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INSTRUMENTS &
APPLICATIONS

The components of integrated
circuits used in computer chips are
shrinking in size at a rapid pace.

According to the Semiconductor Industry
Association, the 2003 International Tech-
nology Roadmap for Semiconductors (1)
reports that dynamic random access memo-
ry chips will feature “critical dimensions”
of 90 nm in 2004—three years ago in
the same report, 100-nm nodes weren’t
projected until 2005. And R&D is well
under way for further geometry reductions. 

Reduced size is great for upping
computing power, but it leaves a lot less
room for error. Very slight defects in circuit
design that might previously have been
inconsequential to performance are signif-
icant at smaller dimensions. Furthermore,
emerging methods and materials used to
make state-of-the-art chips bring idiosyn-
crasies that require constant attention to
new types of defects. 

Chip manufacturers are increasingly
aware of the importance of continuously
inspecting their products as they advance
through the high-precision fabrication
process (see box, “Fab Focus”, for process
outline). Partial or complete failure of a
chip discovered at post-process electronic
testing could be the result of any of a multi-
tude of hard-to-isolate problems. For this
reason, microscopy techniques that can be
used to pinpoint troublesome defects soon
after they have been created (so that they
can be rejected or fixed on the spot) have
become a central component in many
fabs—semiconductor fabrication facilities. 

Fab Faults
“Probably the most common defect that
I have been noticing is damage by other
equipment, for instance scratching, or stress
damage to the back of the substrate equip-
ment,” says Hank Mallin, a product
engineering manager at Nikon, a manu-

facturer of semiconductor inspection instru-
ments. These types of macroscopic flaws
obviously can obstruct or completely block
electric flow through the device, but they
generally can be quickly identified, whether
in a process development environment or
full-fledged production, with straightfor-
ward microscopic techniques. 

Particularly useful for detecting macro-
scopic flaws is the technique of darkfield
imaging. In darkfield imaging, light is direct-
ed at the wafer at an oblique angle, as
opposed to traditional brightfield micros-
copy, in which light is directed perpendi-
cular to the sample. The beam is only scat-
tered by elements that are not on plane with
the surface, such as a scratch or errant parti-
cle, which significantly improves the contrast
between defects and background. With good
optics, says Mallin, the effect should be
“bright stars in a black sky.” 

With decreasing chip dimensions,
however, other types of defects with less of
a topographical footprint—phenomena
such as unintended “microbridging”
between thinly etched, high aspect ratio
channels, missing interconnects, or
deformed vias (i.e., contact between two
conductive layers)—have become signifi-

cant factors in potential device failure. 
Furthermore, changes in the fabrica-

tion process that have come along with the
reduced geometries bring new defect-relat-
ed issues to the table. An example is the
change from 200-mm wafers to 300-mm
wafers to increase productivity. This requires
a search for smaller flaws (including some
new ones that resulted from the updated
photolithography processes that were neces-
sary for this change) in a larger area.

Another notable modification is the
industry-wide move over the past few years
from aluminum/oxide conductor/dielec-
tric systems to copper systems with low-k
(reduced propagation delay) dielectrics.
This adjustment has been made because
the resistivity of aluminum had become
the rate-limiting step as circuit features
scaled down below 250 nm. Copper has
a much higher conductivity than aluminum
and far more resistance to electromigra-
tion. However, unlike aluminum, copper
can diffuse into neighboring dielectrics and
silicon layers during the metallization
process, potentially leaving small voids that
could lead to device failure.

UV View
Shrinking design geometries on chips is
largely due to the development of more
refined patterning tools. Photolithography
light sources, for instance, went from
visible wavelengths (~400 nm) to UV
(~300 nm), and then to deep-UV (DUV,
~200 nm). The decreasing wavelengths
allow smaller features to be constructed. 

For some time, visible microscopy
was sufficient for inspection even as the
photolithography wavelengths decreased,
because microscope objectives have a supe-
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rior numerical aperture (measure of abil-
ity to gather light and resolve fine speci-
men detail at a fixed object distance)
compared with projection optics. But with
continued optical improvements and the
advent of DUV lithography, microscopy
inspection had to catch up. Specifically,
UV and DUV microscopes have forcefully
made their ways into the semiconductor
inspection market. Microdefects scatter a
smaller amount of signal. Therefore, the
lower wavelength and increased energy
illumination sources will be more effective
at pinpointing microdefects. 

UV microscopes have their disadvan-
tages, though. DUV may damage some
DUV-sensitive features on the wafer. In
addition, when a human operator is inspect-
ing production, says Mallin, “it is not
real-time, obviously, because you can’t be
looking at a DUV light source.” For these
reasons, microscopes that include visible,
UV, and DUV modes that can be switched
on an as-needed basis, such as those supplied
by Nikon, are the norm. However, the
higher-resolution modes are necessarily

becoming prominent inspection tools for
a number of fab steps, particularly in combi-
nation with software tools for automatic
defect classification. This allows microde-
fects to be detected and identified by class
(based on shape, location, device effect,
etc.) in an automated fashion and for trou-
blesome defects to be distinguished from
unaffecting “nuisance” defects.

For instance, Infineon Technologies, a
semiconductor manufacturer in Dres-
den, teamed with the process control
company KLA-Tencor to inspect 300-mm
wafers following the lithographic pattern-
ing process using a KLA-Tencor UV-based
high-resolution inspection tool (2).
Researchers classified all the defects into
five categories and found several that were
undetectable with visible wavelength
inspection tools. 

Another vital factor in miniaturizing
chip features is the decreasing geometries
of reticle design. Small anomalies in
photomask components can have signifi-
cant consequences since they can be trans-
ferred throughout the surface of a wafer

in the lithography process. Therefore, DUV
inspection instruments have been special-
ly developed to look at these components.
IBM Microelectronics Corp. recently used
a tool, reportedly able to detect reticle
defects as small as 50 nm, to find small
growths that formed by photochemical
reactions during DUV wavelength lithog-
raphy (3). Subsequently, the defects were
analyzed by Raman spectroscopy to deter-
mine their chemical composition and iden-
tify the specific reactions that took place.

e-Inspection 
But optical microscopy can only go so
far. It cannot detect the subsurface voids
that result from copper deposition and
polishing processes, or other electrical
defects that form in copper interconnect
structures such as residues in the trench-
es or deformed vias. These subtle struc-
tural flaws are highly significant to the
performance of sub-130-nm geometry
chips. According to Raj Persaud, a senior
director of marketing at KLA-Tencor,
“Almost 90% of all electrical defects are
yield killers” (4 ). 

The fab process begins with the thermal oxida-
tion of a silicon wafer, followed by coating
the wafer with a light-sensitive “photo resist”
film. Photolithographic patterning is per-
formed by exposing a section of the wafer
to light through a glass plate called a reticle
that contains an image formed from trans-
parent and opaque areas.The image is trans-
ferred through the reticle to the photo resist,
which is hardened so that exposure to a solu-
tion etches away everything except the new
pattern on the wafer. The circuit can then be
doped using diffusion or ion implantation tech-
niques to alter its electrical character. All of
these steps are repeated multiple times to
form layers of transistors across the surface
of the wafer.

The transistors on the front end of the
substrate are then interconnected from the
backside of the wafer with the deposition
of several patterned layers of conducting
metal separated by layers of insulating dielec-
tric material. The conducting layers are kept
in contact through small passageways called
vias. Finally, the wafer is sliced into individ-
ual chips, or dies, which are tested with elec-
tronic probes.

Fab Focus
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For these defects, electron microscopy
is a vital tool. A focused beam of elec-
trons can probe areas that are impenetra-
ble to light. Also, a voltage contrast in
which electrically isolated structures charge
differently than grounded structures is
particularly useful for spotting otherwise
invisible electrical defects. Electron
microscopy’s troubleshooting role in the
process development stage has become
common over the past few years. But

recently, as more problems uncovered in
development of 300-mm copper/low-k
processes have persisted into scale-up and
full-volume production, the need for in-
line (i.e., inspection and feedback on the
production floor) e-beam monitoring
has increased. And this has become more
feasible with improvements in electron
microscopy inspection systems, such as
increased electron gun power, better image
alignment software, and real-time feed-

back to the beam scanning system, which
have allowed whole wafer analysis in about
an hour as opposed to several days.

Texas Instruments and KLA-Tencor,
for instance, recently reported on their
incorporation of e-beam inspection in one
step of the production line for 130-nm
and 90-nm products (5 ). During early
production, engineers noticed a buried
defect following the “chemical mechani-
cal polishing” step of one of the deposit-
ed copper layers. They traced it to a manu-
facturing problem that could be minimized
but not completely eliminated. During
full-fledged production, one scanning elec-
tron microscopy inspection instrument
that had sufficient throughput ability to
monitor 50% of the lots (2 wafers per lot)
allowed them to watch out for recurrence
of the issue and correct for it. Specifical-
ly, using the in-line e-beam inspection
led to a 15–20% yield improvement.

Eyeing a Shrinking Future
Optical microscopes, which are still much
easier and faster to use than electron micro-
scopes, will remain important tools for
macro wafer inspection. However, the
much higher resolution of electron
microscopy will be increasingly necessary
for microdefects. Even current electron
microscopy techniques will need to achieve
resolution improvements for effective defect
review at and below the 65-nm chip gener-
ation level (expected by 2007), according
to the 2003 Roadmap (1).  

Overall, the developments of defect
inspection technologies will be a critical
factor in the success of integrated circuit
technology as it continues into the depths
of the nanometer range.
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