in having the process technology and the critical design
collaterals ready simultaneously for product use. Design
considerations and performance of some of the collaterals
such as the SRAM memory bit and subarray, PLL, DTS,
and high-speed I/Os has been outlined. The early effort on
X6 was a key contributor to the success of the lead
product ramp in the 45nm Hi-K metal gate technology.
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ABSTRACT

Co-optimization between design and process is required
for a highly manufacturable process technology. This
paper discusses this co-optimization and how it meets the
challenges for maintaining Moore’s Law while delivering
new processes and designs capable of fast ramp to high
yields. Poly is one of the most critical layers for control of
variation, and it needs the most restrictive rules. We show
the change in poly rules over the last few processes to
illustrate how rules have changed to meet manufacturing
requirements. The variation, density, and yields on the
45nm process show the success of this Design for
Manufacturing (DFM) methodology.

INTRODUCTION

The difficulties in continuing Moore’s Law with the lack
of improvement in lithography resolution are well known
[1, 2, 3]. Design rules have to change and Design for
Manufacturing (DFM) methodology has to continue to
improve to enable Moore’s Law scaling. In this paper we
discuss our approach to DFM through co-optimization
across design and process. We define the design rules for
a new technology early in the definition process well
before the technology development is complete. This early
definition of design rules allows the design to start in
parallel with the technology development. Early accurate
modeling of the design rules and layout is a key to making
this process successful. The design rules must meet the
requirements of a highly manufacturable process at the
beginning of the production ramp for the first product.

Our DFM goals and methodology are different from those
of some other manufacturers. The basic rules for drawing
transistors, other layers, and DFM requirements are not
separate in our definition process. We have a few
guidelines such as suggesting that designers use redundant
vias where possible, but most of our DFM requirements
are included as required rules that all designs must meet
for all layout. Some other companies have simple basic
layout rules and provide other rules that are guidelines or
suggestions for changes to layout or design that would
improve manufacturability or reduce variation. Designers
make tradeoffs for area and cost to decide if they will

implement these guidelines. Some of their DFM changes
are available only after analysis of the initial layout.
Another difference in our methodology is that we tend
toward adding rules to prevent something in layout that
might affect design, instead of depending upon modeling
of product layout to find problems. We build the
requirements for manufacturability and low variation into
the basic design rules as hard design rule requirements.
Product design starts in parallel with technology
development. Design rules must not be changed
significantly after design work starts. Our DFM
methodology depends upon modeling to define the rules
very early in technology development. Therefore, our
methodology ensures that products are ready for ramp-up
in multiple fabs to high-volume and high-yield
manufacturing without changes. This may make our
design rules more complicated than those of some of our
competitors, but this methodology ensures that all our
products are capable of high yield when they tape in their
first stepping.

Co-optimization across process and design is required to
ensure we understand and balance all requirements. By
co-optimizing design and process early in the
development cycle, we arrived at a set of design rules that
met 45nm process and design requirements. The
thoroughness of this early work resulted in these rules
being stable through the development cycle, which led to
the successful insertion of 45nm technology in high-
volume manufacturing, ensuring the continued march of
Moore’s Law.

The poly layer is the most critical layer for control of
variation. Due to this need to control variation, the poly
layer was the first layer on which restrictive design rules
were used. We need to build the requirements for
minimizing variation into the rules. How the rules have
changed for the poly layer shows how designs have
changed. The analysis of the impact of changes in the poly
rule shows how we consider design and process needs in
defining design rules.
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DESIGN FOR MANUFACTURING GOALS

The first requirement for a new technology is the
continuation of Moore’s Law. A new technology should
have twice the number of transistors. This is increasingly
difficult with the lack of improvement in wave length for
lithography and in transistor scaling issues. Keeping
manufacturing variation in check as we improve transistor
density is a scaling challenge as discussed in many papers
and conferences [4, 5]. Transistor channel length is a
major focus for controlling manufacturing variation. The
variation must scale with the poly pitch for the new
process.

The second requirement of a new technology is the ability
to ramp very quickly to high volume with multiple designs
in multiple fabs. The design and process have to be
manufacturable at the beginning of the ramp. Design rules
have to be defined early in the process development work
to allow product design to be done in parallel with the
process development. There must be no major changes to
design rules late in process development or during
manufacturing ramp. Predictive modeling of the rules
must be done well before process development is
complete. The design rules may be conservative, to ensure
that the design is very robust, but they should not be too
conservative, to ensure that we derive the maximum
benefit from Moore’s Law scaling. The challenge is in
defining this optimum robustness.

The third requirement of a new technology is for its yields
to be as good as, or better than, the previous-generation
technology; and for its learning curve to be as fast as, or
faster than, the previous-generation technology. Judgment
is required to define the technology to strike the right
balance between the difficulty of the technology and the
impact of the DFM requirements on the design. Some
breakthroughs may be required to meet design
requirements, but these cannot be so difficult that they
slow the yield learning goal.

CO-OPTIMIZATON

Lithography, optical proximity correction process, and
design requirements all need to be understood in defining
a new technology. Co-optimization to balance
requirements for all of these areas is needed to define a
very manufacturable process and design. The different
needs of each area must be balanced in the context of
different constraints. The design groups want small die
size for low cost, but they also want design work to be
easy. Flexible design rules are needed to allow designers
to optimize the product with minimum effort and area.
Lithography engineers also want simple design rules but
cannot allow unlimited flexibility. OPC engineers want
layout to be very predictable so there are no hotspots that
are caused by the use of unexpected combinations of

rules. In the definition process, all of these different goals
are considered to find an acceptable solution. The ability
to consider all aspects of the problem from design to high-
volume manufacturing, within an affordable envelope of
multi-dimensional constraints, is the key to good DFM
solutions.

Co-optimization is done from the beginning with a multi-
disciplinary team that includes experts in design,
lithography, OPC, and processing. We have design
experts in the process development organization who
closely interact with the process development engineers,
and we also include representatives from the lead product
designs and CAD tools’ engineers in the definition
process. The discussions between these experts start about
four years before the technology begins production. There
was a significant increase in the co-optimization work for
the 45nm technology. More layout studies were done early
in the definition process, and there was an increase in the
modeling of design rules.

The goal of co-optimization is balancing the risk and
difficulty between design and manufacturing. It may
appear to designers that our solutions are not balanced,
since design is more difficult on each new process. The
reality is that the process and patterning choices are often
limited. The lack of improvement in resolution of the
lithography tools limits patterning options. DFM
definition often has to make the choice that will have the
least impact upon design. A solution with no impact is not
possible, however. The need for low costs may result in
changes in design rules for smaller die size or better yields
to offset concerns about increased design effort. Judgment
about manufacturability will take priority over concerns
about increased work for designers.
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DESIGN RULE DEFINITION

Modeling is the cornerstone of today’s design rule
definition process. Building predictive models for the new
technology is one of the challenges for a new technology.

The rule definition work is front-loaded, with the rules
defined before technology development is complete.
Figure 1 shows the elements of the design rule definition
process.

DR Modeling
And Process evaluation
DOF, MEEF, EL, etc

Figure 1: Design rule definition

The transistor density scaling goal drives the 1D pitch
requirement for the key layers like poly and Metal-1 (M1).
This 1D pitch must scale by 0.7X per process generation.
2D rules such as line end-to-end space or minimum line
length can be more difficult to scale than the 1D rules.
Isolated and wide lines may have scaling problems. The
techniques needed to meet the 1D scaling requirements
may make scaling the 2D rules more difficult. A change in
illumination technology to get good minimum line width
and minimum space may not allow the same scaling of
rules for wider lines, or it may make scaling of rules
different for X and Y directions.

Design rules are not changed after the beginning of
manufacturing ramp. Learning about difficult process
issues feeds forward into the design rule definition of the
new process. Some design guidelines on previous
technology may become hard rules on the new technology.
Some structures that caused significant process problems
and/or required significant process changes may be
eliminated by new rules. Device or interconnect models
may be simplified by the elimination of parametric
variables caused by simplified design rules.

Modeling of design rules starts with extrapolation of OPC
models from the previous technology. New lithography
tools, illumination techniques, enhancement techniques,
and resists are evaluated to determine the best method for

1D scaling, and to understand the changes needed in other
rules. Learning about the capabilities of the new tools is a
continuous process during rule definition. Typical and
worst-case layout topologies are analyzed to evaluate
process issues like Mask Error Enhancement Factor
(MEEF) and depth of focus. Test reticules are created to
calibrate the models.

Cell studies are done using the rules generated from the
modeling studies. Data are extracted from designs on
older technologies to understand the requirements for
critical layouts and how rule changes might affect design.
Standard logic cells, register files, SRAM bits, and metal
routing are all included in the layout studies. As rules
mature, product groups are included in the evaluation.
Evaluation of the patterning capabilities and the impact on
layout is a continuous and iterative process until rules are
final. Important layout topologies identified by design are
analyzed by using the models, and they are included in
new test reticules. Design rules that limit meeting the
transistor density goals are evaluated with the models to
understand if rules need to be changed or improved.

Figure 2 shows a typical simulation from a study of a
design rule. This simulation studied the process margin for
line end-to-end space as a function of line length. A high
MEEEF is an indication of poor process control. Some line
lengths have insufficient control of the end-of-line space.
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This can create line-to-line shorts. One option to fix this
would be to change the illumination as shown by the
different lines on the graph. Another option would be to
create a design rule that does not allow line lengths of 0.2
to 0.3u. If a rule change is proposed, cell layouts are done
with the new rules to understand the impact on transistor

13

design. A study may be done on data from designs on
previous processes to determine if the design rule being
changed is commonly used. If the rule change is shown to
cause a significant change in area, we would consider
other pattering solutions.
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Figure 2: Length vs. MEEF

The main process development vehicle is the X-chip test
vehicle that includes large SRAM designs, process and
design test structures, and process-sensitive circuits. There
are earlier mask sets that include some of the rules and
features of the new process, but the X-chip is the first
mask set that has large circuit blocks with all of the rules.
The processing of the test chip is used to validate the
rules, not define the rules. There may be a few changes in
rules depending on what we learn from the test chip. The
number of rules that are added or changed have to be
limited, because product designs will have started before
the test chip is processed. As the development process
continues, the justification for design rule changes
becomes more difficult. By the time production starts, a
design rule problem has to be fixed by process unless it is
impossible to fix that way.

Figure 3 shows our trend in the number of rules over time
for the 45nm process. The timeline is relative to tape-out
of first design on the technology. In addition to added new

rules, there were some minor changes for better and worse
rule values. The number of rules increased during the
design and layout of the test chip as the modeling work
continued and OPC flows were developed. There was a
small increase in the number of rules after processing of
the test chip. These changes were not all due to patterning
issues. New understanding of the transistor of metal
processing can create the need for new rules. By the time
masks were created for the first product, the rules were
stable. There were only a few changes in design rules after
the first design started. The 45nm rule stability was good,
but there were more changes than desired. On the 32nm
process we had fewer changes during the test chip design
and after the start of the first product. Process
development continued during debug of the first design,
but the rules did not change during this time. Process
improvement continues through the life of the process to
reduce defect density, and cost, but this is done without
changing design rules.
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Figure 3: Changes in number of poly rules

EVOLUTION OF POLY RULES

The poly layer is one of the most difficult layers to pattern
and process. Control of poly CD is one the most critical
requirements in the process, due to its affect on transistor
performance and variation. Poly CD control must scale for
the new technology to keep the percentage variation of the
channel length constant. Contacted gate pitch is a big
factor in SRAM cell area and logic transistor density.
These critical requirements make poly the first layer to
need new pattering solutions and design rules. In the
following sections, we show how poly design rules have
changed over the last few processes and how DFM
methodology has evolved and has been used in the
definition work.

130nm Process

Our 130nm process had simple rules. There was limited
early modeling of layout. Layout had random
combinations of poly widths, spaces, and device
orientation. Products had some issues with poly corner
rounding that affected small devices. This issue was
helped by DFM guidelines for layout of small devices, but
the guidelines came after initial design of lead products.
There was limited involvement from product design
engineers in the early design-rule definition. Rule
definition was primarily simple scaling of rules from
previous technology generations.

90nm Process

The 90nm process included more restrictions for poly
layout, and the number of poly rules increased by 47%.
All devices had to be in the same orientation except for
the memory bits. The difference in printing of shapes
parallel and orthogonal to the scan direction was one
reason for this change. Poly-over-field-routing was
allowed in the X or Y orientation. The memory bit shown
in Figure 4 is a unique topology with transistors in both
orientations that could be modeled and characterized to
account for any difference due to device orientation. Poly
corner rounding and modeling were analyzed and modeled
early in the definition process.

Figure 4: 90nm SRAM bit layout
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The main design impact of the one-device orientation is
that a block of layout cannot be placed in two orientations,
rotated 90°. I/O buffers on the top and right edges for the
die must have unique layouts, even if circuits are identical.
This added some layout effort, but had no affect on die
size. Since there was no die size impact, the rule change
was a better solution for random layout than trying to
model differences due to device orientation, as was done
for the memory bit.

65nm Process

The number of poly rules increased by 65% for the 65nm
process, and rules were more complicated. Rules changed
to allow the use of phase shift masks. All devices
including the memory bit had devices in one orientation as
shown in Figure 5. This layout is almost ideal for
patterning with simple rectangular shapes on all layers.

Figure 5: 65Snm SRAM

There were differences in poly layout rules based upon
pitch and poly space and orientation. The complex rules
had little effect on transistor density. Many of the new
rules affected special cases that did not occur often or
were easy to fix. For example, layout of a minimum width
device has some new rules for end-cap, but design did not
use a lot of minimum width devices. Where they were
used, the end cap rules were usually easy to meet due to
area being limited by other rules.

Cell layout studies and modeling of layout increased for
this generation for worst-case structures. The layout was
random and it was difficult to determine all worst-case
layouts.

45nm Process

Meeting the transistor density and process requirements of
the 45nm technology required significant changes in
design rules. The high-K metal gate transistors on this
technology are the biggest change in transistors in 40
years [6]. 193nm patterning tools were needed to
minimize cost and risk. Poly had to be printed using
193nm dry tools and still had to meet our need for 0.7X
scaling of the pitch. Variation could not increase. The
early modeling work increased significantly from the
65nm process. This included earlier involvement of the
OPC experts in the design-rule definition and evaluation
phases. Our goal was a more comprehensive evaluation of
rules and layout topologies through modeling.

There were some changes in poly layout on the 90nm and
65nm process, but the layout has remained very random.
Design could have used any poly pitch >= minimum pitch,
and any channel length >=minimum was allowed. The
different channel lengths could be randomly mixed.
Transistors were in one orientation, but poly routing could
be in either orientation. Corner rounding of poly close to
devices could impact transistor performance.

Early in the definition work we asked if poly patterning in
logic could be similar to the poly patterning in the SRAM
bit introduced in the 65nm generation. One of the big
concerns for making poly layout more regular was limiting
the channel layout choices available to design. Design had
always had few restrictions on the channel lengths. We
wondered if this freedom was necessary. Figure 6 shows
the channel lengths used in one 65nm design. Most of the
devices at 0.10u and 0.11u are in the SRAM bits. The few
devices at longer channel lengths were primarily in analog
and I/O circuits. 99% of the devices in random logic had
minimum channel length or minimum + .0lu. The main
reason for using longer channel length in logic was to
reduce device leakage. Channel lengths can be limited in
logic as long as there are options for low leakage devices.
Device leakage is strongly dependent upon Le, so a very
small change in Le can reduce leakage by 3X. Higher
voltage can also be used to reduce leakage. There were
some circuits where a longer Le device had to be replaced
by two or more minimum channel length devices. Based
on analysis of data like this and other layout studies, the
design was partitioned into three groups: logic, analog,
and SRAM. Analog and SRAM are treated as special
cases.
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Figure 6: Product channel lengths on 65nm design
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Figure 7: 45nm SRAM and logic poly layout

The 45nm process has trench contacted-based local
routing. This eliminated the need to use poly routing

orthogonal to the transistor gate and the wide poly used
for poly contacts. Layout studies were done to understand
if one poly pitch was possible and how this affected rules
for other layers. The local routing and limitations on
transistor channel length had allowed logic poly layout to
be one pitch and one direction as shown in Figure 7. The
number of layout rules for logic layout was reduced by
37%. This reduction is not large, as the simple layout
might indicate, because the poly rules include rules for
poly spacing to other layers, and there are several rules for
end-caps and poly end-to-end.

OTHER LAYERS

The regular layout for poly also simplified patterning of
contacts and M1. The contact pitch is the same as the gate
pitch. M1 parallel to the gates has the same minimum
pitch as poly.

Very restrictive rules similar to poly rules were not needed
to meet process or patterning requirements for other
layers, but the rules for some other layers are complex.
The metal pitch choices do not need to be as restrictive as
the poly layer pitches, since metal variation requirement is
not as tight. The metal variation has less impact upon path
delay than the poly CD variation. Metal layer design rules
have some types of design rule restrictions used on poly
layers on previous technologies. Printing of isolated metal
lines was one of the issues on 45nm technology. Rules
were added to restrict the use of isolated lines. Product
layout uses several metal widths and a range of spaces. It
is difficult to limit the width and pitch choices for metal,
due to the need for wide lines and spaces to optimize RC
delays, capacitance, and power delivery. CAD tools must
change to support the changes in metal rules. One of the
learnings from the 45nm technology was that the CAD
tool work needs to start earlier.
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45NM MANUFACTURABILITY
Standard Cell Area Scaling

The first goal for any new process is to maintain the
transistor density scaling trend. Figure 8 shows the
standard cell area scaling trend. This analysis used a large

standard cell library from our microprocessor designs and
is weighted by typical cell usage. Transistor density
scaling has followed the 0.5X density improvement per
process generation. The 45nm process meets this trend
despite the change to more complicated and restrictive
design rules.
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Figure 8: Standard cell density
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Figure 9: Within wafer variation of oscillator frequency for the 130nm through 45nm technology generations

Variation

One of the requirements for poly patterning is scaling of
variation. Figure 9 shows the within wafer variation of
oscillator frequency for the 130nm through 45nm
generations. The variation in frequency has remained at

less than 3%. This frequency variation includes the affects
of poly CD, VT, and other sources of device variation.
Variation has scaled with the decreasing poly pitch,
despite the changes to new transistors, changes in poly
patterning, and device sizes.
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Yield Learning

The final measure of success of DFM is process yield. Our
yield learning trend history is shown in Figure 10. The
yield learning rate on 45nm technology is as fast as
previous processes and is trending toward lower defect

130 nm

90 nm

Defect

Density
(log scale)

65 nm

density than the 65nm process. There is no way to
measure how the DFM rules contributed to this learning.
Design rules, process definition, process tools, and many
other things affect the yield learning rate and final high-
volume manufacturing yields. All of these things are
necessary to meet the manufacturing goals.

45 nm

2000 2001 2002 2003 2004 2005 2006 2007 2008

Figure 10: Yield trend

SUMMARY

Our 45nm technology maintains Moore’s Law on a
technology with a new transistor technology and dry
193nm lithography. Transistor density is on the 2x trend
line and variation scaled. Poly rules were changed to
allow simple one-pitch poly patterning with no impact to
transistor density or product performance. Extensive
modeling of the rules provided design rules that were
stable before first product tape-out and robust enough to
allow a fast high-volume technology ramp.
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ABSTRACT

It has been clear for a number of years that increasing
transistor gate leakage with device scaling would
ultimately necessitate an alternative to traditional SiON
dielectrics with polysilicon gates. Material systems
providing higher dielectric constants, and therefore
allowing physically thicker dielectrics, have been the
object of extensive research. Such high-k dielectrics, when
combined with metal gate electrodes, have emerged as the
leading alternative, demonstrating good transistor
performance and offering reductions in gate leakage of
25X-100X. Achieving the required reliability, particularly
at the high operating electric fields at which the
performance advantages are realized, however, proved
much more difficult.

Intel strove to overcome the reliability obstacles by
introducing high-k dielectrics combined with metal gate
electrodes (HK+MG) transistors in its 45nm logic process,
as it judged the transition to this technology would
provide compelling performance advantages. In this paper
we discuss the general considerations for the reliability of
HK+MG transistors and specifically we discuss what was
achieved with Intel’s 45nm process technology.

A particularly extensive effort was undertaken to
characterize the reliability physics of this revolutionary
new transistor and to gather the data to ensure accurate
modeling of failure rates. This entailed accelerated testing
and fully integrated test vehicles, representing over seven
orders of magnitude in the transistor area, at a variety of
stress conditions, some of which lasted over three months.

The intrinsic transistor reliability fail modes addressed in
this paper fall into two basic classes. First we have the
integrity of the transistor dielectric itself, which in the
course of operation, can fail, a phenomenon typically
referred to as Time Dependent Dielectric Breakdown
(TDDB). The transistor must be engineered to ensure that
components don’t wear out within their operating
lifetimes.

Second, in addition to abrupt failure of the dielectric,
transistors can also experience progressive parametric
degradation. The primary parametric reliability mode for
traditional SiON-based transistors is a slowdown of the
PMOS devices due to progressive trapping of charge,
typically referred to as Bias Temp Instability (BTI). For
HK-based dielectrics, at their higher target operating
fields, similar degradation is observed on NMOS
transistors as well as potentially significant increases in
gate leakage with stress, known as Stress Induced Leakage
Current (SILC).

We discuss these reliability phenomena and illustrate that
while they pose large reliability challenges for HK+MG,
these challenges can be overcome through refinement of
process architecture and optimization of processing
conditions. Intel’s 45nm technology is shown to achieve
intrinsic TDDB and aggregate (N+P) BTI performance
equivalent to its 65nm predecessor with negligible SILC
at its 30% higher operating electric fields.

PROCESS BACKGROUND

The 45nm high-k dielectrics combined with metal gate
electrodes (HK+MG) transistors studied in this work have
a Hafnium-based gate dielectric and dual workfunction
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metal gate electrodes for NMOS and PMOS. The
transistor fabrication utilizes a HK first and MG last
process as detailed in [1]. In this flow, HK is deposited
using an Atomic Layer Deposition (ALD) process, and
polysilicon is used for the gate patterning. After the
Interconnect Dielectric deposition, a polish step exposes
poly gates, and the dummy poly is removed. Then,
workfunction metal electrodes are deposited followed by a
gate fill process. The SiO, equivalent oxide thickness
(EOT) of the HK plus the Interface Layer (IL) that forms
between the HK and the silicon is ~1.0nm. Figure 1
describes the gate stack, with its SiO,-like interface layer
(IL) and the HK dielectric proper.

T

Transition Layer

Figure 1: TEM of High-K and Metal gate (HK+MG)
transistor stack

Figure 2(a) shows the typical gate leakage behavior of
these 45nm HK+MG transistors measured in inversion,
compared to that of 65nm Poly/SiON transistors [2].
Substantial reduction (25-1000X) is achieved with the
physically thicker HK film employed while still enabling
inversion Tox scaling consistent with the historical trend
of ~0.7X per technology generation. Figure 2(b) shows
the appropriate band diagrams for these HK+MG
transistors. Lower inversion gate leakage current on the
HK+MG PMOS is due to the larger band offset than for
the NMOS (as indicated by the direction of arrows of the
tunneling current).
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Figure 2: (a) 45Snm HK+MG leakage comparison to
that of 65nm Poly/SiON transistors. HK+MG process
enables 25-1000X gate leakage reduction. (b) Band
diagrams of HK+MG transistors.

Despite the reduced gate leakage current due to use of
physically thicker HK dielectric, the effective E-field in
the operating regime increases substantially (~30%).
Figure 3 shows the gate dielectric E-field vs. technology
node. The increase in the E-field provides higher
transistor performance, but this must be achieved with no
degradation in reliability.
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Figure 3: Gate Electric field increase vs. technology

nodes. The average E-field for the 45nm technology is
30% higher than in the 65nm generation.
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The large increase in E-field with HK+MG contributes to
the reliability challenges of this major technology
transition. In the next section we provide background on
the key reliability mechanisms that need to be considered
in this transition.

TRANSISTOR RELIABILITY
FUNDAMENTALS

Transistor Bias Temperature Instability
(BTI) Degradation

When subject to operating bias, transistors exhibit changes
in transistor characteristics over time, an effect termed
Bias Temperature Instability or BTI. Typically, transistor
thresholds |(VT) | increase, and other electrical
parameters, such as drive current (Ip) and
transconductance (G,), are also affected. At typical
operating fields of SiO, transistors, BTT is only significant
for PMOS transistors with negative gate bias (NBTI).

BTI results from the creation of both interface states (D;,)
and oxide trapped charges (D), and the mechanism is
accelerated by both voltage and temperature. As the name
implies, the PMOS channel must be inverted for NBTI to
occur. NBTI degradation does not require a large amount
of tunneling current and can be significant even at a very
low bias. Characterization of true NBTI degradation is
very challenging, due to the recovery of trapping that
occurs in stress upon removal of the bias. Several fast
measurement techniques have been developed to minimize
the recovery influence including On-The-Fly (OTF)
measurements, Ultra-fast V; measurements on the order of
micro-seconds, and Pulse-IV measurements [3, 4].

Figure 4 shows a diagram of a typical PMOS NBTI
degradation and recovery process well reported in the
literature. There is no consensus on the exact physical
mechanism, but one of the leading models for PMOS
NBTI recovery is the back diffusion of Hydrogen near the
substrate/dielectric interface [5].

1

stress recovery:

stress removed

most
recovered

Vi (V)

time

Figure 4: PMOS NBTI vs. Time illustrating both
degradation and recovery

PMOS NBTI is recognized in the industry as a major
reliability mechanism in advanced logic technologies.
Degradation of maximum operating Frequency (Fmax)
and circuit margin, in particular at Minimum Operating
Voltage (Vmin), must be addressed within product design
and testing to ensure an adequate margin to specifications
over operating lifetimes.

A particularly important circuit case is SRAM memory.
Transistors within the SRAM cells are typically amongst
the smallest within a technology, and the SRAM Static
Noise Margin (SNM) is highly sensitive to device
mismatch. The scaling of SRAM memory arrays has
increased the sensitivity to NBTI-induced transistor Vi
mismatch, which can degrade Vmin characteristics over
time. 6T SRAM cell area has traditionally reduced 2X
every two years, as shown in Figure 5, which means bit
counts are also increasing at a corresponding rate. In
addition to design and layout approaches to improve Vmin
margin, error correction techniques are often leveraged in
cache designs [6].
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Figure 5: 6T SRAM cell size scaling trend showing 2X
cell area scaling every two years [7]

Figure 6 shows an example of Vmin dependence on the
SRAM cache array size. Both the magnitude of Vmin and
the Vmin spread increase with cache array size due to
transistor  variations. Thus, understanding device
variability at both time 0 and over time, given BTI effects,
has become increasingly important with cache cell/array
size scaling.
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Figure 6: Vmin dependence on cache array size for
6-T SRAM [7]. Transistor aging due to PMOS NBTI
will further degrade Vmin characteristics.

PMOS NBTI remains a key concern of HK+MG CMOS
transistors, and at the higher operating fields of these
transistors compared to SiO,, NMOS BTI degradation
under inversion (PBTI) can also be significant [8].
Unacceptably high levels of BTI degradation for HK+MG
on both NMOS and PMOS have been reported. In
addition, fast charge trapping/de-trapping has also been
reported on HK materials, which complicates
characterization and calls the validity of conventional DC
stress into question. BTI reliability degradation has been
shown to be modulated by processing and integration
changes such as thermal treatments, adding dopants, and
nitridation techniques [9, 10]. Better charge trapping
properties and improved reliability results on transistors
fabricated with HK silicate dielectrics rather than HK
oxides have also been reported [11].

Extensive BTI experimental data collection was
undertaken in the development of Intel’s 45nm HK+MG
transistor technology to support reliability modeling and
process optimization work. A summary of these results
and a discussion of the mechanisms responsible for BTI in
HK+MG transistors are presented below. We demonstrate
that, with appropriate transistor architecture and
processing, net BTI degradation that is comparable to, or
better than, that observed with traditional SiON
dielectrics, can be achieved for HK+MG dielectrics
operating at ~30% higher E-fields. The optimized HK film
stack used in Intel’s 45nm HK+MG process also shows
negligible hysteresis and transient trapping associated with
fast carriers.

Gate Dielectric Breakdown, Time-Dependent
Dielectric Breakdown (TDDB) and Stress-
Induced Leakage Current (SILC)

The transistor gate dielectric provides isolation of the gate

electrode from the conducting channel, providing the high
input impedance of CMOS transistors. The reliability of

the gate is, therefore, of primary importance in transistor
reliability. Multiple evaluation techniques exist for
assessment of gate dielectric integrity, with Time
Dependent Dielectric Breakdown (TDDB) testing being
the standard methodology for developing operating
lifetime reliability projections. TDDB characterization is
performed with elevated voltage and temperature, with
either constant voltage (CVS) or constant current (CCS)
on transistors or capacitors, until a failure is observed.
Failure is typically based on an increase in gate current Ig,
but definitions vary and can significantly impact
projections.

TDDB can occur on NMOS and PMOS under all
operating bias conditions (inversion, accumulation);
however, the rate of dielectric damage is very strongly
modulated by the band structure of the material system
and, traditionally, NMOS in inversion mode tends to be
the limiter for TDDB lifetime.

Although there is no rigid consensus in the literature on
the exact physical mechanisms that dominate gate
dielectric breakdown, it is generally attributed to a
combination of several mechanisms—charge injection,
interface, bulk trap state generation, and trap-assisted
conduction. During operation, the electric field across the
gate dielectric causes the generation of electrical defects
or “traps.” These traps modify the local electric field and
enhance leakage current in the dielectric through various
hopping and tunneling processes. With cumulative stress,
more trap states are created and, consequently, a gradual
increase of the gate current is observed: this is known as
Stress Induced Leakage Current (SILC) degradation.
Eventually, a point is reached where a conductive “chain”
of traps is established between the cathode and the anode
as depicted in Figure 7. The statistical theory that
describes this process is called the Percolation Theory
[12]. The completion of this chain results in a large
increase in current flow and potentially collateral damage
to the device, which may critically impact the circuit.
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Figure 7: Percolation Theory describes traps as
spheres of radius ‘“r. When several of them form a
complete chain from anode to cathode, breakdown

(BD) occurs. The thinner the dielectric, the fewer the
traps needed to cause BD [12].

The use of HK+MG stacks to overcome scaling
limitations of conventional SiO, dielectrics introduces
additional complexities in the form of materials, band
structure, and interfaces that can significantly impact the
TDDB mechanics and performance. Problematic HK
dielectric lifetimes, SILC degradation, and interface and
bulk-trap densities have been reported extensively in the
literature [13, 14], and these issues need to be overcome
to match the high reliability standards that have been
established with conventional dielectrics.

Unless specified otherwise, TDDB stresses reported in
this work were carried out with DC CVS. Monitoring of
the gate leakage was performed by interrupting the stress
with negligible measurement delay between stress and
measurement. Care was taken to ensure that the
measurement phase did not result in additional trap
creation or degradation. The monitor measurements were
conducted at two bias conditions corresponding to
nominal and low voltage of operating conditions of
products. The results focus on reliability of the optimized
process flow, referred to as Final, but the affects of
process optimizations are illustrated with results of
material from early unoptimized process architectures and
flows, referred to as [Initial. Results for Intel’s 65nm
process are also referenced as benchmarks for mature
ultra-thin SiON+PolySi devices [2].

The devices evaluated in this work are single transistors as
well as arrays of transistors tied together electrically in
parallel to generate large gate area structures with realistic

transistor-like layouts. Each leg of the transistor arrays has
a drawn gate length of 40nm while the electrical length is
much smaller. The SRAM cache data reported here were
collected on a fully integrated 4.5Mbit cache array.
Acceleration factors were extracted through such testing
to understand the sensitivity of the TDDB lifetimes to
voltage and temperature. To minimize the extrapolation
uncertainties in TDDB models, large sample sizes were
accumulated at multiple stress condition combinations on
test structures with a gate area range of over seven
decades.

It will be demonstrated that, with an optimized transistor
architecture and process flow, dielectric reliability
comparable to that obtained on traditional SiON
dielectrics can be achieved for HK+MG dielectrics
operating at ~30% higher E-fields with negligible SILC
prior to breakdown.

In Process Charging

It is well understood in the industry that dielectric quality
as well as transistor parametric characteristics can be
degraded due to process-charging induced damage from
plasma processes within the fabrication flow. The charge
that may accumulate on interconnect ‘antennae’ connected
to transistor gates in the course of these processes can
result in sufficiently high stress to induce unrecoverable
changes to the transistor characteristics, or in extreme
cases, even catastrophic device damage. The standard
approach to protect against such plasma-induced damage
is to provide a discharge path in the form of diodes or
transistors. The protection needs are a function of the
specific antennae connected to a device as well as the
intrinsic leakage of the transistor and the charging
characteristics of the fabrication processes. Design rules
are defined to ensure sufficient protection to prevent any
transistor damage during processing.

Process charging is one concern that has benefited from
traditional dielectric scaling; increases in gate oxide
leakage have made ultra thin SiO, dielectrics less
susceptible to damage. With the large reduction in gate
leakage that HK dielectrics provide, the charging rules
must therefore be tightened to more historical levels.

RESULTS
Introduction to Reliability Results

The results of reliability characterizations of Intel’s 45nm
HK+MG process are presented below. The first two
sections address degradation of the gate dielectric
considering progressive increases in leakage current or
SILC and dielectric breakdown. The third section
considers  degradation  in  transistor  operating
characteristics due to charge trapping within the bulk of
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the dielectric or at interfaces within the stack. The results
reported here are for devices with the process minimum
‘drawn’ channel lengths of ~40nm, but devices spanning
the permitted layout range were evaluated with similar
results. Unless stated otherwise, the data below are for
devices on the optimized 45nm HK+MG process flow.
Some results from 45nm development process flows as
well as for a mature 65nm process are shown for
comparative purposes.

Dielectric Reliability

Transistor dielectric reliability was assessed for a wide
range of transistor structures ranging from single cache
bitcell transistors to 4.5Mb SRAM cache test vehicles.
Conventional CVS was employed unless otherwise
indicated.

Dielectric Reliability—TDDB

TDDB is associated with a substantial increase in current
through the transistor dielectric. In the data below, the
definition of failure for extraction of TDDB lifetimes is
the point where an abrupt increase in dielectric current is
observed or a ‘“hard breakdown” (HBD) occurs. This
increase in current due to HBD may be sufficient to, but
won’t necessarily, result in circuit failure.

Figure 8 compares matched Electric field TDDB on
SiON+PolySi vs. the optimized Intel 45Snm HK+MG gate
[15].
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Figure 8: TDDB vs. Electric field comparison of
HK+MG [1] and SiON [2] showing that an optimized
HK+MG dielectric can support 30% higher field than

a mature SiON-based technology at matched TDDB
lifetime

Figure 9 shows the median TDDB lifetime data collected
on the Final optimized process over a much greater range:
more than 6 MV/cm and more than seven orders of
magnitude in time. Note, the data exhibit a clear transition
in the acceleration behavior that occurs at ~12MV/cm.
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Figure 9: Long-term TDDB measured on the Final
process flow shows a change in the acceleration slope
at ~12MV/cm. Empirical fits to the data show good
fitting with fit delta of 1+0.3.

Figure 10 summarizes the scaling of TDDB lifetime with
gate area over a range of nearly eight decades. Using a
conventional Weibull model, the area-scaling data
corresponds to a Beta value of approximately 1.4.
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Figure 10: Area scaling of TDDB lifetime measured on
single cache bitcell transistors, array cells and 4.5Mb
SRAM cache test vehicles demonstrating consistent
TDDB scaling with gate area over a range of eight
decades

Dielectric Reliability—Stress Induced
Leakage (SILC)

Transistor dielectrics can exhibit intrinsic increases in gate
leakage prior to dielectric breakdown that may be large
enough in aggregate to noticeably degrade the static
power of an IC even where there is no impact on circuit
functionality or performance. As discussed previously,
this SILC effect has been reported to be a major concern
for HK dielectrics.
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Figure 11 compares early time evolution of Ig under
inversion stress of NMOS devices fabricated with an
early, unoptimized 45nm HK+MG process flow to that of
material from the Final optimized process flow and for a
conventional SiON stack.
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Figure 11. SILC degradation on Initial vs. Final
process flows demonstrates improvement through
process optimization. The SiO, case is shown for
reference and exhibits relatively negligible SILC
degradation as expected. The Final process exhibits
similar levels of SILC degradation as observed on the
SiO, reference.

Transistor Degradation—Bias Temp
Instability (BTI)

Bias Temp Instability (BTI) degradation of 45nm
HK+MG transistors was studied over a range of bias and
temperature conditions to allow models to be generated
and to provide insight into the physical mechanisms and
processing interactions.

Unless stated otherwise, the data below are for devices
stressed statically (DC) and with fixed delay between
completion of stress and device characterization for each
stress interval to ensure a consistent level of any recovery
due to charge detrapping. During stress, the transistor
gates were biased at either positive or negative polarity
while all other terminals were grounded. V; was measured
using 5S0mV on the drain.

The time evolution of degradation in transistor drive
(Idsat) for 45nm HK+MG NMOS and PMOS devices at
accelerated inversion stress conditions is shown in Figure
12. Both show power law time dependencies:
Aldsat ~ t", with a somewhat lower time slope of .17
observed on the NMOS compared to ~.2 for the PMOS
[16].
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Figure 12: (a) NMOS PBTI time dependence. (b)
PMOS NBTI time dependence of HK+MG transistors.
Transistors are drawn at W/L=0.9um/0.04um for

HK+MG process. Poly/SiON have W/L=1um/(0.04um
drawn dimensions.
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Characterization of transistor degradation under DC
stresses over a range of temperatures from 60°C to 110°C
shows Arrhenius time dependence as shown in Figure 13:

Time to given TTR(AVy) ~ e "7

with Ea ~ .7eV for PMOS; NMOS shows a lower
temperature dependence of ~.46 eV.
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Figure 13: NMOS PBTI and PMOS NBTI activation
energy (Ea)

Figures 14 and 15 show the dependence of Bias temp Vi
degradation on the applied electrical field for PMOS and
NMOS devices, respectively, as well as comparative
results for Intel’s 65nm SiO, technology.
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Transistor Tranconductance (G,) can provide useful
insights into the nature of the BTI degradation
mechanisms. Figure 16 shows the correlation of
degradation in G, to that of Vj, comparing an un-
optimized HK film stack from the early development stage
Initial and the optimized Final process. Note that V7 shift
is well correlated to the % G,, degradation for both NMOS
and PMOS for the [Initial HK process, while it only
correlates well to the PMOS on the Final HK process.

13

%Gm Degradation %Gm Degradation

Figure 16: NMOS and PMOS BTI V, shift vs. % G,
degradation on (a) Initial process vs. (b) Final 45nm
HK+MG process.

In addition to discrete transistor test structures, circuits of
various complexities are used to validate transistor
degradation models. Ring Oscillators (ROs) are
particularly useful for wvalidating BTI impact on
performance over variations in configuration and layout.
Figure 17(a) shows representative 45nm HK+MG RO
degradation data with a time slope of ~.2 as expected from
device-level BTI. Figure 17(b) shows the RO stress data
vs. discrete transistor results showing very good
agreement.
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Figure 17: (a) Ring Oscillator (RO) degradation (b)
RO stress data against BTI model based on discrete
transistors

Transistor Degradation—Fast Traps

Another manifestation of degradation in transistor
characteristics due to charge trapping is rapid shifting in
device thresholds upon application of bias. This effect is
of particular concern for HK dielectrics. Intel’s optimized
45nm HK+MG process has negligible fast trapping, but
the following comparison to early development process
revisions illustrate that this is a potential area of concern:
Figure 18 compares NMOS BTI V7 shift over time for the
Initial and Final HK+MG processes. Note the very large,
increase in V<1 sec. and the relative lack of dependence
of V; degradation on stress voltage for the Initial process
compared to the mature Final process.
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Figure 18: NMOS PBTI V, shift for Initial and Final
HK+MG process

Transistor Degradation—Hot Carrier

Injection of hot carriers can result in degradation in Vi
and G,,. The low conduction band offset for Hf-based HK
dielectric in contact with a silicon substrate results in a
reduced barrier, and it has been suggested in the literature
that this poses a potentially increased risk for the hot
carrier injection [17]. Figure 19 shows NMOS hot
electron reliability comparison between Intel’s 45nm
HK+MG and 65nm Poly/SiON transistors [2]. The 45nm
HK+MG transistors actually show a large improvement in
lifetime (>7X at same Isub) relative to 65nm. TTF to
impact ionization slope is very similar between the two
technologies.
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Figure 19: NMOS hot electron performance of 45nm
HK+MG and 65nm Poly/SiON transistors

Process Charging

Assessment of process charging damage was conducted
using specialized test structures with antennae connected
to the gate of ‘victim’ transistors with varying levels of
charging protection. The complete structure set extends
beyond that allowed within the process design rules.
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Transistor parametric characteristics at the completion of
processing are monitored on these structures, and
transistor reliability stresses are conducted and compared
to reference devices with no antennae. These results
confirm no charging degradation on devices compliant to
design rule protection requirements.

DISCUSSION

TDDB results show that Intel’s 45nm HK+MG transistor
delivers equivalent dielectric lifetimes for NMOS devices
at a 30% higher electric field. Due to the band offsets,
PMOS TDDB has much higher margins. Conventional
Gate Oxide (GOX) modeling formulations are largely
applicable to these devices; however, the dependence of
TTF on the applied electric field is not a constant
exponential: the high field regime, above ~12MV/cm,
exhibits a shallower acceleration slope. This acceleration
factor change is observed to occur at an e-field value
similar to the point of transition in gate leakage from a
direct tunneling (DT) regime to a Fowler-Nordheim
tunneling (FN) regime, as shown in Figure 20.
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Figure 20. Left plot shows gate leakage vs. bias for
HK+MG [1] vs. SiON [2]. At higher V  values, DT
leakage through SiON dominates the net leakage, but
at lower biases, leakage through the HK+MG stack
drops off rapidly due to DT through the HK layer.
Right plot shows DT to FN transition occurs in the
HK+MG stack at V >1.5V (triangles are delta from fit
to actual slope; transition extracted at delta « 0).

Such a change in the tunneling mechanism is expected for
bilayer dielectric stacks and has been predicted for
HK+MG by Dunga et al. [18]. At lower biases, direct
tunneling through the entire HK+MG stack causes gate
fluence to drop rapidly—and Degraeve et al. [19] have
used a fluence-driven model to predict a strong increase in
TDDB lifetimes at voltages near the operating range.
However, very limited data exists in the literature for such
low voltage TDDB data on HK+MG stacks. For the Intel
HK+MG process, CVS data were collected spanning the
low- and high-field regimes—with total stress times
exceeding three months duration to provide good

resolution. The field dependence was found to follow an
exp(E) relation in the low-field regime, and an exp(1/E)
relation in the high-field regime, consistent with the
results of Hu et al. and McPherson et al. [20, 21]. This is
not unique to HK+MG stacks; a similar transition is
observed for SiO, data at high E-fields. However proper
characterization across this range assumes fundamental
importance for HK+MG where the typical operating and
transistor characterization field span this transition.

The TDDB area scaling for Intel’s 45nm HK+MG follows
the conventional Weibull formulation. The B is in line
with expectations for the thickness of the gate stack and
the good agreement of the model out to product-like areas
demonstrates an absence of ‘defect’” TDDB concerns on
the Final optimized process flow.

The BTI results show that with sufficient optimization,
aggregate NMOS+PMOS degradation levels equivalent to
those achieved on SiO2 can be achieved on HK+MG
operating at 30% higher E-fields. For the final process,
PMOS BTI is matched at 50% higher E-field, and the
PMOS degradation behavior on Intel’s 45nm HK+MG
process is found to be very similar to that observed on
conventional SiON with equivalent acceleration and time
dependence. The correlation of G, and V7 shifts, the
polarity of the V7 shift and charge pumping, and recovery
data (not shown) all support that PMOS BTI is similarly
driven by positive charge trapping near the Si/dielectric
interface (Dj). Py, (Si-H dangling bonds at the interface)
defects have been proposed for the PMOS IL degradation
in NBTI stress [22].

On the other hand, the data show that NMOS BTI is
largely driven by electron trapping within the HK bulk on
the optimized process with additional contribution from
interface traps on the Initial process. This explains the
lack of NMOS G,, shift on the optimized process (the trap
generation is further away from the interface) and the
lower observed Ea on NMOS PBTI due to the direct
tunneling of electrons from the substrate into the HK bulk
[23, 24]. NMOS SILC degradation is also attributed to
bulk traps, and a strong correlation is observed to trap
density measured with charge pumping. Electron trapping
in Hf-based oxides has been attributed to the presence of
Oxygen vacancies [25].

The very large initial V7 shifts during BTI stresses
observed on the initial HK process are due to high
densities of pre-existing fast traps associated with Dy
generation and/or hole trapping [4, 26]. These traps are
very shallow, explaining the low observed temperature
dependence, as shown in Figure 21(b).
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Figure 21: (a) BTI model with existing traps for
“initial” process. (b) Fast trap component shows very
weak temperature effect.

This effect is essentially eliminated with reduction in trap
densities on the optimized HK process. This is further
illustrated by pulsed IV sweeps on the Initial and Final
processes that show large hysteresis on the former (shown
in Figure 22). Fast traps in HK can lead to large
instabilities resulting in underestimation of degradation
with DC measurements.
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Figure 22: Pulse IV characterization of material with
(a) poor reliability and (b) good reliability. Pulse
t/t=100pusec, width=350ps used.

The rate of hot carrier injection for Intel’s 45nm HK+MG
transistor has been shown to be substantially lower than
for conventional devices at the 65nm node. The data
suggest that the effect continues to be dominated by that
IL trapping with similar dependence on impact ionization
induced substrate current. The reduced degradation is
likely explained by the lower injection rate of the
generated charge for the physically thicker dielectric.
Figure 23 shows high temperature AC stressed RO data at
several different stress voltages. The power-law time
dependence slope increased with stress voltage implying
that hot carrier degradation is contributing to BTI
degradation during RO stress only at biases well in excess
of real application conditions, and therefore hot carrier

BOoRD OBE 0B QB 1 13 11

degradation is not a significant reliability consideration at
any realistic use condition for this 45nm technology.
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Figure 23: 45Snm HK+MG Ring Oscillator (RO)
stressed in AC at high temperature

CONCLUSIONS

This paper provides an overview of the reliability of
Intel’s 45nm HK+MG transistors demonstrating that these
devices deliver reliability comparable to conventional
SiO, devices at ~30% higher operating fields with
negligible SILC degradation.

All of the major transistor reliability modes have been
discussed with particular focus on those of greatest
potential concern for HK+MG devices. The data for non-
optimized material from early stages of technology
development demonstrate that the reliability concerns for
HK transistors raised in the literature are well founded.
TDDB and BTI, the two modes which traditionally
constrain  transistor reliability, required dramatic
improvement from the early experimental process
revisions, for e.g., a>3X reduction in BTI V7 shifts.
Similarly SILC and fast trapping are legitimate concerns
but can be engineered out.

The primary HK reliability impact for TDDB, BTI, fast
trapping, and SILC are all shown to relate to the potential
for high trap densities in the HK stack. Controlling the
trap densities within the HK and at the interfaces within
the stack is critical to achieving the level of reliability
demonstrated here.

The data also illustrate some challenges and potential
pitfalls in characterizing the reliability of HK+MG
transistors. In particular, accurate modeling of TDDB
requires data collection over longer durations to properly
calibrate the field dependence, and the presence of fast
traps can result in underestimation of degradation using
conventional DC measurements.
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The overriding message is that although the revolutionary
change represented by HK+MG poses daunting reliability
challenges, these can all be addressed with appropriate
transistor  architecture and process optimizations,
delivering the same reliability as conventional SiO,
devices with compelling power/performance advantages.
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ABSTRACT

Intel’s packaging team has been working on developing
completely Pb-free packages that can be utilized in a
variety of products and market segments including the
newly emerging mobile Internet devices. These
technologies have been introduced into high-volume
manufacturing to enable packaging of 45nm silicon
devices in 2007. In order to hit this milestone, a
significant number of engineering challenges had to be
overcome to select and integrate the new assembly
materials into the complex interconnect structure of Intel’s
45nm process technology. The new solder alloys for first-
level interconnect resulted in significantly higher stress on
the silicon, and the Intel team reengineered many aspects
of the assembly materials and process technology to
resolve the crucial problem and deliver this innovative
technology. The change to lead-free (Pb-free) solder
alloys necessitated the development of alternate flux
materials to clean off the more tenacious tin oxides from
the solder surface. The new flux material had to be stable
at high process temperatures as well as cleanable
following the chip attach process to allow strong adhesion
between the underfill, the bump metallurgy, and the die
passivation. The new Pb-free, first-level interconnect
architecture is superior to the older materials in many
aspects, including higher current-carrying capability, and
it is more reliable and environmentally friendly, being

100% Pb-free. The development of the high-k 45nm
devices also enables Intel to introduce high-performance
microprocessors with very low power consumption. These
devices enable development of fully functional personal-
computer-like features in a hand-held device. However, in
order to successfully integrate a 45nm silicon chip in a
hand-held device, significant reduction in the form factor
of the flip-chip package was essential. In order to achieve
this goal, significant technology challenges were
overcome through the introduction of new underfill
material and process technologies. Further reduction in the
z-height required die-thinning and introduction of thinner
substrates. In this paper key technical challenges
associated with Pb-free interconnect and form-factor
reduction are discussed.

INTRODUCTION

Intel’s 45nm technology portfolio includes the Penryn
family of processors, which build on the success of the
revolutionary core microarchitecture as well as the family
of devices, based on Intel® Centrino® Atom™ processor
technology, targeted for mobile Internet device
applications. The Penryn family of processors features
new dual-core desktop processors, quad-core desktop
processors, quad-core server processors, and dual-core
mobile processors. These new 45nm processors include
features to improve performance at any given frequency:
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they have up to 50% larger L2 caches and expanded
power-management capabilities for new levels of energy
efficiency [1]. The Intel® Atom™ processors have been
developed from the ground up with the aim of minimizing
the power consumption and yet enabling a high-
performance fully functional chip for the mobile Internet
device segment [2].

The introduction of 45nm products also marks the move
to 100% Pb-free packages to meet Intel’s environmental
performance goals. Lead has been used generously in the
past as the primary component of the metal alloy (a
mixture of tin and lead) used to electrically connect the
silicon processor to the motherboard via an organic
package. The interconnect hierarchy is shown in Figure 1.

Silicon Die
Chip €ap Solder Joint

1st Level Interconnect!

! ¥ Mother Board

2 Level Interconnect?

Package

Figure 1: Schematic of a flip-chip ball grid array
(FCBGA) pack

Due to the harmful impact of lead on the environment,
however, Intel’s engineers engineered a solution to get
every last milligram of lead out of the package. The entire
First-Level Interconnect (FLI) architecture  was
reengineered to be 100% Pb-free in a phased approach. In
the first phase, Cu bumps were incorporated as part of the
65nm process technology CPUs [3] in place of the more
compliant high Pb-bumps on the silicon die. This was
followed by tin-silver-copper (SAC) solder in place of
eutectic Pb-Sn, as part of the 45nm technology. The new
architecture not only meets the stringent quality and
reliability requirements of Intel products but also
significantly =~ improves = bump  cracking,  bump
electromigration, and solder fatigue performance, all of
which are crucial to enabling reliable, high-performance
microprocessors. Both Cu-bumps and SAC solder on the
substrate are much stiffer than their leaded counterparts
and impart significantly higher thermomechanical stress
on the mechanically-weak, low-dielectric constant
materials on the silicon die [4]. The use of a higher
number of low-k-based metal layers in the 45nm products
for improved interconnect performance further
exacerbates the stress-management challenge. These
challenges were resolved with an optimization of far back-
end architecture, design, materials, and processes in both
fab and assembly.

The move towards producing thin and light laptops and
the need for improving the processing power in smart

phones and mobile Internet devices has led to increased
focus on the development of small form-factor, flip-chip
package technologies that can accommodate full function,
high I/O CPUs. In these market segments, the focus is on
reducing the overall form factor of the package. This
reduction in space is essential to enable system-level
reduction in the motherboard size used in hand-held,
mobile Internet device applications [2]. The drive towards
smaller form factors places tremendous pressure on
minimizing the area occupied by the flip-chip package and
requires significant re-engineering of the flip-chip
packaging technology.

In this paper we focus on the novel materials and
processes that were developed in order to overcome these
challenges to achieve 100% Pb-free interconnect as well
as a significant reduction in the form factor for flip-chip
packages.

FIRST-LEVEL LEAD-FREE
INTERCONNECT

The 45nm process incorporates high-K+metal gate
(HiK+MG) transistors for the first time along with third-
generation strained silicon, nine copper interconnect
layers, 193nm dry patterning, and 100% Pb-free
packaging. A complete overview of the 45nm silicon
process technology is given in [5]. The die far back-end
architecture makes use of a very thick metal 9 (TM9)
layer and a polymer dielectric, as shown in Figure 2. The
integration of Pb-free solder with the novel TM9
architecture that employed a new dielectric/passivation
material posed new challenges for material compatibility
and M9 stack reliability, in addition to low-k dielectric
material cracking/delamination. These issues were fully
resolved through an iterative optimization of the metal
interconnect, package design, materials, and processes
within the fab and assembly.

Cu bump

Figure 2: SEM depicting the M9 and V9 layers:
MO9I/V9 is significantly thicker than all the other die
metal layers
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Challenges of First-level, Lead-free
Interconnect

Compared to their leaded counterparts, tin-rich, Pb-free
solder materials possess physical, metallurgical, and
mechanical properties that pose significant challenges to
flip-chip assembly and reliability. Their higher melting
point (~30°C higher than SnPb) leads to an increase in the
thermal expansion mismatch between silicon die and
organic packaging and induces higher stress in the FLI
solder joint compared to previous generations. The
intrinsically higher mechanical stiffness of Pb-free solder
and dramatically reduced mechanical strength of low-k
dielectric materials of the silicon backend structures led to
significant assembly challenges such as die Interlayer
Dielectrics (ILD) cracking and occasional solder joint
interfacial ~delamination (Figure 3). The inferior
wettabililty of the Pb-free solder results in a reduced
solder wicking with die copper column during chip
attachment (Figure 4), and it considerably increases
sensitivity to assembly-interaction-related failures, such as
solder joint interconnect opens and non-wets, which
require more stringent solder bump dimensional control.
To achieve a healthy assembly yield for our Pb-free SAC
process, tolerances, and sensitivities several new
manufacturing process parameters had to be thoroughly
studied, e.g., bump height variation and bump-level
defects. Solder joint voiding is also of concern, as the
outgassing of soldering flux residues becomes retarded
due to higher surface tension and is accelerated by the
ease of the tin oxide formation of the liquid solder.

Figure 3: Solder joint delamination along
solder/surface finish interface

SnAgCu

Figure 4: Reduced wettability of SnAgCu with die Cu-
bump leads to a reduced solder joint collapse

The use of existing chip-attach fluxes developed for
leaded solder alloys can cause significant defects, such as
solder voids and interfacial nonwets, in the Pb-free FLI
joints, due to the higher thermodynamic stability of the
oxides in Pb-free solders. Furthermore, the need for higher
peak temperature and Time Above Liquidus (TAL) for
Pb-free solder can cause significantly higher flux residue
to remain on the packages. Both these factors necessitated
the development of a new flux that needed to be highly
active in order to remove the thermodynamically stable tin
oxides and improve wettability of solder to Cu. These new
fluxes also had to have significantly reduced outgassing at
reflow peak temperature and the TAL in order to reduce
FLI voiding and in order to leave a residue that was easily
cleanable by the hot water during the deflux process. In
addition, the new flux formulations had to be compatible
with the substrate solder resist material and the new die
passivation material, have sufficient tackiness to prevent
die misalignment and substrate solder bridging, and be
capable of being printed or sprayed on the substrate.

The chip-attach process for flip-chip packaging follows
these main steps: flux application, chip placement, reflow
of chip joints, and cleaning of flux residue. Intel has been
printing the flux in CPU packaging for many years. This
process involves printing flux through an aperture opening
in a stencil on the substrate bump area. This flux
application process has worked very well for high-volume
applications up to this point, but it has reached its limit for
larger die sizes and multiple dies on a package. Using a
flux printing process for larger and multiple dies can lead
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to scraping of substrate bumps that could potentially cause
reliability problems such as non-wets, limited performance
because of decreased maximum current-carrying capacity
(referred to as IMAX), and reduced yield.

An out-of-the-box approach was pursued to enable a spray
flux application process (SPRINT) by using a print flux
material that was designed to be highly viscous at room
temperature so it does not flow.

print flux on stencil at
room temperature

Spray using
SPRINT process

Figure 5: Conceptual description of “SPRINT”
process—spraying a Print flux material using a
dispenser

The print flux material is a non-Newtonian fluid with
shear thinning properties. Several equipment and process
changes had to be made to get the required dispense
characteristics (Figure 5). An optimum fluid path heater

design equipped with sufficient flux hold-up volume and
heated to the target temperature prior to dispensing
(Figure 6) was needed to enable a stable and capable
dispensing process. Significant process characterization
work had to be carried out to optimize different dispense
parameters such as fluid and atomizing coaxial air-
pressure, dispense temperature, dispense height and width,
and line speed. The goal was to get just the right amount
of flux on the substrate bumps: too little flux led to poor
quality joints between substrate and die bumps, and too
much flux caused die misalignment during the reflow
process. All the process characterization work led to the
fundamental understanding of the impact of flux dispense
parameters on die misalignment yield and FLI joint
quality.

Schematic
of SPRINT
process

Print flux
cartridge

DI2200 valve

s =l Spray

Lol ™

Figure 6: Schematic of “SPRINT” (spraying the print
flux) process

Results and Discussions

To overcome the challenges of integrating Pb-free, flip-
chip packaging with 45nm silicon, significant work was
carried out from design, materials, processing, and
metrology perspectives. Based on over five years of
research experience on Pb-free materials, Intel selected
Sn-Ag-Cu solder metallurgy as the flip-chip die
attachment material. This material has showed significant
improvement in solder-joint quality compared to the other
more commonly used Pb-free alloys in our case.

Enabling the SPRINT process to high-volume
manufacturing involved solving several manufacturability
issues specific to ease and repeatability of tool
maintenance.

The SPRINT process has met yield and reliability goals
both during the development of Pb-free packages and
during high-volume manufacturing ramp in Intel factories.
At the end of the development cycle, the SPRINT process
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is at 99.5+% in three different Intel sites, and the samples
development phase

used during the
misalignment.

show no die

Figure 7: Comparison of interfacial defects between
old and new fluxes: new flux is significantly better

Variability Charl Toe Max Defect fuim)

Figures 7, 8, and 9 show the comparison of FLI joint
interfacial defects, solder voiding, and electromigration
performance between the new flux and previous-
generation fluxes. The new flux provides significantly
better performance in all three attributes. Figure 10 shows
the comparison between leaded (65nm process
technology) and Pb-free electromigration performance
with optimized materials/process.
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Figure 8: Comparison of FLI solder voids between new (left) and old (right) fluxes: new flux is significantly better
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Figure 9: Comparison of electromigration
performance between old flux, new flux (print
formulation) and new flux (spray formulation): new
flux is significantly better

| = Cu-SnPb Imax
| = Cu-SnAg Imax

Pefcen

Time to Failure

Figure 10: Comparison of bump electromigration
performance of Cu-Sn/Pb and 100% Pb-free FLI

Figure 11 shows C-mode scanning acoustic microscope
(CSAM) images of product units (complete stack-up).
Cracking or interface delamination in the ILD or TM9
stack will show up as white or black spots apart form the
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contrast variation of the underlying pattern. The image on
the left was taken after packaging: no contrast areas are
observed, showing that the unit is free of cracking and/or
interface  delamination. These results have been
reproduced in high volume, at process extremes, and have
been proven to have significant margin through execution
of well-designed hammer tests that impart significantly
higher stress on the die than typically observed in
manufacturing. The image on the right shows that the
parts are clean of any issues even after reliability stresses.

Figure 11: C-SAM units of production units: image on
the left represents a unit post packaging and the image
on the right is a unit post 25 hrs of HAST

These results indicate that the 45nm technology FLI
architecture meets the stringent quality and reliability
criteria despite the higher stress induced by Pb-free
solders. Intel’s FLI architecture with Cu-bumps is very
unique and provides significantly better electromigration
performance and power distribution performance than
typical 100% solder-based FLI interconnects, as shown in
Figure 12.
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Figure 12: Comparison of bump electromigration
performance of high Pb-bumps and Pb-free FLI

Sn-Ag-Cu solders have better wettability to metal pads,
leading to reduced solder voiding, bumping, and assembly
solder joint open yield loss. They also possess increased
solder joint strength due to the suppression of under-bump

nickel barrier layer diffusion and intermetallic growth.
SAC solders also possess enhanced electromigration
resistance arising from the synergistic reactions of reduced
metal diffusion and interfacial defects.

As discussed earlier, the loss of solder joint collapse
margins with the advent of Pb-free materials requires
more stringent solder bump dimensional control. To
achieve this control, solder bumping, flux material, and
the reflow process were improved. The substrate C4
solder bump metrology was also modified significantly to
screen out bump-level defects at high through-put speeds.
Additionally, substrate packaging materials and design
were also optimized to accommodate the higher reflow
temperature of Pb-free solder to mitigate the associated
reliability issues.

FORM FACTOR MANAGEMENT

Development of small form-factor packaging technologies
required significant engineering effort in addition to the
challenges involved with the integration of Pb-free, 45nm
silicon technology. Key technical challenges include
package size reduction in XY dimension and a reduction
in the thickness of the package itself, by reducing die
thickness and substrate thickness. Thin die challenges
include the thinning process, stress-induced electrical
property changes, and package warpage concerns. In
addition, wafer thinning would require ensuring relief of
residual stresses caused by the thinning process and
protecting the die from chipping and cracking during
wafer thinning and die singulation. Handling of the
significantly warped thin wafer and die is another key
challenge. A thin package with thin die is prone to
warpage due to its low stiffness. Decreases in die
thickness can make this problem worse, impacting the
board assembly yield. Making the problem even more
challenging is the need for a more coplanar BGA ball field
to enable board assembly with finer BGA pitch. Solutions
for these challenges required significant innovation and
re-engineering in packaging material and process
technologies. The approach, along with a few of the
examples, is discussed below.

PACKAGE SIZE REDUCTION IN XY

The top surface of a flip-chip package contains the silicon
die attached to the organic substrate and is underfilled
with an epoxy material. The underfill material’s primary
function is to protect the flip-chip solder joints from
failing due to stresses induced by the CTE mismatch
between the die and the package during processing and
use. The underfill material can occupy a significant area
on the package as shown in Figure 13.
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Figure 13: Example of underfill spread on a flip-chip
CPU package

One of the key factors that controls the underfill spread on
the package are the flow characteristics of the underfill
material. Underfill flow under the die is driven by
capillary flow. A line of underfill material is dispensed
next to the die at high temperature, and capillary pressure
in the material pulls the material under the die. In order to
minimize the underfill spread away from the die, it is
critical to increase the flow speed of the underfill material
under the die, as schematically illustrated in Figure 14.
Less wetting

away from the
die for lower KOZ

- R

Figure 14: Competing forces for underfill spread
under the die vs. away from die

In an idealized case, underfill flow can be modeled as
flow between parallel plates [6], where the time to fill for
an underfill between parallel plates can be calculated
using this equation:

Flow Time = 3,UL2
hycos@

where yis the surface tension of the underfill material, ¢ is
the viscosity of the material, h is the gap between the
plates, @is the angle of wetting between the underfill and
two surfaces, and L is the flow distance. Based on this
elementary flow model, minimizing the g/ ratio can
improve the flow speed of the underfill material.

Results and Discussion

A series of formulations with surface tension of the
underfill material varying from ~20 dynes/cm’ to 40
dynes/cm” at 110°C, and viscosities varying from 0.5
poise to 1.6 poise, were tested in a simple parallel plate

flow experiment. Figure 15 shows the time to flow versus
distance results for the formulations tested.

Based on the data from this simple flow test, it was
observed that over a distance of ~15mm, significant
reduction in flow time could be observed. These
formulations were then tested on a package, leading to
significant improvement on the flow speed of the material
and therefore a reduction in the underfill spread on the
package as shown in Figure 16.

Flow Time reduces with lower
viscosity and higher ST
-+ U material

Figure 15: Flow time vs. distance for various underfill
materials
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Figure 16: Underfill epoxy spread on the die with
normal UF and optimized UF

The underfill material is a highly engineered epoxy-silica
composite material with optimum thermo-mechanical
properties (Tg, CTE, Modulus, etc.) to minimize stress
transfer to die, and to prevent bump fatigue and die-
cracking. In addition, the underfill material is also
designed for toughness and adhesion to various interfaces
(solder resist on substrate, passivation on die, Cu-bump,
FLI solder, and silicon) under Pb-free, reflow conditions.
These requirements lead to a very specific choice of
epoxy resin chemistries that can be used in underfill
material development. Adding the challenge of improved
flow with higher f//7 ratio required careful study of the

surface tension/viscosity of each of the resin components
in the material and to the selection of the right
combination of components in order to provide good flow,
and yet not compromise the reliability of the underfill. As
shown in Figure 16, optimization of the (//7} ratio of the
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underfill is very influential in minimizing the underfill
spread on the package. However, it is also critical to note
that there is a limit to how much the underfill viscosity can
be reduced and to how much the surface tension of the
underfill can be increased beyond which other effects take
over. These can lead to increased spread of the underfill
on the sides (due to very low viscosity of the material) and
de-wetting of the underfill from the substrate, due to too
high a surface tension of the material. Using this
approach, new underfill formulations have been developed
and deployed in high volume for enabling small form-
factor, flip-chip packages. Utilization of this technology in
combination with other novel process and design
optimization approaches have led to significant reduction
(up to 60%) in the package size for small, form-factor
packages.

Z-HEIGHT REDUCTION

Industry benchmark trends indicate that overall package
height in high-end smart phones are typically less than
Imm. While most of these packages to date are
wirebonded and overmolded, there is an increased need to
develop high /0 flip-chip packages that have z-heights of
less than Imm. In order to achieve significant package
height reduction we discuss die thinning and the use of
thinner/coreless substrates.

Results and Discussion

The typical thickness of a 12 inch wafer is ~750-800um.
Since the active silicon needed for functioning of the
device is less than 20-30um, a significant reduction in z
height can be achieved by die thinning. Wafer
backgrinding is common for devices used in stacked die,
wirebond packaging technology, where die thinning down
to 50-75um is routinely employed in high-volume
manufacturing. However, die thinning of a high-density
bumped flip-chip die is a significant challenge. Figure 17
shows the SEM image of a bumped wafer with Cu-bumps
with the bump height nominally ~50 um.

Figure 17: SEM image of a Cu bumped wafer

In order for the backgrinding process to work effectively,
it is critical for the backgrinding tape to completely
encapsulate the bumped wafer without any voids. This is
essential since the presence of voids or the inability of the
tape to completely encapsulate the bumps can lead to
cracking of the wafer or non-uniform backgrinding. In
addition to the encapsulation, it is also critical that the
tape be removed without leaving any residue or damaging
the Cu-bump/BLM during the tape peel step. In order to
achieve this critical balance of lamination, uniform
backgrinding and clean removal post backgrinding, a
multi-layer adhesive, UV, curable tape with a soft backing
layer was developed. The backgrind tape is laminated to
the wafer, and the hardness of the multilayer adhesive
layer contacting the wafer surface is well controlled to
allow complete encapsulation of the bumps. After the
backgrinding process, the tape is exposed to UV cure,
leading to cross-linking and hardening of the multi-layer
adhesive. This allows for easy detaping of the tape from
the backgrinded wafer, since the harder x-linked adhesive
can easily delaminate from the wafer/bump surface. Using
this technology, Intel has been able to develop a high-
volume manufacturing process for wafer thinning 12-inch,
high-density bumped wafers down to 75um.

In addition to wafer thinning, the other element that can
enable further z height reduction is minimizing the
substrate thickness. In the case of the organic substrate, a
standard build-up core of ~800um is used for typical
packages. This core thickness in the substrate is typically
selected in order to balance the electrical requirements of
the package and its ability to go through the assembly line
and SMT processing. In order to decrease the overall
thickness of the package, one of the approaches is to
reduce the thickness of the core layer in the package.
Depending on the need for the overall package thickness,
either die thinning or substrate thinning, or both, can be
employed to produce the overall desirable thickness. With
the combination of die thinning and substrate thinning,
Intel now has the capability to produce flip-chip packages
with package heights that are 33% less than standard
packages (Figure 18).

Figure 18: Comparison of a standard package z-height
with a thin core-thin die package

Board Level Interconnect

Intel’s 45nm technology is useful for a wide variety of
products from servers to mobile devices. In order to meet
the size requirements of ultra mobile personal computers
and mobile Internet devices, the 45nm packaging
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technology had to scale the physical size of the packages
to meet the demands of the ultra mobile products.

Scaling down the size of these packages while maintaining
the product functionality of Intel Architecture requires the
board-level interconnect to scale as well. In the case of the
Intel Atom processor, the ball pitch scaled down to 0.6mm
from a 0.8 to 1.27mm pitch for PCs. This scaling creates
two key challenges: routing the signals on the board and
ensuring a robust solder joint.
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Figure 19: Cross section of a Type 3 motherboard

Traditional PCs utilize a Type 3 motherboard that is
characterized by mechanically drilled vias as shown in
Figure 19. In mobile stripline routing, the signals that
come out of the package have to travel through these vias
on their way out of the package. Unfortunately, these
mechanically drilled vias do not scale well and limit the
package ball pitch to approximately 0.8mm. The routing
issue is solved by using High Density Interconnect (HDI)
motherboards shown in Figure 20. HDI boards contain
one or more layers that are connected to other layers
through microvias. As the name implies, the laser drilled
microvias are significantly smaller than the mechanically
drilled vias and allow the signals to break out from the
package.

microvias
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Figure 20: Cross section of an HDI motherboard

Solder joint reliability is the other board-level challenge
with SFF packages. By the very nature of their use, mobile
products are subject to drops. The smaller solder joints of
SFF packages have less mass to handle these mechanical
stresses. Gluing the corners of the packages provides the
additional strength and mechanical margin for the mobile
drop condition as shown in Figure 21.

Baard Flsxurs - Strain

Figure 21: Corner glue provides mechanical margin
for mobile drop condition

CONCLUSION

A series of iterative optimizations of design, fab, assembly
materials, and process led to a high-yielding, 100% Pb-
free, 45nm packaging process. The on-time and on-target
delivery of this technology led to Intel’s continued one-
generation-ahead lead in the 45nm product, underlining
Intel’s assurance that it will develop a new process
technology with enhanced microarchitecture or an entirely
new microarchitecture every year. The elimination of lead
in this technology also makes Intel the leader in achieving
environmentally green products

In this paper we shared some of the key challenges
associated with the development of a high-volume
manufacturing compatible assembly process for packaging
Intel’s 45nm, completely Pb-free devices. Key technical
challenges were addressed through development of novel
FLI solders, fluxing material, and process solutions. In
addition, stress transfer to silicon and its impact to low-k
ILD integrity were reduced, by the use of novel
interconnect designs. Small form-factor packaging
challenges were overcome by a series of innovative
materials and process changes to achieve a reduction in
form factor while meeting the technology reliability goals.
This enables Intel’s continuing leadership in thin and light
notebooks and smart phone devices.
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